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A R T I C L E I N F O
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Carrier-selective contacts

A B S T R A C T

For crystalline-silicon (c-Si) solar cells, the interdigitated back contact (IBC) structure has been long known as an
efficient way to approach the theoretical limit of efficiency. However, the complexity of fabricating this kind of
devices as well as the high dependence on expensive vacuum systems pose concerns about their commercial
potential. Here, we demonstrate a novel c-Si IBC solar cell featuring dopant-free heterocontacts for both pola-
rities, i.e. a solution-proceeded PEDOT:PSS film as hole-transporting layer (HTL) and an evaporated magnesium-
oxide film as electron-transporting layer (ETL). Our innovatively buried ETL method provides substantial sim-
plification on the architecture and fabrication of the IBC cells and makes it possible to adapt solution-proceeded
HTLs while keeping good passivation in gap regions. The IBC solar cell shows an efficiency of 16.3%, with a
promising short-circuit current density (Jsc) up to 38.4 mA/cm2. A thorough simulation concerning the influence
of pitch size, surface recombination rate (at ETL and gap regions) was conducted, revealing a readily achievable
Jsc of 41mA/cm2 and a PCE beyond 22%. Our findings demonstrated a feasibility of using solution method to
fabricate high efficiency dopant-free IBC solar cells.

1. Introduction

Routine improvements have led to exceptional success of crystalline
silicon (c-Si) solar cells, demonstrated by a new record power conver-
sion efficiency (PCE) of 26.7% from an interdigitated back contact (IBC)
solar cell combining with advanced heterojunctions (HJs) [1]. The IBC
structure has been long known as an efficient way to avoid shading
losses and enable full-area passivation on front side because all elec-
trodes are placed on the non-illuminated rear side. Meanwhile, the HJs
comprising bilayer films of intrinsic amorphous silicon (a-Si:H) and
doped a-Si:H play another important role of passivating contact or
carrier-selective contact (CSC). The two-fold designs of IBC-HJs are
responsible for the highest efficiency by now and could be the possible
roadmap towards 29.4%, a theoretical efficiency limit for single junc-
tion c-Si solar cells. However, such solar cells suffer from complex
processing in patterning discrete contacts to the rear side as well as
extremely high facilities investment (more than 4 times to the current
mainstream technique). This severely hinders the industrialization for
high volume production. In addition, parasitic electrical and optical
losses inherent to the doped layers restrain further promotion on

efficiency. Thus, a few activities have been moved to seeking simplified
solutions, such as implementation of high-performance IBC-HJs solar
cells via dopant-free manner.

Functional thin films with high/low work function (WF) have thus
been paid much interest in c-Si solar cells for the formation of dopant-
free hole/electron-selective contacts. Most of the functional materials
can be deposited via low-temperature and/or solution-based proces-
sing, such as spin-coating or thermal evaporation, providing big po-
tentials in both doping elimination and procedure simplification
(especially for IBC-HJs) [2,3]. So far, poly(3,4-ethylenediox-
ythiophene):polystyrene (PEDOT:PSS) [4,5] and transition metal oxides
(TMOs), such as molybdenum oxide (MoOx) [6,7], tungsten oxide
(WOx) [8] and vanadium oxide (V2Ox) [9], all with high WFs have been
successfully demonstrated as hole-transporting layers (HTLs). Mean-
while, low WF materials including titanium oxide (TiOx) [10,11],
magnesium oxide (MgOx) [12,13], lithium fluoride (LiFx) [14], etc.
have always been served as electron-transporting layers (ETLs). Due to
ease of processing, tailorable optoelectronic properties, facile integra-
tion of conducting polymers [15], PEDOT:PSS/Si heterojunction solar
cells, especially for the structure of FrontPEDOT:PSS, have been
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emerging with a fast promotion of PCEs from below 10% to beyond
16% [16]. Regardless of this distinct advance, development of IBC-like
PEDOT:PSS/Si solar cells is beneficial to circumvent the barriers that
are relevant to the front-sided PEDOT:PSS layer, including parasitic
absorption, poor anti-reflection and inferior coating quality upon the Si-
textures [17–19]. However, proven feasibility of solution-processed
PEDOT:PSS/Si IBC solar cells is pending. Knowledge regarding the rear-
sided partial HTLs with PEDOT:PSS and the matched ETLs, as well as
the integration of those contact materials in the c-Si solar cell archi-
tectures, is still in its infancy. Therefore, experimental attempts can
help us to understand this novel device in more details at the aspects
including interfaces, contact ratios, processing related issues, etc., di-
rectly guiding the evaluations and designs of high-performance dopant-
free IBC-HJs cells.

Here, aiming at the achievement of high efficiency IBC-type or-
ganic/Si heterojunction solar cells via a low-temperature processing
and dopant-free manner, a new device structure with hole-selective
contacts of PEDOT:PSS/Si and buried electron-selective contacts of
MgOx/Si was developed. With optimizing the contact properties for
both polarities and the pitch ratios between them, our IBC device
achieved a PCE of 16.3%, with an open-circuit voltage (Voc) of 581mV,
a fill factor (FF) of 73.1% and a short-circuit current density (Jsc) of
38.4 mA/cm2. This result fully demonstrated that high-performance
IBC-HJs solar cells can be even made of spin-coated and evaporated
materials, exempting the heavy dependence on high-temperature
doping or expensive chemical vapor deposition processes. Furthermore,
a prospective PCE exceeding 22% for the PEDOT:PSS/Si based IBC cell
was predicted once the surface recombination rate at ETL/Si interface
can be reduced below 100 cm/s.

2. Results and discussion

As shown in Fig. 1a, the n-type c-Si wafer with front-sided pyramids-
texture was selected as the substrate for construction of our IBC solar
cells. On the front surface, Al2O3 and SiNx films were deposited as
passivation and an anti-reflection layer. The PEDOT:PSS/Ag and MgOx/
Al structures were interdigitated on the rear surface of the c-Si, serving
as hole- and electron-selective contacts, respectively. We wrapped up
the MgOx/Al contacts with a polymer layer before spin-coating the
PEDOT:PSS film (Fig. 1b). Thus, the PEDOT:PSS/Ag contacts covered
the whole rear surface of the device except for the busbar that was
connected with the MgOx/Al electrode and must be kept open for
testing. Fig. 1c shows a cross-sectional SEM image of one back-contact,
while Fig. 1d–f exhibit the corresponding magnified images collected
from the white-square regions marked in Fig. 1c (from left to right).
From Fig. 1d, one can clearly see that the MgOx layer together with the
capped Al electrode have a total thickness of around 1μm. The MgOx/
Al portion was well wrapped by a polymer film. Meanwhile, this
polymer layer does play another two important functions, i.e. isolating
the HTL and ETL regions with gaps and protecting the underneath
Al2O3 layer (pre-deposited for surface protection) from etching during
the area-opening (for deposition of HTLs). Fabrication process please
refer to Fig. S1. The survived Al2O3 layer thus provide sufficiently high
quality of passivation to the gap regions, which is crucial to obtain high
efficiency IBC solar cells. Fig. 1e and f show a good coverage, even at
the boundary area between HTL and the polymer, of PEDOT:PSS film
on the entirely bared c-Si surface. This is very important for achieving
high quality of passivation at HTL regions. Due to the shield effect
during the spinning coating process, the thickness of PEDOT:PSS film
near the gap region is thicker than that on other areas, reaching at
about 100 nm.

According to the location of the PEDOT:PSS film in a device, the
hybrid solar cells can be categorized as three types: Front-PEDOT
(Fig. 2a), Back-PEDOT (Fig. 2b) and IBC-PEDOT (Fig. 2c). For
straightforwardly understand the optical and electrical losses of these
three types devices, the J-V curves and the photovoltaic (PV)

performance are shown in Fig. 2e and Table 1, respectively. One can
find that the Front-PEDOT and Back-PEDOT devices possessed rela-
tively higher Voc of about 620mV, compared to that of IBC-PEDOT
(581mV). We note that the lower Voc of the IBC-PEDOT is partially
ascribed to high resistivity of Si wafer (1–10Ω cm) we chosen. It was
reported that the Voc of PEDOT:PSS/Si hybrid solar cells has a positive
correlation with the doping concentration of Si substrates [20]. While
the Si substrate with higher bulk resistance is better for construction of
IBC device due to higher lifetime [21]. The other reason that re-
sponsible for the high Voc of both Front-PEDOT and Back-PEDOT solar
cells is the utilization of a-Si:H(i)/a-Si:H(n) as ETL. Actually, our IBC
device with ETL of MgOx can only provide a moderate level of passi-
vation. Even so, the IBC device still received a high PCE of 16.3% due to
the highest Jsc of 38.4 mA/cm2, in comparison with 31.8 and 34.9mA/
cm2 for the Front-PEDOT and Back-PEDOT devices, respectively. As
shown in Fig. 2f, the Front-PEDOT device shows the lowest EQE value
and the highest overall reflection. While the IBC-PEDOT device shows
much better EQE almost over the whole useful wavelength range, in-
dicating superior light harvesting and carrier collection efficiency. The
Jsc losses are calculated according to the experimental results (more
details are shown in Fig. S2) and correspondingly presented in
Fig. 2d1–3. The optical losses caused by electrode shade, reflection and
parasitic absorption are clearly noted. Besides, the recombination
caused losses are assessed by subtracting the optical losses from the
gross Jsc losses (assuming the best Jsc value of 44mA/cm2) [22]. So, the
recombinative losses for Back-PEDOT, Front-PEDOT and IBC-PEDOT
device are estimated as 1.5, 1.9 and 5.5mA/cm2, respectively.

It is well known that a good ETL should has not only good passi-
vation, but also low contact resistivity (ρc). The MgOx layer is applied as
ETL here mainly due to its convenience for processing, good stability
and moderate passivation [12]. To investigate the ETL of MgOx layer
used here, a series of planar Front-PEDOT solar cells with varied
thickness of MgOx films were fabricated. The schematic diagram of this
kind of device is shown in Fig. 3a. Two corresponding TEM images
collected from the black-square regions at the front and the back in-
terfaces are exhibited in Fig. 3b and c, respectively. From Fig. 3b, we
can obviously see a thin silicon oxide (SiOx) layer existing between the
c-Si and PEDOT:PSS. The presence of SiOx layer has been proven as a
key factor for better passivation at the PEDOT:PSS/Si interface [23].
While for the vacuum proceeded MgOx, no distinguishable silicon oxide
layer exists at the interface of MgOx/Si (Fig. 3c). Nevertheless, a
moderate level of passivation was provided by the MgOx film on the Si
surface, supporting by the minority carrier lifetime mapping on the
symmetric structure of MgOx/n-Si/MgOx (Fig. S3). The average min-
ority carrier lifetime of the sample is about 20 μs, which corresponds a
calculated surface recombination velocity of 621 cm/s. The Voc and Jsc
as a function of the thickness of MgOx films are shown in Fig. 3d, while
the relevant evolutions of FF and ρc are shown in Fig. 3e. One can see
that the Voc (Jsc) increases quickly from 559 (25.8) to 591mV
(27.3 mA/cm2) for the thickness of MgOx ranging from 0 to 0.6 nm, and
then keeps near a constant with the thickness up to 1.8 nm. This result
indicates that a moderate passivation of MgOx layer can be quickly
obtained when the thickness is large than 0.6 nm. With further in-
creasing the thickness of MgOx film, the contact resistivity was dra-
matically increased from 15 mΩ⋅cm2 at 0.6 nm to ~ 1500 mΩ cm2 at
3 nm, leading to severe deterioration in the FF. A full trend of J-V curves
along with the MgOx thickness is shown in Fig. S4. One can see that a
very thin MgOx layer, i.e. 0.2, 0.6 or 1.2 nm can help to get Ohmic
contact properties, possibly owing to the Fermi level depinning effect.
While the further increase of the thickness will cause a large resistive
barrier for electron tunneling. Therefore, considering the balance be-
tween the passivation quality and the resistive losses, a thickness of
MgOx film among 0.6–1.2 nm will give the best PCE (see Table S2).
Thus, 1 nm-thick MgOx film is selected for constructing IBC devices.

Planar IBC solar cells with HTL of PEDOT:PSS and ETL of MgOx

were then fabricated, as schematically shown in Fig. 4a. In order to
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study the effect of pitch sizes on the PCEs, the ratio of HTL:ETL:gap was
fixed at 48%:32%:20% [24]. The PV performance of our planar IBC-
PEDOT cells is listed in Table 2. With decreasing pitch from 1000 to
100 μm, the Jsc raises from 28.8 to 35.0 mA/cm2, the Voc decreases
slightly by about 15mV, while the FF almost keeps at a stable value of
71%. As a result, the PCE of the device increases from 11.8% to 14.4%.

In order to well understand above-mentioned phenomena, carrier
transport properties of IBC device should be investigated. As shown in
Fig. 4a, since the HTL interdigitated with ETL on the rear side, photo-
generated minority carriers (holes in n-type Si) above HTL have a large
probability be transported to HTL and directly contribute to the Jsc.
While holes above the noncollecting region (including ETL and gap
portions) have a large probability to be annihilated firstly if the ETLs
with poor passivation were used [25,26]. Meanwhile, broad width of
noncollecting region will extend the average lateral distance for holes
transport and increase the probability of recombination [21]. There-
fore, increasing the width of ETL region (the width of ETL increase from
32 μm to 320 μm along with the increase of pitch in Table 2) will de-
crease the final collection probability of holes to HTL and lead to a low
Jsc. The relations between PV parameters and the pitch sizes under
three different passivation levels, i.e. poor (SETL = 106 cm/s), moderate

(SETL = 1000 cm/s) and good (SETL = 10 cm/s), were simulated and
showed in Fig. 4b–d, respectively, where SETL is the surface re-
combination rate at ETL. From the results, we can clearly see that the
PCEs of the devices with poor ETL passivation are always limited by the
extremely low Jsc, showing a value below 11% for all the pitches. While
for the good ETL passivation, all the PV parameters can be maintained
at a quite high level, with Voc, Jsc, and PCE of 650mV, 38mA/cm2 and
20%, respectively. In term of the moderate passivation case with SETL of
103 cm/s, the Voc, Jsc and PCE have a significant dependence on the
pitches. The Jsc declines with the pitch size very quickly while the Voc

increases slowly, and the best PCE occurs at the smallest pitch. The
simulated evolution trends for the moderate passivation case are well
consistent with those of the experimental results of IBC-PEDOT devices
with 1 nm MgOx film. This is reasonable because the Seff for our 10 nm
MgOx on c-Si is around 621 cm/s. We should note here that the simu-
lated PCEs are slightly higher than those collected from experiments
because the overestimated FF of 80% in simulation.

In IBC-PEDOT cells, the photogenerated carriers that are mainly
located at the front surface must be transported to the rear side and
then be collected by the HTL and ETL electrodes. This is well different
to the conventional double-sided junction solar cells, in which a

Fig. 1. The structure of PEDOT:PSS/Si based IBC-HJs solar cell. (a) Schematic of the IBC-HJs device. (b) The cross-sectional view of the back-contact region. (c)
Corresponding SEM images of the back-contact region. (d–f) Magnified SEM images of the white-square region in (c) from left to right, respectively. Scale bars, 10μm
in (c) and 200 nm in (d–f).
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relatively poor rear-sided passivation may not cause significant influ-
ence on the Jsc. In IBC-PEDOT, however, lack of or insufficient passi-
vation is likely to lead to the decrease of Voc as well as Jsc. Poor pas-
sivation in gap regions would result in recombination of carriers before
they are collected at the junction [27]. The difference in carrier
transport channels for the passivation-free and the Al2O3-passivated
gaps are schematically shown in Fig. 5a. In order to quantitatively
analyze the influence of gap passivation on the PV performance, cor-
responding simulation with varied Sgap and SETL are exhibited in
Fig. 5b, c and d, respectively. As shown in Fig. 5b–d, the importance of
gap passivation on the PV performance is fully displayed, especially
when SETL< 103 cm/s. In other words, when the ETL regions are
passivated beyond moderate level, the gap passivation plays a decisive
role in the performance of our IBC-PEDOT device. For example, as SETL
= 10 cm/s but Sgap = 104 cm/s, the Jsc, Voc and PCE will still be quite
poor as 29.4 mA/cm2, 548mV and 12.6%, respectively. In addition, we
can draw another conclusion that the Jsc, Voc and PCE all can be kept at
a nearly high constant value when SETL< 102 cm/s for each de-
termined Sgap, and then decreases quickly when the SETL increasing

from 102 cm/s to 105 cm/s. Except for the planar IBC-PEDOT device,
the IBC-PEDOT device with pyramids-texture on the front side was also
simulated and shown in Fig. 5b–d. With the same Sgap of 5 cm/s, ap-
plying the pyramids-texture on the front surface will predict a Jsc up to
41.6 mA/cm2 and PCE exceeding 22.4%. At last, our best experimental
results at this stage are marked as yellow stars in Fig. 4b–c, pointing out
a relatively large space for promotion of the PCE. Future research will
be emphasized on how to reduce the SETL and improve the FF.

3. Conclusions

In summary, we have fabricated a PEDOT:PSS/Si heterojunction all-
back-contacted (IBC-PEDOT) solar cell with efficiency over 16.3%. We
successfully demonstrated a reasonable design of buried ETL method
that not only substantially simplifies the architecture and fabrication of
back-contacted silicon solar cells, but also makes it possible to adapt
solution-proceeded HTL and keeps a good passivation in the gap region.
Although the optimized ETL of 1 nm-thick MgOx film in this work can
delivery moderate level of passivation and acceptable contact

Fig. 2. Comparison of the three kinds of PEDOT:PSS/Si heterojunction devices. Schematics of (a) Front-PEDOT, (b) Back-PEDOT and (c) IBC-PEDOT devices. (d1–d3)
Corresponding Jsc losses estimated by experimental results. (e) Light J-V curves and (f) Reflection and EQE spectra for the three kinds of devices.

Table 1
Photovoltaic characteristics of the three kinds of PEDOT:PSS/Si heterojunction solar cells.

Samplesa Voc
b (V) Jscb (mA/cm2) FFb (%) PCEb (%)

Front-PEDOT 0.622 (0.619 ± 0.007) 31.8 (31.9 ± 0.4) 71.8 (70.2 ± 1.7) 14.2 (13.9 ± 0.2)
Back-PEDOT 0.617 (0.615 ± 0.006) 34.9 (34.7 ± 0.3) 72.6 (71.4 ± 1.2) 15.6 (15.2 ± 0.4)
IBC-PEDOT 0.581 (0.576 ± 0.007) 38.4 (38.4 ± 0.3) 73.1 (71.3 ± 1.4) 16.3 (15.8 ± 0.4)

a Data and statistics based on five cells of each condition.
b Numbers in bold are the champion values of each condition.
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Fig. 3. Optimization of MgOx film. (a) Schematic of a planar Front-PEDOT device with rear-sided MgOx film. TEM images for (b) PEDOT:PSS/Si interface and (c) Si/
MgOx/Al interface. (d) The Voc and Jsc as a function of MgOx thickness. (e) The FF and ρc as a function of MgOx thickness. The scale bars in (b) and (c) are both 5 nm.

Fig. 4. Influence of intercontact pitch and ETL passivation to photovoltaic properties of IBC-PEDOT solar cells. (a) Schematic structure of the simulated planar IBC-
PEDOT device. (b–d) Simulated data of Jsc (b), Voc (c), PCE (d) as functions of pitches and SETL. Sgap = 5 cm/s.

H. Lin et al. Nano Energy 50 (2018) 777–784

7815



resistance, it is still insufficient. At last, a thorough simulation of the
influence of pitch, SETL and Sgap on the PV performance revealed that
the PEDOT:PSS/Si heterojunction IBC solar cell with pyramids-texture
can be readily pushed to a high level with Jsc exceeding 41mA/cm2 and
PCE beyond 22% once the surface recombination rate of ETL can be
controlled below 100 cm/s.

4. Experimental section

4.1. IBC-PEDOT solar cells fabrication

Double-side polished, Czochralski, n-type (1–10Ω cm) wafers with a
thickness of 250 μm were directly used to fabricate planar IBC-PEDOT
solar cells. Randomly pyramids-textured wafers were prepared through
immersing one-side of Si wafer into 80℃ mixed solutions with 2.5%
KOH and 1.25% isopropanol for 15min, while protecting the other side
by a homemade tool. The processing flow for fabricating IBC-PEDOT
cells can refer to Fig. S1. Firstly, after cleaning the wafers by a standard
RCA1/2 [28] and removing native silicon oxide by a 4% HF solution, a

15 nm Al2O3 thin film was deposited as passivation layer by atomic
layer deposition (ALD) system, and then an 85 nm-thick SiNx film for
pyramid-texture device and a 70 nm-thick Al2O3 film for planar device
was deposited as anti-reflection layer by plasma-enhanced chemical
vapor deposition (PECVD) and E-beam evaporation, respectively. The
devices were then annealed at 450℃ in nitrogen atmosphere for 30min
to fully activate the passivation capability of ALD-Al2O3 thin films.
Secondly, the photoresist (AZ 5214) patterns for ETL/Al were fabri-
cated by photolithography and the corresponding Al2O3 film above ETL
patterns was removed by 4% HF. Thirdly, 1 nm MgOx film and 1 μm Al
film were deposited by E-beam evaporation in sequence, and then the
ETL/Al electrode was formed after lift-off process using acetone.
Fourthly, a 3–4μm photoresist patterns wrapped around the ETL/Al
electrode was formed through photolithography, and the corresponding
Al2O3 thin film at the open regions was removed by 4% HF. At last,
PEDOT:PSS (PH 1000 from Clevios) solution mixed with Triton-100
(0.25%) and dimethyl sulfoxide (5%) was spin coated on the rear side of
device at a speed of 3000 rpm and annealed at 120℃ for 10min, after
that a 200 nm Ag film was deposited on the PEDOT:PSS film by E-beam
evaporation.

4.2. Front-back contact solar cells fabrication

Both of Front-PEDOT and Back-PEDOT devices in Fig. 2 used one-
side randomly pyramids-textured wafers. After cleaning and removing
native oxide, 5 nm a-Si:H(i) layer and 10 nm a-Si:H(n) were deposited
on the polished-side for Front-PEDOT and pyramid-side for Back-
PEDOT, respectively, through PECVD system. And then 200 nm Al was
deposited on the a-Si:H layer by thermal evaporation for Front-PEDOT,

Table 2
Photovoltaic performance of planar IBC solar cells with different pitches.

Pitcha (μm) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

100 0.572 ± 0.015 35.0 ± 0.7 71.7 ± 2.0 14.4 ± 0.3
200 0.561 ± 0.011 33.1 ± 0.9 71.1 ± 1.0 13.2 ± 0.5
500 0.581 ± 0.013 30.5 ± 1.5 71.7 ± 0.7 12.7 ± 0.9
1000 0.589 ± 0.006 28.8 ± 1.4 69.4 ± 3.2 11.8 ± 0.7

a Data and statistics based on five cells of each condition.

Fig. 5. Influence of gap passivation to PV properties of IBC-PEDOT solar cells. (a) Schematic illustration of holes transmission above gap region without passivation
(left) and with passivation (right). (b–d) Simulation of Jsc (b), Voc (c), PCE (d) as functions of Sgap and SETL. The pitch is 100 μm, the yellow stars represent
experimental data.
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while 80 nm In2O3:W (IWO) film was deposited on the a-Si:H layer by
reactive plasma deposition system for Back-PEDOT. After that, both of
them were covered with PEDOT:PSS film. At last, a Ag grid electrode
(200 nm) was thermally evaporated on the top side of both devices by a
metal mask, and a 200 nm thick Ag film was deposited on the rear side
of Back-PEDOT device. For the planar Front-PEDOT in Fig. 3, the pro-
cessing flow is same as pyramid-texture Front-PEDOT solar cell except
for the replacement of a-Si:H with E-Beam evaporated MgOx film as
ETL.

4.3. Characterization

The morphological analysis of the samples was conducted by SEM
(Hitachi S-4800) and TEM (Tecnai F20). Light J-V curves of solar cells
were measured under a simulated AM 1.5 spectrum sunlight illumina-
tion and with a 0.5 cm2 effective illumination area through a mea-
surement mask. The reflectance spectra as well as the EQE were mea-
sured on the platform of quantum efficiency measurement (QEX10, PV
Measurements), and we adjusted the beam spot of testing light to
0.7×0.7 cm2 as well as added a white light bias of 0.1 Suns when we
measured EQE. The I-V curves of contact resistance were measured by a
Keithley 4200-scs semiconductor parameter analyzer. The minority
carrier lifetime was measured by a microwave photoconductivity decay
system (WT-2000 μPCD, Semilab).

4.4. Simulation method

In the simulation, firstly, we utilized Lumerical Finite Difference
Time Domain (FDTD) software to calculate 2D generation rate map of
the entire structure of 200μm thick silicon substrate. And there were
two different top surface structure in simulation, one was pyramids-
texture with 15 nm Al2O3 and 60 nm SiNx and another was planar
surface with 85 nm Al2O3. Secondly, the generation rate was introduced
into the Lumerical DEVICE software, and through adjusting the re-
combination of each interface, we calculated a series of photovoltaic
performance. In DEVICE simulation, the detailed parameters were set as
following: Substrate was n-type silicon with 3ms bulk lifetime and the
dopant concentration was chosen as 1015 cm−3. The diffusion para-
meters of p++ region were chosen as p-type dopant and the con-
centration was set at 1×1016 cm−3. This corresponds a Vbi of 660mV
forming at the PEDOT/Si interface [29,30]. While the n++ region was
set as n-type dopant with a concentration of 1×1015 cm−3. The sur-
face recombination velocity of HTL/Si interface and front Al2O3/Si
interface were set as 500 and 5 cm/s, respectively, according to the
experimental results in Table S1.
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Abstract

Many theoretical analyses for perovskite/c‐Si monolithic tandem solar cells (TSCs)

have shown optical optimization and high efficiency limits, but they use many ideal-

ized assumptions and draw some unpractical conclusions for experiments. In this

work, we have introduced a composite method combining the finite difference time

domain and light path analysis for the first time. By using this method, we have sys-

tematically calculated perovskite/c‐Si monolithic TSCs with inverted architecture

based on realistic solar cell parameters. Theoretical results have demonstrated very

good match of the experimental external quantum efficiencies of both subcells. More

importantly, from optical and electrical point of view, we have analyzed current losses

of suchTSCs and proposed detailed optimization for achieving high efficiency. Finally,

we have presented improved configuration of perovskite/c‐Si monolithic TSCs with

addition of pyramids structure in front surface, which can effectively increase the

tandem cell efficiency to 29.05%. This work can be served as a practical guidance

for the realization of high‐efficient perovskite/c‐Si monolithic TSCs.

KEYWORDS

FDTD, inverted configuration, light path analysis, optical and electrical optimization, perovskite/c‐

Si monolithic TSCs
1 | INTRODUCTION

Crystalline silicon (c‐Si) solar cells occupy an important position in

photovoltaic market (over 90%) because of its low cost, high effi-

ciency, and mature industrialization. The world record efficiency of

26.6% reported by Yoshikawa et al1 is extremely close to the Shock-

ley‐Queisser efficiency limit, so further improvement becomes very

difficult. In recent years, many groups have studied perovskite

because of its high absorption coefficient, sharp absorption edge,

and tunable bandgaps. The efficiencies have increased from 3.8%2 in

2009 to 22.1%3 in 2017, but further enhancement also faces difficul-

ties. c‐Si and perovskite have bandgaps of 1.1 eV and 1.5 to 2.3 eV,

respectively, which are suitable for spectrum matching so as to break

the limit for even higher efficiencies. Some theoretical calculations

have assessed efficiency limits of perovskite/c‐Si tandem solar cells

(TSCs) with >30%.4-7 Tandem solar cells can be fabricated mainly with

2 different configurations: mechanically stacked (4‐terminal) or
td. wileyonlinelibr9
monolithically integrated (2‐terminal) tandems. Compared with 4‐ter-

minal configuration,8-11 2‐terminal configuration has less complexity

and better feasibility in application fields.

To date, many experimental works12-16 have been contributed to

reduce current losses and enhance the best matched short‐circuit cur-

rent density in the perovskite/c‐Si monolithic TSCs. The first experi-

mental record was 13.7% by Mailoa et al12 in 2015, and soon

increased to 23.6% by Bush et al14 in 2017 with reduction of parasitic

absorption and recombination in different layers and interfaces by

using more suitable materials and fabricating thinner carrier transport

layers. Nevertheless, even the best optimized record has not yet

exceeded that for pure silicon solar cells1 and far below its theoretical

prediction.5 Therefore, more realistic approach for the mechanism

study would be necessary to understand such difference and search

for any possibilities to change that. Previously, many theoretical

works4-7,17,18 have thoroughly elucidated light trapping in top cell

and optimized front surface textures such as pyramids and inverted
Prog Photovolt Res Appl. 2018;26:924–933.ary.com/journal/pip
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nanopyramids by using the finite difference time domain (FDTD) or

transfer matrix method (TMM). Shi et al5 reported perovskite/c‐Si

monolithic TSCs with inverted nanopyramids and achieved current

matching by adding a well‐designed intermediate contact layer as

reflector for short wavelengths. Santbergen et al4 simulated mono-

lithic perovskite/c‐Si tandem devices with different textured configu-

rations and achieved the best matched short‐circuit current density

by tuning interlayer/burial layer refractive index. However, these

results directly ignored parasitic absorption of some layers,4 used

experimentally unreasonable thickness of perovskite layer,6 or

overlooked some electrical properties.5 More detailed theoretical

calculation is probably necessary to include those factors, which could

have played important role and cannot be simply approximated.

In this study, we have introduced a composite method combining

FDTD and light path analysis together for the TSCs or devices for the

first time. The combination, in addition with effective long wavelength

modification, can hopefully resolve the problems induced by the vast

scale difference between grid cells and devices using either FDTD or

analytical calculation alone. Comparing with other methods such as
FIGURE 1 A, Schematic drawing of perovskite/c‐Si monolithic TSCs with
P, and H denote the pyramid base angle, period, and height, respectively.
λ = 1100 nm, P = 5.0 μm, and H = 3.0 μm. C, Illustration of the absorption p
perovskite/c‐Si monolithic TSCs (the dotted lines) and the measured EQE
wileyonlinelibrary.com] 10
TMM, FDTD is easier to solve problems and get visual results in time

domain.19,20 We have thoroughly calculated perovskite/c‐Si mono-

lithic TSCs absolutely relying on reliable experimental thicknesses

and materials. Simulated results have shown quite good match with

the latest and best experimental report of external quantum efficien-

cies (EQE) of both subcells.14 We have carried out detailed optimiza-

tion for achieving high efficiency in perovskite/c‐Si monolithic TSCs,

including the cell configuration, thickness and bandgap of perovskite

layers, and current loss in different layers. It is found that there are sig-

nificant current losses in surface reflection of TSCs and parasitic

absorption of indium tin oxide (ITO) layer, which could be the main

ways for the further improvement in experiments. Finally, we have

further suggested that addition of pyramids structure in front surface

can effectively increase theTSC efficiency of 23.6% to 29.05%, which

has given light to the experimental research of real applicable high‐

performance perovskite/c‐Si tandem cells. This work could hopefully

facilitate a more detailed understanding of the optoelectronic mecha-

nisms of perovskite/c‐Si monolithic TSCs and more significant

improvement of their performance in application.
flat front surface and pyramid‐textured rear surface. The parameters α,
B, Angular distribution and the 3‐dimensional vector distribution for
rocess of the silicon layer. D, Simulated absorptance of both subcells in
of both subcells (the curves) [Colour figure can be viewed at

http://wileyonlinelibrary.com
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2 | METHODS AND VALIDATION

The simulated monolithic TSCs considered here are the current world

record perovskite/c‐Si TSCs with an efficiency of 23.6%.14 The solar

cell, of which a schematic drawing is shown in Figure 1A, consists of

a 150‐nm‐thick lithium fluoride (LiF) antireflective layer, a 150‐nm‐

thick transparent conductive oxide layer of top ITO with a carrier

concentration of 2.0 × 1020 cm−3, a 10‐nm‐thick electron transport

layer of PC60BM, a 464‐nm‐thick perovskite layer (Cs0.17FA0.83Pb

(Br0.17I0.83)3, with a bandgap of 1.63 eV), a 28‐nm‐thick hole trans-

port layer of NiO, a 20‐nm‐thick transparent conductive oxide layer

of ITO with a carrier concentration of 5.0 × 1020 cm−3, and a

280‐μm‐thick single‐side‐textured (SST) c‐Si/amorphous silicon

heterojunction solar cell. This silicon solar cell includes a polished

front surface, a micron‐sized pyramid‐textured rear surface (ca.

5.0 μm), a 300‐nm‐thick silicon nanoparticle (NP) layer (with a refrac-

tive index of 1.4), and a 200‐nm‐thick silver back layer. Other

amorphous silicon thin film layers whose thicknesses were less than

10 nm were eliminated from our optical model. The thicknesses of

all layers were all acquired from Bush et al,14 and the refractive

indexes and extinction coefficients of all materials were obtained

from the recent literatures.21-25 As a highly insulating layer, LiF had

negligible influence on the total absorption because of the extremely

low extinction coefficients and high work function.21 Therefore, we

fixed the thickness (150 nm), refractive index (1.39), and extinction

coefficient (approximate 0) of LiF layer.

First, we used FDTD simulations package in the Lumerical FDTD

Solutions software (version 8.17.1072, 2017a) to perform the optical

calculations and then to compute the TSC electrical characteristics.

FDTD is a time domain method by using finite difference approxima-

tions to solve Maxwell's equations.19,20,26,27 Except of neglecting

diffraction and local electric field effects, it is more intuitive than other

techniques and easier to get visual results which are good for design-

ing and analyzing simulated structure.28-30 We set corresponding

parameters in FDTD as follows. The incident light plane wave was

set to have a spectrum close to AM 1.5G (with λ between 300 and

1200 nm) and was oriented in the negative z‐direction (see Figure 1

A). The thicknesses, refractive indexes, and extinction coefficients of

different layers were set by adding corresponding structures and

materials in FDTD. We obtained the normalized reflectance R (λ) and

the transmittance T (λ) into c‐Si using frequency‐domain transmission

monitors set on the top surface of the total solar cell and on the inter-

face between ITO and silicon. We used the “power absorbed” (Pabs)

analysis group in the FDTD package to get the absorptance of specific

layers including the PC60BM, perovskite, NiO, top ITO, and ITO layers

by surrounding corresponding layers. Perfectly matched layer bound-

ary conditions were used in the z‐direction, and periodic boundary

conditions were used in the x‐y directions.

We then directly acquired the reflectance and the absorptance in

top layers from the frequency‐domain transmission monitor and the

Pabs analysis group, respectively. The electron extraction was effective

and sufficient because of appropriate work function resulting in

forming an accumulation layer between ITO and PC60BM,31-33 so we

assumed internal quantum efficiency of unity in the simulated mate-

rials. We can thus obtain the short‐circuit current density (Jsc) by
integrating the photon flux of the AM 1.5G solar spectrum with the

corresponding absorptance. The Jsc was calculated using Equation (1):

Jsc
layerð Þ ¼ q

hc
∫λEAM1:5G λð ÞPabs layerð Þ λð Þdλ; (1)

where EAM1.5G(λ) is the incident photon energy flux and q is the elec-

tron charge.

We can calculate the Jsc of most layers including the PC60BM,

perovskite, NiO, top ITO, and ITO layers, but the Jsc of the silicon layer

cannot be obtained in this way. This is because the difference in scale

between the top and bottom cells (1 vs. 280 μm) makes the Pabs calcu-

lations in the silicon layer prohibitively memory intensive or even

makes it not accomplishable. Shi et al5 obtained the Jsc of silicon by

subtracting the Jsc of the top layers from the full‐spectrum current

density calculated with an internal quantum efficiency of 1, but the

simulated Jsc of silicon with this method is larger than that measured

experimentally especially for λ > 1000 nm because of the ignorance

of the rear surface reflection for long wavelengths. Gee et al34

obtained the absorptance of silicon by assuming that the rays inside

the silicon followed a random angular distribution. Nevertheless, a

random angular distribution cannot be used to correctly describe the

real light path here, as the incident light and reflected light paths are

still fairly vertical.

Here, we proposed a hybrid method of FDTD with light path

analysis to effectively simulate some special device structures, which

cannot be directly treated by FDTD. Indeed, we used a frequency‐

domain transmission monitor (Rext) positioned at the interface

between ITO and silicon to get the light incident into silicon bottom

cell. After absorbing by silicon, some of photons arrived in the silicon

rear surface. Then, we used a frequency‐domain transmission monitor

positioned at the top of the silicon back surface (red dotted line shown

in Figure 1A) to better understand the light path inside the silicon

layer. By converting from vector coordinates to angles measured from

the vector directions to the positive z‐axis, we can get the angular

distribution of the light reflected by the back surface of silicon. The

3‐dimensional vector distribution for λ = 1100 nm along with the

angular distribution is presented in Figure 1B. The reflected light with

the angular distribution comes back toward the internal front surface

of the silicon layer with a transmittance (Tθ) and a reflectance (Rint

(θ,θ′)). By iteratively summing the absorptance over the different pos-

sible reflection angles, we can calculate a more accurate absorptance

value in the silicon layer. The absorptance of silicon is given as34

Pabs
Sið Þ ¼ 1−Rextð Þ× 1−T0ð Þ½

þ∑θ;θ′ T0Rbr θð Þ 1−Tθð Þ þ T0TθRbr θð ÞRint θ;θ′
� �

1−Tθ′ð Þ þ⋯
h ii

;

(2)

where, as illustrated in Figure 1C, Rext is the normalized reflectance at

the initial interface, Tθ is the transmittance of an incident light at angle

θ propagating from the top to the bottom surface of silicon layer, Rbr

(θ) is the normalized rear surface reflected angular distribution, and

Rint (θ,θ′) is the normalized front surface reflected angular distribution

for an incident light at angle θ. The incident light for λ < 1000 nm is

rapidly absorbed and does not reach the rear surface, so the calcula-

tion is only valid for long wavelengths.
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Next, we used the Shockley diode model to study overall perfor-

mance of realistic perovskite/c‐Si solar cell. This model has been used

and verified in many papers35-38 and can give correct relationships of

electrical characteristics. The open‐circuit voltage (Voc) calculated from

the Jsc by the Shockley diode equation is given as

Voc ¼ kbT
q

ln
Jsc
J0

þ 1

� �
; (3)

where kb is the Boltzman constant and T is the room temperature

(298 K). J0 is the diode saturation current density which can be

obtained from experimental results: for different top perovskite cells,

J0
(Perovskite) was derived from the current density‐voltage curve of

the perovskite solar cells acquired from recent literatures,13,14,39,40

while J0
(Si) = 8.51 × 10−12 mA/cm2 was derived from the world record

silicon heterojunction solar cell reported by Taguchi et al41 with

Voc = 0.75 V and Jsc = 39.5 mA/cm2. The fill factor (FF) was calculated

using the well‐established expression.42

FF ¼
Voc−

kbT
q

ln
qVoc

kbT
þ 0:72

� �

Voc þ kbT
q

: (4)

The efficiency η of the simulated solar cell was obtained by

η ¼ FF×Jsc×Voc

0:1W=cm2
(5)

Finally, we show in Figure 1D the plot of the simulated absorp-

tance of both subcells in the monolithic TSCs, together with the mea-

sured EQE of both subcells.14 We have already assumed that every

absorbed photon generates a hole‐electron pair, so the simulated

absorptance is equal to the EQE. It is clear that the simulated absorp-

tance is very close to experimental EQE especially at wavelengths

ranging from 400 to 1200 nm. The main differences between the

absorption and EQE curves are at wavelengths ranging from 800 to

1000 nm. One possible reason is from the thin amorphous silicon thin

film layers (normally ~5 nm) being omitted in the simulation for simpli-

fication, which may increase the reflectance value. Secondly, it may be

induced by the difference between the chosen thickness of silicon in

the simulation and the real value in the experimental samples.14 The

proposed theoretical value may be lower than the real experimental

thickness so that the simulated absorptance of silicon subcell is lower

than the experimental EQE. By integrating the absorptance and EQE

spectra over the AM 1.5G spectrum, we found that the simulated

perovskite top cell and silicon bottom cell generated 18.9 and

18.1 mA/cm2, respectively, which is very close to the measured results

of 18.9 and 18.5 mA/cm2. The differences between the absorptance

and EQE yield less than 2% in the difference of Jsc, which is quite

small for the simulation. The calculated cell's electric parameters

(Jsc 18.1 mA/cm2; Voc 1.66 V; Eff. 23.7%) have little difference with

realistic experimental parameters (Jsc 18.5 mA/cm2; Voc 1.62 V; Eff.

23.6%),14 and can already prove the validity of the calculation

method.43 The reflection and parasitic absorption in the top ITO layer

both play an important role in the current loss. Their optimization will

be discussed in Section 5.
3 | PEROVSKITE/C‐SI MONOLITHIC TSCS
WITH VARYING PYRAMID SIZES IN REAR
SURFACE

As a general principle, the geometry of the reflective rear surface

determines the absorptance for long wavelengths in a silicon cell.

Optimizing the pyramid‐textured rear surface is thus a premise for

achieving maximum efficiency in perovskite/c‐Si TSCs. Baker‐Finch

et al44 reported that the characteristic base angle α shown in

Figure 1A of the pyramid texture was close to 50° to 52°. In addition,

Shi et al5 reported the relationship of reflectance at fixed period (P) or

height (H), that was, P had an influence on the position of reflectance

minimum, while H mainly influenced the magnitude of reflectance. We

optimized the size (P and H) of pyramid‐textured rear surface within

that base angle α range after making a trade‐off between the effects

of P and H. Figures 1B and 2A to C show the angular distributions

of the light reflected by the pyramid‐textured rear surfaces in

the perovskite/c‐Si TSCs with 3 different pyramid sizes (for

λ = 1100 nm): P = 5.0 μm and H = 3.0 μm in Figure 1B, planar in

Figure 2A, P = 1.5 μm and H = 0.9 μm in Figure 2B, and P = 2.5 μm

and H = 1.5 μm in Figure 2C, respectively. In comparison with a planar

rear surface in Figure 2A, a pyramid‐textured rear surface increases

the average reflected angle, which increases absorptance, as the light

path is longer. The average reflected angles of the 3 different sizes

of pyramid‐textured rear surfaces are 29° in Figure 2B, 45° in

Figure 2C, and 43° in Figure 1B. Therefore, the best size to achieve

highest average reflected angle is P = 2.5 μm and H = 1.5 μm.

Figure 2D shows the reflectance of the perovskite/c‐Si TSCs with a

planar rear surface and the 3 different pyramid‐textured rear surfaces.

For λ = 1100 nm, the highest reflectance is 0.975, with the planar rear

surface, and the lowest reflectance is 0.92, with P = 5.0 μm and

H = 3.0 μm. It is obvious that a larger size leads to a lower reflectance.

As a conclusion, we need to find the right trade‐off between the

reflectance and absorbed light path to get the maximum absorptance.

By using Equation (2), we calculated the absorptance of TSCs with

different rear surface textures in Figure 2E. The Jsc calculated using

Equation (1) from 1050 to 1200 nm are, respectively, 1.16 mA/cm2

for planar, 2.14 mA/cm2 for P = 1.5 μm and H = 0.9 μm, 2.30 mA/

cm2 for P = 2.5 μm and H = 1.5 μm, as well as 2.28 mA/cm2 for

P = 5 μm and H = 3 μm. Compared with the planar rear surface, the

Jsc of the pyramid‐textured rear surface with P = 2.5 μm and

H = 1.5 μm can be increased by a factor of 2 from 1.16 to 2.30 mA/

cm2. The best geometric parameters were found to be P = 2.5 μm

and H = 1.5 μm, different from those used in experiment with ca.

P = 5.0 μm and H = 3.0 μm. That is, we can still optimize the size of

pyramids of back surface in Bush et al14 to get the best absorptance

at long wavelengths.

To prove the veracity of our simulation, we further compared with

the EQE results, reported by Werner et al,13 of perovskite/c‐Si TSCs

on double‐side‐polished (DSP) and SST silicon bottom cells without

antireflective layer. The detailed structures are as followed: ITO

(150 nm)/Sprio‐OMeTAD (150 nm)/perovskite (MAPbI3, 300 nm)/

PC60BM (20 nm)/ITO (30 nm)/silicon (300 μm)/ITO (100 nm)/Ag

(150 nm) with a micron‐sized (ca. P ~5 μm) pyramid‐textured SST

and a DSP rear surface. We show in Figure 2F the plot of the



FIGURE 2 A‐C, Angular distributions in the perovskite/c‐Si monolithic TSCs with planar and 2 different pyramid sizes (for λ = 1100 nm): planar,
P = 1.5 μm and H = 0.9 μm and P = 2.5 μm and H = 1.5 μm. D, E, Reflectance and absorptance of the perovskite/c‐Si monolithic TSCs with planar
and 3 different pyramid sizes (for wavelengths between 1050 and 1200 nm). F, Measured (red line) and the simulated (black line) absorptance ratio
of SST and DSP TSCs [Colour figure can be viewed at wileyonlinelibrary.com]
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measured absorptance ratio (red line) of SST and DSP TSCs, together

with the simulated ratio (black line). For wavelengths between 1050

and 1120 nm, the simulated and measured ratios are extremely

consistent. For wavelengths between 1120 and 1150 nm, the simu-

lated ratio is higher than the measured ratio, which is because of the

extinction coefficient of silicon in the bandgap (1.124 eV) being not

accurate enough.
13
4 | PEROVSKITE/C‐SI MONOLITHIC TSCS
WITH VARYING BANDGAPS AND
THICKNESSES OF PEROVSKITE LAYERS

In this section, to achieve the best matched short‐circuit current den-

sity, we have simulated various perovskite/c‐Si monolithicTSCs with 6

different bandgaps (Eg) of perovskite layers from 1.51 to 2.30 eV and

12 different perovskite layer thicknesses (dp) from 200 to 750 nm. The

thicknesses of the other layers were kept as in the previous section, as

shown in Figure 1A. To calculate the absorption, we used the refrac-

tive indexes and extinction coefficients of perovskites with different

bandgaps given in Ndione et al,24 and calculated the absorption curve

using FDTD. The bandgaps were from perovskites of different compo-

sitions, and the samples were tested with reproducible experiments.24

In short wavelength, the extinction coefficients remain almost

unchanged for different bandgaps, while the extinction coefficients

in long wavelength are negatively proportional with the bandgaps.

We then calculated the Jsc
(Perovskite) and the Jsc

(Si) using Equation (1).

The results presented in Figure 3A, B reveal that, in general, a larger

dp leads to a larger Jsc
(Perovskite) in the top cell and a smaller Jsc

(Si) in

the bottom cell. Meanwhile, a larger Eg results in a smaller Jsc
(Perovskite)

in the top cell and a larger Jsc
(Si) in the bottom cell. Therefore, there

exists a region in which the Jsc
(Perovskite) in the top cell can be equal

to the Jsc
(Si) in the bottom cell.
To further elucidate the light splitting mechanism, we have pro-

vided the wavelength dependence of the overall absorptance on the

parameters dp and Eg, respectively. Figure 3C, D shows the absorp-

tance of perovskite and silicon layers for various Egs (from 1.51 to

2.30 eV) at fixed dp (450 nm). An increase in Eg results in a decrease

in absorptance for a fixed wavelength. Therefore, the Eg determines

the maximum absorptance of the perovskite layer at fixed dp. When

Eg is larger than 1.8 eV (700 nm), it is impossible to equalize

Jsc
(Perovskite) and Jsc

(Si) by tuning dp. Figure 3E, F illustrates the absorp-

tance of the perovskite and silicon layers for different dps (from 200 to

500 nm) at fixed Eg (1.62 eV). Obviously, at wavelengths ranging from

300 to 500 nm, the absorptance of the perovskite layer is not depen-

dent on dp. This is because most of the light is absorbed by the top

ITO layer and the perovskite layer. So, it does not reach the bottom

of the perovskite layer. At wavelengths ranging from 500 to 700 nm,

an increase in dp leads to an increase in absorptance for the perovskite

layer, which indicates that we can equalize Jsc
(Perovskite) and Jsc

(Si) by

tuning dp at fixed Eg. The dotted curves in Figure 3A, B represent

the regions where Jsc
(Perovskite) and Jsc

(Si) are matched. Along these 2

curves, the common value of Jsc
(Perovskite) and Jsc

(Si) is equal to ca.

18.3 mA/cm2, slightly larger than the experimental result of

18.1 mA/cm2.14
5 | PEROVSKITE/C‐SI MONOLITHIC TSCS
WITH OPTIMIZING CURRENT LOSSES

In Section 4, we have achieved the best matched short‐circuit current

density by tuning perovskite layer thicknesses (dp) and bandgaps (Eg).

However, the cell surface reflection and parasitic absorption in the

ITO layer still play an important role in the current loss. Therefore,

we analyzed the current loss in different layers of the best‐matched

perovskite/c‐Si TSCs discussed in Section 4. As shown in Figure 4A,

http://wileyonlinelibrary.com


FIGURE 3 A, B, Contour of the short‐circuit current density of perovskite layer (Jsc
(Perovskite)) and silicon layer (Jsc

(Si)) with different bandgaps (Eg)
and thicknesses (dp), respectively. The black dotted curves mark that the common value of Jsc

(Perovskite) is equal to Jsc
(Si). C, D, Absorptance of

perovskite layer and silicon layer for various Egs (from 1.51 to 2.30 eV) at fixed dp (450 nm). E, F, Absoprtance of the perovskite and silicon layers
for different dps (from 200 to 500 nm) at fixed Eg (1.62 eV) [Colour figure can be viewed at wileyonlinelibrary.com]
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obviously, the cell surface reflection plays the most important roles in

current loss and the minimum is ca. 6.9 mA/cm2. The second loss

comes from the parasitic absorption in the top ITO layer (ca.

2.1 mA/cm2). Besides, the values of parasitic absorption in PC60BM,

NiO, and other layers are ca. 0.5, 0.2, and 0.1 mA/cm2, respectively.

These losses in surface reflection and top ITO layer will induce ca.

6% of efficiency drop compared to the whole, which can explain the

limit of current experimental result as long as they keep flat in front

surface. Therefore, optimizing the cell surface reflection and the para-

sitic absorption in the top ITO layer is the best way to enhance the

efficiencies of the monolithic TSCs.

In general, the most effective way to improve reflection is to tex-

ture the front surface of bottom silicon solar cells,45 because the thick-

ness of top perovskite solar cell is too thin compared to the common

size of pyramid texture. Therefore, we added a pyramidal front surface

into our structure as shown in Figure 4C (the thicknesses and mate-

rials of others layers were kept identical to those in Figure 1A). We

optimized the sizes of pyramid‐textured front surface (period (Ptop))
and rear surface (period (Pbottom)). The base angle α is within the base

angle range discussed in Section 3. In Figure 4B, we show the short‐

circuit current loss caused by reflection (Jsc
(R)). The minimum is

reached when Ptop and Pbottom are equal to ~1 and ~2.5 μm, respec-

tively, as marked by a dotted oval in Figure 4B. Compared with the

value 6.9 mA/cm2 of a structure with flat front surface as shown in

Figure 4A, the minimum short‐circuit current loss can be reduced to

2.9 mA/cm2 in the optimized pyramid‐textured front and rear surfaces

of the best‐matched perovskite/c‐Si TSCs.

Holman et al22 reported that the top ITO layer, which serves as an

antireflection coating, should have a uniform thickness for a given

structure. The thicknesses of top ITO layers are both 150 nm in arti-

cles reported by Werner et al13 and Bush et al.14 In addition, the

absorptance of ITO is mainly determined by extinction coefficients

which can be easily tuned by carrier density.22,46 Therefore, we just

optimized the current loss in the top ITO layer by tuning the carrier

densities of the top ITO layer but not changing the thicknesses. The

refractive indexes and extinction coefficients of different carrier

http://wileyonlinelibrary.com


FIGURE 4 A, Current losses of the best current matched perovskite/c‐Si monolithic TSCs with flat front surface. B, Contour of the short‐circuit
current density caused by reflection (Jsc

(R)) with different Ptops and Pbottoms. C, Schematic drawing of perovskite/c‐Si monolithic TSCs with
pyramid‐textured front and pyramid‐textured rear surfaces. The parameters α, Ptop, and Pbottom denote the pyramid base angle and top and bottom
pyramid periods, respectively. D, Absorptance of different top ITO layers with carrier densities ranging from 2.5 × 1019 to 6.0 × 1020 cm−3. E,
Current loss in top ITO layers with various carrier densities from 2.5 × 1019 to 2.0 × 1020 cm−3 [Colour figure can be viewed at wileyonlinelibrary.
com]
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densities of ITO materials were obtained from the recent literature.22

Figure 4D shows the absorptance of different top ITO layers with

carrier densities ranging from 2.5 × 1019 to 6.0 × 1020 cm−3. We can

easily conclude that, for wavelengths between 300 and 500 nm, a

higher top ITO carrier density leads to a lower absorptance of the

top ITO layer, but for wavelengths between 500 and 1200 nm, it is the

opposite. We also can see that the absorptance at wavelengths

between 300 and 500 nm is much higher than that at wavelengths

between 500 and 1200 nm. Hence, there is a best top ITO carrier den-

sity for the lowest current loss in the top ITO layer. We calculated the

current loss in different top ITO layers with various carrier densities

from 2.5 × 1019 to 2.0 × 1020 cm−3 as shown in Figure 4E. The lowest

current loss in the highest conductivity top ITO layer is ca. 0.9 mA/

cm2 with a corresponding carrier density of 5.0 × 1019 cm−3. After this

optimization, we can further increase short‐circuit current density by

1.2 mA/cm2 (absolute).
TABLE 1 Efficiencies and the corresponding parameters of the best
current matched perovskite/c‐Si monolithic TSCs with flat and pyra-
mid‐textured front surfaces

Texture Material Eg (eV)
dp
(nm)

Jsc (mA/
cm2)

Voc

(V) η (%)

Flat FA0.85Cs0.15PbI3 1.51 236 18.25 1.53 21.13
MAPbI3 1.56 272 18.26 1.75 24.28
FA0.85Cs0.15PbBrI2 1.62 418 18.26 1.66 23.96
FA0.85Cs0.15Pb (Br0.4I0.6)3

1.76
778 18.25 1.82 25.28

Pyramid FA0.85Cs0.15PbI3 1.51 240 20.51 1.53 24.44
MAPbI3 1.56 290 20.47 1.76 27.96
FA0.85Cs0.15PbBrI2 1.62 470 20.45 1.67 26.54
FA0.85Cs0.15Pb (Br0.4I0.6)3

1.76
820 20.44 1.83 29.05
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6 | DISCUSSION

In previous sections, we have optimized the size of pyramid‐textured

rear surface, the thickness (dp) and bandgap (Eg) of the perovskite

layer, the current losses in the top ITO layer, and the reflection,

respectively. We have also calculated the electrical characteristics of

the best current matched perovskite/c‐Si monolithic TSCs as shown in

Table 1.

On the upper part of Table 1, the monolithic TSCs, as shown in

Figure 1A, have the following structure: flat front surface/LiF

(150 nm)/top ITO (150 nm, with a carrier concentration of

2 × 1020 cm−3)/PC60BM (10 nm)/perovskite (material, Eg and dp as

seen in Table 1)/NiO (28 nm)/ITO (20 nm, with a carrier concentration
of 5.0 × 1020 cm−3)/c‐Si (280 μm)/silicon NP (300 nm)/Ag (200 nm)/

pyramid‐textured rear surface (Pbottom ~2.5 μm). The best efficiency

is 25.28% when the material of the perovskite layer is FA0.85Cs0.15Pb

(Br0.4I0.6)3 (Eg = 1.76 eV). Its absorption and reflection characteristics

are shown in Figure 5A. The best‐matched current Jsc is ca.

18.25 mA/cm2. Besides, the current losses in the top ITO layer,

PC60BM, and reflection are ca. 2.13, 0.52, and 6.81 mA/cm2, respec-

tively. Compared with the experimental efficiency of 23.6%,14 we

can increase the efficiency by 1.68% (absolute) through optimizing

the material of the perovskite layer. In addition, we can easily fabricate

the corresponding devices by using the method reported by Bush

et al14 and only simply changing the material and thickness of the

perovskite layer.

After addressing all the optimizations, on the lower part of Table 1

, the monolithic TSCs, as shown in Figure 4C, have the following struc-

ture: pyramid‐textured front surface (Ptop ~1 μm)/LiF (150 nm)/top

ITO (150 nm, with a carrier concentration of 5 × 1019 cm−3)/PC60BM

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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(10 nm)/perovskite (material, Eg and dp as seen in Table 1)/NiO

(28 nm)/ITO (20 nm, with a carrier concentration of 5.0 × 1020 cm
−3)/c‐Si (280 μm)/silicon NP (300 nm)/Ag (200 nm)/pyramid‐textured

rear surface (Pbottom ~2.5 μm). Accordingly, the best efficiency is

29.05%, and the best‐matched current Jsc is ca. 20.44 mA/cm2. Its

absorption and reflection characteristics are shown in Figure 5B. We

can enhance the efficiency by 3.77% (absolute) compared with the

best flat front surface result of 25.28%. In this case, the current losses

in the top ITO layer, PC60BM, and reflection are ca. 1.73, 0.57, and

2.59 mA/cm2, respectively.

As for the preparation method,14 the deposition methods of ITO,

PC60BM, and LiF, such as sputtering, pulsed chemical vapor deposi-

tion, and atomic layer deposition, can be easily transferred to the fab-

rication process of pyramid‐textured perovskite/c‐Si TSCs, as shown

in Figure 4C. However, it is difficult to fabricate a uniform perovskite

layer above a pyramid‐textured front surface using traditional

methods, such as 1‐step precursor solution deposition,47 2‐step

sequential deposition,48 and dual‐source vapor deposition.49 There-

fore, we have to find a new method to achieve it. Fortunately, there

may be some newly developed methods to achieve it, such as an

electric field‐assisted reactive deposition approach reported by Zhou

et al50 and a solvent‐free deposition method reported by Chen

et al.51 Therefore, we can be confident that efficiencies above 29%

can be achieved in perovskite/c‐Si monolithic TSCs.
*Correction added on 2 July 2018, after first online publication: the issue and

page details for these references have been corrected.16
7 | CONCLUSIONS

In summary, we have introduced a composite method combining

FDTD and light path analysis together for the tandem cell or devices.

We have presented the optimized results of perovskite/c‐Si mono-

lithic TSCs with flat and pyramid‐textured front surfaces from optical

and electrical point of view by using this method. We have found an

optimized set of pyramid parameters Pbottom ~2.5 μm in rear surface

that enhances the absorption in long wavelengths (λ > 1000 nm).

The best‐matched short‐circuit current density in a planar inverted

structure is restricted by parasitic absorption in top ITO (ca. 2.1 mA/

cm2) and in cell surface reflection (ca. 6.8 mA/cm2). By using the opti-

mized carrier density of top ITO (5 × 1019 cm−3) and sizes of pyramids

in front surface of bottom silicon solar cells (Ptop ~1 μm), the parasitic

absorption in top ITO and in reflection is reduced to 1.7 and 2.5 mA/

cm2. Finally, the best‐calculated efficiency of 29% is achieved at
1.76 eV perovskite bandgap and FA0.85Cs0.15Pb (Br0.4I0.6)3 perovskite

material in monolithic configuration. These results will provide useful

guidelines for the realization of high‐efficient perovskite/c‐Si mono-

lithic TSCs.
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Abstract
We have presented a comprehensive study on the development of rear emitter silicon

heterojunction (SHJ) solar cells, which shows more freedom for device optimization than the

standard front emitter SHJ counterparts. The optimization of the p‐type hydrogenated amor-

phous silicon (a‐Si:H(p)) layer is liberated from the parasitic absorption issue, while the n‐type

hydrogenated amorphous silicon (a‐Si:H(n)) layer is optimized considering the tradeoff between

the light absorption loss and field‐effect passivation. The front transparent conductive oxide

(TCO) layer can be designed stressing on its optical properties because the lateral transport of

the majority carriers at the front side of the cell is supported by the Si substrate, while the rear

TCO layer is free to be tuned for suppressing theTCO/a‐Si:H(p) contact resistance. A rear emitter

SHJ solar cell (225.47 cm2) fabricated by industry compatible process has been achieved with an

efficiency of over 22%. We have further demonstrated the replacement of screen‐printed silver

metallization with a low cost direct copper metallization in the rear emitter SHJ solar cells. We

report an exciting 22.06% cell efficiency which is comparable to that of the screen‐printed

counterpart.

KEYWORDS

copper metallization, heterojunction, rear emitter, silicon, solar cell
1 | INTRODUCTION

Silicon heterojunction (SHJ) solar cells have gained much attention in

recent years because of their high efficiency, small temperature coeffi-

cient, and simple fabrication processes.1-3 For this type of cell, the
wileyonlinelibrary.com/jo19
highest reported efficiency is 25.1% with a normal front emitter and

bicontact structure.4 Recently, the SHJ solar cells with interdigitated

back contacts have been demonstrated for a photoconversion effi-

ciency over 26% with a 180.4 cm2 designated area,5 confirming the

strong potential of SHJ device architecture to realize high efficiency.

Nevertheless, the sensitivity of cell performance to the process varia-

tions is a persistent concern for the large‐scale production of the

SHJ solar cells.6 In this respect, the rear emitter SHJ solar cell shows
Copyright © 2018 John Wiley & Sons, Ltd.urnal/pip 385
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more advantages than the front emitter counterpart because it allows

an increased degree of freedom for design and optimization and there-

fore adapts to a wider process window. For instance, in the front emit-

ter structure, the doping and thickness of the a‐Si:H(p) layer should be

determined by considering the absorption and passivation tradeoff,

whereas in the rear emitter configuration, the absorption loss of

the a‐Si:H(p) layer is not an issue. Furthermore, it is shown by

theoretical study7,8 that the requirement of the conductivity of the

front transparent conductive oxide layer (TCO) is lowered for the

rear emitter SHJ solar cell comparing to the front emitter counter-

part, because the majority carrier transport can be supported by

the n‐type c‐Si substrate. Recently, based on the design of the rear

emitter cell, Watahiki et al9 have successfully realized a 23.43% effi-

cient SHJ solar cell by utilizing an n‐type microcrystalline Si layer as

the window layer instead of the normally used a‐Si:H(n) layer.

Kobayashi et al10 have reported a rear emitter SHJ solar cell with

an efficiency of 23% using an epitaxial kerfless silicon wafer sub-

strate. However, it should be noted that the research work on the

rear emitter SHJ solar cell is still limited and there lacks a competitive

study for deep understanding of the design principle and process

optimization of the rear emitter SHJ solar cell.

Despite the technological advantages of the SHJ solar cell, its cost,

on the other hand, is much higher than that of the conventional Si solar

cell.11 Cost reduction is highly desirable to render this technology com-

petitive at the mass production level. A major source of cost in the SHJ

solar cell is the low‐temperature silver paste, which suffers from high

silver consumption comparing to the conventional high‐temperature

silver paste. Replacing expensive silver with inexpensive copper for

the metallization of SHJ solar cells can lead to substantial cost reduc-

tion. One of the promising approaches is the use of multi‐wire

design.12-14 This technology employs many copper wires in place of sil-

ver busbars, and the copper wires are soldered to the silver fingers at

low temperature. However, the copper wire normally used in this tech-

nology is coated with a low melting point alloy layer containing

indium,15 which reduces the cost effectiveness of the technology. Fur-

thermore, the silver fingers are still needed to form good electric con-

tact with theTCO layer. Thus, the production of the SHJ solar cells still

relies on the low‐temperature silver paste.

In this work, we present a comprehensive study on the design

and development of the rear emitter SHJ solar cells by the combina-

tion of simulation and experiment. We have achieved a 22.17% effi-

cient rear emitter SHJ solar cell with industrially compatible

processes. The a‐Si:H(p) layer is optimized focusing on its passivation

effect. The a‐Si:H(n) layer is adjusted to reduce its absorption loss

while maintaining the good field‐effect passivation. The front TCO

layer is tuned focusing on reducing its optical absorption, while the

rear TCO layer is designed to suppress the interface resistance

between the a‐Si:H(p) and TCO layers. We have further investigated

the possibility to metallize the rear emitter SHJ solar cell by soldering

the polymer coated copper wires directly on the TCO layer. As a

proof of concept, we have realized a 22.06% efficient rear emitter

SHJ solar cell with the front side directly copper metallized, eliminat-

ing the use of the low‐temperature silver paste completely. The

present study provides a more effective approach to realize

high‐efficiency SHJ solar cells with low cost.
2 | SIMULATION AND EXPERIMENTS

2.1 | AFORS‐HET simulation

AFORS‐HET simulations have been employed to study the a‐Si:H(p)

emitter layer in the rear emitter SHJ solar cell. In the simulation struc-

ture, the bulk lifetime of the n‐type c‐Si substrate was set to 10 ms.

Both acceptor‐like and donor‐like states consisting of exponential

band tail states and Gaussian distributed dangling bond states were

taken into account for all hydrogenated amorphous silicon (a‐Si:H)

layers, and the detailed electric parameters were set as default values

in AFORS‐HET. The thickness of the intrinsic hydrogenated amor-

phous silicon (a‐Si:H(i)) and a‐Si:H(n) layers was set to 3 and 5 nm,

respectively. The defect states at the a‐Si:H(i)/c‐Si interface were

assumed to be continuously distributed throughout the band gap of

the c‐Si with a defect density of 1 × 1010 cm−2 eV−1. Carrier transport

across the a‐Si:H(i)/c‐Si interface was modeled by the thermionic

emission process. The TCO layers on both sides of the cell were

treated as optical layers with thickness of 80 nm. The TCO/a‐Si:H(p)

and TCO/a‐Si:H(n) contacts were modelled as MS‐Schottky contacts,

which were set to flat band except special explanation.

2.2 | Rear emitter SHJ solar cell fabrication

Six‐inch (156 × 156 mm2) n‐type c‐Si (100) wafers with resistivity of 3

to 4 Ω·cm were used as substrates. A wet chemical process with an

alkaline solution was applied to remove saw damage and create a ran-

dom pyramid surface texture. The final wafer thickness was approxi-

mately 155 μm. The textured wafers were then cleaned with a

standard wet‐chemical cleaning sequence of RCA 1 and 2, followed

by a dip in dilute HF (1%) to remove the oxide film prior to depositing

a‐Si:H layers. Both a‐Si:H(i)/a‐Si:H(n) and a‐Si:H(i)/a‐Si:H(p) stack

layers on front and rear sides of the cell were deposited at a substrate

temperature of 200°C via PECVD technology in a cluster type ULVAC

CME‐400E reactor. The power density and deposition pressure were

in the range of 0.3 to 0.6 W/cm2 and 400 to 700 Pa. The [SiH4]/[H2]

flow ratio was in the range of 6 to 100. Hydrogen‐plasma treatment

was applied both before and after a‐Si:H(i) deposition. Then, 80‐nm

TCO layers on both sides were deposited at room temperature by

using a reactive plasma deposition system installed with a 1 wt%

WO3‐doped In2O3 target. The working pressure of the process cham-

ber was kept at around 2.25 mTorr during deposition. The oxygen par-

tial pressure was varied from 0.20 to 0.62 mTorr through adjusting the

O2/Ar flow rate ratio. For screen‐printed rear emitter cells, Ag grids on

both sides were formed by screen‐printing low‐temperature silver

paste and then cured at 200°C for 30 minutes. At the front side, 74

Ag‐fingers and 4 Ag‐busbars were placed, while at the rear side, 200

Ag‐fingers and 4 Ag‐busbars were placed. For the proof of concept

of direct copper metallized rear emitter cells, the front side was metal-

lized by soldering polymer coated copper (C/Cu) wires on TCO layer

directly, while the rear side was screen printed as described above.

2.3 | Characterization

The effective lifetime of the cell precursors was measured by Sinton

lifetime tester (WCT‐120) using transient photocurrent decay at an
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excess carrier density of 1 × 1015 cm−3 after the wafers are passivated

by a‐Si:H(i)/a‐Si:H(n) and a‐Si:H(i)/a‐Si:H(p) stack layers on front and

rear sides, respectively. The extinction coefficient of the a‐Si:H layers

was extracted from spectroscopic ellipsometry measurements using a

Tauc‐Lorentz model. For TCO layers, the sheet resistance was deter-

mined by 4‐probe measurement; the carrier mobility and density were

evaluated by Hall‐effect measurement with the van der Pauw configu-

ration. The extinction coefficient was obtained by fitting ellipsometry

data with a Drude‐Tauc‐Lorentz model. The work function was mea-

sured by the Kelvin probe force microscopy technology using a Bruker

Dimension Icon atomic force microscopy system. The specific contact

resistances between Ag‐grid, C/Cu wire, and TCO layer were mea-

sured by the transfer length measurement (TLM) method. A series of

Ag‐grid or C/Cu wire contacts separated by various distances (D) were

formed onTCO layer, and the resistances (R) between them were mea-

sured. The specific contact resistance then can be extracted from the

intercept of the linear plot R against D. The current‐voltage (I‐V) char-

acteristics of the SHJ solar cells were measured under standard test

condition with a steady‐state solar cell I‐V tester (Industrial Vision

Technology, VS‐6820) equipped with a class AAA solar simulator. For

the 4 busbar screen‐printed solar cell, the I‐V tester was calibrated

using a 4 busbar certified monocrystalline Si reference cell traced to

Fraunhofer ISE, and the cell temperature was controlled at

25 ± 0.5°C. For the direct copper metallized solar cell, the I‐Vmeasure-

ment was used to determine the VOC and FF. The JSC of the solar cell,

however, would be overestimated if the same calibration method was

used as its screen‐printed counterpart. This is because that the probes

pointed on the 2 solder ribbons outside the solar cell cause no light

shading on the cell at all, which is unlike the case for screen‐printed

solar cell. To get an accurate JSC value for the direct copper metallized

solar cell, a full area spectral response (SR) measurement was carried

out. The large‐area (180 × 180 mm2) irradiance‐mode SR measurement

system (Industrial VisionTechnology, PVE300‐IVT) was calibrated by a

certified monocrystalline Si reference cell as well. During the measure-

ment, the cell was put in the middle of the 180 × 180 mm2 light spot
FIGURE 1 (A) Simulation study on the
dependence of Ea of the a‐Si:H(p) layer, Vbi in
c‐Si near the a‐Si:H/c‐Si interface, and VOC of
the rear emitter SHJ solar cell on the doping
concentration of the a‐Si:H(p) layer. Herein,
the thickness of a‐Si:H(p) layer is set to 5 nm.
(B) Experimental results about the variation of
τeff and VOC of the rear emitter SHJ solar cell
with the B2H6 flow. Simulation study of (C) the
energy band diagram of the rear emitter SHJ
solar cells at equilibrium with 5 or 1‐nm a‐Si:
H(p) layers, and (D) the variation of SL of the a‐
Si:H(p) layer and VOC of the rear emitter SHJ
solar cell with the a‐Si:H(p) layer thickness.
The grey line is diagonal line. Herein, the a‐Si:
H(p) doping is set to 9.5 × 1019 cm−3

corresponding to Ea of 0.28 eV; the ΔWf

between theTCO and a‐Si:H(p) layers is set to
0.34 or 0 eV (flat band), respectively [Colour
figure can be viewed at wileyonlinelibrary.
com] 21
with the area outside the cell covered by black paper completely to

avoid unexpected light reflection and/or scattering onto the cell.
3 | RESULTS AND DISCUSSION

3.1 | a‐Si:H(p) layer optimization.

AFORS‐HET simulations have been employed to reveal the design

principles of the a‐Si:H(p) emitter layer regarding its doping and thick-

ness. As shown in Figure 1A, sufficient doping of the a‐Si:H(p) layer

should be chosen to enhance the open circuit voltage (VOC) of the rear

emitter SHJ solar cell. The activation energy (Ea = EF − EV) of the a‐Si:

H(p) layer, which is the energy gap between the Femi level and the

valence band edge, decreases with doping concentration. This leads

to an increase of the built‐in voltage (Vbi) in c‐Si near the a‐Si:H/c‐Si

interface and a decreased saturation current of interface recombina-

tion (J0,it)
16 according to

J0;it ¼ qSitND exp −
qVbi

kT

� �
(1)

Here, q denotes the elementary charge, Sit is the recombination

rate at a‐Si:H/c‐Si interface, ND is the doping concentration of c‐Si

substrate, and kT is the thermal energy. Therefore, the VOC of the solar

cell increases with the a‐Si:H(p) doping due to the suppression of emit-

ter recombination. Experimentally, we try to control the doping of the

a‐Si:H(p) layer by adjusting the doping gas (B2H6) flow. As shown in

Figure 1B, the effective lifetime (τeff) and VOC of the rear emitter SHJ

solar cell increase with the B2H6 flow from 22 to 26 sccm and then sat-

urate when the B2H6 flow reaches 28 to 30 sccm. The increase of the

τeff and VOC is due to the enhanced emitter passivation, which is con-

sistent with the simulation results. Nevertheless, when the B2H6 flow

further increases to 34 sccm, the τeff and VOC drop from their saturate

value of 1.9 ms and 0.725 V to 1.6 ms and 0.718 V, respectively. This

behavior is due to the fact that increasing doping creates increasing
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defects in the a‐Si:H(p) layer, which may counteract the effective dop-

ing and thus reduce the field‐effect passivation of the emitter. More-

over, this doping (Fermi‐level) induced defect formation effect can

also lead to the reduced chemical passivation of the a‐Si:H(i) layer.17,18

Both effects will cause the increase of the interface recombination

rate and thus the decrease of VOC. The observation of VOC decrease

with higher a‐Si:H(p) doping cannot be reflected by the simulation

because there lacks such a Fermi‐level dependent defect generation

module for a‐Si:H layers in the AFORS‐HET program. In summary,

there exists an optimal range for the doping of a‐Si:H(p) layer, which

can be controlled by the doping gas flow, to obtain a high VOC for

the rear emitter SHJ solar cell.

In the SHJ solar cell, the work function (Wf) of theTCO layer is typ-

ically lower than that of the a‐Si:H(p) layer. This leads to a parasitic

band bending in the a‐Si:H(p) layer, which is opposite to the band

bending in c‐Si substrate. If the whole a‐Si:H(p) layer is penetrated by

the parasitic band bending effect, the Vbi in c‐Si will be counteracted,

which will in turn cause VOC reduction because of the similar mecha-

nism described earlier. The screening length (SL) of the a‐Si:H(p) layer

defines the characteristic length that would be required to screen the

parasitic band bending.19

SL ¼ 2·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0εrkT

2q2 Qtot;a−Si:H pð Þ
�� ��

s
·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q ΔWfj j
kT

r
(2)

Here, ε0εr represents the dielectric coefficient of silicon,Qtot,a‐Si:H(p)

is the integral average total charge densitywithin the a‐Si:H(p) layer, and

ΔWf is the work function mismatch between the TCO and a‐Si:H(p)

layers. Figure 1C shows the simulated energy band diagrams of rear

emitter SHJ solar cells with the a‐Si:H(p) layers under variable ΔWf. It

is found that the solar cell with a 5‐nma‐Si:H(p) layer can screen the par-

asitic bend bending effectively, while the solar cell with a 1‐nm a‐Si:H(p)
22
suffers from a reduction ofVbi. Figure 1D investigates the variation of SL

of the a‐Si:H(p) layer and VOC of the rear emitter cell with the a‐Si:H(p)

layer thickness. Here, the a‐Si:H(p) doping is set to 9.5 × 1019 cm−3 cor-

responding to Ea of 0.28 eV, and theΔWf is set to 0.34 eV. It can be seen

that the VOC becomes saturated only when the thickness of the Si(p)

layer exceeds its SL, which is consistent with the results shown in

Figure 1C. Based on earlier results, it is clear that there is a minimum

thickness of a‐Si:H(p) layer required to screen the parasitic band bend-

ing effect and thereby maintain the VOC of the solar cell.

Figure 2 shows the variation of photovoltaic parameters of the

rear emitter SHJ solar cells with the deposition time of the a‐Si:H(p)

layer, which is proportional to the layer thickness. It can be observed

that the VOC of the solar cells increases with the deposition time and

nearly saturates at 25 seconds. We attribute this observation to a

better passivation of the a‐Si:H(p) emitter because of the improved

shielding of the parasitic bend bending and may be the enhanced

effective doping of the a‐Si:H(p) layer as its thickness increasing.20

The fill factor (FF) of the solar cells shows a trend of first increase

and then decrease. Note that both the recombination and series resis-

tance (Rs) can impact FF. Pseudo FF (pFF) of the solar cells is collected

by Suns‐VOC measurement to see the recombination related FF varia-

tion. It is clear that the pFF shows a similar trend to the VOC, which

can be attributed to a better passivation quality for thicker a‐Si:H(p)

emitter. The Rs of the solar cells can then be extracted using the

following relationship,21 where Jmpp is the current density of the solar

cell at the maximum power point.

Rs ¼ pFF− FFð ÞVOCJSC
J2mpp

(3)

It is found that the Rs increases with the deposition time of the

a‐Si:H(p) layer. Therefore, the FF trend is caused by the competition

between the improved passivation and the increased parasitic series
FIGURE 2 Variation of the photovoltaic
parameters (VOC, JSC, FF, Eff, pFF, and Rs) of
the rear emitter SHJ solar cells with the
deposition time of the a‐Si:H(p) layer [Colour
figure can be viewed at wileyonlinelibrary.
com]
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resistance as the a‐Si:H(p) thickness increasing. The JSC of the solar cell

is independent of the a‐Si:H(p) thickness, which is expected for the

rear emitter configuration. Consequently, there is an optimal a‐Si:

H(p) thickness, corresponding to deposition time of 25 seconds here,

for the rear emitter SHJ solar cell to achieve the highest efficiency (Eff).

To evaluate the thickness of the a‐Si:H(p) layer, we grow a thick a‐

Si:H(p) layer on glass substrate and measure its thickness with the

spectroscopic ellipsometry using a Tauc‐Lorentz model, from which

the average deposition rate of the a‐Si:H(p) layer on glass is extracted.

The average deposition rate of a‐Si:H(p) layer on the pyramidally tex-

tured Si surface is obtained by dividing the deposition rate on glass

by a geometrical factor of 1.33, which will be determined in Section

3.3. Through the measurements and calculations, the depositing rate

of the a‐Si:H(p) is estimated to be 0.44 nm/s, and the optimized thick-

ness of the a‐Si:H(p) layer is 11 nm for our state‐of‐the‐art process.
3.2 | A‐SI:H(N) LAYER OPTIMIZATION

Figure 3A shows the extinction coefficients of the a‐Si:H(n) and a‐Si:

H(p) layers deposited by our state‐of‐the‐art process for SHJ solar

cells. It is found that the a‐Si:H(n) layer has a larger extinction coeffi-

cient than the a‐Si:H(p) layer, indicating its stronger optical absorption.

This result is consistent with the study of Holman et al.22 Therefore,

the parasitic light absorption of the a‐Si:H(n) layer must be well con-

trolled to enhance the JSC of the rear emitter SHJ solar cell. As shown

in Figure 3B, the JSC can be effectively improved by reducing the thick-

ness of the a‐Si:H(n) layer through cutting its deposition time. In

Figure 3C‐E, the dependence of other photovoltaic parameters (VOC,

FF, Eff) of the rear emitter SHJ cell on a‐Si:H(n) deposition times is

investigated. It is noticed that the VOC and FF increase with the a‐Si:

H(n) deposition time and saturate at 15 seconds, which can be attrib-

uted to a better field‐effect passivation for a thicker a‐Si:H(n) layer.

Nevertheless, there is no obvious FF reduction when the deposition

time of a‐Si:H(n) layer increases from 15 to 25 seconds, demonstrating

that the increase of series resistance caused by thicker a‐Si:H(n) layer

is insignificant here because of the relatively low resistivity of a‐Si:
FIGURE 3 (A) Extinction coefficients of the a‐
Si:H(n) and a‐Si:H(p) layers extracted from the
ellipsometry measurements. (B‐E) Variation of
photovoltaic parameters (JSC, VOC, FF, Eff) of
the rear emitter SHJ cells with the deposition
time of the a‐Si:H(n) layer [Colour figure can
be viewed at wileyonlinelibrary.com] 23
H(n). The tradeoff among the VOC, FF, and JSC determines an optimized

a‐Si:H(n) layer thickness for the rear emitter SHJ solar cell to achieve

the highest efficiency (see Figure 3E), which is estimated to be approx-

imately 7 nm (corresponding to deposition time of 15 seconds) by

using the same method described in Section 3.1.
3.3 | Front TCO layer optimization

The front TCO layer is the window layer for the rear emitter SHJ solar

cell, and its optical and electrical properties should be well tuned to

improve the efficiency of the cell. Here, we try to optimize the front

TCO layer property by adjusting the oxygen partial pressure, which is

the most important parameter for TCO deposition. Figure 4A shows

the variation of the TCO sheet resistance (Rsheet,TCO) with the oxygen

partial pressure, measured both on glass and at the rear side of the cell

after a 200°C/30 minute annealing treatment. It can be found that the

Rsheet,TCO increases with the oxygen partial pressure, which is due to

the decrease of the carrier density in the TCO layer with its mobility

stabilizing at approximately 55 cm2/Vs (see Figure 4B). It is also

noticed that the Rsheet,TCO on glass is lower than that on the cell, which

should be mainly due to the different TCO thickness on flat glass and

on a textured wafer determined by the geometrical factor of the tex-

ture structure. Besides, it is also reported that the hydrogen effusing

from a‐Si:H layers due to thermal treatment can dope the TCO in

SHJ solar cells.23 To identify if this effect exists in our rear emitter

SHJ solar cells, TCO samples deposited on a‐Si:H(p)/a‐Si:H(i)/glass

substrates are fabricated. Note that the a‐Si:H(p)/a‐Si:H(i) stack layers

are deposited using the same process as fabricating SHJ solar cells and

the TCO is deposited at the oxygen partial pressure of 0.42 mTorr.

Figure 4C shows the sheet resistance and carrier density of the TCO

samples after an annealing treatment at 200°C for 30 minutes. It is

indeed found that the TCO sheet resistance is decreased by approxi-

mately 15% (from 60 to 51 Ω/sq) when the substrate is switched from

glass to a‐Si:H(p)/a‐Si:H(i)/glass, due to the increased carrier density.

Through considering this hydrogen doping effect, the geometrical

factor of the textured wafer is calculated to be 1.44. In the meantime,
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FIGURE 4 Variation of (A) TCO sheet
resistance measured on glass and at rear side
of the cell, (B) carrier density and mobility of
the TCO layer with oxygen partial pressure.
The samples are measured after an annealing
treatment at 200°C for 30 min. The dash lines
are guides for the eyes. (C) Comparison of
TCO sheet resistance and carrier density
measured on glass and p/i/glass substrates
after an annealing treatment at 200°C for
30 minutes, where i/p represents the a‐Si:H(i)/
a‐Si:H(p) stack layers deposited using the same
process as fabricating the SHJ solar cells. (D)
Relationship between the Rsheet,TCO measured

at the rear side and the front side of the cell.
The solid line describes the Rsheet,TCO at the
front side of the cell calculated by a parallel
connection model of the TCO layer and the Si
substrate. The dash line is diagonal line
[Colour figure can be viewed at
wileyonlinelibrary.com]
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the geometrical factor determined by the 3D optical microscope mea-

surement is approximately 1.22 through comparing the textured Si sur-

face area to the flat Si surface area. Because both of these methods are

indirect and have errors, here we use the average value of 1.33 for the

geometrical factor. Figure 4D further demonstrates that the Rsheet,TCO

measured at the rear side of the cell is higher than that measured at the

front side of the cell. This is because the lateral transport of the major-

ity carriers at the front side of the cell can be shifted from the TCO

layer into the n‐type Si substrate thanks to the n‐type conductive

nature of the TCO material, which allows the electrically parallel con-

nection of the TCO layer with the Si substrate. On the contrary, the

a‐Si:H(p)/c‐Si(n) junction at the rear side of the cell insulates the TCO

layer from the Si substrate, which means the measured Rsheet,TCO cor-

responds to that of the TCO layer itself. The solid line in Figure 4D

describes the calculated Rsheet,TCO at the front side of the cell by a par-

allel model (Equation 4), which fits well to the experiment data. Here,

Rsheet,c‐Si represents the sheet resistance of the Si substrate.
24
1
Rsheet;TCO fornt sideð Þ ¼

1
Rsheet;TCO rear sideð Þ þ

1
Rsheet;c−Si

(4)

This 2D majority carrier transport effect leads to less restriction on

the conductivity of front TCO layer for the rear emitter SHJ solar cell

compared with its front emitter counterpart.10 Therefore, suppressing

the light absorption in the front TCO layer should be more important in

improving the efficiency of the rear emitter cell.

Figure 5A shows the extinction coefficients of the TCO layers

deposited at various oxygen partial pressures. It can be seen that the

extinction coefficient at the long wavelength range (500 to 900 nm)

decreases effectively with the oxygen partial pressure from 0.20 to

0.42 mTorr and then becomes nearly stable. This is linked to the

decrease of the carrier density with the oxygen partial pressure (see

Figure 4B), which can reduce the free carrier absorption in the TCO

layers. Consistent with the results in Figure 5A, the JSC of the rear

emitter cell is found to increase with the oxygen partial pressure and
FIGURE 5 (A) Variation of the extinction
coefficients of the TCO layers deposited at
various oxygen partial pressures. (B‐E)
Variation of photovoltaic parameters (JSC, VOC,
FF, Eff) of the rear emitter SHJ cells with the
oxygen partial pressure [Colour figure can be
viewed at wileyonlinelibrary.com]
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nearly saturates at 0.42 mTorr as demonstrated in Figure 5B. Figure 5

C‐E exhibits the dependence of other photovoltaic parameters (VOC,

FF, Eff) of the rear emitter cell on the oxygen partial pressure. It is

noticed that the VOC is independent of the oxygen partial pressure,

indicating that the parasitic band bending effect described in Section

3.1 is fully screened by the a‐Si:H(p) layer. Interestingly, the FF is also

found to be insensitive to the oxygen partial pressure at the range from

0.20 to 0.62 mTorr although the increase of Rsheet,TCO with the oxygen

partial pressure is expected to cause increasing resistance loss and

thus decreasing FF. This apparent contradiction will be studied and

explained in the next section. Consequently, the front TCO layer

should be deposited at a relatively high oxygen partial pressure, no less

than 0.42 mTorr in our state‐of‐the‐art process, for the rear emitter

SHJ solar cell to achieve the highest efficiency (see Figure 5E).
3.4 | Rear TCO layer optimization

As shown in Figure 6A, a fundamental problem when contacting a‐Si:

H(p) withTCO (normally n type) is the formation of an interface barrier,

which precludes the hole transport from the a‐Si:H(p) layer to TCO

layer, and thereby gives rise to a large contact resistance between

the a‐Si:H(p) and TCO layers in the SHJ solar cell. Here, we apply a sim-

ilar method described by Gogolin et al24 to quantitatively investigate

the TCO/a‐Si:H(p) contact resistance (RTCO/a‐Si:H(p)) and its variation

with the oxygen partial pressure. To this end, symmetry structure

devices (see Figure 6B) have been fabricated by depositing a‐Si:H(i),

a‐Si:H(p) and TCO layers on both sides of the p‐type c‐Si substrate

and metallized by screen‐printing technique. Note that the deposition

processes for a‐Si:H(i), a‐Si:H(p), and TCO layers, together with the

screen‐printing metallization process used for the test devices, are

exactly the same as those of their rear emitter cell counterparts.

Figure 6C demonstrates the linear J‐V characteristic of the test devices

withTCO layer deposited at various oxygen partial pressures measured

under 1‐sun illumination, from which the total resistance (RT) of the

test devices can be extracted. As described by Equation 5, RT includes

the RTCO/a‐Si:H(p), the bulk resistance of the crystalline Si substrate (Rc‐
FIGURE 6 (A) Energy band diagram of the
SHJ solar cell highlights the hole transport
through the TCO/a‐Si:H(p) contact. (B) Cross‐
sectional schematic of the test device
structure for determining the RTCO/a‐Si:H(p),
where p‐Si, i/p represent the p‐type c‐Si
substrate and a‐Si:H(i)/a‐Si:H(p) stack layers
respectively. (C) Light J‐Vmeasurement results
of the test devices with TCO layer deposited
at various oxygen partial pressures under 1‐
sun illumination. (D) Variation of the work
function of rear TCO layer, RT of the test
devices, and the RTCO/a‐Si:H(p) with the oxygen
partial pressure. The RTCO/a‐Si:H(p) here actually
includes also the bulk resistances of the a‐Si:
H(i) and a‐Si:H(p) stack layers. Symbols
represent experimental data. Lines are guides
for the eye [Colour figure can be viewed at
wileyonlinelibrary.com] 25
Si), the lateral transport resistance through the front and rear TCO

layers (RTCO), the lateral transport resistance through the front and rear

metallization Ag‐grid (Rmetallization), and the TCO/Ag contact resistance

at the front and rear side (RTCO/Ag).

RT ¼ Rc−Si þ RTCO þ Rmetallization þ RTCO=Ag þ 2RTCO=a−Si pð Þ (5)

These series resistance components can be determined by well‐

established methods. The Rc‐Si is calculated by multiplying the resistiv-

ity with its thicknesses. The line resistances of the Ag‐finger and

Ag‐busbar are measured by a resistance meter. The sheet resistance

of TCO layers is determined by 4‐probe measurement. The TCO/Ag

specific contact resistance (ρTCO/Ag) is measured on aTLM structure.25

RTCO, Rmetallization, and RTCO/Ag are then calculated based on the unit

cell approach.26 With these data in hand, RTCO/a‐Si:H(p) is then extracted

using Equation 5. Note that here the RTCO/a‐Si:H(p) actually includes also

the bulk resistances of the a‐Si:H(i) and a‐Si:H(p) stack layers, which are

difficult to measure due to their extremely low thickness. As shown in

Figure 6D, the work function of theTCO layer increases with the oxy-

gen partial pressure, which is consistent with the result reported by

Haug et al,27 while both the RT and RTCO/a‐Si:H(p) decrease with the oxy-

gen partial pressure. The RTCO/a‐Si:H(p) decreases from 0.47 to

0.18 Ω·cm2 as the oxygen partial pressure varies from 0.20 to

0.62 mTorr. These values of RTCO/a‐Si:H(p) are comparable with those

previously reported values.24,28,29 This result means that the RTCO/a‐

Si:H(p) can be effectively suppressed through enhancing the work func-

tion of rear TCO layer, which reduces the interface barrier and hence

facilitates the carrier tunneling and/or thermionic emission process.

The opposite trend of RTCO/a‐Si:H(p) and RTCO,sheet (see Figure 4A) with

the oxygen partial pressure makes the series resistance of the solar cell

insensitive to the oxygen partial pressure, which explains the behavior

of the FF observed in Section 3.3.

Based on previous observation, we find a new structure design to

enhance the FF of the rear emitter SHJ cell. Comparing with the refer-

ence cell with front and rear TCO layers all deposited at oxygen partial

pressure of 0.42 mTorr (see Figure 7A), the TCO layer at the rear side
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FIGURE 7 Schematic cross section of the (A)
reference and (B) new design rear emitter SHJ
solar cell. TCO‐1 and TCO‐2 layers are
deposited at the oxygen partial pressure of
0.42 and 0.62 mTorr, respectively. i/n and i/p
represent the a‐Si:H(i)/a‐Si:H(n) and a‐Si:H(i)/

a‐Si:H(p) stack layers, respectively. (C)
Comparison of FF and Eff of the new design cell
with those of the reference cell [Colour figure
can be viewed at wileyonlinelibrary.com]
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of the new design cell (see Figure 7B) is deposited at high oxygen

partial pressure (0.62 mTorr) to suppress the RTCO/a‐Si:H(p). Note that

the number of Ag‐finger at the rear side is nearly 3 times of that at

the front side, leading to insignificant series resistance contributing

from the rear TCO layer. The TCO layer at the front side of the new

design cell is deposited at a moderate oxygen partial pressure

(0.42 mTorr) to control its sheet resistance and maintain the JSC of

the cell at a high level. Figure 7C shows the comparison of FF and Eff

of the new design cell with those of the reference cell. It can be seen

that the FF of the new design cell is approximately 0.5%abs higher than

that of the reference cell due to the suppressed RTCO/a‐Si:H(p), bringing

an Eff gain of approximately 0.2%abs.

Finally, through combining all our state‐of‐the‐art processes,

namely the a‐Si:H(p) layer grown under 30 sccm B2H6 flow and 25 sec-

onds (corresponding to ~11 nm), the a‐Si:H(n) layer grown under

15 seconds (corresponding to ~7 nm), the front TCO layer deposited

at the oxygen partial pressure of 0.42 mTorr and the rear TCO layer

deposited at the oxygen partial pressure of 0.62 mTorr, we have suc-

cessfully achieved 22.17% efficient rear emitter SHJ solar cell, whose

light J‐V curve is shown in Figure 8. Note that the area of the cell is

225.47 cm2, which is obtained by cutting the poor passivation edge

area of a 6‐inch cell by laser. The wavelength of the laser is 355 nm,

and the power of the laser generator is less than 5 W.
3.5 | Application of direct copper metallization

Besides pursuing high conversion efficiency, improving economic per-

formance is also important for the SHJ technology to gain competitive
FIGURE 8 Light J‐V curve of the champion rear emitter SHJ solar cell
measured in house under the standard condition (25°C, AM1.5
spectrum, 100 mW/cm2) 26
advantage in mass production. Replacing silver with copper for SHJ

solar cell metallization can lead to effective cost reduction. Here, we

try to realize direct copper metallization through multi‐wire technology

using polymer coated copper (C/Cu) wires soldered directly on the

TCO layer of the rear emitter SHJ solar cell. The C/Cu wire (from

FURUKAWA Co., Ltd.) has been successfully used for the direct metal-

lization of amorphous silicon solar cells in Xunlight (Kunshan) Co., Ltd.

However, SHJ solar cells have much larger JSC than that of the amor-

phous silicon solar cells, meaning that their series resistance (Rs) must

be better controlled to maintain the FF at a high level. In this respect,

the rear emitter solar cell has advantage because the absorber can pro-

vide an additional lateral transport path for the majority carriers, which

is equivalent to reducing the sheet resistance of the front TCO layer

(see Section 3.3) and thus benefits Rs suppression. The C/Cu wires

are soldered on TCO by heat pressing the C/Cu wires onto the TCO

layer directly at 220°C. The electric contact between the C/Cu wire

and TCO is realized through the polymer coating layer of the C/Cu

wire, which is conductive and containing adhesive agent that can bond

withTCO under heat and pressure. Figure 9A,B shows top SEM views

showing C/Cu wires soldered on the front TCO layer of the rear emit-

ter cell. The diameter of the C/Cu wire is 150 μm, with a copper core

of 100 μm and a polymer coating layer of 25 μm. Figure 9C,D shows

the cross‐sectional SEM views of a C/Cu wire soldered on the TCO

layer. It can be seen that the polymer coating layer contacts directly

to theTCO and the Si pyramids penetrate into the polymer layer, facil-

itating the electrical contact between the C/Cu wire and the TCO. As

shown in Figure 9E, the specific contact resistance between the C/

Cu wire and the TCO layer is determined to be 18.6 mΩ·cm2 by the

TLM measurement. Meanwhile, the extracted Rsheet,TCO is 59 Ω/sq,

consistent with the value of 56 Ω/sq determined by 4‐probe measure-

ment at the front side of the cell (see Section 3.3). Based on these mea-

sured data and the unit cell method,26 we calculate that the Rs of the

direct copper metallized rear emitter cell can be close to its screen‐

printed counterpart for our state‐of‐the‐art process (see dash line in

Figure 9F) if the number of C/Cu wires is set to ensure nearly equal

shading fraction of C/Cu wires and printed Ag‐fingers. Note that the

Rs difference between these 2 type of cells can be further reduced if

Rsheet,TCO at the front side of the cell can be decreased even more.

To further decrease the contact resistance between the C/Cu wire

and TCO, the polymer coating layer may need to be modified.

As a proof of concept, we fabricate a rear emitter SHJ cell whose

front side is directly copper metallized (see Figure 10A). Figure 10B

shows the photo of the cell with an area of 156.25 cm2, in which 50

C/Cu wires are soldered on the TCO layer. The average distance
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FIGURE 9 Top SEM views (A‐B) and cross‐
sectional SEM views (C‐D) of C/Cu wire
soldered on front TCO layer of the rear
emitter cell. (E) Specific contact resistance
between C/Cu wire and TCO layer measured
by the TLM method. The inset picture shows
the TLM structure. (F) Variation of calculated
Rs of the direct copper metallized rear emitter
cell and its screen‐printed counterpart with
Rsheet,TCO at the front side of the cell. The dash
line indicates Rsheet,TCO for our state‐of‐the‐art
process. Herein, the number of C/Cu wire is
set to ensure nearly equal shading fraction of
C/Cu wires and printed Ag‐fingers for direct
copper metallized cell and its screen‐printed
counterpart [Colour figure can be viewed at
wileyonlinelibrary.com]
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between the C/Cu wires is approximately 2.5 mm (see Figure 9A). The

shading fraction of 50 C/Cu wires for the copper metallized solar cell is

6.0%. Note that the shading fraction of 74 Ag fingers (70 μm) and 4 Ag

busbars (1.1 mm) for the 6‐inch screen‐printed solar cell is 6.1% and

the laser cut is performed symmetrically in the middle of the cell, which

will not change the shading fraction. Therefore, the direct copper

metallized solar cell and the screen‐printed solar cell nearly have equal

optical shading loss. Two solder ribbons with width of 8.0 mm and

thickness of 0.2 mm are placed at the side of cell for I‐Vmeasurement.

Figure 10C shows the EL image of the cell, from which the C/Cu wires

can be clearly identified, indicating good electric contact between the

C/Cu wire and TCO and that the current extraction is homogeneous

over the whole cell. Figure 10D shows the full area SR of the cell

and the integrated JSC calculated by integrating the SR with AM 1.5G

spectrum. The JSC of the cell is thus determined to be 37.84 mA/

cm2. As shown in Figure 10E, this cell achieves an Eff of 22.06%

(VOC = 737 mV, JSC = 37.84 mA/cm2, FF = 79.10%). The VOC and JSC

of this cell are comparable to those of its screen‐printed counterpart

(see Figure 8), while FF is a little bit lower, which is consistent with

the Rs calculation result (see Figure 9F). Note that the approach of

direct metallization of SHJ solar cells has been reported in the work

of Faes et al,12 in which they use InSn‐coated copper (InSn/Cu) wire

to contact TCO directly and get a 19.9% efficient single cell mini‐mod-

ule (VOC 0.734 V, JSC 37.3 mA/cm2, FF 74.0%). In our case, C/Cu wires

are used for the direct metallization of SHJ solar cells, avoiding the use

of In, which is a scarce metal with high cost. As for the solar cell
performance, we obtain higher JSC (37.8 mA/cm2 vs 37.3 mA/cm2),

comparable VOC (0.737 V vs 0.734 V), and higher FF (79.1% vs

74.0%). The JSC is higher because there is no reflection and absorption

loss due to the encapsulation material. Comparable VOC means equiv-

alent passivation quality for these solar cells, while higher FF reveals

lower Rs, which may be due to the better electric contact at the C/

Cu‐TCO interface compared with that at the InSn/Cu‐TCO interface

and/or the advantage of rear emitter cell structure.

In Figure 10F, we calculate the power loss (Ploss) of the direct

copper metallized cell depending on the C/Cu wire diameter and

Rsheet,TCO at the front side of the cell. Here, the minimum Ploss is

obtained by varying the number of C/Cu wire for the given C/Cu wire

diameter and Rsheet,TCO at the front side of the cell, where Ploss is the

sum of resistive loss (Presistance) and optical loss (Pshading) of the simu-

lated cell which can be calculated according to

Presistance ¼ Rs Jmppð Þ2 (6)

Pshading ¼ AshadingJmpp;no shadingVmpp: (7)

Rs, Ashading, Jmpp, and Vmpp are the series resistance, C/Cu wire

shading fraction, maximum power point current density, and voltage

of the simulated cell, respectively. Jmpp, no shading is the maximum power

point current density of the simulated cell without C/Cu wire shading.

Rs is calculated as described earlier and is found rather small

(<1 Ω·cm2), which hardly impacts the maximum power point current
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FIGURE 10 Schematic cross section (A),
photo (B), and EL image (C) of the proof of
concept direct copper metallized rear emitter
cell. (D) Full area SR from 300 to 1180 nm of
the cell together with the integrated JSC
calculated by integrating the SR with AM 1.5G
spectrum. (E) Light J‐V curve of the cell. (F)
Calculated minimum Ploss of the cell depending
on C/Cu wire diameter and Rsheet,TCO at the
front side of the cell. The dash line indicates
Rsheet,TCO for our state‐of‐the‐art process
[Colour figure can be viewed at
wileyonlinelibrary.com]
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density of the simulated cell. Hence, Jmpp, no shading and Jmpp can be

calculated by

Jmpp;no shading ¼ J0mpp= 1−A0
shading

� �
(8)

Jmpp ¼ Jmpp;no shading 1−Ashading

� 	
(9)

Herein, J0mpp is the measured maximum power point current den-

sity of the 22.06% cell, and A0
shading is the C/Cu wire shading fraction

of this cell. While Vmpp is calculated according to

Vmpp ¼ V 0
mpp−ΔRsJmpp (10)

ΔRs ¼ Rs−R
0
s : (11)

V0
mpp is the measured maximum power point current density of

the 22.06% cell. ΔRs is the difference of calculated series resistance

between the simulated cell and that of the 22.06% cell (Rs
0). It can

be found, for our state‐of‐the‐art process, that the minimum Ploss of

the direct copper metallized rear emitter cell can be reduced from

~2.5 to ~2.4 mW/cm2 by decreasing the diameter of the C/Cu wire

from 150 to ~105 μm, corresponding an Eff increase of ~0.1%abs,

which will lead the Eff of the direct copper metallized cell close to its
screen‐printed counterpart. Furthermore, another Eff gain of

~0.1%abs (Ploss reduce to ~2.3 mW/cm2) is expected if the Rsheet, TCO

at the front side of the cell can be reduced from 56 to ~30 Ω/sq

through improving theTCO mobility from 55 to 90 cm2/Vs as reported

by Kobayashi et al30 and Meng et al.31 It is worth noting that further

work, like the thermal‐cycling test, is still needed to evaluate the reli-

ability of this metallization approach. Overall, the above results

successfully demonstrate that high efficiency can also be realized in

direct copper metallized rear emitter SHJ cells, which have potential

to eliminate the use of silver paste completely and thus reduces the

cost of SHJ solar cells dramatically.
4 | CONCLUSIONS

In summary, the development and optimization of the rear emitter SHJ

solar cells have been investigated. The doping and thickness of the

a‐Si:H(p) layer are adjusted by varying B2H6 flow and deposition time

to enhance the emitter passivation without the restriction of parasitic

absorption issue. The thickness of the a‐Si:H(n) layer is tuned by

adjusting the deposition time to suppress the absorption loss at the

front side of the cell. The front and rear TCO layers are optimized sep-

arately by varying the oxygen partial pressure. The front TCO layer is
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deposited at relatively high oxygen partial pressure to improve its opti-

cal performance while its requirement on conductivity is lowered

because the lateral transport of the majority carriers at the front side

of the cell can be shifted from TCO layer into the n‐type Si substrate.

The rear TCO layer is deposited at high oxygen partial pressure to sup-

press theTCO/a‐Si:H(p) contact resistance. With all of these optimiza-

tion, a 22.17% efficient rear emitter SHJ solar cell (225.47cm2,

VOC = 734 mV, JSC = 37.83 mA/cm2, FF = 79.84%) has been achieved

with industry compatible process. Furthermore, we have investigated

the possibility to metallize the rear emitter SHJ solar cell by soldering

the C/Cu wires directly on front TCO layer and found that its series

resistance can be well controlled. As a proof of concept, we have

achieved a 22.06% efficient (156.25 cm2, VOC = 737 mV,

JSC = 37.84 mA/cm2, FF = 79.10%) rear emitter SHJ solar cell whose

front side is directly copper metallized. It is further predicted that the

direct copper metallized cell could yield equivalent efficiency as its

screen‐printed counterpart with achievable optimization. Overall, the

direct copper metallized rear emitter SHJ solar cells open a promising

approach for achieving high efficiency in low cost and thus can be a

candidate for the mass production of SHJ solar cells.
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A B S T R A C T

Highly efficient diamond wire sawn (DWS) multi-crystalline Si (mc-Si) solar cells with a satisfactory visual
appearance are expecting to dominate the photovoltaic industry soon. Here, we report the realization of
broadband spectral response of DWS mc-Si solar cells with omnidirectional performance and improved ap-
pearance. The success lies in the effective surface texturization based on MACE technique followed by post acid
modification and the introduction of SiO2/SiNx stack layers on the rear side. Bowl-like pits with an open size of
about 1 µm are uniformly formed on the Si surface regardless of the crystallographic directions, which sig-
nificantly enhances the antireflection ability in the short wavelength and makes the grain boundaries less no-
ticeable. We have also shown that the bowl-like textured cells possess exceptional optical absorption over wide
angles of incidence from 0° to 70°. Moreover, the SiO2/SiNx stack layers enhance the rear internal reflection and
passivation, effectively increasing the long wavelength absorption and suppressing the electrical losses. We have
successfully mass-produced DWS mc-Si solar cells with an average efficiency of 19.1%, which is 1.2% absolutely
higher than that of the conventional micro-textured counterparts.

1. Introduction

In recent years, multi-crystalline silicon (mc-Si) solar cell has oc-
cupied large percent of the photovoltaic industry market for its low
cost. Nevertheless, the spectral responses in both short wavelength
(< 600 nm) and long wavelength (> 900 nm) of industrial mc-Si solar
cells are not sufficiently high, which are mainly attributed to the rela-
tively high reflectance at the front surface and severe parasitic ab-
sorption as well as severe carrier recombination at Al rear reflector.
This leads to a low conversion efficiency (η), especially for diamond
wire sawn (DWS) mc-Si solar cells. The η of conventional acid textured
DWS mc-Si solar cells is about 0.4% absolutely lower than that of multi-
wire slurry sawn ones [1], which sets significant barriers in promoting
the industrialization of DWS mc-Si solar cells. Since DWS technique has
several advantages including higher productivity, higher precision in
cutting thin wafers and lower material waste [2–6], it is expected to
occupy more than 50% in slicing mc-Si in the industry by 2020 [7].
Therefore, it is an urgent affair to realize high efficient DWS mc-Si solar
cells with excellent spectral responses in both the short wavelength and
long wavelength.

Many researches have demonstrated that Si nanostructures, such as

nanowire arrays, have excellent broadband antireflection ability in-
cluding in the short wavelength region [8–12]. However, the perfor-
mances of such nanostructures based cells are not satisfactory due to
the severe surface and Auger recombination that lead to strong elec-
trical losses [13–15]. Recently, there are lots of reports demonstrating
that metal-assisted chemical etching (MACE) technique combined with
post alkaline modification is effective to overcome these disadvantages
[1,16,17]. By employing this method, we have fabricated micro/nano
composite structures with satisfactory antireflection properties and
acceptable electrical losses, and an absolute increase of 0.57% in η was
achieved on DWS mc-Si solar cells [18]. Nevertheless, owing to the
anisotropic etching property of alkaline solution, different micro- or
nano-structures are formed on different crystallographic planes, leading
to the unsatisfactory appearance of DWS mc-Si solar cells. Therefore, it
is urgent to develop a surface texture that can effectively improve short
wavelength spectral responses with an acceptable appearance for DWS
mc-Si solar cells.

In addition, it is also necessary to further improve the optical and
electrical properties in the long wavelength range by rational design of
cell structures. Through introducing dielectric thin films (SiO2, SiNx, or
SiO2/SiNx stack layers) at the rear surface, Holman et al. [19]
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demonstrated that parasitic absorption in the Al rear reflector in the
long wavelength range can be effectively suppressed when the thickness
of the dielectric film is more than 100 nm, resulting in enhanced
spectral response in the long wavelength and cell performances.
Moreover, these dielectric films can effectively passivate the rear sur-
face, reducing the photogenerated carrier loss at the rear surface [20].
These advantages have been verified in our 20% efficient nanos-
tructures textured single-crystalline Si solar cells [21] and the industrial
single-crystalline Si solar cells with a high η of 22.13% [22].

In this study, by employing MACE technique with post acid mod-
ification, and the introduction of SiO2/SiNx stack layers at the rear
surface, we have successfully fabricated bowl-like structures textured
DWS mc-Si solar cells with an improved visual appearance and a high η
of 19.1% with a large wafer size of 156 × 156 mm2. The achieved η of
our samples is 1.2% absolutely higher than that of the conventional
micro-texture (CM-T) based counterparts. In addition, our cells possess
excellent broadband spectral response due to the outstanding antire-
flection performance in short wavelength and suppressed parasitic ab-
sorption in long wavelength together with reduced carrier recombina-
tion at the rear surface. Furthermore, the cells also possess exceptional
optical absorption over wide angles of incidence (AOI) from 0° to 70°,
exhibiting omnidirectional property, which is beneficial to the electric
power generation since the AOI changes with the rotation of the earth.
We believe that DWS mc-Si solar cells with appropriate surface texture
and rational rear design will soon become the mainstream in the mc-Si
solar cell industry.

2. Experimental

2.1. Texturization and fabrication of the DWS mc-Si solar cells

In this work, the used Si wafers were p-type DWS mc-Si with a size
of 156 × 156 mm2, a thickness of 200± 20 µm and resistivity of
1–3 Ω cm. The texturization and cell fabrication processes are shown in
Fig. 1. Deionized water (DIW) cleaning was performed after every step.
Firstly, saw damage etching was employed by acid solution. After that,
the wafers were immersed into MACE solution (2.4 M HF/1.7 M H2O2/
0.0002 M AgNO3) for 4 mins at 50 °C. In this process, Ag nanoparticles
were deposited onto the Si substrate and nano-pores were formed. Then
the nano-pores were enlarged by immersing the wafers into the mixed
solution of HF:HNO3:DIW=1:6:3 (volume ratio) for different mod-
ification times of 30 s, 50 s, 100 s (labeled as T30, T50, and T100), re-
spectively, at the temperature of 8 °C. Finally, all the textured wafers
were immersed in the solution of HNO3:DIW=1:1 (volume ration) for
8 mins to remove the residual metal impurities, followed by rinsing
with DIW and spin-drying. In addition, CM-T samples were prepared as
the reference by dipping the wafers into the mixed HF/HNO3/DIW
(1:5:4) solution for 3 mins at 8 °C.

After the texturization and industrial cleaning processes, one group

of the wafers underwent a standard industrial solar cell fabrication
process, including n-type diffusion on one side with POCl3 as diffusion
source (M5111-4WL/UM, CETC 48th Research Institute), removal of
the phosphorous silicate glass (PSG) in dilute HF solutions, deposition
of SiO2/SiNx layers on the front surface by plasma enhanced chemical
vapor deposition (PECVD) system (M82200-6/UM, CETC 48th Research
Institute), the fabrication of front and back electrodes by screen
printing technique (PV1200, DEK) and co-firing process (CF-Series,
Despatch).

Another group of the wafers underwent a distinct cell fabrication
process. Firstly, the rear surface was polished by NaOH/H2O2 solution.
Then the SiO2/SiNx stack layers were deposited on the rear side by
PECVD at 450 °C for 40–100 mins. Subsequently, n+-emitter was
formed on the front side during the diffusion process for about 100 mins
at 800 °C. After the PSG removing process, local line openings were
formed on the rear SiO2/SiNx stack layers by laser ablating (DR-LA-Y40,
DR Laser), followed by an annealing process at 700 °C for 60 mins. After
that, SiO2/SiNx stack layers were deposited on the front side by PECVD
for about 40 mins at 400 °C. Finally, the wafers underwent the same
screen printing and the co-firing processes as mentioned above. The
diagram of the cell structure is illustrated in the middle part of Fig. 1.

2.2. Fabrication of the samples for recombination comparison

For the study of effective minority carrier lifetime (τeff), SiO2/SiNx

stack layers were symmetrically deposited on both sides of the polished
wafers by PECVD at 450 °C for 100 mins and followed by an annealing
process at 550 °C to 850 °C for 60 mins.

2.3. Characterization

The morphologies of the wafers were investigated by field emission
scanning electron microscopy (Zeiss Ultra Plus). The reflectance spectra
and external quantum efficiency (EQE) were measured by QEX10 (PV
MEASUREMENTS). Minority carrier lifetime measurements were car-
ried out by quasi-steady state photoconductance decay method in
Semilab WT1200 equipment. And the electrical parameters of the solar
cells were measured under AM1.5 spectrum at the temperature of 25 °C.

2.4. Simulations of reflectance

The surface reflectance of CM-T over the AOIs from 0° to 80° was
simulated by setting the periodic grooves with 2 µm in width and
400 nm in height on the surface of 180 µm Si substrate by online wafer
ray tracer provided by PV light house, which is a professional optical
simulator for the Si microstructures-textured solar cells. AM1.5 spec-
trum was used in our cases and the max total rays were set to 50,000 to
enhance the accuracy. The surface reflectance of our bowl-like struc-
tures was numerically calculated by Lumerical finite difference time

Fig. 1. Schematic illustration of the main steps for
texturization (left) and fabrication (right) of the DWS
mc-Si solar cells, together with the diagram of the
cell structure (middle).
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domain software. Periodic bowl-like structures with the open size of
1 µm and the depth of 600 nm was located at the surface of Si substrate
on x-y plane, and 1.5 µm in the z-direction. Bloch boundary in the x-y
region was adopted because oblique incidence with the AOIs from 0° to
80° was employed in our cases. But the boundary in the z-directions was
perfectly matched layers and hence the thickness of the substrate was
equivalent to infinitely thick. Note that the polarization AOI was set to
be 45°, which will lead to the simulated results the same with averaging
those of P-polarization and S-polarization.

2.5. Simulations of optical absorption in Al rear reflector

The simulations of optical absorption in Al rear reflector were car-
ried out by the online wafer ray tracer. SiO2/SiNx stack layers were set
on both surfaces of the Si substrate. The thickness of the stack layers at
the front surface was 80 nm while it varied 0–450 nm at the rear sur-
face. Pure Al layer was treated as the Al rear reflector in our cases, and
the thickness of Al layer was 3 µm, which guaranteed that no light can
transmit through it.

3. Result and discussion

3.1. Modified surface morphology by combining MACE with post acid
etching

Fig. 2a shows the SEM image of the CM-T samples. Parallel grooves
with different widths (from nanometers to micrometers) are closely
formed on the Si surface. Such structures are, however, not suitable for
solar cells due to the high reflectance and unsatisfactory cell appear-
ance. In order to realize effective textures on DWS mc-Si wafers, sys-
tematic investigation was conducted in this work. Firstly, the wafers
underwent a pretreatment process to eliminate the saw damage layer
and achieve a better surface condition. After that, MACE technique is
employed. During the MACE process, Ag nanoparticles are firstly de-
posited onto the surface of Si substrate based on the galvanic dis-
placement reaction. Since the equilibrium potential of Ag+/Ag couple
(E° = 0.8 V) is more positive than the valence band energy of Si (EVB =
0.67 V) [23], Ag+ ions capture electrons from the valance band of Si,

leading to the oxidization of Si atoms. Then the Si oxide under the Ag
particles is removed by HF immediately. As a consequence, Ag nano-
particles help to form pits on Si substrate and embed themselves in the
pits. Meanwhile, the Si substrate is also corroded by HF/H2O2. Based on
the experiment results presented in the literature [23–25], the oxide
formation and dissolution rates of Si are much higher at the Ag/Si in-
terface than the one at Ag free regions owing to the catalytic activity of
Ag nanoparticles. Accordingly, deep pores are formed with increasing
etching time and the Ag particles sink at the bottom of pores. Although
such structures solely fabricated by the MACE method are effective to
reduce surface reflectance, they are not suitable for solar cells due to
the large surface area, which leads to a severe surface recombination
[15]. Therefore, further surface modification is necessary by post
etching processes. In our study, the surface structures are finally mod-
ified by HF/HNO3 etching to reduce the surface area and form a better
texture.

Fig. 2b–d illustrate the SEM images of T30, T50 and T100 samples,
respectively, which confirmed that the saw marks are perfectly re-
moved. For the case of T30, the wafer exhibits a rough surface and
cylindrical pores with the open size of about 500 nm are obtained. With
increasing etching time, the pores are expanded and connected to their
neighbors, resulting in that bowl-like pits with the open size of about
1 µm are randomly formed on the whole surface, as shown in Fig. 2c.
Note that the surface becomes smoother with the enlargement of the
pits. By further extending the etching time, the pits further merge to
others and become larger pits, e.g., when the etching time is increased
to 100 s, the open sizes of the pits are about 2 µm in diameter (Fig. 2d).
In general, the open size of the structures can be controlled accurately
from nanoscale to microscale by increasing the etching time.

There are many researches showing that Si nanostructures fabri-
cated by MACE combined with post alkaline etching is effective to
improve the performances of DWS mc-Si solar cells [1,16–18]. How-
ever, owing to the anisotropic etching of the alkaline solution, different
structures are formed on different crystallographic planes of mc-Si,
which leads to the non-uniform reflectance of the surface, as well as the
non-uniform thickness of the coated antireflection layer. As a result,
unsatisfactory visual appearance of the cells with mixed light blue re-
gions and dark blue regions is observed [18]. In contrast, acid etching

Fig. 2. SEM images of (a) conventional micro-texture
(CM-T) and the textured wafers based on MACE
technique followed by acid modification for (b) 30 s
(T30), (c) 50 s (T50), (d) 100 s (T100), together with
the cross-section view shown in the inset.
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does not depend on crystallographic directions so that isotropic etching
of Si happens, and hence it is more suitable for texturing mc-Si substrate
[26]. In our cases, all the texturization processes are under acidic
conditions, exhibiting a great potential to form uniform textures on mc-
Si surface. As an example, Fig. 3a presents the SEM images of the T50

surface on different crystalline grains. The white dash lines guide the
grain boundaries. The zoomed-in figures of the red frame zones are
shown in Fig. 3b–d. We can see that similar structures are formed on
different crystallographic planes of Si, which is attributed to isotropic
etching of Si. Fig. 3e–f present the photos of the acid-textured cell in
this work and an MACE textured with post alkaline modified cell, re-
spectively. Obviously, the acid-textured cell exhibits a better appear-
ance with less noticeable grain boundaries, compared with that of al-
kaline-modified cell.

3.2. Optical characteristics and electrical analysis

In order to find the appropriate texture for DWS mc-Si solar cells, we
investigate the influence of the surface structures on both optical and
electrical properties. Fig. 4a illustrates the reflectance spectra of the
textured wafers and cells in the wavelength ranging from 400 nm to
1100 nm, together with the averaged reflectance (Rave) in the inset.
Note that Rave is calculated by averaging the reflectance over the
standard AM1.5 spectrum in the wavelength ranging from 400 nm to
1100 nm as follows:

∫

∫
=

⋅ ⋅

⋅
R

R λ S λ λ

S λ λ

( ) ( ) d

( ) d
ave

400 nm
1100 nm

400 nm
1100 nm

(1)

where R(λ) represents the experimental reflectance and S(λ) represents

the standard AM1.5 solar photon spectral distribution. It is obvious that
the reflectance of T30 and T50 are much lower than that of CM-T and
T100. Especially, T30 exhibits the lowest reflectance with an average
value of about 14.5%. With increasing the etching time in HF/HNO3,
the reflectance of the resultant structures increases gradually and a high
Rave of 26.5% is reached for T100. For solar cells with SiO2/SiNx stack
layers, antireflection effect is enhanced in the whole wavelength range.
However, for the CM-T and T100 cases, the reflectance is still very high
in the short wavelength region (< 650 nm) with the highest value of
over 35%, leading to a high Rave of 11.5% and 9.2%, respectively. In
contrast, T30 and T50 present low reflectance in the whole wavelength
ranging from 500 to 1000 nm and the Rave is about 6%.

Fig. 4b exhibits the measured EQE data of the cells. As expected, the
EQE of T50 cells is much higher at short wavelength compared with that
of CM-T and T100 cells, which is attributed to the enhanced antire-
flection ability of the surface texture in the short wavelength range.
Nevertheless, T30 cells have much lower EQE in the whole wavelength
range despite of their lowest reflectance. It is well known that Si na-
nostructures usually have a large surface area and nanostructures with
very small open size are difficult to be passivated, leading to much
severer surface and near surface recombination. As a consequence, se-
vere degradation of the EQE occurs. Generally, in order to achieve high
performances of solar cells, there is a tradeoff between optical gain and
electrical losses. In our cases, surface texture with T50 is the appropriate
choice for high performance solar cells.

3.3. Omnidirectional characteristics of the DWS mc-Si cells

As presented above, T50 cells exhibit the best performances when
measured under normal incidence. It is also highly necessary to un-
derstand the cell performances over different AOIs, since in the real
application the AOI changes with the rotation of the earth. We illustrate
in Fig. 5a–b the measured EQEs of the CM-T and T50 cells over the AOIs
ranging from 0° to 80°, respectively. When the AOI is less than 60°, the
EQE spectra of the CM-T cells are almost overlapped. When the AOI is
increasing to 70°, a slight drop of EQE occurs, while it drops rapidly
over the AOIs more than 70°. Interestingly, for the T50 cells, similar
trend is observed. Namely, both the CM-T and T50 cells exhibit ex-
cellently broad-angle EQE spectra, which is beneficial for solar cell
application. Nevertheless, it should be pointed out that T50 cells exhibit
higher EQE properties in the short wavelength range for all AOIs,
compared with CM-T counterparts. Fig. 5c presents the calculated
short-circuit current density (JSC) of CM-T and T50 cells over the AOIs
ranging from 0° to 80° according to the EQE spectra shown in Fig. 5a–b.
The JSC is calculated by:

∫= ⋅ ⋅J q EQE S λ(λ) (λ) dSC 400 nm

1100 nm

(2)

where q denotes electron charge. To make the variation trend clearer,
AM1.5 solar photon spectral distribution is assumed for all cases. For
CM-T cells, when the AOI is less than 70°, the JSC remains at about
35 mA/cm2, while it drops to about 26 mA/cm2 at the AOI of 80°. For
T50 cells, the JSC remains at a high level of over 36 mA/cm2 over the
AOIs from 0° to 70°, while it drops to about 30 mA/cm2 at the AOI of
80°. The results show that T50 cells exhibit higher JSC over all AOIs
compared with CM-T counterparts, which is beneficial for higher
electric power generation in a day or a year.

To get insight into the above observation, simulation of the re-
flectance varying with AOIs and wavelengths was implemented. As
shown in Fig. 5d, the reflectance behaviors varying with AOIs are si-
milar for both CM-T and T50 cases at the wavelength of 600 nm, 800 nm
and 1000 nm. When the AOI is less than 70°, the reflectance is not
sensitive to the increase of AOI, but it increases rapidly when the AOI is
over 70°, and reaches a high level of over 40% at the AOI of 80°. These
results demonstrate that both the CM-T and T50 exhibit omnidirectional
antireflection properties over broad AOIs from 0° to 70°. However, the

Fig. 3. SEM images of: (a) T50 surface on different crystalline grains and (b)-(d) zoomed-
in figures of the red frame zones in (a), together with digital photography of DWS mc-Si
solar cells textured by MACE technique followed by (e) acid modification in this work and
(f) alkaline modification. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)
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reflectance of T50 is much lower than that of CM-T over all AOIs and all
wavelengths, which is attributed to the superior antireflection ability of
the modified surface texture. Obviously, the antireflection behaviors
can well explain the EQE or JSC observation as a function of AOI in
Fig. 5a–c.

3.4. Rational design of the rear surface

Based on the results presented above, we have successfully im-
proved the spectral response of the cells in the short wavelength range
and the omnidirectional optical absorption by the modified bowl-like
texture. However, to realize highly efficient DWS mc-Si solar cells, it is
also very important to improve the cell properties in the long wave-
length range by the rational design of the rear surface. We have pre-
viously demonstrated that rear side passivation by SiO2/SiNx stack
layers can effectively increase the long wavelength responses of the
cells [21]. However, the mechanisms behind it are not fundamentally
clear enough and need to be further studied.

Fig. 6a illustrates the reflectance in long wavelength of the cells
with SiO2/SiNx layers deposited on the rear side. The thickness of the
deposited stack layers is 0 nm, 100 nm, 250 nm, 350 nm, respectively
(the inner SiO2 is about 25 nm thick). When there are no SiO2/SiNx

layers on the rear side, the cells exhibit low reflectance in long

wavelength, i.e., about 20% at 1200 nm. When the thickness of the
SiO2/SiNx layers are 100 nm, the long wavelength reflectance is dras-
tically increased and reaches about 40% at 1200 nm. With further in-
creasing SiO2/SiNx thickness, the long wavelength reflectance con-
tinues to increase and finally reaches the maximum (about 45% at
1200 nm) for the stack layers thicknesses of more than 250 nm (the
reflectance spectra of 250 nm and 350 nm cases are almost overlapped).
Note that the increase of reflectance in the long wavelength here in-
dicates more light reflect back from rear surface and thus more light
will be re-absorbed in the Si substrate [21].

To further reveal the mechanism behind the increased reflectance in
long wavelength, we have carried out the simulation of the optical
absorption in Al rear reflector varying with the thickness of rear SiO2/
SiNx layers from 0 to 450 nm, as shown in Fig. 6b. When there are no
SiO2/SiNx layers on the rear side, high optical absorption in Al rear
reflector is observed. With increasing the thickness of the SiO2/SiNx

layers, the absorption decreases dramatically and reaches the minimum
for SiO2/SiNx thickness of more than 250 nm, which is owing to less
penetration of evanescent waves and hence the diminishing parasitic
absorption in Al rear reflector [27]. As a result, more light in long
wavelength can reflect back into the Si substrate, which is well agree-
ment with the reflectance observation shown in Fig. 6a.

Besides the increased optical absorption in Si substrate, SiO2/SiNx

Fig. 4. (a) Reflectance spectra (400–1100 nm) of the
textured wafers and fabricated cells, together with
the averaged reflectance (Rave) of the reflectance
spectra in the inset. (b) Experimental EQE of the
fabricated DWS mc-Si solar cells.

Fig. 5. Experimental EQE spectra of the (a) CM-T
and (b) T50 solar cells varying with AOIs, together
with (c) comparison of their calculated JSC versus
AOIs according to the EQE spectra. (d) Simulation of
the reflectance of CM-T and T50 varying with AOIs at
600 nm, 800 nm and 1000 nm.
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stack layers with a post annealing process can also effectively passivate
the Si surface to suppress the electrical losses of the cells. Fig. 6c il-
lustrates the influence of the different annealing temperatures on the
effective minority carrier lifetime τeff with respect to the injection level
(Δn). SiO2/SiNx stack layers were deposited on both sides of the po-
lished Si substrate and the annealing process was performed in the air
atmosphere for 60 mins at 550 °C, 700 °C and 800 °C, respectively.
Obviously, the τeff values of the annealed samples are much higher than
those of the as-deposited ones, and the highest τeff is achieved at the
optimized annealing temperature of 700 °C, e.g., at Δn = 1×
1015 cm−3, it is about 170 μs. According to the τeff, surface re-
combination velocity (Seff) can be determined by the following equation
[28]:

= +
τ τ

S
W

1 1 2
eff bulk

eff

(3)

where τbulk presents the bulk recombination lifetime andW presents the
wafer thickness (≈ 180 µm). Here, we only consider the intrinsic τbulk
according to the formula by Richter et al. [29] and thus the calculated
Seff represents the upper limit of the surface recombination velocity.
The calculated Seff of 5.9 cm/s demonstrates an excellent passivation
effect of SiO2/SiNx stack layers for a solar grade p-type Si wafer.

Finally, in order to evaluate the comprehensive influence of the rear
SiO2/SiNx stack layers on the cell performance, we define the en-
hancement factor (G) of the η of the rear SiO2/SiNx deposited cells re-
lative to that (η0) of the conventional cells without rear SiO2/SiNx stack
layers:

=
−η η
η

G 0

0 (4)

As shown in Fig. 6d, the results show that 250 nm is the appropriate
thickness for the rear SiO2/SiNx stack layers in our cases, and the
highest G of about 5.2% is achieved. Note that thicker SiO2/SiNx stack
layers may lead to higher series resistance (RS) and lower fill factor
(FF), which affects the η of the cells.

3.5. Broadband spectral response of DWS mc-Si solar cells

We have mass-produced the DWS mc-Si solar cells (T50-Broad) based
on the simultaneous adoption of the T50 texture at the front surface and
the SiO2/SiNx stack layers at the rear surface. To demonstrate the
broadband spectral response advantage of such solar cell design, we
compare the EQE spectra and current-voltage (I-V) parameters of the
T50-Broad cells with those of CM-T counterparts. As shown in Fig. 7a, in
the short wavelength range, the EQE of T50-Broad cells is much higher,
which is attributed to the outstanding antireflection ability of the bowl-
like structures. In the long wavelength range, the T50-Broad cells also
exhibit higher EQE owing to the suppressed penetration of evanescent
waves and excellent surface passivation effect by SiO2/SiNx stack
layers. As the overall result, the T50-Broad cells present higher EQE al-
most over the whole wavelength range, demonstrating the significance
of optimizing the front surface texture and rear cell structure on the cell
performances. Fig. 7b shows the measured I-V parameters including
open circuit voltage (VOC), short circuit current (ISC), FF and η of the
CM-T and T50-Broad DWS mc-Si solar cells. Compared with CM-T cells,
the average VOC of T50-Broad cells is much higher with an absolute in-
crement value of 9 mV, reaching 639 mV, which suggests that the
passivation for the both sides of the Si substrate by SiO2 /SiNx stack
layers effectively suppresses the electrical losses. In addition, owing to
the enhanced spectral response in both the short wavelength and long
wavelength, high ISC with the average value of 9.32 A is achieved for
T50-Broad cells, which is 0.59 A absolutely higher than that of CM-T
counterparts. Resulting from the high performance of VOC and ISC, we
have successfully mass-produced DWS mc-Si solar cells with an average
η of 19.1%. Compared with the CM-T cells, absolute increment of about
1.2% of η is achieved (see the distribution ration in Fig. 7b). Fig. 7c
presents the I-V characteristics of the best CM-T and T50-Broad solar cells.
The highest η of our T50-Broad cells reaches 19.3% and the maximum
output power is 4.7 W on the wafer size of 243.36 cm2, which is 0.3 W
absolutely higher than that of CM-T counterparts. Generally, the cell
performance can be further improved by optimizing the cell fabrication
processes. Our results present the potential to realize high efficient DWS
mc-Si solar cells in mass production by employing our surface texture

Fig. 6. (a) Experimental reflectance spectra of the
DWS cells with SiO2/SiNx stack layers deposited on
the rear side. (b) Simulated optical absorption in the
Al rear reflector with SiO2/SiNx stack layers de-
posited on the rear side. (c) τeff with respect to the
injection level Δn at different annealing tempera-
tures. (d) Comparison of enhancement factor G of η
of the cells with different thicknesses of rear SiO2/
SiNx stack layers.
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method and rear cell design.

4. Conclusions

In summary, we have successfully fabricated high-efficiency DWS
mc-Si solar cells on the standard wafer size of 156 × 156 mm2. On the
one hand, by employing MACE technique together with post acid
modification, bowl-like structures are uniformly formed on the whole
surface of the Si substrate regardless of the crystallographic directions,
which makes the grain boundaries less noticeable and guarantees an
improved visual appearance of the cells compared to those of the CM-T
based cells and MACE textured with post alkaline modification cells.
The bowl-like structures with the open size of about 1 µm also exhibits
outstanding antireflection ability in the short wavelength and the om-
nidirectional antireflection characteristics. We have further demon-
strated that the bowl-like structures textured cells possess exceptional
optical absorption over wide AOIs from 0° to 70°, which is beneficial to
the electric power generation in the real application. On the other hand,
we have introduced the SiO2/SiNx stack layers at the rear surface to
effectively suppress the penetration of evanescent waves in Al rear re-
flector in the long wavelength, and hence more light can reflect back
into the Si substrate and be re-absorbed. The SiO2/SiNx stack layers can

also effectively passivate the Si surface after annealing process to sup-
press the electrical losses of the cells. Based on the simultaneous
adoption of the bowl-like texture at the front surface and the SiO2/SiNx

stack layers at the rear surface, our DWS mc-Si solar cells possess ex-
cellent broadband spectral response with an average η of 19.1%, which
is 1.2% absolutely higher than that of the CM-T counterparts. We be-
lieve that the front surface texture method and the rear cell design
presented in the study will contribute to the mass-production of DWS
mc-Si solar cells with high efficiency.
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ABSTRACT: Perovskite has been known as a promising novel material for
photovoltaics and other fields because of its excellent opto-electric properties and
convenient fabrication. However, its stability has been a widely known haunting
factor that has severely deteriorated its application in reality. In this work, it has been
discovered for the first time that perovskite can become significantly chemically
unstable with the existence of a temperature gradient in the system, even at
temperature far below its thermal decomposition condition. A study of the detailed
mechanism has revealed that the existence of a temperature gradient could induce a
mass transport process of extrinsic ionic species into the perovskite layer, which
enhances its decomposition process. Moreover, this instability could be effectively
suppressed with a reduced temperature gradient by simple structural modification of
the device. Further experiments have proved the existence of this phenomenon in
different perovskites with various mainstream substrates, indicating the universality
of this phenomenon in many previous studies and future research. Hopefully, this
work may bring deeper understanding of its formation mechanisms and facilitate the general development of perovskite toward
its real application.

KEYWORDS: perovskite, stability, temperature gradient, ion transport, photovoltaics.

1. INTRODUCTION

Perovskite solar cells (PSCs) have attracted increasing
attention because of their impressive high efficiency, low
cost, and fabrication requirement.1−5 The recent certified
record has reached 22.1%,6 showing potential competence
even with high-performance crystalline Si solar cells. Never-
theless, the instability of perovskite has been for long time a
well-known obstacle toward real applications.7−9 It actually
encompasses the phenomena of following aspects: (1)
deformation or decomposition of perovskite under certain
conditions (chemical and physical environments, substrate);10

(2) drastic decrease of performance when expanding to a scale
larger than 1 cm2;11 and (3) reproducibility issues.12 Among
these problems, the first issue is the most essential one, where
many opinions have been proposed and lots of efforts have
been devoted to resolve it.
Depending on the origin, the instability of perovskite can be

induced by light, electricity, chemicals, and heat. According to
current mainstream opinions, the photo instability of perov-
skite is normally weak under standard illumination.13 The
thermal instability has not been intensively discussed, as the
normal fabrication is carried out under low temperature (<150
°C). It is widely accepted that thermal annealing at about 70−
100 °C would be necessary for the good crystallization of

perovskite and for optimization of PSCs.14−17 The electrical
instability (or the “electrical hysteresis”) is known as a normal
phenomenon for unmodified perovskite that the reverse and
forward scanning results in different J−V curves, which is
reversible and has been claimed to be due to different carrier
mobilities.18,19 The chemical instability has been most
intensively discussed because it can directly lead to actual
decomposition of the perovskite and is irreversible in most
cases.20 This instability has significantly influenced the real
application of not only perovskite itself but also some
promising candidates for other parts of the cell, namely, the
electrodes, the hole-transporting layer (HTL), and the
electron-transporting layer (ETL). For instance, ZnO, which
has 1 order higher mobility and a lower synthesis temperature
than TiO2, was regarded as a good substitutive ETL material
for PSCs.21,22 However, many researchers have demonstrated
the dramatic decomposition of the CH3NH3PbI3 perovskite
film on ZnO ETL during the annealing process (heating
temperature >80 °C).23,24 Hence, most high records have been
either based on modified TiO2 or other ETL materials.
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To resolve the instability problem of perovskite, tremendous
efforts have been devoted, with significant advances achieved
mostly based on doping chemicals in the perovskite layer,
incorporating functional layers, and interface engineering
between different layers (ETL, perovskite, and HTL).20,25−28

Nevertheless, the real solution for this issue would rely on the
understanding of the detailed mechanisms. In early research,
composition of moisture, oxygen, and heat (sometimes with
light too) was widely considered the main reason for
decomposition of perovskite,7,20,29 whereas counterexamples
could also be found; for example, MAPbI3 has shown stability
in aqueous solution under certain conditions.30 For ZnO, some
preliminary research related the less stability of perovskite on
ZnO to the existence of hydroxyl or acetate ligands in it.31,32

More recently, studies have revealed a strong relationship
between the perovskite instability and ion migration, which has
also indicated that the moisture, oxygen, and heat might not be
always necessary for the decomposition of perovskite.33−36 For
instance, different groups reported mass transport of extrinsic
particles (Au) or ions (Li+, etc.) from the adjacent layer into
perovskite, which leads to degradation of the PSC.35,37,38 In
another research, Poglitsch and Weber reported that the
CH3NH3

+ cation (MA+) could not be fixed in the crystal
structure because of the disordered orientation and mobility of
the cation in the crystal.39 Nevertheless, the factors that induce
and influence the transport are still not clear, and a clear and
consistent picture for those processes still remains unknown
(key necessary parameters, species and their interactions, and
any probable simple solutions), which requires more
experimental and theoretical works for an answer.
In this work, we have discovered that perovskite could

thermally decompose below the critical temperature that has
been previously claimed to be stable. A perovskite sample
placed above a hot plate has much faster degradation rate than
that in an oven at the same temperature (100 °C), even with
N2 protection and isolation from light. A detailed experimental
study that followed has revealed a decisive role of the
temperature gradient in this phenomenon. It also proves that
moisture and oxygen are not always necessary for the
instability of perovskite. Further characterization has suggested
a strong relationship of this phenomenon with the migration of
ionic species driven by the temperature gradient other than
thermal diffusion under a concentration gradient. Taking the
example of perovskite/ZnO, the thermal transport of Zn2+ into
the perovskite layer under an asymmetric temperature field can
significantly influence the balance of the decomposition
reaction of perovskite, so that its degradation process is greatly
accelerated. We have found that such a process can be
effectively suppressed when the temperature gradient was
reduced by simple addition of a thermal reflector above the
perovskite layer during the plate heating. Moreover, further
experiments have shown that such a temperature gradient-
driven chemical instability of perovskite widely exists in other
perovskites (such as FAPbI3) on various substrates (e.g., TiO2,
SnO2, and PCBM (the short abbreviation for the fullerene
derivative [6,6]-phenyl-C61-butyric acid methyl ester)) as well
and can also be physically suppressed by the reduction of the
temperature gradient. This has proved the thermal migration of
ions as an important factor for instability of perovskite in many
previous studies and possible developments in the future. It has
also suggested a simple but effective way of stabilizing PSCs
regardless of detailed types of materials and systems.

2. EXPERIMENTAL SECTION
2.1. Preparation of Substrates. Fluorine-doped tin oxide

(FTO) glass (Materwin, 14 Ω·sq−1, 2.2 mm thick) was cleaned
sequentially by ultrasonic bath with deionized water (18.2 MΩ·cm),
acetone (Sinopharm, AR, ≥99.5%), isopropanol (Sinopharm, AR,
≥99.7%), and ethanol (Sinopharm, AR, ≥99.7%) for 30 min, dried
with nitrogen (99.99%), and then cleaned by an ultraviolet-ozone
cleaner (Hwotech, BZS250GF-TS). To prepare ZnO by the sol−gel
(SG) method, a mixture was made with 0.15 M zinc acetate dehydrate
[Zn(CH3COO)2·2H2O, Aladdin reagent, 99.995%] and 0.15 M
diethanolamine (Aladdin reagent, ≥99.7%) in 1-butanol (Aladdin
reagent, ≥99.7%). It was stirred until transparent and then aged for 24
h. Afterward, the solution was spin-coated onto FTO glass at 2000
rpm for 30 s in a spin coater (KW-4B, Jing Lin) three times, with
heating on a hot plate (C-MAG HS7, IKA) at 120 °C for 5 min
between each time. Finally, the products were transferred to a muffle
oven (F48020-33-80CN, Thermo Scientific) and annealed at 350 °C
for 1 h. ZnO was also fabricated by magnetron sputtering (MS) in a
high vacuum chamber (CLUSTER-PECVD350, Xinlantian Techni-
cal) under 100 W ratio frequency sputtering for 7 min. The TiO2
substrates were prepared by the spin-coating of 0.15 M titanium
diisopropoxide bis(acetylacetonate) solution (Materwin, in 1-
butanol) on the FTO glass under the same condition as that for
ZnO and annealing at 500 °C for 15 min. For SnO2, 0.15 M SnCl4·
5H2O (Aldrich, 98%) was dissolved in 30 mL of ethanol (Sinopharm,
AR, ≥99.7%) with stirring for 2 h to form the sol solution. After
filtration, the solution was deposited on the FTO glass by three turns
of spin-coating (3000 rpm, 30 s for each turn with heating on a hot
plate at 120 °C for 5 min between each two turns) and then annealed
in air at 450 °C in the oven for 10 min. The PCBM substrate was
fabricated by spin-coating (2000 rpm for 30 s) with 30 mg mL−1

PCBM (Aldrich, 99.5%) chlorobenzene solution (from Materwin) on
FTO and annealing at 100 °C on a hot plate for 20 min.

2.2. Fabrication and Treatment of Perovskite. For MAPbI3,
60 μL of perovskite precursor solution [461 mg PbI2 (Aldrich,
99.999%)], 159 mg of CH3NH3I (from Materwin), and 78 mg of
dimethylsulfoxide (Aladdin reagent, ≥99.7%) dissolved in 600 mg of
N,N-dimethylformamide (Aldrich, 99.8%) was spin-coated on ZnO
(or TiO2) at 4000 rpm for 30 s, with 0.5 mL of diethyl ether
(Sinopharm, AR, ≥99.5%) being slowly dripped down in 10 s. For
FAPbI3, 60 μL of FAPbI3 perovskite precursor solution (1.0 M,
Materwin) was spin-coated on TiO2 at 4000 rpm for 30 s. Both kinds
of perovskite products were then placed in a N2-protected glove
chamber for 24 h until their colors turned to reddish brown. For
instability experiments on perovskite, the samples were directly placed
on a hot plate and a muffle oven with temperature already having
reached 100 °C. For stability experiments on PSCs, the perovskite was
annealed in the oven at 100 °C for 30 min.

2.3. Assembling of PSCs. For the growth of Spiro-OMeTAD,
73.3 mg of 2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamino)-9,90-
spirobiuorene (Materwin) in 1 mL of chlorobenzene was doped with
17.5 μL of Li-TFSI (520 mg mL−1 in acetonitrile) (Aladdin reagent,
99%) and 28.8 μL of 4-tert-butylpyridine (Aladdin reagent, 96%).
Such a solution (50 μL) was spin-coated on the perovskite layer at
4000 rpm for 30 s. Finally, an 80 nm Au layer was deposited on the
Spiro-OMeTAD layer by thermal evaporation. All PSCs were without
encapsulation and any post-treatment.

2.4. Characterization of Materials and Devices. The
morphological and structural analyses of the samples were
investigated by a field-emission scanning electron microscope (Zeiss
Ultra Plus) and an X-ray polycrystalline diffractometer (D8
ADVANCE Da Vinci, Bruker, Germany), respectively. The profile
analysis was examined by time-of-flight secondary-ion mass
spectrometry (ToF-SIMS, IonTOF, Germany). The real-time voltage
measurement was done by an electronic sourcemeter (Keithley,
2400). The real-time temperature of the sample was detected by two
infrared sensors (MI3, Raytek). The PSCs were characterized by
standard procedures afterward.40−42 The J−V characteristics were
measured by a solar simulator (Newport, Oriel Sol-2A) under 1 sun
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(AM 1.5, 100 mW cm−2) at room temperature (RT, 25 °C) with 10
samples under each condition. The scanning voltage was from −0.3 to
1.2 V (forward) and 1.2 to −0.3 V (reverse) with a rate of 100 mV s−1

and a 10 ms time delay. The size of PSCs was 2 × 2 cm2, with an
effective area of 0.15 cm2 defined by a mask covered on top. A
standard reference Si solar cell (effective area 2 × 2 cm2, certified by
VLSI Standards Inc.) was applied for the calibration of the simulator
and calculation for the spectral mismatch, with a mismatch factor M =
1.003. The external quantum efficiency (EQE) spectrum was
measured by a quantum efficiency/IPCE system (PV Measurements
Inc., QEX10) in the wavelength range of 300−850 nm at RT.

3. RESULTS AND DISCUSSION
The temperature gradient-driven instability was first observed
during our optimization experiment on the thermal treatment
of perovskite on the ZnO substrate, and then systematic
experiments were designed and carried out. First, ZnO
substrates were fabricated by the SG method on the FTO
glass, and then perovskite was grown on the substrates by one-
step spin-coating.43 The annealing processes were carried out
on a programmable hot plate in a glove chamber and a muffle
oven, separately, both set at 100 °C. To minimize the influence
from the temperature ramping in the plate heating, the sample
was only placed on the heating plate after the plate
temperature had actually reached 100 °C. The setups were
protected from the influence of moisture and oxygen by a N2
atmosphere and isolated from light to exclude possible
involvement of photocatalytic effect brought by the ZnO
substrate. In the first method, the color of the sample started to
change at 3 min and turned completely yellow in 5 min, as
shown in Figure 1a,b (with the photograph shown in the

inset). This result indicated significant decomposition of
perovskite even with nitrogen protection under such a
condition. In the second method, the perovskite remained
black even after 1 h of continuous heating (Figure 1c), which
means perovskite remained quite stable under this condition,
though on the ZnO substrate that was previously considered to
facilitate perovskite instability.21,44 This quite distinctive
behavior has been confirmed by the X-ray diffraction (XRD)
results (Figure 1d). On the one hand, the peak position at
12.7° of the sample by plate heating was very similar to that of

crystallized PbI2 ([001] direction). On the other hand, the
sample with oven heating for 1 h showed strong peaks at 14.1°,
20.1°, 28.7°, and 32.0°, corresponding to the [110], [112],
[220], and [310] directions of the typical crystallized
tetragonal perovskite, respectively. The different performance
of the assembled PSCs shown in Figure 1e (for plate-heated
and oven-heated samples, the η under reverse scanning are
13.3 and 1.1%, respectively; other parameters and EQE curves
are in Table S1 and Figure S1 in the Supporting Information,
respectively) also demonstrated the consequence that was
induced by this effect.
According to some opinions from previous studies, the

origin of the instability of perovskite on ZnO should be
attributed to the reactions between perovskite and the contents
of the substrate, for instance, the hydroxyl and acetate groups
on the surface and in the bulk of the ZnO layer.45−47

Therefore, a second experiment was carried out to evaluate the
involvement of these species in the decomposition of
perovskite in plate heating. The ZnO substrates were
synthesized in two routes: (1) MS (with the ZnO substrate
denoted as ZnOMS) in vacuum to rule out the involvement of
common ligands (OH− and COOH−); (2) SG method in air
(the corresponding ZnO layer is denoted as ZnOSG) for
comparison. The result is shown in Figure 2. According to the
SEM images, the surfaces of ZnOSG and ZnOMS appeared quite
similar, and both were covered by many small inlands. For X-
ray photoelectron spectroscopy (XPS) results, in ZnOSG, the O
1s core level spectrum contains three peaks at 530.0, 531.2,

Figure 1. Effect of different heating methods on perovskite/ZnO. (a−
c) Scanning electron microscope (SEM) images and real photographs
of CH3NH3PbI3/ZnOSG (a) heated on the hot plate (100 °C, 3 min),
(b) heated on the hot plate (100 °C, 5 min), and (c) heated in the
oven (100 °C, 1 h). (d) XRD patterns of PbI2/ZnO (RT) and
CH3NH3PbI3/ZnOSG heated in the oven and on the hot plate. (e) J−
V characteristics of the assembled PSCs.

Figure 2. Further study on the thermal instability perovskite. (a,b) O
1s XPS core level spectra of ZnOSG and ZnOMS, respectively, with
SEM images as insets. (c) XRD pattern, photograph, and SEM image
of perovskite/ZnOMS annealed on the hot plate (100 °C, 5 min). (d)
Temperature vs time at different positions of the sample in the plate
heating. (e) Simulation of the temperature gradient near the surface
(∼500 nm below the top surface) of the sample as the heating time
increases. (f) Time dependence of voltage over the sample (taking the
bottom as the positive position of the voltage and the upper side as
grounded).
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and 532.4 eV, corresponding to the Zn−O bond in the
wurtzite structure and oxygen vacancies or defects in the
presence of oxygen-deficient and chemisorbed functional
groups such as hydroxyl and acetate ligands, respectively.48,49

Meanwhile, no peak at 532.4 eV has been observed in ZnOMS,
which means no detectable existence of hydroxide and acetate
ligands can be found, which is reasonable because the vacuum
system contained only very little water vapor. However, the
perovskite on ZnOMS turned yellow soon after plate heating for
about 5 min, with a distinct characteristic peak of PbI2 in XRD
(Figure 2c). The total survival time of perovskite on ZnOMG
was short similar to that on ZnOSG, compared to the much
longer survival time with oven heating (Figure 1c).
Furthermore, stronger perovskite stability has been found
onSG-fabricated TiO2 (shown in Figure S2 in the Supporting
Information), which also contains hydroxyl groups. Therefore,
the chemisorbed groups (hydroxyl and acetate ligands, etc.)
mentioned in previous reports are seemly not a decisive factor
in this experiment.23,47,50,51

Because the samples were all identical with exclusion of the
illumination and the chemical circumstance, the most probable
factor that can cause such a difference should be the
temperature distribution in the two heating systems. On the
one hand, constant heating is symmetrically applied to the
sample in the oven, so the temperature difference over the
sample will soon become small after the heating started. On
the other hand, constant heating is applied only from the
bottom (plate), so the cold side always exists due to the
dissipation to the atmosphere, and the temperature difference
will be comparatively larger than that in the oven heating (can
be seen from the experimental measurement shown in Figure
2d). We have also carried out some calculation on the detailed

temperature distribution according to the basic model and the
boundary temperature condition measured in the experiment
(more detailed description can be found in Figure S3 in the
Supporting Information). The calculated result also shows
quite a high inhomogeneity in the plate heating but quite a
homogeneous distribution in the oven. Moreover, the
evolution of the temperature gradient (Figure 2e, at the
depth of ∼500 nm, close to the thickness of the perovskite and
ZnO substrate) shows that the temperature gradient in plate
heating very rapidly rises up to a high positive value (which
means decreasing temperature from the bottom to the top),
whereas it has only a much smaller negative value in the oven
heating.
To study the exact effect that the asymmetry of heat brings

to the perovskite stability, further work was carried out
physically and chemically. The first suspected factor was the
commonly known thermoelectric effect that exists on PN
junctions or heterojunctions.52,53 It means that this instability
could have been possibly caused by electrochemical decom-
position of perovskite influenced by the thermoelectric voltage
of the heterojunctions in the perovskite/ZnO structure. So, a
time-dependent series voltage measurement was carried out
with an nV voltmeter under different conditions.54,55 As shown
in Figure 2f, the upper surface was grounded, and the voltage
was measured at the FTO side. It can be seen that the voltage
drop across the sample was positive in both cases. In the oven-
heating, the U−t curve was quite flat, with the amplitude in the
range of 10−2 mV through the heating process. On the
contrary, under the plate-heating condition, there was a drastic
increase of voltage at about 100 s and reached the maximum
amplitude of around 1.1 mV at about 180 s. The emergence
time of the voltage peak has been quite comparable to the one

Figure 3. Detailed analysis on the formation and composition of CH3NH3PbI3/ZnO under different heating conditions. (a−c) SEM of samples
treated by (a) RT for 24 h; (b) oven heating, 100 °C, 1 h; (c) plate heating, 100 °C, 3 min (insets showing the top view). (d−f) SIMS results under
conditions of (a−c), respectively, sputtered by Cs+. (g−i) SIMS signals under conditions of (a−c), sputtered by O2−. (j−l) Comparison of SIMS
signals from Zn species under condition of (a−c), respectively, sputtered by Cs+.
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for the significant decomposition of perovskite by plate
heating. It can be seen that even the highest value of voltage
in the plate heating (100 mV) is much smaller than that is
normally needed for the electrochemical decomposition of
perovskite (normally in the range of 101 V), according to our
previous research.56 Therefore, the thermoelectric effect has
seemly not been the main origin of this instability.
Furthermore, as shown in Figure 2d, the temperature
difference over the sample had a rapid decrease only in the
initial 10 s and then became quite stable, much earlier than the
emergence of the voltage peak. This nonsynchronized behavior
indicates that the change in the temperature difference in
general seems not to be the direct reason for the voltage peak.
Instead, it may have been the consequence of other processes
related to the decomposition reactions of perovskite under the
influence of the temperature gradient. A more sound
explanation for this might have been the collective motion of
ionic species that were involved in the decomposition reactions
of perovskite, according to some previous review works that
have discussed the possibility of the perovskite instability
generated by the ion-drifting processes.29,57

To investigate more details in this process, chemical analysis
would be necessary to monitor the key difference between the
two heating methods. Hence, ToF-SIMS was applied to detect
the spatial distribution of chemical compounds after different
heating processes by sputtering the sample with high-energy
cesium and oxygen ion beams and analyzing the corresponding
negatively and positively charged debris, respectively. The
perovskite samples were taken after oven heating (100 °C) for
1 h and heterogeneous heating (100 °C) for 3 min. A control
sample was prepared in the glove chamber for 24 h at RT for
comparison. As shown in Figure 3a−c, the average size of
grains is small in the RT sample but larger for the heated
samples, which is a well-known effect that larger crystallized
grains can be formed by higher activation energy induced by
thermal heating.58,59 For plate-heated samples, certain damage
appears from the cross-sectional view. The distribution of the
key components is presented in Figure 3d−f (sputtered by
cesium) and Figure 3g−i (sputtered by oxygen). The
sputtering time can be well-proportional to the depth of the
sample that the ion beams has reached in different times of the
sputtering, based on the principle of SIMS. On the basis of the
distributions of PbI3

−, ZnO−, and SnO−, the graphs can be
divided into three zones corresponding to the spatial positions
of the perovskite, ZnO, and FTO layers. Two significant
phenomena could be noticed. First, compared to the samples
with oven heating and without heating, the MA+ ions
penetrated much deeper into the layer of the ZnO in the
sample with plate heating (if considering the sputtering rate
constant, such depth was almost one-third of the ZnO
thickness). Second, there are significantly stronger zinc iodide
(ZnIx

−, x = 1, 2, and 3) signals detected in the perovskite layer
in the plate-heated sample, which can evidently prove the
existence of ZnI+, ZnI2, and ZnI3

− complexes, respectively.60 It
clearly indicates that there has been opposite migrations of zinc
and MA species from the bottom-up and top-down directions,
respectively. Moreover, taking a closer look, the distribution of
ZnIx species seemed to obey a certain sequence with increasing
x index, as the distance is closer to the upper surface of
perovskite (Figure 3j−l). It appeared that after ZnI+ was
formed (by reactions between the transported Zn2+ and I−),
they combined with more I− to form ZnI2 and then ZnI3

−

sequentially, as they approach the upper surface. Significant

migration of alien species into the neighboring layers was
detected in the plate-heating system, whereas no detectable
trace of such a phenomenon can be observed in the
homogeneous heating system or in the RT situation.
From the above results, we can try to draw a rough sketch of

the mechanisms along with some theoretical explanations. As it
is well-known, the particle flux in thermomigration can be
described by equation (in one-dimensional system)61,62

i
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Tx xd m 2= + = − ∇ −
*

∇
(1)

where J is the total flux of particles, Jd is the part driven by
diffusion from the concentration gradient, and Jm is the flux
driven by the thermal gradient, together with Q* the activation
energy, D the diffusion coefficient, and C the particle
concentration. In plate heating, there is always a hot side
(FTO glass) by continuous heating from the bottom and a
cold side (perovskite) by the dissipation process to the
atmosphere, and therefore, the temperature gradient would be
significant throughout the process. First, the Zn−O bond can
be broken because of thermal excitation of Zn atoms by the
heat coming from the hot side.63 Second, these Zn2+ ions can
be transported to the colder side, that is, the perovskite layer,
and the flux will be proportional to the temperature gradient
according to the second term of eq 1. One would naturally also
notice the influence of the concentration gradient in the first
term of eq 1. However, experiments have shown that the
transporting process in the oven would be much weaker than
on the plate, where the situation of the first term would be
more or less similar. Therefore, the role of the concentration
gradient in the comparison of two different heating methods
would be accordingly much less important than the thermal
gradient. According to the currently accepted opinion, the
decomposition of perovskite consists of the following
reactions29,64

CH NH PbI CH NH I PbI3 3 3 3 3 2↔ + (2)

CH NH I CH NH I3 3 3 3↔ ++ −
(3)

Equations 2 and 3 stand for the decomposition of MAPbI3
and MAI, respectively, which can take place subsequently in
the normal decomposition process of perovskite. The invading
Zn2+ ions can easily combine with I− and thus accelerate the
decomposition of MAI in the second step.57,60,65 Therefore,
the overall decomposition of perovskite would be accelerated.
Zinc iodide can penetrate deeper into the perovskite and
combine with more I− ions when being driven by the thermal
gradient. The production of zinc iodide species can be
described as below21

xI Zn ZnIx
x2 2+ →− + −

(4)

In the meantime, the boosted perovskite dissociation can
increase the production of the MA+ cation. Such an increase of
the MA+ concentration can significantly enhance its diffusion
into both the upper side of perovskite and the ZnO side and
leave detectable traces in the SIMS spectroscopy that followed.
Considering the positive sign of the voltage peak shown in
Figure 2e and the dominance of ZnI3

− in the zinc iodide
species shown in Figure 3, the main content of the ionic
current is likely the MA+ cation that moves from the top to the
bottom, and ZnI3

− from the bottom to the top. Moreover,
according to the second term in eq 1, the thermomigration is
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also proportional to the local concentration of transported
species. Because the bonding energy of the Zn−O (≤226 kJ
mol−1) bond is much smaller than that of the Ti−O (666.5 kJ
mol−1) bond, the decomposition process in the TiO2 substrate
would be much weaker.63,66 Therefore, the thermomigration of
ionic species by the temperature gradient would be smaller in
TiO2, which explains the relatively higher stability of
perovskite/TiO2 under the same condition (as can be seen
in Figure S2). Moreover, the activation energy and the
temperature are also noticeable factors in the same term.
Hence, altering the structural parameter of the substrate
material, changing its chemical composition, or tuning the
ambient temperature may also influence the thermal stability of
perovskite-on-substrate in this aspect.
From the above discussion, we can more or less conclude

the relationship of the significant instability of perovskite/ZnO
for enhancement of ion migration induced by the temperature
gradient. To confirm this, an experiment was further carried
out to investigate the consequence of suppressing the
temperature gradient. As is well-known, Al foil can effectively
reflect infrared radiation and therefore increase the temper-
ature of the atmosphere nearby. In this experiment, an Al foil
was simply fixed on top of a sample, and then the whole setup
(shown in Figure S4 in the Supporting Information) was
heated on the hot plate. A control experiment was also carried
out without the Al cover on top of the perovskite. As shown in
Figure 4, on the one hand, the sample without the Al cover
turned yellow in 5 min. On the other hand, the perovskite with
the Al cover on top remained entirely black even after 30 min.
According to the SEM images, certain damage emerged in the
sample without the cover, whereas the one with the Al cover
was still quite uniform. The XRD in Figure 4f shows a
significant peak at 14.1°, 20.1°, 28.7°, and 32.0° but with the
absence of peak at 12.7° (corresponding to PbI2) in the second
sample. This result has clearly shown much improved stability
of crystallized perovskite by simply utilizing the Al foil as a
simple heat reflector into the system. Besides, it has confirmed
again the important role of temperature gradient in the
instability of perovskite and its dominant influence in the

transport process, compared to the concentration gradient-
driven diffusion, as discussed in eq 1.
Nevertheless, in real application, though the stability of

perovskite may also be improved using oven heating during the
fabrication stage (Figure 1), a significant temperature gradient
can widely exist in the solar cells under sunlight illumination.
Therefore, we also carried out similar experiments on PSCs
(with classical FTO/ZnO/CH3NH3PbI3/Spiro-MeOTAD/Au
architecture). The PSCs were heated on the 100 °C hot plate
in the glove chamber in the N2 atmosphere without and with
Al cover on top. The J−V characteristics were taken at different
time stages in 24 h, with the representative result shown in
Figure 4k (more statistical details can be found in Tables S2−
S4 and Figure S5 in the Supporting Information). The test was
run ten times for each condition to be more statistically
certain. For identical comparison (Al cover can block some
light), both heating processes were isolated from illumination.
For the PSC without the Al cover, the sample began to turn
yellow in the first 30 min. In 3 h, the perovskite layer was
significantly damaged in continuity and uniformity, whereas
several significant yellow regions appeared in the sample
(Figure 4h). Meanwhile, the PSC with the Al cover had nearly
no significant change either in the morphology or color. For
conversion efficiency, on the one hand, the PSC without the
cover showed drastic degradation versus time, with η dropped
over 50% after the first hour and to almost zero after 24 h. On
the other hand, the PSC with the cover has even showed an
initial increase of conversion efficiency in 3 h and then quite a
slow degradation. As shown in Figure 4k, the PSC built on
ZnO still retained the efficiency of 10.6% (77.4% of initial
value) even after 100 °C heating treatment for 24 h. This
experiment has also shown that the temperature gradient-
induced thermal instability also exists in annealed crystalline
perovskite, though with a longer lifetime compared to the one
without annealing, as shown in the result in Figure 1. Beside
better crystalline conditions, the longer lifetime in PSCs could
also have been facilitated by the blocking effect on the heat and
leakage of MA by the HTL layer and the glass above it.

Figure 4. Stabilization of perovskite and assembled PSCs by reducing the temperature gradient: (a) Brief description of the decomposition
mechanism. (b) Photograph and (c) SEM of the sample heated on the hot plate at 100 °C without cover. (d) Photograph and (e) SEM of sample
heated on the hot plate at 100 °C with aluminum foil cover. (f) XRD of samples without and with Al cover. (g) SEM and real photograph of PSC
before the stability test. (h,i) PSCs being heated on the hot plate at 100 °C for 3 h without and with Al cover, respectively. (j) Efficiency of PSCs vs
heating time. (k) J−V characteristics of PSCs with and without Al cover heated at 100 °C for 24 h (control device was kept at RT for 24 h).
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Until now, we have discussed the situations for perovskite on
the ZnO substrate. In the current research, other candidates
have been more frequently used because of their better stability
(such as TiO2, SnO2, and PCBM), though normally more
expensive than ZnO.67 Therefore, similar instability experi-
ments have also been performed on these three mainstream
ETL substrates. As widely known, the performance of
perovskite is very sensitive to the inhomogeneity inside it, so
the time when the perovskite layer turned yellow (correspond-
ing to the decomposition of perovskite and formation of PbI2)
is an adequate critical point for instability of perovskite, no
matter how large the yellow area is. The results are listed in
Table 1 (detailed photographs of the time series experiment

can be found in Figures S6−S8 in the Supporting
Information). It can be seen that the distinctive stability of
perovskite depending on the heating methods can exist on
TiO2, SnO2, and PCBM. On the hot plate, the survival time of
perovskite is almost 1 order of magnitude shorter than in the
oven. Furthermore, the addition of the heat-reflecting cover on
top of the perovskite can also significantly enhance its stability
on those substrates. Such experiments have further proved that
the temperature gradient-induced instability can take place on
almost all mainstream ETL substrates. In those processes, the
mass transport of particles (however, the type of transported
particle will depend on the detailed substrate) would also play
an important role in the generation of instability. What is more,
we also performed the stability test of FAPbI3 on the TiO2
substrate and discovered a similar phenomenon, where FAPbI3
decomposed in only 5 min on the hot plate but remained
almost unchanged in 3 h in the oven (details can be found in
Figure S9 in the Supporting Information). Meanwhile, the
addition of the thermal reflection cover could significantly
stabilize it on the hot plate (lifetime >30 min). It further
supported that such an instability can take place on other types
of perovskite as well if they chemically follow a similar way of
decomposition like MAPbI3 and could also be stabilized by
simply reducing the temperature gradient. Predictably, such
phenomena may also very probably exist in the more recently
developed p−i−n-structured perovskite solar cells, with the
perovskite layer grown on HTLs, and could be even stronger
than that on ETLs because of their (NiOx, CuS, CuSCN,
PEDOT:PSS, etc.) good ionic-transporting ability.68−71

Finally, according to this investigation, there are the
following key processes involved in the stability of perovskite:
(1) existence of ions or neutral particles that can enhance the
decomposition of perovskite, which could have already existed
or be generated by intrinsic or thermoexcitation in the layers
adjacent to perovskite; (2) effective mass transport of such
species in the adjacent layer through the interfaces and then
into the perovskite layer; and (3) reaction of such species with

the local perovskite. To stabilize the perovskite, one can either
avoid the generation of deteriorating particles adjacent to
perovskite, block the pathway of mass transport, lower the
mobility of particles, reduce the force that drives the transport,
or weaken the reaction of those species with local perovskite.
Looking back into all stabilization efforts on the perovskite, the
above routes have been normally realized by passivation of
perovskite by chemical doping and blockage effect by interface
engineering.22,23,31,46,51,57,72,73 Nevertheless, perhaps it will also
be a good trial to stabilize the perovskite by weakening the
transport itself, according to this paper.

4. CONCLUSIONS
In conclusion, this work has proved the existence of a new type
of chemical instability of perovskite, caused by the temperature
gradient, and studied its origin and detailed mechanism.
Temperature gradient can greatly deteriorate the stability of
the as-formed perovskite and the crystalline one in PSCs at low
temperature even with protection from moisture, oxygen, and
light, whereas the hydroxyl and acetate groups near the
interface or the direct reaction with the adjacent layer are
seemly not necessary conditions for the perovskite instability.
Further mechanism study has revealed that the temperature
gradient appeared as the main driving force for the mass
transport of extrinsic ionic species relevant to the decom-
position reaction of perovskite from the neighboring layers.
Moreover, we have proved the significant enhancement of the
stability of perovskite by reducing the temperature gradient
with the addition of a covering structure. In the perovskite/
ZnO system, the survival time extended from 2−3 min to 1
order of magnitude longer at 100 °C heating in air and has
shown even better effect in the application of PSCs. Eventually,
the universality of such a phenomenon has also been found
existing in many other systems with various perovskites and
ETL substrates, and predictably may also exist with HTL
substrates (NiOx, CuS, CuSCN, PEDOT:PSS, etc.). In general,
this work may give some light to the study on the stabilization
of perovskite and the development of applicable perovskite
devices via different approaches.
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Table 1. Thermal Stability of Perovskite Films on
Mainstream Substrates under Different Conditionsa

method ZnO
TiO2
(h)

SnO2
(h)

PC60BM
(h)

hot plate
heating

without
cover

3 min 4 2 3

with cover 45 min >32 28 32
oven heating 2.5 h >32 >32 >32
aThe stability is represented by the time it takes for the emergence of
yellow color in the sample heated at 100 °C, with N2 protection and
isolation from illumination.
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Fully Solution-Processed Semi-Transparent Perovskite
Solar Cells With Ink-Jet Printed Silver Nanowires
Top Electrode
Menglan Xie, Hui Lu, Lianping Zhang, Jie Wang, Qun Luo,* Jian Lin,* Lixiang Ba,
Hong Liu, Wenzhong Shen, Liyi Shi,* and Chang-Qi Ma*
Owing to the sensitivity of the perovskite thin film to solvent, preparation
of metal top electrode by solution process is of great challenging. This is
the key technology for the realization of fully solution processed perovskite
solar cells. In this paper, we report the preparation of transparent silver
nanowires (AgNW) top electrode for perovskite solar cells using inkjet
printing process. Experiment results demonstrate that low device perfor-
mance with low fill factor was obtained when the AgNW is directly printed
onto the PC61BM layer. This is ascribed to the mismatched work functions
of the AgNW electrode and PC61BM layer, and the solvent assisted chemical
corrosion of the AgNW electrode by halogen anions. By inserting a thin
layer of polyethylenimine (PEI), the charge injection barrier between PC61BM
and AgNW electrode was minimized. More importantly, such a thin PEI
layer suppresses the chemical corrosion of AgNW electrode during printing,
yielding a condensed and uniform AgNW networks. The introduction of a
thin PEI layer greatly improves the device performance and stability. A high
power conversion efficiency of 14.17% with an averaged light transmittance
of 21.2% was achieved for the PEI/AgNW cells. In addition, improved
performance stability was measured for the PEI/AgNW cells.
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1. Introduction
Organic-inorganic halide perovskite solar
cells are considered as the most promising
next generation photovoltaic technology
owing to their high power conversion
efficiencies (PCE) and potential low proc-
essing cost. The highest PCE reported
thus far for the perovskite solar cells is
22.1%,[1] and the cost of perovskite solar
cell can be lower than that of the
traditional energy sources.[2] In terms of
device fabrication, highly crystalline pe-
rovskite thin films can be prepared via
solution process, such as printing[3] or
coating procedure,[4] which are considered
as simple and economical mass produc-
tion procedures. High vacuum-based ther-
mal evaporation is typically used to deposit
the metal electrode for the perovskite solar
cells,[5] which tends to be the bottom neck
for the mass production of perovskite solar
cells. Preparation of top metal electrode
using solution processes is therefore the
key technology to fully realize low-cost
perovskite solar cells. In this respect, Han et al. reported a
pioneering work of using printed carbon black/graphite
composite material as top electrode for perovskite solar cells,
and a high power conversion efficiency of 12.8% with excellent
long-term stability were achieved,[6] demonstrating the possi-
bility of realizing fully solution-processed perovskite solar cells.
Recently, device performance was further increased to 15.8%
after optimization on the perovskite composite and interfacial
layers.[7]

The other highly attractive feature of perovskite solar cells is
their tunable optical band gap, which makes them excellent
candidates for tandem cells.[8] By using a transparent top
electrode, semi-transparent perovskite solar cells can be also
used as solar windows in building integrated photovoltaics.[9]

To achieve high performance semi-transparent perovskite
solar cells, transparent top electrode plays also a very important
role. Till now, different type of transparent top electrodes,
including dielectric-metal-dielectric (DMD) electrode,[10] con-
ductive metal oxides,[11] conductive polymers,[12] silver nano-
wires,[13] carbon nanotubes,[14] graphene,[15] were reported.
Among various semi-transparent top electrodes, silver
nanowires (AgNWs) electrodes exhibit excellent application
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prospects for their excellent transparency and electronic
conductivity, as well as good solution processibility. Till
now, semi-transparent perovskite solar cells based on spray[16]

or spin coated AgNW electrode[17] were reported, and a good
balance of visible light transparency (10–40%) and photovoltaic
performance (with PCE of 5–10%) were achieved both for the
conventional or inverted devices. Inkjet printing, which can
precisely deposit functional materials onto the substrate using a
non-contact and maskless approach and can serve as an
effective tool for the fabrication of metal electrode.[18] It is
therefore highly interesting to develop AgNW electrode for
organic or perovskite solar cells using ink-jet printing. Recently,
we reported the use of ink-jet printing process to deposit AgNW
top electrode for organic polymer solar cells, our results
demonstrated that solvent of the AgNW ink has great influence
on the polymer solar cell device performance.[19] However, to
best of our knowledge, using ink-jet printing technique to make
AgNW top electrode for perovskite solar cells has not been
reported yet.

In this paper, we report the fabrication and performance
characterization of semi-transparent perovskite solar cells
having ink-jet printed AgNW top electrode. Results show that
perovskite solar cells having AgNW electrode directly deposited
onto the electron transport layer (PC61BM) display poor device
performance, which is on one hand due to the mismatched work
functions of the PC61BM layer and silver electrode, on the other
hand, due to the solvent corrosion on the perovskite layer during
printing. By introducing a thin polyethylenimine (PEI) layer,
which serves as the work function modifier as well as the
perovskite protecting layer, semi-transparent perovskite solar
cells with high power conversion efficiency of more than 14%
and good device stability were achieved.
2. Experimental Section

2.1. Materials, Instruments, and Method

Patterned ITO glasses with a sheet resistance of 25Ω sq�1

were purchased from Shenzhen South China Xiangcheng
Technology Co., Ltd. Poly(3,4-ethylenedioxythiophene):poly-
(styrene sulfonate) (PEDOT:PSS Clevios PVP AI 4083) was
purchased from Heraeus Precious Metals GmbH & Co. KG.
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) was pur-
chased from Solenne B.V. Poly(sodium p-styrenesulfonate)
(PSSNa, Mn¼ 70 000 gmol�1) was purchased from Acros
Organic. For one step to fabricate perovskite layer, PbCl2
(99%), CH3NH2, HI (30% in water) were purchased from
Sinopharm Group Co. Ltd. Methylammonium iodide (MAI) was
synthesized according to the report.[20] For anti-solvent to
fabricate perovskite layer, PbCl2 (>99.99%), methylammonium
iodide (MAI> 99.5%) were purchased from Xi’an Polymer Light
Technology Corp. PbI2 (99.9985%) was purchased from Alfa
Aesar, Branched polyethylenimine (PEI, average Mw� 25 000 by
LS, average Mn�10000 by GPC) was purchased from
Sigma–Aldrich. Ag nanowire dispersions for this study
were purchased from Blue Nano (SLV-NW 35S, 10mgmL�1

in isopropanol), with average 35 nm diameter, and 15mm length.
To avoid nozzle clogging and to achieve better printability, the
Sol. RRL 2018, 2, 1700184 1700184 (250
AgNW ink was diluted to 1mgmL�1 with isopropanol. We fixed
the printing speed as 16mms�1, and a printing space of 60mm.
A balanced transparency and conductivity of the AgNWelectrode
was achieved by changing the printing times. The transmittance
and absorption of the semi-transparent devices were measured
using a Lambda 750 UV/VIS spectrometer. The thicknesses of
each layer were determined with a AlphaStep profilometer
(Veeco, Dektak 150). Scanning electron microscope (SEM)
images of the electrodes and solar cells were measured using a
field scanning electron microscope (Hitachi S-4800). Atomic
Force Microscope images of AgNW film were measuring using
Dimension 3100. Transparent AgNW electrodes directly printed
onto the glass substrates were made as models to check the
conductivity and transparency. Sheet resistance of the conduc-
tive films was measured by the multifunction digital four-probe
tester. (ST-2258A, Suzhou Jingge Electronic Co., Ltd.).
2.2. Preparation of Perovskite Solar Cells via a One-Step
Coating Method

Structural inverted planar perovskite solar cells were fabricated
according to the method previous report.[21] The ITO glass was
sequentially cleaned by ultrasonic treatment in detergent,
deionized water, acetone, and isopropanol, followed by ultravio-
let-ozone (UVO) treatment for 30min. PEDOT:PSS (CleviosTM

PVP AI 4083) aqueous solution filtered through a 0.45mm filter
was spin-coated on the ITO electrode (3500 rpm, 60 s), and then
baked at 140 �C in air for 10min. Then PSSNa solution (2%, wt.
% in water) was spin-coated (3500 rpm, 30 s), and the resulting
films were annealed at 140 �C for 5min. After that the ITO/
PEDOT:PSS/PSSNa substrates were then transferred to a
nitrogen-filled glove-box for the deposition of perovskite layer.

Methylammonium iodide (MAI, 381.7mg) and lead chloride
(PbCl2, 222.5mg, 99%) were stirred in anhydrous DMF (1mL) at
60 �C overnight to form a perovskite precursor solution. Inside
the glovebox, the perovskite precursor solution was spin-coated
onto the as-prepared ITO/PEDOT:PSS/PSSNa layer at 6000 rpm
for 60 s, and the resulting perovskite precursor films were
annealed at 95 �C for 70min subsequently. After that, PC61BM
solution (20mgmL�1 in chlorobenzene) was then spin-cast onto
the CH3NH3PbI3-xClx layer at 1000 rpm for 60 s. For devices
with the PEI interface layer, PEI solution with different
concentration was spin-cast onto the PC61BM at a speed of
5000 rmp for 1min. Reference perovskite solar cells with
thermal evaporated thin Ag layer (100 nm) was deposited
through a shadow mask under a vacuum of 10�5 torr. Semi-
transparent perovskite solar cells with AgNW electrode were
fabricated by printing AgNWs from the isopropanol dispersion
onto the PC61BM or PC61BM/PEI directly using a MicroFab
jetlab II inkjet printer. Finally, the solar cells with the printed
AgNWs electrodes were annealed at 80 �C for 10min.
2.3. Perovskite Solar Cells Prepared by Anti-Solvent Method

ITO/PEDOT:PSS substrates for perovskite solar cell fabrication
were prepared by the same procedure as described before.
Deposition of the perovskite layer is following amethod reported
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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in the literature with slight modification.[22] Methylammonium
iodide (MAI, 206.7mg), lead iodide (PbI2, 613.1mg,) and lead
chloride (PbCl2, 38.9mg) were stirred in a mixture of GBL and
DMSO (7:3 v/v, 1mL) at 60 �C for 3 h to form a perovskite
precursor solution. The perovskite precursor was spin-cast at
1000 rpm for 10 s and then was spin-cast at 4500 rmp for 30 s. At
the second-step spin-coating, 450mL anhydrous toluene was
added at 20th second. Then the perovskite layer was annealed at
100 �C for 10min. The thickness of the CH3NH3PbI3�xClx layer
is approximately 250–270 nm from the SEM images of the device
cross section. The electron transporting layer PC61BM, the PEI
protecting layer as well as the silver electrode (both for the
thermal evaporated or printed silver electrode) were prepared
according the method described above.
Figure 1. a) Transmission spectra and (b) conductivity of these printed
AgNW electrodes.
2.4. Device Characterization

Current density versus voltage (J–V) curves were measured
with a Keithley 2400 source meter in nitrogen atmosphere
under dark and under simulated solar light (100mWcm�2)
from a Class AAA Solar Simulator (Oriel

1

VeraSol-2 LED,
Newport). The active area of the cells was 0.09 cm2 defined by a
shadow mask. External quantum efficiencies (EQE) were
measured under simulated one sun operation conditions using
a bias light of 532 nm from a solid state laser (Changchun New
Industries, MGL-III-532). Light from a 150W tungsten halogen
lamp (Osram 64642) was used as probe light and modulated
with a mechanical chopper before passing the monochromator
(Zolix,Omni-l300) to select the wavelength. The response was
recorded as the voltage by an IeV converter (QE-IV Convertor,
Suzhou D&R Instruments), using a lock-in amplifier (Stanford
Research Systems SR 830). A calibrated Si cell was used as
reference. The test device was kept behind a quartz window in a
nitrogen filled container.

Long-term stability of the perovskite solar cells with printed
AgNW top electrode was measured with a PVLT-G8001 photo-
voltaics performance decay testing system (Suzhou D&R
Instruments) according to the ISOS-L1 testing protocol.[23]

The cells were aged inside the glovebox without encapsulation.
The cells were illuminated with a simulated white LED light with
color temperature of 3000K (D&R light L-W3000KA-150).
External load was attached to the cells during aging to meet
the maximum power output point according to the IV
measurement results for individual cell.
3. Results and Discussion

3.1. Conductivity and Transparence of the Ink-Jet Printed
AgNW Electrodes

Figure 1a shows the transmission spectra of the ink-jet printed
AgNW electrode with different printing times on clean glass
substrates. The correlation between the sheet resistance (Rs) and
averaged visible transparency (AVT) of the AgNW electrode with
the printing times is shown in Figure 1b. As seen here, the sheet
resistance decreased from 60.5 to 25.9, and to 9.8Ω sq�1, for the
electrodes with printed one, two and three times, respectively,
Sol. RRL 2018, 2, 1700184 1700184 (351
whereas the average visible transparency (AVT) decreased from
88.6%, 78.6 to 67.2%, respectively. Figure S1a in supporting
information shows the SEMofAgNWs printed one to three times,
clearly demonstrating the different AgNW density by different
printing times, which explains the change of transparency and
conductivity of the AgNWelectrode. The Haacke Figure of merits
for these printed AgNW electrode, as defined as ФTC¼T10/Rs,
where T is the optical transmission and Rs is the electrical sheet
resistance,[24] were calculated to be 1.8� 10�2, 5.99� 10�3, and
3.82� 10�3Ω�1 for these films, which are higher than that
of the ITO film deposited by sputtering without post thermal
annealing (2.4� 10�3Ω�1),[25] demonstrating that excellent
characteristics as transparent conductive electrodes for these
printed AgNW electrodes. For comparison, transmission spec-
trum of the thin Ag electrode (7.2 nm) prepared by thermal
evaporation is also shown in Figure 1a. As seen here, the thermal
evaporatedthin Ag electrode with a layer thickness of 7.2 nm
showed a lowAVTof 47.5%. Surprisingly, this 7.2 nmAg electrode
is not conductive at all, which is speculated to be due to the island
formation mechanism.[26] Figure S1b, in Supporting Infor
mation shows the photographic images of the printed AgNW
electrode, clearly shows the transparency of the different Ag
electrodes. These results clearly demonstrate that AgNWs
electrodes fabricated by inkjet-printing are superior to thin metal
electrodes prepared by evaporation in terms of conductivity and
transparency.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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3.2. Perovskite Solar Cells With Different Top Metal
Electrodes

Our previous work on printed AgNW electrode for polymer solar
cells confirmed that solvent of the AgNW ink have a great
influence on the underlying layer, and consequently influence the
device performance.[19] Since perovskite thin film is highly
sensitive to the moisture as well as to the organic solvent,[27] it
is still quite challenging to print the AgNW electrode for the
perovskite solar cells. Perovskite solar cells with a device structure
of ITO/PEDOT:PSS/CH3NH3PbClxI3�x/PC61BM/metal elec-
trode were fabricated and tested (see Figure S2a, in Supporting
Information for the layer sequence of the device), where metal
electrode is defined as the top electrode, since it is the last step for
finishingdevice fabrication.Theperovskite layerwas fabricatedvia
a one-step or anti-solvent procedure to see the influence of the
perovskite layer preparation method. For the perovskite cells
fabricated via one-step procedure, an additional PSSNa layer was
inserted between the PEDOT:PSS and perovskite layer to improve
the device performance.[21,28] Figure 2a and b shows the current
density-voltage(J–V) and external quantum efficiency (EQE)
spectra of the two devices. The corresponding photovoltaic
performance data are summarized in Table 1.

As seen in Figure 2a and Table 1, perovskite solar cells
prepared by a one-step method with thermal evaporated
Al top electrode (entry 1) showed a highest power conversion
efficiency (PCE) of 11.65% (average PCE of 11.21%) with a VOC

of 0.86V, JSC of 19.36mAcm�2, and an FF of 0.70, which is
comparable with the result reported previously.[21] However,
much lower device performance (with averaged PCE of 5.44%)
with a typical “S-shaped” J–V character was found for the
“one-step” cells with printed AgNW top electrode (entry 2,
Figure 2a). Averaged PCE of 2.13% was also found for the
perovskite cells fabricated via an anti-solvent procedure with
Figure 2. J–V curves (a, c) and EQE (b, d) of the best perovskite cells withou
prepared by one-step method (a, b) and anti-solvent (c, d) with different top
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printed AgNWelectrode (Entry 5), which is much lower than the
cells with thermal evaporated Al electrode (entry 4, with averaged
PCE of 14.50%). To better understand the reason for the low
device performance of the printed AgNW electrode, solar cells
with thermal evaporated Ag electrode were also fabricated and
tested for both type of perovskite films (Entry 3 and 6). As seen in
Figure 2a and c, typical “S-shaped” J–V curves were also found
for both type of cells with e-Ag based cells. Knowing that the
work function of Ag (�4.6 eV)[29] is much higher than the LUMO
energy level of PC61BM (�4.01 eV).[30] The large energy barrier
between PC61BM layer and Ag electrode was then ascribed to the
main reason for the low device performance of the cells. This was
further confirmed by the improved device performance of the
cells after inserting a thin interfacial layer, such as PDINO,[31]

PFN,[32] and PEI[33] (Figure S3 in supporting information),
which have been used in polymer solar cells to minimize the
charge injection barrier between PC61BM and silver electrode.
Therefore, the mismatched work function between the AgNW
electrode and
the PC61BM layer is ascribed to be one of the reasons for
the low performance of the perovskite solar cells with printed
AgNW electrode.

Furthermore, lower Jsc was measured for these AgNW
electrode based cells than corresponding thermal evaporated
Ag electrode based cells. Since AgNW is light transparent, and
no light reflection is then ascribed to be one of the reason for
the lower Jsc. This can be clearly seen in the EQE spectra in
Figure 2b and d, where lower external quantum efficiency over
500–800 nm was measured for the AgNW based cells. However,
lower EQE over the entire 350–800 nm was also found for the
AgNW based cells than the thermal evaporated Ag electrode
based cells. This indicates that there might be other reasons
causing the lower performance for the AgNW based cells.
Surface morphology of the AgNWelectrode was investigated by
t PEI layer
electrode.

of 10)
scanning electronic microscope (SEM). Figure 3a–c
depict the top view and cross section SEM images of
the AgNW electrode that directly deposited on the
PVSK/PC61BM. As seen here, inhomogeneous
AgNW electrode with dark spots can be clearly
distinguished. Note that the thermal evaporated
Ag electrode that deposited on top of PC61BM
displays a homogenous surface over a large area
(Figure 3d–f), dark spots on the AgNW electrode
can be directly related to the printing process. It was
reported that in perovskite solar cells halogen anion
might migrate through the PC61BM layer and lead
to the chemical corrosion of metal electrode.[34] The
dark spots in the printed AgNW electrode can
therefore be ascribed the chemical corrosion
of the silver electrode during printing. The
absence of such a chemical corrosion on the
thermal evaporated Ag electrode indicating that
solvent in the AgNW inks assist the halogen
migration during the printing process. In
addition, very rough AgNW surface with lots of
nanowires pointing toward the surface was found
for the AgNW networks that directly deposited onto
the PC61BM layer (Figure 3c). This suggested that
the adhesion between the AgNW network and the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Photovoltaic performance parameters of the best solar cells with different interface electrodes.

Entry Electrode PVSKa) Jsc (mA cm�2)b) Voc (V) FF PCE (%) Averaged PCE (%)

1 e-Alc) One-step 19.36 0.86 0.70 11.65 11.21� 0.45

2 p-AgNWd) One-step 13.51 0.88 0.48 5.71 5.44� 0.25

3 e-Age) One-step 17.97 0.77 0.48 6.64 6.33� 0.25

4 e-Alc) Anti-solvent 20.00 1.01 0.75 15.15 14.50� 0.20

5 p-AgNWd) Anti-solvent 12.04 0.87 0.25 2.65 2.13� 0.70

6 e-Age) Anti-solvent 19.64 0.85 0.48 8.01 7.24� 0.65

a)Method for preparation of the perovskite films; b)Jsc was calculated by convoluting the EQE spectrum with AM 1.5G sun spectrum; c)Thermal evaporated silver electrode;
d)Thermal evaporated aluminum electrode; e)Ink-jet printed silver nanowire electrode.
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PC61BM layer is rather poor, which could also lead to poor
device performance.
3.3. Improve interface Connection Between PC61BM and
AgNW Electrode by PEI Layer

As shown in Table S1 in supporting information, a thin PEI
layer can improve the performance of the perovskite solar cells
with thermal evaporated Ag electrode, which is ascribed to the
decrease of the electron injection barrier between PC61BM and
Figure 3. SEM top view images (a, b, d, e, g, h) and cross section view (c, f, i)
(d–f) that directly on PVSK/PC61BM surface, and the printed AgNW electro
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Ag electrode by lowering the work function of Ag electrode by
PEI layer.[35] Note that “S-shaped” J–V curves were also found
for the perovskite cells where AgNW electrode is directly
printed on the PVSK/PC61BM surface. A thin PEI layer was
then inserted between the PC61BM and printed AgNW
electrode. Since the perovskite solar cells prepared by an
anti-solvent approach showed higher device performance,
interfacial optimization for the printed cells was only
performed for the cells prepared by the anti-solvent method.
The PEI layer thickness was then optimized by varying the PEI
concentration. Figure 4a depicts the J–V curves of the fully
of the printed AgNW electrode (a–c) and thermal evaporated Ag electrode
de that deposited on PVSK/PC61BM/PEI surface (g–i).
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Figure 4. a) J–V curves of devices with PEI between the PC61BM and Ag
NW top electrode, where PEI layer was prepared by spin coating PEI
solution with different concentration. (b) Corresponding EQE character-
istics of the devices.
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solution processed perovskite cells with PEI layer prepared
from different PEI solutions. For comparison, devices without
PEI layer (Entry 5) were also included. As seen here, solar cell
with a thin PEI layer prepared from a 0.2mgmL�1 PEI solution
gives a PCE of 13.43% with a high FF of 0.75, where “S-shape”
of the J–V curve diminished. The PCE of the PEI included cell is
five times higher than that without PEI layer (2.6%, entry 5). In
Table 2. Photovoltaic performance parameters of the solar cells with differ

Entry PEI (mgmL�1)a) Jsc (mA cm�2)b) Voc (V)

5 0 12.04 0.87

7 0.2 17.22 1.04

8 1.0 17.92 1.04

9 2.0 17.33 1.05

10 5.0 16.11 1.00

a)PEI precursor solution for deposition of PEI layer; b)Jsc was calculated by convoluting t
of the best cell, the number in the blanket is the averaged PCE over 8 individual devices;
the Voc and Jsc point.
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addition to the FF enhancement, both Voc and Jsc were also
improved after the insertion of PEI layer (Table 2). With
the increase of PEI concentration to 1mgmL�1, a highest
PEC of 13.98% was achieved with a high Voc of 1.04 V, Jsc of
17.92mAcm�12 and a FF of 0.75 (Table 2, entry 8). Analysis on
the light J–V curves reveals that reduced series resistance (Rs)
and increased shun resistance (Rsh) for the cells after the
insertion of PEI layer (Table 2), indicating improved interfacial
connection between PC61BM and AgNW electrode after
interfacial modification. Further increase of the PEI concentra-
tion, however, decreases the device performance, which can be
ascribed to the insulating property of PEI film. Nevertheless,
the use of PEI layer obviously improves the interfacial
connection between the PC61BM and Ag electrode, which
consequently improve device performance.

EQE spectra of the corresponding cells are shown in
Figure 4b. In comparison with the perovskite cells with opaque
silver electrode (see Figure S4, in Supporting Information for a
direct EQE spectra comparison between these two devices),
quantum efficiency over 600–800 nm decreases for these AgNW
based cells, which is ascribed to the less of light reflectance on
the AgNWelectrode. On the other hand, EQE enhancement over
the entire visible light range (300–780 nm) can be seen for the
devices with PEI layer, suggesting again that charge injection at
the cathode was improved for the PEI involved devices. More
interestingly, the PEI/p-AgNW electrode based cells show
comparable EQE over 300–600 nm to the device with thermal
evaporated Ag electrode based cells. This implies that the PEI
layer indeed protect the PC61BM layer, and a good interface
connection between PC61BM/PEI/AgNW formed, which are
beneficial for device performance achievement.

To further understand the role of PEI layer between the
PC61BM and AgNW, SEM images of the ITO/PEDOT:PSS/PSS/
PVSK/PC61BM/PEI/AgNW were measured. Figure 3g and h
show the top view of the AgNW electrode deposited onto the
PC61BM/PEI surface. As seen here, uniform AgNW networks
can be detected for the AgNW network on the PC61BM/PEI
surface, which is different to the morphology of the AgNW
electrode on PC61BM (Figure 3a, b). This indicates that chemical
corrosion on the AgNWelectrode was totally suppressed after the
insertion of PEI layer. In other word, the inserted PEI layer is
able to block the halogen anion immigration. This phenomenon
was also reported by Tsang et al., where polymeric buffer layer
using PEI was found can effectively separate the ZnO-NPs and
ent thickness of PEI.

FF PCE (%)c) RS (Ω cm2)d) Rsh (Ω cm2)d)

0.25 2.65 (2.13� 0.70) 774.13 148.41

0.75 13.43 (12.97� 0.41) 8.76 6756.76

0.75 13.98 (13.21� 0.20) 8.24 8602.15

0.68 12.37 (11.79� 0.59) 11.16 4305.71

0.63 10.15 (9.51� 0.45) 12.89 5055.61

he EQE spectrum with AM 1.5G sun spectrum; c)Power conversion efficiency (PCE)
d)Rs and Rsh were obtained directly from the slope of the J–V curves of the best cell at
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perovskite.[36] In addition, in comparison to the AgNWdeposited
onto the PC61BM directly (Figure 3c), the AgNW electrode on
PC61BM/PEI is more compacted and smooth (Figure 3i),
suggesting an enhanced adhesion between AgNWand PC61BM.
It worth pointing out that, both VOC and FF of the cells with
printed AgNW are similar to that with thermal evaporated cell
(Entry 3 in Table S1 in Supporting information), indicated the
interfacial properties at the PC61BM/PEI/AgNW are similar to
that of PC61BM/PEI/e-Ag.
3.4. Fabrication of Semi-Transparent Perovskite Solar Cells

Figure 5a shows the UV–vis absorption and transmittance of the
perovskite solar cells with different perovskite layer thickness. The
photographic pictures of semitransparent perovskite solar cells are
showed in Figure S5, in supporting information. J–V curves and
EQEspectra of the correspondingcells aredepicted inFigure5band
c, respectively. Thedetailedphotovoltaic performancedata aswell as
theaveragedvisible transmittance (AVT)of thecells aresummarized
in Table 3. As seen here, a PCE of 7.3% with an
AVT of 36.5% was achieved for the cell with a thin perovskite
layer of 80nm,which is comparable to that reported in the literature
for the semi-transparent perovskite solar cells with Ni micro grid
Figure 5. a) UV–vis transmittance and absorption of the perovskite cells with
an anti-solvent method; J–V curves (b) and EQE spectra of the correspondin
respectively.
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electrode (PCE of 6.1%, AVT of 38%),[37] or spray-coated AgNW
electrode (3.6%, 44.3% AgNW).[38] On theother hand, when the
perovskite layer thickness is increased to 270nm, a highest PCE of
14.17% with an AVTof 21.1% was achieved, which are among the
highest PCE values reported in the literatures with solution
processed top electrode,[39] or even higher than some of the device
with vacuum assisted thermal deposited top electrode.[40] Although
PCE of semitransparent cells with laminated ITO electrode (with a
PCEof 15.8%),[41] orwithDCsputtered ITOelectrode (with aPCEof
15.3%),[8a] or with thin Cu/Au film (with a PCE of 16.5%),[42] the
average transmittanceof thepresentAgNWbasedcell ishigher than
these cells owing to the high light transmittance of the AgNW
electrode.

Figure 5d depicts the histograms of solar cell efficiencies of 30
individual cells with PEI/p-AgNW electrode. Figure S6, in
Supporting Information shows the full histograms ofVoc, Jsc, FF,
and PCE. As seen here, most of the cells with PEI/p-AgNW
electrode show high Voc of over 1.0 V, JSC of over 17mAcm�2, FF
of more than 0.7, and efficiency of more than 13%,
demonstrating an excellent reproducibility for this type of cells.
This result confirms again that the protection of the perovskite
layer with a thin PEI layer is an effective way to achieve high
performance fully solution-processed perovskite solar cells with
printed AgNW electrode.
different perovskite layer thickness, the perovskite films were prepared by
g best cells; (d) Histogram of solar cell efficiencies for 30 individual cells
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Table 3. Summary of the photovoltaic properties of the semi-transparent perovskite solar cells with different perovskite layer prepared by anti-
solvent method.

Entry MAI (mol L�1)a) Thickness (nm)b) AVT (%)c) Jsc (mA cm�2)d) Voc (V) FF (%) PCE (%)e)

11 0.7 80 36.5 12.67 0.96 60 7.30 (7.01� 0.25)

12 0.9 150 30.6 13.94 1.00 66 9.10 (8.91� 0.20)

13 1.1 180 25.6 15.01 1.00 71 10.55 (10.28� 0.35)

8 1.3 260 22.6 17.92 1.04 75 13.98(13.21� 0.20)

14 1.35 270 21.1 18.17 1.04 75 14.17 (13.32� 0.51)f)

a)Concentration of the perovskite precursor solution; b)Layer thickness of the perovskite film, measured by SEM cross section, with uncertainty of 5 nm; c)Averaged visible
transmittance, including glass substrate; d)Jsc was calculated by convoluting the EQE spectrum; e)Power conversion efficiency (PCE) of the best cell, the number in the
blanket is the averaged PCE over 8 individual devices; f)Averaged PCE over 30 individual devices.
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To further confirm that PEI layer can suppress the
chemical corrosion o the silver electrode, long-term
stability of the perovskite solar cell with solution processed
PEI/AgNW top electrode was investigated. Perovskite solar
cell with thermal evaporated silver electrode (e-Ag) was
investigated for comparison. Figure S7, in Supporting
Figure 6. a) J–V curves of the best device fabricated illuminated from
ITO side and illuminated from AgNW electrode (b) Corresponding EQE
characteristics of the device.

Sol. RRL 2018, 2, 1700184 1700184 (856
Information depicts the evolution of the Voc, Jsc, FF, and
PCE of the prepared cells electrode aged inside glovebox with
white light illumination. As seen here, although VOC was
reasonably stable both for e-Ag and PEI/AgNW cells, the cell
with e-Ag electrode showed losses of 30–40% for Jsc and FF,
leading to overall 50% decay after aging 30 hours. On the
contrary, the PEI/AgNW based cells show much better
stability under the same aging condition, and almost no
performance decay was measured for this type of cell over 100
hours. It is known that PEI layer is able to reduce mois
ture intrusion into the CH3NH3PbI3 layer

[43] and to block the
ion migration.[44] These explain the stability improve
ment of the perovskite solar cells after introducing PEI layer.
Nevertheless, this result clearly demonstrates that PEI layer is
able to improve device stability under real working condition.

To further characterize the transparency of these semi-
transparent perovskite solar cells, photovoltaic performance
of the best cell illuminated on both the ITO and AgNWs sides
were measured. Figure 6a and b show the J–V curves
and EQE spectrum of the best cell illuminated over different
side, and the photovoltaic performance data are listed in
Table 4. As seen here, slightly lower PCE (12%) was
measured for the cell illuminated on the AgNW side
than on the ITO side (14%), which is mainly due to the lower
Jsc. EQE spectrum showed that lower quantum efficiency
over 300–500 nm for the cell illuminated on the AgNW
side, which is on one hand ascribed to the lower light
transmittance of AgNW networks over 380–500 nm (Figure 1a),
on the other hand to the light absorption of PC61BM layer
Table 4. Performance metrics of the best perovskite device when
illuminated from the ITO side and AgNW side and scanned from
reverse and forward respectively.

Illumination direction Voc (V) Jsc (mA cm�2)a) FF PCE (%)b)

ITO side-reverse scan 1.04 18.17 0.75 14.17

ITO side-forward scan 1.05 17.97 0.75 14.15

AgNW side-reverse scan 1.02 16.65 0.71 12.05

AgNW side-forward scan 1.00 16.56 0.70 11.59

a)Jsc was calculated by convoluting the EQE spectrum with AM 1.5G sun spectrum;
b)PCE¼Voc� Jsc�FF.
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(60 nm).[45] However, almost identical quantum efficiency over
500–800 nm for cell illuminated on both side demonstrating
excellent transparency for this cell. In addition, negligible
hysteresis was measured for this cell, demonstrating a good
device performance for these cells.[7] With these, we have
clearly demonstrated that improved interfacial connection
between the PC61BM and AgNW electrodes can be achieved by
insertion a thin layer of PEI, which leads to the successful
preparation of semi-transparent perovskite via full-solution-
processing.
4. Conclusion

In summary, we have successfully prepared fully solution-
processed semi-transparent perovskite solar cells with
ink-jet printed AgNW top electrode. High power conversion
efficiency of 14.17% with averaged visible transparency of
21.2% was achieved. A thin layer of PEI between the PC61BM
and AgNW electrode plays the key role in achieving the high
performance, which, on one hand, decreases the work
function of AgNW electrode and consequently decreases
the electron injection barrier between these two layers, on the
other hand, prevent the chemical corrosion of AgNW during
printing. Excellent transparency of these cells was proved by
measuring the photovoltaic performance illuminated over
different side. The current work provides a simple and
feasible inkjet printing technique for the preparation of metal
electrode for perovskite solar cells, which will effectively
reduce the production cost and promote the commercial
application of perovskite solar cells.
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Abstract
Nanoscale inverted pyramid structures (NIPs) have always been regarded as one of the
paramount light management schemes to achieve extraordinary performance in various devices,
especially in solar cells, due to their outstanding antireflection ability with relative lower surface
enhancement ratio. However, current approaches to fabricating NIPs are complicated and not
cost-effective for massive cell production in the photovoltaic industry. Here, controllable NIPs
are fabricated on crystalline silicon (c-Si) wafers by Ag-catalyzed chemical etching and alkaline
modification, which is a preferable all-solution-processed method. Through applying the NIPs to
c-Si solar cells and optimizing the cell design, we have successfully achieved highly efficient
textured solar cells with NIPs of a champion efficiency of 20.5%. Significantly, these NIPs are
further demonstrated to possess a quasi-omnidirectional property over broad sunlight incident
angles of approximately 0°–60°. Moreover, NIPs are theoretically revealed to offer light trapping
advantages for ultrathin c-Si solar cells. Hence, NIPs formed by a controllable method exhibit
great potential to be used in the future photovoltaic industry as surface texture.

Supplementary material for this article is available online

Keywords: nanoscale inverted pyramids, high efficiency, quasi-omnidirectional, solar cells, light
trapping

(Some figures may appear in colour only in the online journal)

1. Introduction

Inverted pyramid structures (IPs) have always been regarded
as an important surface light management scheme to achieve
extraordinary performance in various fields or devices, such
as photonic crystals [1, 2], light emitting diodes [3, 4], solar
cells [5–8] and so forth. Zhao et al [6] have demonstrated a
world-record high efficiency (η) of 24.7% (25.0% after
spectral rectification) in crystalline silicon (c-Si) homojunc-
tion solar cells with IPs texturization. Generally, for a light
incident to the surface with micro-scale IPs, it is believed [8]
that IPs can induce more multiple reflections between their

exposed slope planes to effectively decrease the total reflec-
tion, and thus enhance the light absorption for solar cells.
Multifarious surface structures, such as nanowires [9, 10] and
nanoholes [11], have also been shown to possess an excep-
tional antireflection ability, and can be adopted in solar cells
to increase optical gain. However, these nanostructures
exhibit rather high surface enhancement ratio, which can lead
to severe surface recombination, strong electrical loss and
therefore unsatisfactory cell performance [10]. In contrast, IPs
are more suitable for solar cells for both antireflection char-
acteristics and lower surface enhancement ratio. The almost
1.7-fold surface enhancement ratio (compared to the planar
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surface) will alleviate the surface recombination, and can
offer the convenience of obtaining a better surface passiva-
tion. These advantages are critical to realize highly efficient
solar cells.

Hence the techniques to fabricate IPs have become a
focus of research interest. There are many researchers
demonstrating that IPs can be formed by hard-mask (e.g.,
dielectric mask or metal mask) assisted methods. For instance,
Branham et al [7] and Zhou et al [12] have successfully
fabricated IPs on c-Si substrates, respectively. However, the
fabrication processes are very complicated, and involve
depositing a nitride dielectric mask or sputtering a titanium
layer to define etching patterns for the subsequent alkaline
etching. A laser-assisted approach [13] would be an alter-
native method to obtain IPs, but there are disadvantages of
laser induced surface damage of wafers and extra costs. These
aforementioned methods are not convenient and cost-effi-
cient, and therefore are not suitable for the low-cost require-
ment of the photovoltaic industry. Recently, researchers have
reported that large-area IPs can be effectively formed on the
surface of Si wafers by metal-assisted chemical etching
[8, 14, 15], which is simple and compatible with the current
production lines for solar cells. Yang et al [8] have fabricated
18.87% efficient c-Si solar cells based on IPs by a Cu assisted
texturization technique. In addition, Jiang et al [15] have
introduced a post acid rebuilding process with a 50 °C heated
NaF/H2O2 mixed solution process to eventually obtain tex-
tured multi-crystalline silicon (mc-Si) solar cells based on IPs
with a η of 18.62%. Obviously, there is still scope for
improving the performance of silicon solar cells based on IPs
and employing preferable nontoxic alkaline reagents com-
monly used in the photovoltaic industry.

However, Si nanostructures have been demonstrated to
possess omnidirectional antireflection characteristics over a
broad range of incident angles (θ) [16–18], which can bring
great benefits for the application of solar cells since θ varies
with time in a day and a year. We have recently confirmed
that Si nanopyramids have a quasi-omnidirectional char-
acteristic over θ of 0°–50° and can boost electric energy
production with relative enhancement up to 2.5% [18].
Hence, it is highly motivating to fabricate a nanoscale IPs
(NIPs) texture and explore the dependence of the electric
energy production ability of the textured solar cells based on
NIPs on θ. Moreover, it should be noted that NIPs also have
the advantage for application in ultrathin c-Si solar cells due
to their much smaller absorber loss and excellent light trap-
ping effect [7, 12].

In this study, we have realized all-solution-processed
NIPs on large-scale (156×156 mm2) Si wafers by the
combination of Ag-assisted chemical etching and alkaline
modification. Through good control of the size of the NIPs,
we have successfully achieved highly efficient textured c-Si
solar cells based on NIPs with a champion η of 20.5%. The
high η is ascribed to the superior antireflection properties and
the extraordinary passivation effect provided by the NIPs’
textured surfaces after coating with SiNx/SiO2 stack layers.
Our textured solar cells based on NIPs have further demon-
strated a quasi-omnidirectional property over the broad θs of

approximately 0°–60°. In addition, we will show theoretically
that our NIPs’ textured surfaces could be utilized to realize
excellent light trapping for ultrathin c-Si solar cells.

2. Experimental section

2.1. NIPs’ texturization

Solar-grade boron-doped (100)-oriented Czochralski (CZ)
crystalline silicon (c-Si) wafers (pseudo square 156×
156 mm2, with resistivity of 1–3Ω·cm and thickness of
190±10 μm) were used as the substrates in our experiment.
The wafers were etched in NaOH solution with a concentra-
tion of 10 wt.% at a temperature of 80 °C for about 3 min to
remove the saw-damage layer and obtain a polished surface.
Then, three crucial steps were conducted to form the NIPs’
textured surface, as shown in figure 1(a). First, the polished
substrates were immersed in a mixed solution of 0.1 mM
AgNO3 and 0.5M HF for 30 s, which aimed to deposit a layer
of randomly distributed Ag nanoparticles onto the polished
surface (Step 1). Subsequently, the wafers deposited with Ag
nanoparticles were dipped into a mixed solution of 1.5 M HF
and 0.5 M H2O2, resulting in a Si nanoholes textured surface
(Step 2). Finally, the nanohole structures were modified in
NaOH solution with a concentration of 2 wt.% (Step 3). It
should be noted that the c-Si wafers need to be immersed in a
dilute HNO3 solution (volume ratio 1:1 with deionized water)
for 10 min before and after Step 3 to thoroughly remove the
Ag particles, as confirmed by the energy-dispersive x-ray
spectroscopy (EDX) in the supplementary information (figure
S1 is available online at stacks.iop.org/NANO/29/015403/
mmedia), and in the deionized water between every two steps
mentioned above to remove the residual solution. All the
procedures for the NIPs’ texturization were carried out at
room temperature.

2.2. Solar cell fabrication

Figure 1(b) presents the fabrication flow of the NIPs’ textured
solar cells. After all-solution-processed NIP texturization, rear
surface polishing in an alkaline solution was carried out. Then,
the SiO2/SiNx passivation layers were deposited on the rear
surface of the NIPs’ textured wafers by a plasma-enhanced
chemical-vapor deposition (PECVD) process (CETC 48th
Research Institute M82200-6/UM) at a temperature of 450 °C,
utilizing the reactant gas sources N2O/SiH4 and NH3/SiH4 to
produce SiO2 (∼25 nm) and SiNx (∼250 nm) layers with a
deposition rate of ∼5 nm min–1 (SiO2) and ∼9.5 nmmin−1

(SiNx), respectively. To engender the n+ emitter, the textured
c-Si wafers underwent a diffusion process with POCl3 as the
dopant source in a quartz-tube furnace (CETC 48th Research
Institute M5111-4WL/UM) for 40min at 800 °C. The emitter
sheet resistance of the textured wafers after diffusion was about
90–100Ω sq–1. A succeeding ablating procedure was executed
by a laser (DR Laser DR-LA-Y40) to render local line
openings with a width of 50 μm and a pitch of 1 mm. After
removing the phosphorous silicate glass (PSG) in a dilute HF
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solution, the NIPs samples were annealed at an optimal
temperature of 725 °C for 60min in an air atmosphere. Finally,
the conformal stack SiO2 (∼5 nm)/SiNx (∼75 nm) layers were
deposited on the front surface to serve as antireflection coatings
(ARC) by PECVD at 400 °C, and commercially equipped
screen-printing (DEK PV1200) and co-firing processes
(Despatch CF Series) were performed successively to form the
metal contacts and Al back surface field (BSF). Figure 1(c)
schematically illustrates the cell structure without showing the
electrodes.

2.3. Characterization

The morphologies of the NIPs were investigated by a field
emission scanning electron microscope (Zeiss Ultra Plus).
The size statistics, angle measuring and number counting of
NIPs were assisted by the open-source software ImageJ. The
reflectance spectra, together with the external quantum effi-
ciency (EQE) and internal quantum efficiency (IQE) curves
were measured via quantum efficiency measurement equip-
ment (PV measurements QEX10). The electrical performance
parameters of the solar cells were figured out by current–
voltage (I–V ) measurements (CETC 48th Research Institute
Y05-1/UM) under the illumination of AM1.5G.

2.4. Finite difference time domain (FDTD) simulation

To investigate the omnidirectional characteristics of the NIPs’
textured surfaces, about 30 NIPs of sizes between
630–860 nm were randomly distributed in a 4 μm×4 μm
square of a 2 μm-thick c-Si substrate in the x-y plane. Note
that some NIPs were overlapped to mimic the experimental
NIPs’ textured surface, and two sample configurations were
simulated without and with an 80 nm-thick SiNx layer as the
ARC (the SiO2 layer has little influence on the simulation
results because it is ultrathin). Bloch boundary conditions

were adopted in the x-y plane because θ varies in the range of
0°–80°, and the boundary conditions in the z directions were
set as perfectly matched layers. The light source was a plane
wave with a fixed wavelength of 800 nm for that the non-
normal incidence exists. To obtain the surface reflectance, a
power monitor was set above the light source. For mapping
the electric intensity distribution with different θs, a NIPs unit
with an opening size of 750 nm was modeled on the c-Si
substrate, changing θ from 0° to 80°.

To explore the light trapping effect of the NIPs’ textured
surfaces for ultrathin c-Si solar cells, the NIPs’ textured sur-
faces were modeled onto a 5 μm-thick c-Si substrate in the x-y
plane, together with a planar counterpart and NIP-750 nm
counterpart for comparison. In the NIP-B scenario, approxi-
mately 30 NIPs of sizes between 630–860 nm were randomly
distributed in a 4 μm×4 μm square of the c-Si substrate with
periodic boundary conditions. Also, some NIPs were partly
overlapped with each other, which is in accordance with the
surface of the experimentally fabricated NIP-B sample. In the
NIP-750nm scenario, the opening size of the NIPs was set as
750 nm with a separation width of 100 nm and 4×4 arrays
were used in the x-y plane with periodic boundary conditions.
All the front surfaces (planar, NIP-750 nm and NIP-B sur-
faces) were covered with an 80 nm-thick SiNx layer, while all
the rear sides of the ultrathin c-Si substrates were covered
with a 100 nm-thick SiNx layer (inner) and 200 nm-thick Ag
layer (outer). The plane wave light source with wavelength
changing from 400 to 1200 nm was propagating downwards
(normally incident to the planar surface). The top and bottom
boundary conditions of the z-axis direction are a perfectly
matched layer and metal layer, respectively. A power monitor
was placed above the light source (parallel to the x-y plane) to
obtain the reflectance (R), and an absorption monitor was
used to obtain the absorption within the Ag layer (AAg). The
light absorption in the ultrathin c-Si substrates could therefore
be calculated as 1-R-AAg. To reveal the light trapping effects

Figure 1. (a) Main steps of the NIPs’ texturization processes. (b) Fabrication flow of the NIPs’ textured solar cells. (c) Schematic diagram of
the device structure of the NIPs’ textured solar cells with the legends shown below.
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within the Si bulk, another power monitor was positioned in
the x-z plane to obtain the distribution of electric field
intensity.

In the simulation, all the NIPs were set as regular ones
with an angle of 54°, which is the characteristic angle between
the Si (111) facet and (100) facet. The optical constants were
directly extracted from the material database, except for
the refractive index of SiNx, which was fixed at a constant
value of 2 without considering the extinction coefficient. All
the simulations above were performed using a commercial
software package (Lumerical FDTD Solutions 2017a).

3. Results and discussion

3.1. Controllable formation and mechanism of the NIPs’
morphology

To obtain insight into the evolution of surface morphologies
and reveal the formation mechanism, systematic investiga-
tions of each step of the NIPs’ texturization have been per-
formed. As depicted in figure 1(a), our texturization method
mainly consisted of three critical steps: Ag particles deposi-
tion (Step 1), Ag-catalyzed nanohole etching (Step 2) and
alkaline modifying (Step 3). In our etching system, the
reaction in Step 1 could be described as the electroless
deposition of Ag nanoparticles:

+ +  + ++ +( ) ( )sAg Si HF Ag H SiF H . 1VB 2 6

In the reaction of equation (1), Ag ions inject the hole (h+) to
the valence band of silicon and thus are reduced, resulting in
the oxidation of Si atoms beneath Ag nanoparticles. The Si
oxides are removed by HF in the solution, and thus Ag
nanoparticles can adhere to the Si surface. The solution with
ultralow Ag+ concentration of 0.1 mM was utilized, and a
layer of well-dispersed Ag nanoparticles could then be spread
onto the surface of the polished c-Si wafers in Step 1.
Figures 2(a), (b) present the Ag nanoparticles randomly dis-
tributed on the surface of a polished c-Si substrate with sizes
of about 10–25 nm; their interspaces are mainly in the range
of 40–120 nm with a mean interspace of ∼76 nm. Compared
with the Ag nanoparticles self-assembled by the solid-state
dewetting method [29], the size and interspaces of the Ag
nanoparticles observed in our experiment are smaller overall,
although they are both randomly distributed.

Figure 2(c) shows the cross-sectional SEM image of the
as-etched sample for 20 min in a mixed solution of HF/H2O2

in Step 2. The down-straight aligned nanoholes can be
obviously observed, with the porous surface shown in the
inset. Nanoholes were formed via the catalyzed electro-
chemical reactions beneath the Ag particles in Step 2:

+ +  + + ( ) ( )gSi HF H O H SiF H O H . 2
Ag

2 2 2 6 2 2

It is well accepted that the reactions of equation (2)
include the cathode reactions at the metal and anode reactions
at the etching front, as illustrated in figure 2(g). The cathode
reactions mainly indicate that H2O2 was reduced into H2O,
and the charge transfer process (the h+ injection from H2O2

into c-Si substrate) was accelerated by the sinking Ag parti-
cles. The anode reactions are about the ways in which silicon
atoms catch h+ to be oxidized and dissolved. In fact, the first
two steps are the representative processes of the metal cata-
lyzed chemical etching method; some detailed reaction
models can be found in previous studies [19, 20]. The Si
atoms beneath the Ag particles were eliminated faster than a
surface without deposited Ag particles, hence the nanoholes
can be naturally dug out. Note that the concentration of
etchants greatly affects not only the etching rate, but also the
etched surface structures in this process. Chartier et al [20]
investigated the dependence of etched silicon structures
on the ratio parameter ρ (defined as r = [ ] /HF

+([ ] [ ])HF H O2 2 ), and experimentally confirmed that Ag
particles dug vertically into the surface of Si wafers and
produced nanoholes analogous to a straight cylinder when ρ

was above 70%. In our HF (1.5 M)/H2O2 (0.5 M) etching
system, ρ is calculated to be 75%, enabling and ensuring the
straight aligned nanoholes formed in Step 2, which is a pre-
requisite for the formation of NIPs.

After etching for 5 min in Step 3, the nanoholes change a
lot, as illustrated in figure 2(d). The nanoholes enlarge into
the composite structure with diamond-shaped openings, and
amazingly, the facets of Si (111) began to show up with the
bottom IPs having an opening size of ∼200 nm, as shown in
the inset. The sidewall had a length of ∼1.3 μm, and exhib-
ited smooth flanks. When the etching time was prolonged to
10 min, the opening size of the bottom IPs widened to
∼400 nm, but the length of sidewall shortened to ∼600 nm,
as shown in figure 2(e). Figure 2(f) demonstrates the top-view
surface of the sample modified for 10 min in Step 3. Similar
to figure 2(e), it can be seen that the composite structures
were randomly located, and the sidewall was eliminated to
render more slope facets of Si (111). In addition, it could be
observed that partial Ag particles in the inset of figure 2(f)
(solid circles) were embedded in the focus of the bottom IPs.
These Ag nanoparticles have acted as the catalyzed etching
front in Step 2, and been retained at the bottom of the
nanoholes (without the process of dilute HNO3); in contrast to
that some Ag dendrites (dash circles) were located in the
inferior textured areas lacking IPs. The composite structures
would become more regular IPs on condition that the etching
time in Step 3 was adequate and proper to remove the side-
walls completely. The gradual transformation from nanoholes
to NIPs was attributed to the anisotropic etching of silicon in
alkaline solution:

+ +  +- - ( ) ( )gSi OH H O SiO H . 32 3
2

2

The etching rate of equation (3) differs for different
crystallographic planes [21], as depicted in figure 2(h). The
etching rate of Si (111) planes in alkaline solution is the
lowest, therefore the NIPs could be eventually obtained.

3.2. Different NIPs’ textured surfaces with successively
modulated opening size distribution

Considering the NIPs’ formation mechanism describled
above, it naturally occurred to us that the opening size of the
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NIPs can be manipulated by adjusting the processing time in
Step 2 and Step 3. As listed in table 1, three groups of NIPs’
textured samples (NIP-A, NIP-B and NIP-C) were prepared
by varying the etching time in Step 2 and Step 3. The

deposition time in Step 1 was fixed at 30 s to render similar
initial coverage of Ag nanoparticles on the wafers, as shown
in figure 2(a). The nanoholes formed in Step 2 with an etching
time of 20 min were converted into composite structures

Figure 2. (a) Top-view SEM image of the 30-s-deposited Ag nanoparticles on the surface of polished c-Si substrates. (b) Statistical diagram
of the Ag nanoparticles interspace distribution with the mean interspace and standard deviation (SD) manifested. (c) Cross-sectional SEM
image of a 20 min-etched c-Si substrate in Step 2 with the inset showing a top-view of the porous surface. (d) Cross-sectional image of the
5 min-modified sample in Step 3 after a 20 min-etching in Step 2. The inset shows the top-view surface. The cross-sectional (e) and top-view
(f) SEM image of the as-modified sample (without removing Ag particles in the dilute HNO3 solution) with the etching time in Step 3
prolonged to 10 min. The insets are close-ups of the features in the corresponding surface. Schematic diagrams of the ideal etching scenario
for (g) nanoholes unit formed in Step 2 and (h) NIPs unit in Step 3, respectively.
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when anisotropically etched in NaOH solution, as shown in
figures 2(d)–(f). When modified for 13 min in Step 3, as
illustrated in figure 3(a1) for the NIP-A sample, the sidewalls
of the composite structures are mostly eliminated and NIPs
are uniformly and compactly cover the surface of c-Si wafers.
As more clearly displayed in the inset, some of them were
even interconnected or overlapped with each other. The cross-
sectional SEM of figure 3(a2) also confirms that the fabricated
structures are mainly NIPs-like. To ascertain the dimension of
the opening sizes of the NIPs, a statistical opening size dis-
tribution were attained via measuring and counting the NIPs’
units from figure 3(a1). As shown in figure 3(a3), NIP-A have
opening sizes distributed from 300 to 800 nm, which can be
well fitted by the normal distribution function (red line) with
the mean of 453.16 nm and standard deviation (SD) of
63.69 nm.

We had extended the ething time of Step 2 to 30 and
40 min to yield the precursors of the NIP-B and NIP-C
samples, respectively. Owing to that, the catalyzed etching
was at a stable rate of approximately 107 nmmin−1; the
longer the etching time in Step 2, the deeper the nanoholes
became, and thus the more modification time it cost in Step 3
to form the overall enlarged NIPs’ units. Therefore, the
modification times of 18 and 23 min in Step 3 were respec-
tively required for NIP-B and NIP-C to sufficiently trim the
sidewalls away and to form the enlarged NIPs, as shown in
figure 3(b1, b2, c1 and c2). Figure 3(b3) shows that the
opening sizes of NIP-B are distributed from 500 to 1100 nm,
which can also be perfectly fitted by the normal distribution
function (orange line). For NIP-C, we have further success-
fully enhanced the opening size to principally 730–1160 nm,
as presented in figure 3(c3). Therefore, by increasing the
etching time in Step 2 to acquire deeper nanoholes and cor-
respondingly costing more modification time in Step 3, suc-
cessive modulation of the opening size distribution of the
NIPs’ textured surface had been realized. Moreover, it should
be noted that the method to form the NIPs’ texture is an all-
solution-processed method, which is more cost-effective than
present popular techniques to construct IPs’ architectures.

Concerning the optical performance, as illustrated in
figure 3(d), reflectance spectra are presented in a wavelength
ranging from 400 to 1200 nm for the NIP-A, NIP-B and NIP-
C textured surfaces, respectively. It can be obviously found
that all the textured wafers possess a similar tendency of
reflectance characteristics since their surfaces are all covered
by the NIPs. Nevertheless, it appears that the NIP-A textured
surface can provide a lower level of reflectance with an
average reflectance (Rave) of 13.0% than the Raves of NIP-B

(14.1%) and NIP-C (15.7%) textured surfaces. Here, the Rave

is calculated by weighing the reflectance over a broad
wavelength range of 400–1200 nm of the standard AM1.5G
spectrum as in the following equation:
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where R(λ) is the experimental reflectance depending on λ (the
wavelength) and S(λ) represents the standard AM1.5G solar
photon flux spectral distribution. The slight incremental
alteration of Raves can be attributed to fact that the flat fraction
separating the NIPs on the wafer surface was gradually raised
while prolonging the etching time in Step 2 and Step 3 to form
the expanded NIP-B and NIP-C texture as shown in figure 3.
For the reflectance measuring, we have further investigated the
varying positions on the large-scale NIPs’ textured wafers
(156×156mm2). In figure 3(e), the reflectance spectra of the
NIP-B textured surface demonstrate that different positions of
the c-Si wafer have a nearly identical reflectance over the
whole wavelength range of 400–1200 nm, which manifests the
homogeneous texture of the surfaces with NIPs. Generally, the
IP-like surfaces appeared to exhibit different antireflection
performance for the distinct textured wafers obtained by dif-
ferent methods, which is related to the specific IPs’ shapes. For
micon-scale IPs reported by Yang et al [8], and Wang et al
[14], a mean reflectance down to ∼4% is revealed. However,
the Raves for our NIPs’ textured wafers are overall lower than
that of the IPs with a scale of 300–700 nm fabricated on mc-Si
wafers [15]. In addition, our NIPs’ textured wafers demonstrate
a similar reflectance level to the semi-periodic micon-scale IPs,
which have been perfectly modified by the subsequent 4 min
KOH processing of the laser-assisted method [13].

3.3. Performance analysis of the NIPs’ textured c-Si solar cells

For solar cells, performance lies not just in the low reflectance,
but also in the trade-off of advantages in optical and electrical
aspects. When the NIPs’ textured wafers have been coated with
SiNx/SiO2 stack layers as the ARC (without considering the
refractive index gradient of the ultrathin SiO2 layer used), the
difference of their reflectance (dash lines in figure 4(a))
diminished, resulting in similar Raves (5.25%, 5.27% and
6.00% for NIP-A, NIP-B and NIP-C, respectively). The
experimental EQE of the NIPs’ textured c-Si solar cells (solid
lines in figure 4(a)), are almost overlaid except that the NIP-C
textured solar cells have lower values in the wavelength range
of 400–600 nm. This is coincident with the measured reflec-
tance characteristics of the NIP-C textured surface with ARC
because it possesses a slightly higher reflectance in the short
wavelength region, which can be attributed to the fact that the
planar fraction of the NIP-C textured surface was a little higher
to induce slightly thicker front stack layers. When it comes to
the IQE which evaluates the collection capacity of the absorbed
incident photons, three NIPs’ textured solar cells reveal the
commensurate level as shown in figure 4(b). This indicates the
similar efficient collection nature of the different NIP-A, NIP-B
and NIP-C textured solar cells.

Table 1. Different texturization recipes with the processing time
varied to successively modulate the opening size distribution of
the NIPs.

Group Step 1 [s] Step 2 [min] Step 3 [min]

NIP-A 30 20 13
NIP-B 30 30 18
NIP-C 30 40 23
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To analyze the comprehensive influence of the NIPs on
cell performance, we illustrate the measured output electrical
parameters in figures 4(c)–(f), which includes the short circuit
current density (JSC), open circuit voltage (VOC), fill factor
(FF) and η. The NIP-A, NIP-B and NIP-C textured solar cells
have an average JSCs of 39.2 mA cm−2, 39.1 mA cm−2 and
38.9 mA cm−2, respectively. They all acquire exceptional
average JSCs owing to the great antireflection abilities of their

NIPs’ surfaces, and the variation of JSCs is inkeeping with the
Raves. The ARC-coated NIP-A and NIP-B textured wafers
have a similarly lower Raves than that of the NIP-C samples,
and thus their JSCs are higher. As shown in figure 4(d), the
VOCs of the NIPs’ textured solar cells are rather high and
retain nearly the same extent with the discrepancy restricted in
1 mV. This can be ascribed to the fact that the NIP-A, NIP-B
and NIP-C textured wafers have a similar and rather low

Figure 3. Top-view (a1, b1 and c1) and cross-sectional (a2, b2 and c2) SEM images of the as-textured samples under a different texturization
recipe in table 1 as NIP-A, NIP-B and NIP-C, respectively. The insets show the corresponding zoomed-in view of the NIPs. The statistical
diagrams of the opening size distributions for the as-textured samples are illustrated in a3, b3 and c3, respectively, with the mean and SD
manifested. (d) Reflectance spectra of the NIP-A, NIP-B and NIP-C as-textured wafer surfaces in the wavelength range of 400–1200 nm.
(e) Reflectance spectra of the different positions on a large-size NIP-B as-textured wafer surface (quasi 156×156 mm2). Numbers in the
inset schematically indicate the measuring positions.
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surface enhancement. Moreover, the double-sided stack
SiO2/SiNx layers contribute to the excellent surface passi-
vation effect. Our group [22] have previously confirmed that
optimally annealed stack SiO2/SiNx layers could bring about
an ultra-low surface recombination velocity of 18.3 cm s−1,

benefiting from the formation of more Si-O and Si-H bonds to
suppress the dangling bonds in the Si/SiO2 interface. In this
study, we have also carried out the same optimal annealing
process for the stack SiO2/SiNx layers to guarantee an
excellent surface passivation effect and optical response (see

Figure 4. (a) Experimental EQE (solid lines) of the NIP-A, NIP-B and NIP-C textured c-Si solar cells, together with the reflectance spectra
(dash lines) of the corresponding NIPs’ textured wafers coated with SiNx/SiO2 stack layers as the ARC. (b) Experimental IQE characteristics
of the different NIPs’ textured c-Si solar cells. The average performance parameters: (c) JSC, (d) VOC, (e) FF and (f) η of the NIP-A, NIP-B
and NIP-C textured c-Si solar cells, respectively. (g) J–V and P–V characteristics of the best NIP-B textured solar cell. (h) Digital
photograph of the best NIP-B textured solar cell showing the front dark-blue surface.

8

Nanotechnology 29 (2018) 015403 X Haiyuan et al

66



supplementary information, figure S2) with an optimal rear
stack layer thickness of ∼25 nm and ∼250 nm, respectively.

According to the measured JSCs and VOCs, we have
evaluated the total diode saturating current density J0 as the
following equation:

= -⎡⎣ ⎤⎦( ) ( )J J exp 1 . 5qV

kT0 SC
OC

In equation (5), T is the absolute temperature and kT/q
denotes the thermal voltage (25.7 mV at 25 °C). The J0 are
obtained as the values of 299.2 fA cm−2, 284.7 fA cm−2 and
296.8 fA cm−2 for the NIP-A, NIP-B and NIP-C textured
solar cells, respectively. The J0 of the present NIPs’ textured
solar cells are obviously at a similar level and are lower than
that (357.15 fA cm−2) of the c-Si nanowires/micro-pyramids
based solar cell with the same device framework [22], which
implies a reduced recombination loss of the n+ emitter
including the Auger and surface recombination for the smaller
surface area enhancement ratio of NIPs.

Figure 4(e) shows the FFs of the NIPs’ textured solar
cells, and it turns out that the NIP-A and NIP-B solar cells
possess generally higher average FFs. Resulting from the
optical gain and electrical amelioration, all the NIP textured
solar cells exhibit high average ηs as displayed in figure 4(f).
In particular, it should be mentioned that NIP-A and NIP-B
textured solar cells can offer superior ηs (20.3%) than that
(20.0%) of NIP-C textured solar cells owing to their prefer-
able JSCs and FFs. Figure 4(g) presents the J–V (red solid
line) and P–V (blue dot line) characteristics of the best NIP-B
textured solar cell. The highest η reached 20.5%, and the
maximum output power of 5.0W was realized on the quasi-
square wafers with a size of 244.3 cm2. We have also pro-
vided in figure 4(h) the digital photograph of the best NIP-B
textured solar cell to show that the whole front surface
exhibits the uniform color of dark blue, which is favorable for
the mass production of the photovoltaic industry. The above
results demonstrate that it is apparently feasible to incorporate
the NIPs’ surface texturization by our all-solution-processed
method (Ag-assisted etching and alkaline modifying process)
into the current solar cell production lines. Besides, con-
sidering that the current technical routines have not fully been
optimized for the fabrication of NIPs’ based solar cells, the
performance (particularly the η) can be further improved by
optimizing the procedures.

3.4. Quasi-omnidirectional characteristics of the NIPs’ textured
solar cells

When looking at our finished NIPs’ textured solar cells, it is
interesting to find that they always appear to be dark-blue
regardless of whether they are observed from the top view or
tilted view, which suggests that the NIPs’ textures have an
omnidirectional antireflection ability. We have investigated
the dependence of the reflectance of the NIPs’ textured sur-
faces on θ by FDTD simulation. Figure 5(a) shows the
simulated configurations for the NIPs’ textured surfaces
without and with the ARC (for simplicity, just the NIP-B

textured surface and the ARC of SiNx layer with thickness of
80 nm). The definition of θ is also provided by the red arrow
in figure 5(a), which represents the angle between the incident
light and the normal to the NIPs’ textured surface. As illu-
strated in figure 5(b), the simulated surface reflectance of the
as-textured and coated NIP-B samples at 800 nm manifests
nearly the same tendency with the changing θs. The reflec-
tance of the as-textured NIP-B sample (red line) ascends very
slowly with increasing θ in the range of 0°–50°. However, the
reflectance begins to increase rapidly when θ goes beyond
60°. The reflectance of the NIP-B sample with the ARC (blue
line) is largely reduced to be lower than 5% with θ between
0°–50°, and it is (coincidentally) the same as that of the as-
textured one in rising dramatically when θ is larger than 60°.
For our NIPs’ textured samples, the changing states of the
surface reflectance is very similar to the reported results of
other Si nanostructures [16–18], which have already proved
to possess omnidirectional characteristics and be capable of
generating more electricity while harvesting solar energy in
the non-normal incidence occasions of sunlight. Hence, the
advantage of our NIPs can be more prominent for antire-
flection in the occasions of non-normal incidence.

To further confirm the quasi-omnidirectional electric
energy production ability of the NIPs’ textured solar cells, we
have experimentally measured their EQEs at the wavelength
of 800 nm with the θ changing from 0° to 70°, as shown in
figure 5(c). It can be seen that the EQE of the NIP-B textured
solar cells declines slightly and maintains a high level of
>90% over the broad θs of 0°–60°. Nevertheless, the EQE
decreases sharply when θ is over 60° and it can be obviously
ascribed to the swift enhancement of the surface reflectance
with θ beyond 60° as observed in figure 5(b). To explore the
coupling effect of the incident light with our NIP-B textured
surface, we have also performed a numerical simulation to
map the electric field intensity distribution beneath a NIPs’
unit with an opening size of 750 nm under different θs. As
displayed in figure 5(d), it can be obviously found that the
electric field intensity remains strong until θ exceeds 60°. This
can be attributed to the fact that the incident light couples well
with the NIPs through light scattering and localized optical
resonances when θ ranges from 0°–60°, which provides the
benefit to significantly reduce the surface reflectance. How-
ever, the optical resonances diminish markedly when θ

increases to 70° and 80°, and this leads to a dramatic increase
of the surface reflectance. Therefore, the quasi-omnidirec-
tional antireflection ability and thus the similar EQE perfor-
mance fundamentally come from effective light coupling into
the NIPs’ textured solar cells over broad θs. It can be expected
that the quasi-omnidirectional EQE performance of the NIPs’
textured solar cells will generate high electric energy in a day
and in a year.

3.5. Simulated light trapping advantage of the NIPs for ultrathin
c-Si solar cells

One of the paramount applications of NIPs is to serve as an
excellent light trapping solution to obtain better performance
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in ultrathin c-Si solar cells [7, 23]. It is revealed in our
experiment that the bulk material loss on each wafer side is
about 2–5 μm in the texturing process to form the NIPs,
which is much less than the generally etched thickness of
5–10 μm in the alkaline solution for micro-pyramids texturing
[24]. Hence, it is important to utilize NIPs’ texture into
ultrathin c-Si solar cells with a device thickness of tens of
microns.

In order to understand the light trapping advantage of our
NIPs’ textured surfaces (simply taking the NIP-B as the
representative), we employed a FDTD simulation to obtain
and compare the light absorption of different samples. The
thickness of the modeled c-Si substrates is 5 μm. In the NIP-B
scenario, the opening sizes of the NIPs are arranged as the
values extracted randomly from the normal distribution curve
of the NIP-B textured surface as illustrated in figure 3(b3).
The positions of NIPs are disorderly located on the substrate
surface to resemble those of the experimentally fabricated
structures. Additionally, two counterparts with a planar sur-
face and periodic NIP arrays (noted as the NIP-750 nm
sample) were also simulated for comparison, respectively. In
the NIP-750 nm scenario, the opening size of the NIPs is set
as 750 nm that approaches the mean size of the NIP-B sam-
ple. Figure 6(a) shows the simulation configurations for the
planar, NIP-750 nm and NIP-B samples. All the simulated
c-Si substrates are sandwiched by a front SiNx layer (80 nm in
thickness) and rear SiNx layer (100 nm in thickness), together
with a 200 nm-thick rear outer-coated Ag reflector.
Figure 6(b) presents the simulated absorption spectra of all
the samples. It can be seen that the planar counterpart (grey
line) has high absorption only in the vicinity wavelength of
600 nm. In contrast, the simulated NIP-750 nm counterpart

(blue line) possesses high absorption generally over a broad
wavelength ranging from 400 to 1200 nm. For the NIP-B
sample (red line), its absorption curve manifests a similar
tendency over the wide spectrum range to that of the NIP-
750 nm counterpart. In particular, the absorption curve of the
NIP-B sample appears to be commensurate with that of the
NIP-750 nm counterpart in the short wavelength range, but
exceeds that in the long wavelength except for some oscil-
lation peaks of the NIP-750 nm counterpart. It is revealed that
the light trapping ability of the NIP-B textured surface rivals
or is even better than that of the NIP periodic arrays surface
with similar opening sizes. It is well-known that the most
popular techniques to form well-defined NIP arrays are
inevitably involved with complicated procedures to make the
etching patterns [7]. Excitingly, our NIP texturization method
is much easier and more cost-effective, but is also able to
provide superior light trapping properties.

Figure 6 further shows the electric field intensity dis-
tributions of the simulated planar counterpart (figures 6(c1)–
(c3)), NIP-750 nm counterpart (figures 6(d1)–(d3)) and the
NIP-B sample (figures 6(e1)–(e3)) under the incident light
wavelength of 457, 640 and 1091 nm, respectively. At a short
wavelength region (457 nm) it can be obviously found that
more light has entered into the NIP-B sample in figure 6(e1).
The interference from the SiNx layer of the planar config-
uration resulted in reflecting much incident light back into the
air, but the NIPs could induce the localized Mie resonance
channel for incident light. The electric field intensity dis-
tribution of the NIP-B sample in figure 6(e2) and planar
counterpart in figure 6(c2) seems to be conspicuously dif-
ferent at the middle wavelength region (640 nm), although
they both possess high absorption. It shows that the

Figure 5. (a) Simulated sample configurations for the NIP-B textured surface without and with the 80 nm-thick SiNx layer as the ARC.
(b) Simulated reflectance of NIP-B textured surface versus θ with and without the ARC. (c) Experimental EQE values of NIP-B textured solar
cells at an incident light wavelength of 800 nm with varying θs of 0°–70°. (d) Electric field intensity mapping within the c-Si substrate
beneath the single NIP unit with an opening size of 750 nm for the different θs.
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interference and Fabry–Perot resonance emerge in the planar
configuration, while the localized Mie resonance and Fabry–
Perot resonance as well as the guided resonance are excited in
the NIP-B sample [24, 25]. At the long wavelength region
(1091 nm), figure 6(c3) indicates that the Fabry–Perot reso-
nance is retained but the destructive interference is reduced.
In contrast, the NIP-B textured surface still leads to a strong
electric field distribution by exciting multiple optical reso-
nances, as shown in figure 6(e3), and thus achieves higher
absorption characteristics. When compared with the electric
field intensity distribution of the NIP-750 nm counterpart in
figures 6(d1)–(d3), our NIP-B sample tends to excite distorted
multiple resonances with spatially enlarged distributions. It is
attributed to the fact that the NIPs with normally distributed
opening sizes and random positions can offer stronger effects
of forward light scattering and resonances, which have
already been revealed for some nanostructures with dis-
ordered morphologies [24, 26–28]. In addition, it can also be
noted that the NIP-750 nm counterpart has an impressible
dependence on the wavelength and its light absorption fluc-
tuates due to the periodic NIP arrays, especially in the long
wavelength range. For our NIP-B sample, the light absorption

is promoted evenly over the wide spectrum, and thus its
resonant electric field intensity is more prominent (except for
the wavelength inducing the high oscillation peaks of the
absorption curve for the NIP-750 nm counterpart). Therefore,
our NIPs are believed to offer an exceptional light trapping
advantage over the broad wavelength range.

4. Conclusions

In conclusion, we have successfully fabricated NIPs as the
surface texture for large-size (156×156 mm2) c-Si solar
cells. The mean opening sizes of NIPs are easily modulated
by adjusting the etching time in the Ag-catalyzed chemical
etching and alkaline modification processes, which is an all-
solution-processed method that is convenient and cost effec-
tive. Benefiting from superior antireflection properties and a
good passivation effect provided by the SiNx/SiO2 stack
layers coated NIPs, highly efficient c-Si solar cells with an
average η of 20.3% are successfully obtained. In particular,
the best NIPs’ textured solar cells demonstrate a high JSC of
39.3 mA cm−2 and the highest η of 20.5%, as well as a

Figure 6. (a) Simulated sample configurations for the planar, NIP-750nm and NIP-B textured surfaces, respectively. (b) Simulated absorption
spectra of the planar counterpart, NIP-750 nm counterpart and NIP-B sample. The electric field intensity distributions of the planar
counterpart (c1, c2 and c3), NIP-750 nm counterpart (d1, d2 and d3) and NIP-B sample (e1, e2 and e3) are displayed corresponding to the
incident light wavelength of 457, 640 and 1091 nm, respectively.
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maximum output power of 5.0W on quasi-square wafers with
a size of 244.3 cm2. Furthermore, the EQE values of the
optimal NIPs’ textured solar cells maintain a high level of
>90% (at the wavelength of 800 nm) over broad θs of 0°–60°,
owing to the exceptional quasi-omnidirectional antireflection
characteristics of the NIPs. Therefore, NIPs’ textured c-Si
solar cells are a type of quasi-omnidirectional solar cells,
which are believed to be capable of boosting electricity pro-
duction in a day and in a year. Last, but not least, by the
FDTD simulation, our NIPs are demonstrated to offer an
exceptional light trapping advantage for ultrathin c-Si solar
cells as their light absorption are commensurate with, and
even rival, similar periodic NIP counterparts.
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ABSTRACT: Perovskite solar cells (PSCs) based on a NiOx hole transport
layer (HTL) with an inverted p−i−n configuration have yielded highly
efficient and relatively stable devices. Here, we develop a simple electro-
chemical deposition method for quickly and evenly preparing a mesoporous
NiOx film. It is demonstrated that the increasing thickness and decreasing
surface roughness of the NiOx film are beneficial for light transmission. The
optimal condition for preparing NiOx films is achieved by adjusting the
deposition time at a certain applied current density, which exhibits excellent
optical transmittance and suitable thickness and band gap, thus reducing
optical loss and enhancing hole extraction at the interface between HTL and
the perovskite layer and therefore improving photovoltaic performances. The
finite-difference time-domain simulation confirms the optimal thickness of the
NiOx layer and coincides with our experiment results. An optimal power
conversion efficiency (PCE) of 17.77% with an active area of 0.25 cm2 is achieved. The prepared device shows negligible
hysteresis, high reproducibility, and high uniformity with a PCE difference of 2% for measuring the different sites from edge to
center. This simple fabrication process paves a novel way to the evolution of PSCs based on NiOx and rapid commercialization.

■ INTRODUCTION

The organometal halide perovskite solar cells (PSCs) have
attracted much attention due to their optimal band gap (≈1.5
eV),1 large charge carrier mobility (33 and 115 cm2 V−1 s−1 for
microcrystalline thin films and single crystal, respectively),2−4

long electron−hole diffusion length (>1 μm for microcrystalline
films and >175 μm for single crystal),5,6 long carrier lifetimes
(>250 ns),7 and low exciton-binding energy (≈2 meV).8

Besides, the simple fabrication process and low cost make it
suitable for commercial applications competing with silicon-
based solar cells.9,10 Although its initial power conversion
efficiency (PCE) was very low (4%) in 2009,11 the rapid increase
astonished researchers after only a decade’s development, with
the highest PCE incredibly reaching 23.3% in 2018.12 The
inverted planar heterojunction PSCs with a p−i−n config-
uration have been demonstrated to show excellent perform-
ances, such as simple fabrication process, low hysteresis, and
high stability.13−16

Recently, inorganic metal oxides performing p-type semi-
conductor property, such as Cu2O,

17 CoOx,
18 NiOx,

19 and
MoO3,

20 have been studied as a hole transport layer (HTL) to
rep l a c e po l y(3 ,4 - e thy l ened ioxy th iophene) :po l y -
(styrenesulfonate) and its modifications because these organic
materials are always expensive and show high instability to air,
moisture, and temperature.21,22 Among them, nickel oxide
(NiOx) exhibits great potential due to its wide band gap for light
penetration, appropriate valence band edge exactly aligning with
that of perovskite to allow for efficient hole transport, and high

carrier mobility for rapid extraction and transport of carriers,21,23

thus leading to high open circuit voltage (VOC). Besides, NiOx is
a low-cost material with superior thermal and chemical stabilities
due to its inorganic nature, which brings about a longer device
lifetime.24−26 To date, research on PSCs using NiOx as HTL
have made great progress, and NiOx can be prepared by various
methods (Table S1). Spin-coating is the most commonly used
method because of the simple operation approach.27 For
example, Yang et al.23 fabricated NiOx-based PSCs and achieved
uncertified maximum PCE value of 16.1% by synthesizing NiOx

precursor solution and then spin-coating and postannealing.
However, the solution-derived spin-coating method is time
consuming,28,29 relatively complicated for preparing the NiOx

precursor, and needs very high temperature (>400 °C) for
annealing after spin-coating.30 Furthermore, the spin-coating
process results in great waste of precursor solution, and it is not
easy to uniformly cover the transparent conductive substrate
unless the NiOx layer is thick enough.31 In this case, the high
resistance between the perovskite layer and the transparent
electrode could block the transportation of carriers, negatively
affecting the performance of PSCs.32 Other methods, such as
magnetron sputtering,33 pulse laser deposition,34 and atomic-
layer deposition (ALD),35 are wasteful of raw materials, time
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consuming, costly to process, and not suitable for large-scale
fabrication.
Electrochemical deposition (ECD) is always used to fabricate

the covering layer for macroscopic components and micro
devices. Compared with the spin-coating method, the thickness
of the NiOx film prepared by the ECD method can be easily
controlled by regulating the deposition time and applied current
density. Besides, a uniform film with a large area can be obtained,
thus significantly reducing the possibility of direct contact
between the perovskite layer and the transparent conductive
layer. In addition, this method is environment-friendly and
suitable for mass production. This treatment does not lead to the
production of waste and significantly reduces fabrication costs.
Kim et al.36 showed that using the ECD method for preparing
NiOx films resulted in much improved uniformity for devices
and realized PCE value of 17.0% for large area (∼1.084 cm2) and
19.2% for small area (∼0.1 cm2) after introducing an extremely
thin polyethylenimine ethoxylated layer. However, several
fundamental questions remain unanswered. For example, it is
not clear whether the optical transmittance will be influenced by
morphology of the NiOx film after long-time deposition, which

will limit the light absorption for the perovskite layer. Moreover,
there has been no investigation on the effect of thickness and
surface roughness of the electrochemically deposited NiOx film
on the role of grain size, grain boundary, and the interface quality
of perovskite thin films grown on top of NiOx HTL, which are
critical for both performance and stability.37

In this paper, we focus on the morphology effect of the
mesoporous NiOx film on the performances of PSCs with a
structure of fluorine-doped tin oxide (FTO)/NiOx/MAPbI3/
phenyl-C61-butyric acid methyl ester (PCBM)/bathocuproine
(BCP)/Ag, in which the NiOx film is prepared by using the ECD
method, and its thickness was accurately controlled by adjusting
deposition time at constant current density. We report that the
optical transmittance of the NiOx film abnormally increases in
the visible range with increasing time during the ECD process. A
detailed research on the effect of the thickness and surface
roughness of the NiOx film on photovoltaic performance of
fabricated PSCs is conducted. By optimizing the ECD process
and the interfaces between each layer, a promising PCE of
17.77% at an active area of 0.25 cm2 without obvious hysteresis is
achieved, which is comparable to the best-in-class PSCs using

Figure 1. Schematic illustration for preparing the NiOx film on FTO/glass substrate.

Figure 2.Top-view SEM images of FTO/NiOx layers obtained by electrochemical deposition at 0.1 mA cm−2 with (a) 60 s, (b) 90 s, (c) 120 s, and (d)
150 s. The insets are the corresponding cross-sectional images.
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NiOx HTL prepared by spin-coating,38 ALD,35 or sputtering.39

The fabricated PSCs exhibit high uniformity with a small
difference of 2% when measuring three different positions of a
typical device. Further simulation based on finite-difference
time-domain (FDTD) analysis gives reasonable results and
verifies that the thickness of the NiOx film has effect on PSC
performances, which conforms to our experimental conclusion.
This work provides a new angle of view and a meaningful
reference to fabricate high-efficiency inverted PSCs based on
electrochemically deposited NiOx films.

■ RESULTS AND DISCUSSION

The p-type NiOx layer was deposited on the cleaned FTO/glass
substrate via applying constant current density of 0.1 mA cm−2

and subsequent annealing at 300 °C for 2 h, as illustrated in
Figure 1. In step 1, the Ni(OH)2 film was first deposited on the
FTO substrate; the electrochemical reactions on the FTO
surface could be expressed by eqs 1 and 2. In step 2, the device
was transferred into a muffle furnace for thermal annealing, and
this process could be explained by eq 3, and finally the
mesoporous NiOx film was obtained. The real sample pictures
and the corresponding scanning electron microscopy (SEM)
images can also be seen from Figure 1, which indicates the
formation of the NiOx film from an initially semitransparent

surface to a finally transparent surface through the thermal
annealing process.

NO 6H O 8e NH 9OH3 2 3+ + = +− −
(1)

Ni 2OH Ni(OH)2
2+ =+ −

(2)

Ni(OH) NiO H O2 2≜ + (3)

The morphology of the prepared NiOx film was examined by
SEM and atomic force microscopy (AFM). As can be seen from
the top-view SEM images of Figure 2, the FTO nanograins are
totally covered by the mesoporous NiOx film, and they become
much denser with increasing deposition time. As shown in the
insets of Figure 2a−d, the measured average thicknesses of the
NiOx film according to the cross-sectional SEM images are 18,
54, 71, and 87 nm for different deposition times of 60, 90, 120,
and 150 s, respectively. Note that the morphology of the NiOx
film is affected by the FTO underneath due to its rough pristine
surface, and the deposited NiOx film seems smoother through
longer deposition time according to the cross-sectional SEM
images. The NiOx film prepared through the ECD method
exhibits very high uniformity; the SEM images are shown in
Figure S2. The mesoporous morphology of the NiOx film is
beneficial for filling of perovskite into the nanoporous pore and
conformal surface coverage during its deposition process,40 thus

Figure 3. AFM 3D images of (a) pristine FTO substrate and NiOx films electrochemically deposited on the FTO substrate by applying constant
current density at 0.1 mA cm−2 for (b) 60 s, (c) 90 s, (d) 120 s, and (e) 150 s. The RMS roughnesses are 14.3, 13.8, 12.9, 10.9, and 9.7 nm, respectively.
(f) Dependence of the NiOx thin film’s thickness and roughness on deposition time.
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preventing direct contact between the electron transport layer
(PCBM) and HTL (NiOx). Besides, the thin overlayer capping
of perovskite on the mesoporous NiOx film is advantageous for
acquiring higher VOC.
Figure 3a−e illustrates three-dimensional (3D) AFM images

of the pristine FTO/glass substrate and NiOx films. Note that
the surface of pristine FTO is quite rugged with a root-mean-
square (RMS) roughness of 14.3 nm (Figure 3a). Interestingly,
as shown in Figure 3b−e, the RMS roughness decreases after
electrochemically depositing the NiOx film on the FTO/glass
substrate; more remarkable, it decreases almost linearly with
deposition time. This phenomenon is consistent with the result
mentioned above in Figure 2. Figure 3f summarizes the
dependence of NiOx thin film’s thickness and roughness on
deposition time according to Figures 2a−d and 3b−e. The
thickness of the deposited NiOx film almost linearly increases
with deposition time, whereas the surface roughness unusually
decreases. This could be ascribed to the filling effect, where the
pits on the surface of pristine FTO are gradually filled by the
deposited thin NiOx film.
The optical properties of the deposited NiOx films with

different deposition times were determined with UV−vis
absorption spectra, as shown in Figure 4a. As a reference, the
optical transmittance of the bare FTO/glass substrate was also
measured. Both bare FTO and NiOx films show high
transmittance (>80%) over the entire visible wavelength
range. Further, the transmittance of the FTO/glass substrate
with the deposited NiOx film (labeled as FTO/NiOx) is larger
than that of the bare FTO/glass substrate (labeled as FTO), and
the transmittance dramatically increases with increasing
deposition time. This result seems totally different from the
previous reports showing negligible effect on the optical
properties of the NiOx layer spin-coated on the transparent
conductive substrate.30,35,41 This can be explained by the fact

that the NiOx films reported in previous studies were relatively
compact because of the preparation method such as ALD,
magnetic sputtering, spin-coating, and so on; therefore, the light
was hindered when passing through the thicker NiOx film. In our
experiment, the thin NiOx film prepared by the ECD method is
mesoporous, and the incident light cannot be effectively
reflected; meanwhile, the thicker mesoporous NiOx film with
increasing deposition time reduces surface roughness as
mentioned above, thus decreasing the possibility of incident
light being trapped in the pits of the substrate. As a result, the
transmittance gradually enhances with the increasing thickness
of NiOxHTL. This is highly desirable for photovoltaic devices as
it generally leads to enhanced light-harvesting capability of the
perovskite layer.
Figure 4b shows XRD patterns of the pristine FTO/glass

substrate and electrochemically deposited NiOx film (50 nm in
thickness) on the substrate. As displayed, the XRD pattern of the
NiOx film exhibits weak peaks compared with the pristine FTO,
whereas the small diffraction peaks at 37.2 and 43.3°match very
well with that of the cubic Fm3m crystal structure of NiOx
(PDF# 47-1049), which can be assigned to the (111) and (200)
planes. Figure 4c displays XPS spectra of the Ni 2p3/2 core level,
and they are consistent with the previous reports.35,38 Three
distinct peaks can be separated from the XPS spectrum: the peak
at 853.8 eV is ascribed to Ni2+, indicating the existence of NiO in
the prepared film; the peak at 855.5 eV should be ascribed to
Ni3+, indicating the existence of Ni2O3; and the broad peak at
860.9 eV is ascribed to the shakeup process of the NiO structure
according to the literature.23,42 Therefore, the prepared film in
this paper is noted as NiOx rather than barely NiO or Ni2O3.
Furthermore, we have derived the optical band gap of the
samples from the Tauc plots in Figure 4d, in which (αhν)2 is
plotted as a function of hν from the absorption spectra, with α, h,
and ν representing the absorption coefficient, Planck constant,

Figure 4. (a) Transmission spectra and (b) X-ray diffraction (XRD) patterns of pristine FTO/glass substrate and electrochemically deposited NiOx
films as hole transport layers. (c) X-ray photoelectron spectroscopy (XPS) spectra of the Ni 2p3/2 core level of the prepared NiOx film on the FTO/
glass substrate. (d) Tauc plot for the NiOx film electrochemically deposited on FTO/glass substrate, showing that the band gap of NiOx is 3.66 eV.
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and light frequency, respectively.43 The calculated optical band
gap of the NiOx film is 3.66 eV, which corresponds closely to the
value reported in previous literature.32,35,44

Figure 5a−e exhibits the top view of SEM images of the
prepared CH3NH3PbI3 (MAPbI3) films deposited on NiOx
mesoporous films fabricated by the ECD method with different

Figure 5.Top-view SEM images of the perovskite film deposited on the NiOxHTL prepared by the ECDmethod with deposition times of (a) 0 s, (b)
60 s, (c) 90 s, (d) 120 s, and (e) 150 s. (f) Statistic diagram of perovskite grain size based on theNiOx filmwith different deposition times. (g) Structural
diagram, (h) cross-sectional view SEM image, and (i) the corresponding energy band diagram of a typical device based on NiOx HTL.

Figure 6. (a) J−V curves of PSCs based onNiOxHTLwith different deposition times. (b) IPCE spectra of the champion device and the control device
without NiOxHTL. (c) Photovoltaic parameters of the perovskite devices based on hole contacts with different times for electrochemically depositing
NiOx HTL.

ACS Omega Article

DOI: 10.1021/acsomega.8b02612
ACS Omega 2018, 3, 18434−18443

18438

75

http://dx.doi.org/10.1021/acsomega.8b02612


deposition times from 0 to 150 s, indicating that the compact
perovskite completely covers the mesoporous NiOx film
underneath without visible pinholes. The deposition time of 0
s means that the perovskite layer was directly coated on the
FTO/glass substrate without NiOx HTL. Even though the
difference of average grain size is not significant for different
deposition times from the statistic distribution diagram of
perovskite grain size, illustrated in Figure 5f, it is evident that the
largest average grain size of about 320 nm is obtained at the
deposition time of 90 s for the prepared NiOx film. The
improved crystallization of the perovskite layer based onNiOx at
optimal deposition condition helps reduce carrier recombina-
tion and improve the photocurrent of PSCs.45 The schematic
diagram of the device structure is shown in Figure 5g, which is in
accordance with the cross-sectional SEM image of a completed
solar cell shown in Figure 5h. It is clear that the light-harvester
layer is composed of compact perovskite grains with a uniform
stacking structure, and the perovskite layer closely contacts the
hole and electron transport layers. The energy band diagram for
the device structure of the prepared inverted planar PSCs based
on NiOx films is described in Figure 5i. Here PCBM and BCP
work as the electron transport layer and the hole isolation layer,
respectively.
The photovoltaic performance of the prepared PSCs based on

NiOxHTLwith different deposition times is illustrated in Figure
6a and listed in Table 1. The J−V curves were characterized

under AM 1.5G simulated sunlight (100 mW cm−2), and the
scan rate was set to 100 mV s−1. It is clearly seen that the control
device without the electrochemically depositing NiOx layer
exhibits a PCE of only 3.64%, with a VOC of 0.705 V, a short-
circuit current density (JSC) of 14.31 mA cm−2, and a fill factor
(FF) of 36.07%. However, employing NiOx HTL can
significantly improve the performance of the PSC device,
resulting in an optimal PCE of 16.18, 17.77, 16.34, and 14.68%
for the NiOx layer with different deposition times of 60, 90, 120,
and 150 s, respectively. To examine the photocurrent difference
of the fabricated solar cell based on NiOx HTL and bare FTO,
the incident photon-to-current efficiency (IPCE) spectra were
measured, as shown in Figure 6b. The IPCE in the whole visible
region is significantly enhanced after applying NiOx HTL. The
integrated current densities calculated from IPCE spectra are
well consistent with the measured JSC illustrated in Figure 6a.
For better understanding the electrical performance affected by
NiOx HTL, the distributions of PCE, FF, JSC, and VOC are
summarized in Figure 6c. The statistical results are obtained
from 40 devices and show relatively small error bars, indicating
high uniformity of the fabricated PSCs. The average VOC of the
prepared PSCs slightly increases from ∼1.00 to ∼1.01 V and
then remains stable with the increasing deposition time of NiOx
HTL. As shown in Figure 2f, the surface roughness of the
deposited NiOx film decreases with increasing deposition time,
which leads to higher shunt resistance (Rsh) and stronger ability
of blocking electron transport, and eventually increases VOC.

23

Rsh of the PSCs calculated from the J−V curves actually increases
from 7.5 to 13.4 kΩ cm2 with the deposition time increasing
from 60 to 150 s. However, the increased thickness of NiOx
HTL will lead to the increase of series resistance Rs, which can
largely hamper JSC and FF, for example, on increasing the
deposition time from 90 to 150 s, JSC and FF reduce from 21.55
mA cm−2 and 81.34% to 20.24 mA cm−2 and 71.59%,
respectively. This is probably due to the increased recombina-

Table 1. Photovoltaic Parameters of the PSCs Based on NiOx
HTL at Various Deposition Times

deposition time (s) VOC (V) JSC (mA cm−2) FF (%) PCE (%)

0 0.705 14.31 36.07 3.64
60 1.001 20.53 78.77 16.18
90 1.014 21.55 81.34 17.77
120 1.005 20.42 79.63 16.34
150 1.013 20.24 71.59 14.68

Figure 7. (a) Dual-direction scan of the optimal PSC device. (b) J−V responses at different positions of a typical PSC device. (c) PCE distribution
histogram of NiOx-based PSCs. (d) Photovoltaic parameters’ stability of the prepared device.
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tion of dissociated carriers and a higher resultant series
resistance because of holes traveling a longer distance to reach
the FTO electrode.32

The optimal PSC was prepared by electrodepositing NiOx
HTL for 90 s, and its electrical performance is shown in Figure
7a. The measurement was implemented at room temperature
and humidity of 60% with scan rate of 100 mV s−1. It
demonstrates a high conversion efficiency of 17.47% in forward
scan with a JSC of 21.36 mA cm−2, a VOC of 1.011 V, and an FF of
80.93%; and a PCE of 17.77% in reversed scan with a JSC of 21.55
mA cm−2, a VOC of 1.014 V, and an FF of 81.34%. The PCE
difference between the forward and reverse scans is much
smaller than 0.1% in absolute PCE values, exhibiting negligible
hysteresis. Although several possible mechanisms have been
proposed to explain the phenomenon of hysteresis, including
ferroelectric effect,46 ionic displacement,47 charge accumulation
at interfaces,48 defects in the perovskite,49 and so on, the physical
origin of hysteresis has not been clearly pointed out. In our case,
the efficient hole extraction ability of NiOxHTL and high quality
of the perovskite film should be the two most important reasons
for the negligible hysteresis behaviors of our devices due to
suitable thickness of NiOx and good interface contact, which are
probably ascribed to better control capacity of the ECDmethod
and the mesoporous morphology of NiOx.

50 Some studies
reported that the electrical property of the PSCs could be
affected by changing the scan rate during the measurement
process,51 whereas in this paper, as shown in Figure S2, the J−V
curves almost overlap in the whole range of scan voltage with
different scan rates at 50, 100, 200, and 300 mV s−1. Output
uniformity of the photovoltaic performance is essential for
achieving a highly efficient large-area device. Figure 7b shows
the J−V curves tested at different positions corresponding to the
three electrodes in the lower inset. The curves almost overlap
each other with a negligible discrepancy, and the detailed
parameters are listed in the upper inset. The three positions
exhibit very even PCE performances (17.54% for A, 17.77% for
B, and 17.41% for C) with a small difference of 2%,
demonstrating excellent uniformity of the prepared PSCs.
Figure 7c illustrates the PCE distribution based on NiOx HTL
electrochemically deposited for 90 s with applying constant
current density of 0.1 mA cm−2. The majority of PCE values are
located in the range of ∼16.7%, which is consistent with the
above result shown in Figure 6c and Table 1.
Stability of PSCs has become a pivotal issue for commercial

application. In this regard, we further examined the long-term
stability of our NiOx-based PSCs. The unencapsulated PSC
devices were measured at room temperature with humidity of
60% and stored in a glovebox filled with nitrogen after each
measurement and characterization. The degradation trends of

normalized photovoltaic parameters (VOC, JSC, FF, and PCE) are
shown in Figure 7d. The fabricated devices demonstrate good
stability over a period of 40 days and maintain 80.5% of their
initial efficiency. It is noteworthy that two other parameters, JSC
and VOC, do not decline too much; the maximum degradation of
PCE comes from the reduction of FF due to interfacial
degradation.23,44 We also notice that the measuring pins of the
test fixture stab on the perovskite absorber through pierced silver
electrodes after multiple repeated measurements, which also
finally causes degradation in FF and PCE.
To further validate the impact of prepared NiOx thickness on

the performance of the inverted p−i−n configuration perovskite
solar cells theoretically, we used the computer simulation
package of Lumerical’s optical simulation software of finite-
difference time-domain (FDTD) solutions 2017a and electrical
simulation solver of DEVICE 2015a to simulate detailed
photovoltaic parameters (VOC, JSC, FF, and PCE). The
simulation was based on four basic types of recombination:
radiative, Auger, Shockley−Read−Hall, and surface recombina-
tion. A two-dimensional (2D) modular numerical simulation
was carried out by two steps due to the device structure and
software configuration features. The first step was to obtain the
electron−hole pair generation rate inside the considered device
based on 2D Maxwell’s equations. The standard AM 1.5G
spectrum was introduced as the incident light source, and the
refractive index (n, k) of each layer of the PSC structure was
referenced from previous literature.52−56

Furthermore, the photogenerated carrier rate extracted from
the optical calculation was employed for the exact electrical
characteristic calculations based on drift-diffusion models, in
which five layers of BCP, n-type PCBM, MAPbI3, p-type NiOx,
and FTO were considered. The basic parameters of materials,
such as thickness, shunt, and series resistance, come from
experimental data, and other electrical parameters, for instance,
band gap, carrier mobility, carrier lifetime, and so on, are
referenced from the literature,54,55,57 which are all listed in Table
S2. Here, Eg is band-gap energy; εr is relative permittivity; χ is
electron affinity; NA and ND denote acceptor and donor
densities, respectively; NC and NV are effective state density of
conduction and valence bands, respectively; and μn and μp are
mobilities of electron and hole, respectively. τn and τp are the
lifetimes of electron and hole for trap-assisted recombination,
respectively.
The simulated J−V curves shown in Figure 8a indicate that

the performance of NiOx-based PSCs is highly affected by the
thickness of NiOxHTL. The optimal thickness of the NiOx layer
is around 60 nm, as shown in Figure 8b; this matched well with
our experimental result. The photovoltaic parameters, especially
VOC and PCE from the simulation results, are much higher than

Figure 8. Simulation results. (a) Simulated J−V curves and (b) photovoltaic parameters of PSCs based on NiOx HTL with different thicknesses. (c)
Internal light intensity of the PSC device. E represents electric field intensity.
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those in our experiment. This is mainly because the simulation
process is executed only in terms of the electrical parameters
listed in Table S2, but ignoring the interface defects, material
impurity, humidity, temperature, and so on. The light intensity
in the interior of the prepared PSC device with a 60 nm-thick
NiOx layer is shown in Figure 8c, demonstrating that incident
light is efficiently coupled into the perovskite layer by optical
resonance and light scattering provided by the mesoporous
NiOx film. The simulation results indicate that there is much
more room for improvement of NiOx-based PSC performance.
We believe that the PCE of NiOx-based PSC can be very
probably enhanced over 20% by further optimizing the
preparation process of the NiOx layer and reducing the contact
resistance and defects at interfaces between each layer.

■ CONCLUSIONS

In summary, mesoporous NiOx films with different thicknesses
and surface roughness have been successfully deposited on
FTO/glass substrates by the ECD process. The as-prepared
NiOx films exhibit high optical transmittance in the visible range
with a band gap of 3.66 eV and show higher transmittance with
the increasing deposition time at constant current density. The
thickness and surface roughness of the NiOx layer deposited
with different duration times are found to affect the JSC and FF
without significantly attenuating the VOC. As a result, an
optimized efficient inverted planar heterojunction PSC with a
structure of FTO/NiOx/CH3NH3PbI3/PCBM/BCP/Ag is
fabricated, exhibiting an optimal PCE of 17.77% with an active
area of 0.25 cm2. The devices show high uniformity and stability
without obvious hysteresis. The simulation results coincide with
experimental results and prove that incident light is efficiently
coupled into the light-harvester layer through the mesoporous
NiOx layer. This study opens a new way for preparing high-
quality NiOx HTL, and further investigation is necessary to
improve JSC and VOC for high-performance PSCs.

■ EXPERIMENTAL SECTION

Materials. The patterned fluorine-doped tin oxide (FTO)-
coated glass substrate was purchased from Shanghai MaterWin
NewMaterials Co., Ltd, China. Nickel foil (300 μm in thickness,
99.99%) was purchased from Shengshida metal materials Co.,
Ltd, China. Nickel nitrate (Ni(NO3)2·6H2O, 99%) was acquired
from InnoChem, China. Methylammonium iodide (CH3NH3I,
99.5%), bathocuproine (BCP), and phenyl-C61-butyric acid
methyl ester (PCBM, 99.5%) were acquired from Xi’an Polymer
Light Technology Corp. Lead iodide (PbI2, 99.9%), dimethyl
sulfoxide (DMSO, 99.8%), and chlorobenzene (99.5%) were
acquired from Sigma-Aldrich, and γ-butyrolactone (GBL,
99.8%) was supplied from Aladdin.
Preparation of the NiOx Film. NiOx film was prepared by

the electrochemical deposition method and then a thermal
annealing process. In brief, Ni(NO3)2·6H2O (2 mMol) was
dissolved in 100 mL of deionized water with magnetic stirring
until a light-green solution was obtained. The cleaned FTO/
glass substrate was connected to the cathode of the electro-
chemical workstation, whereas the nickel foil with the same
shape was connected to the anode. A thin layer of Ni(OH)2 was
first obtained by applying a stable current density (0.1 mA cm−2)
between the working electrode (FTO/glass) and the counter
electrode (nickel foil). The thickness of Ni(OH)2 was precisely
controlled by adjusting the electrodeposition time. The NiOx
film was finally obtained by annealing the prepared sample in a

muffle furnace (Thermolyne, Thermo Scientific) at 300 °C for 2
h.

Fabrication of PSCs. The patterned FTO/glass substrate
was cleaned with detergent mixed in deionized water,
isopropanol, and ethanol sequentially by sonication for 15
min. The cleaned FTO/glass substrate was dried by blowing
nitrogen and treated by ultraviolet-ozone for 20 min. An
approximate 50 nm-thick NiOx film was deposited on the FTO/
glass substrate by the previously described method. Thereafter,
the substrate was transferred into a glovebox filled with nitrogen
for coating the perovskite layer by a one-step method. The
perovskite precursor solution was prepared by dissolving 1
mMol PbI2 and 1mMol CH3NH3I in DMSO (0.3mL) andGBL
(0.7 mL). The spin-coating process for the perovskite precursor
solution was set to run at 500 rpm for 12 s and then 4000 rpm for
30 s. After spinning for 20 s of the second spinning process, 100
μL of anhydrous chlorobenzene was rapidly dropped on top of
the substrate. The substrates were heated in a muffle furnace at
100 °C for 10 min. Subsequently, PCBM solution (dissolved in
chlorobenzene of 20 mg mL−1) and BCP solution (0.5 mg mL−1

in isopropanol) were spun onto the perovskite layer at 2000 rpm
for 30 s and 4000 rpm for 30 s, respectively. Each prepared
solution was filtered through poly(tetrafluoroethylene) filters
(0.45 μm) before the spin-coating process. Finally, a 120 nm-
thick silver layer was deposited using thermal evaporation
(PECVD350, Shenyang Xinlantian vacuum technology Co.,
Ltd, China) and a shadow mask. The active area of the prepared
solar cell device is 0.25 cm2.

Film and PSC Characterization. Scanning electron
microscopy (SEM, Carl Zeiss, Germany) and atomic force
microscopy (AFM, Nanoscope IIIa Multimode) were employed
to characterize the morphology of the deposited NiOx film and
prepared perovskite solar cells. Further, the structure of NiOx
HTL was confirmed via X-ray diffraction (XRD, D8
ADVANCE, Germany). X-ray photoelectron spectroscopy
(XPS, AXIS UltraDLD, Japan) was used to analyze the
elemental composition of the NiOx film. Optical transmission
spectra of the samples were collected by a UV−vis−NIR
spectrophotometer (LAMBDA750, PerkinElmer). Photocur-
rent density−voltage (J−V) curves were measured by using
Keithley 2400 SourceMeter under a standard 1 sun AM 1.5G
solar simulator (Newport, 2612A), which was calibrated by a
silicon reference cell under a light intensity of 100 mW cm−2. J−
V curves were measured by means of reverse (from 1.2 to −0.2
V) or forward (from −0.2 to 1.2 V) scanning at room
temperature with scan rate of 100 mV s−1 and relative humidity
of 60%. The incident photon to current efficiency (IPCE) of the
fabricated PSCs was characterized using a quantum efficiency
measurement system (QEX10, PV measurements).
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A B S T R A C T

In this work, CuS nanotubes composed of nanoparticles with relative high catalytic activity have been suc-
cessfully synthesized via a facile conversion process from ZnS nanotubes precursors. The successful chemical
conversion from ZnS nanotubes to CuS ones could be attributed to a cation exchange process which benefits by
the large difference in solubility between ZnS and CuS. A possible formation mechanism and growth process of
the CuS nanotubes is discussed based on the experimental results. The as-prepared CuS nanotubes were then
used as counter electrodes (CEs) and demonstrated good performance in dye-sensitized solar cells (DSSCs). The
good performance is attributed to the increased surface area and the good electrocatalytical activity of CuS. This
approach can provide a potent technique to obtain inorganic materials with unique structures and chemical
compositions.

1. Introduction

Copper sulfides are a series of compounds with variable stoichio-
metries of CuxS (x= 1–2), and the five stable copper sulfide phases at
room temperature are Cu-rich chalcocite (Cu2S), Cu1.96S (djurleite),
Cu1.8S (digenite), Cu1.75S (anilite) and S-rich covellite (CuS) [1]. These
copper sulfide materials may find applications in manufacture of high
capacity cathode for lithium batteries [2], solar cell devices, solar
controllers [3–7], nanometer-scale switches [8] and room temperature
ammonia sensors [9]. Among the CuxS compounds, copper(II) sulfide
(CuS) exhibits its commercial importance as pigment, catalyzer, colored
indicator of nigrosine and so on [10]. To date, researchers have at-
tempted in making a variety of nanostructures of CuS such as nano-
particles [11], nanocrystals [12], nanopeas [13], nanorods [14], na-
notubes [15], nanocones and nanobelts [16], nanoflakes and
nanoplatelets [17] via many synthesis routes, including the template-
assisted approach, chemical bath deposited method, microwave
method, electrosynthesis, thermolysis and so on [11–20]. Most of these
synthetic methods mentioned above involve template, surfactant, or
complex equipment and are uncontrollable of chemical composition

and crystal structure. Recently, the developments in chemical conver-
sion and cation exchange offer a promising approach to convert the
chemical compositions of nanostructures without destroying the ori-
ginal morphology. Lubeck and Han [21] and Yu and co-workers [22]
have successfully synthesized mesostructured CuS and CuS hollow
spheres utilizing ion-exchange methods transformed from CdS and ZnS,
respectively.

Among various nanostructures, nanotubes and nanoparticles are
good candidates for studying the phenomena such as electrical re-
sistivity, strength, magnetic and optical properties due to their en-
ormous surface area, strength and the quantum size. [23–32]. More-
over, based on the requirements of fast electron transport and high
active surface area for counter electrodes in dye-sensitized solar cells
(DSSCs), the nanotubes and nanoparticles may offer such benefits [33].
Therefore, nanotubes integrated with nanoparticles which possess large
amount of nanosized rough surfaces would provide higher electro-
catalytic activity owing to the larger surface area, and as we all know
that the available catalytic surface in the counter electrode plays a
crucial role in determining the overall efficiency of solar cells. None-
theless, to the best of our knowledge, there are few reports on the
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controllable synthesis of CuS nanotubes and nanoparticles without
using any surfactants or crystal seeds, especially the integration of CuS
nanotubes with nanoparticles.

In this regard, we developed a relatively simple, low cost, well-
controlled process to prepare large scale of CuS nanotubes composed of
nanoparticles at a low temperature of 90 °C. This process involves ZnS
nanotubes as a precursor, which is converted to CuS nanotubes via
chemical conversion and cation exchange. The key point of the method
is to utilize the large difference in solubility between ZnS and CuS for
the effective transformation. Moreover, benefiting from the enormous
surface area of the nanotubes with rough surface consisted of nano-
particles and good electrocatalytical activity of CuS [34,35], the present
CuS nanostructures have been used as the counter electrodes in DSSCs,
and exhibited good photovoltaic performances.

Compared with the previous reports, the great success of the work
reported in this paper is that a facile, versatile, and economic method
has been demonstrated to control and manipulate effectively the che-
mical compositions and structures of nanotubes integrated with nano-
particles. This method might be applied in industry owing to its simple
approach, innocuous reagents, benign to environment, reproducible
and high yields. We have further expected that the present strategy
might open up an opportunity to synthesize other 1D nanostructure
with novel morphologies. In addition, the simple preparation at a low
temperature and inexpensive cost of CuS nanotubes with the synergistic
catalytic effect of nanoparticles open up new avenues for counter
electrodes of DSSCs, and we believe that the current work paves the
way for the development of a new generation of highly efficient, low-
cost DSSCs using novel counter electrodes.

2. Materials and methods

2.1. Synthesis of nanotubes

2.1.1. Synthesis of ZnS nanotubes
The preparation details for ZnS nanotubes can be found in our re-

cently published papers [36]. In brief, ZnO nanowires were prepared by
a hydrothermal process firstly. In a typical preparation, 0.2 g ZnCl2 and
20.0 g Na2CO3 were added into a 50mL Telfon-lined stainless steel
autoclave and filled with distilled water up to 90% of its volume. After
vigorous stirring for 30min, the autoclave was kept at 140 °C for 12 h
and then cooled to room temperature naturally. Subsequently, the as-
prepared ZnO nanowires were washed and dried, and then were
transferred to a Pyrex glass bottle containing 40mL 0.2M thioaceta-
mide (TAA). The sealed bottle was maintained at 90 °C for 9 h in a
conventional laboratory oven to synthesize ZnS nanotubes. The final
precipitates were washed repeatedly with deionized water and dried at
60 °C.

2.1.2. Synthesis of CuS nanotubes
To realize the synthesis of CuS nanotubes, the silicon or glass slides

with ZnS nanotubes on them were transferred to a Pyrex glass bottle
containing 100mM Cu(NO3)2 and 70mM tartaric acid (which is to
avoid the hydrolyzation of Cu2+ in water), and the solution tempera-
ture was kept at 90 °C. The final products on the substrates were washed
thoroughly using deionized water to remove any co-precipitated salts
and then dried at air at 60 °C. For better crystal quality and stability, the
obtained CuS nanotubes were annealed at 200 °C for 10min under
argon atmosphere.

2.2. Morphological and structural characterization

The morphology and microstructure were examined using a field-
emission scanning electron microscopy (FE-SEM; Philips XL30FEG, FEI
Co., Hillsboro, OR, USA) with an accelerating voltage of 5 kV and a
high-resolution transmission electron microscopy (HRTEM; JEOL JEM-
2100F, JEOL Ltd., Akishima, Tokyo, Japan). Selected area electron

diffraction (SAED) and energy dispersive X-ray (EDX) microanalysis
were also performed during the TEM and SEM observations. Powder X-
ray diffraction (XRD) analyses were made on a diffractometer (D/max-
2200/PC, Rigaku Corporation, Tokyo, Japan) equipped with a high
intensity Cu Kα radiation (λ=1.5418 Å). Raman spectra were mea-
sured at room temperature using a Jobin Yvon LabRAM HR 800UV
micro-Raman/PL system (HORIBA Jobin Yvon Inc., Edison, NJ, USA) at
the backscattering configuration excited with He-Cd laser (325.0 nm)
for ZnS nanotubes, but Ar+ laser (514.5 nm) for CuS nanotubes.

2.3. Fabrication of DSSCs

The TiO2 nanoporous films with an area of 0.25 cm2 were sintered
in air for 1 h at 500 °C, and then immersed in 0.5 mM N719 dye
(Ruthenium 535-bisTBA) solution in ethanol for 12 h. The CuS-coated
FTO glass was prepared by drop-casting CuS solution on the clean FTO
glass and subsequently wait until all solvent evaporates. The tested dye
sensitized solar cells were front-side illuminated, using TiO2 nano-
porous films as photoanodes and CuS nanotubes as counter electrodes.
The liquid electrolyte was injected into the cells by a syringe, which
consisted of 0.1 M iodine (I2), 0.1M lithium iodide (LiI), 0.6M tetra-
butylammonium iodide and 0.5M 4-tert-butyl pyridine in acetonitrile
(CH3CN, 99.9%). The platinum-based electrode is prepared by coating
FTO glass with a 4mM H2PtCl6 solution in ethanol and then heating in
air at 400 °C for 60min, while maintaining the same fabrication of TiO2

photoanodes.

3. Results and discussions

3.1. Preparation and characterization of ZnS nanotubes

At first, ZnO nanowires were fabricated by a hydrothermal process
in our experiments. Subsequently, to convert ZnO nanowires to ZnS
nanotubes, we transferred the ZnO nanowires into a solution containing
0.2 M TAA (which provides sulfide ions), and the solution was kept at
90 °C for 9 h [36]. We believe that this result may be explained by
kirkendall effect, which normally refers to comparative diffusive mi-
grations among different atomic species in metals and /or alloys under
thermally activated conditions [37]. Fig. 1a is a typical SEM image of
ZnS nanotubes. Herein, ZnS nanotubes with open tips can be clearly
observed. Fig. 1b is a representative TEM image of the as-prepared
product, in which ZnS nanotubes with average diameter of 70 nm can
be found. The TEM image gives further evidence for the hollow struc-
ture of ZnS nanotubes. Fig. 1c shows a HRTEM image taken on the edge
of an individual ZnS nanotube, in which clear crystal lattice fringes
without noticeable structural defects can be observed. The corre-
sponding ring-like SAED pattern (inset of Fig. 1c) provides further
evidence for the polycrystalline nature of ZnS nanotubes, agreeing well
with the HRTEM analysis. EDX spectrum (Fig. 1d) of ZnS nanotubes
presents prominent Zn and S peaks (Si peaks are derived from sub-
strates). The XRD pattern (Fig. 1e) indicates that peaks can be indexed
to cubic phase of ZnS according to JCPDS card 05-0566. Measurement
of the room-temperature Raman spectrum (Fig. 1f) also confirms that
the reaction product is ZnS. The observation of multiple resonant
Raman peaks indicates that the yielded ZnS nanotubes possess good
optical quality [38].

3.2. Preparation and characterization of CuS nanotubes

The ZnS nanotubes were converted to CuS ones by transferring the
substrates with ZnS nanotubes on them into 40mL of 100mM Cu(NO3)2
and 70mM tartaric acid aqueous solution. When the pale yellow ZnS
nanotubes are immersed into the above-mentioned solutions, the ZnS
surface turned blue black immediately, and then shinning cyan and
gray in a short time. The color change is an indication that the CuS
species is formed. After 1 h’s reaction, the product surface became black
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and fluffy, demonstrating the formation of dense CuS nanotubes.
Several time-dependent experiments were carried out to investigate the
intermediate transition from ZnS nanotubes to CuS nanotubes and the
possible growth mechanism. A series of SEM images in Fig. 2 show the
morphology at different reaction stages corresponding to the reaction
time of 10, 20, 40min and 1 h, respectively. When the ZnS nanotubes
and Cu(NO3)2 react at 90 °C for 10min, some CuS nanoparticles on the
ZnS nanotubes are observed because ions exchange happens as Cu2+

reacts with S2− slowly dissolved from the surface of ZnS nanotubes to
form initial CuS shells, as depicted in Fig. 2a. When prolonging the
reaction time to 20min (shown in Fig. 2b), the nanotube surface be-
comes more rough, revealing that more CuS nanoparticles piled up on
the initial CuS shells. When the reaction time reach to 40min, large
numbers of CuS nanoparticles come into being and arrange along the
1D direction (Fig. 2c). Finally, some well-defined CuS nanotubes com-
posed of nanoparticles with diameters of about 70 nm and lengths of
about 300–500 nm appear in Fig. 2d when further prolonging the re-
action time to 1 h under hydrothermal conditions.

The corresponding EDX analyses (Fig. 2a’–d’) give clear evidence for
the FE-SEM observation of the samples obtained at different reaction
times. We can observe the successful incorporation of Cu element into
the ZnS nanotubes in the compositional information (Fig. 2a’), and the
Cu/Zn stoichiometric ratio is 0.51. The signal of Si originates from the
substrate. As the reaction progressed, the Cu/Zn stoichiometric ratio
becomes higher and higher (from 1.16 to 2.58) on account of that more
and more Zn atoms were replaced by Cu atoms, as shown in Fig. 2b’–c’.
When the reaction time is extended to 1 h, only Cu, S and Si elements
are observed (Fig. 2d’), and the Cu/S stoichiometric ratio is 1.0. This
atomic ratio confirms that the nanotubes consist of CuS other than a
mixture of copper sulfides with different compositions.

Based on the above experimental observation, the whole process can
be described as follows. Once the ZnS nanotubes were transferred into
Cu(NO3)2 solution, cation exchange began at the interfaces between the
ZnS nanotube surfaces and solution. As the reaction time went on, Zn2+

was gradually substituted by Cu2+, leading to the synthesis of CuS
nanotubes. The driving force for the cation exchange is offered by the
large difference in solubility between ZnS and CuS (solubility product
constant (Ksp) of ZnS is 2.93× 10−25, whereas Ksp of CuS is
5.0× 10−36) [39]. The above conversion mechanism manifests that the
ZnS nanotubes act both reactants and templates during the cation-ex-
change process.

In order to follow the morphology evolution of the CuS nanotubes in
depth, the products obtained at different reaction stages were collected
and characterized by TEM (Fig. 3). The product obtained at 10min
exhibits slightly rough surfaces, indicating the initial deposition of CuS
nanocrystallites on the surfaces of the original ZnS nanotubes (Fig. 3a).
When the reaction time is increased to 20min, the layer of deposited
CuS nanocrystallites become significantly denser and thicker, sug-
gesting the formation of core-shell-structured ZnS@CuS nanotubes
(Fig. 3b). Prolonged reaction times will lead to the formation of nu-
merous CuS nanocrystallites on the outer layers (Fig. 3c). When the
reaction is prolonged to 1 h, we are able to realize uniform and pure
CuS nanotubes composed of nanoparticles with about 70 nm in dia-
meter and 21 nm in shell-thickness (Fig. 3d).

Fig. 3e displays the HRTEM image for the wall of individual CuS-1 h
nanotube. It is obvious that the CuS nanotubes are polycrystalline, and
the clearly observed crystal lattice fringes demonstrate that the nano-
tubes are highly crystallized, and free from dislocation and stacking
faults. Moreover, the corresponding SAED pattern with characteristic
ring diffractions (the inset of Fig. 3e) also illustrates the polycrystalline
feature of the CuS nanotubes.

The crystallinity of as-synthesized CuS-1 h nanotubes was examined
by XRD. The XRD pattern shown in Fig. 4a indicates that peaks could be
perfectly indexed to a pure single phase of hexagonal CuS according to
JCPDS card 06–0464. No peaks of any other phases or impurities were
detected from XRD patterns, indicating the high purity of the product.
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It has been demonstrated that Raman spectroscopy is a fast and
nondestructive tool for appreciating crystalline material qualities. So,
structured characterization of the as-synthesized CuS-1 h nanotubes
was carried out using Raman spectroscopy. Raman spectrum collected
using the 514.5 nm excitation line at room temperature for the CuS-1 h
nanotubes is displayed in Fig. 4b. The band centred at 474 cm−1 may
attributed to the lattice vibration, which is identical to the ones re-
corded for the corresponding CuS thin films [40,41] and CuS micro-
spheres [42].

3.3. Photovoltaic performances for dye-sensitized solar cells

The effect of the CuS on the cell performance of counter electrodes
is illustrated in Fig. 5 and Table 1. Concerning the influence of reaction
time on the performance of counter electrodes, a series of time-de-
pendent J-V curves are shown in Fig. 5 and the photovoltaic parameters
of tested DSSCs are listed in Table 1. As presented in Fig. 5 and Table 1,
both short circuit current density (Jsc) and open circuit voltage (Voc)
increase quickly with increasing the reaction time from 10min to 1 h,
reaching the maximum values of 13.366mA cm−2 and 0.64 V at 1 h’s
reaction time, yielding the highest photovoltaic conversion efficiency
(η) of 3.34%. Obviously, with increasing the reaction time, larger spe-
cific surface area of produced CuS nanoparticles will help to increase
the catalytic reaction sites [43], and the composition of the nanotubes
gradually changing from ZnS through mixed ZnCuS to CuS will help to
enhance electrocatalytical activity [34,44], thus giving higher Jsc and η
of the device. As a result, the large surface area and the good electro-
catalytical activity of the CuS nanotubes may be the key for the high
photovoltaic performance. Furthermore, we have preliminarily eval-
uated the stability of the DSSC constructed by CuS-1h counter

Fig. 3. TEM images of the CuS nanotubes with different
reaction times: (a) 10min, (b) 20min, (c) 40min, and (d)
1 h; (e) HRTEM image of the CuS-1 h nanotubes, together
with the corresponding SAED pattern shown in the inset.

20 30 40 50 60 70 80

(1
16

)

(1
08

)(1
10

)

(0
06

)
(1

03
)(1

02
)

(1
01

)

300 400 500 600 700 800

R
am

an
 I

nt
en

si
ty

 (
a.

u.
)

Raman Shift (cm-1)

In
te

ns
ity

 (
a.

u.
)

2θ (degree)

a b 
Fig. 4. (a) XRD pattern and (b) room-temperature Raman spectrum of
the CuS-1 h nanotubes.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

2

4

6

8

10

12

14

Voltage (V)

C
ur

re
nt

 d
en

si
ty

 (
m

A
 c

m
-2

)  10 min
 20 min
 40 min
 1 h
 Pt

Fig. 5. Photovoltaic behaviour of dye-sensitized solar cells with counter electrodes of Pt
and CuS nanotubes at different reaction times, under one sun illumination
(100mW cm−2).

Table 1
Photovoltaic parameters of tested DSSCs using Pt and CuS nanotubes of different reaction
times as counter electrodes.

Jsc (mA cm−2) Voc (V) FF η (%)

CuS-10min 4.37 0.38 0.38 0.64
CuS-20min 4.89 0.54 0.35 0.93
CuS-40min 11.51 0.62 0.39 2.94
CuS-1 h 13.37 0.64 0.40 3.34
Pt 11.69 0.70 0.44 3.62
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electrode, which was tested under continuous illumination of
100mW cm−2 in working conditions. It is found that the DSSC did not
show significant degradation after 10 h, indicating fairly good stability.
However, as mentioned before, the current product is black and fluffy,
which means the transparency of our CuS nanotubes is relatively poor.
Therefore, we are trying our best to improve the transparency of the
product in any follow-on work, which is very important in the effi-
ciency of DSSCs.

DSSC fabricated with Pt counter electrode was also tested and the
result was shown in Fig. 5 (detailed data showed in Table 1) for com-
parison. In comparison with CuS nanotubes, although the Pt CE ex-
hibited slightly higher photovoltaic conversion efficiency (η), it’s worth
noting that decreasing cost is always crucial in the future development
of various solar cells, which means our CuS counter electrodes hold
great potential for the fabrication of high-efficiency dye-sensitized solar
cells. Besides that, we believe by further optimizing the transparency,
tube length, annealing temperature and electrolyte composition, the
efficiency can be expected to be further improved.

In order to further evaluate the electrochemical characteristics of
the as-prepared CuS nanotubes as counter electrodes in DSSCs, elec-
trochemical impedance spectra (EIS) were measured in a symmetric cell
configuration consisting of two identical counter electrodes, and the
resultant Nyquist plots are illustrated in Fig. 6. From the plots, it could
be seen that the CuS-10 min counter electrode demonstrated the largest
charge transfer resistance (Rct) (142.2Ω cm−2), which was attributed to
its relatively lower catalytic activity [45]. At the same time, the CuS-
20min (131.1Ω cm−2), CuS-40min (109.9Ω cm−2), and CuS-1 h
(85.5Ω cm−2) counter electrodes presented relatively much lower Rct

than that of the CuS-10 min electrode, which accounts for the enhanced
photovoltaic performance. Moreover, the value of CuS-1 h is close to
that of the Pt (75.6Ω cm−2) electrode, indicating that CuS-1 h exhibits
a decent electrochemical catalytic ability as a counter electrode in the
DSSCs. However, the CuS-1 h nanotubes had a slightly higher Jsc value
than Pt partially since they had larger surface areas to give more cat-
alytic sites for the reaction of I3−/I− ions in electrolytes [46].

4. Conclusions

In summary, a successful morphological transformation of nano-
tubular ZnS to CuS was achieved at a low temperature of 90 °C. The
mechanism by which the cation exchange is owe to the large difference
in solubility between ZnS and CuS. The morphologies and structures of
the yielded CuS nanotubes composed of nanoparticles were in-
vestigated. We have further successfully employed the prepared CuS
nanostructures as counter electrodes in dye-sensitized solar cells. The
photovoltaic conversion efficiency of 3.34% was obtained with CuS-1h
counter electrode due to the increased surface area and the good
electrocatalytical activity of CuS. With their low cost and simplicity, we

believe that such DSSCs have great potential for use in next-generation
solar cells. Our results show that the present strategy is a versatile route
for expanding the range of nanoscale materials with diverse composi-
tions, structures, and shapes without having to develop new synthetic
methods to produce each individual nanostructure.
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多重激子效应是指纳米半导体吸收一个高能光子后产生两个甚至多个电子 -空穴对的物理过程, 不仅具
有重要的基础研究意义, 而且在新型太阳电池及高性能光电子器件领域具有潜在应用价值. 综述了多重激子
效应的发展历程; 总结了纳米半导体的材料组分、体系结构甚至表面质量对多重激子效应的影响; 介绍了多重
激子效应的实验测试分析方法以及解释多重激子效应的理论方法; 概括了目前多重激子效应在器件中的应用
并对其应用前景进行展望.

关键词: 多重激子效应, 量子效率, 阈值能量, 纳米半导体

PACS: 73.22.Lp, 78.67.Hc, 79.20.Ap DOI: 10.7498/aps.67.20171917

1 引 言

随着能源危机的日益严峻和绿色发展理念的

逐步推广, 太阳能的利用在世界范围内受到了重
视 [1,2], 太阳电池得到了广泛而深入的研究 [3,4]. 当
半导体材料吸收一个光子时, 一般会产生一对具
有一定动能的热载流子. 热载流子与晶格发生
碰撞而辐射声子, 在皮秒时间尺度内弛豫到带边
(图 1 (a)) [5]. 太阳光谱是一个从紫外到近红外区
域的宽光谱, 这限制了太阳电池的转换效率. 在
太阳电池的各种能量损耗中, 光子能量hν (h为
普朗克常数, ν为光波频率)超过禁带宽度Eg部分

(∆ = hν − Eg)的热耗散约占 33%. 图 1 (c)所示为
光子能量低于禁带宽度不能被吸收、电子空穴对的

复合及结电势差与接触电势差等损耗因素. 单结太
阳电池的极限效率仅为31%—33%, 此即Shockley-

Queisser极限 [6,7]. 光伏应用的推广与普及有赖于
太阳电池转换效率的进一步提高和成本的有效降

低. 尽管目前已提出了多结叠层太阳电池 [3,8−10]、

上转换太阳电池 [3,11]以及热载流子太阳电池等 [12]

方案来提高太阳电池的转换效率, 但纳米太阳电池
的研究才刚刚起步, 与实际应有还有一定的距离.
另一方面, 近年发现的因纳米半导体吸收单个光子
而产生多个电子 -空穴对的多重激子效应 (multiple
exciton generation, MEG) 能够有效地利用热耗散
这部分能量, 有望提高太阳电池等光电子器件的性
能, 因而得到了广泛的关注 [2,13,14−26], 且其实验检
测与理论研究均取得了进展. 本文综述了纳米半
导体的材料组分和形态结构对MEG的影响, 介绍
了多重激子效应的实验测试分析方法以及当前解

释MEG的理论方法, 并总结了多重激子效应在器
件上的应用, 对其应用前景及下一步发展方向进行
展望.
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图 1 半导体的光激发与能量损耗 (a)传统光激发过程示意图; (b)多重激子效应示意图; (c)标准太阳电池中的能量损失过程 [27] ( 1⃝光
子能量低于禁带宽度而不能被吸收, 2⃝晶格的热损耗, 3⃝ 结电势差损耗, 4⃝接触电势差损耗, 5⃝复合损耗 (辐射复合的过程是不可避免
的)); (d) 单态分裂过程示意图 [28] ( 1⃝初始激发到 S1态, 2⃝激发电子通过激发另一个电子而弛豫到T1态); (e) 空间表示的单态分裂不
同阶段 [29]; (f) 传统光激发和 (g)多重激子产生过程的量子效率 (插图为对应的极限效率) [13]

Fig. 1. Light excitation process and energy loss process in semiconductors: (a) Schematic of conventional excitation in semicon-
ductors; (b) schematic of multiple exciton generation in nanometer semiconductors; (c) energy loss process in a standard solar
cell [27] ( 1⃝ non-absorption of below band-gap photons, 2⃝ lattice thermalization loss, 3⃝ junction voltage loss, 4⃝ contact voltage
loss, 5⃝ recombination loss (radiative recombination is unavoidable)); (d) schematic of singlet fission ( 1⃝ an initial excitation to
S1, 2⃝ the excited electron relaxes to T1 state through exciting another electron to T1

[28]); (e) illustration of different stages of
singlet fission in space [29]; conversion of photons into charge carriers (f) without and (g) with carrier multiplication (the inset
shows the corresponding dependence of the ultimate power-conversion efficiency) [13].

2 发展历史

20世纪 50年代, 在半导体材料中发现了因吸
收单个入射光子而产生多个电子 -空穴对的载流子

倍增效应 [30]. 热载流子通过激发新的电子 -空穴

对 (即激子)而弛豫到带边, 这对提高太阳电池的

效率 [17]以及提升光电器件的性能具有重要的作

用 [14,15], 因而很快得到了广泛而深入的研究 [31],
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并发展了碰撞电离理论阐释其物理机理 [32−36]. 但
后来的研究结果表明 [37,38], 由于光激发要同时遵
从动量守恒和能量守恒定律, 载流子倍增效率较
低. 硅锗合金太阳电池转换效率仅得到 0.5% 的提
高 [38], 其实际应用价值受到了怀疑.

随着对纳米材料 (即量子点)研究的深入 [39,40],
美国科学家Nozik在 2001—2002 年曾预言纳米半
导体中存在高效率的载流子倍增效应 [14,15]. 纳
米半导体具有类似原子的离散能级 (且其带隙
Eg——最高占据能态与最低未占据能态之间的
差值——受其尺度的调控) [40,41], 使得声子辐射概
率降低, 从而导致电子的弛豫变慢, 有效地抑制了
俄歇复合效应 [42,43]. 另一方面, 纳米半导体的表面
电子增多, 电子间的相互作用增强, 因而库仑相互
作用得到了增强 [41]. 此外, 由于纳米半导体的尺度
很小, 载流子的空间区域受限, 动量不再守恒 [44].
因此, 纳米半导体吸收一个高能光子产生一个热电
子后, 由于俄歇复合的有效抑制和库仑相互作用
的增强, 热电子不再以辐射声子的形式冷却, 而是
通过激发基态电子而弛豫到导带底, 如图 1 (b)所
示 [45]. 该过程中,当光子能量hν高于能量阈值Eth

(> 2Eg) 时, 纳米半导体就能够产生两个甚至多
个电子 -空穴对, 其多重激子产生效率由量子效率
IQE (即吸收单个光子而在其内部产生的电子 -空
穴对数目)来表征 [37]. 传统光吸收过程吸收单个
光子一般只产生一个电子 -空穴对, 其量子效率在
hν > Eg时为一条直线 (图 1 (f)), 能量转换的极限
效率在Eg = 1.1 eV 时达到最大值, 为 44%. 而多
重激子效应过程产生的电子 -空穴对数目与入射光
子的能量有关, 其效率 IQE随hν的变化如图 1 (g)
所示的台阶状结构, 其能量转换的极限效率在Eg

趋于零时接近100% [13].
2004年, Califano等 [46]使用半经验非局域赝

势方法计算了CdSe量子点中多重激子产生速率与
热电子俄歇冷却速率, 结果表明当光激发的热电子
的动能大于带宽Eg时, CdSe量子点中的多重激子
产生效率比CdSe晶体内的效率高很多, 从理论上
证实了Nozik的预言. 图 2 (a)所示为热电子能量高
于第一能级和第八能级时直接多重激子产生过程

和俄歇冷却过程的激子寿命, 图 2 (b)所示为光子
能量hν > 2Eg时CdSe量子点中直接多重激子产
生与俄歇冷却过程的激子寿命. 由图可见, 在局部
范围内, 直接多重激子产生的激子寿命可以比俄歇
冷却过程小, 因而其多重激子产生速率高于俄歇冷

却速率. 而量子点中惟一与多重激子效应竞争的有
效机理就是俄歇冷却, 因此, CdSe量子点中可能存
在高效的多重激子效应.

同年, Schaller和Klimov [17]利用抽运 -探测瞬
态吸收光谱的实验方法在纳米PbSe中观测到了高
效率的多重激子产生现象, 首次在实验中证实了
Nozik的预言. 图 2 (c)—图 2 (e)表明不同带隙Eg

的PbSe量子点在抽运光子能量hν = 1.55 eV时的
吸收信号随时间推移缓慢下降, 而在hν = 3.10 eV
时的吸收信号随时间推移急剧下降. 考虑到瞬
态吸收光谱信号的强度与量子点中的空穴 -电子
对数目相关, 因而hν = 3.10 eV 时的吸收信号
表明在该量子点中产生了多个电子 -空穴对, 即
出现了多重激子效应. 图 2 (f)所示为碰撞电离效
率随入射光子能量的变化情况, 当入射光子能量
hν > 3Eg时, 随着hν的增加碰撞效率由零显著增

大,到hν > 3.6Eg时碰撞效率甚至超过了100%,即
多重激子效率 IQE甚至超过 200%. 多重激子效率
与入射光子的能量有关 (图 2 (g)). 该研究结果立即
引起了广泛的关注. 在此后的几年中, 多种测试手
段和计算方法被用于研究纳米半导体中的多重激

子效应, 在PbSe [47−56], PbS [47,48,57−59], PbTe [60],
CdSe [18,46,61], CdTe [62], Si [20,24,63,64], InAs [65−67],
InP [68], HgTe [69], CdxHg1−xTe [70], CuInSe2 [71,72],
Ag2S [73,74] 和Ge [75]等量子点、Si量子点阵列 [76]

以及一维CdSe纳米棒 [77]中相继发现了多重激子

效应. 甚至在二维PbSe量子薄膜 [78]、石墨烯薄

膜 [79−87]以及约 1 µm的PbSe与PbS单晶薄膜 [45]

中也发现了有效的多重激子效应. 此外, 不仅最
近在PbS量子点制备的光电探测器 [88]和由碳纳米

管构建的光电二极管 [89]中观测到了明显的多重激

子产生, 在染料敏化太阳电池 [2]和量子点太阳电

池 [23]中也观测到了超过 100%的量子效率. 这些
研究结果揭示了多重激子效应在制备下一代高性

能光电器件方面具有潜在应用价值, 并使多重激子
效应成为多个领域交叉研究的热点. 为了区分体材
与纳米半导体中的类似效应, 强调量子效应对多重
电子 -空穴对 (即激子)产生的影响, 当前科学界一
般都采用 “多重激子效应”描述纳米半导体中的多
重激子产生过程 [20,78,90−94], 但也有部分科学家仍
采用 “载流子倍增” [26,46,47,62,65,66,95−101]这一术语.
因此, 文献中的 “多重激子效应”与 “载流子倍增”
这两个术语几乎为同义词.
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图 2 纳米半导体中多重激子效应的首次理论与实验结果 (a) CdSe量子点中直接多重激子产生的激子寿命 [46]; (b) CdSe量子点
中俄歇冷却产生的激子寿命 [46]; (c)–(e)不同带宽Eg时PbSe量子点在 3.10 eV(蓝线)和 1.55 eV (红线)光子激发下的吸收谱线;
(f)碰撞电离效率随入射光子能量的变化; (g) Eg = 0.94 eV时PbSe量子点在不同能量抽运光下的吸收谱 [17]

Fig. 2. First theoretical and experimental results of multiple exciton generation in nanometer semiconductors: (a), (b) Direct
carrier multiplication lifetimes with (filled squares and solid line) and without (empty squares and dashed line) a hole present,
compared to Auger cooling lifetimes (filled circles and solid line) [46]; (c)–(e) transient absorption spectra for PbSe quantum
dots with different Eg under 3.10 eV (blue lines) and 1.55 eV (red lines) pump photon; (f) impact ionization efficiency as
a function of pump photon energy; (g) transient absorption spectra of PbSe quantum dot with Eg = 0.94 eV under pump
photons with different energies [17].

另一方面, 在 20世纪 60年代, 人们发现四
苯晶体吸收一个高能光子后激发到一个单线

态激子, 单线态激子再分裂成一对三重态激子
(图 1 (d)) [102], 该物理现象被称为单线态激子裂变
效应 [28,29,102−115], 图 1 (e)所示为该物理过程不同
阶段在空间上的行为表现. 尽管物理机理与多重
激子效应差异很大, 但其效果也是吸收一个高能

光子, 产生两个甚至多个电子 -空穴对, 因而近年
也采用多重激子效应来表述单线态激子裂变效

应 [29,113−115], 甚至有研究者认为单线态激子裂变
效应是有机半导体材料中的多重激子效应, 从而拓
展了当前多重激子效应的研究范围. 但本文主要
阐述的是无机纳米半导体中多重激子效应的研究

进展, 单线态激子裂变效应的研究可以参考相关
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文献 [108].

3 多重激子效应的产生

当前, 已在零维 (0D)量子点、一维 (1D)纳米
棒、二维 (2D)纳米薄膜甚至器件结构等多种结构
体系中发现了多重激子效应.

3.1 量子点体系

3.1.1 PbX (X = Se, S, Te)体系
硫族铅化物的禁带宽度Eg很小 (体材PbSe与

PbS在室温时的Eg约为 0.28和 0.42 eV), 因而其
内产生多重激子效应的阈值能量也相应较低, 这
导致硫族铅化物中多重激子效应在实验上容易

实现. 另一方面, 虽然传统太阳电池的最佳禁带
宽度Eg 约为 1.15 eV, 但新一代太阳电池的最佳
Eg发生红移, 受尺度调控的禁带宽度Eg能够实

现与太阳光谱的最佳匹配. 此外, 纳米半导体中
的高效多重激子效应首次在PbSe量子点体系中
发现. 因此, 不仅PbSe量子点的多重激子效应受
到广泛关注与研究 [47−56,116,117], 硫族铅化物中的
PbS [47,48,57−59,116], PbTe [60]与PbSexS1−x

[116,117]

量子点也得到了一定的重视.
早期研究发现纳米硫族铅化物的阈值能量Eth

为 2.1Eg—3.0Eg且与材料的尺度无关
[48,61], 其多

重激子效率很高, PbSe量子点中的量子效率甚至
高达700%, 接近理想多重激子的效率 (图 3 (a)) [13].
进一步的研究结果表明其多重激子效率有限 [52],
而且纳米半导体的尺度 (或禁带宽度Eg)对多
重激子效应的阈值能量Eth与效率有很大的影

响 [58,100,116,117]. 图 3 (b)清楚地表明PbS量子点的
尺度对其量子效率具有影响作用, 图 3 (c)则表明
PbS量子点的Eth从大尺度 (或体材,即Eg最小)时
的约 2.1 eV变化到小尺度 (即Eg较大)时的 3.2 eV,
但其归一化阈值能量Eth/Eg却由体材PbS的 4.5
降低到小量子点的 2.35(图 3 (d)) [58]. 最近发现纳
米复合材料中的PbS量子点能够产生高效的多重
激子效应 [118]. 单壁碳纳米管/PbS量子点结构中
的PbS量子点 (直径为 6.5 nm, Eg = 0.86 eV)在
hν > 4.5Eg时内量子效率高达 300%, 多重激子
微分效率 η = (90% ± 10%)/Eg, 而Eth = 2.5Eg.
PbS 中的多重激子效应极大地增强了单壁碳纳

米管/PbS量子点结构在紫外 -可见光区域的光电
导性能 [118]. PbSexS1−x量子点体系的量子效率

随尺度的变化依赖于组分结构 [116,117]. 图 3 (e)表
明PbS和PbSexS1−x的量子效率都随着量子点尺

寸的减小而增加, 而PbSe量子点的量子效率却基
本保持在 0.4 [116]. Su等 [119]采用统计方法研究了

PbSe量子点中的多重激子效应, 发现阈值能量Eth

随量子点尺度的增加而降低, 并存在一个特征禁
带宽度Egc. 当Eg > Egc时, Eth/Eg几乎保持不

变, 而Eg < Egc时, Eth/Eg随着Eg的减小而增大

(图 3 (f)).

3.1.2 InX (X = As,P)体系
InAs半导体在 295 K时的禁带宽度Eg仅为

0.354 eV [120], 其电子的有效质量m∗
e比空穴的有

效质量m∗
h小很多. 根据阈值能量Eth 的计算公

式 [61,66]

Eth = Eg

(
2 +

m∗
e

m∗
h

)
, (1)

可知 InAs纳米半导体中的阈值能量Eth接近理论

极限2Eg.
Pijpers等 [65]最先发现 InAs量子点在入射光

子能量hν = 2.7Eg时的量子效率 IQE高达 160%.
但后来实验结果未能被重复 [95], 这可能是由于
InAs量子点中带电激子与双激子的弛豫寿命相
似 [67]因而被误认为多重激子产生. 排除带点激子
后, InAs量子点在hν达到 3.7Eg时也没有出现多

重激子效应 [121], 与Cadirci等 [122]的结果一致. 然
而, Schaller等 [66]却发现 InAs量子点中存在多重
激子效应, 其微分量子效率 η约为 0.35%/Eg, 阈值
能量Eth约为2Eg, 与理论研究结果 [123,124]相符.

为了证实 InAs量子点中低阈值能量Eth (∼
2Eg)的多重激子效应及其在高性能光电器件领
域的应用, InP量子点受到了研究人员的关注.
InP量子点的带隙较宽 (Eg 约为 1.7—2.0 eV), 但
其电子的有效质量m∗

e也远小于空穴的有效质量

m∗
h. 这使得 InP量子点中多重激子效应的阈值
能量Eth也接近 2Eg. 2010 年, Binks小组通过实
验发现 InP量子点中多重激子效应的阈值能量
Eth = 2.1Eg

[68], 与理论计算 ((1)式)的结果一致;
但 InP量子点在入射光子能量hν = 2.1Eg 时的多

重激子效率 IQE = 1.18± 0.03, 相对较低.
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图 3 PbSe和PbS纳米半导体中的多重激子效应 (a)由能量守恒得出的理想多重激子效率 (黑色短线)、实验测量的PbSe (蓝色方
块) 及PbS (红色圆圈)的多重激子效率随入射光子能量的变化 [13]; 尺度对PbS半导体 (b)量子效率、(c)多重激子效应阈值能量
Eth及 (d)归一化阈值能量Eth/Eg 的影响 [58]; (e) PbS, PbSe和PbSxSe1−x半导体中效率 ηMEG (ηMEG = Eg/εeh, εeh为产

生一个电子 -空穴对所需的能量)随其尺度的变化 [116]; (f) PbSe半导体中多重激子效应的阈值能量Eth对其尺度的依赖关系 [119]

Fig. 3. Multiple exciton generation in PbSe and PbS nano-semiconductors: (a) Ideal quantum efficiency derived from
energy conservation (black bars) and experimental quantum efficiency measured for PbSe (blue solid squares) and PbS (red
circles) as a function of pump-photon energy normalized by energy gap [13]; size dependence of (b) quantum efficiency IQE,
(c) threshold energy of multiple exciton generation Eth and (d) normalized threshold energy Eth/Eg in PbS semiconduc-
tors [58]; (e) ηMEG = Eg/εeh (εeh is the electron-hole pair creation energy) plotted versus band gap for PbS, PbSe, and
PbSxSe1−x

[116]; (f) size-dependent threshold energy Eth in PbSe semiconductor [119].

3.1.3 CdX (X = Se, Te)体系
尽管CdSe与CdTe的带宽Eg(300 K时分别为

1.74和 1.475 eV)较大, 但其制备技术成熟, 能够可

控地制备得到高质量的纳米结构, 这为探索硫族镉
化物体系中的MEG及其物理机理提供了一定的优
势 [61,62,101,123,125−129].
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Schaller等 [61]于 2005年发现CdSe量子点中
MEG的阈值能量Eth约为 2.5Eg, 低阈值能量
(Eth<3Eg)对多重激子效应在新型光电子器件方
面的应用具有重要意义. CdSe量子点的能带边具
有双激子结构 [129], 连续能带结构也使高能态为
单激子态与多激子态的混合 [51], 因而其内多重激
子效应应该为多种机理共同作用的结果. 并且其
MEG的产生时间很短 (120—60 fs) [127], 时间随量
子点尺寸和入射光子能量而变化. 此外, CdSe量子
点中的多重激子效应与电子 -声子弛豫的瓶颈现象
无关 [43]; 多重激子的弛豫过程对温度存在依赖关
系 [126]; 归一化能量hν/Eg相同的光子入射时, 小
颗粒中的多重激子产率高于大颗粒中的产率 [123].
但CdSe量子点中载流子间存在相互作用, 致使吸
收峰值与激子数目之间为非线性关系 [91], 因而对
表面效应与多重激子效应予以区分显得尤为重要.
后来, 发现CdTe量子点 [62]与CdTe/CdSe 核/壳
结构量子点 [125]的阈值能量Eth分别为 2.5Eg和

2.65Eg, 与CdSe量子点中的Eth相似.
Kobayashi等 [62]采用皮秒单光子定时光谱技

术研究了四正癸基膦酸包覆的CdTe量子点中的
MEG, 发现其Eth约为 2.5Eg, 且光致表面俘获等
作用 [130]使得CdTe量子点中的多重激子效应与其
表面状况紧密相关.

由于实验技术的原因, CdSe和CdTe量子点
中的多重激子效率至今仍有争议. Nair等 [101]认

为CdTe与CdSe量子点中没有明显的多重激子效
应, 也有研究表明CdTe/CdSe核/壳结构量子点中
MEG的效率上限为158% [125].

3.1.4 Si和Ge量子点
硅的含量丰富, 而且硅半导体技术是当今广泛

使用的集成电路制造技术的基础, 甚至当前硅基太
阳电池的产量超过光伏电池总量的 90%. 因此, 纳
米硅中多重激子效应具有重要的潜在应用价值, 受
到了广泛关注.

Beard等 [20]采用超快瞬态吸收光谱技术研究

了胶体纳米硅中的多重激子效应. 对于直径9.5 nm
的硅量子点,其Eth = (2.4±0.1) Eg,在hν = 3.4Eg

时的量子效率 IQE为260%±20%. Prezhdo研究组
则采用第一性原理研究了Si团簇中的多重激子效
应 [131,132], 他们发现当hν = 2Eg—3Eg时, Si7 和
Si10团簇的光激发态中出现了多重激子特征, 且随
着入射光子能量的增加很快过渡到多重激子主导

的区域, 因而提出直接产生多重激子为Si量子点中
MEG 的主要机理. Si7, Ge7团簇中多重激子效应
的阈值能量分别约为 8.23和 7.58 eV, 随着原子数
目的增多有降低的趋势 [133]. Hyeon-Deuk等 [134]

采用结合含时密度泛函和非绝热分子动力学的第

一性原理研究了Si量子点中多重激子产生与复合
的动力学过程, 发现由于量子点中的双激子态密度
依赖于能量, 多重激子产生与光子能量有很大的关
系, 并且在低于阈值能量处还存在声子辅助的多重
激子效应; 产生的多重激子在初始阶段为高斯分
布, 而在演化后期变为产率理论预测的指数分布;
声子和量子机理的双激子态重叠在多重激子复合

过程中发挥了重要作用. Si量子点之间的相互作用
对多重激子产生具有强烈的影响 [135]. 实验表明Si
量子点在光辐照时产生热载流子, 其温度 (或动能)
随入射光强度的增加而增加 [136], 其激子的产生
行为依赖于量子点的尺度 [137]. 此外, 埋植于宽带
基体中的纳米Si和Ge中也存在多重激子效应 [138],
多重激子效应导致台阶状荧光量子效率的出现 [24],
Si量子点之间的相互作用能够降低体系多重激子
效应的阈值能量 [139], 掺杂使Si纳米体系中的阈值
能量Eth蓝移

[132].
另一方面, 继Timmerman等 [140]发现Er掺杂

纳米硅中的量子剪裁效应之后, Trinh等 [64]采用

严格校准吸收光子数目的超快抽运 -探测技术, 发
现相邻多个Si 量子点因吸收一个高能光子而被直
接激发的现象, 且其阈值能量Eth接近 2Eg. 尽管
Takagahara [141]尝试建立了理论模型, 但其中的物
理机理还有待进一步澄清.

对于同为第 IV族的Ge而言, 其纳米结构中
多重激子效应的阈值能量Eth却高达 2.8Eg

[138],
5—6 nm的Ge量子点在hν = 2.8Eg 时的激子效率

IQE可达190% [75].

3.1.5 准金属量子点体系

准金属材料的优点在于其带宽很小 (Eg几

乎为零). 窄带半导体不仅具有更高的多重激
子效率 [142], 而且能够实现与太阳光谱的最佳匹
配 [143,144]. 因此, 准金属量子点中的MEG效应在
2017年开始得到重点关注.

2011年, Allan等 [142]从理论上探讨了准金属

α-Sn量子点中的多重激子效应及其对太阳电池
效率的增强作用. 随后, Binks课题组采用超快吸
收光谱技术探测了准金属HgTe量子点中的多重
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激子效应 [69], 发现3.5 nm的HgTe量子点 (Eg约为

1.0 eV)在hν = 3.1Eg光子辐照时的多重激子效率

为 136% ± 4%. 该结果不仅与硫族铅化物约 120%
的多重激子效率 [145]接近, 而且与太阳光谱匹配
更佳.

最 近, 在CdxHg1−xTe合 金 量 子 点 [70],
CuInSe2纳米结构 [71,72], Ag2S量子点 [73,74]甚至

Ag量子团簇与Cu-Ag量子团簇等 [146]准金属中

发现了多重激子效应. 虽然量子限制作用使

CdxHg1−xTe量子点体系的能级蓝移 [147], 但其
Eg和Eth 仍然比较低

[70]. CdxHg1−xTe量子点
体系的表面俘获很弱, hν = 3.1Eg时 IQE =

115% ± 1% [148]. 该体系中, Cd0.52Hg0.48Te的性
能最优, 其 IQE在hν = 3.1Eg时高达 199% ± 19%,
Eth约为 2.15Eg

[70]. CuInSe2量子点的阈值能量
Eth = (2.4 ± 0.2) Eg

[72], 其微分多重激子效率
η = (36% ± 6%)/Eg

[72]. Ag2S量子点不仅是一种
环境友好的光伏材料 [149], 且其Eth = 2.41Eg, 具
有优异的多重激子分离效率 [74], 高分离效率来源
于其中的多激子寿命, 比同尺度纳米PbS和单壁
碳纳米管高 1—2个数量级 [73]. Ag7及Cu-Ag7量
子团簇在可见光与近紫外光范围出现了多重激

子, 增强了量子团簇的高能吸收 [146]. 这些研究结
果对多重激子效应在光电器件中的应用具有重要

的意义.

3.2 纳米棒结构

与带宽Eg相同的量子点相比, 纳米棒中的多
重激子效应具有低阈值能量Eth和高量子效率的

特点 [150]. 准一维结构的PbSe纳米棒中, 多重激
子微分效率 η 高达 (82%±2%)/Eg, 是PbSe量子点
效率 (η = 41%/Eg)的2 倍, 而Eth = (2.23 ± 0.02)
Eg

[151]. PbSe纳米棒的长径之比 ρ (ρ = L/d, L

为纳米棒长度, d为直径)对多重激子效应有很大
的影响 [152], ρ为 6—7时多重激子效率最高, 约为
相同禁带宽度PbSe量子点效率的 2倍. PbSe纳
米棒的准一维非对称结构使其内部的激子束缚增

强 [153], 库仑相互作用增大 [154], 且多重激子态密度
增高 [150,152], 从而增强了纳米棒结构中的多重激子
效应. 最近, 在 II型纳米棒异质结中还发现了低阈
值能量、高效率的多重激子效应 [155]. 但或许是由
于制备与检测技术的因素, 纳米棒结构中多重激子
效应的实验研究结果还比较少.

3.3 纳米薄膜结构

纳米薄膜是一种量子点阵列结构 [156], 能够
比较方便地制备成为光电器件. 与PbSe量子点
相比, PbSe薄膜中的多重激子效率几乎没有什么
变化, 而且其双激子寿命、吸收截面与载流子输
运性能都得到了增强 [78]. 此外, PbSe 薄膜因多
重激子效应产生的是高迁移率的自由载流子而非

电子 -空穴对 [157], 这使其极易应用于光电子器件,
甚至不需要任何复杂的施主/受主体系或外加电
场. 但PbSe薄膜的表面结构对多重激子效应的
影响很大. Beard等 [158]发现采用 1, 2-乙二硫醇
(EDT)处理 3.7和 7.4 nm的PbSe量子点组成的薄
膜后不产生多重激子效应; 采用甲胺/乙醇、肼/乙
腈处理后的效率 IQE约为 150%; 采用乙醇处理后
的效率 IQE分别为 130%和 225%; 未经化学处理
的效率 IQE分别为 150% 和 220%. 而PbS纳米薄
膜中载流子传输性能不仅依赖于配体, 而且和温
度有关 [159]. 其多重激子效应微分效率高于PbS
量子点、PbS纳米棒和体材PbS结构 [160], 甚至约
1 µm厚的PbS和PbSe单晶薄膜中的多重激子效
应也与相应量子点中的情形相似 [45]. Nozik等 [156]

在 2010年总结了PbSe量子点阵列中的多重激子
效应. 近年来, 纳米硅薄膜中多重激子产生 [76]、

碳纳米管与石墨烯中多重激子效应 [161]及最近在

MgxZn1−xO/MgyZn1−yO界面发现的多重激子效
应等 [162] 结果进一步深化了该研究内容.

4 多重激子效应的实验检测与理论
解释

4.1 多重激子效应的实验检测

多重激子效应的检测主要是确定纳米结构中

的量子效率 IQE与阈值能量Eth. 多重激子寿命在
10—100 ps范围内 [163], 故该检测需要超快时间响
应及很高的分辨本领, 当前绝大多数研究都采用超
快瞬态光谱技术 [17,20,47,52], 包括超快瞬态吸收 (ul-
trafast transient absorption, UTA)光谱技术 [17,20],
太赫兹瞬态吸收 (THz-UTA)技术 [45,164,165]和瞬态

光致发光谱 (transient photoluminescence, tPL)技
术 [47,101,125,166]. 图 4所示为超快瞬态光谱技术的
探测原理. 该光路的激光系统为脉宽约为 100 fs或
者更窄的飞秒脉冲激光器, 其波长可以在较大范围
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内进行调节. 因其能够持续产生超短时间脉冲, 从
而直接实现必要的时间分辨率. 为了区分多重激子
效应与多光子吸收效应, 实验中要求在激发脉冲的
持续时间内纳米半导体只能吸收一个光子, 因而抽

运光的强度必须足够小. 小强度的抽运光使样品上
的信号非常微弱, 这要求实验设计必须非常精密以
提高信噪比. Binks课题组已对各种超快瞬态光谱
技术及其优缺点进行了详细的总结 [167].

Beam splitter
Variable delay

Pulsed laser
Incident ultrashort
laser pulse

Probe beam Chopper

Pump beam

Lens

Detector

Sample

Dt

Dt

Lock in

Computer

Motor driver

图 4 抽运探测实验光路原理图

Fig. 4. Pump-probe experimental diagram.

Pump

Grating

Sample

Reference

Detection

Probe

Signal

图 5 瞬态光栅检测技术原理图

Fig. 5. Schematic of generation and detection princi-
ples using the transient grating technique.

另一方面, 瞬态光栅光谱技术因其具有较高的
灵敏度与较宽的探测光波长范围, 可以测量一些瞬
态吸收光谱技术难以测量甚至无法测量的动态性

能, 因而受到关注. 瞬态光栅技术是一种成熟的四
波混频激光技术. 图 5所示为改进的瞬态光栅光谱
技术原理图. 抽运脉冲经过光栅之后形成衍射光
场, 它与样品的相互作用使得样品的复折射率具有
空间周期性. 对于探测光而言, 样品就是一个瞬态
衍射光栅. 通过测量探测光束衍射光对时间的依
赖情况, 即可确定样品复折射率的动态信息. 该技
术现已用于探测载流子动态变化、热扩散、光生粒

子的扩散、光生载流子的能量到液体的转移、结构

或取向松弛、液体中的声速等现象. Shen等 [168]采

用改进的瞬态光栅光谱技术研究了纳米PbS中多
重激子产生的动态行为, 发现了一些很有意思的现
象. 改进的瞬态光栅光谱技术为研究纳米半导体中
多重激子效应的动态行为提供了另一种技术方案.

4.2 实验数据的分析

超快瞬态吸收光谱技术中, 信号强度正比于抽
运脉冲在半导体量子点中所激发的激子数目. 一般
情况下瞬态吸收信号如图 6所示, 其特征是由初始
的峰值快速衰减到平缓趋势. 峰值处信号强度a与

平台处信号强度 b的比值正比于每一个受激纳米半

导体中所产生的平均激子数目. 因此, 在低光强入
射 (多光子吸收不发生)时, 多重激子效应的量子效
率 IQE表示为

[52]

IQE =
a

b
× 100%. (2)

-
D
α

1
s

Time

a

b

τA

<NX>/a⊳b > 1

<NX>/

IQE=(a⊳b)T100%

图 6 运用超快瞬态吸收曲线计算多重激子效应量子效率

Fig. 6. Illustration of the method for calculating quan-
tum efficiency from UTA traces.

然而, 考虑到抽运光子所产生的平均激子数目
M是光强的函数, 多重激子效率 IQE应满足

[68]

M(J) =
IQEσJ

1− exp(−σJ)
, (3)
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式中σ为量子点对激发波长的吸收截面, J为激发
光的光子流密度, σJ为每个量子点平均吸收的光
子数目. 由此可见, 只有当J → 0时, M才等于

IQE, 这要求测量多重激子效应时的入射光强要很
小, 否则会出现不可避免的差异.

确定多重激子效应阈值能量Eth时, 则是通过
测量同一样品在不同光子能量激发下的多重激子

效率 IQE, 从而获得 IQE随hν的变化. 再经过拟合
得到 IQE 偏离 100%的拐点位置, 该位置所对应的
入射光子能量hν即为该纳米半导体多重激子效应

的阈值能量Eth
[167].

4.3 多重激子效应的理论解释

迄今为止, 已提出了三种理论来阐释多重激子
效应. Nozik小组 [90]及其合作者 [48]考虑到高能激

发的载流子处于单激子态与多激子态形成的相干

叠加态而非多电子系统哈密顿量的本征态, 提出了
多重激子效应的单激子态与多激子态相干叠加理

论 [48,90], 并报道了相应的理论计算结果. 但证实该
理论的实验结果至今未见报道.

Klimov小组 [99]及其合作者 [18]提出虚拟多激

子态激发理论来解释多重激子效应. 他们认为价带
电子间的库仑相互作用可以产生一个虚拟的双激

子态, 吸收一个光子可促使虚拟双激子态向真实双
激子态过渡, 从而产生了多重激子效应. 这一过程
类似于虚拟拉曼跃迁. 采用二阶微扰理论的计算结
果表明多重激子效率正比于双激子态与单激子态

的态密度比值, 也正比于带内跃迁和带间跃迁矩阵
元的比值, 计算获得的 IQE与实验结果一致.

尽管人们认为碰撞电离理论无法解释多重激

子效应 (因为多重激子效应是纳米半导体中俄歇复
合的逆过程), 但第一性原理的计算结果 [49,50]表明

碰撞电离理论可以解释多重激子效应, 因而也有人
利用非相干碰撞电离理论来解释多重激子效应. 这
三种理论在某种程度上都可以合理地阐释纳米半

导体中的多重激子效应. 但多重激子产生的机理可
能取决于纳米半导体的尺寸和光子能量超过带隙

的多余部分, 更为全面的理论解释还有待于更为充
分且精确的实验结果.

4.4 关于多重激子效应的争议

随着对多重激子效应研究的深入和报道结果

的增多, 研究结果之间出现了较大差异甚至矛盾.

产生的争议主要集中在多重激子是否产生、多重激

子效率 IQE和阈值能量Eth三个问题上. CdSe量
子点 [101]与纳米PbSe [169,170]在能量hν > Eth的

光子照射下未产生多重激子的实验结果, 与已发现
的CdSe量子点 [19,61] 和纳米PbSe [17]中发生了多

重激子效应相矛盾. 甚至同一研究组也未能重复
InAs量子点中效率为 160%的多重激子产生 [65,95],
且进一步分析表明 InAs量子点样品中没有多重激
子产生. 实验方面的困难和纳米材料特性参数的不
确定性造成了这样的差异, 同时引起了是否产生多
重激子效应的争议. 而对于同种组分的纳米半导体
(如PbSe量子点), 不同研究组测得的 IQE差异也

很大 [13,17,47,48,51−53,61,78,92,96,158]. 有hν = 7.8Eg

时高达 700%的 IQE, 也有hν = 4.8Eg 时 IQE仅为

170%的结果. 体材PbSe和PbS的载流子倍增效
率高于相应量子点中多重激子产生效率 [45], 与量
子尺寸效应增强多重激子效应的结论也互相矛

盾. 此外, 虽然实验结果表明阈值能量Eth只取决

于半导体材料而非几何尺度 (或纳米半导体的带
隙Eg) [20,48,61,66], 但纳米PbSe的Eth = 2.1Eg和

Eth = 2.9Eg的实验结果
[48,61] 以及Eth 随着Eg而

变化的计算结果 [100]都表明Eth 与Eg之间存在某

种关系. 但是这种关系的具体形式以及决定Eth的

因素至今仍不清楚 [13,17,48,100].
多重激子效应的三种解释理论无力澄清这些

争议. 争议的解决只能依赖于进一步精确的实验和
精细的分析. Trinh等 [52]进行了精细的飞秒瞬态光

谱实验, 结果表明确实在纳米PbSe中产生了多重
激子效应, 但其效率 IQE需要精细计算. Binks [167]

从实验的角度分析了产生这些争议的可能原因. Su
等 [119]基于碰撞电离机理建立了一个统计理论模

型, 并利用该模型详细研究了PbSe量子点中的多
重激子产生, 得到了一些对澄清争议有利的结果.
Bruhn等 [171]最近采用一种新颖的纯光谱方法研

究多重激子效应, 不仅在纳米硅中得到了多重激子
产生的明确的光谱特征, 并揭示出其阈值能量与效
率均依赖于量子点的尺度. 这些精细的研究结果有
利于逐渐澄清曾经存在的争议.

5 多重激子的分离

设计基于多重激子效应的新型高效量子点太

阳电池及新型光电器件时, 首要解决的问题是如
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何在多重激子复合之前进行有效的分离. 因多重
激子的分离效率决定了新型光电器件的性能, 故
受到广泛关注与重视 [2,21,23,78,93,172,173]. 事实上,
Nozik [15]早在 2002年就认识到有效分离多重激子
的重要性, 并设计了一种实现多重激子分离的器件
结构. 然而, 实验表明分离效果并不理想 [78,93]. 原
因在于多重激子的分离不仅需要合适的几何结构,
还需要有效的电子受主或施主能级. 目前, 有关多
重激子分离的研究主要集中在量子点 -有机分子、II
型核 -壳异质半导体结构及恰当的能带匹配结构三
方面.

激发吸附了有机分子的半导体量子点时, 半
导体量子点中的激发电子 (或空穴)会向表面吸
附的电子受体有机分子 (或空穴受体有机分子)转
移, 而当载流子在量子点与吸附分子界面上为超
快界面转移时, 就能够有效分离高能光子所激发
的多重激子 [21,128,174]. Lian研究组系统地研究了
无机半导体量子点 -有机分子中的多重激子分离,
包括CdSe量子点 -亚甲基蓝 (MB+) [21], CdSe量子
点 -Re(CO)3Cl (dcbpy) (dcbpy为 4, 4′-二羧基 -2,
2′-联吡啶) [175], CdSe量子点 -吩噻嗪 (PTZ) [176],
Cd3P2量子点 -罗丹明B(RhB) [177], PbS量子点 -
MB+[178,179], CdS 量子点 -RhB [180], InP量子点
-甲基紫 (MV2+)与 InP/CdS-MV2+[181] 和准 II型
量子点CdSe/CdS-MV2+[182]等复合体系中的激子

分离, 发现吸附合适的有机分子能够增加多重激子
的分离效率. 利用瞬态吸收光谱测试, 发现CdSe
量子点 -MB+复合体中的电子快速转移到MB+分

子, 激子的平均分离时间约为 2 ps [21]. 而CdSe
量子点 -PTZ复合体却因空穴转移到PTZ而实现
了激子分离 [176]. CdSe量子点 -Re(CO)3Cl(dcbpy)
复合体中电子转移速率受量子点的尺度影响 [175].
PbS量子点 -MB+复合体内的激子分离速率远大

于复合速率 [178], 且电子受体的存在不会影响多重
激子效应的产生, 激发的所有激子都能实现有效
分离, 并获得了 112%的量子效率 [179]. 甚至在准 II
型量子点CdSe/CdS-MV2+复合体系中进一步实

现了单量子点中 19个激子的超快分离 [182]. 此外,
Matylitsky等 [128]发现CdSe量子点 -MV2+复合体

中电子由量子点导带到MV2+分子的转移特征时

间仅为 70 fs, 且能有效分离 4个以上激子. Wang
等 [183]发现CdSe/CdS/ZnS-MV2+ 复合体中的激

子分离速度与CdSe-MV2+体系相比有所降低, 但

其复合速率下降得更快. 对于超快界面转移的机
理、量子点表面结构对激子分离的影响及超快界面

转移的应用等问题, Knowles等 [174]在最近进行了

详细的研究. 但能够有效分离各种纳米半导体中多
重激子的有机分子还有待于进一步研究.

随着各种光谱技术对 II型核 -壳异质结构中
激子的分离与复合问题的深入研究 [172,182,184−187],
发现 II型核 -壳异质结构也可以实现多重激子的有
效分离 [172]. 由两种或多种有适当晶格失配的纳米
半导体合成的 II型核 -壳结构在界面处的导带边与
价带边具有特殊的排列, 其径向势为台阶状结构,
导致其电子 (或空穴)局限于核内而空穴 (或电子)
局限于壳层中. 而且其电子 -空穴波函数的重叠也
会减少, 导致电子 -空穴复合时间变长. 这些因素都
有利于激子的分离. 因此, Ghosh研究组 [172]认为

II 型半导体核 -壳纳米结构可能是分离多重激子的
最佳手段. 利用飞秒带宽抽运 -探测光谱技术, 发现
II型CdSe/ZnTe核 -壳纳米结构中的空穴在脉宽时
限内从CdSe核转移到ZnTe壳层中, 而激子的冷却
时间随着外壳层厚度的增加而增大 [172]. 利用瞬
态光致发光光谱技术, 发现 II型CdS/ZnSe核 -壳
结构中存在由ZnSe壳层的价带顶到CdS核导带底
的间接跃迁 (该能隙小于CdS与ZnSe 的带隙), 从
而在CdS/ZnSe结构中产生激子 e(CdS)/h(ZnSe);
与CdS核激发后空穴再转移到ZnSe壳层形成的
激子 e(CdS)/h(ZnSe)相比, 间接跃迁产生的激子
e(CdS)/h(ZnSe)受到的载流子俘获较小 [188]. 虽然
II型核 -壳异质结构能够分离多重激子这一事实得
到了认可, 但其分离效果差异较大. Dooley等 [189]

在 II型CdSe/CdTe纳米棒结构中实现了 500 fs内
电子从CdTe核转移到CdSe壳层中, Okano等 [190]

在 II型CdS/CdTe纳米棒异质结构中实现的光生
电子从CdTe到CdS的转移时间为亚皮秒量级. 此
外, 虽然 II型核 -壳异质结构在空间上将激子进行
了分离, 但分离后的空穴和电子仍然被限制, 如何
进行有效利用还需要进一步研究.

如果氧化物与量子点的能级能够适当匹配,
则该复合体系也能够实现多重激子的有效分

离 [2,23,191,192]. 在量子点敏化太阳电池中, 电子
由量子点注入金属氧化物中从而使得光生激子快

速分离, 但俄歇复合却限制了一个量子点同时输
出多个电子. Cao等 [192]发现绒面修饰的ZnO纳
米线阵列增强了CdTe量子点中激子的分离效果.
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Parkinson研究组利用PbS量子点能级与TiO2能

带的匹配, 在比双激子寿命还短的 50 fs时间内将
PbS量子点内的电子转移到了TiO2底板, 从而实
现了多重激子的有效分离 [2]. Semonin 等 [23]则利

用ZnO实现了PbSe量子点太阳电池中多重激子的
有效分离, 获得了114%± 1%的外量子效率. Žídek
等 [191]在CdSe-ZnO体系中发现了大于俄歇复合的
电子注入, 实现了多重激子的分离. 实验证明该方
法对多重激子的分离是有效的, 其不足之处在于可
用的氧化物较少 (当前只有ZnO和TiO2), 且普适
性尚不清楚.

多重激子的有效分离不仅与纳米半导体的成

分有密切关系 [73,74], 还受其结构形貌 [77]和掺杂

的影响 [193]. 例如, 与同尺寸的PbS量子点及单壁
碳纳米管相比, Ag2S量子点中的多重激子寿命高
1—2个数量级 [73], 自然具有较高的多重激子分离
效率 [74]; 最近还发现CdSe纳米棒中的多重激子分
离效率与CdSe量子点相比有了极大的增强 [77]; 添
加稀土磷酸盐离子可以增强无机/有机混合太阳电
池中激子的分离, 电子转移速率甚至比用TiO2作

为电子受体时提升 60% [193]. 因此, 要透彻地研究
纳米结构中多重激子的有效分离十分困难, 很多问
题仍在研究之中 [194,195]. 但理论和实验已经表明
通过超快界面电荷转移确实可以实现分离并提取

多重激子, 而且量子限制效应导致的纳米半导体
能带调控作用可以进一步提升多重激子的分离效

率 [196].

6 MEG在光电器件中的应用

多重激子效应不仅能够提高太阳电池的效

率 [14,15]从而突破Shockley-Queisser极限 [7], 并且
能够增强新型光电器件的性能. 理论计算表明多重
激子效应能够将单结太阳电池的极限效率提升到

60.3% [17], 极大地超过了 31%的Shockley-Queisser
极限. 且太阳电池的极限效率随着带隙Eg的减

小而增大, 甚至趋近 100% [13]. 在太阳的AM1.5光
照下, MEG将单结太阳电池的能量转换效率提高
至 44.4%, 将双结太阳电池的能量转换效率提高至
47.7% [197]. 另一方面, 实验发现多重激子效应能够
明显增强纳米PbSe/单晶硅异质结在可见光波段
的正、反向电流 [198], 能够极大地增强PbS量子点
光电导探测器的内光电导增益 [88], 能够提高单壁

碳纳米管p-n结光电二极管中的电子 -空穴对数目
并出现台阶状的反向光电流 [89]. 在由PbSe量子点
制备的光电导器件中发现了高达 210%的多重激子
分离效率 [92]. 最近在纳米结构石墨烯/TiO2肖特

基二极管中发现了因多重激子产生而明显增强的

量子效率 [199], 且掺杂石墨烯可以显著地改变量子
效率. 这些结果奠定了多重激子效应应用于新型光
电器件的基础.

然而直到 2010年才第一次在光伏器件上观测
到了多重激子效应 [2]. Parkinson研究组使用PbS
量子点和TiO2制备了量子点敏化太阳电池, 该敏
化太阳电池在hν = 3.1 eV、强度为4.3 mW/cm2的

连续光照时出现了 170%的光电流转化效率, 而且
稳定地持续了 8 h [2]. 该研究不仅第一次证实了多
重激子效应应用于光电子器件的可能, 并且还提出
了一种快速提取多重激子电量的可行方案. 2011
年, Semonin等 [23]报道了PbSe量子点太阳电池的
性能. 多重激子效应使PbSe量子点太阳电池中出
现了 114%±1%的外量子效率最大值, 对应的内量
子效率高达 130%. 最近还在纳米CuInSe2太阳电
池中发现了 120%的外量子效率, 并且能够有效地
提取所产生的多重激子 [71]. 此外, 在有机光伏电池
中也发现 109%的外量子效率, 相应的内量子效率
高达 160% [111]. 这些结果为多重激子效应在光伏
器件中的应用提供了参考.

然而, Binks [167]的研究结果却表明量子点中

的多重激子效应对太阳电池的性能增强作用非常

小. 这和Su等 [143]计算的纳米Si中多重激子效应
对太阳电池效率的增强效果较低的结论一致. 原因
在于太阳电池的转换效率决定于太阳光谱与器件

量子效率的重叠面积. 而纳米Si太阳电池因其较
大的带隙 (Eg > 1.15 eV)和较高的阈值能量 (Eth

约为 2.2Eg—3.1Eg), 多重激子的量子效率与太阳
光谱的重叠非常有限 (图 7 ), 因而其内的多重激子
效应对太阳电池效率的增强效果有限. 多重激子
效应致使与太阳光谱匹配度最佳的禁带宽度Eg减

小, 对光伏器件而言, 窄带半导体可能更具有研究
价值. 高压下形成的Si-III/BC8结构具有较低的
禁带宽度Eg, 其阈值能量Eth较低而多重激子产率

却提高一个数量级 [144]. 因此, 纳米Si-III/BC8结
构中的MEG效应有望能够有效增强新型太阳电池
效率.
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图 7 AM1.5光谱与纳米 Si中的量子效率 (蓝色线为
2 nm的 Si量子点, 红色线为 5 nm的 Si量子点, 虚线为
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Fig. 7. AM1.5 spectrum and quantum efficiency in Si
nanocrystals (blue lines are for Si quantum dots with
2 nm diameter and red lines for 5 nm, dotted lines de-
note the ideal MEG, solid lines denote the results of
theoretical calculation, and black dotted line is for Si
quantum dots without MEG).

7 MEG前景展望

尽管目前对纳米半导体中多重激子效应的研

究还集中在理论探索与提升量子点太阳电池能量

转换效率方面, 但其潜在的巨大应用价值和非常广
泛的应用范围已初步显现 [143]. 纳米技术的发展使
我们有可能在纳米尺度内有效地控制载流子间的

相互作用及其动态过程, 这为抑制声子辐射、俄歇
复合以及载流子转移到表面态等能量损耗并优化

吸收边奠定了基础, 为进一步增强多重激子效应并
拓展其应用提供了多种方案 [200−202].

当然, 在多重激子效应广泛应用于新型光电子
器件之前, 该领域还有一些问题需要澄清. 1)表面
对多重激子效应的影响. 半导体材料的纳米化使
其比表面积增加, 表面的缺陷能级一般也会随之增
加, 它们对多重激子的产生及分离的影响至今知之
甚少. 2)纳米结构的维度及其形貌对多重激子效应
的影响. Zhu和Lian [77]发现纳米棒对多重激子的

分离具有增强作用, 而Cate等 [195]发现量子点中

多重激子效应产生的甚至是自由电荷. 目前对纳米
结构维度与形貌的影响还没有形成统一认识. 3)多
重激子的有效分离. 尽管已经提出了多种多重激子
分离方法, 但如何有效地分离多重激子仍然是一个
需要深入研究的问题. 半导体纳米体系的复杂性使
这些问题异常复杂, 但每个问题的澄清都是多重激

子效应研究的重要进展, 也有利于实现多重激子效
应在光电器件中的应用.
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Abstract
The multiple exciton generation (MEG), a process in which two or even more electron–hole pairs are created in

nanostructured semiconductors by absorbing a single high-energy photon, is fundamentally important in many fields of
physics, e.g., nanotechnology and optoelectronic devices. Many high-performance optoelectronic devices can be achieved
with MEG where quite an amount of the energy of an absorbed photon in excess of the band gap is used to generate
morei additional electron–hole pairs instead of rapidly lost heat. In this review, we present a survey on both the research
context and the recent progress in the understanding of MEG. This phenomenon has been experimentally observed in the
0D nanocrystals, such as PbX (X = Se, S, and Te), InX (X = As and P), CdX (X = Se and Te), Si, Ge, and semi-metal
quantum dots, which produce the differential quantum efficiency as high as 90%±10%. Even more remarkably, experiment
advances have made it possible to realize MEG in the one-dimensional (1D) semiconductor nanorods and the two-
dimensional (2D) nano-thin films. Theoretically, three different approaches, i.e., the virtual exciton generation approach,
the coherent multiexciton mode, and the impact ionization mechanism, have been proposed to explain the MEG effect in
semiconductor nanostructures. Experimentally, the MEG has been measured by the ultrafast transient spectroscopy, such
as the ultrafast transient absorption, the terahertz ultrafast transient absorption, the transient photoluminescence, and
the transient grating technique. It is shown that the properties of nanostructured semiconductors, e.g., the composition,
structure and surface of the material, have dramatic effects on the occurrence of MEG. As a matter of fact, it is
somewhat hard to experimentally confirm the signature of MEG in nanostructured semiconductors due to two aspects:
i) the time scale of the MEG process is very short; ii) the excitation fluence should be extremely low to prevent the multi-
excitons from being generated by multiphoton absorption. There are still some controversies with respect to the MEG
effect due to the challenge in both the experimental measurement and the explanation of signal data. The successful
applications of MEG in practical devices, of which each is composed of the material with lower MEG threshold and
higher efficiency, require the extraction of multiple charge carriers before their ultrafast annihilation. Such an extraction
can be realized by the ultrafast electron transfer from nanostructured semiconductors to molecular and semiconductor
electron acceptors. More recently, an experiment with PbSe quantum dot photoconductor has demonstrated that the
multiple charge extraction is even as high as 210%. It is proved that MEG is of applicable significance in optoelectronic
devices and in ultra-efficient photovoltaic devices. Although there are still some challenges, the dramatic enhancement
of the efficiency of novel optoelectronic devices by the application of MEG can be hopefully realized with the rapid
improvement of nanotechnology.

Keywords: multiple exciton generation, quantum efficiency, threshold energy, semiconductor nanocrystal
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pacitive performance of ultrathin
mesoporous NiCo2O4 nanosheet arrays by surface
sulfation†

Yuxiu You,a Maojun Zheng, *ab Dongkai Jiang,a Fanggang Li,a Hao Yuan,a

Zhihao Zhai,a Li Mac and Wenzhong Shena

Surface functionalization is as an effective way to modulate the electrochemical or photoelectrochemical

properties of nanomaterials. Sulfated ultrathin mesoporous NiCo2O4 nanosheet arrays are fabricated based

on a convenient galvanic displacement process, exhibiting stimulated chemical reactivity and boosted

supercapacitive performance. This method not only realizes synchronization of synthesis and surface

functionalization but also readily tailors the functionalizing degree of the sulfate-ion and surface

reactivity of NiCo2O4 through adjusting the addition amount of the sulfur source. Moderately sulfated

NiCo2O4 exhibits a capacitance activation in the first 2100 cycles and achieves the highest specific

capacitance of up to 1113 F g�1, an increase of 57% over that of pristine NiCo2O4 during 5000 cycling

tests at a high current density of 5 A g�1. Additionally, the sample displays an outstanding cycling

performance with 166% capacitance retention. On the basis of structural characterization and surface

chemical analysis, this research puts forward a scientific explanation for significantly boosting the

electrochemical performance by surface sulfation. In addition, we present a facile route for fabricating

sulfated metal oxides without post-processing for energy conversion and storage fields.
1. Introduction

The increasing energy crisis associated with environmental
pollution and global warming1–3 compels humanity to search
for clean and renewable power sources as well as efficient
energy storage technologies.4,5 In recent years, supercapacitors,
one of the energy-storage devices, are of considerable interest by
virtue of their long cycling life, fast charge–discharge process
and pollution-free operation.6–8 In comparison with various
electrode materials including carbon,9 polymers10 and transi-
tion metal hydroxides,11 mixed transition metal oxides (MTMO)
coupled with different metal species possess unique features
with high capacitance, electronic conductivity and rich redox
reactions, playing promising roles in supercapacitors.12–14

Among these MTMO materials, NiCo2O4 has been widely
investigated due to its appealing characteristics of low cost,
nontoxicity, natural abundance and superior supercapacitive
performance.12,15,16 To promote the electrochemical
uantum Control, Ministry of Education,

Jiao Tong University, Shanghai, 200240,

x: +86-021-54741040

ced Microstructures, Nanjing University,

nology, Shanghai Jiao Tong University,

tion (ESI) available. See DOI:

2–8749
10
performance, most studies have been devoted to fabricating
various nanostructures with a large surface area or good
conductive composites, for instance Fe-doped NiCo2O4 micro-
spheres@nanomeshes,17 NiCo2O4 tetragonal microtubes,18

NiCo2O4 hollow spheres,13 NiCo2O4@Ni3S2 core/shell nano-
thorns6 and TiN@NiCo2O4 coaxial nanowires.19 Nevertheless,
these strategies still do not lead to a satisfactory capacity
because the insufficient surface reactivity is a hindrance to fully
realize its storage capability. The charge storage mechanism of
NiCo2O4 mainly based on redox reactions is closely related to
the surface chemistry and electronic structure of the material.
Surface functionalization can modulate the surface electronic
structure and chemical environment and then boost the elec-
trochemical performance of active materials.

Surface functionalization has been widely used for carbon
electrode materials;20–22 however, there are still very few reports on
surface functionalization of transition metal oxides for super-
capacitors.23 Bai et al. reported NiO nanobers functionalized
with citric acid as a supercapacitor electrode which exhibited
a much higher specic surface area and specic capacitance
(336 F g�1) than those of pristine NiO (136 F g�1).24 Recently, Xia
and co-workers found that phosphate ion functionalized Co3O4

nanosheets could signicantly increase the number of surface
active sites and reduce charge transfer resistance, leading to
greatly improved capacitive performance (up to approximately
eightfold enhancement of specic capacitance).23 Lu et al.
synthesized phosphorylated TiO2 nanotube arrays greatly
This journal is © The Royal Society of Chemistry 2018
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boosting sodium storage.25 As one kind of efficient functionali-
zation strategies, sulfation has been successfully used in various
catalyst elds, effectively enhancing catalytic reactivity.26–32 Gao
et al. illustrated that sulfated oxides displayed high thermosta-
bility, very strong acidity and high catalytic reactivity.26 Liu et al.
synthesized sulfated porous Fe–Ti bimetallic solid superacid
catalysts, which showed high reactivity for efficient photochem-
ical oxidation of azo dyes under visible light.28 As noted above, we
anticipate that sulfation can endow ultrathin mesoporous
NiCo2O4 nanosheet arrays with higher surface chemical reactivity.
To the best of our knowledge, until now, sulfated NiCo2O4 applied
in supercapacitors has not been reported.

In this work, we develop a facile galvanic displacement
approach to synthesize sulfated ultrathin mesoporous NiCo2O4

nanosheet arrays. Moderately sulfated NiCo2O4 exhibits an
increased capacitance far exceeding that of pristine NiCo2O4

(�57%) at a high current density of 5 A g�1 and a superior
cycling stability with 166% capacity retention aer testing for
5000 cycles. This remarkable supercapacitive performance can
be ascribed to several merits. The unique ultrathin mesoporous
nanosheet arrays provide a large surface area for faradaic
reactions and short channels for ion diffusion and charge
transfer. Sulfation improves the surface reactivity and electrode
kinetics and introduces highly active sites, bringing about less
energy requirement for faradaic reactions. Herein, we not only
propose a facile route to effectively functionalize metal oxides
for energy conversion and storage but also establish a basic
comprehension of the correlation between sulfation and the
capacitive enhancement of NiCo2O4.
2. Experimental section
2.1 Materials and methods

Nickel foam with an area of 1 cm � 4 cm pressed by a 2 MPa
force was cleaned in order with acetone and 2 M HCl in an
ultrasound bath for 15 min and rinsed with ethanol and DI
water several times. The sulfated ion functionalized NiCo2O4

was synthesized in a galvanic cell system with two half-cells. The
Ni foam immersed into a mixed solution of 5 mM NiCl2, 10 mM
CoCl2 and 0.25 M or 0.5 M thiourea was externally connected to
a certain amount of an Al sheet dipped into 0.25 M NaOH with
a copper wire. In addition, a saturated KCl salt bridge was used
to connect the two half-cells. The experiment was conducted at
room temperature for 1 h. The grown sample was washed with
DI water and ethanol several times and then dried in air at 60 �C
for 12 h. The dried sample was then annealed at 250 �C for 2 h in
air. Without the addition of thiourea, the pristine NiCo2O4 can
be fabricated under the same experimental conditions. For
simplication, the sample grown in 0.25 M and 0.5 M thiourea
is denoted as S0.25M and S0.5M, respectively. The weight of all
samples was measured before deposition and aer annealing,
and the mass of active materials was 0.5 mg cm�2.
2.2 Structural characterization

Powder X-ray diffraction (XRD) was performed using a Rigaku
Ultima IV X-ray diffractometer with a Cu Ka radiation source.
This journal is © The Royal Society of Chemistry 2018
10
X-ray photoelectron spectroscopy (AXIS ULTRA DLD, Kratos,
Japan) was also carried out to analyze the surface chemical
composition and valance states of the samples. The details of
the structure and morphology were observed by eld emission
scanning electron microscopy (FESEM, Zeiss Ultra Plus) and
transmission electron microscopy (TEM) (JEOL JEM-2100F with
an acceleration voltage of 200 kV).

2.3 Electrochemical measurements

We researched the electrochemical properties of all samples on
Ni foam as the working electrode in a three-electrode installa-
tion with a SCE reference electrode and a Pt plate counter
electrode in 2 M KOH. The cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS) tests were performed
on a CHI760B electrochemical workstation. The galvanostatic
charge–discharge (GCD) measurements were conducted on
a LAND CT-2001A. The calculation equation of specic capaci-
tance is as follows:

C ¼ It

mDV
(1)

where C (F g�1) is the specic capacitance, I (mA) is the current
density, t (s) is the discharge time, m (mg) is the quantity of
active materials, and DV (V) is the voltage window.

3. Results and discussion

The ultrathin mesoporous NiCo2O4 nanosheet arrays were
synthesized by a solution-based galvanic displacement method
and then annealed at 250 �C for 2 h in air, as illustrated in
Fig. 1a. The details of the preparation process can be found in
the Experimental section. The component of the as-deposited
samples is indexed to Co–Ni layered double hydroxides from the
XRD spectra in Fig. S1.† The XRD spectra in Fig. 1b show that
the peaks at 31.2�, 36.5�, 59.2�, and 65.1� of pristine and
sulfated NiCo2O4, excluding two intense peaks originating from
Ni foam, can be well indexed to the (220), (311), (511), and (440)
crystal planes of the spinel NiCo2O4 cubic phase (JCPDS no. 20-
0781), respectively. Compared with the pristine NiCo2O4, the
functionalized NiCo2O4 without any impurity peaks and shi-
ing peaks is proven to be of high purity.

X-Ray photoelectron spectroscopy (XPS) of each element and
its tting results are further shown in Fig. 2a–d. The Ni 2p and Co
2p spectra are both tted with two spin–orbit doublets and
shakeup satellites. The XPS spectra of Ni 2p display two tting
peaks at 854.1 eV and 871.5 eV, which indicate the presence of
Ni2+.33 The spin–orbit peaks of Ni 2p3/2 at 855.7 eV and Ni 2p1/2 at
873.2 eV correspond to the Ni3+ cation, which is in majority in Ni
atoms in the crystal lattice. In the Co 2p spectra, two peaks with
binding energies of 779.6 eV and 794.6 eV belong to the Co3+

cation and the other peaks at 781.1 eV and 796.3 eV are indexed
to the Co2+ cation.34 The O 1s spectra show four different oxygen
contributions, three peaks of which, at 529.5, 531.8 and 532.9 eV,
are associated with the metal oxide, number of defect sites and
water adsorbed on the surface, respectively.35 The O 1s spectra of
pristine and sulfated NiCo2O4 both have a peak at 531.00 eV,
originating from OH� and SO4

2� groups, respectively.36–38 The
J. Mater. Chem. A, 2018, 6, 8742–8749 | 87435
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Fig. 1 (a) Schematic of synthesizing pristine and sulfated NiCo2O4 nanosheet arrays on Ni foam; (b) XRD spectra of synthesized sulfated
NiCo2O4, S0.25M and S0.5M.
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peak intensity at 531.0 eV improves with increasing sulfate
content , implying that the OH� group on the NiCo2O4 surface
has been replaced by the SO4

2� group during the surface sulfa-
tion process. The core-level S 2p spectra in Fig. 3d show a broader
peak centered at 168.5 eV, which can be attributed to SO4

2�.27,28

Moreover, the peak intensity of SO4
2� is proportional to the

added thiourea concentration, which is consistent with Fig. 2c.
Fig. 2 The XPS spectra of NiCo2O4, S0.25M and S0.5M: (a) Ni 2p spectr

8744 | J. Mater. Chem. A, 2018, 6, 8742–8749
10
The eld-emission scanning electron microscopy (FESEM)
images of the as-prepared NiCo2O4 nanosheet arrays are given in
Fig. 3. Fig. 3a–c present the pristine NiCo2O4, S0.25M and S0.5M
with a similar porous array micro-structure formed by cross
stacking of numerous independent mesoporous nanosheets.
These independent nanosheets with clearly observed mesopores
have a planar gauze-like morphology with several hundred
a, (b) Co 2p spectra, (c) O 1s spectra, (d) S 2p spectra.

This journal is © The Royal Society of Chemistry 2018
6

http://dx.doi.org/10.1039/c8ta01442f


Fig. 3 The low- and high-magnified SEM images of (a and d) NiCo2O4, (b and e) S0.25M and (c and f) S0.5M. Insets in the upper-row figures show
the different distributions of NiCo2O4, S0.25M and S0.5M nanosheets on Ni foam.
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nanometers in lateral dimension. This open porous architecture
can provide abundant surface reactive sites and enough ion
storage space for fast faradaic reactions.39 However, there are still
some differences in morphology and distribution between the
three different samples, the crook degree and the number of
whose nanosheets is in proportion to the added amount of
thiourea as shown in the insets. The introduction of thiourea to
the precursor solution is benecial to form the nanosheet.

The transmission electron microscopy (TEM) measurements
were further employed to investigate the structure of the
synthesized NiCo2O4 nanosheets. From Fig. 4, the nanosheets
of pristine NiCo2O4 are composed of lots of nanoparticles with
a size of about 12 nm consistent with the result calculated using
the Scherrer equation (see the ESI†). The mesopores between
these nanoparticles mainly range from 2 to 5 nm, resulting from
thermal annealing of the precursor. Unlike pristine NiCo2O4,
the nanoparticles in S0.25M have no obvious edge and tend to
interconnect, suggesting that the surface is reconstructed due
to the introduction of the sulfate ion. Besides, the well-dened
diffraction rings displayed in the selected-area electron
diffraction (SAED) patterns of NiCo2O4 and S0.25M both illus-
trate their polycrystalline nature. In accordance with the XRD
Fig. 4 The TEM images and the SAED pattern (insets) of (a) NiCo2O4, (b

This journal is © The Royal Society of Chemistry 2018
10
results, these rings can be satisfactorily ascribed to the (220),
(311), (400) and (440) crystal planes of the cubic NiCo2O4 phase,
indicating that sulfation will not change the crystal structure.

The pristine and sulfated NiCo2O4 nanosheet arrays on Ni
foam were used as binder-free electrodes for supercapacitors to
evaluate their electrochemical properties. Fig. 5 shows the
representative cyclic voltammogram (CV) curves at various
sweep rates in the range from 5 to 100 mV s�1 in the potential
window of 0–0.6 V vs. SCE. A pair of distinct redox peaks of the
CV curves is derived from reversible faradaic reactions, clearly
revealing the conventional faradaic behaviors of this battery-
type electrode.4,40 The reversible redox reactions in sulfated
NiCo2O4 are inferred as the following equations:

NiCo2O4�x(SO4
2�)x + OH� + H2O 4 NiO1�y(SO4

2�)yOH

+ 2CoO1�(x�y)/2(SO4
2�)(x�y)/2OH + e� (2)

CoO1�(x�y)/2(SO4
2�)(x�y)/2OH + OH�4

CoO2�(x�y)/2(SO4
2�)(x�y)/2 + H2O + e� (3)

Signicantly, with the gradual increase of scan rates, the
shape of these CV curves can be maintained well except a slight
) S0.25M and (c) S0.5M.

J. Mater. Chem. A, 2018, 6, 8742–8749 | 87457
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Fig. 5 CV curves of (a) NiCo2O4, (b) S0.25M and (c) S0.5M at scan rates ranging from 5 mV s�1 to 100 mV s�1; (d) CV curves of NiCo2O4, S0.25M
and S0.5M at 50 mV s�1.
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shi of the peak position, suggesting that the fast redox reac-
tions occur in the electrode. As can be seen from Fig. 5d, the
area relationship of CV curves at a scan rate of 50 mV s�1

between pristine and sulfated NiCo2O4 is AS0.5M > AS0.25M >
Apristine NiCo2O4

.
The galvanostatic charge–discharge measurements were

carried out with the potential window between 0 and 0.53 V (vs.
SCE) to investigate the specic capacitances of the electrodes.
Consistent with the CV measurements, pronounced voltage
plateaus corresponding to the redox couple can be observed
from the galvanostatic charge–discharge curve proles as
shown in Fig. 6a. Furthermore, the symmetric shapes of these
curves imply good reversibility of redox reactions.41 The specic
capacitance as a function of current density for pristine and
sulfated ion functionalized NiCo2O4 is plotted in Fig. 6b.
Remarkably, NiCo2O4, S0.25M and S0.5M deliver specic
capacitances of 390.56, 524.52, and 656.6 F g�1 at a current
density of 1 A g�1, respectively. Surprisingly, the specic
capacitance increases rapidly as the current density increases,
which can be attributed to the capacitance activation. When the
current density increases from 1 to 40 A g�1, the specic
capacitance retention is calculated to be 116, 144 and 138% for
NiCo2O4, S0.25M and S0.5M, respectively.

The cycling stability of NiCo2O4, S0.25M and S0.5M was
shown in Fig. 6c. All the samples exhibit capacitance activation
in the rst 1000 cycles. Due to the porous array architecture,
with the gradual penetration of electrolyte into the interior
structure, the inner active material is activated and participates
in redox reactions, increasing the capacitance gradually.42–44

Aer 1000 cycles, the specic capacitance of S0.5M decreases
rapidly while the S0.25M presents the highest specic
8746 | J. Mater. Chem. A, 2018, 6, 8742–8749
10
capacitance of 1113 F g�1 until the 2100th cycle, which is 1.57
times higher than that of pristine NiCo2O4 with the highest
capacitance of 707 F g�1. Moreover, the NiCo2O4, S0.25M and
S0.5M, respectively, show a capacitance retention of 169, 166
and 112% aer 5000 cycles. Accordingly, moderate sulfation
can greatly improve the capacitive performance for NiCo2O4.

In order to investigate the inuence of long-term cycling
tests on the morphology and structure, SEM and TEM
measurements are further conducted for all samples aer 5000
cycles. From Fig. S2 and S3,† it can be seen that all samples
maintain a good porous-array structure and ultrathin
morphology except for some slightly collapsed nanosheets,
implying the negligible inuence of activation and charge–
discharge cycle process on the structure and morphology. The S
2p core-level XPS spectra of the sulfated samples aer being
fully activated are further measured to investigate the reason for
the capacitance decrease of S0.5M (see Fig. S4†). Aer being
fully activated, S0.5M loses almost all sulfate ions while S0.25M
retains the majority of its sulfate ions, indicating that excess
sulfate ion functionalization gives rise to the unstable surface
chemistry or electronic structure which results in easy and rapid
loss of sulfate ions. Thus, a higher level of sulfation causes more
capacitance decrease aer the activation process.

To further research the resistive capacity of the active
materials, electrochemical impedance spectroscopy was per-
formed at an open circuit potential in the frequency range of
0.1–100 kHz. From the Nyquist plots of the different samples in
Fig. 6d, the equivalent series resistances of NiCo2O4, S0.25 and
S0.5M were 0.58, 0.6 and 0.55 U, respectively, implying the low
internal resistance of the electrode and good adhesion to the
substrate of the active materials.45 Compared with pristine
This journal is © The Royal Society of Chemistry 2018
8
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Fig. 6 (a) The galvanostatic charge–discharge curves at various current densities of S0.25M; (b) the specific capacitances at different current
densities, (c) cycling performance at a current density of 5 A g�1 and (d) Nyquist plots of NiCo2O4, S0.25M and S0.5M
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NiCo2O4, S0.25M and S0.5M exhibited smaller semicircles and
more vertical lines, indicating the enhancement in charge
transfer and ion diffusion.1,46 In comparison with S0.25M,
S0.5M shows a smaller slope and a larger semicircle, which
indicate that excess sulfate ions prevent the decrease of electron
transmission and ion diffusion resistance and facilitate fast
redox reactions.

To comprehend the correlation between surface sulfation and
enhanced electrochemical performance, we further research
the surface electronic structure and chemical reactivity. The
Fig. 7 Schematic of the functionalized surface and redox reaction proc

This journal is © The Royal Society of Chemistry 2018
10
introduction of sulfate ions changes the chemical bonds and
corresponding electronic chemical environment of metal sites,
thus signicantly promoting surface reactivity.23 The length of
the Co–O bond of about 1.855 Å is shorter than that of Co–SO4,
which is about 2.0 Å. Furthermore, the Pauling electronegativity
of –SO4 is calculated to be 3.225,47 smaller than that of the O
element (3.44). The covalent character of the Co–SO4 bond is
further estimated to be 63.6%, higher than that of the Co–O bond
which is about 54.4%. The sulfate functionalized NiCo2O4 with
a longer bond and higher covalent character needs less energy for
ess in the sulfated NiCo2O4 nanosheet arrays.

J. Mater. Chem. A, 2018, 6, 8742–8749 | 87479
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redox reactions to occur than that required before functionali-
zation, thus enhancing surface reactivity and electrode kinetics.
Fig. 7 gives the schematic illustration of the functionalized
surface, redox reaction process and electronic structure of the
functionalized NiCo2O4. The ultrathin mesoporous morphology
and open porous arrays provide a large surface area with lots of
active sites and “ion reservoir” providing enough electrolyte ions
for fast redox reactions at high current densities. The synergistic
effect of structure and moderate sulfation facilitates electron
transmission and improves surface reactivity, thus resulting in
high capacity and excellent stability.
4. Conclusion

In summary, we fabricate sulfated ultrathin mesoporous
NiCo2O4 nanosheet arrays on Ni foam using a facile self-
assembly technique without conventional post-processing.
Adjusting the addition amount of the sulfur source can readily
tailor the functionalized degree of the sulfate-ion and surface
reactivity of NiCo2O4. The surface reactivity of the NiCo2O4

nanosheet arrays is boosted by surface sulfation. Beneting
from the enhanced surface activity, electrode kinetics and
unique nanosheet array structure, the moderately functional-
ized NiCo2O4 (S0.25M) achieves a fascinating electrochemical
performance with excellent stability and much higher capaci-
tance far exceeding that of the pristine sample at a high current
density of 5 A g�1. Given the excellent electrochemical perfor-
mance and facile synthesis process, we believe this sulfation
strategy is a promising route to fabricate enhanced-perfor-
mance electrodes for energy conversion and storage.
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a b s t r a c t

Non-noble metal electrocatalysts replacing Pt catalyst for efficient hydrogen-evolution reaction (HER) are
highly desired to achieve sustainable production of H2 through water splitting. In this paper, we report a
novel ammonium intercalated MoS2/Ni3S2 core-shell nanofibers on graphene-Ni foam by a facile method.
Such hierarchical nanostructures provide abundant active sites for hydrogen evolution. Furthermore, DFT
calculation demonstrates that the intercalated ammonium ions improve the chemisorption of protons for
MoS2, thus further enhancing HER activity. The synthesized MoS2/Ni3S2 nanofiber cathode exhibits an
overpotential of 109 mV at 10 mA cm�2 in 1 M KOH electrolyte e the lowest overpotential reported so far
among any earth-abundant cathodes working in strong alkaline condition. Combining with a nickel iron
layered double hydroxide anode, stable overall water splitting with a low potential of 1.59 V at
10 mA cm�2 is achieved in 1 M KOH for 100 h.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing energy demand caused by burning fossil fuels and
the global energy crises have led to the intense search for alternative
fuel, hydrogen, as an ideal energy carrier in chemical form, has been
actively pursued as a promising renewable energy to substitute the
traditional fossil fuels [1e3]. Electrocatalytic water splitting is
considered to be a simple and effective pathway for hydrogen pro-
duction [4e10]. Among the proposed configurations for overall
water splitting, the dual functional electrochemical cell constructed
by electrically connecting an anode and a cathode in series is the
most economical one that has the potential to realize excellent
performance required for practical application. Constructing such
an electrocatalytic cell requires the anode and cathode with high
nd Frontier Sciences, Univer-
engdu, 610054, China.

cial Structure and Quantum
cs and Astronomy, Shanghai

heng@sjtu.edu.cn (M. Zheng).
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activity to work in the same electrolyte to simplify the system.
Although many highly active and stable hydrogen evolution reac-
tion (HER) cathodes working in acidic condition have been devel-
oped in recent years, only a few precious metal catalysts (i.e., RuOx
and IrOx) can evolve oxygen efficiently in acidicmedia. Constructing
overall water splitting cells working in acidic media using these
catalysts is not economical. As most of the earth abundant oxygen
evolution reaction (OER) catalysts developed so far exhibit high
activity in alkaline medium, it is highly desirable that earth-
abundant HER cathode having high activity and stability in alka-
line media is developed to combine with earth-abundant OER an-
odes for efficient and stable overall water splitting.

Two-dimensional (2D) layered material, particularly molybde-
num disulfide (MoS2) has been explored extensively as HER elec-
trocatalysts [11e17]. Both theoretical and experimental studies
demonstrated that the HER activity sites located along the Mo-S
edges of the 2D MoS2 layer [18e21]. Hence, much attention has
been devoted to preparing nanostructured MoS2 with a high pro-
portion of exposed edges [22e27] and lower intrinsic resistance
[27e31] using physical and chemical strategies to boost HER cata-
lytic performance. Besides the morphological nanostructure
2
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engineering of MoS2, much effort has been devoted to octahedral
metallic (1T) phase MoS2 which exhibited superior HER catalytic
activity to those with trigonal prismatic (2H) phase due to
enhanced intrinsic catalytic activity facilitating the charge transfer
and the chemisorption of protons. Through the intercalation of Liþ

ions, new active sites can be created on the basal planes of 1T phase
MoS2 [32e35]. However, 1T-LiMoS2 was not stable in themedia and
its fabrication process is relatively complicated [36e39]. Therefore,
facile fabrication of stable 1T-MoS2 is highly desirable. So far, the
electrochemical HER by chemically exfoliated 1T MoS2 materials
has been studied well in acidic solution, while the catalytic HER in
alkaline solution and rationally designed nanostructures of 1T
MoS2 are still rarely studied.

Herein, we report a facile synthesis of a hierarchical ammonium
intercalated A-MoS2/Ni3S2 core-shell nanostructures on graphene-
Ni foam. Metallic phase MoS2 shell and Ni3S2 nanofiber core were
grown in a single hydrothermal step on graphene-Ni foam. The
wrinkled MoS2 shells provide a large effective surface area for
catalytic reaction, while the in-situ grown Ni3S2 nanofibers cores
allow efficient charge transfer to the Ni foam substrate. More
importantly, such MoS2/Ni3S2 core-shell heterostructures exhibit a
highly efficient HER activity in 1 M KOH. DFT calculation reveals
that the existence of ammonium between the MoS2 (002) planes
facilitate the chemisorption of protons, leading to the improvement
for electrochemical hydrogen generation. The combined effects of
nanostructure and ammonium intercalation make such A-MoS2/
Ni3S2/graphene/Ni foam cathode catalyst exhibit a low over-
potential of 109mV at 10mA cm�2 in 1M KOH electrolyte. The high
HER activity in strong alkaline condition makes it possible to
combine with a state-of-the-art oxygen evolution anode that per-
forms well in alkaline media for efficient overall water splitting.
Indeed, when combined with a nickel iron layered double hy-
droxide (NiFe-LDH) anode, stable overall water splitting with a low
potential of 1.59 V at 10mA cm�2 was demonstrated in 1M KOH for
100 h.

2. Results and discussion

Graphene was firstly deposited on the nickel foam as a soft
template for the growth of Ni3S2 nanostructures [40]. Graphene
wrapped nickel foamwas obtained by an interfacial redox reaction.
Since the reduction potential of graphene oxide is much higher
than that of nickel, GO nanosheets can be reduced and spontane-
ously grow on the surface of Ni surfaces. Fig. S1 shows the scanning
electron microscopy (SEM) images of nickel foam and as-obtained
GN. It can be seen from high magnification SEM image that a thin
layer of graphene film with some ripples and wrinkles is uniformly
grown on NF surface. The surface of Ni foam remains its integrality
after high temperature treatment.

The typical Raman spectrum recorded from the GN clearly
demonstrate the two characteristics carbon bonding bands, i.e., the
D-band around 1346 cm�1 related to disordered sp2 carbon and the
G-band around 1590 cm�1 related to well-ordered graphite
(Fig. S2). After hydrothermal treatment, the intensity ratio of D to G
peaks (ID/IG) increases from 0.77 to 1.02. The change in the ID/IG
ratio indicates a decrease in the average size of the re-established G
network (sp2 carbon), confirming the reduction of GO.

The A-MoS2/Ni3S2 core-shell nanofibers were grown on the
graphene-Ni foam by a simple hydrothermal method. During the
hydrothermal process, S ions released from thioacetamide react
with Ni foam to produce Ni3S2 particles or Ni3S2 nanofibers
[40,41], and then Ni3S2 nanofibers act as a skeleton to guide the
formation of ammonium intercalated MoS2 nanosheet [42]. As
shown in Fig. 1a, the well-defined MoS2 nanosheet decorated
Ni3S2 nanofibers are preserved and the graphene wrapped Ni
113
foam electrode is uniformly covered by nanofibers with a diam-
eter of 100 nm. The high magnification view of SEM reveals that
the surface of Ni3S2 nanofibers are covered by wrinkled ultrathin
MoS2 nanosheets.

It has been reported previously that S edge sites can effectively
absorb H with a small free energy, which is advantageous for
enhancing the HER activity [18e21]. Therefore, it is believed that
wrinkledMoS2 nanosheets with abundant active S sites should give
an outstanding HER performances. The nanosheets are in tight
contact with Ni3S2 nanofibers, which is essential for long-term
stability for hydrogen evolution reaction. To better elucidate the
core-shell structure of A-MoS2/Ni3S2 nanofibers, TEM images were
carried out with a single nanofiber (Fig. 2a). MoS2 nanosheets are
grown tightly on Ni3S2 nanofibers after the hydrothermal process,
which is even strong enough against ultrasonication. The diameter
of the nanofibers is about 100 nm. HRTEM image reveals lattice
fringes of the Ni3S2 core with characteristic planes of (101) and
(110) and layered structure of the MoS2 shell (Fig. 2b). The EDS
mapping of a nanofiber displays the elemental Mo, Ni, S and N,
revealing that all the elements are uniformly distributed in the A-
MoS2/Ni3S2 nanofibers (Fig. 2c and d). The detection of N signal by
EDS also proves the successful ammonium intercalation in MoS2
nanosheets.

The XRD patterns (Fig. 1c) were performed on MNG-120 sample
(see Experimental Section for the assignment of sample names) to
investigate crystallographic structure information. The two strong
peaks at 2q ¼ 44.7 and 52.1 arise from the Ni foam substrate. The
diffraction peaks at 2q ¼ 21.5, 30.9, 37.6, 49.5 and 55 correspond to
the (101), (110), (003), (113), (211), (122) and (300) planes of Ni3S2
(JCPDS no. 44-1418). Three characteristic diffraction peaks at
2q¼ 32.0, 39.8 and 56.6 are assigned to (100), (103) and (110) planes
of hexagonalMoS2 (JCPDSNo. 37-1492), a newpeak arise at 2q¼ 9.3�

is assigned to the expanded (002) d spacing. The basal spacing in-
crease is calculated to be 3.4 Å by the Scherrer's equation and
matcheswith the size of NH3 andNH4

þ ionwhose diameter is ~3.5 Å
[43,44]. Further insight into the nanostructure of A-MoS2/Ni3S2 is
obtained by Raman spectrum (Fig. 1d). The E12g and A1g vibrational
modes are located at 378 and 403 cm�1. Three additional peaks
emerging at 192, 215 and340 cm�1 indicate the presence of 1T phase
MoS2 [36,38]. The strong peak at 284 cm�1 is relatedwith the Raman
modes of Ni3S2 [45].

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the chemical nature and bonding state of A-MoS2/
Ni3S2. Fig. 3 displays the detailed XPS scans for the Mo, Ni, S and N
binding energies. All spectra were calibrated by a carbon 1s peak
located at 284.50 eV. Besides the peaks at 229.3 and 232.4 eV
assigned to Mo 3d5/2 and Mo 3d3/2 for the 2H-MoS2, the 1T-MoS2
peaks at 228.4 and 231.5 eV were obtained after the deconvolution
of the Mo 3d spectrum, with a separation of binding energy at
~0.9 eV [33,34,38]. The S 2p doublet peaks exhibit broader peaks
which could result from the bridging S2

2� or apical S2� atoms [46].
Fig. 3b shows two main peaks located at 874.3 and 856.1 eV which
can be attributed to Ni 2p 1/2 and Ni 2p 3/2, respectively. Two
satellite peaks with binding energies of 860.9 and 879.7 eV corre-
sponding to metallic Ni [47,48]. The existence of intercalated
NH4

þ in the MNG-120 sample is demonstrated by the N1s spec-
trum of located at 398.3 eV [49,50].

The morphology of the MNG cathode, which is crucial to its HER
performance can be easily controlled by the amount of thio-
acetamide (TAA) in the hydrothermal process. Fig. 4bee shows the
SEM images of the obtained A-MoS2/Ni3S2 nanofibers prepared
with different concentration of the TAA. For the sample MNG-30
with a low content of TAA (30 mg), only Ni3S2 nanoparticles can
be observed on the graphene-Ni foam, and no MoS2 shell was
formed. With increasing the content of TAA to 60 and 90 mg, Ni3S2



Fig. 1. (a) and (b) SEM micrographs of the A-MoS2/Ni3S2 nanofiber structures with different magnifications. (c) XRD pattern, (d) Raman spectra of A-MoS2/Ni3S2/GN.

Fig. 2. (a) and (b) TEM micrographs of A-MoS2/Ni3S2 nanofiber. (c) and (d) EDS mapping images of an individual nanofiber, indicating the ammonium intercalated MoS2 nanosheet
decorated Ni3S2 nanofiber hierarchical structure.
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Fig. 3. XPS spectra showing Mo 3d (a), Ni 2p (b), N 1s (c) and S 2p (d) peaks core level peak regions.

Fig. 4. (a) Schematic illustration of the obtained MoS2 decorated Ni3S2 nanostructures obtained from different content of thioacetamide. SEM images of MoS2 decorated Ni3S2
nanostructures obtained from different content of thioacetamide: (b) 30 mg, (c) 60 mg, (d) 90 mg and (e) 120 mg.
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nanoparticles gradually evolve to nanopyramids and nanorods, and
the coverage of MoS2 nanosheets increases. By increasing the
content of TAA to 120 mg, Ni3S2 nanorods become thinner and
longer. MoS2 ultrathin nanosheets uniformly cover on the Ni3S2
nanofibers. Graphene-Ni foam is fully coated by A-MoS2/Ni3S2
nanofibers. The corresponding schematic illustration for the for-
mation of the above samples is proposed in Fig. 4a. Based on the
observations described above, the content of sulfur source plays a
key role in the formation of the core/shell nanostructures. During
the hydrothermal process, the S ions released from TAA first react
with the Ni foam to form small Ni3S2 particles on the surface of
graphene. As the content increases, these nanoparticles grow into
nanorods and then nanofibers, which act as the template to guide
the self-assembly of MoS2 nanosheets.

The HER performance of the MNG samples with different mor-
phologies were measured in 1 M KOH solution using a typical
three-electrode setup at a scan rate of 0.5 mV/s. The polarization
curves in Fig. 5a shows that all the A-MoS2/Ni3S2 composites
115
exhibit a relatively higher HER activity to the Pt and Ni foam.
Notably, MNG-120 exhibits a low overpotential of 109 mV to ach-
ieve a cathodic current density of 10 mA cm�2. The overpotential
decreases in the following order: Ni > Pt gauze (1 cm�2) > Ni-
GR >MNG-30 > Ni3S2 fibers >MNG-60 >MNG-90 >MNG-120. The
overpotential of MNG-120 sample is lower than those of previously
reported nanostructured electrocatalysts consists of earth-
abundant elements (Table S1). Correcting the polarization data of
MNG-120 for iR correction (Fig. S3) revealed more impressive
performance, as cathodic current densities of 10 and 100 mA cm�2

were achieved at low overpotentials of �103 and �166 mV vs RHE,
respectively. To investigate the intrinsic HER kinetics of the cata-
lysts, Tafel slopes were obtained from the Tafel equation. As shown
in Fig. 5b, the Tafel slope of MNG-120 (120 mV dec�1) is smaller
than Pt, Ni foam and GN. Such a Tafel slope value in the range of
40e120 mV dec�1, indicating that the hydrogen generation would
proceed via Volmer-Heyrovsky mechanism on the surface of A-
MoS2/Ni3S2 composites [30,51,52].



Fig. 5. (a) Polarization curves and (b) corresponding Tafel plots of MNG, Ni foam, Ni-GR and Pt. The curves were recorded in 1 M KOH solution at a scan rate of 0.5 mV/s. (c) EIS
spectra of MNG with �0.2 V vs. RHE in 1 M KOH electrolyte. (d) Chronopotentiometry curves of the MNG-120 at a constant current density of 10 mA cm�2.
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To understand the HER interface reactions kinetics mechanism,
electrochemical impedance spectroscopy (EIS) measurements were
obtained. Fig. 5c shows the Nyquist plots of the MNG samples. The
series resistances (Rs) are found to be 1.7e2.1 U which comes from
wiring contact and the electrolyte. The semicircular diameter in the
high-frequency region of the MNG-120 composites is much less
than that of MNG-30, MNG-60 and MNG-90, indicating enhanced
interfacial charge transfer kinetics. The lower Rct of the MNG-120
can be attributed to the higher HER catalytic activity of A-MoS2
[53]. To probe the stability of A-MoS2/Ni3S2 nanofibers catalysts
during HER process, a long-term durability test was conducted at
constant current of 10 mA cm�2. Fig. 5d displays the chro-
nopotentiometry, showing no obvious decay in the potential after
100 h, revealing the excellent stability to withstand a long-term
HER process in strong alkaline media. Small H2 bubbles can be
timely released on the superaerophobic surfaces, which ensures an
intimate solid-liquid interface contact [54]. The XPS characteriza-
tion further verifies that the intercalated ammonium is well pre-
served after long durability test (Fig. S4).

The double layer capacitances (Cdl) were measured by plotting
the DJ (JaE � Jc) at 0.15 V vs. RHE against the scan rate (Fig. S5) to
estimate the electrochemical surface area (ECSA) at the solid-
liquid interface. The Cdl were calculated to be 1610 mF for MNG-
120, significantly larger than MNG-30 (70 mF), MNG-60
(125 mF) and MNG-90 (881 mF). This result reveals that MNG-
120 has the highest effective electrochemical active area among
all the A-MoS2/Ni2S3 catalysts. In addition, to estimate the mass
numbers of active sites of the MNG samples, a simple cyclic vol-
tammetry measurements in the region of �0.2 to 0.6 V vs. RHE
were carried out in 1 M KOH solution (Fig. S6) [55]. The enclosed
area of MNG-120 is obviously larger than that of the other MNG
samples.
11
To calculate and compare the difference in the Gibbs free energy
for hydrogen adsorption on the (002) plan surfaces of the 2H and 1T
phase MoS2 with first principles calculations, we consider opti-
mized structures of 2H and 1T MoS2 model, both of which has an
expansion in its c direction due to intercalation of ammonium ions
(Fig. 6a and c). For the 2Hmodel, we construct a modified 48 atoms
(16 Molybdenum atoms and 32 Sulfur atoms) unit cell, inwhich the
interlayer distance enlarges from the pristine 6.15 Å to 9.5 Å due to
two ammonium ions inserted in each two layers (Fig. 6a). While for
the 1T phase model, we consider a different stacking structure, in
which the unit cell has three layers instead of two layers as in the
pristine 2H phase. We also construct a modified 72 atoms (24
Molybdenum atoms and 48 Sulfur atoms) unit cell with an inter-
layer distance of 9.5 Å due to two ammonium ions inserted in each
two layers (Fig. 6c), which is consistent with our experimental data.
After the two models are fully relaxed, we calculate the Gibbs free
energies for hydrogen adsorption on the (002) plan surfaces of the
two relaxed systems. One hydrogen atom is adsorbed on sulfur
atom for each layer slab (Fig. 6b and d). The DFT calculated binding
energies contain no contributions from zero-point energies and
entropy, and these contributions were added separately in order to
obtain the Gibbs free energies.

The stability of hydrogen was described by the differential
hydrogen chemisorption energy DG, which is calculated as follows,
for the ammonium ions intercalation MoS2 systems:

DGH ¼ EðNH4
þ�MoS2 þ nHÞ � EðNH4

þ�MoS2 þ ðn� 1ÞHÞ
� n=2EðH2Þ

where E(NH4
þ�MoS2þ nH) are the DFT calculated total energy for

the two kinds of ammonium ions intercalatedMoS2 systems, with n
6



Fig. 6. (a, c) The 2 � 1 � 1 supercell optimized structure of ammonium ions inserted 2H and 1T MoS2 along the c-axis. (b, d) Hydrogen atoms adsorbed on each layer slab of
2 � 1 � 1 supercell optimized structure of ammonium ions inserted 2H and 1T MoS2.
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hydrogen atoms adsorbed on each layer slab, and E(NH4
þ�MoS2þ

ðn� 1ÞH) is the calculated total energy for (n-1) hydrogen atoms
adsorbed on each layer slab, and E(H2) is the calculated energy for a
hydrogen molecule in the gas phase. The ammonium intercalated
A-MoS2 possesses a much lower differential binding free energy
of �5.958 eV than 2H phase MoS2 of �1.6725 eV. Thus, the (002)
surface of A-MoS2 exhibits superior binding activity toward H-
chemisorption. A higher H coverage can be achieved at lower
overpotential for the ammonium intercalated A-MoS2 catalyst,
providing more effective sites for HER catalysis [25,56,57].

Encouraged by the outstanding HER performance in alkaline
media, a two-electrode electrolyzer using A-MoS2/Ni2S3 catalysts as
the cathode and nickel iron layered double hydroxides (NiFe-LDH)
as the anode was assembled for overall water splitting in 1 M KOH
Fig. 7. Chronopotentiometry curves of the two-electrode electrolyzer (NiFe-LDHjjA-
MoS2/Ni2S3) at a constant current density of 10 mA cm�2 in 1 M KOH electrolyte. Inset:
schematic of the electrolyzer.
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(Fig. S7). The assembled water-splitting cell drive a water splitting
current density of 10 mA m�2 at an applied voltage of just 1.59 V
(Fig. 7), which is comparable to that of reported electrocatalysts, as
well as the reported the state-of-the-art bi-functional electro-
catalysts (Table S2). After 100 h of electrolysis reaction, the NiFe-
LDHjjA-MoS2/Ni2S3 still exhibited high activity without a notice-
able decay for overall water splitting, indicating its high stability
over long-term operation as promising practical applications.
3. Conclusion

In summary, ammonium intercalated MoS2/Ni3S2 core-shell
nanofiber structure on graphene-Ni foam electrocatalyst with
large surface area were fabricated by a convenient method. The
combined DFT and experimental results show that the ammonium
ions intercalate into MoS2 nanosheets can facilitate the formation
of 1T phase and efficiently lower the Gibbs free energy for protons
chemisorption. Benefiting from the large surface area, high con-
ductivity, as well as more effective sites, this hierarchical electro-
catalyst exhibits extremely low overpotential of 109 mV at
10 mA cm�2 and long-term durability in alkali medium for HER
catalysis. Moreover, we demonstrated an efficient and stable overall
water splitting cell consisted of NiFe-LDHjjA-MoS2/Ni2S3, which
exhibited a current density of 10 mA cm�2 at a cell voltage of as low
as 1.59 V with remarkable stability. Considering their excellent
electrolytic activity for HER, this facile and scale-up approach can
be readily extended to synthesize other self-supported transition
metal sulfide for renewable energy system.
4. Experimental section

4.1. Synthesis of graphene-Ni foam

Graphene oxide was synthesized from natural graphite by a
modified Hummer's method. The graphene nanosheets were
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deposited on the nickel foam through interfacial reduction method
to form three-dimensional graphenewrapped Ni (GN) architecture.
In detail, a piece of Ni foam (1.6 mm thick) was washed with acetic
acid and deionized water. Then the Ni foam was immersed into a
GO suspension at 80 �C for 6 h. During this process, black graphene
films can spontaneously grow on the surface of Ni networks. After
cooling to room temperature, the GN was washed with deionized
water for several times and dried in an oven at 60 �C for 12 h.
4.2. Synthesis of A-MoS2/Ni3S2/graphene-Ni foam hybrid structure

Ammonium intercalated MoS2 nanosheet decorated Ni3S2
nanofibers were prepared using a facile hydrothermal method. In
detail, 0.09 g sodium molybdate (Na2MoO4$2H2O), 0.12 g thio-
acetamide (C2H5NS) and 0.3 g urea were dissolved in a 100 mL
Teflon-line stainless steel autoclave under vigorous stirring. A piece
of graphene-nickel foam (8 cm�2) was vertically immersed into the
reaction solution. The autoclave was then sealed and the hydro-
thermal reaction was conducted at 180 �C for 12 h. The samples
were prepared with 30, 60, 90 and 120 mg of thioacetamide
(C2H5NS), which were labeled as MNG-30, MNG-60, MNG-90 and
MNG-120, respectively. For comparison, Ni3S2 nanofibers on
graphene-Ni foam were synthesized under the same conditions
without the addition of sodium molybdate.
4.3. Synthesis of NiFe-LDH on Ni foam

Briefly, 0.3 g nickel nitrate (Ni(NO3)2), 0.4 g ferric nitrate
(Fe(NO3)3), 0.6 g urea and 80mL deionizedwater were placed into a
100 mL Teflon-line stainless steel autoclave. A piece of graphene-
nickel foam (8 cm�2) was vertically immersed into the reaction
solution. The autoclave was then sealed and the hydrothermal re-
actionwas conducted at 120 �C for 12 h. After cooling down to room
temperature, the samples was rinsed with deionized water.
4.4. Materials characterizations

The surface morphology was analyzed by SEM (FEI Sirion 200)
and TEM (JEOL 2100F). The crystallinity structures were charac-
terized with X-ray diffraction (XRD) by a Japan Rigaku Ultima IV
equipped with Cu Ka radiation. The chemical states of surface
composition were determined by XPS (AXIS ULTRA DLD, Kratos,
Japan). Raman spectroscopy was recorded on Renishaw in Via-
reflex system equipped with an excitation 532 nm wavelength
laser at room temperature.
4.5. Electrochemical measurements

Electrochemical measurements were performed in a three-
electrode system on a PARSTAT 4000 workstation. Linear sweep
voltammetry with scan rate of 0.5 mV/s was conducted in 1 M KOH,
using the prepared samples as the working electrodes, a Pt gauze as
the counter electrode, and Ag/AgCl as a reference electrode. The
electrochemical impedance spectroscopy (EIS) measurements were
performed in 1 M KOH solution with the frequencies range from
10 KHz to 0.1 Hz with an AC voltage of 5 mV. All the potentials
reported in our manuscript were referenced to a reversible
hydrogen electrode (RHE) by the Nernst equation ERHE ¼ EAg/
AgCl þ 0.059 pH þ 0.197.

The overall water splitting was carried in a two-electrode sys-
tem in 1.0M KOH solution, inwhich the A-MoS2/Ni3S2/graphene-Ni
foamwas directly used as the cathode and the NiFe-LDH on Ni foam
was used as anode at a constant current density of 10 mA cm�2.
11
4.6. First-principles calculations methods

To explain our experimental findings that suggest the effect of
ammonium intercalated MoS2 structure on the chemisorption of
hydrogen, first-principles calculations based on the density func-
tional theory were performed using the Vienna Ab initio Simulation
Package (VASP) code, adopting theprojector augmentedwave (PAW)
potential [58], the generalized-gradient- approximation (GGA) with
the exchange-correlation functional ofGGA-PBEasparameterized by
Perdew, Burke and Ernzerhof [59] and a plane-wave basis set. A
500eVenergycutoff and2�4� 2, 2�4� 1Monkhorst-Packk-point
grids [60]wereused for theammonium intercalated the structures of
2Hphase and1T phaseMoS2 given in Fig. 6a and c.Whenperforming
geometric optimization, the lattice constant andatomic positions are
fully relaxed, with the energy convergence of about 1 meV per atom
and the residual stresses and force in the fully relaxed structures
being less than 0.1 GPa and 0.001 eV/Å.
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High-performance terahertz (THz) detectors are in great need in the applications of security,

medicine, as well as in astronomy. A high responsivity p-GaAs homojunction interfacial workfunc-

tion internal photoemission (HIWIP) detector was demonstrated for a specific frequency (5 THz)

below the frequency of the Reststrahlen band. The experimental results indicate that the optimized

detector shows significant enhancement of the response below the Reststrahlen band in contrast to the

conventional detectors. With the bottom gold layer serving as a perfect reflector, nearly 50% incre-

ment of responsivity and quantum efficiency was obtained further due to the cavity effect. Though

very simple, such reflector design shows a satisfactory effect and is easy to be realized in practical

applications. The resultant peak responsivity of the detector with a bottom reflector could be as high

as 6.8 A/W at 1 V bias. The noise equivalent power is 2:3� 10�12W=Hz1=2. Due to the absorption

ability to normal incident light and high responsivity, the p-GaAs HIWIP detector is promising for

the focal plane array and large-scale pixelless imaging applications. Published by AIP Publishing.
https://doi.org/10.1063/1.5061696

Terahertz (THz) detectors have gained more attention and

been intensively explored recently, thanks to their numerous

applications in security, medicine, biology, astronomy, and

non-destructive materials testing.1,2 In view of the availability

of the mature material and processing technology, GaAs-based

detectors are widely used for THz detection. However, strong

absorption by the optical phonons of GaAs causes a dark

region in 32–36 meV (7.8–8.7 THz), which is known as the

Reststrahlen band and limits the photon detection in this

region.3,4 Moreover, the frequency of most of the state-of-the

art THz sources is in the region below the frequency of the

Reststrahlen band of GaAs.5 Therefore, it will be more mean-

ingful to make a study of GaAs-based THz detectors below the

Reststrahlen band for practical applications.

As a natural extension of traditional infrared (IR) quan-

tum well photodetectors (QWPs), THz QWP is a formidable

competitor benefiting from its rapid intrinsic response speed

and flexible wavelength coverage.3,4,6 However, according to

the intersubband transition (ISBT) selection rule, only light

polarized in epitaxial growth direction can lead to the absorp-

tion of n-type QWPs. This feature requires an extra grating

design for the THz QWPs in practical applications, which

makes the device fabrication complicated and increases the

extra cost.7,8 An innovation of the THz QWP was reported in

2015, in which an antenna-coupled microcavity geometry was

adopted.9,10 The responsivity for this complicated structure

QWIP was greatly improved to �5 A/W due to the antenna

gain and the microcavity effect. However, the high cost of the

double-metal cavity structure may be a huge challenge for

large scale applications. Another promising candidate is the

quantum dot-in-well infrared photodetector (DWELL) based

on p-type intersubband transition. This has been recently

demonstrated to exhibit a THz response up to 4.28 THz at

high temperatures (100 K–130 K) with normal incidence.11

Unfortunately, the responsivity of the DWELL in the THz

range is only at the level of �mA/W.

The detector based on the concept of homo-junction inter-

facial workfunction internal photoemission (HIWIP) has been

a competitive detector for THz detection because of its wide

spectrum response coverage, clear physical mechanism and

tailorable cutoff frequency (fc).
12 Compared with QWPs, the

greatest advantage of HIWIP is that it allows normal incidence

absorption, which provides significant simplification in the fab-

rication of a large focal plane array.12 In the past 20 years, both

of p-type and n-type GaAs HIWIP detectors have been

achieved.13–17 And, almost all of the detectors showed higher

responsivity (>1 A/W) and detectivity than QWIPs (edge cou-

pled and grating coupled) or DWELL detectors (<0.2 mA/W)

in the THz band. But even so, the performance is still required

to be further improved as possible. High responsivity is helpful

to increase the operation temperature which limits the practical

application for most of the semiconductor THz detectors.

Several theoretical studies show significant improvement of

the quantum efficiency (g) due to the cavity effect, if a pair of

reflectors or a bottom reflector (BR) is applied to the n-GaAs

HIWIP detector.18,19 However, direct experimental support has

not been given till now.

In this paper, we demonstrate a high-performance p-

GaAs HIWIP detector for a peak specific frequency (5 THz)

below the frequency of the Reststrahlen band. First, thea)E-mail: yuehzhang@sjtu.edu.cn
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Fresnel matrix method was used to optimize the structural

parameters. Then, the detector was grown and fabricated

accordingly. The optimized detector shows significant enhance-

ment of the response below the Reststrahlen band compared

with the conventional detector. Finally, in order to further

improve the g, extra light propagating to the substrate is uti-

lized with a reflector formed by a gold layer evaporated to the

bottom of the device. Though very simple, such a cavity struc-

ture shows a satisfactory effect and leads to �50% further

enhancement of the responsivity and g, which gives direct

experimental support of the cavity effect in the THz range.

The structural diagram of the p-GaAs HIWIP detector is

shown in Fig. 1(a). From the top to the bottom of the mesa,

the function layers are the top metal electrode, the top con-

tact layer, the top emitter layer, periods of emitter/intrinsic

layers, the bottom intrinsic layer and the bottom contact

layer. A window opens on the top side for front-side illumi-

nation. The basic structure is the multi-period emitter/intrin-

sic layer, where the emitter layers are highly doped. The

detection mechanism of the p-GaAs HIWIP detector is

shown in Fig. 1(b). Free carrier absorption of infrared radia-

tion occurs in the highly doped emitter layers followed by

the internal photoemission of photoexcited carriers. Then,

the photoexcited carriers across the intrinsic barrier are col-

lected under an electric field (see supplementary material).

To obtain a high-performance p-GaAs HIWIP detector,

optimal parameters are needed. The range of the spectral

response for p-GaAs is restricted by the activation energy (D).13

According to the high density (HD) theory,12,14 the calculated

relation of DEv (difference in the valence band edge between

the emitter layer and the intrinsic layer), EF(Fermi level), D, kc

with the doping concentration at Vb ¼ 20 mV; T ¼ 4:2 K is

shown in Fig. 1(c). However, the light–heavy hole transition

effect20 reveals that the HD theory will become invalid at high

doping levels [>2� 1019cm�3, the dashed area in Fig. 1(c)].

Thus, we choose Nd ¼ 1� 1019cm�3, corresponding to the

cutoff frequency of �3.5 THz. The impact ionization theory

gives the period number N � 21 as a limit.17 Therefore, we set

the number of multilayer periods as N ¼ 20.

According to the detection mechanism of the HIWIP

detector,17 the thicknesses of the emitter layer (de) and the

intrinsic layer (di) would affect the internal photoemission

efficiency (gb) and the collection efficiency (gc) of the bar-

rier. In addition, de and di also determine the optical distribu-

tion in the active region. The Fresnel matrix method18,21 was

introduced to calculate the light absorption and propagation

in the multilayer structure. We set the operation temperature

as 4.2 K, the applied bias voltage as Vb ¼ 20 mV and the fre-

quency of incident light as 5 THz (60 lm). The calculated

relationship of de, di and g is shown in Fig. 1(d). The g
reaches a maximum at de ¼ 17 nm; di ¼ 196 nm.

The wafers were grown according to the optimized

device parameters by MBE technology on a semi-insulating

substrate. Square mesa structures with various areas from

400� 400 lm2 to 1� 1 mm2 were fabricated using optical

lithography and wet-chemical etching. An unoptimized

FIG. 1. (a) The structural diagram of

the p-GaAs HIWIP detector with BR,

(b) the band diagram and the detection

mechanism of the p-GaAs HIWIP

detector, (c) the calculated concentra-

tion dependence of DEv, EF, D, and kc

at Vb ¼ 20 mV, T ¼ 4:2 K, (d) the cal-

culated result of g at different thick-

nesses of the emitter layer (de) and

different thicknesses of the intrinsic

layer (di) of the detector structure

without a bottom reflector.
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p-GaAs HIWIP detector with a similar cutoff frequency was

also fabricated to serve as a reference sample.17 The cutoff

frequency of these two samples is 3.47 THz (optimized) and

3.57 THz (unoptimized), respectively. According to our previ-

ous theoretical studies, the efficiency of the HIWIP detector

would be improved obviously if a resonant cavity structure is

applied.18,19 In order to make use of the extra light propagat-

ing to the substrate and further improve the g, a 100 nm gold

layer was evaporated at the back of the device to serve as a

reflector and evaluate the cavity effect of the device.

The dark current-voltage characteristics at different tem-

peratures are shown in Fig. 2(a). The dark current (id)

increases rapidly with increasing temperature for a given bias

voltage. The discrepancies at low temperatures are due to dif-

ferent field emission currents caused by different intrinsic

layer thicknesses (see supplementary material). The photocur-

rent spectrum of the optimized detector measured at different

bias voltages is shown in Fig. 2(b). The unoptimized detector

is also shown in the inset as a reference for comparison. Both

of the samples show a strong bias dependence. However, the

bias could not be increased infinitely as the dark current

increases with the bias and the response will saturate at a high

bias.16 The deep valley between 270 and 300 cm�1 corre-

sponds to the transverse optical phonon energy in GaAs

(Reststrahlen band). In contrast to the unoptimized detector,

the spectral response of the optimized one showed significant

enhancement below the Reststrahlen band. The apparent peak

frequency (fP) is below the frequency of the Reststrahlen band,

whereas fP in the unoptimized one and nearly all the other

HIWIP-detectors reported before is above the Reststrahlen

band. It should be noted that the photo-response of the detector

is affected by the optical field distribution, the internal photo-

emission efficiency gb and the collection efficiency gc simulta-

neously. The improvement in the low frequency region is

mainly due to the enhanced optical distribution in the active

region. The reduction in the high frequency region is because

of the smaller gb, gc and the relatively low optical field (see

supplementary material). The remarkably reproducible spike

response at 5.1 THz (170 cm�1) is from 1s! 2p transition

from impurity absorption of the Be acceptor.24 This was not

observed in the unoptimized one because the response is

extremely weak below the Reststrahlen band and 5.1 THz is

very close to the cutoff frequency of the detector. Besides, the

unoptimized structure may also cause the poor distribution of

light in the emitter layer.

Figure 3 shows the experimental variation of the respon-

sivity and g with the bias and the wavenumber for the unopti-

mized and optimized detectors, respectively. The mesa depth of

the optimized detector is about twice that of the unoptimized

one. So, the bias voltage applied to the optimized detector

should be twice as that of the unoptimized one to ensure the

same electric field in the active region. The calibrated respon-

sivity (R) [Fig. 3(a)] and the corresponding g [Fig. 3(b)] of the

unoptimized detector show high response above the

Reststrahlen band, which agrees with the previous results.17

The response range above the Reststrahlen band is from

300 cm�1 to 680 cm�1, and shows a peak response at

610 cm�1. In contrast, R [Fig. 3(c)] and g [Fig. 3(d)] of the opti-

mized detector show higher photon response efficiency below

the Reststrahlen band. R below the Reststrahlen band of the

optimized detector is about one order of magnitude higher than

that of the unoptimized one under the same electric field, which

indicates that the optimized structure not only determined the

response frequency of the detector, but also improved the pho-

toresponse efficiency. The remarkable response at 170 cm�1

actually resulted from the combined effect of impurity absorp-

tion of the Be acceptor and free-carrier absorption of the emitter

layer. It should be noted that the impurity absorption of the Be

acceptor would not influence our optimization because the gen-

eral responsivity below the Reststrahlen band itself is higher

than that above the Reststrahlen band even without the impurity

absorption.

The cavity effect of the device with the BR in the THz

region was evaluated by spectral response measurement.

Experimental variation of the responsivity (R) and g with the

bias and the wavenumber for the detector with BR is shown

in Figs. 3(e) and 3(f). The mapping results really show some

improvement of photoresponse for the detector with the BR.

The resultant peak responsivity of the optimized detector

FIG. 2. (a) Experimental dark current of characteristics under different bias

voltages. (b) Infrared photocurrent spectrum of the optimized HIWIP detec-

tor under different bias voltages (relevant electric fields are about 1.37, 1.68,

1.99, and 2.24 kV/cm, respectively) at 3.4 K. The inset shows the photocur-

rent spectrum of the unoptimized HIWIP detector under different bias vol-

tages (relevant electric fields are about 1.39, 1.74, 2.04, and 2.48 kV/cm,

respectively) at 3.4 K. The vertical dashed lines shown in the inset indicate

multiple phonons.22,23
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with BR could be as high as 6.8 A/W at 1 V bias. The corre-

sponding g also shows some enhancement compared with the

detector without BR. For clarity, R and g at a specific bias

voltage (0.61 V) for detectors with BR (red line) and without

BR (blue line) are presented in Figs. 4(a) and 4(b). Significant

enhancement was achieved for the detector with BR at the

same bias voltage. The light travelling to the substrate could

be effectively used in the structure with BR. The increment of

the g obtained from the experiment is not as obvious as that

predicted by the previous theoretical calculation.19 This may

be caused by the absorption of the thick substrate (�640 lm).

Once lapping and polishing the substrate thinner, the R and g
of the detector will be much higher. Furthermore, the bias

dependent peak responsivity (RP) and the corresponding NEP

(NEP ¼ id=RP) for the two detectors (with and without BR)

are presented in Fig. 4(c). These results show a maximum

improvement of 50% for the responsivity at a bias of 0.61 V.

The resultant peak responsivity of the optimized detector with

BR could be as high as 6.8 A/W. And, the minimum NEP

for the two detectors are 2:3� 10�12 W=Hz1=2 (with BR) and

3� 10�12 W=Hz1=2 (without BR), respectively.

The high-performance p-HIWIP detector can be imple-

mented in a hybridized focal plane array, in which the GaAs

substrate is usually completely removed.25 Beyond that,

another potential possible application of the detector is the

large area integrated HIWIP-light emitting diode (LED)

FIG. 3. Variation of (a) and (c) Responsivity and (b) and (d) g (g ¼ h�R=q) with the bias and the wavenumber for the unoptimized and optimized p-GaAs

HIWIP detectors, respectively. Also shown are the (e) responsivity and (f) g of the optimized p-GaAs HIWIP detector with BR.
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pixelless imaging devices.26 The normal incidence absorp-

tion simplifies the structure of the HIWIP-LED pixelless

imaging devices and makes it more compact. This may have

more advantages over the THz QWP-LED, which needs a

special design for the grating coupler owing to the intersub-

band transition selection rule.27

In conclusion, we demonstrated a high-performance p-

GaAs HIWIP detector for a specific frequency (5 THz) below

the Reststrahlen band of GaAs. First, the Fresnel matrix

method was used to optimize the structural parameters of the

detector. Then, the optimized detector was grown and fabri-

cated accordingly. In contrast to the conventional GaAs

HIWIP detectors, the optimized one shows significant

enhancement of the response below the Reststrahlen band.

The responsivity of optimized GaAs HIWIP detectors could

be as high as 6 A/W, which is also much higher than QWIPs

(edge coupled and grating coupled) and DWELL. Finally, by

a very simple cavity design, which can be easily fabricated

for practical applications, the performance of the p-GaAs

HIWIP detector is further improved. A bottom gold layer is

applied to serve as a BR for the device, which shows nearly

50% enhancement in responsivity compared with the device

without BR. The resultant peak responsivity of the optimized

p-GaAs HIWIP detector with BR could be as high as 6.8 A/

W at 1 V. The NEP of 2:3� 10�12 W=Hz1=2 is demonstrated.

Such a design method could be applied to the HIWIP detec-

tor operating at other peak frequency.

See supplementary material for the detection mecha-

nism, the dark current mechanism, experimental details, and

simulation results of the optical field distribution in the

active region of the devices.
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专题: 单量子态探测及其相互作用

半导体上转换单光子探测技术研究进展∗

白鹏1)2) 张月蘅1)2)† 沈文忠1)2)

1) (上海交通大学, 人工结构与量子调控教育部重点实验室, 上海 200240)

2) (人工微结构科学与技术协同创新中心, 南京 210093)

( 2018年 4月 8日收到; 2018年 5月 24日收到修改稿 )

近年来, 量子通信技术取得了卓越的进步和发展, 而作为接收端的单光子探测器在其通信系统中则起着
至关重要的作用. 本文聚焦于当前主流的半导体单光子探测器, 就其器件原理、工作模式、优势和劣势等方
面进行了相关评述. 在此基础上, 着重介绍了本课题组所提出的一种新型半导体近红外上转换单光子探测
技术 (USPD)的研究进展. 从USPD的器件基本原理、器件结构、性能指标等方面阐述了其优越性和可行性,
并给出了USPD最新的空间光耦合实验结果. 半导体上转换单光子探测技术的关键特性在于它不是采用 InP
雪崩层结构实现信号的放大, 而是利用成熟的硅单光子雪崩二极管 (Si-SPAD) 器件来实现信号的放大和采
集, 从而规避 InP结构在暗计数率和后脉冲效应方面的问题. USPD利用半导体材料, 通过外加电场将近红外
光子上转换为短波近红外或者可见光子, 再用商用Si-SPAD进行探测的方法, 也为我们提供了一种单光子探
测的新思路, 打开了另一扇单光子探测的窗口.

关键词: 单光子, 上转换, 近红外
PACS: 14.70.Bh, 95.85.Jq, 42.79.Nv DOI: 10.7498/aps.67.20180618

1 引 言

单光子探测是指单个光子量级的光吸收就能

够引起宏观可观测电学变化, 是极限灵敏程度的
光子探测技术. 单光子探测在量子信息处理、量
子保密通信、激光雷达、宇宙学等领域具有重要意

义 [1−6]. 近年来, 量子通信技术取得了卓越的进步
和发展, 随着空间量子通信 [7,8]和海水量子通信 [9]

的相继实现, 量子通信距离实际应用越来越近. 而
针对 1550 nm的单光子探测器则是基于当前光纤
通信系统的量子通信中至关重要的一部分. 由于上
述应用的牵引, 单光子探测技术取得了令人瞩目的
进步, 同时大大促进了 “少数光子”科学与技术的发
展. 当前针对 1550 mn的主流单光子探测器包括超
导探测器 [10]、单光子雪崩二极管 [11]以及基于光参

量频率上转换的单光子探测器 [12].

经过多年的发展, 超导纳米线单光子探测器
(superconducting nanowire single photon detector,
SNSPD)各方面的性能指标均接近或者达到了理
想单光子探测器的极限, 包括极高的系统探测率
(>90%), 极低的暗计数 (无背景辐射情况下DCR
<1 cps), 极短的时间抖动 (∼150 ps)和极短的重置
时间 (∼40 ns) [10]. 但是, SNSPD大规模推广应用
的最大阻碍是其极低的工作温度 (<3 K). 频率上
转换单光子探测器是通过非线性光学晶体中的和

频功能将通信波段的光子转换为可见光子, 再利用
商用的Si-雪崩二极管来探测 [12,13−17]. 强抽运光
作用下, 这种探测器可以实现高探测效率 (PDE),
高计数率 (>60%), 并且没有后脉冲的影响. 但是
其暗计数可以达到∼ 105 cps [12,18]. 关于这一探
测器的最新研究显示其可以在弱光泵浦条件下

实现 20—100 cps的暗计数, 但是对应的PDE仅为

∗ 国家自然科学基金重大研究计划 (批准号: 91221201)资助的课题.
† 通信作者. E-mail: yuehzhang@sjtu.edu.cn
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5%—25% [19]. 此外, 相对复杂的光路设计和相对
较窄的光谱响应也不可避免地限制了这一探测器

的应用范围.
在 300—900 nm波段, 硅单光子雪崩二极管

(Si-SPAD)性能优异. 单光子量子探测效率最高可
达 70%, 暗计数率小于 50 Hz, 后脉冲效应小, 可连
续计数, 光子到达时间抖动半高全宽在数百皮秒量
级 [20]. 如果采用合适的驱动电路, Si-SPAD可以具
有一定的光子数分辨能力 [21]. Si-SPAD优异的单
光子探测性能主要来源于高质量的Si材料. 但是Si
的禁带宽度较大, 当探测波长大于1 µm时, 其量子
效率迅速降低至1%以下, 失去实际应用价值 [20].

InGaAs/InP SPAD与现有光纤通信系统相容
性高、工作温度处于热电制冷区, 在量子保密通信
应用中具有较为明显的优势. 然而, 由于 InP倍增
层中的深能级中心密度远高于Si, 使 InGaAs/InP
SPAD的后脉冲效应远高于Si SPAD. 这一特性
使得Si-SPAD必须工作于门控模式下, Comandar
等 [22]报道的门控模式 InGaAs-SPAD实现了 55%
的探测率, 几乎接近APD的探测极限, 但是其后
脉冲效应接近 10%. 必须指出的是, 门控模式的
InGaAs-SPAD只适用于少数场合, 当不确定光子
到达精确时间时, 器件必须工作在自由运行模式
下 [23]. 然而自由运行的 InGaAs-SPAD的效率只有
10%, 对应的后脉冲效应仍接近2% [23,24].

以 InGaAs为吸收层、Si为倍增层是一种有益
的尝试. Si倍增层具有电子空穴电离比率高、缺
陷态密度低、缺陷能级少等特点, 与 InGaAs/InP
相比暗电流更小. InGaAs与Si晶格常数差异较
大 (7.5%), 无法通过外延生长直接制备集成. 有
报道采用晶片键合技术制备 InGaAs/Si p-i-n探
测器 [25,26]和 InGaAs/Si雪崩二极管 [27], 实现了
820 MHz频率下 10倍增益、600 MHz频率下 135
倍增益的器件, 量子效率低于 40%, 器件性能有待
优化, 尚且不能满足高性能单光子探测器的实际
需要.

在各种红外上转换技术中, 半导体红外上转换
技术受到了广泛关注. 半导体红外上转换器件通常
由红外探测器和发光二极管两部分组成, 其中红外
探测器吸收红外光, 产生的光生载流子迁移至发光
二极管工作层, 发生辐射复合产生近红外或者可见
光子, 从而实现光子频率上转换. 迄今为止, 人们
研制了基于带间跃迁、内光发射、子带间跃迁等不

同机制, 面向近红外、中红外、远红外和太赫兹等不
同波段的半导体上转换器件, 并且在此基础上实现
了无像元半导体上转换成像 [28−33]. 应用于光纤通
信波段的半导体红外上转换技术具备一系列独特

优点: 可以工作在低激发光强, 热电制冷温度甚至
室温等情况下, 并且结构紧凑, 而且可以实现大规
模生产. 更重要的是, 半导体上转换器件极高的上
转换内量子效率 (>80%) [34]为近红外单光子探测

提供了一种新的选择和思路.
本文聚焦当前基于半导体材料的可见光或近

红外单光子探测器, 对其各自的原理、性能、优势
及劣势进行相关评述. 基于我们在半导体光电器件
与物理、尤其是半导体红外上转换成像器件方面的

前期工作, 提出一种 1.3—1.55 µm光纤通信波段半
导体上转换单光子探测方案 [35]; 详细地阐述了上
转换近红外单光子探测器 (USPD)的基本原理, 细
致地讨论了其器件结构及其优化, 给出了USPD器
件的性能指标; 给出了USPD单光子探测方案的最
新实验进展及器件制备工艺, 并且对这一新型单光
子探测器的发展趋势和未来研究方向进行总结和

展望.

2 半导体单光子探测器

半导体作为 20世纪四大发明之一, 在过去的
近百年时间里有力地支撑了信息时代的技术要求

及相关产业发展. 其应用领域囊括集成电路、计算
机、光通信、无线通信、清洁能源、白光照明、发光二

极管 (LED)、激光测距 [36]等诸多方面. 在近年来新
兴的量子计算和量子通信领域, 半导体单光子探测
器更是起着至关重要的作用. 当前的量子计算和量
子通信均基于对光子的操纵, 通信性能或者计算指
标都严重依赖于接收端的单光子探测器. 目前应用
最广泛、技术最成熟的单光子探测器是半导体单光

子探测器. 主要有硅单光子雪崩二极管 (Si-SPAD)、
铟镓砷单光子雪崩二极管 (InGaAs-SPAD)和半导
体量子点探测器 (QDOGFET). 本节对上述三种探
测器从技术原理、性能指标、应用范围三个方面进

行简要评述, 并分析其各自优势及劣势.

2.1 Si单光子雪崩二极管

Cova等 [37]在 1983年首次报道了在非线性工
作模式 (盖革模式)下, 利用Si雪崩二极管 (APD)
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实现了单光子探测. 雪崩二极管工作于盖革模式
时, 每对光生电子 -空穴都能引发可维持的雪崩电
离, 形成宏观电流. 引入雪崩淬灭电路后, 单个光
子的吸收对应一个可测量的宏观电脉冲, 其增益大
于 106, 从而实现单光子的探测. 与其他单光子探
测方案相比, 单光子雪崩二极管探测器 (SPAD) 具
备单光子探测效率高、功耗低、可靠性高等优点 [17].
根据探测波段的不同, 用于制备雪崩二极管吸收
层的材料有Si, Ge和 In0.53Ga0.47As (以下简写为
InGaAs)等, 在满足晶格匹配条件下, 雪崩层采用
Si, Ge和 InP等.

Si-SPAD是工作于二极管雪崩电压之上的极
灵敏光电探测器. 光子通过探测器光学窗口进入
Si材料内部, 然后被内部材料吸收后, 产生一对电
子 -空穴对. 产生的光生载流子在电场加速作用下
迁移到探测器倍增区, 在特定条件下, 光生载流子
会在倍增区与晶格发生碰撞电离, 不断产生新的光
生载流子. 正是基于此原理, Si-SPAD可以探测微
弱的光子信号 (线性模式). 为了可以探测单光子级
别的极微弱光信号, Si-SPAD 的工作偏置电压必须
高于二极管的雪崩电压 (盖革模式) [38]. 盖革模式
下, 单个光子被吸收后产生的光生载流子在倍增区
发生更加剧烈的碰撞电离. 由于二极管发生雪崩效
应时, 内部瞬时功率急剧上升, 因此必须加入相关
抑制电路对器件进行保护. 实际应用中采用主动
淬灭 [39]和被动淬灭 [40]两种方式对器件偏置电压

进行复位, 避免其长时间处于雪崩状态, 从而损毁
器件.

经过多年的发展, Si-SPAD至今已经相当成
熟. 图 1 (a) 所示为一种经过优化的双外延结构的
Si-SPAD. 这种结构的优势在于 [39,42]: 1)在n型衬
底上外延生长∼10 mm的p型高质量硅, 较于直接
在衬底上进行器件制备, 对于器件性能会有很大的
提升; 2)耗尽层的厚度主要由外延生长的p型衬底
中的p-n结决定; 3) p++ buried layer 为雪崩电流
提供了一个低阻通道; 4)耗尽区域外部的p型轻掺
杂区相当于提供了一个防止边缘雪崩效应的保护

环; 5)薄耗尽层的结构大幅度提升了器件的时间分
辨率 (时间抖动<40 ps). 但是由于耗尽层相对较
薄, 这种结构的最大缺点就是牺牲了器件的光子探
测效率 (PDE < 40%).

为了获得更高的光子探测效率 (PDE >

70%), 可以采取厚耗尽层结构 [43], 如图 1 (b) 所示.
这种厚耗尽层结构的SPAD并非平面结构, 因此其
与薄耗尽层结构的SPAD制作工艺有较大差异. 经
过多年的发展, 这一结构的Si-SPAD已经相当成
熟. 得益于其厚的耗尽层结构, 该SPAD的光子探
测范围覆盖可见和近红外波段, 其中 540—800 nm
的光子探测率均超过 50%, 并且对 1 µm的光子都
有显著的响应 [44].
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图 1 Ṡi-SPAD器件示意图 (a)薄耗尽层双外延结构 [39];
(b)厚耗尽层结构 [41]

Fig. 1. Schematic cross-section of Si-SPAD: (a) Double
epitaxial SPAD device structure [39]; (b) thick deple-
tion layer SPAD device structure for high PDE [41].

耗尽层有几十微米的量级, 但是器件的暗计数
率 (DCR)却并不高, 在零下 15 ◦C的工作温度下,
器件DCR可以保持在几十到几百的范围内 [44]. 得
益于Si材料的高质量, 这一结构的SPAD的后脉冲
效应可以被抑制到最大不超过 1% [44]. 尽管多个性
能指标都极佳, 但是这一结构也有其不可避免的缺
点. 与薄耗尽层结构相比, 这一结构的时间分辨率
并不高 (∼400 ps) [45], 但是可以通过聚焦光到器件
中心感光区域或者使用电流收集电路的方式来得

到显著提高 [46]. 此外, 由于这一结构的雪崩电压格
外高 (200—500 V). 雪崩过程中的功率损耗相当严
重 (损耗功率约为 5—10 W), 因此器件工作时的有
效制冷措施是必不可少的 [47]. 再者, 其特殊的结构
决定了其制作工艺的特殊性, 这也导致了这一结构
Si-SPAD造价不菲, 成本颇高.
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2.2 InGaAs单光子雪崩二极管

较宽的带隙限制了Si-SPAD的探测范围, 仅限
于可见或者近红外波段, 对 1100 nm以上光子的响
应基本可以忽略不计. 若要探测1100 nm以上的光
子信号,吸收层材料的带隙必须小于1.1 eV.作为光
纤通信和传感系统的两个重要窗口, 针对 1330 nm
和 1550 nm两个波段的高性能单光子探测器对于
当前光纤通信和量子保密传输起着至关重要的

作用. 最常用的近红外单光子探测器为SAGCM
(separate absorption, grading, charge and multi-
plication)结构的 InGaAs-SPAD (如图 2 (a) 所示).
InGaAs-SPAD中, InGaAs作为整个器件的吸收层,
常温下 In0.53Ga0.47As的禁带宽度为Eg = 0.75 eV,
对应的截止波长约为 1700 nm, 涵盖 1330 nm和
1550 nm. 与 InGaAs晶格常数相匹配的 InP作为
器件倍增层. 器件工作时内部电场分布如图 2 (b)
所示, 倍增层中的极高电场是为了确保一个高的碰
撞电离效率, 从而提供一个高的雪崩增益. 而吸收
层中的电场相对较低, 这是为了减少场致漏电. n
型的电荷层则是被设计用来调控倍增层和吸收层

中的电场强度. 渐变的 InGaAsP层则是为了减小
InP-InGaAs界面处的能带突变, 避免载流子在界
面集聚形成二维电子气 [48].

p+-InP diffusion

i-InP
n-InP

n-InGaAsP

i-InGaAs

n+-InP

n+-InP

Multiolication region

Absorption region

Electrical field

Top contact

Bottom contact

Passivation

(a)
(b)

图 2 (a) InGaAs/InP-SPAD器件结构图; (b) 器件内部
电场分布图 [11]

Fig. 2. (a) The SAGCM structure of InGaAs/InP
SPAD; (b) corresponding electrical field in device [11].

InGaAs-SPAD的探测原理与Si-SPAD类似,
入射光子透过宽带隙的 InP进入到 InGaAs的吸
收层被吸收产生电子空穴对. 光生载流子在电场
的作用下迁移进入 InP倍增层中, 与晶格碰撞电离
发生雪崩效应, 进而产生宏观电流. 值得注意的是,
由于高纯度高质量的 InP很难生长制备, InGaAs-
SPAD的暗计数和后脉冲效应均比Si-SPAD高出

许多 [49]. 为了抑制暗计数和后脉冲效应, InGaAs-
SPAD一般工作在门控模式下, 即只有在光子数到
达极短的时间里使得SPAD的反向偏压高于雪崩
电压. 经过优化, 当前门控模式的 InGaAs-SPAD
的光子探测率可以达到 55%, 测得对应的外量子效
率, 可以推算出 80% 被吸收的光子可以得到有效
探测 [22]. 但同时后脉冲在 10%以上, 暗计数率仍
为kHz以上. 由于必须精确知道光子到达探测器
的时间, 因此门控模式的 InGaAs-SPAD仅限于量
子密钥分发系统 (QKD). 绝大多数的应用情况均
无法得知光子到达探测器的精确时间, 因此需要用
自由运行模式 (free running mode) [23]. 但是这一
模式的 InGaAs-SPAD还尚未成熟, 往往探测率和
暗计数 (或者后脉冲)不可兼得, Korzh等 [23]提出

的自由模式的 InGaAs-SPAD可以将暗计数抑制到
1 Hz,但是对应的PDE仅仅只有10%,后脉冲仍然
高达2%, 远不到实际应用的阶段.

2.3 半导体量子点单光子探测器

基于半导体量子点的单光子探测器件是近年

来新兴的单光子探测方案 [50]. 其中量子点光学
门控场效应晶体管 (quantum dot optically gated
field-effect transistor, QDOGFET)为一种探测效
率较佳的半导体探测器, 其结构示意图及探测原
理见图 3 . 该器件在GaAs衬底上自下而上生长
200 nm的GaAs缓冲层、2.5 µm的Al0.2Ga0.8As、Si
δ掺杂层、70 nm的Al0.2Ga0.8As、100 nm的GaAs
吸收层、密度为 400—500 µm−2的 InGaAs量子点、
200 nm的Al0.2Ga0.8As、最后为 10 nm的n型掺
杂 (∼ 6 × 1017 cm−3)的GaAs帽层. 源极和漏极
金属为Ni/Au/Ge, 栅极金属为Pt, 光学窗口约为
0.7 µm × 0.7 µm, Al2O3一方面可以对器件表面钝

化, 降低噪声, 另一方面可以将外部光学窗口金属
与器件分离.

器件的单光子探测原理如图 3所示, 入射的
805 nm的光子进入器件, 首先在GaAs区域被吸
收, 产生的电子空穴对在栅极反向电压的作用下,
电子注入二维电子气中, 而空穴则迁移至量子点处
被俘获, 俘获空穴的量子点将改变源极和漏极之间
的沟道电流 Ids, 从而实现对光子信号的探测.

值得注意的是, 即使是单个空穴的俘获, 也
会引起 Ids的宏观变化, 这一独特的性能决定了
QDOGFET与生俱来的光子数分辨能力 [50]. 这种
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单光子探测器件的效率可以达到60%(∼820 nm)以
上, 同时又能保证极低的暗计数 [51]. 但是受GaAs
带隙所限,其吸收光波长无法拓展至1 µm以上,对
于通信波段的 (1330 nm和1550 nm)的光子几乎没
有响应. 此外, 该器件的探测原理是基于量子点对
空穴的俘获, 因此这类型器件对于温度极其敏感,
必须工作在极低的温度下 (∼4 K) [51], 这也限制了
其应用范围.
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图 3 光学门控场效应晶体管器件结构示意图及能带结构

图 [50,51]

Fig. 3. Schematic diagrams of the composition and
band structure of the QDOGFET [50,51].

3 上转换单光子探测器

上转换单光子探测器 (USPD) [35]是一种基于

近红外半导体上转换技术 [30]的新型的单光子探测

器, 是一种全新的针对通信波段 (1.33—1.55 µm)
的上转换单光子探测方案. 具体思路如下: 以 InP

或者GaAs材料为衬底, 利用分子束外延生长技
术或者金属有机化学气相沉积生长 1.3—1.55 µm
光纤通信波段p-i-n近红外探测器, 其光吸收层为
InGaAs; 然后通过晶片键合方式将近红外探测器
与GaAs LED集成, 制备半导体红外单光子上转
换器件. 1.3—1.55 µm波长光子被p-i-n近红外探
测器吸收后, 形成的电子空穴对在外加偏压作用
下迁移至GaAs 发光二极管功能层并复合发光, 实
现 1.3—1.55 µm波长光子向 0.87 µm波长光子的
转换. 随后, 通过晶片键合技术或者光黏胶将半导
体红外单光子上转换器件与Si SPAD黏合集成, 上
转换而成 0.87 µm波长光子耦合进入Si SPAD并
为其所探测, 进而实现 1.3—1.55 µm波长单光子的
探测.

3.1 基本原理

3.1.1 器件模型

USPD的结构示意图如图 4 (a) 所示. 整个
单光子探测器件由一个半导体上转换器件 (up-
converter)和一个Si-SPAD组成. 上转换器件由一
个 InGaAs光电探测器 (PD)和一个GaAs LED通
过晶片键合的方式制备而得. InGaAs-PD为传统
p-i-n结构, 工作时需要施加反向偏压. GaAs-LED
是AlGaAs/GaAs/AlGaAs双异质结构, 工作在正
向偏压下. 整个单光子探测器工作原理为: 入射的
1550 nm的光子首先被 InGaAs-PD吸收产生光生
载流子,光生载流子在电场的驱动下进入到LED的
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图 4 上转换单光子探测器示意图 [35] (a) 器件结构示意图; (b) 器件等效电路图; (c) 器件能带结构图
Fig. 4. Device model schematic diagram of USPD [35]: (a) Structure of the USPD device; (b) equivalent circuit
diagram of the USPD; (c) band diagrams of USPD.
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激活层发生辐射复合并且发光产生870 nm 的近红
外光子. 然后产生的近红外光子再被Si-SPAD探
测, 进而实现单光子探测. USPD的器件等效电路
图和能带示意图分别如图 4 (b)和图 4 (c)所示.

值得注意的是, 上转换后的光子必须经过一个
光学耦合过程然后进入到Si-SPAD中. 耦合效率
的高低直接影响着单光子探测效率, 这将在接下来
的章节中详细讨论. 能带结构图阐明了上转换和单
光子探测过程的微观机制, 上转换所需的额外能量
来自外加电场.

从器件原理上, 我们可以看出USPD同时结
合了 InGaAs-PD对于 1550 nm光子的高吸收率和
Si-SPAD的高的单光子探测率. 器件这样设计的
一大优势就是可以把传统的 InGaAs-SPAD的吸收
层和倍增层分离, 只利用 InGaAs吸收层, 转而利
用Si-SPAD当作器件的倍增层, 这样就可以大幅
抑制暗计数和后脉冲效应. 光子在上转换器件中
被吸收并且上转换为短波光子, 然后短波光子在
Si-SPAD中被雪崩放大, 进而实现单光子探测. 由
于上转换器件和Si-SPAD工作模式的不同, 两部分
器件可以用两个独立的电路分别控制. 理论上来
讲, 得益于Si材料的高质量, 这样的设计可以将传
统的 InGaAs-SPAD的暗计数和后脉冲效应抑制到
Si-SPAD的量级. 如此一来, USPD既可以工作在
自由运行模式下, 又能保证不牺牲探测率.

3.1.2 器件输运性质

为了更好地认识USPD的单光子探测机制,
必须清楚器件的载流子输运过程. 原理上来看,
USPD中上转换器件和Si-SPAD是电绝缘的, 二者
之间是光耦合连接在一起, 因此我们只需考虑上
转换器件的载流子输运特性. 计算机辅助设计技
术 (TCAD)被采用研究上转换器件的能带结构和
输运特性. 计算过程中, 我们考虑了不同的复合机
制,包括俄歇复合、Shockley-Read-Hall (SRH)复合
和辐射复合. 以典型的半导体上转换器件 [29]为例,
图 5 (a)所示为其在 5 V 偏压下的能带结构 (QFL
代表准费米能级). 很明显, 只要1550 nm的光子进
入上转换器件, 就会被 InGaAs层所吸收, 产生的电
子 -空穴对将在耗尽区电场作用下迅速分离. 由于
PD和LED的界面处几乎没有势垒, 空穴将顺利地
抵达LED中, 而电子将被迅速迁移至阳极中. 与此
同时, 为了保持整个上转换器件中的电平衡, 将有
对应数目的电子从阴极注入LED激活层中并与空

穴发生复合. 从这一角度来看, 上转换器件好像是
一个电学泵. 为了保证高的辐射复合效率, LED的
激活层需要重型p掺杂 [34], 因此LED 的激活区中
有大量的空穴 “等待”电子过来复合. 此外, LED激
活层中的重掺杂也保证了USPD 可以获得一个很
好的时间分辨率.
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图 5 TCAD计算结果 [35] (a) 5 V偏压下上转换器件
的能带图; (b) 不同偏压下的 InGaAs p-i-n探测器光电流
和上转换器件光电流; (c) 净光电流 (光电流扣除暗电流)
Fig. 5. Calculated results [35] of (a) band diagram of
the up-converter under 5 V forward bias, (b) photocur-
rent of PIN and up-converter at different bias volt-
age, (c) net photocurrent (subtract dark current from
the photocurrent) of PIN and up-converter at different
bias voltages.
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需要注意的是, 即使光生空穴要穿过键合界
面, 但是上转换过程却并不依赖于产生的光生空
穴. 由于键合界面两侧无论是LED还是PD均为重
型p掺杂, 所以空穴在结合界面处属于多子. 低注
入情况下, 多数载流子寿命可以近似看作是一个常
数. 吸收少数光子后转换而得到的少数空穴进入这
一区域仿佛进入一个 “空穴海”一样. 由于是在极
弱光条件下, 产生的载流子很少属于低注入条件,
因此多数载流子的寿命理论上是无限长的. 另一方
面, 电子并不需要穿过结合界面, 因此结合界面的
质量对于上转换过程几乎没有影响.

计算而得的上转换器件的 I-V 特性曲线如
图 5 (b) 和图 5 (c) 所示, 可以看出上转换器件的
I-V 特性和普通的p-i-n光电探测器完全不同. 施
加反向偏压, 由于PD相当于是正向偏压而LED是
反向偏压, 因此器件是不能工作的. 施加正向偏
压, 则PD和LED均为正常工作条件. LED的p-n
结结构决定了上转换器件的开启特性, 施加的偏
压首先满足LED的开启特性, 多余的电压施加在
PD部分. 中红外上转换器件中也发现有类似的开
启特性 [52]. 可以看出, USPD工作时的光电流和单
个p-i-n PD的几乎一致 (图 5 (b)). 扣除背景暗电
流后, 二者的净光电流结果也一致 (图 5 (c)). 这一
结果再次表明了键合的异质结界面对于上转换器

件性能的影响微乎其微, 和此前的实验结果表现一
致 [29,30].

3.1.3 LED出光效率
器件原理表明, 上转换器件效率和LED的光

子提取效率是成正比的. 然而, LED的光辐射是各
向同性的, 对于平面结构LED, 会有接近 50%的光
子损失在器件衬底当中. 但是对于USPD而言, 其
特殊的结构可以确保一个极高的光子提取效率. 首
先, 由于半导体空气界面的反射, 从PD一端出射
的光子的逃逸概率仅为∼2%. 也就是说, 有98%的
光子将被局限于上转换器件中. 其次, 反向传播进
入PD的光子将会被 InGaAs层重新吸收并且产生
光生载流子然后重复上转换过程, 这一过程称为
“光子循环”过程 (如图 6所示). InGaAs的高吸收
系数可以确保对于反向传播光子的高效重吸收.

得益于光子循环效应, 几乎不会有光子从PD
一端逃逸出去. 因此上转换器件中的 InGaAs探测
器部分不仅仅起着对于 1550 mn入射光的吸收作

用, 更是相当于是 870 nm光子的一个电学反射镜.
因此, 惟一限制USPD光子探测率的因素就是上转
换器件和Si-SPAD之间的光耦合效率.
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图 6 上转换器件中 LED部分发光原理及光子循环效
应 [35]

Fig. 6. Schematic diagram of the luminescence of the
LED in the up-converter and photon recycling [35].

3.2 器件结构及优化

3.2.1 PD和LED性能优化
上转换器件由 InGaAs PD和GaAs LED通过

晶片键合的方式集成得到, 为了确保上转换器件具
备高的上转换效率, 必须首先对PD和LED两部分
分别进行优化. 其中, InGaAs PD器件性能的决定
因素有很多, 包括其器件结构、吸收层掺杂浓度、工
作温度、器件制备工艺、表面钝化工艺等. 2012年以
来, 我们项目组尝试过不同结构的 InGaAs PD器
件 [53−58], 对其帽层材料、吸收层掺杂以及表面钝
化工艺进行了详细系统的研究. 其中帽层材料对于
器件暗电流和响应率都有较大的影响, 采用p-InP
可以获得83%以上的峰值量子效率, 但是对应其暗
电流较大, −0.1 V的偏压下可以达到10.2 µA/cm2;
采用p-InAlAs+InGaAs的帽层结构暗电流相较于
p-InP 结构可以减少 50%, 同时获得 90%的峰值响
应率; 而采用原位掺杂的p-InAlAs 可以降低一个
量级的暗电流, 但是对应的峰值响应率可以达到
60%; 通过优化工艺, 采用二次掺杂的p-InAlAs, 可
以将暗电流抑制在∼400 nA/cm2 (−0.1 V)的同时,
获得99%的峰值量子效率.

图 7 (a) 所示为不同吸收层掺杂浓度对于器件
响应率的影响. 四个器件均为台面结构, S1为本征
吸收层结构的 InGaAs p-i-n PD, 在 1550 nm处的
响应率约为 0.8 A/W; S2在S1的基础上进行了器
件表面钝化 (SiO2), 相较器件S1, S2不仅提高了近
10%的响应率, 其常温下暗电流较之S1降低了接
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近 3个量级; FGA21为由美国Thorlabs公司生产
的校准的商用 InGaAs探测器, 在 1550 nm的响应
率为0.96 A/W,对应74%的量子效率; M79为项目
参与单位——上海技术物理研究所 (SITP) 制备的
台面结构 InGaAs p-i-n PD, 帽层材料为 InP, 可以
获得1.05 A/W的响应率, 对应81% 的量子效率.
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图 7 (a) 不同结构 InGaAs p-i-n探测器的响应情况, 其
中器件 S1和 S2为上海交通大学 (SJTU)采用的本征吸收
层结构, M79为上海技术物理研究所采用的 n型掺杂浓度
为 7× 1016 cm−3 的结构, FGA21为美国Thorlabs公司
校准的 InGaAs探测器; (b) 不同激活层掺杂浓度的LED
响应情况

Fig. 7. (a) Response of InGaAs p-i-n detector with dif-
ferent structures, where S1, S2 adopt intrinsic absorp-
tion layer fabricate by SJTU, M79 use an n-doped ab-
sorption layer with 7×1016 cm−3 fabricated by SITP,
FGA21 is a commercial detector from Thorlabs. (b)
LED response at different doping concentrations in the
activation layer.

GaAs LED为 n-AlGaAs/p-GaAs/p-AlGaAs
的双异质结结构, 其中关键为p-GaAs的激活层,
即LED电子空穴发生复合进而发光的功能层. 半
导体中SRH复合、俄歇复合、表面复合、辐射复合
等多种复合机制并存, LED工作时要求辐射复合占
据主导, 并且尽可能地抑制非辐射复合. 这一点对
于上转换器件中的LED部分尤其重要, 因为辐射

复合的效率直接决定了上转换效率. 图 7 (b)所示
为不同结构和不同激活层掺杂浓度的LED响应率
测试结果. 结果表明, 随着激活层掺杂浓度的升高,
LED的量子效率先增大后减小, 这主要是因为随着
掺杂浓度变化, 激活层内的主要复合机制也发生变
化 [34]. 其中当激活层掺杂浓度为1× 1018 cm−3时,
LED的量子效率达到峰值, 且在低注入电流密度条
件下也能保持一个很高的量子效率.

为了进一步提高LED量子效率, 我们在掺杂
浓度为7× 1017 cm−3的激活层内加入了一层9 nm
厚的 In0.1Ga0.9As量子阱, 结果显示在低温下LED
的量子效率较之不加量子阱结构的LED提升了一
倍以上, 但是在常温下, 量子效率反而低于不加量
子阱结构的LED. 其主要原因是, 在低温下量子阱
可以局限更多的载流子, 使得其载流子浓度更高,
从而获得更高的辐射复合系数. 但是常温下, 由于
热激发的存在, 量子阱的局限载流子的效果被大大
削弱, 而且由于 In0.1Ga0.9As的和GaAs的晶格失
配造成了大量缺陷, 这就使得其非辐射复合概率
极大地上升, 从而降低了其量子效率. 值得一提的
是, 虽然这一结构的LED在常温下表现不尽如人
意, 但是其在低温下的高性能对于中红外 [28]或者

远红外 [59]上转换有着重大意义.

3.2.2 上转换器件优化

前文所述的光子循环效应可以保证所有的反

向传播光子均被 InGaAs层重吸收, 从而再次利用
进行上转换. 但是这个过程中, 我们忽略了p-i-n
PD中的p-InP帽层对于870 nm的光子也有一个很
高的吸收系数 (∼104/cm). 而且由于p-InP帽层并
非处于耗尽层, 电场强度相对而言很低, 因此吸收
870 mn的光子并不能有效地产生光生载流子. 因
此, 在实际操作中, 可以考虑在进行键合集成上转
换器件之前将p-InP帽层去除. 键合之后, LED中
的p-AlGaAs也可以充当p-i-n结构的p型区. 根据
我们计算得到的去除p-InP帽层前后的上转换器件
能带图 (如图 8所示), 可以发现去除p-InP帽层之
后, 对于器件基本没有影响.

忽略光子在器件中的传播速率和载流子迁移

速率, 并且考虑 3次光子循环, 接近 90% (第一次
50%, 第二次 25%, 第三次 12.5%)的光子将被从上
转换器件中耦合而出. 光子循环的一大弊端就是会
增加器件的时间抖动, 这一问题将在 3.3.1节中进
行详细的讨论.
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图 8 上转换器件能带结构图 (a) 包含 p-InP帽层结构;
(b)不包含 p-InP 帽层结构
Fig. 8. Band diagram of the up-converter: (a) With
p-InP cap layer; (b) without p-InP cap layer.

3.2.3 光耦合结构优化

USPD中的上转换器件和Si-SPAD是通过光
学方法耦合在一起的. 最简单直接的光学耦合方
法是通过非球面镜将LED端出射的光子准直聚焦
到Si-SPAD的感光面上, 这种耦合方式称为空间光
耦合. 这种耦合方式简单方便, 但是多余的光学系
统的引入使得整个器件不是特别紧凑, 并且由于
光子在半导体空气界面的低的光子逃逸概率 (只有
∼2%), 所以USPD的单光子探测率相对过低.

为了提升USPD的光子探测率, 一种有效的尝
试是将上转换器件和Si-SPAD通过晶片键合的方
式集成起来, 由传统光学理论可以推算出这种耦合
方式的效率可以比空间光耦的方式高出一个量级,
达到24%:

ηcouple =
1

4
(sin θc)

2

[
1−

(
nGaAs − nSi
nGaAs + nSi

)2]
, (1)

其中 θc是GaAs与Si界面的临界角; nSi, nGaAs分

别为Si和GaAs的折射率.

另一种方法通过光纤阵列中常用的光胶耦合

(optical adhesive)的方式将上转换器件和Si-SPAD
集成在一起. 由于Si (n = 3.58)和GaAs (n = 3.42)
的折射率非常接近, 理论上这二者之间是可以获得
一个很高的耦合效率的. 但是已知光胶的折射率
均小于 3. 通常的光胶折射率大约为 1.55左右. 当
光胶厚度较厚时, 对应的耦合效率也不够理想, 可
是当光胶厚度和光波长相比拟时, 就会发生所谓的
“光子隧穿”效应, 进而获得一个很高的耦合效率.
理论上, 光子隧穿效应可以达到 100%, 实验上已经
做出了 81%的光耦合效率 [60]. 因此, 通过光胶耦
合的方式将上转换器件和Si-SPAD耦合在一起效
率可以至少达到70%以上.

3.3 性能指标

3.3.1 时间分辨率

时间分辨率 (time resolution), 也叫时间抖动
(time jitter), 是单光子探测器的一个很重要的指
标, 在激光测距等实际应用中直接决定了整个系统
的性能 [61], 因此在评估USPD的性能之前必须计
算其时间抖动. USPD器件的时间抖动可以表示为

∆t =
√
t2pin + t2trans + t2spont + t2ph + t2Si, (2)

其中 tpin为 InGaAs探测器的光响应时间; ttrans为

光生载流子的传输时间; tspont为GaAs LED的自
发辐射寿命; tph是GaAs LED发出光子的传输时
间; tSi为Si-SPAD的时间抖动.

对于一个传统的 InGaAs-SPAD, 时间抖动大
约为 50 ps [62], 其中包括了器件光响应时间和对
应的电路响应时间. 考虑到 InGaAs的高吸收率
和 InGaAs-SPAD的极低的时间抖动, 我们有理由
认为 InGaAs探测器的光响应时间可以忽略不计,
即 tpin ≈ 0. 再考虑到上转换过程的微观机制,
一旦入射光被吸收并且产生光生载流子, LED一
端就会立即注入同样数量的电子进入LED的激
活区. 光生载流子的产生和电子的注入可以看
作是同步的. 因此在计算USPD时间抖动的过程
中 ttrans可以忽略不计. 考虑到器件仅在微米尺
度, 光子在器件中的传播时间 (tph)计算的结果大
约为飞秒量级. 而对于高质量的Si-SPAD, 时间
抖动大约也为 tSi ≈ 50 ps. 至于LED的自发辐
射寿命, 则由自发辐射系数 (BT)和LED激活区多
数载流子浓度 (NA)决定 (tspont = (BT × NA)

−1).
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在USPD器件中, 为了获得一个高的辐射复合效
率, LED激活层通常为重掺杂 (∼ 1019 cm−3). 辐
射复合系数在 90, 185和 300 K的情况下分别为:
BT = 1.8× 10−8, 1.9× 10−9, 7.2× 10−10 cm3/s, 对
应的自发辐射寿命分别为 5.6, 53和 138 ps. 因此
USPD在 90, 185和 300 K情况下的时间抖动分别
估算为 50.3, 72.9, 147 ps. 考虑到光子循环效应,
则在 90, 185和 300 K的情况下对应的时间抖动为
150, 219 和441 ps, 也是与Si-SPAD相比拟的量级.

3.3.2 光子探测效率

光子探测效率PDE是指探测到的光子数和入
射光子数的比值, 是衡量单光子探测器的一个重
要指标. USPD 器件的光子探测率主要由 InGaAs
PD, LED, Si-SPAD以及LED和Si-SPAD之间的
光耦合效率决定:

η = ηPDηLEDηSi

= (1−R)(1− e−αd)ηin
PDη

in
LEDη

coupleηSi, (3)

其中ηPD和ηLED分别为 InGaAs PD和GaAs LED
的外量子效率; ηSi是Si-SPAD的光子探测效率;
R是 InGaAs PD的表面反射率; α为 InGaAs的吸
收系数; d为 InGaAs吸收层的厚度; ηin

PD为 InGaAs
PD的光电转换效率; ηin

LED为LED的内量子效率;
ηcouple为Si-SPAD和LED之间的光耦合效率. In-
GaAs PD表面通常会有一层减反钝化膜,反射率为
R = 13%. 由于 InGaAs吸收层足够厚 (1—2 µm)
并且吸收系数极高, 1 − e−αd ≈ 1. 再者, 得益于
成熟的半导体工艺, ηin

PD可以接近 100%. 同时, 经
过优化的LED在极低注入密度条件下的ηin

LED也可

以高达 95%以上 [34]. 此前的实验结果表明, 集成
的上转换器件并不会减弱LED 和PD各自的性能.
因此, 在PD和LED分别优化并且完美键合的条件
下, 理论上PD-LED的上转换内量子效率可以达到
或者接近100%. 这样, USPD器件的单光子探测率
就仅仅依赖于LED和Si-SPAD之间的光耦合效率.

USPD光子探测率随Si-SPAD的探测率及光
耦合效率变化的关系如图 9 (a) 所示, 很显然, 实现
高的光耦合效率是获得高性能USPD的先决条件.
图 9 (b) 所示为不同光耦合方式情况下的光子探
测率, 一旦光耦合方式确定, USPD的光子探测率
就只依赖于Si-SPAD的性能. 而Si-SPAD的光子
探测率又随波长变化, 目前Si-SPAD在 870 nm 的

PDE约为 40%, 但是在其峰值波长 (650 nm)处的
PDE可以超过 70%. 如果LED的发光波长可以调
至Si-SPAD的峰值探测波长附近, 并且采用光胶耦
合, USPD将实现约为 42.6%的探测率, 这一数值
是当前 InGaAs-SPAD 探测率的 2倍. 此外, USPD
的PDE在870 nm和650 nm的理论极限可以分别
达到35%和61%.
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图 9 (a) 光子探测率随光耦合效率和 Si-SPAD光子探测率
的变化关系; (b) 三种不同光学耦合方式的光子探测率
Fig. 9. (a) Dependence of photon detection efficiency on
optical coupling efficiency (ηcouple) and photon detection
efficiency of Si-SPAD (ηSi); (b) photon detection efficiency
for three different ways of optical coupling.

3.3.3 暗计数和暗发光

半导体上转换单光子探测器 (USPD)的暗计
数, 其主要来源于两部分. 首先Si单光子雪崩二极
管本身具有一定的暗计数, 成熟的Si-SPAD可以将
暗计数控制在 50 Hz以下, 其次则是来源于上转换
器件中LED 的暗发光. 这一点和传统的单光子雪
崩二极管的暗计数有本质区别, 传统的SPAD的暗
计数主要由其材料的质量所决定, 并且背景辐射通
过屏蔽的方式可以被有效抑制, 可以忽略. 然而,
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USPD中的Si-SPAD 是和前端的上转换器件耦合
在一起的, 即使在没有入射光的情况下, Si-SPAD
依旧可以被上转换器件的暗发光所触发. 暗发光
是由上转换器件的暗电流所引起, 而由于上转换器
件特殊的n-p-n结构, 其暗电流主要由其中反偏的
PD部分暗电流构成. 具体包括PD器件本身的暗
电流和由背景辐射导致的背景光电流. 必须指出的
是, 一般而言探测器的背景光电流会被忽略掉, 但
是在USPD中, 由于其会导致暗发光进而引发暗计
数, 因此不能忽略. 目前, 已知的通过特殊设计和
钝化处理的 InGaAs-PD (25 µm 直径)可以在室温
下将暗电流抑制到4 fA (0.1 V). 而对于同样的PD
由 (4)式计算而得的 180◦视场角 300 K背景辐射引
起的光电流仅有约10−5 fA.

Ibg =

∫
egPDη(λ)P (λ)λ

hc
dλ

=

∫
egPDη(λ)πcA

λ5 exp(hc/kBTλ)
dλ, (4)

其中 e是元电荷, h为普朗克常数, gPD = 1为

InGaAs-PD的增益, λ为光波长, kB为玻尔兹曼

常数, A为器件面积, c是真空光速, T是开氏温度.
很明显, 器件的暗电流远远大于背景光电流, 因此,
总的暗电流主要由器件的暗电流决定. 而器件的
暗电流对于温度极其敏感, 例如在热电制冷温度
(200 K)下工作的探测器暗电流要比室温下低 4—6
个数量级以上. 如此微弱的暗电流情况下, 由暗
发光造成的暗计数可以被抑制到和Si-SPAD本身
暗计数的量级, 但是前提是PD须经过严格的优化
工艺. 这样, 整个USPD的暗计数可以被控制在与
Si-SPAD同一个量级. 再者, 由PD的反偏工作原
理可以知道, 其光响应率是不依赖于偏压的, 即施
加更大的反向偏压并不会增加其光响应率, 这一点
从后边的实验中上转换器件的发光光谱上可以明

显看出. 但是PD的暗电流却是严重依赖于器件偏
压, 大的反向偏压会导致暗发光剧增 (这一点从后
边的实验中上转换器件的发光光谱上也可以明显

看出), 从而导致大的暗计数. 因此, 实验中必须选
择合适的工作电压, 从而避免额外电压所产生的不
必要的暗计数.

3.3.4 噪声等效功率

噪声等效功率 (noise equivalent power, NEP)
表示探测器可以分辨的最小入射光功率, 代表了探
测器的信噪比水平, 是应用最广泛的衡量光电探测

器的品质因数 [2]. 对于USPD而言, 其NEP可以

表示为 [35]

NEP =
in,UD
RUD

=
hc

eλout

[
2e∆f

1

ηLEDηSi
(Idark,PD + Ibg,PD)

+
2egSiIdark,Si∆f

(ηLEDηSi)2

]1/2
, (5)

其中, in,UD为USPD的器件总噪声; RUD =

Iph,UD/Pin = eλoutηSiηUP/hc为USPD的响应率;
e为电荷; h为普朗克常数; c为光速; λout为LED
的发光波长; ηSi和 ηLED分别为Si-SPAD和LED
内量子效率; gSi 为Si-SPAD的增益; ∆f为带宽;
Idark,PD, Ibg,PD, Idark,Si分别为 InGaAs-PD的器件
暗电流、背景光电流和Si-SPAD暗电流. 需要指
出的是, (5)式的结果是从器件响应率和噪声来源
推导而出, 其计算所得结果和传统的单光子探测
器的NEP (NEP =

√
Dhν/η: 其中D为单光子

探测器暗计数, η为单光子探测器的PDE, ν 为光
子频率)的计算结果基本一致. 图 10所示为USPD
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图 10 不同类型单光子探测器的NEP 和PDE统计, 其中黑
色方形表示自由模式 InGaAs-SPAD [23,63−65], 红色圆形和
蓝色三角形分别表示门控模式 InGaAs-SPAD [22,66,62,48]和
光参量上转换单光子探测器 [11,19,67,68], 虚线圆圈框起来的
绿色菱形表示USPD; 括号里的第一项表示工作条件, 第二项
为报道年份

Fig. 10. The NEP and PDE achievements for differ-
ent kind of single photon detectors. Free-running In-
GaAs SPADs [23,63−65] were plotted as black squares.
Gate-mode InGaAs SPADs [22,66,62,48] and optical up-
conversion SPADs [11,19,67,68] were shown as red circles
and blue triangles respectively. The diamond in the dash
circle representative the calculated results of USPD. The
first item in the bracket is the operating condition and the
second one in the bracket is the time of report.
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探测率和噪声等效功率与现有近红外单光子探测

器的对比结果. 理论上, 优异的单光子探测器应当
同时具有高的探测效率和低的噪声等效功率, 可以
看出USPD无论是光子探测率还是噪声等效功率,
均处于相对领先地位.

3.4 器件制备工艺

USPD 的器件通用工艺主要包括以下几部分:
1) InGaAs p-i-n结构外延片, GaAs-LED结构

外延片以及Si-SPAD外延片生长;
2) InGaAs p-i-n PD与GaAs-LED集成上转换

器件, 并且制备Si-SPAD器件;

3)上转换器件和 Si-SPAD耦合集成USPD
器件.

制备好的器件如图 11左所示, 整个器件的制
备工艺中最关键的当为上转换器件的制备以及上

转换器件和Si-SPAD器件的耦合集成. 其中上转
换器件的制备工艺 [29,30] 如图 11右流程所示, 具
体为:

1)在 InP衬底片上外延生长 InP/InGaAs p-i-
n结构, 在GaAs衬底上生长GaAs/AlGaAs双异质
结结构;

2)材料原片解理, 其中GaAs LED片进行光刻
然后湿法腐蚀刻槽;
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图 11 集成的USPD器件示意图 (左)及上转换器件制备工艺流程图 (右), 红色虚线框所示为键合界面局部放大图及 SEM电镜照片
Fig. 11. The schematic diagram of the integrated device (left) and fabrication process flow (right). The magnification of the
wafer bonding interface and SEM photograph.

3)刻槽后的LED与PD片经过深度清洗, 去除
表面氧化膜, 再经过表面等离子体激活, 进行范德
瓦耳斯键合;

4)给经过范德瓦耳斯键合的器件施加压力, 并
且在N2环境中进行退火处理;

5)通过减薄抛光化学腐蚀的方法移除LED
衬底;

6)经过光刻, 进行上转换器件的Mesa台面
刻蚀;

7)台面上下电极的金属沉积及剥离;
8)电极引线及封装.
集成的上转换器件通过光学耦合的方式和Si-

SPAD集成在一起即形成了USPD器件. 可以通过
键合的方式将二者集成, 但是鉴于二者工作模式的
不同, 键合前电隔离层的设计必不可少; 也可以通

过光胶耦合的方式将二者集成, 通过接触式掩膜对
准技术 [69], 可以精确实现1 µm以下的光胶键合.

3.5 USPD空间光耦合实验

图 12 (a)所示为最近的USPD空间光耦合实
验光路图, 1550 nm的光纤激光器发出来的光子首
先经过衰减, 然后通过非球面镜的准直, 在通过透
镜聚焦到上转换器件的光敏面上; 上转换器件将吸
收的 1550 nm的光子转换为 870 nm的光子, 由于
LED出射光是空间弥散的, 因此也需要非球面镜
的准直; 准直后的光再被聚焦到Si-SPAD的光敏面
上进而被雪崩放大. 上转换器件前端的衰减片主
要起到保护Si-SPAD的作用, 防止入射光过强致使
Si-SPAD饱和.
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图 12 (a) USPD空间光耦合实验光路图; (b)上转换信号光谱和上转换响应; (c)上转换单光子计数测试及光子探测效率
Fig. 12. (a) The optical setup of the spatial optical coupling of USPD; (b) the up-conversion spectrum and response
of the up-converter; (c) the single photon count and PED of the USPD with spatial optical coupling.

图 12 (b) 所示为上转换器件弱光条件下的光
谱测量结果和响应结果 (插图). 可以看出, 同一入
射光强不同偏压下的上转换信号强度基本不变, 而
随着入射光强变化上转换强度也基本保持线性变

化, 其中上转换内量子效率可以达到 35%. 值得注
意的是, 在不同偏压下, 上转换器件的背景信号不
同, 随着器件工作偏压升高, 上转换器件的暗发光
急剧上升. 这是由于用于测量的上转换器件并未
进行严格的钝化处理和封装, 严重的表面复合和
漏电造成了器件暗电流过高, 从而导致暗发光过
强, 这一现象可以通过器件钝化工艺得到显著改
善. 图 12 (c) 所示为Si-SPAD计数率随入射光功率
的变化情况以及整个USPD系统的光子探测效率,
所给出的结果为扣除暗发光所致暗计数后的结果.
光子探测效率约为理论预测的 30%, 与理论预期差
异的主要原因是由于上转换器件的效率只有 35%,
表面复合和漏电流不仅仅会增大上转换器件的暗

电流, 更会降低其上转换量子效率. 此外, 键合工
艺的相对不成熟也可能会导致大量缺陷态的引入,
进而增加了器件漏电和非辐射复合, 光路中的光学
损耗也是造成误差的一个因素. 作为USPD器件的
初步尝试, 并且上转换器件未经优化处理和封装,
最小光响应就可以测到 fW量级, 并且光子探测效
率达到了理论预期量级, 这充分说明了USPD的可

行性. 但是必须指出的是, 该器件的各方面性能均
未达到理论预期的最佳值, 都仅仅处于初步尝试阶
段, 作为实际应用, 还远远达不到当前主流单光子
探测器的水平. 更加完善的USPD器件制备和测试
还需要更多的尝试和努力.

4 总结与展望

本文回顾了三种目前常用的半导体单光子探

测器, 就其器件原理、工作模式、优势和劣势等方面
进行了相关评述. 其中, Si-SPAD受硅的带隙所限,
只能探测 300—900 nm波段的光子, 对于光纤通信
波段光子几乎无响应; InGaAs/InP-SPAD则受限
于材料质量, 暗计数和后脉冲效应过高, 大大影响
了器件性能; 基于量子点的单光子探测器虽然探测
率高且暗计数小, 但也仅限于匹配GaAs带隙宽度
的光子 (820 nm), 对于通信波段的光子响应过低.
在此基础上, 着重介绍了本研究组所提出的一种
新型半导体近红外上转换单光子探测技术 (USPD)
的研究进展. 从USPD的器件基本原理、器件结构、
性能指标等多方面阐述了其可行性和优越性, 并给
出了USPD最新的空间光耦合实验结果. 必须指
出的是, 我们所提出的1.3—1.55 µm波长单光子探
测方案目前在世界范围内未见公开报道, 属于首次
提出. 该方案的关键特性在于: 它将不是采用 InP
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结构实现信号的放大, 而是利用成熟的SPAD器件
来实现信号的放大和采集, 从而规避了 InP结构在
暗计数率和后脉冲效应方面的问题. 我们所提出
的这一方案不仅是现有半导体红外上转换和红外

上转换成像方面工作的简单延续, 它同时具备重
要的科学研究价值, 其主要目的是为了实现单光
子层面的红外上转换, 同时涉及到红外单光子吸
收、极少数载流子输运和复合等各方面的关键科学

问题. 此外, USPD的单光子探测方案的核心即为
将近红外光子上转换为短波近红外或者可见光子,
再用商用Si-SPAD进行探测, 这拓宽了单光子探
测的思路, 打开了另一扇单光子探测的窗口. 受其
启发, 不仅仅是基于 III-V族化合物半导体上转换,
有机 -无机上转换 [31,70]、高增益上转换发光晶体

管等 [71]高效上转换器件均可用来尝试作为USPD
的上转换器件部分, 进而尝试单光子探测, 至于
其各自优势及可行性,还需更加深入的研究和探索.

关于半导体上转换单光子探测的最初设想由刘惠春教

授提出, 但在项目实施第一年刘惠春教授不幸离世, 项目具

体由课题组成员实施完成. 在课题实施过程中, 得到了上海

微系统研究所曹俊诚教授、上海理工大学郭旭光教授、梁焰

老师, 华东师范大学曾和平教授、吴光教授的帮助. 谨以此

文向刘惠春教授致敬! 向提供帮助的老师表示诚挚的感谢!
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Abstract
Quantum communication technology has achieved remarkable progress and development in recent years, and the

single photon detector, as the receiving terminal, plays a vital role in communication systems. In this paper, we focus on
the current mainstream semiconductor-based single photon detectors and review their device principle, operating mode,
advantages and disadvantages. Besides, the research progress of a novel semiconductor near-infrared single photon
detection technology (USPD) is introduced. The feasibility and superiority of the USPD device are demonstrated from
the basic principle, device structure and key performance indicators of USPD, and the latest spatial optical coupling
experiment results of the USPD are also given. The design principle of the USPD device is to utilize Si multiplication
layer of the Si SPAD as a multiplication layer instead of InP in conventional InGaAs-SPAD. The Si-SPAD has a much
lower dark count rate and afterpulsing effect because of high-quality material of Si. Such a characteristic design of
USPD can suppress the afterpulsing probability to the same level as that of the Si-SPAD and enables it to operate in
the free-running regime without sacrificing photon detection efficiency. For the same reason, the dark count rate (DCR)
of USPD is also very low. The operating mechanism of USPD is to convert the infrared photons into near-infrared or
visible photons and the emitted near-infrared photons can be detected by a Si SPAD, which provides us with a new idea
for single photon detection.

Keywords: single photons, up-conversion, nearinfrared

PACS: 14.70.Bh, 95.85.Jq, 42.79.Nv DOI: 10.7498/aps.67.20180618

* Project supported by the Major Program of the National Natural Science Foundation of China (Grant No. 91221201).
† Corresponding author. E-mail: yuehzhang@sjtu.edu.cn

221401-16

140

http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180618


AIP ADVANCES 8, 035214 (2018)

Optical field simulation of edge coupled terahertz
quantum well photodetectors

Lujia Li,1,2 Peng Bai,1,2 Yueheng Zhang,1,2,a Wenzhong Shen,1,2

and Juncheng Cao3
1Key Laboratory of Artificial Structures and Quantum Control, Department of Physics
and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
2Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China
3Key Laboratory of Terahertz Solid-State Technology, Shanghai Institute of Microsystem
and Information Technology, Chinese Academy of Sciences, Shanghai 200050, China

(Received 3 November 2017; accepted 6 March 2018; published online 19 March 2018)

By finite difference time domain (FDTD) simulation, we report on the optical field dis-
tribution within edge coupled terahertz quantum well photodetectors (THz QWPs) in
detail. The coupling efficiency of THz QWP structures are studied from three aspects,
including the electrode geometry, the position of the active region and the coupling
angle. According to the simulation results, proper electrode geometry is suggested in
different frequency region, and the optimal position of active region and coupling angle
are presented. These results provide a useful guidance for the design and fabrication
of the edge coupled THz QWP. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5011956

I. INTRODUCTION

Due to the rapid development of terahertz science and technology, terahertz quantum well pho-
todetectors (THz QWPs) have attracted more and more attention nowadays because of some unique
advantages such as fast intrinsic response speed, wide wavelength coverage and the availability
of a mature material and processing.1,2 Though assumed to be a natural extension of the tradi-
tional infrared (IR) QWPs to the THz frequency, the study on THz QWP is far from mature. At
present, the primary goal of THz QWP investigation still remains to be improving the device per-
formance as possible. Therefore, a lot of studies have been devoted to the device optimization.
The device parameters, including the quantum well width, the aluminum fraction, the doping con-
centration and the quantum well number, are chosen to have the highest sensitivity and operating
temperature.2–6

It is known that optical field distribution within the detector is another key factor affecting
the performance.1,7 Helm7 pointed out that the intersubband absorption with a small number of
QW periods located near the surface could be enhanced by a metal coating. H. Schneider et al.8

showed that the optical excitation within the active region of a mid-infrared QWIP was inhomo-
geneous and influenced the QWIP responsivity and its voltage dependence. The inhomogeneity
can be suppressed by using mesa photodetectors where only half of the top contact is covered
with metal.8 By simulating the optical field of edge coupled IR QWPs, K. K. Choi pointed out
that the 45◦ coupling angle is not the best one.9 To obtain better performance, realization of the
optical field distribution is necessary in addition to the conventional optimization of the detector
parameters.

In contrast to traditional IR QWPs, the wavelength of THz radiation is comparable to the device
size of THz QWPs and much longer than the length scale of its active region, where the influence of
optical field distribution is more significant. For THz QWP, the grating10–16 and antenna16–20 designs
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have been carried out to obtain high absorption by adjusting the optical field inside the device.
However, relevant studies on optical field distribution for THz QWP are still limited up to now. The
detailed investigation on optical field distribution of the edge coupled THz QWPs has hardly been
elaborated before. According to the intersubband transition (ISBT) selection rule of QWPs, only
light polarized in epitaxial growth direction leads to the absorption. Therefore, 45◦ edge coupled
geometry is commonly employed to obtain a detector performance.1 The realization of the actual
optical field distribution inside an edge coupled THz QWP is essentially needed and important for
device optimization.

In addition, 45◦ facet coupled THz QWP is usually looked upon as a benchmark. To evaluate the
performance of THz QWPs, different 45◦ facet coupled THz QWPs are compared with each other
experimentally. And THz QWPs with optical cavity design, e.g. grating or antenna, are usually com-
pared with 45◦ facet coupled THz QWP. However, due to the significant effect of electrode geometry
on the optical field distribution, whether the comparison between different devices is meaningful
arises to be a question and need to be studied carefully.

In this paper, we systematically simulate the optical field distribution of the edge coupled THz
QWP in the entire THz radiation range theoretically by applying finite difference time domain
(FDTD) modeling method. There are two electrode geometries (solid and ring) that is widely used
in practical application of the edge coupled THz QWPs. So we first discuss the optical field dis-
tribution and coupling efficiency of two different electrode geometries in the THz range, which
gives a guidance of the electrode geometry application for the edge coupled THz QWPs. Then we
study the effect of the location of active region on the performance of THz QWPs and give the
best location of the active region for THz QWPs operating at different peak frequencies. Finally,
we investigate the effect of coupling angle and reveal the appropriate coupling angle at different
frequency.

II. THEORETICAL MODEL AND METHOD

The finite difference time domain (FDTD) technique is used to simulate the optical field distri-
bution in multilayer structures of THz QWPs. A schematic view of a random α angle edge coupled
THz QWP for simulation is shown in Fig. 1(a). This figure is not drawn to scale. The structure is
composed of a top contact layer, multiple periods of GaAs/AlGaAs quantum well (MQW) active
region, a bottom contact layer and the semi-insulating GaAs substrate. Au electrode is covered on
the top and bottom contact layer. For the top Au electrode, either solid or ring geometry could be
used in terms of practical need. The solid electrode means that the mesa is completely covered by a
metal coating. Therefore, the size of the solid electrode is exactly as that of the mesa. As far as the
ring electrode is concerned, we presume that it is very narrow compared with the size of mesa and
the width is ignored in the simulation. The terahertz radiation light is shone normal to the edge facet.
In order to simulate the spatial distribution of the optical excitation density along the growth axis, we
assume that a light beam is incident on a facet with a wave vector ~k at an angle α with respect to the
growth direction. The optical field distribution in direction perpendicular to the plane of incidence
is invariant. Hence, a 2-dimensional model is employed in the simulation. The coordinates and the
origin of the coordinates are labeled in the figure. y=0 denote the semiconductor-top metal interface.
Due to the fact that only light polarized in y direction leads to the absorption, only y component of
electromagnetic wave is concerned.

The prototype of THz QWP studied here is v266 from Ref. 21. The thickness is 0.5 µm, 0.4 µm,
2.6 µm and 0.8 µm for the Au electrode layer, top contact layer, MQW active region and the bottom
contact layer, respectively. The semi-insulating substrate thickness is usually in the range of 600 µm.
The area of the mesa devices is set to be 400×400 µm2. It should be noted that the free-carrier
absorption is relatively strong in terahertz region. In order to reduce the free-carrier absorption and
plasma reflection of the contact layer, the doping concentration in the contact layer is usually designed
to a relatively low level. Actually, the usual doping concentration is designed to be merely on the
order of ∼1×1017 cm-3 in terahertz region.21,22 For simplicity, the GaAs/AlGaAs MQW layer is
replaced by a uniform intrinsic GaAs layer because of the low doping density and Al fraction in the
calculation.
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FIG. 1. (a) Schematic view of a random α angle edge coupled THz QWP. The figure is not drawn to scale. (b) Ey pattern in
the device of the simulated 45◦ edge coupled QWP with solid electrode geometry. The peak frequency is at 5THz. The arrow
indicates the local optical field distribution around the mesa for solid electrode. As a contrast, the corresponding pattern in
ring electrode case is shown on the left side.

The dielectric functions ε(ω) of GaAs is calculated in terms of a classical dielectric function for
damped harmonic oscillators in combination with a Drude model:12

ε(ω)= ε∞

1 −

ω2
p

ω(ω + iω0)


+

ω2
TO(εs − ε∞)

ω2
TO − ω

2 − iωγ
. (1)

The first term in the right describes the free carrier absorption.23 ωp =
√

Ndq2/ε0εsme
∗ is the plasma

frequency. The second term is the Reststrahlen term, which describes the interaction with optical
phonons.23 ωTO is the transverse optical (TO) phonon frequency. The related parameters are taken
from Ref. 23. The dielectric function of metal electrode is calculated by the Drude model:12

εM(ω)= 1 −
ω2

M

ω(ω + iδM )
, (2)

in the case of gold, ωM = 1.11×104 THz and δM=83.3 ps-1.
Perfectly Matched Layers (PML) absorbing boundary conditions is applied.24 Due to the fact

that the doping concentration is usually low for THz QWP, the absorption is merely proportional to
the period number of wells.1 It’s not necessary to take into account the difference between the active
region absorption at different THz frequency. Therefore, the absorption efficiency is proportional
to the coupling efficiency of the THz QWP. The average intensity of Ey in the active region could
be looked upon as a measure of the optical coupling efficiency. We define a normalized coupling
efficiency η to be:

η =

!
SAR

���Ey
���
2
dS!

SAR

���Ey0
���
2
dS

, (3)

where SAR is the area of the active region, Ey0 is the y component of incident electrical field.
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Ey pattern in the entire THz QWP could give an intuitive view of the electrical field spatial
distribution. We first present an example of Ey pattern for a THz QWP with solid electrode geometry
at 5THz in Fig. 1(b). The Ey pattern shows that the device forms a cavity with two parallel partial
reflectors. Interference between the incident and reflected radiation gives rise to standing wave effects.
Local maxima and minima can be seen clearly. The optical field spatial distribution varies obviously
because of different electrode geometry. The arrow indicates the local optical field distribution around
the mesa for solid electrode. As a contrast, the corresponding pattern in ring electrode case is shown on
the left side. It is obvious that the optical field in the active region for the solid electrode is relatively
strong, which means a higher coupling efficiency. In the case of ring electrode, the optical field
above the top surface is strong where an evanescent field exists. The totally reflection critical angle of
GaAs is about 17.6◦. When the light is incident at 45◦ angle, it is totally reflected at semiconductor-air
interface of the top surface. Thereby, there is no refraction light but an evanescent field. The evanescent
field propagates along the semiconductor-air interface. And the amplitude decreases exponentially at
direction perpendicular to the interface.

Up to now, THz QWPs that are studied experimentally before mainly operate in a range of
3.2 THz to 11.37 THz.21,22,25,26 To study the characteristic of THz QWPs in low, medium and high
THz frequency region, we take 2 THz, 6.5 THz and 12THz as three typical THz frequencies in the
following calculation.

III. NUMERICAL RESULTS AND DISCUSSION

A. The effect of electrode geometry

Previous studies show that the electrode geometry affects the optical excitation and thereby
influences the absorption in mid-infrared.8 To figure out the case in THz range, we consider two
different types of electrode geometry, the solid and ring electrode. The |Ey | patterns within the active
region of 45◦ edge coupled QWP with solid and ring electrode at 2 THz, 6.5 THz, and 12 THz are
presented in Figs. 2(a)–2(f). It is clear that the electrode geometry affects the optical field distribution
apparently. For the low THz frequency, e.g. 2 THz, |Ey | in THz QWP with solid electrode is much
stronger than that with ring electrode, as shown in Figs. 2(a) and 2(d). This means that solid electrode
geometry is more suitable in low THz frequency. In contrast, for high frequency, such as 12 THz
as shown in Figs. 2(c) and 2(f), |Ey | intensity in THz QWP with ring electrode case is relatively
large compared with the case of solid electrode. And for the medium frequency of 6.5 THz, the
average intensity of Ey | in the total active region area is comparable for such two different electrode
geometries, but the intensity of |Ey | at local position is different, as displayed in Figs. 2(b) and 2(e).
Therefore, to obtain a high coupling efficiency, the active region should be located at some certain
positions, which will be discussed in detail in the following section.

In order to determine the effect of electrode geometry, we calculate the coupling efficiency η of
45◦ edge coupled QWP from 1 THz to 12 THz. We first simulate the coupling efficiency of without
considering doping in contact layer, as shown in Fig. 2(g). Based on the practically applied THz QWP
structures (v266 in Ref. 1), the influence of different electrode geometry is demonstrate quantitatively.
It is seen that the entire THz radiation range could be divided into three zones, the low frequency zone
(1-6.7 THz), the medium frequency zone (6.7-9.8 THz) and the high frequency zone (9.8-12 THz).
In low frequency region, the coupling efficiency η with solid electrode is always higher than that
with ring electrode. This effect gets more and more obvious as the frequency decreasing. Due to the
half-wave loss in solid electrode case, the intensity of interference light near the semiconductor-metal
interface (where the MQW active region locates) is relatively strong. In low frequency region, the
total thickness of MQW active region is much shorter compared to the wavelength of interference
light, which means the MQW active region could wholly locates at the local maxima position. At
1 THz, the coupling efficiency for THz QWP with solid electrode is about 24 times higher than that
with ring electrode, indicating the device performance would be sacrificed greatly if a ring electrode
is applied improperly. In contrast, in high frequency region, THz QWP with ring electrode shows
superiority. η in this case is about twice as the one with solid electrode at 12 THz. In the medium
frequency region, η in both cases is low and comparable to each other because of the influence of the
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FIG. 2. |Ey | patterns within the active region in the condition of (a) f=2THz, solid electrode, (b) f=6.5THz, solid electrode,
(c) f=12THz, solid electrode, (d) f=2THz, ring electrode, (e) f=6.5THz, ring electrode and (f) f=12THz, ring electrode,
(g) the coupling efficiency of both kinds of QWP structure condition (without considering doping in contact layer and with
1×1017 cm-3 doping in contact layers) in 1-12 THz region.

GaAs Reststrahlen band (7.5 - 8.7 THz).27 In this frequency region, the radiation electromagnetic
wave and lattices vibrating of transverse optical mode couple with each other strongly, so that the
reflectivity could be nearly 100%. The high reflectivity results in the low coupling efficiency. The
discussion is in accordance with the real situation and could provide a guidance of the electrode
geometry selection for the edge coupled THz QWPs.

It should be noted that the free-carrier absorption could have an influence on the optical field
in the active region. In fact, this affecting factor has already been taken into consideration in the
practical design of THz QWP. In order to reduce the free-carrier absorption and plasma reflection
of the contact layer, the doping concentration is usually designed to a relatively low level. Actually,
the usual doping level in the contact layer is designed to be merely on the order of ∼1×1017 cm-3

in terahertz region.21,22 To evaluate the influence of the doping in contact layer, another simulation
was also carried out in which the typical doping concentration of 1×1017 cm-3 in contact layers
are well considered. The simulation results are also given in Fig. 2(g). The coupling efficiency η is
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reduced a little because of the free-carrier absorption in the doped contact layer for both electrode
geometries. Nevertheless, the difference of between the two electrode geometries at a given frequency
is almost equal as that without considering the doping. Because the resulted difference itself is not
obvious and the final conclusion about frequency scope for the suggested electrode geometry is not
changed, it is reasonable for us to neglect the effect of the doping in contact layer in the following
simulations.

It is known that, the 45◦ edge coupled device is usually looked upon as a benchmark.1 To evaluate
the performance, different THz QWP are usually needed to compare with each other and 45◦ edge
coupling is the most widely adopted coupling mode. However, according to the above discussion, the
electrode geometry may affect the device performance greatly, especially in low frequency region.
The performance of a THz QWP is better than another one doesn’t necessarily mean a more reasonable
device parameter if the effect of the electrode geometry is not considered. In terahertz frequency range,
it is necessary to pay attention to the electrode geometry when compared. Different comparison results
may be obtained if different electrode geometry is employed for the 45◦ edge coupled THz QWP.
This is also the case for the comparison between the grating (or antenna) designed THz QWP and
the 45◦ edge coupled THz QWP. In most cases, to verify the design superiority of the grating or the
antenna structures, the newly designed structures are usually compared with the 45◦ edge coupled
THz QWP, too. But there may exist a misunderstanding or misleading on this issue. As a reference
substance, what kind of electrode geometry is applied for the 45◦ edge coupled THz QWP. The
comparison should be based on the best performance values of both newly designed structure and
45◦ edge coupled structure. However, the performance of conventional 45◦ edge coupled structure
was underestimated in some of the previous studies because improper electrode geometry is used.
The THz QWP with ring electrode is obviously not suitable for comparison in low frequency region,
which may lead to the benchmark value relatively low. And the results based on such comparison
are clearly unreasonable and misleading. To provide a reasonable performance benchmark, a solid
electrode should be used in low frequency region and a ring one is preferred in high frequency region.
And it is necessary to point out the electrode geometry of the 45◦ edge coupled THz QWP clearly
when compared.

B. The effect of the position of the active region

According to the results of Figs. 2(a)–2(f), local maxima and minima of |Ey | arise due to the
interference between incident and reflected infrared light. To get higher coupling efficiency, the active
region should be located around the maximum position of |Ey |. The typical thickness of active region
in THz QWP is around 2.6 µm, which is a much shorter length scale compared with the wavelength
of terahertz light. This characteristic implies that the reasonable location of active region is of great
significance for high coupling efficiency. And we need to know the spatial distribution of |Ey | in the
entire THz QWP.

The spatial distributions of |Ey | within the top 30 µm (including the active region and part of the
substrate region) at three typical frequency 2 THz, 6.5 THz and 12 THz are shown in Figs. 3(a)–3(f).
No matter what frequency and electrode geometry are, a standing wave of local maxima and minima
can be seen clearly. In order to get higher coupling efficiency, the active region should be located
around the maximum position of |Ey | by inserting an additional spacer between the electrode and the
active region. In the case of solid electrode, the first maximum positions of |Ey | for 2 THz, 6.5 THz
and 12 THz QWP are right at y=0 µm, as shown in Figs. 3(a)–3(c). In contrast, in the case of the
ring electrode, as presented in Figs. 3(d)–3(f), the first maximum positions of |Ey | are away from the
top surface and locate at y=16 µm, y=5 µm, y=2.7 µm below the top surface for 2 THz, 6.5 THz and
12 THz QWP respectively. Therefore, the thickness of the spacer is dependent on the frequency of
incident light. The lower the frequency is, the thicker the spacer is.

To obtain an intuitive view of the location of active region center and the corresponding thickness
of the spacer, the spatial distribution of the optical excitation density along the growth axis in the
case of both kinds of electrode are estimated in terms of Ref. 8. For the solid electrode geometry,

~E= *
,

Ex

Ey

+
-
= 2E exp(ikxx − iωt) *

,

i cos α sin(kyy)

sin α cos(kyy)
+
-

. (4)
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FIG. 3. (a-f) |Ey | patterns in the top 30 µm (y=0 denote the semiconductor-top metal interface), respectively for (a) f=2 THz,
solid electrode, (b) f=6.5 THz, solid electrode, (c) f=12 THz, solid electrode, (d) f=2 THz, ring electrode, (e) f=6.5 THz,
ring electrode, and (f) f=12 THz, ring electrode, (g-i) spatial dependence of Ey

2 in ring electrode (blue line) case and solid
electrode (red line) case. The frequency of incident terahertz light is (g) 2 THz, (h) 6.5 THz, and (i) 12 THz, respectively. The
shadows indicate the optimal active region position. The optimal position of the active region should be located at where the
optical excitation is the strongest, i.e. the peak of Ey

2.

When the ring electrode is applied,

~E= *
,

Ex

Ey

+
-
= 2E exp(ikxx − iωt) *

,

cos α cos(kyy)

i sin α sin(kyy)
+
-

, (5)

in the case of total reflection. Here, ~E is the electric field, ~k is the wave vector, kx = |~k | sin α,
ky= |~k | cos α, α is the angle between ~k and the growth direction. Figs. 3(g)–3(i) display the optical
excitation density along the growth axis for solid and ring electrode geometry in terms of Eq. (2) and
(3) at 2 THz, 6.5 THz and 12 THz. The optical excitation density is strongest at the peak position.
To obtain the high coupling efficiency, the active region should be located at the peak position. In the
figure, the active region is demonstrated in shadow. It is obvious that in the low THz frequency, e.g.
2 THz, the length scale of the active region is much smaller than that of the wavelength. Therefore,
the location of the active region will affect the coupling efficiency (and also the responsivity) of the
device significantly. Taking 2 THz QWP with a solid electrode as an example, if the active region
is centered at 8.1 µm (correspondingly the thickness of the spacer is 6.8 µm), the absorption will
be 50% of the peak absorption. As the wavelength decreasing (frequency increasing), such as in the
medium and high frequency, length scale of the active region is comparable to that of the wavelength.
The effect of the active region location is not as sensitive as that at low frequency. Figs. 3(g)–3(i)
show that the calculation results corresponding to the first maximum interference position based on
optical interference theory are well consistent with the results calculated by FDTD. Figs. 3(i) also well
explains why a ring electrode is preferred above phonon band in Section A. For normally applied
45◦ edge coupled THz QWP discussed, the actual active region locates from y=0.4 to y=3.0 µm.
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In this region, the optical excitation density for the ring electrode is higher than that for the solid
electrode, resulting in a high coupling efficiency.

The optimal central position of active region for 45◦ edge coupled THz QWPs at different
frequency is shown in Fig. 4. According to the simulation results of Fig. 3, if a solid electrode is
applied, the active region should always be located at y=0 µm. However, considering the thickness of
the active region, the optimal center position of active region is displayed in red line for solid electrode
geometry. In the case of the ring electrode geometry, the optimal central position of the active region
is far away from the top surface as the frequency decreasing. In fact, for an actual THz QWPs,
it is not practical to use a very thick top contact layer considering the requirement of fabrication.
Therefore, the optimal position only provides a guidance to approach. The actual central position of
samples v265, v266, v267, L924, and L925 proposed in Ref. 21 and Ref. 22 are also given in Fig. 4.
Samples v265 and v266 were designed with top ring electrode, which is labeled by hollow symbols.
Samples v267, L924 and L925 was covered by solid electrode, which is labeled by solid symbols.
It is clear that the active region is away from the optimized position for samples v265 and v266,
indicating that the coupling efficiency can be greatly improved if the central position of active region
is changed. For sample v265, the actual position of active region is located at y=1.7 µm while the
suggested optimal central position is located at y=3.4 µm. The optimized coupling efficiency would be
1.7 times as that of the present one. Similarly, for sample v266, the coupling efficiency would increase
1.7 times if its active region is put in the optimal location. This means that the device performance of
sample v265 and v266 were sacrificed greatly because of the improper design of position of active
layer.

C. The effect of coupling angle

Generally, the 45◦ edge facet light-coupling geometry is commonly employed to obtain a detector
performance. Though this geometry “throws away” part of the light, it is convenient to realize and
usually used to obtain a detector performance benchmark.1 However, whether 45◦ is the best coupling
angle and the dependence of the incident angle on the coupling efficiency need to be explored.
K. K. Choi9 studied the effect of the coupling angle on optical coupling efficiency of mid-infrared
QWP with a solid electrode. Further investigations on THz QWPs with both solid electrode and ring
electrode are needed.

As shown in Fig. 5, we calculate the coupling efficiency at different incident angles. The relation
between the coupling efficiency η and the incident angle at three typical frequency 2 THz, 6.5 THz
and 12 THz are displayed. It is clear that the coupling efficiency shows obvious angular dependence
no matter what kind of electrode geometry is applied.

FIG. 4. The dependence of the optimal central position of the active region for 45◦ edge coupled THz QWPs on frequency.
The red and blue lines represent the optimal central position of active region for THz QWPs with solid electrode and ring
electrode, respectively. The actual central position of samples v265, v266, v267, L924, and L925 proposed in Ref. 21 and 22
are also given. Samples v265 and v266 were designed with top ring electrode, which is labeled by hollow symbols. Samples
v267, L924 and L925 was covered by solid electrode, which is labeled by solid symbols.
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FIG. 5. The relation between the coupling efficiency η and the incident angle for edge coupled THz QWPs with solid and
ring electrode geometry at (a) 2 THz, (b) 6.5 THz, and (c) 12 THz. (d) Ey patterns in the vicinity of mesa for 15◦, 30◦ and
60◦ edge coupled geometry at representative 6.5 THz. The arrows indicate the schematic light paths.

In the case of solid electrode, the coupling efficiency oscillates with the incident angle greatly
and 45◦ is apparently not the best coupling angle. When the angle is reduced, several peaks occur.
For example, at 2 THz, the maximum η occurs at 13◦ and is almost two times as that at 45◦. And
at 6.5 THz and 12 THz, η also approaches the highest value at around 13◦, which agrees well with
results of K. K. Choi.9 Though the coupling efficiency can be enhanced as the wedge angle decrease,
the GaAs substrate will be very thin and fragile, which is unpractical in the view of processing. As
the angle increase, the coupling efficiency could also exceed that of 45◦. Such effect is more and
more obvious as the frequency increasing. At 2 THz, η at 55◦ is only 25.3 percent higher than η at
45◦. In contrast, at 6.5 THz, η at 65◦ is 88.5% higher than that at 45◦. And in the case of 12 THz,
η at 75◦ is three times as that at 45◦.

The reason that several peaks (two to three) observed for angles in the range 10◦ - 30◦ and
the maximum observed at large angle (∼70◦) could be understood as a waveguide effect9 or the
interference effect. However, it seems that the interference effect is more appropriate and easy to
understand. To present such effect more intuitively, Ey patterns in the vicinity of mesa at three angles
are presented as examples in Fig. 5(d). The schematic possible light paths for such three angles are
also given in this diagram. It is clear that the light is reflected repeatedly between the semiconductor-
metal interface and the grinding facet. Local maximum of the coupling efficiencies could always be
obtained at some specific angles where constructive interference condition is satisfied. Therefore,
the coupling efficiency oscillates with the angle. In cases of small wedge angles, multiple reflections
exist, leading to the constructive interference condition is satisfied more easily. So compared with
the case at large angle, more peaks of the coupling efficiency occur.

In the case of the ring electrode, η also depends on the incident angle. Though η can also get
the highest value at small angle, the difference between the peak value and the one at 45◦ is not
so significant at these frequencies. Therefore, 45◦ could be looked upon as a good coupling angle.
Compared with the case for the solid electrode, the oscillation with incident angle for the ring electrode
fades a lot, especially in small angles. This is because in small angles the refraction occurs and less
light reflects in the device, resulting in the constructive interference is reduced. In addition, because
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the phase changes compared with the case of the solid electrode, the peak coupling efficiency is found
at different angles.

IV. CONCLUSION

We investigate the optical field distribution of edge coupled terahertz quantum well photode-
tectors by finite difference time domain technique. The optical field dependence of three possible
factors, including the electrode geometry, the location of the active region and the coupling angle,
was simulated and discussed in detail.

The optical field dependence of electrode geometry is first studied. For normally applied
45◦ edge coupled QWP, the entire THz radiation range could be divided into three zones, the low
frequency zone (1-6.7 THz), the medium frequency zone (6.7-9.8 THz) and the high frequency zone
(9.8-12 THz). In low frequency region, the coupling efficiency for the solid electrode geometry is
increasingly higher than that for the ring electrode as frequency decreases. Therefore, the solid elec-
trode geometry is preferred in such frequency region. In medium region, both electrode geometries
show weak optical coupling efficiency. In high frequency region, ring electrode geometry shows
superiority. Due to this reason, it is necessary to point out the electrode geometry of the 45◦ edge
coupled THz QWP clearly when compared. The optimal central position of the active region to obtain
a good coupling efficiency is then investigated. In the case of solid electrode, the optimal position of
the active region should be right under the top surface (y=0 µm). In contrast, in the case of the ring
electrode, the optimal position is away from the top surface. The thickness of the spacer is dependent
on the frequency of incident light. The lower the frequency is, the thicker the spacer is. Lastly, we
studied the dependence of the coupling efficiency on the incident angle. In the case of solid electrode
geometry, 45◦ is apparently not the best angle for optical coupling. η approaches the highest value
at around 13◦. And as the coupling angle increasing, the coupling efficiency could also exceed that
of 45◦. Such effect is more and more obvious as the frequency increasing. In the case of the ring
electrode, 45◦ could be looked upon as a good coupling angle.

The discussions on the optical field distribution of edge coupled THz QWPs under different
situation provides guidance in designing the THz QWPs.
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a b s t r a c t

Here, we report the scalable preparation of Pt nanoparticles decorated indium phosphide nanopore
arrays (Pt@InP NPAs) using a facile two-step etching method followed by a dipping and electrodeposition
process. The morphology and element composition of the Pt@InP heterostructures were characterized.
Photoelectrochemical properties of the Pt@InP electrodes were investigated under simulated sunlight
irradiation. Compared to pristine InP NPAs, the resulting Pt@InP NPAs show a greatly increased photo-
current density and a largely improved onset potential for photoelectrochemical (PEC) hydrogen evo-
lution. Electrochemical impedance spectroscopy reveals that the improved PEC performance is attributed
to the enhanced charge transfer and the improved charge separation at Pt@InP NPAs/electrolyte
interfaces.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Spurred by the gradual depletion of fossil fuel reserves and
pressing environmental issues, effective utilization of green and
renewable energy sources becomes urgent [1e4]. Solar light is an
inexpensive, clean and abundant renewable source available on
earth. The amount of energy that strikes the Earth yearly is
approximately ten thousand times the total energy that is
consumed on this planet [5]. However, sunlight's intermittent na-
ture is one of the issues that limit widespread harvesting of solar
energy for societal power infrastructure [6]. Much research efforts
have been devoted to enabling practical conversion of solar energy
into usable energy fuels. Hydrogen is a good candidate since it re-
leases energy by reacting with oxygen leaving the only product of
water. Among possible ways to produce hydrogen, photo-
electrochemical (PEC) water splitting using semiconducting elec-
trodes is one of the most promising methods [7e12]. A variety of
semiconductor electrodes in different configurations have been
cial Structure and Quantum
cs and Astronomy, Shanghai
blic of China.
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demonstrated to obtain efficient solar-to-hydrogen conversion
[13e20]. Although many remarkable improvements have been
achieved in this field, PEC hydrogen evolution, however, still suffers
from unsatisfactory conversion efficiencies.

Among IIIeV semiconductors, InP has a narrow band gap value
of 1.34 eV, which is optimal for maximum efficiency in single
junction solar cells [21,22]. The specific properties of InP are also
attractive as efficient photoelectrodes for PEC H2 generation
[23e26]. In order to reduce material cost of InP-based photo-
electrodes, recently textured surfaces have been suggested
[27e32]. Nanostructured electrode not only dramatically increases
light absorption but also enlarges electrode/electrolyte surface
area, and thus achieve high conversion efficiency. However, the
dilemma is that the PEC efficiency of nanostructured InP electrodes
is limited by charge carrier recombination at the electrode surface
trapped states. The high recombination rate of photogenerated
charge-carriers before arriving at the photocatalyst surfaces largely
limits the efficiency of almost all nanostructured semiconductor
photocatalysts.

Several strategies have been proposed to promote charge sep-
aration such as the formation of semiconductor heterostructures
and the use of metal doping [33e38]. Among them, surface plati-
nization has been regarded as one of the most common but
2
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Fig. 1. A schematic illustration for the synthetic route of the Pt@InP NPAs.
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important strategies. In general, Pt/semiconductor heterogeneous
composites can offer two benefits. First, a Schottky junction is
formed between the Pt nanoparticles and the semiconductor. The
equilibrium alignment of the Fermi level of the Pt and semi-
conductor creates a built-in electric field near the interface, which
can enhance the separation of photo-generated electrons and
holes, and thus improve the performance of devices for solar
energy-related applications [39,40]. This makes the Pt act as the
electron sinks for the photo-induced electron [41]. Second, the Pt
nanoparticle can function as an effective co-catalyst to reduce the
overpotential for surface electrochemical reactions or gas evolution
processes. For example, deposition of Pt nanoparticles onto TiO2
was reported to greatly improve the photocatalytic hydrogen pro-
duction [42].

Here, we report scalable preparation of Pt nanoparticles modi-
fied indium phosphide nanopore arrays (Pt@InP NPAs) using a
facile two-step etching method followed by a dipping and elec-
trodeposition process. The highly ordered InP NPAs films as back-
bone were fabricated by a two-step etching method. The InP NPAs
films were selected in this work for Pt deposition due to their high
surface area, single crystallinity, and superior electron-transfer
performance originating from highly oriented one-dimensional
(1D) structures, as well as non-reflectivity owing to strong light
scattering and absorption. Pt nanoparticles were deposited onto
the InP nanopore using a dipping and electrodeposition method.
This technique makes Pt nanoparticles successfully plated in the
Fig. 2. (a) Top and (b) cross-sectional SEM images of InP nanopore arrays obtained from a t
arrays: (c) top view (d) cross-sectional view (a high magnification is shown in the inset).
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InP NPAs, thus greatly improve the PEC performance. Under
simulated sunlight (AM 1.5G,100mWcm�2), the modified InP NPAs
electrode yielded an anodic photocurrent of 3.44mAcm�2 at�0.8 V
versus Ag/AgCl, which was about 5.5 times higher than that for the
unmodified InP NPAs electrode. Furthermore, the onset potential of
Pt-modified electrode exhibits 150 mV of cathodic shift relative to
the pristine InP. These results indicates that surface modification of
Pt was an effective approach to enhance the photocurrent and
onset potential of the InP NPAs photoanodes.
2. Experimental section

2.1. Preparation of the Pt@InP NPAs

The Pt@InP NPAs were synthesized using a facile two-step
etching method followed by a dipping and electrodeposition pro-
cess as diagramed in Fig. 1. The first step was the formation of the
ordered InP NPAs with a two-step etching method [29]. The start-
ing material was Sn-doped InP wafer, which was firstly etched at a
constant voltage in 1 M HCl aqueous solution. Next, the specimen
was immersed in a mixture of pure HCl and H3PO4
(HCl:H3PO4¼1:3 v/v) for a fewminutes to remove the top irregular
layer to obtain ordered porous InP templates with uniform and
square pore arrays. Second, Pt nanoparticles were decorated onto
the InP NPAs by a modified dipping and electrodeposition method
[43]. In a particular synthesis, the as-prepared InP NPAs were
wo-step etching. SEM images of Pt nanoparticles deposited (4 cycles) on InP nanopore



Fig. 3. (aec) EDX elemental mapping of P, In and Pt. (d) Corresponding size distribution graph, which shows that the average size of the Pt nanoparticles is 15e20 nm.
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immersed in a 2 g L�1 H2PtCl6 solution for 7 min, then moved into
0.1 M NaCl solution to undergo pulse electrodepositing at �2 V for
1 s, achieving deposition of Pt nanoparticles within the InP NPAs
internal surface. This procedure of dipping and electrodepositing is
denoted as one cycle, and cycles of varied number were tested. The
electrodeposition was carried out in a standard three-electrode
electrochemical cell, employing as-obtained InP NPAs working
electrode, Ag/AgCl reference electrode and Pt mesh counter
electrode.

2.2. Characterization of the Pt@InP NPAs

The morphological structure of the Pt@InP NPAs was examined
with a field-emission scanning electrode microscope (FE-SEM,
FEISirion200). The chemical state of component elements in the
samples was investigated by X-ray photoelectron spectroscope
(XPS), which was carried out on Kratos AXIS Ultra DLD XPS in-
strument equipped with an Al Ka source. Energy-dispersive X-ray
(EDX) spectroscopy equipped to the SEM was also performed to
confirm their chemical compositions.

2.3. Photoelectrochemical study

The photoelectrochemical experiments were performed under
simulated AM 1.5 (100 mW cm�2) illumination provided by a solar
simulator, which is equipped with a xenon lamp (300W) and an air
mass (AM) 1.5 G filter. The mixture of 0.35 M Na2S and 0.5 M
Na2SO3 aqueous solutionwas used as an electrolyte after saturation
with N2 gas for 30 min. A three-electrode configurationwas used in
the measurement, with the Pt@InP NPAs electrode serving as the
working electrode, an Ag/AgCl as the reference electrode, and a
square platinum mesh as the auxiliary electrode. The scan rate for
all current-potential (J-E) studies was 10 mVs�1.

3. Results and discussion

Fig. 2 depicts the top-view and cross-sectional SEM images of
as-prepared pristine InP NPAs and Pt@InP NPAs. Fig. 2a and (b)
15
showa typical SEM image of pure InP NPAs inwhich highly ordered,
compact, one-dimensional architecture is clearly evident. It is
noteworthy that the nanopores were very smooth, and that these
ordered InP NPAs possessed large porosity, which is highly favor-
able for uniform deposition of Pt particles. Fig. 2c and (d) is the
corresponding magnified picture of the top-view, cross-sectional
images after Pt deposition. The top view shows the absence of Pt
bulks deposited on top of the InP pores (Fig. 2c), indicating that this
method effectively suppresses deposition at the pore entrances,
thus preventing pore clogging. The cross-sectional SEM image
shows that Pt NPs were uniformly dispersed over the entire surface
of the nanopore (Fig. 2d).

The element distributions were analyzed using mapping anal-
ysis, shown in Fig. 3(aec). The corresponding size distribution of
the Pt NPs (Fig. 3d) with 4 cycles of Pt deposition shows the size of
Pt nanocrystallites ranges from 15 to 20 nm. The energy dispersive
X-ray spectroscopy (EDX) analysis (Fig. 4) shows a molar ratio of In
to P of 1:1 in Pt@InP (4 cycles electrode), confirming the stoichio-
metric formation of InP. EDX analysis also shows the presence of
4.40 at% Pt in the Pt@InP NPAs.

To determine the oxidation state of Pt in Pt@InP, XPS analysis
was performed, and the results are shown in Fig. 5. The survey
spectrum in Fig. 5a shows that In, P, and Pt elements coexisted in
the films. The In 3d5/2 (444.3 eV) and P 2p (129.3 eV for P 2p1/2and
128.5 eV for P 2p3/2) core levels exhibit the typical features for bulk
InP except an additional component in the P 2p region at ca.
133.3 eV, which could be ascribed to native oxide. The peaks at 71.2
and 74.2 eV can be assigned to the 4f7/2 and 4f5/2 Pt metal states,
respectively [44]. XRD pattern of Pt-decorated InP NPAs are shown
in Fig. 6. Two diffraction peaks emerge at 31.6�, 63.5� corresponding
to the cubic InP (JCPDS Card 01-070-2513). The relatively weak
(111) diffraction peak of the face-centered cubic Pt lattice is dis-
played in the inset of Fig. 6.

Fig. 7a shows the transient photocurrent-potential (J-V) curve
obtained from Pt@InP NPAs photoelectrode in 0.35 M Na2S and
0.5 M Na2SO3 aqueous solution swept in the anodic direction from
the potentials of �1.3 to �0.5 V (vs Ag/AgCl). When the light is
switched off, the anodic current density maintained at a very low
4



Fig. 4. EDS pattern of Pt@InP NPAs.
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level in the scanned potential range, implying a non-Faradic reac-
tion. Upon illumination with light, a spike due to the transient ef-
fect in power excitation observed in photocurrent appears,
followed by a fast decrease to steady state photocurrent. These
results indicate the fabricated photoelectrodes display fast light
response and excellent switching performance. The photocurrents
increased with increasing applied potential representing a typical
n-type semiconductor behavior. The current spikes indicate that
photogenerated charges accumulate at the electrode-electrolyte
Fig. 5. Chemical composition analyses. (a) XPS survey spect
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interface and without inject to electrolyte [45], which could be
due to surface traps and/or slow charge transfer kinetics [46].

Fig. 7b shows the photocurrent-voltage (J-V) curves of the pure
InP, Pt@InP NPAs in dark and under light illumination (AM 1.5G,
100 mW cm�2). Without illumination, both electrodes show
negligible anodic current. However, in contrast to bare InP, the J-V
curves of InP that was functionalized with Pt nanoparticles
revealed an earlier and much more abrupt onset with strongly
enhanced hydrogen evolution. This can be ascribed to the catalytic
ra. (bed) High-resolution In 3d, P 2p and Pt 4f spectra.



Fig. 6. XRD pattern of Pt@InP NPAs. The inset presents a higher magnified view of the
bottom part of the Figure.
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activity of the Pt nanoparticles, and also confirms the existence of
Pt on the Pt@InP sample. Upon illumination, the photocurrent
density of platinized photoanode was much higher than that of
pure InP photoanode from �1.0 V to �0.55 V (vs.Ag/AgCl).
Fig. 7. PEC measurements of the photoelectrodes in 0.35 M Na2S and 0.5 M Na2SO3 aqueo
nation. (b) Linear sweep voltammetry for direct comparison of two types of InP electrodes. (c
(d) Comparison of photocurrent at �0.8 V (Ag/AgCl) with different amount of Pt loading.
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Moreover, the photocurrent onset (defined as the potential at
which Jp ¼ 1 mA cm�2) of pure InP was around �0.77 V (vs. Ag/
AgCl) and the onset potentials of composite films were negatively
shifted to ca. �0.92 V (vs. Ag/AgCl) by introducing the Pt on InP
films. The significantly enhanced photocurrent and negative shift of
onset potentials of Pt-modified InP photoanode, can be ascribed to
the improved holes transfer to the electrode surface. These results
indicate that the separation efficiency of photogenerated electron-
hole pairs was enhanced in the presence of Pt particles, possibly by
the fast trapping of photogenerated electrons, which likely results
from high Schottky barrier formation between Pt and InP [47,48].

The photocurrent measurement revealed that the amount of Pt
nanoparticles loading in the resulting Pt@InP NPAs nanocomposites
was extremely crucial to photoelectrochemical activities. Fig. 7c
shows J-V curves for Pt@InP electrodes prepared with different
deposition cycles. It was found that the PEC performance was best
for a deposition number of 4cycles.The photocurrent density of
Pt@InP loaded with different amount of Pt measured at a potential
of �0.8 V vs Ag/AgCl was shown in Fig. 7d. The photocurrent firstly
increased with Pt nanoparticles loading, which indicates that the Pt
nanoparticles facilitate charge separation. However, as the Pt
loading further increased, the photocurrent decreased possibly
owing to covering effect of Pt NPs, which may reduce the incident
light intensity as well as the contact area between InP and elec-
trolyte. Therefore, Pt@InP NPAs with 4 cycles for Pt deposition
exhibited the highest photocurrent density, 3.44mA cm�2 at�0.8 V
vs Ag/AgCl, approximately 5.5 times higher than that of pure InP
us solution. (a) Current density�voltage behavior of Pt@InP under interrupted illumi-
) PEC Performances of the Pt@InP photoelectrodes with different amount of Pt loading.
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Fig. 8. Band diagram analysis of (a) individual InP and Pt, (b) InP and Pt in contact, and
(c) InP and Pt in contact under solar light illumination (green and red balls represent
electrons and holes, respectively). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 9. Nyquist plots of Pt@InP NPAs and pristine InP NPAs obtained under light illu-
mination conditions.
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NPAs. The superior PEC properties as compared with pristine InP
indicate that decoration of Pt NPs in InP NPAs is an effective
strategy for forming a Pt@InP heterostructure for PEC applications.

To explain the reason for the enhancement of PEC performance,
Fig. 8a schematically illustrates the band diagrams of individual Pt
Scheme 1. Charge transfer mechanism between
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and n-InP. The Fermi level of Pt with respect to the vacuum level is
5.65 eV [48]. The positions of conduction band (ECB) and valence
band (EVB) of InP lie 4.4 eV and 5.74 eV below the vacuum level
(bandgap Eg ¼ 1.34 eV) [49], respectively. Considering the heavily
doped n-InP, its Fermi level is close to the conduction band. Since
the Femi level of InP is lower than that of metal Pt, the energy band
of the InP will bend up while they contact and a metal-
semiconductor Schottky junction formed under equilibrium, as
shown in Fig. 8b. When they are irradiated by simulated solar light
(illustrated in Fig. 8c as process 1), electrons and holes are gener-
ated in the conduction and valence bands of InP, respectively
(process 2). The photo-generated electrons accumulate and hence
the Femi level of InP is elevated, which leads to electrons irre-
versible transferring from InP to metal Pt (process 3) [50]. This
charge separation process effectively reduces the chances of the
recombination of photogenerated electron-hole pairs. Therefore,
the lifetime of charges in Pt@InP is greatly extended. These accu-
mulated charges with longer lifetimes make more holes participate
in the oxidation reaction of S2� and SO3

2�, resulting in the
enhancement of PEC performance.

To gain more insight into the principle of the enhancement of
PEC performance, electrochemical impedance spectroscopy (EIS)
measurements were performed to scrutinize the interfacial prop-
erties between the electrode (i.e., Pt@InP) and the electrolyte. A
semicircle in the Nyquist plot at high frequency represents the
charge-transfer process, while the diameter of the semicircle re-
flects the charge-transfer resistance. A smaller arc radius implies a
faster interfacial charge transfer and a more efficient charge sepa-
ration [51]. As evident in Fig. 9, the arch for Pt@InP NPAs obtained
under light illumination was much smaller than that for pure InP
NPAs, indicating that decoration with Pt nanoparticles significantly
enhanced the electron mobility by reducing the recombination of
electron-hole pairs.

The greatly enhanced photoelectrochemical activity of the
Pt@InP NPAs was a direct consequence of synergetic effects of the
highly ordered nanoporous InP matrix and the well-dispersed Pt
nanoparticles (Scheme S1). First, the crystalline nature of InP
together with its nanoporous geometry provided a large surface
area for fast and efficient transfer of photogenerated electrons to Pt
nanoparticles. Second, it is well known that the photoexcited
electrons and holes can easily recombine to decrease the photo-
catalytic efficiency; in the present study, the Pt nanoparticles,
acting as electron sinks, reduced the recombination of electrons
and holes and extended their lifetime, leading to a greatly
improved photocurrent and efficiency of H2 generation.

4. Conclusions

In summary, we have developed a promising and efficient
strategy of crafting Pt nanoparticles loaded on ordered InP nano-
pore arrays by capitalizing on a modified dipping and electrode-
position method. The well-dispersed Pt nanoparticles at diameters
Pt nanoparticles and InP under solar light.
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of 15e20 nm were confirmed by SEM. Pt-decorated InP NPAs
electrodes had greater separation efficiency of photogenerated
electron-hole pairs compared to pristine InP NPAs electrodes. These
characteristics resulted in a 5.5-fold enhancement in photocurrent
density and greater onset potential shifts. The much improved
performance demonstrates the superior ability of metal nano-
particles to modify the electronic properties of InP NPAs, and the
potential of Pt-decorated InP NPAs as a hybrid system for solar
energy conversion.
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porous ultrathin nanosheet/
nanowire composite structures as high-
performance supercapacitor electrodes†

Dongkai Jiang,a Maojun Zheng, *ab Yuxiu You,a Liguo Ma,a Pengjie Liu,a

Fanggang Li,a Hao Yuan,a Zhihao Zhai,a Li Mac and Wenzhong Shena

The demand for a new generation of high-safety, long-lifespan, and high-capacity power sources increases

rapidly with the growth of energy consumption in the world. Here we report a facile method for preparing

architecture materials made of NiO/NixCo3�xO4 porous nanosheets coupled with NiO/NixCo3�xO4 porous

nanowires grown in situ on nickel foams using a hydrothermal method without any binder followed by

a heat treatment process. The nanosheet-shaped NiO/NixCo3�xO4 species in the nanosheet matrix

function well as a scaffold and support for the dispersion of the NixCo3�xO4 nanowires, resulting in

a relatively loose and open structure within the electrode matrix. Among all composite electrodes

prepared, the one annealed in air at 300 �C displays the best electrochemical behavior, achieving

a specific capacitance of 270 mF cm�2 at 5 mA cm�2 while maintaining excellent stability (retaining z

89% of the max capacitance after 20 000 cycles), demonstrating its potential for practical application in

power storage devices.
Introduction

Supercapacitors as promising energy storage devices have
attracted a lot of attention in recent years because they have
higher power density and cycle performance than lithium ion
batteries.1–4 They are being integrated into microelectronics,
textiles and electric vehicles, transforming our lifestyle. Large-
scale energy storage is helping to improve the intermittency
problems with renewable energy sources such as solar, wind
and wave.

Capacitive positive electrode materials made of nanosheet-
shaped transition-metal compounds, such as metal oxides/
hydroxides and layered double hydroxides (LDH), without
additives, have been demonstrated to hold great potential for
advanced supercapacitors.5 This kind of electrode without any
binders or conductive agents can effectively cut down the “dead
surface” in conventional slurry-derived electrodes, facilitate
more efficient charge andmass transportation, and simplify the
electrode-preparation process.6 Moreover, compared to tradi-
tional bulky materials, the 2D nanosheet-shaped transition
uantum Control, Ministry of Education,

Jiao Tong University, Shanghai, 200240,

x: +86-021-54741040

ced Microstructures, Nanjing University,

nology, Shanghai Jiao Tong University,

tion (ESI) available. See DOI:

hemistry 2018
15
metal compounds aid in shortening the transport distance of
the ions because of their large aspect ratio and can further
improve the utilization of the active materials.

Among these metal oxides and hydroxides materials, NiO7,8

and Ni(OH)2 (ref. 9) have attracted a lot of attention due to their
high theoretical capacitance, excellent chemical stability, low
cost and low toxicity.10 However, the comparatively poor elec-
trical conductivity of NiO (0.01–0.32 S m�1)11 or Ni(OH)2 is the
major defect as the electrode material. Thus, cobalt ions can be
introduced into NiO or Ni(OH)2, which can improve the
conductivity of electrodematerials because Co2+ can be oxidized
to conductive CoOOH (12.8 S cm�1) during the redox reaction
process.12 The addition of cobalt ions is also helpful to raise the
oxygen overpotential helpful with widening potential window.13

What's more, the slow kinetics of faradaic reactions of NiCo-
based materials is another factor that limits their electro-
chemical performance.14 It is desirable to develop NiCo-based
electrodes with large ion accessible surface area. Previous
studies have primarily been focused on development of NiCo-
based nanomaterials with controlled morphology and
enhanced surface area, such as nanosheets,15,16 nanowires,17

nanoowers18 and nanorods.1,15 However, the simple and
convenient methods to prepare large scale composite porous
nanostructures are rarely reported, while it is valuable for
practical applications.

In this paper, we report a simple process for large-scale
fabrication of self-standing composite lm electrodes
composed of cobalt doped nickel oxide NiO/NixCo3�xO4 porous
ultrathin nanosheet/porous nanowire composite structure for
RSC Adv., 2018, 8, 31853–31859 | 318539

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra04827d&domain=pdf&date_stamp=2018-09-11
http://orcid.org/0000-0002-5072-1952
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c8ra04827d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008056


Fig. 1 (a) XRD patterns of the NiO/NixCo3�xO4 nanosheet/nanowire
composite structures. From the top to the bottom, the spectra
corresponds to the samples annealed at 250 �C, 300 �C and 350 �C. (b)
TGA (black) and DTG (red) curves of the precursormeasured in air from
room temperature to 900 �C at a heating rate of 10 �C min�1.
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supercapacitors. The exible Ni-foam plays a dual role both as
the current collector and the substrate of the architecture
materials. Owing to this unique nanosheet/nanowire composite
structure, the one annealed in air at 300 �C displays the best
electrochemical behavior, which can achieve a specic capaci-
tance of 270 mF cm�2 at 5 mA cm�2 aer 10 000 cycles and
maintain the excellent cycling stability of the electrode that
remains about 89% of the max capacitance aer 20 000 cycles at
the current density of 5 mA cm�2.

Experimental section
Synthesis of the NiO/NixCo3�xO4 porous nanowires/porous
nanosheet composite structure on nickel foam

A piece of nickel foam, 1 cm � 1.5 cm, was respectively cleaned
by acetone, absolute ethanol and deionized water in an ultra-
sound bath. For a typical run, Ni(NO3)2$6H2O (4.2 mmol),
Co(NO3)2$6H2O (1.4 mmol) (Ni/Co molar ratio 3 : 1), and HMT
(5.6 mmol) were dissolved into distilled water (100 mL) at room
temperature, and the solution was then transferred into
a Teon-lined stainless steel autoclave (200 mL). The Ni-foam
substrate was then immersed into the solution and kept in an
electric oven at 120 �C for 24 h. The autoclave was then removed
from the oven and cooled to room temperature. The precursor
was washed thoroughly with water and ethanol, and nally
dried at 80 �C in air for 12 h, yielding the precursor nanohybrids
on the Ni-foam. Subsequently, the NiO/NixCo3�xO4 porous
nanosheet/nanowire composite structure were obtained
through heat treatment at different temperature (250 �C, 300 �C
and 350 �C) for 2 h at a heating rate of 1 �C min�1 in air. The
weight of samples was measured before preparation and aer
annealing and the mass loading of active materials was about
0.33 mg cm�2 if the corrosion effect of solution on Ni foams is
neglected.

Characterizations

The structure and morphology of obtained samples were
examined by eld-emission scanning electron microscopy (FE-
SEM, Zeiss Ultra Plus), transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HR-
TEM) (JEOL JEM-2100F with an acceleration voltage of 200
kV). Powder X-ray diffraction (XRD) (Cu K, ¼ 1.5406 Å) was
obtained on a Rigaku Ultima IV X-ray diffractometer. X-ray
photoelectron spectroscopy (XPS) (AXIS ULTRA DLD, Kratos,
Japan) was performed to analyze the surface chemical compo-
sition and valance states of the samples. Thermogravimetric
analysis (TGA) (Pyris 1 TGA) was carried out with a temperature
ramp of 10 �C min �1. Raman spectrum (laser excitation lexc ¼
532 nm) was utilized to investigate the crystallographic texture.
To determine the bulk composition of the whole samples, the
ICP atomic emission spectrometer (ICP-AES) was employed in
the experiment (shown in the ESI, Table S1†).

Electrochemical measurements

The electrochemical measurements of the NiO/NixCo3�xO4

nanosheet/nanowire composite structure were carried out
31854 | RSC Adv., 2018, 8, 31853–31859
16
through a three-electrode cell in a 1 M KOH aqueous electrolyte,
with the platinum plate electrode and Hg/HgO electrode as the
counter and reference electrode. Cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) tests and galva-
nostatic charge–discharge measurements were performed on
CHI760B Electrochemical Workstation. The electrochemical
capacitance was calculated as the following equation:19

C ¼ IDt

ADV
; (1)

where C (mF cm�2) is the electrochemical capacitance of the
electrode, I (A) represents the current density, t (s) is the dis-
charging time, DV (V) is the discharging potential range, and A
(cm2) is the area of the active material in the electrode.
Results and discussion

The typical XRD pattern of the NiO/NixCo3�xO4 porous
nanowire/porous ultrathin nanosheet composite structure
annealed at 300 �C is shown in Fig. 1. For the NiO, the ve peaks
This journal is © The Royal Society of Chemistry 2018
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at 37.3�, 43.4�, 63.0�, 75.6� and 79.6� due to the (111), (200),
(220), (311) and (222) diffraction of nickel oxide layers can be
clearly seen (JCPDS card no. 75-0197). The other peaks at 18.8�,
31.0�, 58.9�and 64.8� can be well indexed to as (111), (220), (511)
and (440) characteristic diffraction of the Co1.29Ni1.71O4 (JCPDS
card no. 40-1191), implying that cobalt ions have been
successfully doped into spinel oxide structure under the present
conditions. The XRD patterns of samples annealed at 250 �C
and 350 �C are similar to the pattern of the sample annealed at
300 �C, which indicates that the precursors start to transform to
NiO and NixCo3�xO4 at 250 �C.

In order to further substantiate the NiO/NixCo3�xO4 forma-
tion, the TGA/DTG measurements were used to evaluate the
functional relationship between the mass change and the
temperature. Fig. 1b shows the TGA curves of the as-prepared
precursor measured from room temperature to 900 �C. The
initial weight losses accompanied by an endothermic reaction
below 150 �C was assigned to the loss of adsorbed water and the
evaporation of intercalated water molecules.20 On further
increasing the temperature, the major weight loss (20–22%)
occurred in between 220–340 �C, which may be due to the
decomposition reaction of nickel cobalt hydroxide precursor
and the crystallization of NiO/NixCo3�xO4.21 To further
substantiate the TGA results, DTG analyses is also given in
Fig. 1b. The observed endothermic peaks below 150 �C is due to
the removal of adsorbed water molecules in the structural water
of nickel cobalt hydroxide precursor. Similarly, the formation of
Fig. 2 (a) XPS survey spectrum, (b) the high-resolution XPS spectrum
spectrum of O 1s for the NiO/NixCo3�xO4 nanostructures.

This journal is © The Royal Society of Chemistry 2018
16
NiO/NixCo3�xO4 porous nanowire/porous ultrathin nanosheet
composite structure by the decomposition of hydroxide is
conrmed through the obtained endothermic peak at 285 �C. In
addition, a weight loss of about 6 wt% in the temperature range
between 340 �C and 470 �C arises in the TGA curve with a step
existing at about 350 �C in the DTG curve, which is attributed to
the reaction between O2 and hydrocarbons remained on surface
of the sample.

The surface chemical composition and atomic valence states
of the composite nanostructures can be further analyzed by
XPS. Fig. 2a presents the full XPS spectrum of the NiO/Nix-
Co3�xO4 porous nanosheet/nanowire composite structure
annealed at 300 �C. The XPS analysis of NiO/NixCo3�xO4 porous
structure shows that the atomic percentages on the sample
surface of Ni, Co and O are 25.81%, 5.00% and 43.35%, indi-
cating that Ni is enriched on the surface of the composite
structure. The high resolution Ni 2p and Co 2p XPS peaks are
shown in Fig. 2b and c. In Ni 2p spectra for the sample annealed
at 250 �C, two sets of broad signals corresponding to Ni 2p3/2
(855.1 eV) and Ni 2p1/2 (872.6 eV) are observed, which demon-
strates that the elemental Ni is in a range of typical Ni2+ or Ni3+

bound to oxygen.22,23 The intense satellite peaks indicate that
the majority of nickel elements in the crystal lattice are Ni2+

cations.24,25 The sample annealed at 300 �C has the more
proportion of the Ni2+ than other samples which annealed at
250 �C and 350 �C. In the Co 2p spectra, two sets of broad
signals consistent with Co 2p3/2 (779.7 eV) and Co 2p1/2 (794.9
of Ni 2p, (c) the high-resolution XPS spectrum of Co 2p, and (d) XPS

RSC Adv., 2018, 8, 31853–31859 | 318551
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eV) are observed. The spectra are also composed of two spin–
orbit doublets Co3+ and Co2+. The proportions of Co3+ in the
sample annealed at 300 �C and 350 �C increased from 41.0%
(the sample annealed at 250 �C) to 64.1% and 69.6%, suggesting
there were more and more Co3+ ions in the sample aer higher
anneal temperature. The result suggests that a larger number of
cobalt cations were oxidized from the Co2+ to the Co3+ spectra
and the decay of satellite peaks also demonstrates this
results.25–27 To determine the bulk composition of the whole
samples, the ICP atomic emission spectrometer (ICP-AES) was
employed in the experiment (shown in the ESI, Table S1†). The
mass percentages of Co in the whole samples increased from
0.202% annealed at 250 �C to 0.268% at 300 �C and 0.387% at
350 �C, which indicated that nickel cobalt hydroxide precursor
more fully decomposed and NiO/NixCo3�xO4 crystalized more
completely with the increasing annealing temperature.

By using a Gaussian tting method, the high-resolution
spectrum for the O 1s region (Fig. 2d) shows three oxygen
contributions, which have been denoted as O1, O2, and O3. The
O1 component located at 529.4 eV is typical of metal–oxygen
bonds.28 The O2 component at 531 eV is usually associated with
oxygen in OH groups and the presence of this contribution in
the O 1s spectrum indicates that the surface of the NiCo2O4

materials is hydroxylated to some extent as a result of either
surface oxyhydroxide or the substitution of oxygen atoms at the
surface by hydroxyl groups.28,29 The O3 contribution corre-
sponds to a higher number of defect sites with low oxygen
coordination in the material with small particle sizes.30 These
results show that the surface of the 3D NiO/NixCo3�xO4 nano-
sheets and 1D NiO/NixCo3�xO4 nanowires has a composition
containing Co2+, Co3+, Ni2+ and Ni3+, which is in good agree-
ment with the results in the literature for other nickel cobalt
oxide.31,32 Besides, the atomic proportions of C remained on the
samples surface decreased from 28.20% annealed at 250 �C to
25.84% at 300 �C and 22.41% at 350 �C, which corresponds to
the results of DTG analyses.

Raman spectrum was utilized to investigate the graphitiza-
tion degree of carbon remained on the simple surface. The
Raman spectra (Fig. S1a†) of the sample annealed at 300 �C
displayed two characteristic peaks at 1332 and 1590 cm�1 which
are assigned to the typical D (disordered carbon) and G (sp2-
hybridized C atoms of the graphitic carbon) bands, respec-
tively.33–35 The ID/IG ratios (the intensity ratio of two bands) is
reported to investigate the structural order degree of carbons,
and the ID/IG value of 1.0 is generally typical of amorphous
carbons.33,34 The calculated ID/IG value is 0.28, which proves the
good graphitization degree of carbon remained in the
composite. The related papers have been cited. Furthermore,
from the Raman spectra (Fig. S1b†) of the sample annealed at
250 �C and 350 �C, peaks at 187, 534 and 647 cm�1 correspond
to the characteristic peaks for F2g, F2g and A1g stretching modes
of spinel NixCo3�xO4 on the nickel foam.36

The morphologies of the NiO/NixCo3�xO4 nanosheet/
nanowire are shown in Fig. 3 at different magnication. It is
apparent that the porous ultrathin nanosheets mainly vertically
or aslant attached on the nickel foam are free-standing and
mutual staggered, forming a highly open nanostructure with
31856 | RSC Adv., 2018, 8, 31853–31859
16
nanowires above them. This composite nanostructure can
enlarge the contact surface area with electrolyte and facilitate
the penetration of the ions, promoting the velocity of redox
reaction.37 The high-magnication TEM images shown as
Fig. 3c and d reveal that the diameter of nanowires is about 50–
80 nm and the mesopores are also present both in the ultrathin
nanosheets and nanowires with a size of 5 to 8 nm. This kind of
ultrathin porous structure in the nanohybrids is very important,
as it facilitates the fast mass transport of electrolytes within the
electrodes for quick redox reaction.31,38 Fig. 3e and f show
a high-resolution TEM (HRTEM) image. The considerably
distinct lattice spacing of 0.29 nm in nanosheets and nanowires
is in good accordance with the (220) plane of Co1.29Ni1.71O4. The
lattice spacing of 0.24 nm is due to the (222) plane of
Co1.29Ni1.71O4 plane whose diffraction peak was covered up in
XRD pattern. The measured angle between the (220) plane and
the (222) plane from FFT pattern (Fig.S3†) is t well with the
theoretical value. They further indicate that NixCo3�xO4 has
been successfully prepared under the present conditions.

Further, we evaluated the electrochemical performance of
the as-prepared NiO/NixCo3�xO4 nanohybrids in a three-
electrode test cell. The capacitive behavior of the electrode
material is generally characterized using cyclic voltammetry
(CV) curves. Fig. 4a presents typical CV curves of the NiO/Nix-
Co3�xO4 nanohybrids samples anneal at 300 �C in a 1 M KOH
electrolyte at various scan rates between 0.0 and 0.5 V. Two
redox peaks can be observed in the curve at 5 mV s�1 scan rate.
For electric double-layer capacitors, CV curves appear nearly
rectangular. Our results thus indicate that the capacitance
characteristics are mainly due to faradaic redox reactions.39 For
the NiO/NixCo3�xO4 electrode materials, the surface faradaic
reactions will proceed as:40

NiO + OH�4 NiOOH + H2O + e� (2)

Nix Co3�x O4 + OH� + H2O4 xNiOOH + 3�xCoOOH + e�(3)

CoOOH + OH�4 CoO2 + H2O + e� (4)

To further evaluate the electrochemical properties and esti-
mate the stable potential windows of the as-prepared NiO/Nix-
Co3�xO4 nanohybrids, galvanostatic charging and discharging
tests of the lms in 1M KOH solution were performed using a Pt
counter electrode and a mercury/mercuric oxide electrode. The
charge–discharge curves (Fig. 4b) at different current densities
from 1 to 5 mA cm�2 with potential window between 0.0 and
0.5 V display slight nonlinearities that are very distinct from
those of typical pure double-layer capacitors. This result indi-
cates the occurrence of faradaic reactions in the NiO/Nix-
Co3�xO4 composites.41

Good cycling stability is another important characteristic for
high-performance supercapacitors. Fig. 4c reveals the cycle
performance of the NiO/NixCo3�xO4 nanohybrids samples
measured at a current density of 5 mA cm�2 for 20 000 cycles.
Among all electrodes prepared, the sample annealed in air at
300 �C displays the best electrochemical behavior, achieving
This journal is © The Royal Society of Chemistry 2018
2
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Fig. 3 Morphologies of the NiO/NixCo3�xO4 composite nanostructures, (a) and (b) SEM images of the NiO/NixCo3�xO4 composite materials; (c)
and (d) TEM images of the NiO/NixCo3�xO4 porous nanostructures; (e) HRTEM image of the NiO/NixCo3�xO4 porous nanosheets; (f) HRTEM
image of the NiO/NixCo3�xO4 porous nanowires.
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a specic capacitance of 270 mF cm�2 (about 810 F g�1) at 5 mA
cm�2. Aerward, the capacitance retention was 88.89% of the
max capacitance, indicating excellent long-term stability of the
NiO/NixCo3�xO4 composite electrode, which exceeds those of
the previously reported Ni-based materials.9,42 By comparison,
the samples annealed at 250 �C and 300 �C presented much
higher capacitance than sample annealed at 350 �C. These
results highly highlight the vital roles of the cobalt ions and the
presence of hydrocarbons into electrochemical active electrode
materials.

Fig. 4d shows the rate performance of the sample annealed
at 300 �C. The specic capacitances obtained were 220, 216, 180,
160 and 120 mF cm�2 at current densities of 1, 2, 5, 10 and 20
mA cm�2 respectively, which shows up better rate performance
than single NiO materials.43,44 Clearly, the specic surface
capacitance gradually decreases with increasing current
density. The specic capacitance decreases gradually with
increasing current density, which can be attributed to the
diffusion effect limiting the diffusion and migration of the
electrolyte ions within the electrode at high electric current
density because of the time constraint and only the outer active
This journal is © The Royal Society of Chemistry 2018
16
surface can be utilized for charge storage, resulting in low
electrochemical utilization of the electroactive materials.45–47

To further study the different electrochemical performance
aer annealing and the decay of the specic capacitance aer
cycling tests, EISmeasurements were carried out at an open circuit
potential in a frequency ranging from 0.1 Hz to 100 kHz. As shown
in Fig. 5, in the high-frequency region the intersections on the
Z0axis represent the equivalent series resistance of capacitors (Rs)
including the internal resistance of electrode materials, the ohmic
resistance of the electrolyte and contact resistance between elec-
trodes and current collectors.10,48 Obviously, NiO/NixCo3�xO4

nanohybrids at 300 �C annealing temperature has the smaller
equivalent series resistance value than other NiO/NixCo3�xO4

nanohybrids as shown in Fig. 5a, reecting the optimum elec-
tronic and ionic conductivities of NiO with the presence of Nix-
Co3�xO4 at 300 �C annealing temperature. This result is consistent
with good cycle performance results of NiO/NixCo3�xO4 compos-
ites. As shown in Fig. 5b, the electrode has a higher Rs and worse
electric conductivity aer cycling tests, leading to decay of the
electrochemical performance. The inset SEM image with cracks
further indicates volumetric changes aer cycles.
RSC Adv., 2018, 8, 31853–31859 | 318573
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Fig. 4 Electrochemical characterization of the NiO/NixCo3�xO4 composite electrode: (a) CV curves at different scan rates in 1 M KOH electrolyte
(b) charge–discharge curves at different current densities (c) specific capacitance versus cycle number at constant current density of 5 mA cm�2

(d) the specific surface capacitance at various current densities after cycling.

Fig. 5 (a) Nyquist plots of the NiO/NixCo3�xO4 composite electrode at different annealing temperature. The inset is the coordinate reduced
image. (b) Nyquist plots before and after cycling tests of the NiO/NixCo3�xO4 composite electrode at current density of 5 mA cm�2 for 20 000
cycles. The inset is the SEM image after cycling tests.

RSC Advances Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
2 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

19
 5

:2
7:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
Conclusion

In summary, a facile and low cost synthesis approach was
adopted to synthesize cobalt doped nickel oxide porous ultra-
thin nanosheet/porous nanowire composite structure. More-
over, the as-prepared sample displays excellent electrochemical
31858 | RSC Adv., 2018, 8, 31853–31859
16
performance, the maximum specic capacitance of 270 mF
cm�2 and capacitance retention of 88.9% aer 20 000 cycles.
Such a simple and cost-effective synthetic approach would open
new doors for the development of a serial of high-quality NiCo-
based materials, and offer promising applications for high-
performance energy-storage devices.
This journal is © The Royal Society of Chemistry 2018
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Abstract
Ligand-assisted reprecipitation (LARP) is a convenient and low-cost method to synthesize
perovskite nanoplatelets (NPLs) with great optoelectronic properties. However, it still suffers
from delicate purification and passivation. Here, we report the synthesis of perovskite NPLs via a
simple one-step method through using chlorobenzene as poor solvent. These as-prepared NPLs
exhibit good lateral-size homogeneity and emission wavelength tunability. Controlled
experiment indicates that compared to the commonly used toluene, chlorobenzene is advantaged
to enhance photoluminescence quantum yield (PLQY) and decay time of the perovskite NPLs.
Raman spectra, x-ray photoelectron spectroscopy and energy dispersive spectra have shown that
it is the passivation of chlorine atoms which suppresses nonradiative recombination and
enhances PLQY. These results demonstrate that chlorobenzene is an alternative poor solvent to
realize both the simplification of the LARP technique and the passivation of perovskite NPLs.

Supplementary material for this article is available online

Keywords: LARP, perovskites, chlorobenzene, passivation, NPLs
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1. Introduction

Perovskite nanocrystals (NCs) have emerged as promising
materials in light-emitting devices (LED) due to their excel-
lent optoelectronic properties, easy to solution process, and
broad wavelength tunability [1–4]. Compared to cubic NCs,
perovskite nanoplatelets (NPLs) show stronger quantum
confinement and anisotropic emission, which is beneficial to
controlling emission homogeneity and increasing the light
outcoupling efficiency and LED efficiency [5]. Several
synthetic approaches have been applied to prepare perovskite

NPLs, such as hot injection, ligand-assisted reprecipitation
(LARP), and exfoliation method [6–11]. Among them, LARP
has attracted public attention for its convenience and
low-cost.

In LARP method, the perovskite colloidal NPLs were
crystalized at room temperature through solubility change of
precursors by mixing a pair of good and poor solvents.
However, LARP method still has some problems. As-pre-
pared products generally contain not only broadly size-dis-
tributed nanoparticles, but some bulk-like materials [5, 12].
As a result, a further purification step is necessary to separate
the homogeneous NPLs. Compared to classical NPLs, per-
ovskites are more ionic in nature, so that polar solvent usually
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induces photoluminescence (PL) quenching or even destroys
the perovskite NPLs [13, 14]. Common purification techni-
ques are failed to purify perovskite NPLs, and the special
purification is very delicate and challenging [7, 12]. For
example, a mixture solution with certain ratio of acetonitrile/
toluene has been used as washing solvents to avoid decom-
position of NPLs [7]. Several cycles of washing treatment
with hexane/ethyl acetate mixed solvent were also proposed
to maintain sufficient surface ligand density and stabilize the
NPLs in solution [14]. Therefore, a simple purification pro-
cess, and even an optimized reprecipitation technique is
needed to be explored.

On the other hand, low synthetic temperature, as well as
the high surface-volume ratio of NPLs, easily leads to the
existence of high-density structure defects and trap states.
Therefore, the passivation engineering is also a key issue,
which has been studied by previous work [15–17]. For
example, peptides with amino and carboxylic functional
groups dissolved in precursor solution were used as passi-
vating ligands to produce well-passivated perovskite NCs
[15]. The replacement of coordinated N,N-Dimethylforma-
mide (DMF) with noncoordinated acetonitrile as a good sol-
vent could also avoid the formation of solvent intermediates
and intrinsic halide vacancies, and finally realize a stronger
emission and stable CH3NH3PbI3 quantum dots [16].

To the best of our knowledge, it is still difficult to realize
both the direct optimization and passivation by poor solvent
in LARP. Here, we report a one-step synthesis of perovskite
NPLs by using chlorobenzene (PhCl) as poor solvent, which
is a commonly used antisolvent in perovskite film fabrication
to enhance film quality [18–20]. Controlled experiments
demonstrate that compared to those made by toluene, the
samples synthesized from PhCl exhibit better dispersity,
more uniform lateral size distribution, and higher photo-
luminescence quantum yield (PLQY). Furthermore, within
whole emission tunable range (452–526 nm), the products
exhibit higher PLQY and longer decay time. Further studies
have indicated that the improvement of PLQY comes from
the suppression of the defect-related nonradiative recombi-
nation. Raman spectra, x-ray photoelectron spectroscopy
(XPS), and energy dispersive spectra (EDS) suggest the
existence of defect passivation by Cl atom. Obviously, using
PhCl as poor solvent not only simplifies the synthesis to
one-step, but directly passivates the defects of as-synthe-
sized NPLs.

2. Experimental section

2.1. Chemicals

Lead bromide (PbBr2, 99.99%) and methylammonium bro-
mide (CH3NH3Br, 99.5%) were purchased from Xi’an Poly-
mer Light Technology Corp. Oleic acid (OAc, 99%),
oleylamine (OAm, 80%–90%) and chlorobenzene (PhCl,
anhydrous, 99.5%) were purchased from Aladdin. Toluene
(anhydrous, 99.8%) and DMF (anhydrous, 99.8%) were
purchased from Sigma-Aldrich.

2.2. Synthesis of CH3NH3PbBr3 perovskite colloidal NPLs

Colloidal perovskite NPLs were prepared via the LARP
method proposed by Levchuk et al with a little modification
[7]. All the synthetic procedures were performed at room
temperature in the glovebox under nitrogen atmosphere.

In a typical synthesis, 0.1 mmol of CH3NH3Br, 0.1 mmol
of PbBr2, 0.2 ml of OAc, and 16 μl of OAm were added into a
1 ml of DMF (good solvent) to form the precursor solution.
The precursor solution was sonicated for 15 min. Then, 100
μl of the precursor solution was added dropwisely to 3 ml of
vigorously stirred PhCl (poor solvent) and maintained for
5 min to precipitate CH3NH3PbBr3 NPLs. The as-prepared
CH3NH3PbBr3 NPLs emitted bright green light.

To realize the different emission wavelength by con-
trolling the size of NCs, the volume of OAm in the precursors
was controlled from 16 to 30 μl. The same precursor was also
dispersed dropwisely to 3 ml of toluene (poor solvent) to
make a control experiment. Details about the synthesis were
listed in table 1.

2.3. Characterization

The transmission electron microscopy (TEM) images were
obtained by a JEOL (Japan) JEM-2100 TEM. The high
resolution (HR) TEM image was obtained by a Titan (USA)
80-300 TEM. TEM-EDS spectra was acquired by FEI (USA)
Talos F200X. Ultraviolet-visible (UV–vis) absorption spectra
were measured by Thermo Electron (USA) EV300. PL
spectra and the absolute PLQY were obtained from a fluor-
escence Spectro fluorometer equipped with an integrating
sphere accessory (Horiba Jobin Yvon, FL, Japan). PL decay
curves were collected by exciting the perovskite colloidal
dispersions with a pulse laser at 375 nm (Horiba Jobin Yvon,

Table 1. Details of the synthesis, PL peaks, τ1/e, and PLQY of as-synthesis PhCl and purified toluene samples.

PhCl samples Toluene samples

PLQY τ1/e PL peaks OAm PL peaks τ1/e PLQY
Sample name % ns nm μl nm ns % Sample name

PhCl-452 28 12.3 452 16 452 5.8 19 Tol-452
PhCl-470 33 14.6 470 18.5 468 10.3 26 Tol-468
PhCl-482 39 19.2 482 21 487 13.9 31 Tol-487
PhCl-501 47 24.1 501 24 496 15.9 33 Tol-496
PhCl-526 62 40.0 526 30 535 23.4 45 Tol-535
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FL, Japan). The photographs were taken by a Nikon D5300
camera under the illumination of room light and UV light
(365 nm). For XPS and Raman spectra measurements, the
samples were added with 1.5 ml of acetonitrile and cen-
trifuged at 10 000 rpm for 3 min. The precipitates were
transferred onto the silicon substrate and dried in vacuum
for 12 h. XPS spectra were recorded by AXIS Ultra DLD
(Japan) XPS. Raman spectra were performed by dispersive
Raman microscope (Senterra R200-L, German) with 633 nm
laser light.

3. Results and discussion

The synthesis of CH3NH3PbBr3 NPLs were realized by the
crystallization of precursors in the poor solvent. Previous
work commonly selected toluene as poor solvent, accom-
panied by further centrifugation and washing process to
obtain bright and uniform-size NCs [7, 16, 21]. Here, we
choose PhCl as poor solvent to realize one-step synthesis
which omits the further cleaning procedure. To make a con-
trol experiment, toluene is also selected as poor solvent to
prepare CH3NH3PbBr3 NPLs. For both two solvents, the
crystallization occurred immediately and the solutions
exhibited green fluorescence.

Figures 1(a) and (c) show TEM images of perovskite
NPLs precipitated in PhCl and toluene, respectively. Both
NPLs of PhCl and toluene samples are sheet-shaped crystals,
with a lattice spacing of 0.43 and 0.38 nm respectively, as
observed from HRTEM images in the inset of figures 1(a) and
(c). These images also clearly demonstrate that PhCl samples
have good size homogeneity, but toluene samples have a
larger size distribution from small to giant NPLs. Statistical
analysis of TEM images gives a Gaussian lateral size dis-
tribution of 10.5±1.2 nm for PhCl samples, much narrower
than that (16.2±6.0 nm) of toluene samples. Figures 1(b)

and (d) display UV–vis absorption and PL spectra of NPLs
dispersed in PhCl and toluene, respectively. Their absorption
spectra do not demonstrate an obvious excitonic peak, which
may indicate a mixture of NPLs with different perovskite
layers [22], in accordance to TEM images with diverse con-
trast. Under the illumination of 365 nm UV light, the clear
PhCl solution emitted bright green light (inset of figure 1(b)),
whose PL peak located at 526 nm, with a full-width at half-
maxima (FWHM) of 29 nm and a PLQY of 62%. In contrast,
the toluene solution was turbid with a lower PLQY of 26%,
although it also emitted green light centered at 535 nm with a
slightly narrower FWHM of 21 nm. Obviously, the replace-
ment of toluene with PhCl is helpful to synthesize the NPLs
with better lateral size homogeneity and higher PLQY.

One possible reason for low PLQY of toluene samples is
the aggregation of larger NPLs in solution (see inset of
figure 1(d)) since the as-synthesized toluene samples is turbid.
The aggregation is disadvantaged to the PLQY which
increases the nonradiative recombination and depresses the
radiative recombination of photo-excited electron-hole pairs
in NPLs. To exclude the influence of aggregation in solution,
an additional centrifugation-step (4000 rpm, 2 min) was used
to discard larger NPLs in toluene samples. As shown in figure
S1, available online at stacks.iop.org/NANO/29/455601/
mmedia, clear toluene samples were obtained after large
visible agglomerates were removed. This purification step
improved the PLQY of toluene sample from 26% to 45%.
However, this value was still lower than that (62%) of as-
prepared PhCl sample. The use of PhCl as poor solvent not
only simplifies the synthesis to one-step method, but also
improves the PLQY.

To further explore versatility of PhCl as poor solvent, we
varied the amounts of ligand (OAm), and obtained
CH3NH3PbBr3 NCs with different band gaps and emission
wavelengths. As shown in figure 2(a), with the increasing
OAm from 16 to 30 μl, the absorption spectra have changed

Figure 1. (a), (c) Typical TEM and size distribution, (b), (d) PL and
UV–vis absorption spectra of as-prepared CH3NH3PbBr3 NPLs
synthesized with 16 μl of OAm. The top figures are PhCl sample
while the bottom figures correspond to toluene sample. The inset of
(a) and (c) are the HRTEM images. The inset of (b) and (d) are
corresponding photographs under the illumination of daylight and
UV (365 nm) light.

Figure 2. (a) Normalized PL and absorption spectra, (b) photographs
under daylight (top) and UV light (bottom) of perovskite colloidal
nanocrystal in PhCl synthesized with 16–30 μl of OAm.
(c) Absolute PLQY of as-synthesized PhCl samples and purified
toluene samples.
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from a broad absorption behavior to a strong excitonic
absorption feature. Correspondingly, PL peak show a gradual
blueshift from 526 to 452 nm, which is possibly induced by
the stronger quantum confinement effect [3, 23]. The photo-
graphs of PhCl samples in figure 2(b) also demonstrate the
continuous variation of emission from blue to green. Appar-
ently, besides the widely reported toluene, PhCl acting as
poor solvent, is also valid for the synthesis of CH3NH3PbBr3
NCs with tunable emission wavelength (452–526 nm).
Moreover, the tunable range of PhCl is comparable to those
(452–535 nm) of toluene, although the PhCl samples possess
a slightly wider PL profile (figures 2(a) and S2).

The PL broadening related thickness uniformity [23], as
well as the above-mentioned lateral size homogeneity, mainly
originates from the difference of nucleation and growth
kinetics induced by dielectric constants of solvent [7]. Com-
pared to toluene (ε = 2.4), PhCl possesses larger dielectric
constants (ε = 5.6), so that it blends faster and better with
DMF (ε = 37.8). Faster nucleation means that more and
smaller crystal seeds are produced at the beginning of sol-
vents-mixing which retard the following growth. According
to statistical law, they will induce worse monochromaticity
control but is beneficial to lateral size homogeneity.

In figure 2(b), we notice that green samples are brighter
than blue samples under UV light, so we performed absolute
PLQY measurements for as-synthesized PhCl and purified
toluene samples (figure 2(c)). Clearly, for the two series of
samples, their PLQY decreases with the blueshift of PL
peaks. In details, the PLQY amounts to 62% and 45% for the
PhCl-526 and Tol-535, respectively, then it gradually drops to
28% and 19% with the blueshift of PL peaks. This
phenomenon is probably from the increase of surface-volume
ratio with the decreasing thickness of CH3NH3PbBr3. Larger
surface-volume ratio means more defects, faster nonradiative
decay rate, and thus lower PLQY [7].

Another obvious feature in figure 2(c) is that PhCl
samples always show higher PLQYs than toluene samples

within entire color tunable ranges. To gain more insight into
it, we acquired their PL decay curves. As shown in
figures 3(a) and (b), toluene samples exhibit faster decay than
PhCl samples. To compare these decay curves, we define a
decay time parameter (τ1/e) as time span dropped to 1/e of
the original intensity, as listed in table 1. The decay time of
PhCl samples is longer than that of toluene samples synthe-
sized from the same precursor. PL decay is determined by
radiative and nonradiative channels with their respective
decay time τr and τnr, so that .1 1 1

1 e r nr
= +

t t t/
The PLQY also

depends on the two channels, as PLQY .nr

r nr
= t

t t+
Combining

two formulas with measured values of τ1/e and PLQY, we
obtain the corresponding radiative (Kr=1/τr) and non-
radiative decay rates (Knr=1/τnr) of both samples
(figures 3(c) and (d)).

These curves exhibit two obvious trends. Firstly, for both
PhCl and toluene samples, Knr and Kr increase with the
decreasing thickness and the parallel blueshift trend of PL
emission. The increasing Kr with decreasing PL emission
peaks could be explained by the increasing exciton binding
energy induced by the decreasing size of confined dimension
and the weakening of screening effect of the Coulomb
interaction between electron and holes [3, 23]. The increasing
Knr are due to higher concentration of surface traps of thinner
NC, which has a bigger surface-volume ratio.

Secondly, for the two series of samples obtained from the
same precursor, PhCl samples always show a slightly lower
Kr at a magnitude order of 10−3 ns−1 and a greatly lower Knr

at a magnitude order of 10−2 ns−1 than toluene samples. The
lower Kr in PhCl samples is probably caused by the relatively
larger dielectric constant of solvent PhCl. Strong polarity of
solvents makes quantum dots interact themselves well and in
turn leads to a lower PLQY, as widely reported in CdSe
quantum dots [24]. The suppression of nonradiative recom-
bination (lower Knr) is possibly related to the decreasing
defect states [21], but the detailed mechanism is still
unknown.

To investigate the origin of low defect density of PhCl
samples, Raman spectra (figure 4(a)) were conducted firstly in
low-frequency range, which show the vibrational modes of
PbX6 octahedra. By Gaussian curves fitting, the broad mul-
tiband structures have been decomposed into three most
energetic phonon bands, the asymmetric stretching mode of
X-Pb-X (δas(X-Pb-X)), symmetric stretching mode of X-Pb-X
(vs(X-Pb-X)), and symmetric stretching mode of Pb-X (vs(Pb-X)),
respectively [25]. The cumulative fit curves are nicely con-
sistent with experimental results. The fitted Raman peaks of
PhCl samples locate at 76, 108, and 138 cm−1, higher than
those (74, 102, and 130 cm−1) of toluene samples, as shown
in figure 4(b). It indicates that CH3NH3PbBr3 crystallized in
PhCl shows a blueshift for each distinguished vibration
between lead and halogen atom.

According to the harmonic oscillator model, higher
vibrating frequency means smaller reduced mass of vibrating
atoms. Therefore, the reduced mass of vibrating atoms in
PhCl samples is smaller than that in toluene samples, when
assuming same bond strength for all halides [25, 26].

Figure 3. PL decay curves detected at emission maxima for (a) PhCl,
and (b) toluene samples with different emissions. (c) Radiative decay
rates (Kr), and (d) nonradiative decay rates (Knr) of PhCl samples and
toluene samples as a function of emission wavelength.
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Considering the relationship of
m m

1 1 1

Pb X
= +

m
among

reduced mass, the mass of vibrating lead and halide atom, the
atoms participating into the vibration in PhCl samples have a
lighter average mass when compared to toluene samples. It
suggests the formation of Pb–Cl bonds in PhCl samples
through the Cl passivation of halide vacancies, since previous
report has pointed out that DMF as the coordinated solvent is
easy to form a defective crystal with residual solvents on the
surface and intrinsic halide vacancies [16].

To further confirm the presence of Cl in PhCl samples,
we conduct the EDS and XPS measurements for both two
samples. As shown in respective full-scan spectra (figure S3),
both samples exhibit the obvious peaks of N1s, C1s, Pb4f and
Br3d in the perovskite NCs. Further narrow scan spectra of
Cl2p core level in figure 4(c) demonstrate a small but
recognizable peak at 198.9 eV in PhCl samples, which cor-
responds to the binding energy position of Cl2p3/2 core level
[27], suggesting the existence of Pb–Cl bond. The accom-
panied peak of Cl2p1/2 at 200.5 eV is weaker than Cl2p3/2,
thus difficult to be directly detected. In addition, EDS analysis
in figure 4(d) also proves the existence of chlorine with an
atom content of 0.30%, much less than Br atom content of
12.67%. Based on above Raman, XPS and EDS results, we
sufficiently verify that Cl is doped in PhCl samples with a
relatively low level. These Cl atoms just passivate the halide
vacancies rather than influence original crystal structure. The
passivation suppresses the nonradiative recombination and
prolong the recombination lifetime, resulting in a better
PLQY of PhCl samples made by one-step method.

4. Conclusions

In summary, we realize a one-step LARP method for
CH3NH3PbBr3 NPLs by selecting PhCl as poor solvent. The
replacement of toluene with PhCl promotes the as-synthesized

NPLs with better dispersity, more uniform lateral size and
higher PLQY. Even compared to the aggregation-removed
toluene samples, PhCl samples still exhibit higher PLQY and
longer decay time. The improvement is attributed to suppres-
sion of nonradiative recombination by passivation of Cl, as
confirmed by Raman spectra, XPS and EDS. This work opens
an avenue for solvent selection in LARP to realize a simple,
versatile and effective synthesis of perovskite NPLs.
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Abstract
Colloidal silicon (Si) nanocrystals (NCs) with different sizes were successfully prepared by
femtosecond laser ablation under different laser ablation time (LAT). The mean size decreases
from 4.23 to 1.42 nm by increasing the LAT from 30 to 120 min. In combination with structural
characterization, temperature-dependent photoluminescence (PL), time-resolved PL and PL
excitation spectra, we attribute room-temperature blue emissions peaked at 405 and 430 nm to
the radiative recombination of electron–hole pairs via the oxygen-deficient centers related to
Si–C–H2 and Si–O–Si bonds of colloidal Si NCs prepared in 1-octene, respectively. In
particular, the measured PL quantum yield of colloidal Si NCs has been enhanced significantly
from 23.6% to 55.8% by prolonging the LAT from 30 to 120 min.

Keywords: laser ablation time, colloidal silicon nanocrystals, optical properties,
photoluminescence quantum yield

(Some figures may appear in colour only in the online journal)

Colloidal silicon (Si) nanocrystals (NCs) have attracted sig-
nificant interest owing to their fascinating optical properties,
which cannot be exhibited by their bulk counterpart. When
the dimensions of Si NCs are reduced below the Bohr radius
of an exciton in Si (∼4.5 nm) [1], their emission can be easily
controlled by adjusting the Si NC size [2]. Due to the abun-
dance and non-toxicity of Si, the application of Si in a broad
range of opto-electronic devices presents more advantages
than other elements. The efficient luminescence from Si has
inspired us to pursue the continuous development of Si-based
opto-electronic devices [3, 4] and bio-medical applica-
tions [5, 6].

It is generally accepted that the size of colloidal Si NCs
has an important impact on the luminescence of colloidal Si
NCs. In fact, the surface chemistry of Si NCs plays a

dominant role in their opto-electronic properties. For instance,
the photoluminescence (PL) from Si NCs can be adjusted
across the visible spectrum by changing the surface groups
without changing their size [7–9]. For practical applications in
opto-electronic devices and bio-medicine, it is necessary for
Si NCs to have stable structure and optical properties. The
organic molecules formed on the surface of Si NCs can pre-
vent the agglomeration of Si NCs through steric barriers or
electrostatic repulsion, and guarantee the high stability in
solution and stable optical properties.

The laser ablation of solids in liquid (LAL) environment
has proved to be a new and highly promising technique for
preparing nano-colloids. This is due to its highly non-equili-
brium processing, which allows the synthesis of nano-struc-
tured materials. The LAL technique makes it easy to prepare
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the nano-colloids and eliminate the contamination by a
reducing agent. Several laser parameters are very important to
control the size and structure of the nanoparticles. Recently,
the effect of pulse energy on the size and stability of Si
nanoparticles has been reported by Intartaglia et al [10]. In
[11], the effect of different organic solvents on the size and
PL quantum yield (QY) of the prepared Si nanoparticles has
been investigated. In [12], the effect of different laser wave-
length (532 and 1064 nm) on the absorption and solution
concentration of colloidal Si solution has been studied in
detail. The relationship between the pulse duration and size
radius/size distribution has been investigated by Kuzmin
et al [13].

Very recently, we successfully fabricated stable blue-
emitting colloidal Si NCs in 1-hexene through a femtosecond
(fs) LAL technique and demonstrated that the surfaces of the
colloidal Si NCs have been well passivated by carbon chains
as confirmed by Fourier transform infrared (FTIR) and x-ray
photoelectron spectroscopy (XPS) spectra. The blue lumi-
nescence from colloidal Si NCs is attributed to the radiative
recombination of the excitons formed at X or Γ (Γ25→Γ′2)
point via the surface states associated with the Si–C or
Si–C–H2 bonds [14]. Then, we carried out investigation on
the effect of laser fluence on the structure and optical prop-
erties of colloidal Si NCs fabricated in 1-octadecence using fs
laser ablation under different laser fluences. On the basis of
the structural analysis, the Si NCs’ surfaces have been pas-
sivated with carbon chains and oxygen; the passivation
degree decreases gradually with the increase of laser fluence.
The mechanism of violet and blue emission that peaked at
around 3.25 and 2.86 eV from colloidal Si NCs has been
assigned to the band-to-band direct recombination of elec-
tron–hole pairs in the quantum-confined colloidal Si NCs and
radiative recombination of the localized excitons through
oxygen-related surface states on the surface of the colloidal Si
NCs, respectively [15].

The variable radiative recombination characteristics of
electron–holes in quantum-confined colloidal Si NCs with
surface chemistry can not only supply the means to identify
the luminescence mechanism, but realize the possibility to
control the origin of the luminescence. In this study, we
present a detailed investigation of the effect of laser ablation
time (LAT) on the micro-structure and luminescence of Si
NCs, and we draw the following conclusions. (i) The varia-
tions in size of the prepared colloidal Si NCs between
∼4.23–1.42 nm have been obtained by varying the LAT from
30 to 120 min. (ii) The blue PL bands at 405 and 430 nm are
related to the electron–hole pair recombination associated
with Si–C–H2 and Si–O–Si vibration phonons, respectively.
(iii) The measured PL QY is found to increase from 23.6% to
55.8% with extending the LAT from 30 to 120 min. The LAL
technique provides a simple, flexible and less expensive way
for the preparation of contamination-free NCs. This work is
the sustainable investigation of the previous ones, and we
wish to obtain the clear luminescence mechanism from col-
loidal Si NCs in combination with the results from different
laser parameters (laser fluence, ablation time, laser

wavelength, etc) to meet the application needs of the Si-based
opto-electrical devices.

The preparation procedure of colloidal Si NC solution
was described in detail in our previous works [14, 15]. In
brief, the laser ablation experiments were carried out by using
a Ti:sapphire fs laser system operated at 800 nm, with a pulse
duration, laser fluence and frequency of 100 fs, 1.0 mJ cm−2

and 80MHz, respectively. The target materials are the mix-
ture of porous Si powder with particle size ∼120 nm (50 mg,
Aladdin) and 1-octene (5.0 ml, >99%, Aladdin). The laser
light beam, with a spot size 2.0 mm in diameter, was irra-
diated into the target solution through the lens with a focal
length of 10 cm. During laser irradiation, the target mixture of
porous Si powder and 1-octene solution was continuously
stirred by a magnetic stirrer.

The prepared colloids were given the name Sx (x=1, 2,
3 and 4) with LAT=30, 60, 90 and 120 min, respectively.
After finishing the ablation, the obtained yellowish solution
was centrifuged at 12 000 rpm for 20 min, and the upper
transparent colloidal Si NC solution was collected for struc-
ture and optical property measurements. The schematic dia-
gram of the experimental setup and the photograph of
the resultant blue-emitting colloidal Si NCs produced at
LAT=120 min are illustrated in figure 1.

The obtained colloidal solution was characterized by
high-resolution transmission electron microscopy (HRTEM,
JEOL JEM-2100F) and Raman microprobe spectra mea-
surements (Jobin Yvon LabRAM HR 800 UV, 514.5 nm line
of Ar+ laser). The UV–vis absorbance experiments were
performed by using a Perkin-Elmer Lambda 20 spectrometer.
The surface chemistry of the colloids was monitored by using
a Fourier transform infrared (FTIR) spectrometer (Thermo
Scientific, Nicolet iS 50) within a 400–4000 cm−1 range.
Using a Shimadzu Kratos Axis Ultra DLD spectrometer with
a monochromatic Al Kα x-ray source (1486.6 eV), we carried
out the XPS measurements to characterize the surface bond-
ing configurations for the sample Si NCs. Steady-state PL and
PL excitation (PLE) spectra were recorded by a Hitachi High-
Technologies F-7000 fluorescence spectrophotometer with an

Figure 1. Schematic diagram of the experimental setup and PL
photograph of the colloidal Si NC solution produced at
LAT=120 min.
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excitation wavelength (λexc) of 370 nm. PL decay curves were
measured through the excitation source with a 405.0 nm diode
laser with a pulse width of 60.0 ps. The decay data at the
nanosecond scale were recorded by using a time-correlated
single-photon counting module.

We began with the HRTEM measurements for the for-
mation and evolution of the Si NCs, as well as the density
with LAT. The preparation and measurement producers of the
colloidal Si NCs were described in our previous work [15]. In
brief, all the prepared Si NCs were purified rigorously using
the mixture of solvent/antisolvent pairs (toluene/acetone)
under ultrasound for 30 min to remove the redundant
1-octene. The obtained Si NCs were washed several times and
then dried in a vacuum drying oven at 150 °C for 24 h. For
preparing HRTEM measurements, the resultant clean Si NCs
were decentralized in ethanol because of their high volatility.
During the measurements, graphene was used as a support
layer to obtain high-definition TEM images for the Si NCs.

Figures 2(a)–(d) show the TEM images for S1–S4. It can
be clearly seen that the Si NCs are black dots that are well
dispersed in 1-octene. The average dot size decreases gra-
dually from around 4.23 nm in S1 with LAT=30 min to
∼1.42 nm in S4 under LAT=120 min. Meanwhile, it can be
calculated that the Si NC density enhances from ∼8.9×1012

in S1 to 3.5×1013 cm−2 in S4. From TEM images of the Si
NCs, the corresponding size statistics distribution was con-
structed by measuring the diameter of the Si NCs in around
200 nanoparticles, as shown in figures 2(a1)–(d1), which can
be well fitted by Gaussian function. It can be observed that the
Si nanoparticle size becomes small and the corresponding
size distribution becomes narrow with increasing LAT. The
mean diameters together with standard deviation for all the
samples are summarized in table 1. The inset of figure 2(a)
is a representative HRTEM image of a Si nanocrystal with
lattice fringes of ∼0.3 nm, corresponding to bulk Si (111)
planes [16].

Raman analysis can further confirm the formation of
ultra-small and crystalline Si NCs characterized by the broad
Raman bands, as shown in figure 3(a). The Raman peaks fall
in the range of 507∼518 cm−1 for all the samples, where the
position of the Si NCs always lies. The Raman peak position
locates at ∼518, 515, 511 and 507 cm−1, and the corresp-
onding full width at half maximum (FWHM) is ∼11, 14, 28
and 37 cm−1 for the prepared samples S1–S4, respectively.
The Raman peaks redshift and FWHM broadening occurs for
all the samples with respect to those of Si wafer at 520 cm−1

(∼3.4 cm−1), which is attributed to the quantum confinement
of the electronic wave function in the Si NCs, indicating that
the characteristic dimension of the nanocrystal structure is
less than 10 nm [11, 17, 18]. With increasing LAT, Raman
peak energy shifts towards low energy and the linewidth of
the Raman spectra becomes wide, suggesting the decrement
of Si NC size. The relationship of the Raman peak position
redshift (Δν, in cm−1) with the Si NC size (d, in nm) can be
expressed by the following equation [19]:

d19.856 . 11.586nD = - ( )

From equation (1), the calculated Si NC mean size is
∼4.25, 3.14, 2.09 and 1.39 nm for S1–S4, respectively.

To investigate the effect of LAT on the size and pro-
duction yield of Si NCs, UV–vis absorption spectra of col-
loidal Si NC solution produced at different LAT are depicted
in figure 3(b). It can be obviously seen that the absorbance
increases with increasing LAT. According to Beer–Lambert
law [13]:

clA , 2e= ( )

where A, ε, c and l are the absorbance, molar extinction
coefficient, concentration of the solution and path length,
respectively. During laser ablation, ε and l are fixed as con-
stant. Thus, the absorbance is proportional to the concentra-
tion of the solution, and higher concentration can be expected
under longer LAT. The obtained concentration of the colloid
solution is ∼2.0, 3.2, 4.1 and 4.8 mgml−1 after laser ablation
for 30, 60, 90 and 120 min, respectively. The increment of
concentration can well explain the enhancement of Si NC
density with increasing LAT (in figures 2(a)–(d)). Meanwhile,
it can be observed that the absorption edge shifts to higher
energy from ∼320 in S1 to 250 nm in S4 with the increase of
LAT, corresponding to energy values of ∼3.87 and 4.96 eV,
respectively. The bandgap energy of the Si NCs enhances
with the decrease of their size owing to the quantum con-
finement effect (QCE). Therefore, the Si NCs with smaller
size can be obtained under longer LAT.

In combination with TEM, Raman and UV–vis absorp-
tion measurements, the mean size of the nanoparticles
decreases with the increase of LAT. The dependence of
particle size on LAT can be explained as follows. (i) With
prolonging LAT, the fragmentation would happen within the
large-sized Si NCs during laser ablation. The fragmentation
can involve the ejection of photoelectrons from the surface of
the Si target, leaving positive charges on its surface. This
induces the electrostatic repulsion between crystal faces with
different crystal orientations, resulting in the fragmentation of
a single larger-sized particle into several smaller ones [20].

(ii) According to the nucleation and growth theory [21]:

v
kT C

C
G ln , 3

0
D = -

W

⎛
⎝⎜

⎞
⎠⎟ ( )

where ΔGν, k, T, Ω and C0 are the change of Gibbs free
energy per unit volume of solid phase, Boltzmann constant,
temperature, solute concentration and solubility, respectively.
And also:

d 2 G , 4vmin g= - D ( )

where, dmin and γ represent the minimum size of the stable
spherical nucleus and surface energy per unit area, respec-
tively. Equation (4) is substituted into equation (3), which
leads to:

d
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C

C
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Figure 2. (a)–(d) and (a1)–(d1) TEM images and the corresponding size distribution of colloidal Si NCs. Inset: a typical HRTEM image of a
Si NC. Φ, the mean size of the colloidal Si NCs.
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From equation (5), we can conclude that the smaller-
sized Si NC nuclei can be obtained from the colloid solution
with higher concentration. Moreover, more nuclei can be
formed with the enhancement of the solution concentration.
This means that more Si nuclei will share the additionally
provided Si atoms, resulting in smaller particle size under
longer LAT.

Figure 4(a) (left) displays the FTIR spectra for all the
samples, which can firsthand reveal the surface chemical
bonding configuration of the Si NCs. The absorption bands at
1364, 2850, 2925 and 2960 cm−1 are attributed to the sym-
metric C–H3 stretching, symmetric C–H2 stretching, asym-
metric C–H2 stretching and asymmetric C–H3 stretching
mode, respectively [14, 22]. The absorption peaks at 670,
880, 1100 and 1460 cm−1 correspond to Si–C asymmetric
vibration, Si–C symmetric vibration, Si–O–Si vibration and
Si–CH2 bending vibration, respectively [8, 23]. The clear
Si–C asymmetric stretching vibration centered at ∼670 cm−1

can be seen in figure 4(a) (right). The presence of Si–C bonds
suggests that the surfaces of the Si NCs have been success-
fully passivated by carbon chains [14, 23]. The appearance of
Si–O–Si bonds suggests that the surfaces of the Si NCs have
been partly oxidized by oxygen dissolved in solution [24].
The scheme for the photo-assisted reaction between Si
nanoparticles and 1-octene is shown in figure 4(b). The pas-
sivation mechanism of the Si NC surface with carbon and
oxygen has been clarified in our previous work [15].

Figure 4(c) displays the densities of the Si–C and Si–O–
Si bonds under different LAT, which can be calculated by
integrating the absorption bands at 670 and 1100 cm−1,
respectively. It can be seen that the densities of the Si–O–Si
bonds stay almost unchanged and the Si–C bond density
increases with the increase of LAT. In general, the fs laser
pulses unleash energy to electrons much faster than electron–
phonon thermalization processes in the porous Si target,
which can reduce local heating of the targets and keep the
temperature of the colloidal solution stable during the laser
ablation processes [11]. Therefore, the content of oxygen in
the colloidal solution almost keeps a fixed value and the
densities of the Si–O–Si bonds stay unchanged within the
laser ablation. With extending LAT, on the one hand, more
and more unstable C=C bonds will be broken, resulting in
more surface passivation of Si with carbon free radical. On
the other hand, the already large-sized Si NCs would be
divided into several small-sized Si NCs due to the fragment,
as confirmed by HRTEM measurements. Thus, smaller Si

NCs have more surface functional groups, leading to the
increment of the Si–C bond densities with extending
LAT [25].

We performed the XPS measurements to further char-
acterize the surface structure for all the sample Si NCs, as
shown in figure 5. The normalized experimental XPS spectra
(hollow circles) can be well fitted by three Gaussian peaks
(solid curves) locating at ∼99.5, 102.1 and 103.5 eV,
respectively, corresponding to the characteristic of elemental
Si, Si–C and Si–O bonding, respectively [26]. By integrating
the fitting curves, we have calculated the densities of the Si–C
and Si–O bonds for the sample Si NCs with different LAT.
The density of the Si–C bonds increases and the Si–O bonds
remain almost unchanged with LAT. These results indicate
that the surfaces of colloidal Si NCs have been passivated by
carbon chains and partly oxidized, well consistent with the
FTIR results in figure 4(a).

Figure 6(a) shows the room-temperature PL spectra for
all the samples with λexc=370 nm. It can be clearly
observed that there are two obvious blue PL peaks at 405
(3.06 eV) and 430 nm (2.88 eV) together with FWHM 65 nm
(0.33 eV) and 83 nm (0.42 eV) for all samples, respectively.
Moreover, both emission peak energies remain unchanged
with increasing LAT from 30 min in S1 to 120 min in S4.
Meanwhile, there is a significant enhancement of the lumi-
nescence intensity by a factor of 8 with increasing LAT from
30 to 120 min. To understand the blue emission origin of
the prepared samples, we first performed the temperature-
dependent PL measurements within 83–300 K. Figure 6(b)
shows the typical results for S4 with LAT=120 min, where
both the PL peak energies and corresponding FWHM remain
unchanged within the measured range. Similar PL behavior
has been reported in our previous work [14, 27]. These
observations suggest that the origin of the light emission in
the colloidal Si NCs is not from the QCE.

The colloidal Si NCs fabricated by laser ablation are
confirmed to be indirect bandgap semiconductors due to the
long absorbance band tail (see figure 3(b)). Figure 7(a) plots
the absorption coefficient (a) as a function of the photon
energy (hυ). For indirect bandgap semiconductor, the
dependence of energy on the absorption is given by the fol-
lowing equation:

a hv hv A hv E , 6g
2= -( ) ( ) ( )

where A is a constant and Eg is the bandgap energy of the
samples. The values of the bandgap energy for the colloidal Si
NCs can be obtained by extrapolating the straight line portion
of the a(hν) versus hν graph to the hν axis (as illustrated in
figure 7(a)), which exhibit 1.60, 1.66, 1.73 and 1.83 eV for
the colloidal Si NC solution fabricated under 30, 60, 90 and
120 min of laser ablation, respectively (table 1). The values of
the bandgap energy are smaller than those of the PL peak
energies for all the samples. Thus, the band-to-band recom-
bination in the Si nanoparticles can be safely excluded.

In order to clarify the light emission mechanism, we have
further carried out PLE, λexc-dependent PL and time-resolved
PL measurements for all the prepared samples. Figure 7(b)
presents the representative λexc-dependent PL and PLE

Table 1. Average size and bandgap energy of Si NCs prepared under
different LAT.

Sample no.
LAT
(min)

Bandgap
Eg (eV)

Average
size (nm)

Standard
deviation
(nm)

1 30 1.60 4.23 4.05
2 60 1.66 3.19 3.17
3 90 1.73 2.14 2.01
4 120 1.83 1.42 1.39
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spectra of S4. We can see that the PL peak energies at 405
(3.06 eV) and 430 nm (2.88 eV) are independent of λexc
throughout the measurement range. With increasing λexc, the
emission intensity enhances significantly, and the lumines-
cence intensity reaches the maximum for the colloidal Si NCs
when excited at λexc=370 nm (3.35 eV). With the further
increase of λexc over 370 nm, the luminescence intensity
reduces drastically. The PLE spectra of S4 in figure 7(b)
are monitored at emission peaks 405 (3.06 eV) and 430 nm
(2.88 eV), respectively. The PLE peak position located
at 370 nm (3.35 eV) is independent of detection wavelengths,
indicating that the colloidal Si NCs absorb strongly at
370 nm and radiative de-excitation takes place at 405 and
430 nm [28].

Figure 7(c) shows the experimental (filled triangles
and hollow squares) and fitted (solid curves) time-resolved
PL spectra of S4 monitored at emission peaks of 405 and
430 nm, respectively. Both decay curves can be well fitted
via a double-exponential iterative fitting program equipped
by Edinburgh Instruments, by using double-exponential
function:

I t A e A e , 7t t
1 21 2= +t t- -( ) ( )/ /

Figure 3. (a) Raman spectra of alkene-passivated Si NCs synthesized in 1-octene under different LAT: 30 (S1), 60 (S2), 90 (S3) and 120 min
(S4). (b) UV–vis absorption spectra of S1–S4.

Figure 4. (a) Infrared transmittance spectra for all the colloidal Si NC
samples (left) and FTIR spectra of Si–C bonds centered at 670 cm−1

(right), (b) schematic diagram for the formation processes of alkyl-
terminated Si NC in organic solvent, and (c) density of Si–C and
Si–O bonds as a function of LAT.

Figure 5. XPS spectra for all the sample Si NCs with different LAT.
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where, I(t) is the PL intensity as a function of time t; A1, A2,
τ1 and τ2 are the fitting constants. For emission peaks at 405
and 430 nm, τ1=10.33 ns (A1=1.04%), τ2=1.63 ns
(A2= 98.96%); τ1′=11.22 ns (A1′=1.32%), τ2′=
1.73 ns (A2′= 98.68%), respectively. With increasing LAT
from 30 to 120 min, the colloidal solution exhibits a fast

decay lifetime from 4.35 to 1.63 ns and a slow one from
15.56 to 10.33 ns for the emission peak at 405 nm, respec-
tively. Meanwhile, a short decay lifetime from 4.68 to
1.73 ns and a long one from 14.37 to 11.22 ns with detec-
tion PL peak energy at 430 nm are obtained for S1–S4,
respectively. The average decay lifetime t can be calculated

Figure 6. (a) Room-temperature PL spectra with λexc=370 nm for all the samples and (b) temperature-dependent PL spectra of S4 with
excitation wavelength 370 nm.

Figure 7. (a) Tauc plots of UV–vis spectra shown in figure 3(b) for all the fabricated samples. (b) Room-temperature PL at the indicated λexc
and PLE spectra of all the samples. (c) Time-resolved PL spectra detected at 405 and 430 nm for S4. (d) PL QY measurements of all the
samples.
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in the light of the following equation:

A A A A . 81 1
2

2 2
2

1 1 2 2t t t t t= + +( ) ( ) ( )

With increasing LAT, t decreases from 5.22 to 3.63 ns
and from 5.35 to 3.72 ns in S1–S4 for detection PL peak
energy at 405 and 430 nm, respectively. Owing to much
stronger QCE in the colloidal Si NCs with smaller size
than that in large ones, the order of nanosecond decay
lifetime decreases significantly with decreasing Si NC size,
resulting in the enhancement of the radiative recombina-
tion rate.

As reported in figure 6(a), when excited with 370 nm,
two PL bands at 405 and 430 nm can be observed for all
samples. Both emissions consist of a band peaked around
370 nm as the excitation profiles shown in figure 7(b). Similar
excitation behavior has been reported in [29]. These findings
suggest that the excitation transition occurs between levels
localized at the same defect. Based on the comparison with
our previous literature data, both PL bands are related to
oxygen-deficient centers in the oxidized Si NCs [15]. The fast
405 nm (3.06 eV) and 430 nm (2.88 eV) PL bands are the
inverse of the 370 nm (3.35 eV) excitation, and the Stoke
shifts of 0.29 and 0.42 eV for the 405 and 430 nm PL bands
are assigned to the electron–phonon coupling. On the basis of
the configuration coordinate mode, the coupling energy of
phonons can be expressed as follows [14]:

W E4 ln 2 , 9T s
2

0W = ∣ ( ) ( )

where W is the FWHM of the PL spectrum and it remains
unchanged throughout the measurement temperature range
as in figure 6(b). Es is the Stokes shift of the PL band. The
calculated phonon energy W is ∼0.11 and 0.14 eV for the
PL bands peaked at 405 and 430 nm, equivalent to ∼880
and 1100 cm−1, respectively. The values of phonon energy
relate well to the Si–C–H2 and Si–O–Si vibration modes
shown in figure 4(a), respectively. This implies that the
origin of blue PL bands relates to the electron–hole pair
recombination associated with Si–C–H2 and Si–O–Si
vibration phonons for 405 and 430 nm, respectively. Based
on the above discussions, we propose that the room-temp-
erature blue emissions that peaked at 405 and 430 nm ori-
ginate from the radiative recombination of electron–hole
pairs via the oxygen-deficient centers related to the
Si–C–H2 and Si–O–Si bonds of the colloidal Si NCs pre-
pared in 1-octene, respectively.

To further investigate the optical characteristic of the
colloidal Si NCs synthesized by fs laser in solution, the PL
QY measurements of the produced colloidal Si NC solution
were performed at room-temperature using the PL QY mea-
surement system QuantaMaster 40 with a 150W Xe lamp
coupled to a monochromator for wavelength discrimination.
PL QY can quantitatively account for absorption and emis-
sion, reflection and scattering effects. In order to prepare the
Si NC samples for the PL QY measurements, two colloids
were dropped on Si wafers and dried inside a fume hood for
90 min. The dried Si NCs were then placed inside an inte-
grating sphere, and a multichannel analyzer was used for
signal detection. The PL QY value of the samples can be

calculated using the following equation:

QY N N L L E E , 10E A sample blank blank sample= = - -( ) ( ) ( )

where NE, NA means the emitted photons and absorbed
photons, respectively; Esample, Eblank represent the sample and
blank integrated spectra of the excitation beam, respectively;
Lsample is the integrated spectra of the sample’s luminescent
wavelength range. For the case of solution measurements, a
cuvette filled with the solvent was used as the blank, and
Lblank denotes the integrated spectra of a cuvette filled with
solvent inside the integrating sphere [30].

Figure 7(d) gives the PL QY values of all the samples,
where the PL QY shows an improvement from 23.6% to
55.8% with increasing LAT from 30 to 120 min. With
increasing LAT, first, the surface passivation of the colloidal
Si NCs shows a significant improvement (see figure 4(c)),
leading to fewer non-radiative centers and smaller non-
radiative rate. The dependence of PL QY on the radiative/
non-radiative rate can be described by the following equation
[12]:

QY K KK , 11r nrr= +( ) ( )

where, Kr and Knr represent the radiative and non-radiative
rate, respectively. Kr remains almost unchanged, while Knr is
remarkably decreased owing to the good surface passivation.
Second, the average size of the colloidal Si NCs decreases
significantly with the increase of LAT, as confirmed in
figures 2 and 3(a), and more and more carriers in much
smaller quantum-confined Si NCs can be easily excited.
Third, the number of colloidal Si NCs enhances from S1 to S4
with increasing LAT from 30 to 120 min (see figures 2(a)–
(d)), leading to the production of a large number of lumi-
nescent centers. Therefore, higher PL QY is expected to be
obtained with extending the LAT.

In conclusion, we have performed an overall invest-
igation on the structure and optical properties of the colloidal
Si NCs produced under different LAT. Raman, HRTEM,
FTIR and XPS measurements demonstrate that the mean
diameter of the colloidal Si NCs decreases from ∼4.23 to
1.42 nm with extending LAT from 30 to 120 min, and the
surface passivation of the Si NCs with carbon chains is
enhanced and the oxidization remains almost unchanged
when increasing LAT. In combination with the room-temp-
erature PL, PLE and time-resolved PL spectra, we deduce that
the room-temperature blue emissions that peaked at 405 and
430 nm originate from the radiative recombination of elec-
tron–hole pairs via the oxygen-deficient centers related to the
Si–C–H2 and Si–O–Si bonds of the colloidal Si NCs prepared
in 1-octene, respectively. Due to the good surface passivation
and increased density of the colloidal Si NCs, the PL QY
increases significantly with extending the ablation time.
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Abstract
We present a detailed investigation of the structural evolution and photoluminescence (PL)
properties of colloidal silicon (Si) nanocrystals (NCs) synthesized through femtosecond laser
ablation at different laser fluences. It is shown that the mean size of colloidal Si NCs increases
from ∼0.97–2.37 nm when increasing laser fluence from 1.0–2.5 mJ cm−2. On the basis of
structural characterization, temperature-dependent PL, time-resolved PL, and PL excitation
spectra, we identify that the size-dependent spectral shift of violet emission is attributed to the
quantum confinement effect. The localized excitons’ radiative recombination via the oxygen-
related surface states on the surface of the colloidal Si NCs is employed to explain the origin of
the blue emission.

Keywords: colloidal silicon nanocrystals, femtosecond laser ablation, laser fluence, surface
engineering, photoluminescence

(Some figures may appear in colour only in the online journal)

In recent years, colloidal silicon (Si) nanocrystals (NCs) have
attracted tremendous research interests due to their intriguing
optical and electronic properties and promising applications
in optoelectronic devices [1–4], solar cells [5–8], as well as
fluorescent biomarkers [9–11]. The fascinating applications of
colloidal Si NCs in these aspects are mainly because of their
non-toxicity, abundance, continuous tunability of photo-
luminescence (PL) over a broad spectral range from UV to
near-IR, and high compatibility with microelectronics [12].
Compared with traditional chemical and physical synthesis
procedures for colloidal Si NCs, pulsed laser ablation (PLA)
in liquid has been proven to be a green and convenient
method without any un-necessary by-products [13, 14].

Under laser ablation, the plasma plume formed and confined
within the liquid media is an ideal environment to promote
non-equilibrium processes, which is beneficial to the forma-
tion of colloidal Si NCs. The versatile one-pot synthesis of
organic-capped colloidal NCs (e.g., Si, germanium, gold,
copper) through PLA can be formed by the automatic reaction
between the reactive nanocrystalline surface with surface
radicals and the reactive unsaturated organic molecules
[15–19].

As we know, various laser parameters, such as liquid
media, laser wavelength, pulse duration, and pulse energy,
should be taken into account to control the structure and
surface chemistry of Si NCs, which can further determine the
nature of luminescence [20–25]. Moreover, it has been both
experimentally and theoretically shown that the surface
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chemistry indeed affect the color of the light emission from Si
NCs [26, 27]. Among these parameters, laser fluence is a very
important parameter to modify directly the Si NCs size,
chemical configurations and growth mechanism [24]. Yang
et al [20] and Chewchinda et al [25] have reported that the
mean size of colloidal Si NCs produced by nanosecond
pulsed laser decreases with the increase of laser energy,
resulting in the blueshift of luminescence. Nevertheless,
Intartaglia et al [23] and Hamad et al [24] have drawn the
contrary conclusions, the mean size of Si NCs synthesized
using femtosecond pulsed laser increases with increasing laser
energy. The above different data trend from Si NCs fabricated
by nanosecond and femtosecond laser ablation can be
explained as the following: (i) On a time scale, nanosecond
laser pulses usually release energy slowly compared with the
thermal relaxation processes of the target, while femtosecond
laser pulses release energy to electrons in the target much
faster than electron–phonon thermalization processes, which
can reduce local heating on the target [23]. Moreover, the
temporal overlap between laser pulse duration and material
evaporation time induces thermodynamic instability of the
plasma plume [28]. As a consequence, there are some dif-
ferences in the generated nanoparticles produced by means of
nanosecond and femtosecond laser pulse duration.

(ii) For nanosecond laser pulses, the production of silicon
atoms filled in the plasma plume is less at low laser fluence,
the pressure and temperature of plasma plume is low at this
stage. Therefore, the nucleation is relatively difficult. The
small number of nuclei formed consumes the surrounding
silicon clusters, resulting in the formation of large size silicon
particles [20]. Under high laser fluence, the pressure and
temperature of the formed plasma plume is relatively high,
which is favorable to the formation of silicon nuclei in all the
plume region. The incrementally supplied silicon atoms are
shared by more nuclei, leading to the small sized silicon
nanoparticles.

In the case of femtosecond laser pulses, low laser fluence
can generate a sustainable cavitation bubble, which subse-
quently develops higher pressure favorable to the formation
of smaller sized Si nanoparticles. Nevertheless, the cavitation
bubble cannot sustain for a long time for the high laser flu-
ence case, the pressure across the bubble is lower due to its
collapse, resulting in the aggregation for the produced Si NCs
[24, 29]. Therefore, it is essential to have a deep insight into
the effect of laser fluence on the structure and optical prop-
erties of colloidal Si NCs.

Up to date, most of the reported light emission resulting
from colloidal Si NCs fabricated by PLA is limited in the blue
range. It has been usually assigned to quantum confinement
effect (QCE) [30], direct-transition-like recombination of
quantum-confined electron–hole pairs [31], and oxide-related
radiative recombination of electron–hole pairs via surfaces of
colloidal Si NCs [32]. In our previous work, we have pro-
posed that the surface chemistry of the Si NCs in terms of
introducing localized states is also an important factor
affecting the light emission [33]. The present work aims to
clarify the luminescence mechanism of violet and blue
emission resulting from colloidal Si NCs with controllable

sizes and surface passivation. The radiative recombination of
electron–holes pairs from colloidal Si NCs is expected to
exhibit different characteristics within the different wave-
length ranges, which not only provides ways to identify the
luminescence mechanism of the Si NCs, but also realizes the
possibility to control the visible light in desired wavelength
range for Si-based optoelectronics devices.

During preparing colloidal Si NCs, the mixture of porous
silicon powder (25 mg) with a mean diameter of 100–120 nm
(Aladdin) and 1-octadecence (5 ml, >99%, Aladdin) was
ultrasonically for 1 h. The irradiation was performed by a
femtosecond (fs) pulsed Ti/sapphire laser operated at 800 nm
with pulse duration of 100 fs and frequency of 80MHz. The
laser beam was focused on the above mixture with a spot size
around 2 mm in diameter using a lens with a focal length of
10 cm. The irradiation time was maintained at 1 h and the
solution was continuously stirred by a magnetic stirrer during
laser irradiation. After irradiation for 1 h, the supernatant
liquid was filtered by centrifugation at 12 000 rpm with a
membrane filter that had a pore size 200 nm for 30 min and
the colloidal Si NCs were prepared. The studied samples were
named by Sx (x=1, 2, 3, 4) for laser fluence at 1.0, 1.5, 2.0
and 2.5 mJ cm−2, respectively.

The formation and morphology of the samples were
examined by x-ray diffraction (XRD, Philips X’pert) using
Cu Ka line (0.154 19 nm) and high resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100F). Raman
scattering spectra were performed on a Jobin Yvon LabRAM
HR 800 UV micro-Raman spectrometer using 514.5 nm line
of Ar ion laser. Fourier transform infrared (FTIR) spectra
were measured at Nicolet Nexus 870 FTIR spectrometer
within 400–4000 cm−1 range. The bonding configurations
were analyzed by x-ray photoelectron spectroscopy (XPS)
spectra with a Shimadzu Kratos Axis Ultra DLD spectrometer
using a monochromatic Al Kα x-ray source (1486.6 eV), and
UV–visible (UV–vis) absorption spectra were measured by a
Perkin-Elmer Lambda 20 spectrometer. Steady-state PL and
PL excitation (PLE) spectra were recorded by Edinburgh
Instruments FLS920 through normalizing the variation in Xe
lamp output over the spectral range of interest. Time-resolved
PL was measured by using a 405.0 nm diode laser with a
pulse width of 60.0 ps as the excitation source.

Figure 1(a) displays XRD patterns of all the samples
produced in 1-octadecene at different laser fluences. The
broad diffraction peaks at around 28.5°, 47.6°, 56.5°, 76.4°
and 89.2° are indexed to silicon phase with diamond structure
(JCPDF-27-1402), corresponding to Si (111), Si (220), Si
(311), Si (331) and Si (422) planes, respectively. The
appearance of broad diffraction peaks is indicative of the
formation of Si NCs [34]. In addition, the broad diffraction
peak at approximately 20° is from the surface alkyl molecules
[35]. With the increase of laser fluence, the intensity of dif-
fraction peaks increases and the full widths at half maximum
(FWHM) of those decreases from S1 to S4, indicating that the
mean diameter and crystalline degree of Si NCs increase. The
average size of Si NCs can be calculated by employing
Scherrer equation [35]: D K cos ,l b q= / D is the mean
diameter of Si NCs, K is a constant 0.89 for spherical
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particles, λ is x-ray wavelength of 0.151 48 nm, θ is Bragg
diffraction angle of the peak, and β is FWHM of the dif-
fraction peak in radians. The determined mean diameters of Si
NCs from the corresponding Si (111) diffraction peak are
0.97, 1.43, 1.91, and 2.34 nm for S1–S4, respectively.

Figure 1(b) presents Raman spectra of the Si NCs as in
figure 1(a). It is seen that the Raman peak lies at 499, 508,
513 and 515 cm−1 for S1–S4, respectively. Due to its zero
momentum, the optical phonon of bulk crystalline Si is a
Raman active mode and occurs at the center of Brillouin zone
to form a sharp peak at 520 cm−1. It can be found that more
phonons appear in small Si NCs, rather than at the center of
Brillouin zone. This is contributed to the phonon density of
states, which leads to the redshift of Raman peak position and
Raman spectral broadening of the transverse phonon line
compared with bulk crystalline Si [36–38]. The relationship
between the redshift of Raman peak position of Si NCs and
the mean diameter of Si NCs can be described through the
phenomenological law [39, 40]: d19.856 ,1.586wD = - /
where Δω represents the redshift of Raman peak position of
Si NCs compared with that of bulk Si, and d is the mean
diameter of Si NCs. The calculated mean diameters for S1–S4
are 0.96, 1.37, 1.93, and 2.35 nm, respectively, in good
agreement with the results from XRD data in figure 1(a).

The detailed information about the morphology, size, and
size distribution of Si NCs can be directly characterized by
TEM analyses. Due to small atomic number difference
between Si and carbon (C) support layer, it is difficult to
obtain clear TEM images. Hence, graphene was used to be as
a support layer to provide the clear Si NCs TEM images.
Before measurements, all the samples were purified rigor-
ously with the mixture of solvent/antisolvent pairs of
toluene/acetone for ultrasound 30 min to remove the excess
1-octadecene. The washing procedure was repeated at least
five times and then Si NCs were dried in drying oven under
vacuum for 24 h at 150 °C. The resulting clean Si NCs were
dispersed in ethanol with high volatility for HRTEM
measurements.

Figures 2(a)–(d) and (a1)–(d1) show TEM images and
the corresponding size distributions of colloidal Si NCs
synthesized in 1-octadecene, respectively. It can be observed

that Si NCs are spherical and homogeneously dispersed in
1-octadecene, and the mean size of Si NCs is ∼0.95, 1.41,
1.92, and 2.37 nm for S1–S4, respectively. The inset in
figure 2(a) is a typical HRTEM image of a Si NC of S1with
lattice spacing ∼0.3 nm, corresponding to (111) plane of
cubic Si [23, 41].

The dependence of colloidal Si NCs size on the laser
fluence is confirmed to be a size increment when the laser
fluence increases. And the similar dependence of Si NCs size
on the laser energy has been reported in Si NCs [23, 24]. The
variation of Si NCs size with laser energy mainly depends on
the cavitation bubble dynamics arising from the target sur-
face. Low laser energy can generate a sustainable cavitation
bubble, which develops higher pressure favorable to the for-
mation of smaller sized Si nanoparticles. Whereas, the cavi-
tation bubble cannot sustain for a long time for high laser
energy case, the pressure across the bubble is lower due to its
collapse under high laser energy, which results in the aggre-
gation for the produced Si NCs [24, 29].

Figure 3(a) presents the FTIR spectra of all samples to
directly reveal the chemical bonds inside Si NCs. The
absorption bands at 808, 1376, 1465, 1639, 2854, 2923, and
2954 cm−1 can be assigned to the Si–O bending, CH3 bend-
ing, Si–C scissoring, SiO–H, symmetric CH2 stretching,
antisymmetric CH2 stretching, and asymmetric CH3 stretch-
ing modes, respectively [32, 42, 43]. There are two possible
origins for the absorption peak at 680 cm−1, one is Si–H
vibration mode and the other is Si–C asymmetric vibration
mode [44, 45]. In this work, no absorption peak falling in
2000–2200 cm−1 can be observed, suggesting that there are
no Si–H bonds on the surface of Si NCs. The absorption peak
at 680 cm−1 can be assigned to Si–C asymmetric vibration
mode on the surface of Si NCs. The appearance of Si–C
bonds on the surface of Si NCs indicates that the Si NCs
surface has been successfully passivated by organic mole-
cules [46]. The C passivation of Si NCs surface can be
explained by cycloaddition chemistry [32]. During laser
ablation, the Si NCs will have very high free energy, and
some Si atoms on the surface are unsaturated and active under
extreme conditions, which can react with surrounding liquid
and thus a cyclic compound will be formed. This can be well

Figure 1. (a) XRD patterns of alkene-passivated Si NCs that were synthesized in 1-octadecene at different laser fluences: 1.0 (S1), 1.5 (S2),
2.0 (S3) and 2.5 mJ cm−2 (S4), and (b) Raman spectra of colloidal Si NCs samples as in figure 1(a).
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Figure 2. (a)–(d) and (a1)–(d1) TEM images and the corresponding size distribution of colloidal Si NCs as in figure 1(a). Inset: a typical
HRTEM image of a Si NC. Φ, mean size; σ, standard deviation.
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expressed by the following schematic illustration of chemical
reaction in ablation process [32]:

Here, R represents (CH2)14CH3. Therefore, the Si–C and
Si–O bonds are expected to be formed at the surfaces of Si
NCs. By integrating the infrared absorption bands in
figure 3(a), we can observe that the intensities of Si–C and
Si–O bonds decrease with laser fluence, as illustrated in
figure 3(b). Some Si–C and Si–O bonds would be broken on
the surface of Si NCs under the extreme equilibrium condi-
tions at high laser energy.

XPS measurements were performed to determine precisely
the chemical configurations of Si NCs and the cover degree of
Si–C bonds on the surface of Si NCs. Figures 3(c)–(d)
display the representative experimental (open circles) and well
Gaussian fitted (solid curves) Si 2p and C 1s core-level binding
energy spectra of S4, respectively. It can be observed that Si 2p
spectrum can be well fitted by two Gaussian peaks at ∼99.5
and 102.1 eV. The peak at 99.5 eV is characteristic of pure Si
and the peak of 102.1 eV can be attributed to the combination
of Si–C and Si–O bonding [47]. This is in good consistent with
the results of alkyl-passivated Si NCs. The C 1s XPS spectrum
can be well fitted through two Gaussian peaks at ∼284.5 and
286.3 eV, corresponding well to C–H and Si–C bonds,
respectively [32, 48]. The XPS results further demonstrate that
the surface of Si NCs prepared in 1-octadecene by PLA has

been well passivated by organic molecules, in good agreement
with FTIR results (in figure 3(a)).

The surface coverage of Si NCs by organic molecules
can be estimated to obtain the passivation effect. Taking S4 as
an example, the ratio of the integral area of Si 2p peak to that
of Si–C bonds centered at 286.2 eV in C 1s XPS spectrum is
4.2. According to M Rosso-Vasic [43], the number of Si
atoms for a Si NC with mean diameter 2.37 nm is 278. So,
there are around 66 Si–C bonds on Si NCs surface, and the
number of surface sites is estimated to be around 117. Hence,
the surface coverage of Si NCs with organic molecules is
about 58.2%.The surface coverage of Si NCs with organic
molecules is about 67.3%, 61.8%, 59.5%, and 58.2% for
samples S1–S4, respectively. This is due to the broken of
some Si–C bonds under the extreme non-equilibrium condi-
tions when inputting the high laser energy.

The UV–vis absorption spectra of all samples in
figure 4(a) appear to have a broad continuous absorption band
in the visible region together with a shoulder at around
3.3 eV, similar to the previous published research works on Si
NCs [49–51]. The photon energy of 3.3 eV is very close to the
direct transition at Γ-point (3.4 eV, Γ25→Γ15). The blue-
shift of absorption edge of Si NCs compared with that of bulk
Si (∼1.1 eV) is ascribed to an effect of QCE. The optical band
gap of colloidal Si NCs can be deduced by Tauc extrapolation
for an indirect transition to be about 2.6, 2.4, 2.3 and 2.1 eV

Figure 3. (a) Infrared absorption spectra for colloidal Si NCs samples, (b) the densities of Si–C and Si–O bonds as a function of laser fluence,
and the experimental (open circles) and calculated (solid curves) XPS spectra for S4: (c) Si 2p and (d) C 1s.
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for S1–S4, respectively, further suggesting the existence of
QCE. In the visible region, it is evident that a stronger
absorption can be observed for colloidal Si NCs prepared at
lower laser fluence, compared with those obtained at higher
laser fluence. The fabricated colloidal Si NCs with several
nanometers diameter is much smaller than the investigated
absorption light wavelength, light scattering can be safely
neglected. Therefore, the absorbance is supposed to be pro-
portional to the yield of Si NCs. Stronger absorption suggests
that there are more Si nanoparticles at lower laser fluence than
those under higher laser fluence [24, 51, 52].

Figure 4(b) presents the room temperature PL spectra with
excitation wavelength (λexc) 360 nm for all samples. We can

clearly observe that there are two PL peaks from violet to blue
light range for all samples. Moreover, violet and blue emission
peaks present different dependence on the laser fluence. There
is an obvious redshift for violet luminescence peak from
around 3.25 eV in S1 to 3.00 eV in S4, while blue PL emission
peak energy at 2.86 eV keeps almost unchanged for these
samples. No luminescence can be observed from 1-octadecene
alone illuminated by light, indicating that two PL bands should
originate from colloidal Si NCs rather than 1-octadecene.

The λexc- and temperature-dependent PL spectra were
carried out to investigate the origin of the luminescence in
figure 4(b). Figures 4(c)–(e) illustrate the λexc and temper-
ature-dependent PL spectra of S3 as a representative,

Figure 4. (a) UV–visible absorption spectra of colloidal Si NCs samples, (b) room-temperature PL spectra with excitation wavelength 360 nm
of all samples, (c) room-temperature PL spectra of S3 at the indicated λexc, temperature-dependent PL spectra of S3: (d) violet emission and
(e) blue luminescence, and (f) the fitting plot of the violet PL emission peak of S3 against temperature value.
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respectively. It can be found that the violet emission peak
energy presents a remarkable redshift with increasing λexc
and temperature, whereas the blue emission peak energy at
2.86 eV is independent of the λexc and temperature. There-
fore, it is rational to deduce that there are different emission
mechanisms contributing to violet and blue emission.

We begin with the investigation of violet light mech-
anism. (i) Due to QCE, the optical bandgap of Si NCs
decreases with the increase of size as determined from UV–
vis absorption spectra. More and more small size colloidal Si
NCs cannot be excited with the enhancement of λexc, result-
ing in redshift of PL emission peak energy [53]. (ii) The
temperature-dependent PL peak energy presents a remarkable
redshift owing to the decreasing energy gap of colloidal Si
NCs with the increase of temperature. These observations
suggest that the violet emission originates from the band-to-
band direct recombination of electron–holes pairs in quantum
confined colloidal Si NCs. Figure 4(f) displays the variation
of PL peak energy of S3 as a function of temperature, which
could be reproduced by Varshni formula [36, 54]:
E T E T T ,g 0

bulk 2a b= - +( ) ( ) where α is the temperature
coefficient E Td d ,g( ) β is close to the Debye temperature,

E0
bulk is the bandgap of bulk Si at 0 K (=1.17 eV). The

temperature dependence of PL peak energy is mainly due to
the electron–phonon coupling, which leads to the shrink of
the semiconductor band gaps with the increase of temper-
ature, resulting in the redshift of PL emission [55]. For blue
emission, considering the observation of λexc and temperature
independent PL peak position, we will assign later that
the luminescence is related to the localized excitons’ radiative
recombination via the oxygen-related surface states on the
surface of the colloidal Si NCs.

In addition, both violet and blue PL bands intensity of
samples decreases with the increase of temperature from 83 to
300 K. The similar temperature-dependent behaviors of PL
bands intensity have been reported in colloidal Si NCs pas-
sivated with Si–C bonding [56]. This indicates that the
radiative recombination processes dominate at low temper-
ature, while the non-radiative recombination centers become
thermally activated with the enhancement of temperature,
resulting in the decreases of PL intensity.

Now we focus on the effect of laser fluence on blue PL
bands. Figure 5(a) displays the PLE spectra of all the samples
with the detection energy of 2.86 eV. The PLE peak position
at 3.30 eV is independent of laser fluence, which is slightly
smaller than the experimental Γ-point interband transition
energy of 3.4 eV of bulk Si [57]. According to the theoretical
modeling of Si NCs, the 0.1 eV redshift of the interband
transition energy compared to bulk Si is attributed to QCE
[58]. The quantum size confinement effect will not only
influence the optical bandgap value, but also the direct
transition energy at Γ-point [59]. However, the direct trans-
ition energy at Γ-point is size-dependent, and should also shift
with the variation of size in Si NCs. According to Rama
Krishna, et al the direct transition energy at Γ-point will first
increase slightly with the reduction of the Si crystal size and
then decrease [59]. They have reported that the direct trans-
ition energy at Γ-point increases from 3.39 to 3.40 eV with
the increase of Si NCs size from 50 to 25 nm. When further
decreasing Si NCs to 6.5 nm, and the corresponding direct
transition energy at Γ-point drops to 3.14 eV. On the basis of
the above discussions, the possible origin of blue emission
from the direct transition at Γ-point can be safely ruled out in
our case. Compared with the PL peak energy 2.86 eV, the
PLE peak energy (3.30 eV) has an obvious Stokes shift of
0.44 eV, demonstrating that the carriers have been mostly
generated at the energy level of 3.3 eV [60].

To understand the recombination mechanism of carriers in
Si NCs, time-resolved PL spectra were measured for all sam-
ples. Figure 5(b) displays the decay curves of all samples
recorded at an emission peak of 2.86 eV. All the decay curves
can be calculated through double-exponential iterative fitting
program provided by Edinburgh Instruments. It can be found
that the experimental data can be well fitted using double-
exponential function [32]: I t A Ae e ,t t

1 21 2= +t t- -( ) / / where I
(t) is the PL intensity as a function of time t; A1, A2, τ1 and τ2
are the fitting constants. The colloidal Si NCs exhibitchar-
acteristic lifetimes with a fast decay component from 0.93 to
1.25 ns and a slow one from 4.78 to 5.36 ns, with the increase
of laser fluence from 1.0 to 2.5 mJ cm−2. The average
lifetime t can be calculated by using the equation:

A A A A ,1 1
2

2 2
2

1 1 2 2t t t t t= + +( ) ( ) the obtained t increases
from 3.6 ns in S1 to 5.2 ns in S4 with the increase of laser

Figure 5. (a) PLE spectra and (b) time-resolved PL spectra detected at 4.86 eV for S3.
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fluence. Due to the stronger QCE in smaller Si NCs than that in
large ones, the radiative recombination rate enhances and the
decay lifetime of the order of nanoseconds decreases in smaller
Si NCs size.

It is reported that the following PL mechanisms are often
used to explain the fast blue PL in Si NCs: (i) The first one is
attributed to the direct bandgap recombination of electrons-
holes pairs at Γ point. (ii) The second one is the excitons
recombination in Si NCs with certain modified surface [61].
(iii) The third one is related to oxygen-related surface states, PL
peak value will keep fixed when excited by different wave-
length [33]. The direct recombination of electrons-holes at Γ
point can be safely excluded due to the size-dependent trans-
ition in Si NCs, and the PL peak energy has to be a blue shift
with the size reduction of Si NCs [62]. In this case, the Si=O
bonds may introduce localized states in the Si NCs due to the
oxidation of the Si nanocrystal’s surface [63]. According to the
First-principle, the nanosecond decay time can be attributed to
the localized state exciton transitions on the surface of the Si
NCs [33]. The oxygen-related surface states acting as the
radiative recombination centers to give rise to blue emission in
Si NCs has been reported in previous works [32, 64, 65]. Based
on these analyses, we propose that the blue emission originates
from the radiative recombination of the localized excitons
generated at 3.3 eV energy level via oxygen-related surface
states on the surface of the colloidal Si NCs.

Finally, we discuss the decrease of the PL intensity with the
increase of laser fluence. On one hand, due to the broken of the
Si–O and Si–C bonds at higher laser fluence (see figure 3(b)),
the dangling bonds acting as non-radiative recombination cen-
ters cannot be well passivated; On the other hand, the aggre-
gated Si NCs at high laser fluence results in the decrease of Si
NCs density, as deduced from UV–vis absorption spectra
(figure 4(a)), thus there are fewer excited electron–hole pairs can
be transferred to the surface of Si NCs to recombine.

In summary, XRD, Raman scattering, HRTEM, FTIR, and
XPS measurements have been employed to reveal the evol-
ution of the structure, chemical compositions, and bonding
environment of the colloidal Si NCs with the laser fluence.
Through analyzing the UV–vis absorption, λexc/temperature-
dependent PL spectra, the size-dependent spectral shift of
violet emission is attributed to the QCE. In combination with
the time-resolved PL and PLE spectra, we attribute the origin
of the blue luminescence to the localized excitons’ radiative
recombination via oxygen-related surface states on the surface
of colloidal Si NCs. Based on the understanding the violet and
blue emitting mechanism from colloidal Si NCs, the con-
venient and environment-friendless synthesis routes can be
further popularized to replace time-consuming ones to fabricate
the stable colloidal Si NCs, which can facilitate their applica-
tions in optoelectronic devices.
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Deposit Low-Defect-Density nc-Si:H Thin
Film by PECVD
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Abstract

Hydrogenated nanocrystalline silicon (nc-Si:H) thin film has received a great deal of attention as a promising
material for flat panel display transistors, solar cells, etc. However, the multiphase structure of nc-Si:H leads to many
defects. One of the major challenges is how to reduce the defects conveniently. In this work, we developed a
simple and effective method to deposit low-defect-density nc-Si:H thin film. This method is simply by tuning the
deposition pressure in a high-pressure range in plasma-enhanced chemical vapor deposition (PECVD) process.
Microstructures of the nc-Si:H were characterized by Raman, AFM, and SEM. Furthermore, we focused on the defect
density which was the key characteristic for photovoltaic materials and achieved the defect density of 3.766 ×
1016 cm−3. This defect density is lower than that of previous studies on the fabrication of low-defect-density nc-Si:H
by other complex methods in PECVD process. The minority carrier lifetime of nc-Si:H is thus greatly improved.
Moreover, we demonstrated the mechanism about the effect of deposition pressure on the ion bombardment and
proved that the defect density is the key characteristic for nc-Si:H photovoltaic material.

Keywords: Hydrogenated nanocrystalline silicon, PECVD, Deposition pressure, Ion bombardment, Defect density

Background
An important landmark in the progress of thin film silicon
technology is the development of high-quality hydroge-
nated nanocrystalline silicon (nc-Si:H). Compared with
hydrogenated amorphous silicon (a-Si:H), nc-Si:H has
much higher mobility, much better response at wave-
lengths greater than 800 nm, and is much less susceptible
to the Staebler-Wronski degradation [1, 2]. nc-Si:H thin
film can be deposited using plasma-enhanced chemical
vapor deposition (PECVD), which makes it compatible
with well-developed integrated circuit industry. Therefore,
nc-Si:H thin film has a wide application in various devices,
such as thin film transistors [3], photodetectors [4], and
solar cells [5].
However, as a multiphase material, nc-Si:H thin

film has its own defects such as voids and dangling
bonds at the interfaces of crystals/amorphous phase
and between crystals. It is known that the atomic

hydrogen is the key to the deposition of high-quality
nc-Si:H which has less defects [6]. The atomic
hydrogen can saturate dangling bonds, and it has
been pointed out [7] that the atomic hydrogen on
the growing surface gives rise to crystal growth at a
temperature much lower than the melting one. Thus,
more atomic hydrogen is beneficial for the depos-
ition of high-quality nc-Si:H. In order to increase the
atomic hydrogen flux on the growing surface, high
hydrogen dilution or silane depletion would be es-
sential for nc-Si:H growth.
Yielding silane depletion in PECVD is to raise

radio frequency (RF) power [7]. But simply increas-
ing the power will dramatically increase the ion
bombardment on the growing surface, which will
probably lead to more defects. Thus, a direct current
(DC) bias should be used to suppress the ion bom-
bardment. However, if the RF power is increased to
obtain more atomic hydrogen, the DC bias should
be changed as well. Otherwise, the DC bias cannot
relieve the ion bombardment effectively. And the
suitable DC bias under certain RF power cannot be
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found without the vast experiments. Another method
of raising the atomic hydrogen content is to increase
the deposition pressure. Electron-molecule collision
frequency increases with the deposition pressure. It
makes the dissociation rate of SiH4 and H2 rising. A
dissociation of SiH4 and H2 generates the atomic
hydrogen [8]. As a result, increasing deposition pres-
sure could raise the atomic hydrogen content.
In this paper, we thus propose to tune the depos-

ition pressure in a high-pressure range to obtain
more atomic hydrogen (the conventional deposition
pressure is 50–100 Pa). It is a convenient and ef-
fective method in the PECVD process. By using this
method, the film deposited under a certain pressure
has a lower defect density in comparison with previ-
ous studies on the fabrication of low-defect-density
nc-Si:H [5, 9, 10]. And a high minority carrier life-
time has been achieved. In addition, compared with
the previous reports on the effect of different de-
position pressures on the macroscopic or general
properties of the samples [11, 12], we have signifi-
cantly extended the range of deposition pressure
and focused on its effect not only on the general
properties (e.g., crystallinity) but also on the defect
density and minority carrier lifetime which are key
characteristics for high-quality photovoltaic material.
Furthermore, we have demonstrated the mechanism
about the effect of deposition pressure on the ion
bombardment, while previous reports just gave gen-
eral discussions. And we have further proven that
the ion bombardment is not the weaker the better
for the film growth (the degree of ion bombardment
should be appropriate). In the end, we have proved
that the defect density is the key characteristic for
nc-Si:H photovoltaic material.

Methods/Experimental
The nc-Si:H thin films were grown on Corning glass
by a capacitively coupled PECVD system (the sche-
matic diagram of the reactor is shown in Fig. 1a) at
different deposition pressure. The deposition pressure
was increased from 150 to 1050 Pa, with a step of
150 Pa. All the samples were deposited using RF of
13.56 MHz and power density of 0.32 W/cm2, with a
total gas (SiH4 and H2) flow rate of 110 sccm (the
SiH4 concentration was 0.727%). The substrate
temperature was kept at 250 °C, and the deposition
time was 2 h.
The crystallinity Xc was calculated from Raman

spectra measured with a UV micro-Raman spectrom-
eter (Jobin Yvon LabRam, HR800) in backscattering
mode using an Ar-ion laser at 514.5 nm. The laser
power density was kept at 1 mW/mm2 to avoid any
beam-induced crystallization. The defect density of
the samples was characterized by the spin density Ns,
which was calculated from the results measured by
an electron spin resonance (ESR) spectrometer (Bru-
ker, EMX-8X-band) at 9.8 GHz and 5 mW. The ef-
fective minority carrier lifetime τ was measured using
a Semilab WT-1200A. The surface morphology of
these films was observed by an atomic force micro-
scope (AFM, SII Nanonavi E-Sweep), and the micro-
morphology was observed by a scanning electron
microscope (SEM, Sirion 200).

Results and Discussion
Structural Investigation by Raman Analysis
For the structural investigation of the nc-Si:H thin
film deposited under various pressure, micro-Raman
measurements were carried out. In Fig. 2, four repre-
sentative samples were chosen to show the Raman

Fig. 1 The schematic diagram of a the PECVD reactor and b the distribution of potential between electrodes (Vp, the plasma potential; V, the
root mean square RF potential)
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spectra. They are deposited under 300 Pa, 450 Pa,
750 Pa, and 1050 Pa, respectively. Each spectrum
(open circles) under certain pressure can be deconvo-
luted into three Gaussian peaks: (1) a broad Gaussian
distribution around 480 cm−1, which is attributed to
the transverse optical (TO1) mode of amorphous sili-
con; (2) a peak near 520 cm−1, which belongs to the
asymmetric TO2 vibrational mode of crystalline sili-
con [13, 14]; and (3) the peak around 506 cm−1

which is attributed to the intermediate range order

[1, 15]. The crystallinity (Xc) in nc-Si:H can be calcu-
lated by [16, 17]:

Xc ¼ I520 þ I506ð Þ= I520 þ I506 þ γI480ð Þ ð1Þ

where γ is the ratio of the integrated Raman
cross-section for c-Si to a-Si (γ = 1 [17, 18]), and I520,
I506, I480 are the integrated intensity of the peaks ob-
served at 520, 506, 480 cm−1, respectively. The

Fig. 2 Raman spectra and their deconvolution of typical samples deposited under 300 Pa (a), 450 Pa (b), 750 Pa (c), and 1050 Pa (d) and the
calculated crystallinity of nc-Si:H thin films deposited under different pressures (e)
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crystallinity as a function of different deposition pres-
sures is plotted in Fig. 2e.
It is known that the atomic hydrogen (H), is mainly

generated from the following two collisions in hydrogen
diluted silane plasma [8]:

a. The primary electron-silane reaction

SiH4 þ e→SiH3 þH ð2Þ

b. The electron-hydrogen reaction

H2 þ e→HþH ð3Þ
According to formulae S(1) and S(2) in the

Additional file 1, we can get ne ¼ P
RT ∙μ (P, deposition

pressure; R, ideal gas constant; T, absolute temperature
of gas before discharge; μ, ionization rate; and ne, elec-
tron density). μ is constant because of the unchanged RF
power, and T is constant as well. The electron density ne
thus increases with the deposition pressure P. According
to chemical Eqs. (2) and (3), the density of H which is
produced in the plasma increases with ne. This is the
theoretical analysis in an ideal condition. Discharge
process is so complex that the analysis on discharge
process (i.e., plasma diagnoses) becomes an independent
discipline. The change of H with the deposition pressure
in the real condition should be measured through
plasma diagnoses. Yang et al. measured the intensity of
H�

α (IH�
α
) by optical emission spectra (OES) and demon-

strate IH�
α
first increases then decreases [19]. According

to previous plasma diagnoses reports, the intensity of
H�

α indicates the amount of atomic hydrogen [20, 21].
Thus, the density of H in the plasma first increases then
decreases when the deposition pressure continues in-
creasing. This trend is a little different to our theoretical
analysis. The difference is related to the secondary reac-
tion of H:

Hþ SiH4→H2 þ SiH3 ð4Þ
where SiH4 is the one which is not decomposed, i.e., the
remaining SiH4. In our experiment, the deposition pres-
sure is increased by reducing the outflow of gases in-
cluding SiH4. In other words, it is equivalent to increase
the supplement of SiH4.When the deposition pressure
rises to a certain level, the speed of SiH4 supplement ex-
ceeds its decomposition speed. Thus, there are more
amounts of SiH4 left. There is a distance for H from its
escape out of the plasma to its arrival at the film-

growing surface. H will react with the remaining SiH4 in
this distance, as shown in the secondary chemical
Eq. (4). The density of H thus decreases. As a result, the
atomic hydrogen density first increases then decreases
when the deposition pressure continues increasing. It is
known that more amount of H is beneficial to deposition
of low-defect-density nc-Si:H. Therefore, the defect
density of nc-Si:H deposited in our experiment shows
the same tendency of the atomic hydrogen density, i.e.,
the defect density first decreases then increases. The dis-
cussions about the trend of defect density in detail are
shown in the latter section.
In Fig. 2e, it can be clearly seen that the crystallinity of

nc-Si:H, Xc, increases with the deposition pressure. This
indicates that increasing pressure can raise Xc. The crys-
tallinity is not only affected by the atomic hydrogen but
also influenced by the content of growth precursor SiHn

(n = 1,2,3, mainly n = 3) which can be indicated by SiH*

in OES measurement [21, 22]. Hsieh et al. have demon-
strated that IH�

α
/ISiH

∗ (the intensity ratio H�
α /SiH

*) in-
creases with the deposition pressure [20]. It is generally
accepted that IH�

α
/ISiH

∗ is the index for Xc, i.e., Xc in-
creases with the increase of IH�

α
/ISiH

∗ [21, 23]. Therefore,
the IH�

α
/ISiH

∗ trend strongly support our result about the
tendency of Xc.
The mean grain size d can also be deduced from Ra-

man spectrum, according to the formula [24, 25]:

d ¼ 2π
ffiffiffiffiffiffiffiffiffiffiffi
B=Δν

p
ð5Þ

where Δν is the frequency in unit of cm−1 shift, which
was defined as the difference between the observed peak
frequency value and that of the bulk Si. Using the usual
value of B of 2.0 cm−1 nm2 [25], d = 4.07~4.50 nm.

Surface Morphology and the Mechanism About the
Influence of the Deposition Pressure on the Ion
Bombardment
Besides the structural analysis by Raman spectroscopy,
the morphology of the samples was also characterized by
AFM, as shown in Fig. 3. To detect the roughness evolu-
tion of the film surfaces, the root mean square (RMS) as
a function of deposition pressure was depicted in Fig. 3h
(RMS value was averaged over several different locations
in each film). In Fig. 3h, RMS decreases as the depos-
ition pressure increases. The increasing pressure causes
an aggravated collision between particles and subsequent
loss of kinetic energy when these particles reach the
film-growing surface. Lower energy ions arriving at the
film-growing surface lead to weaker ion bombardment.
It suggests that the increasing pressure is beneficial to
suppression of the ion bombardment, which has been
also mentioned in the previous report [7]. However, the
mechanism about the influence of the deposition
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pressure on the ion bombardment has not been demon-
strated. It will be investigated as follows.
The potential distribution between the two electrodes

can be divided into three regions: plasma region in the
center, anode sheath, and cathode sheath (see Fig. 1b).
The ions which lead to ion bombardment must diffuse
out of the plasma region and pass through the anode
sheath. The potential of plasma is higher than that of
any other sections of the reactor because electrons dif-
fuse faster than ions. As our reactor wall is grounded,
the potential of plasma is positive (see Fig. 1). Anions
are thus trapped in the plasma region; only the neu-
tral particles and cations can diffuse to the anode
sheath and finally reach the film-growing surface. In
other words, the ion bombardment in our experiment
is caused by cations only. Cations pass through the
anode sheath without collision as the width of the
sheath is very small (the evidence in detail is shown
in Additional file 1). As a result, cations are only ac-
celerated by the electric field of the anode sheath
when they enter the sheath. Therefore, the strength
of ion bombardment depends only on cation’s initial
velocity when they just enter the anode sheath (v0)
and the degree of acceleration by the electric field of
anode sheath afterward.
Firstly, the correlation of v0 with the deposition pres-

sure will be analyzed. Particles including cations lose
their kinetic energy in the plasma region due to the ag-
gravating collision when the deposition pressure in-
creases. So, v0 declines as the pressure increases. Then,
the variation in the degree of acceleration by the electric

field of the sheath with the deposition pressure will be
demonstrated. It is known that [22]:

Vp−V f ¼ kTe

2e
miTe

meTi

� �

where me is the electron’s mass; mi is ion’s mass; Te and
Ti are the temperature of electron and ion, respectively;
Vp is the plasma potential; and Vf is the floating poten-
tial. As the substrate is suspended in our reactor, the
voltage of the anode sheath, Vsheath is equal to Vp − Vf,
then we have:

V sheath ¼ kTe

2e
miTe

meTi

� �
ð6Þ

In the plasma region, Te decreases as increasing depos-
ition pressure aggravates the collision between the parti-
cles (including electrons and ions). Hsieh et al. have
demonstrated that Te decreases with the increasing de-
position pressure by the OES measurement [20]. This
suggests that the trend of Te by our theoretical analysis
is absolutely correct. Compared with Te, Ti decreases so
little that it can be considered unchanged. As a result,
Vsheath declines when the pressure increases according to
Formula (6). It weakens the degree of acceleration by the
anode sheath. Coupled with falling v0, we can draw a
conclusion that the kinetic energy of cations that reaches
the film-growing surface becomes much smaller when
the pressure increases. In other words, increasing depos-
ition pressure makes the ion bombardment effect
weaker. Therefore, RMS of the film surface keeps

Fig. 3 AFM images of nc-Si:H thin films showing a surface morphology change by different deposition pressures. a 150 Pa, b 300 Pa, c 450 Pa,
d 600 Pa, e 750 Pa, f 900 Pa, and g 1050 Pa. The craters in a and b are marked by dashed circles, and root mean square (RMS) roughness of film
surfaces under different deposition pressures marked as h
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decreasing from 150 to 1050 Pa. According to the previ-
ous report, the lower the ion energy, the better the crys-
tallinity is [7]. It also supports the conclusion about the
correlation between crystallinity and deposition pressure
which we have already drawn. Moreover, the film sur-
faces which are deposited under much lower pressures
(150 Pa and 300 Pa) are more rough, and we can see as
well that these surfaces contain plenty of craters as
shown in Fig. 4a, b. That is the consequence of strong
ion bombardment. According to Fig. 3, we can appar-
ently conclude that the film deposited under 450 Pa is
the most compact (especially shown in Figs. 5c and 6d)
and uniform.

Defect Density and Electrical Property
The effect of the deposition pressure on the defect dens-
ity of nc-Si:H thin film was investigated by ESR tech-
nique. Figure 4 shows the four ESR spectra of typical
samples which were deposited under 300 Pa, 450 Pa,
750 Pa, 1050 Pa, respectively. The data of Fig. 5a are cal-
culated from the ESR spectrum of each sample. As
shown in Fig. 5a, when the pressure increases, the spin
density first decreases then increases. There is a mini-
mum at 450 Pa. According to the ESR principle, the
number of unpaired spins is directly proportional to the
density of neutral dangling bonds. These bonds mostly
reside in the film-growing surface and constitute the
steady-state defect of the film-growing surface, while the
defect density in the resulting film is basically deter-
mined by these steady-state defect density [26]. There-
fore, the results calculated from the ESR spectra are
indeed the defect density of the resulting film. These re-
sults in Fig. 5a reveal that the defect density in nc-Si:H
reaches a minimum at 450 Pa, which is 3.766 ×
1016 cm−3. Chowdhury et al. studied how to fabricate

low-defect-density nc-Si:H. When they used 13.56 MHz
RF source, they did their best to achieve the low-defect
density. The values were 1.1 × 1017 and 7.0 × 1016cm−3.
When they used very-high-frequency (VHF) excitation
source (54.24 MHz), they achieved the lowest defect
density of 4.3 × 1016 cm−3 [10]. It is known that the ion
energy in VHF plasma is low, and the density of ion flux
is high. Due to these two factors, the thin film deposited
by VHF-PECVD contains low-defect density and thus
has high quality [27]. However, the defect density is
higher than ours, and 54.24 MHz excitation source is
much more expensive than its 13.56 MHz counterpart.
In order to achieve low-defect density, Wen et al. add-
itionally applied DC bias. However, the minimum is
4.0 × 1016 cm−3 [9]. Finding a suitable RF power is not
easy, let alone an appropriate DC bias. The reason is
that the DC bias should be tuned once the RF power is
changed. Otherwise, the DC bias cannot relieve the ion
bombardment effectively. By contrast, our method is
simple. Recently, Jadhavar et al. have deposited a
high-quality nc-Si:H by PECVD which has low-defect
density. The defect density is about 8.75 × 1016 cm−3 [5].
Therefore, our method to achieve a low-defect-density
thin film is convenient and effective. Taking it into con-
sideration that the lower the defect density is, the higher
the minority carrier lifetime should be, we directly car-
ried out the measurement of the minority carrier life-
time. As shown in Fig. 5b, the effective minority carrier
lifetime reaches its maximum at 450 Pa. The trend of
minority carrier lifetime synchronizes with that of the
defect density calculated from the ESR spectra. This re-
veals that the defect density of the films can be abso-
lutely measured by ESR.

Relationship of Ion Bombardment and Defect Density
Increasing pressure can suppress the ion bombardment.
In a sense, the defect density should drift down continu-
ously from 150 to 1050 Pa. In fact, it decreases then in-
creases. There is another factor that should not be
ignored—the diffusion of H and SiH3 (in the plasma, the
main film precursor is SiH3 [26]). The schematic dia-
gram of particle diffusion on the growing surface is
shown in Fig. 6. From 150 to 1050 Pa, the kinetic energy
of particles reduces. The ion bombardment effect is cer-
tainly lower and lower. However, the kinetic energy of
particles reduces significantly from 450 to 1050 Pa due
to the increasing particle collision frequency. The atomic
hydrogen, which is the key to deposition of high-quality
nc-Si:H, loses its kinetic energy so much that it cannot
diffuse further to saturate more dangling bonds, let
alone its density begins to decrease, which is shown in
the “Structural investigation by Raman analysis.” On the
other hand, particles, including atomic hydrogen, lose
their kinetic energy dramatically so that they cannot

Fig. 4 The ESR spectra of typical samples deposited under 300 Pa,
450 Pa, 750 Pa, 1050 Pa
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transfer more energy to the growing surface. Thus, the
diffusion length of SiH3 precursor cannot be enhanced.
It is known that if SiH3 absorbed on the surface could
find the energetic favorable growing sites, an atomically
more ordered structure is formed. But now, SiH3 has
not enough diffusion length to find their energetic

favorable growing sites. Therefore, the ordered structure
cannot be formed. In other words, the deposited film
has more defects. As a result, the spin density in Fig. 5a
begins to rise from 450 Pa on the contrary. However, it
is worth noting that the spin densities from 600 to
1050 Pa are still lower than the ones from 150 to

Fig. 6 Schematic diagram of particle diffusion on the growing surface

Fig. 5 Dependence of spin density (a) and effective minority carrier lifetime (b) on different deposition pressures. The high-resolution AFM image
(c) and SEM image (d) of nc-Si:H thin film deposited under 450 Pa
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300 Pa. It is the result of the weaker ion bombardment.
Furthermore, as a result of its reduced diffusion length,
SiH3 precursor tends to pile up to form aggregates. As
shown in Fig. 3, aggregates began to appear at 750 Pa,
and they agglomerated gradually intensively when the
deposition pressure continued to increase. According to
the points above, the ion bombardment is not the
weaker the better for the film growth. The degree of ion
bombardment should be appropriate.

Defect Density: the Key Characteristic of nc-Si:H
Photovoltaic Material
Crystallinity and defect density are both characteristics
of nc-Si:H solar cell materials. The former increases with
the deposition pressure. In a sense, the latter should
keep declining. However, that is not the case. According
to the Raman characterization, although the crystallinity
increases, the variation of the grain size is very small
(4.07~4.50 nm). It indicates that only the number of
grains increases not the size of the grains. In these con-
ditions, the volume of grain boundaries rises. It is known
that grain boundaries are bulk defects and recombin-
ation centers. More grain boundaries will increase the
defect density. When the crystallinity rises to a certain
level, the negative effect of an increase in grain boundary
volume on the defect density overcomes the positive ef-
fect of the rising number of grains. Therefore, the defect
density does not keep decreasing as the crystallinity
grows; on the contrary, it rises after the crystallinity
reaches a certain level. This result suggests that nc-Si:H
thin films with higher crystallinity do not necessarily
have a better quality, which is confirmed by another re-
search group. In recent years, it has been reported that
the optimum nc-Si:H layer for solar cells is obtained
near the phase transition boundary, i.e., the optimum is
obtained just after the a-Si:H-to-nc-Si:H transition. The
crystallinity of optimum nc-Si:H layers is not high [28–
30]. Mukhopadhyay et al. have further demonstrated
that nc-Si:H layers with high crystallinity, and thus low
light-induced degradation, do not produce high-quality
solar cells. The stabilized efficiency of cells deposited
just after the a-Si:H-to-nc-Si:H transition is higher than
the one of cells in which the i-layer has high crystallinity,
although the former degrades more than the latter be-
fore stabilization [31]. Han et al. have further proven
that light-induced degradation of nc-Si:H layer is intro-
duced by the formation of metastable dangling bonds.
While the light-induced structural change is a precursor
process of metastable dangling bond formation [30]. The
metastable dangling bond is one of the defects [32].
Therefore, the key characteristic for high-quality nc-Si:H
photovoltaic materials is defect density rather than crys-
tallinity, light stability, or other characteristics.

Conclusions
nc-Si:H thin films were deposited by varying the pres-
sure between 150 and 1050 Pa. The range of deposition
pressure is higher than the conventional deposition in
the PECVD process. It is found that crystallinity in-
creases and the roughness of the film surfaces decreases
with an increase in deposition pressure. The mean grain
size d = 4.07~4.50 nm. Furthermore, we focused on the
influence of deposition pressure not only on the macro-
scopic or usual properties of samples but also the defect
density and minority carrier lifetime which are more im-
portant characteristics. It is found that the defect density
of samples firstly decreases then increases when the de-
position pressure rises. The defect density reaches its
minimum (3.766 × 1016 cm−3) at 450 Pa. It is lower than
that of the previous studies on the fabrication of
low-defect-density nc-Si:H thin films. This work pro-
vides a convenient and effective way of depositing
low-defect-density nc-Si:H by PECVD. And we have
demonstrated the mechanism about the effect of depos-
ition pressure on the ion bombardment. Moreover, it is
proven that the ion bombardment is not the weaker the
better for the film growth. The degree of ion bombard-
ment should be appropriate.
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Controllable rotational inversion in nanostructures
with dual chirality†

Lu Dai, *a,e Ka-Di Zhu,b Wenzhong Shen,b Xiaojiang Huang,c Li Zhang *d and
Alain Gorielye

Chiral structures play an important role in natural sciences due to their great variety and potential appli-

cations. A perversion connecting two helices with opposite chirality creates a dual-chirality helical struc-

ture. In this paper, we develop a novel model to explore quantitatively the mechanical behavior of normal,

binormal and transversely isotropic helical structures with dual chirality and apply these ideas to known

nanostructures. It is found that both direction and amplitude of rotation can be finely controlled by design-

ing the cross-sectional shape. A peculiar rotational inversion of overwinding followed by unwinding,

observed in some gourd and cucumber tendril perversions, not only exists in transversely isotropic dual-

chirality helical nanobelts, but also in the binormal/normal ones when the cross-sectional aspect ratio is

close to 1. Beyond this rotational inversion region, the binormal and normal dual-chirality helical nanobelts

exhibit a fixed directional rotation of unwinding and overwinding, respectively. Moreover, in the binormal

case, the rotation of these helical nanobelts is nearly linear, which is promising as a possible design for

linear-to-rotary motion converters. The present work suggests new designs for nanoscale devices.

Introduction

Chiral structures play a prominent role in many natural and
technology processes ranging from protein configuration,1,2

development, to nanomechanics.3,4 Helices with given chirality
are critical elements in a host of applications at the nanoscale
as they provide simple springs and, more importantly, a direct
way to convert linear motion to rotational motion and
rotational motion to linear motion. An example of this conver-
sion process is the functionalized helical micro-/nano-swim-
mers, which are optimized to have a pure rotation translation
along their helical axis.5 Such swimming robots are a promis-
ing tool for single-cell-targeted drug, DNA, and enzyme deliv-
ery in vitro as well as in vivo.6–8 Conversely, in the transform-
ation from linear motion to rotational motion, elasticity plays
a key role. Yet, the linear regime of simple springs is limited
due to torsional lock-up: as a spring is pulled in simple exten-
sion, it quickly stiffens due to its inability to untwist without

one of the ends turning. An elegant solution to this mechani-
cal problem, first proposed in ref. 9, is to design a “twistless
spring” by using filaments that exhibit both left and right chir-
ality connected by a short inversion called a “perversion”, a
term introduced by the mathematician J. B. Listing to describe
the reversal of one chiral structure into another.10

This kind of helix with dual chirality was first described in
plant physiology in a letter of André-Marie Ampère.11,12 Then
Charles Darwin pointed out that a tendril with perversion
creates a twistless flexible elastic structure connecting a climb-
ing plant to its support13 (see ref. 14 for historical details).
Inspired by the tendrils, it is found that an inverted structure
can be created through an instability in a filament with intrin-
sic curvature under tension by either decreasing the tension or
increasing the intrinsic curvature.15 The structure emerging
has dual chirality and, due to its particular cancellation of
twist, has an excellent mechanical behavior of tension-exten-
sion close to an ideal linear Hookean response.9 Moreover, a
helical structure with dual chirality has a remarkable
rotational property during extension: it is reported that some
young and old cucumber tendril coils unwind and overwind
with axial extension, respectively.16

There is yet another peculiar rotational behavior of helices
with dual chirality. As presented in Fig. 1(a), we find that some
young gourd and cucumber tendrils, always overwind in the
beginning of axial extension, and then unwind when elonga-
tion is further increased (ESI Movie S1† for gourd and ESI
Movie S2† for cucumber). In this experiment, we use a slow

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr09035h
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axial loading (of about 0.3 cm s−1 and 0.05 coil length per
second) so that the tendril is in a quasi-static equilibrium at
all times. Fig. 1(b) displays the rotation states of a gourd
tendril coil during axial loading. The gourd tendril coil first
overwinds when the elongation increases to 1.6 cm, and then
unwinds during the rest of the loading process. Interestingly,
this non-monotonic behavior, known as the twist-stretch
coupling, also exists in the microscopic single-chirality DNA
molecules.17,18 As extension increases, each point on the DNA
rotates around the axis by first overwinding around it (adding
a further twist in the spring) and then unwinding it (hence
removing the twist).19,20

Helical rods can be classified into three types: transversely
isotropic helices (with rotationally invariant sections such as
the squares and circles), and normal and binormal helices
with non-rotational invariant sections (such as the rectangular
or elliptical cross-sections).21 In this paper, we study the
rotational and extensional behaviour of nanohelices with dual
chirality that have either transverse isotropy or are composed
of normal and binormal helices (referred to here as “nano-
belts”). A binormal dual-chirality nanobelt can be fabricated
via a strain-driven self-rolling mechanism.22 These structures
are known to unwind during the axial extension.23 A normal
dual-chirality nanobelt can be realized by 3D direct laser
writing, which has been used to print single normal nano-
helices.24 A transversely isotropic cellulosic micro/nano-fiber
with dual-chirality can be produced by electrospinning in

liquid crystalline solutions.25 Under electronic beam exposure,
a suspended cellulosic fiber exhibits unwinding and overwind-
ing behavior.26 Therefore, it is of great practical significance to
provide an accurate theoretical description of the mechanical
properties for the normal, binormal, and isotropic dual-chiral-
ity nanohelices.

In this paper, we provide a theoretical basis for the mech-
anics of normal, binormal, and transversely isotropic helical
nanostructures with dual chirality by employing a general
extensible rod theory. We show that by modifying the shape of
the cross-section, one can tune the rotational properties of
direction and amplitude of these structures to obtain a linear
rotational response under extension. In particular, a controlla-
ble rotational inversion can be obtained from the dual-chirality
nanohelices of transverse isotropy, as well as of normal/binor-
mal in a narrow region defined by the aspect ratio of the rec-
tangular cross-section.

Modeling

The general set-up of our model is shown in Fig. 2(a)–(d). We
assume that a rod with width w and thickness t (w > t ) rolls up
into a uniform helical structure with dual chirality HPI, with
radius a0, pitch b0, and N0 helical turns. This structure is
slowly loaded by an axial force F, while the ends are prevented
from rotating. In this process, the structure is transformed
into another helical structure with dual chirality HPF, with a
radius a, pitch b, and N helical turns. The director basis Di (i =
1, 2, and 3) consisting of the normal, binormal, and tangent
vectors of HPI and the director basis di of HPF are described by
their Euler angles (φ0, θ0, ψ0) and (φ, θ, ψ), respectively.27,28 We

Fig. 1 (a) A gourd tendril coil. (b) The rotation states of a gourd tendril
coil during an axial loading process.

Fig. 2 Schematic illustration of the dual-chirality nanohelices with the
rectangular cross-section HPI of (a) binormal and (c) normal nanohelices.
The configurations of the corresponding elongated nanohelix with the
dual chirality HPF of (b) binormal and (d) normal after loading by the
tensile force F along the helical axes. The corresponding cross-sections
of the whole (e) binormal and (f ) normal nanohelices with dual chirality
at the mirror symmetry axes.
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can use the mirror symmetry of these structures to our advan-
tage by modeling their response as two helical springs where
one end is free to rotate. We follow the terminology of ref. 29
and denote S to be the arc length along the fixed reference
configuration HPI and s the arc length along the deformed con-
figuration HPF. The corresponding derivatives are defined

by cð�Þ ¼ @ð�Þ=@S and ð�Þ
�
¼ @ð�Þ=@s. Based on the general elastic

rod theory, the derivation processes for the radii a0 and a,
pitches b0 and b as well as the loading force F, the torque
along the helix axis M of each helix of HPF are the same as
those of a loaded helical structure with two ends restricted
from winding,29 except that in this situation ψ̂ ≠ ψ•0 due to the
fact that N ≠ N0. Therefore, the radius and pitch are given by:

a0 ¼ sin θ0
ψ̇0

; b0 ¼ 2π cos θ0
ψ̇0

: ð1Þ

a ¼ 1
ψ̂

F
E3

cos θ þ 1
� �

� F
E1

cos θ
� �

sin θ;

b ¼ 2π
ψ̂

F
E1

sin2 θ þ F
E3

cos θ þ 1
� �

cos θ
� �

:

ð2Þ

For a helix with N helical turns of HPF, the number of turns
N is given by:30

N ¼ ψ̂

2π
l0; ð3Þ

where l0 ¼ N0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2πa0Þ2 þ b02

q
is the length of the coil wire of HPI.

The balance of force and moment connect the axial force F
and axial moment M to the deformed shape of the helical
structure by the following two relations:

1
E3
� 1
E1

� �
cos θ sin θF2 þ sin θF � C ψ̂cos θ � ψ̇0cos θ0ð Þψ̂ sin θ

þ EI1 1� 1� Δð Þδi2½ � ψ̂ sin θ � ψ̇0 sin θ0ð Þψ̂ cos θ ¼ 0;

ð4Þ

M ¼ EI1½1� ð1� ΔÞδi2�ðψ̂ sin θ � ψ̇0 sin θ0Þ sin θ

þ Cðψ̂ cos θ � ψ̇0 cos θ0Þ cos θ;
ð5Þ

where Δ ≡ I2/I1, i = 1 for a normal (i = 2 for a binormal) helix
and I1 = w3t/12 and I2 = wt3/12 are the moments of inertia of a
rectangular cross-section. δi2 is the Kronecker delta. E1 = KGtw,
E3 = Etw and C = 4GI1I2/(I1 + I2) according to the scaled tor-
sional stiffness.31 K is the Timoshenko shear coefficient and
related to Poisson’s ratio ν through K = (5 + 5ν)/(6 + 5ν).32

E and G = E/2(1 + ν) are the Young’s and shear moduli of the
material, respectively.33

It is of particular interest to look at the case M = 0 for a
loaded helical structure, corresponding to the case where one
end is free to rotate. From (4), we obtain

ψ̂ ¼ EI1½1� ð1� ΔÞδi2�sin θ0 sin θ þ C cos θ0 cos θ
EI1½1� ð1� ΔÞδi2�sin2 θ þ C cos2 θ

ψ̇0: ð6Þ

Fig. 2(e) and (f) are the cross-sections of the binormal and
normal helical structures with dual chirality at the mirror sym-
metry axes, respectively. The perversions before and after

loading are presented by the solid and dashed rectangles,
respectively. Φ is the rotation angle of the free end of the
helical structure, i.e., the rotation angle of perversion:

Φ ¼ 360°� ðN � N0Þ: ð7Þ
The spring constant of each helical structure of HPF is

deduced from (1)–(4), in the linear limit h = dF/d(Nb):

hS ¼ � P1P3
2ðP1P4 þ P2Þ ;

P1 ¼ 1
E3
� 1
E1

� �
sin θ � cos2 θ

sin θ

� �
F2 � cos θ

sin θ
F þ Q6

2cos θ
sin θ � cos2 θ

sin θ

� �
ψ̂2

þ 2sin θ
Q6ðQ4Q5 þ Q3Q6Þ

Q4
2 � Q3

sin θ

� �
ψ̇0ψ̂

þ sin θ
Q5ðQ4Q5 þ Q3Q6Þ

Q4
2 ψ̇0

2; P2 ¼ Q2 sin θ; P3 ¼ 1
Q2l0

;

P4 ¼ �Q1

Q2
;

where,

Q1 ¼ 1
E3
� 1
E1

� �
cos2 θ þ 1

E1
;

Q2 ¼ 2
1
E3
� 1
E1

� �
F cos θ þ 1;

Q3 ¼ EI1½1� ð1� ΔÞδi2� sin θ0 sin θ þ C cos θ0 cos θ;

Q4 ¼ EI1½1� ð1� ΔÞδi2�sin2 θ þ C cos2 θ;

Q5 ¼ � EI1½1� ð1� ΔÞδi2�sin θ0
cos θ
sin θ

þ C cos θ0;

Q6 ¼ 2ðEI1½1� ð1� ΔÞδi2� � CÞcos θ:

ð8Þ

Since the two opposite-handed helical structures of HPF are
connected in series, the spring constant of HPF is:

hP ¼ hS
2
: ð9Þ

Using (1)–(9), we can obtain the radius a, pitch b, N helical
turns and the spring constant hP of the helical structure with
dual chirality HPF from the known radius a0, pitch b0, the
number of turns in each helix N0 of HPI and the loading force F.

Results

In order to understand the mechanical behavior of nanohe-
lices with dual chirality, we analyze a rolled-up nanohelix. The
strain-induced self-scrolling mechanism is a highly controlla-
ble fabrication method that allows to create dual-chirality
nanohelices with adjustable helix angles. Fig. 3(a) shows that a
binormal dual-chirality nanohelix is fabricated from the sym-
metric V-shaped SiGe/Si/Cr nanobelt, which leads to a left and
right-handed arm having the same geometry parameters. The
8/10 nm thick SiGe/Si hetero-structures with approximately
40% Ge in the SiGe layer were epi-grown by chemical vapor
deposition (CVD) on the Si(110) substrates. The 13 nm thick
amorphous Cr layers were deposited by e-beam evaporation.
The details of the SiGe/Si/Cr pattern fabrication and the wet
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chemical etching for the subsequent underetching are
described elsewhere.22,34 The binormal nanohelix with dual
chirality has a radius a0 = 1.18μm, pitch b0 = 4.47μm and N0 = 6.
The insets present the V-shaped mesa designs of 60°, as
well as the rolling direction of the helix as indicated with a
white arrow. In the following calculations, we use the para-
meters of this fabricated SiGe/Si/Cr nanohelix, including the
area of the cross-section, the radius, the pitch, the number of
turns, and the material parameters. (As presented in ESI
Fig. S1,† we provide another SiGe/Si/Cr binormal dual-chirality
nanohelix as an example to quantitatively analyse the mechan-
ical properties of rotation.)

By pulling both ends of a nanohelix with dual chirality, the
central part of the perversion performs a rotary motion,16,23

which makes it a perfect material for a linear-to-rotary motion
nanometer converter. Fig. 3(b) presents the rotation angle of
perversion versus the axial elongation for the fabricated binor-
mal SiGe/Si/Cr nanohelix with a red curve. The modeling
results are deduced from (1)–(6) with the geometry parameters
as well as the material parameters of ESiGe = 161.2 GPa, νSiGe =
0.27,34 ESi = 168.9 GPa, νSi = 0.36,35,36 and ECr = 377 GPa, vCr =
0.31.37 The SiGe/Si/Cr binormal nanohelix unwinds while
extending axially and rotates 358°, ca. 1 turn, when it is
stretched to 160% of its original length. The unwinding
rotation direction of this binormal nanohelix is marked with
red arrows in Fig. 2(b) and (e). Remarkably, during the first
turn, the rotation angle and the axial elongation are very close
to a linear relation and the corresponding linear-to-rotary ratio
is approximately 597° per unit length. This kind of linear
rotation has been observed in a loading experiment of the
SiGe/Si nanohelix.23 As shown in Fig. 3(b), we also study the
linear-to-rotary motion of a normal dual-chirality helical nano-

helix with the same parameters as those of the binormal SiGe/
Si/Cr nanohelix. It is interesting to compare the binormal and
normal nanohelices. The normal helix overwinds in the
reverse direction and has a larger amplitude of rotation: it
overwinds to 1116°, i.e. 3.1 turns, when the elongation reaches
60% (see Fig. 2(d) and (f)). It is notable that the normal helix
deviates from the linear behavior in the elastic regime by only
10%. Therefore, the binormal nanohelices with dual chirality
are a more appropriate choice for a linear-to-rotary motion
nanometer converter in 3-D scanning probe microscopes or
microgoniometers.

Fig. 3(c) illustrates the axial load versus elongation of the
SiGe/Si/Cr binormal nanohelix with dual chirality and the
corresponding normal helix in the region of 60% elongation,
using (1)–(6). All the loading forces of binormal/normal nano-
helices are divided by their respective maximum loading force
in this region. We observe that the binormal nanohelix with
dual chirality is stretched linearly with the loading force,
unlike the normal helix.

We further describe in Fig. 3(d) how the spring constant
depends on the elongation for both the SiGe/Si/Cr binormal
and normal nanohelices with dual chirality in the region of
60% elongation, obtained using (7) and (8). The spring con-
stant of the binormal nanohelix remains constant with a value
of 0.012 N m−1, which will facilitate the actuation of the
motion converters. A spring constant of the same magnitude
of order as 0.012 N m−1 has been measured in a SiGe/Si nano-
helix.23 In contrast, the normal nanohelix has a wide spring
constant change from 0.014 N m−1 to 0.379 N m−1, increasing
27 times under load. Therefore, we conclude that binormal
nanohelices with dual chirality are more appropriate for high-
resolution force measurement in nanoelectromechanical
systems.

Since normal and binormal helices exhibit opposite rotary
motions, what is the behavior of a transversely isotropic rod
(created with a square or circular section)? Fig. 4(a) presents
the rotation angle Φ of perversion versus the axial elongation
for a transversely isotropic dual-chirality nanohelix with a
square cross-section, derived from (1)–(7). In the loading
process, the dual-chirality nanohelix with a square cross-
section exhibits the rotational inversion: it first overwinds to
18°, i.e. 0.05 turns, when the elongation increases to 22%;
then unwinds to 73°, i.e. 0.2 turns, when the elongation
increases to 60% as shown in Fig. 4. Therefore, the rotation
property of transversely isotropic dual-chirality nanohelices is
displayed in different stages with different axial loads.
Interestingly, this rotational inversion is similar to the one we
observed in some gourd and cucumber tendrils (Fig. 1(b)). We
note that all transversely isotropic rods will behave, as expected
from the general theory and illustrated for a fabricated SiGe/Si/
Cr nanohelix transforms with a circular cross-section (inset of
Fig. 4(a)).

We further identify the range of the aspect ratio of the rect-
angular cross-section η = w/t for the nanohelices with dual
chirality that acquires the characteristic of rotational inversion.
Fig. 4(c) shows how the rotation direction of perversion

Fig. 3 (a) SEM image of a binormal SiGe/Si/Cr dual-chirality helical
nanohelix formed by a symmetric V-shaped mesa with both ends fixed
to the Si(110) substrate. The inset shows the mesa design and the rolling
direction of the helix as indicated with a hollow arrow. (b) Rotation angle
of perversion, (c) axial load, and (d) spring constant versus axial elonga-
tion of the fabricated binormal nanohelix as well as a normal one with
the same parameters.
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depends on η during the axial loading, based on (1)–(6). The
dashed line of η = 1 represents the dual-chirality nanohelix
with a square cross-section. The areas above and below the
dashed line indicate the binormal and normal helical nano-
helices with dual chirality, respectively. We note that the
rotational inversion of overwinding followed by unwinding
only happens in a very narrow region of 1 < η < 1.35 for the
binormal nanohelix with dual chirality and 1 < η < 1.6 for the
normal one.

Fig. 5 illustrates the rotation angle versus the elongation for
1 ≤ η ≤ 50. The area between the two red dotted dashed curves
of η = 1.35 and η = 1.6 is the region of rotational inversion as
shown in Fig. 5(b); while the rest is the region of unidirectional
rotation. A binormal dual-chirality nanohelix with η ≥ 1.35 or a
normal one with η ≥ 1.6 will only unwind or wind, respectively,
during the whole loading process. According to the colourmap,

the uni-directional rotational behavior of perversion is affected
significantly by the aspect ratio η when it is smaller than 10:
for an elongation of 60%, the rotation angle varies from 186°
to 352° with η increasing from 1.35 to 10 (binormal), and from
198° to 1049° with η increasing from 1.6 to 10 (normal).
However, when the value of η exceeds 10, the relationship
between the elongation and the rotation angle is close to
linear for the binormal nanohelices with dual chirality. We see
from this analysis that both direction and amplitude of
rotation can be finely adjusted by changing the shape of the
cross-section for a dual-chirality helical micro-/nano-structure
made out of the determined material.

Conclusions

We have shed light on the important mechanical properties of
helical nanostructures with dual chirality by using a general
elastic rod theory that include bending, torsion, twist, exten-
sion, and shear. Our model was used to analyze the behavior
of a SiGe/Si/Cr dual-chirality nanohelix. It reveals that the
transversely isotropic nanohelix always overwinds initially in
axial extension, and then unwinds for larger tension. We also
observe that this kind of rotational inversion exists in some
gourd and cucumber tendrils. Importantly, we find that a
rotational inversion region defined by the aspect ratio of rect-
angular cross-sections η is given by: 1 < η < 1.35 and 1 < η < 1.6
for binormal and normal nanohelices with dual chirality,
respectively. Beyond this narrow region, the binormal and
normal nanohelices with dual chirality only unwind and over-
wind, respectively. It is found that for the normal dual chirality
nanohelices, the rotation angle of perversion, the loading force
and spring constant all increase substantially and nonlinearly
with extension; while binormal dual chirality nanohelices with
η > 10 rotate and stretch both linearly with loading force, and a
spring constant for η = 50 as small as 0.012 N m−1. Therefore,
these remarkable mechanical properties suggest that binormal
nanohelices with dual chirality would be excellent linear-to-rotary
motion converters. This work provides a theoretical framework
for further experimental investigation on helical structures with
dual chirality, as well as their applications in novel helical devices
and micro-/nano-electromechanical systems.
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We study the fluorescence spectrum of a strongly driven two-level system (TLS) with modulated transition
frequency, which is a bichromatically driven TLS and has multiple resonance frequencies. We are aiming to
provide a reliable description of the fluorescence in a regime that is difficult to tackle with perturbation theory and
the rotating-wave approximation (RWA), and illustrate the spectral features of the fluorescence under off- and
multiphoton-resonance conditions. To go beyond the RWA, we use a semianalytical counter-rotating-hybridized
rotating-wave method that combines a unitary transformation and Floquet theory to calculate the two-mode
Floquet states and quasienergies for the bichromatically driven TLS. We then solve the master equation accounting
for the spontaneous decay in the bases of the two-mode Floquet states, and derive a physically transparent
fluorescence spectrum. In comparison with the numerically exact spectrum from the generalized Floquet-Liouville
approach, the present spectrum is found to be applicable in a wide range of the parameters where the RWA and
the secular approximation may break down. We find that the counter-rotating (CR) terms of the transverse field
omitted in the RWA have non-negligible contributions to the spectrum under certain conditions. Particularly, at
the multiphoton resonance the width of which is comparable with the Bloch-Siegert shift, the RWA and non-RWA
spectra markedly differ from each other because of the CR-induced shift. We also analyze the symmetry of the
spectrum in terms of the transition matrix elements between the two-mode Floquet states. We show that the
strict symmetry of the spectrum cannot be expected without the RWA but the almost symmetric spectrum can be
obtained at the single-photon resonance that takes the Bloch-Siegert shift into account if the driving is moderately
strong and at the multiphoton resonance with a sufficiently weak transverse field.

DOI: 10.1103/PhysRevA.97.033817

I. INTRODUCTION

In recent years, the study of resonance fluorescence has
been renewed in the context of artificial atoms such as quantum
dots [1–8], nitrogen-vacancy centers [9], and superconducting
qubits [10–12]. In these systems, the standard Mollow triplet
as well as the modified Mollow triplet have been observed
experimentally in the case of the monochromatic field. For
instance, the superconducting qubit allows one to experimen-
tally realize resonance fluorescence in a squeezed vacuum [12].
More recently, there is increased interest to study the resonance
fluorescence from artificial atoms subjected to polychromatic
fields as the spectral features turn out to be much richer
in a polychromatic field than a monochromatic field [6–8].
The studies of resonance fluorescence not only provide a
better understanding of the light-matter interaction but also are
relevant for developing an on-demand single-photon source for
applications in quantum information processing.

Benefiting from the advantages and controllability of arti-
ficial atoms, strong and ultrastrong light-matter coupling have

*yiyingyan@zust.edu.cn
†zglv@sjtu.edu.cn
‡hzheng@sjtu.edu.cn

become possible in the laboratory, and a number of stimulating
studies of physics in such coupling regimes beyond the usual
rotating-wave approximation (RWA) have been carried out
[13–16]. In addition, artificial atoms enable one to realize
exotic driven quantum systems with frequency modulation
[9,17–19]. A paradigmatic model of such systems is a two-level
system (TLS) that is simultaneously driven by a longitudinal
field and a transverse field, described by the following Hamil-
tonian (h̄ = 1):

H (t) = 1
2 [ω0 + �z cos(ωzt)]σz + �x cos(ωxt)σx, (1)

where ω0 is the static transition frequency of the TLS, σx(y,z)

is the usual Pauli matrix, �z (ωz) is the amplitude (fre-
quency) of the longitudinal field that slowly modulates the
two-level spacing, and �x (ωx) is the amplitude (frequency) of
the transverse field that near-resonantly drives the transition
between the two levels. This bichromatically driven TLS
is different from those considered in Refs. [20–24], where
there is no longitudinal field. The resonance fluorescence
spectrum of this bichromatically driven TLS has been studied
recently in Refs. [25–27] within the framework of the RWA,
and the symmetric and asymmetric multipeaked structures of
fluorescence that are made up of small triplets centered at
ωx + mωz (m = 0, ± 1, ± 2, . . .) have been found. However,
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the origin of the symmetry and asymmetry of the spectrum has
not been comprehensively studied.

As is known, the bichromatically driven TLS described by
Eq. (1) has multiple resonance ωx ≈ ω0 − mωz [19,28]. Apart
from the single-photon resonance frequency ωx ≈ ω0 (m = 0),
there are multiphoton-resonance frequencies ωx ≈ ω0 − mωz

(m �= 0). Moreover, it has been illustrated that the multiphoton
resonance may have a resonance width comparable with the
Bloch-Siegert (BS) shift caused by the counter-rotating (CR)
terms of the transverse field, and in these cases the RWA for
the transverse field predicts totally different dynamics from
that without the RWA even though the transverse driving is
moderately strong [28]. Therefore, the validity of the for-
malisms with the RWA presented in Refs. [25–27] becomes
questionable in such situations. It is therefore necessary to
develop a theory beyond the RWA to study the multiphoton-
resonance-induced fluorescence in the bichromatically driven
TLS. In addition, it is interesting to examine if the BS shift
significantly influences the multiphoton-resonance-induced
fluorescence spectrum, which may be relevant to experi-
mental test of the effects of the CR terms with the optical
signals.

In this paper, we extend the counter-rotating-hybridized
rotating-wave (CHRW) method to study the resonance fluo-
rescence of the TLS driven simultaneously by the transverse
and longitudinal fields. In particular, we are interested in
the multiphoton-resonance-induced fluorescence in the strong
driving regimes, �x ∼ ωz ∼ �z, which is difficult to tackle
with perturbation theory. The CHRW method allows us to
derive an effective Hamiltonian periodic in time, from which
we can derive the two-mode Floquet states and quasienergies
for the bichromatically driven TLS with Floquet theory other
than the generalized Floquet theory (GFT). We then solve
the master equation of the driven TLS accounting for the
spontaneous decay in the bases of the two-mode Floquet states.
Using the solutions derived, we illustrate that the BS shift has
an essential effect on the steady state of the bichromatically
driven TLS in comparison with the RWA results. We derive a
physically transparent fluorescence spectrum with clear phys-
ical significance. Our spectrum is benchmarked against the
exact spectrum from the generalized Floquet-Liouville (GFL)
formalism, and found to be valid in a wide range of parameters
where the RWA and secular approximation may break down.
It allows us to comprehensively study the effects of the CR
terms on the spectrum and analyze in detail the symmetry
and asymmetry of the spectrum. In particular, we demonstrate
a dramatic difference in line shapes of the RWA and non-
RWA spectra in the multiphoton-resonance situations where
the multiphoton resonance has a width comparable with the
BS shift.

The rest of paper is organized as follows. In Sec. II, we
derive the two-mode Floquet states and quasienergies for the
bichromatically driven TLS, and derive the solutions to the
master equation in the bases of the two-mode Floquet states.
We illustrate the effect of the BS shift on the steady state. In
Sec. III, we derive the fluorescence spectrum with the solutions
of the master equation and calculate the line shapes of the
fluorescence spectrum in the off- and multiphoton-resonance
cases, and benchmark our results and the RWA results with
those from the numerically exact method. We illustrate a

dramatic difference between the RWA and non-RWA theories.
Moreover, we analyze the symmetry and asymmetry of the
spectrum and figure out the conditions to get a symmetric
spectrum, leading to a comprehensive understanding of the
origin of the symmetry and asymmetry of the spectrum. In
Sec. IV, the conclusions are drawn.

II. TWO-MODE FLOQUET STATES AND THE MASTER
EQUATION

To study the fluorescence of the driven TLS, we should take
into account spontaneous decay. We model the evolution of the
driven TLS with spontaneous emission by the Lindblad master
equation

d

dt
ρ(t) = −i[H (t),ρ(t)] − κ

2
[σ+σ−ρ(t) + ρ(t)σ+σ−

−2σ−ρ(t)σ+], (2)

where ρ(t) is the reduced density matrix of the TLS, κ is the
radiative decay rate, and σ± = (σx ± iσy)/2 are the raising
and lowering operators. To derive a physically transparent
fluorescence spectrum and go beyond the RWA, we solve the
master equation in the generalized Floquet picture; i.e., we
first derive the two-mode Floquet states and quasienergies for
the bichromatically driven TLS (without dissipation), and then
we rewrite the master equation in the bases of the two-mode
Floquet states and introduce a partial secular approximation to
derive a simplified solution for the master equation.

A. Two-mode Floquet states and quasienergies

According to the GFT, the evolution operator of the bichro-
matically driven TLS takes the form [29]

US(t,t ′) =
∑
α=±

|uα(t)〉〈uα(t ′)|e−iεα (t−t ′), (3)

where |uα(t)〉 is a generalized (two-mode) Floquet state and
εα is quasienergy. The subscript α labels physically different
states. Substituting the ansatz into the Schrödinger equation
d
dt

US(t,t ′) = −iH (t)US(t,t ′), one readily derives the follow-
ing equation:

[H (t) − i∂t ]|uα(t)〉 = εα|uα(t)〉. (4)

We below use a routine based on a unitary transformation to
solve the above equation that yields |uα(t)〉 and εα instead of
a standard GFT treatment [29].

We perform a unitary transformation to the two-mode
Floquet state [28,30],

|ũα(t)〉 = R(t)eS(t)|uα(t)〉, (5)

where R(t) = exp(iωxtσ+σ−) and S(t) = i �x

ωx
ξ sin(ωxt)σx

with the undetermined parameter ξ ∈ (0,1). When neglecting
the fast-oscillating terms of the transformed Hamiltonian, one
gets the equation of motion of the transformed Floquet state
[28]:

[H̃CHRW(t) − i∂t ]|ũα(t)〉 = ε̃α|ũα(t)〉, (6)

033817-2206



MULTIPHOTON-RESONANCE-INDUCED FLUORESCENCE OF … PHYSICAL REVIEW A 97, 033817 (2018)

with ε̃α = εα − 1
2ωx being the transformed quasienergy and

the effective Hamiltonian given by

H̃CHRW(t) = 1

2
{[ω0 + �z cos(ωzt)]J0(Z) − ωx}σz

+1

2
[2ω0 + �z cos(ωzt)]J1(Z)σx, (7)

where Z = 2 �x

ωx
ξ and Jn(Z) is the nth-order Bessel function

of the first kind. The parameter ξ in the effective Hamiltonian
is self-consistently determined by �x(1 − ξ ) − ω0J1(Z) = 0.
That we use H̃CHRW(t) as the effective Hamiltonian is the first
approximation in this paper. In general, the effective Hamil-
tonian H̃CHRW(t) works well in a wide range of parameters
[28].

Since H̃CHRW(t) = H̃CHRW(t + 2π/ωz), we can solve
Eq. (6) by the Floquet approach, and the detailed procedure
can be found in Ref. [28], which is more efficient than
the standard GFT approach. On obtaining the transformed
Floquet states |ũα(t)〉 and quasienergies ε̃α , we can derive
the two-mode Floquet states by inverting Eq. (5), |uα(t)〉 =
e−S(t)R†(t)|ũα(t)〉, and quasienergies εα = 1

2ωx + ε̃α . Clearly,
e−S(t)R†(t) is periodic in time with periodicity 2π/ωx and
|ũα(t)〉 = |ũα(t + 2π/ωz)〉, leading to the fact that |uα(t)〉
includes two basic oscillation frequencies, ωx and ωz. This is
also the reason why we call it the two-mode Floquet state.
In addition, it is straightforward to show that |uα,k,l(t)〉 ≡
ei(kωx+lωz)t |uα(t)〉 is also a solution to Eq. (4) but with a shifted
quasienergy εα,k,l = εα + kωx + lωz, which forms an infinite
two-mode Floquet states ladder.

B. Master equation in the generalized Floquet picture
and single-time expectation

With the two-mode Floquet states at hand, we now move to
solve the master equation in the generalized Floquet picture.
In the bases of the two-mode Floquet states, we can rewrite the
master equation as

d

dt
ραβ(t) = −iαβραβ(t) +

∑
α′,β ′

Lαβ,α′β ′ (t)ρα′β ′(t), (8)

where αβ = εα − εβ , and ραβ(t) = 〈uα(t)|ρ(t)|uβ(t)〉 is the
element of the density matrix in the generalized Floquet
picture. We present the derivation of the above equation in
Appendix A. The time-dependent decay rates in the above
equation read

Lαβ,α′β ′(t) =
∑
k,l

L(k,l)
αβ,α′β ′e

i(kωx+lωz)t , (9)

where

L(k,l)
αβ,α′β ′ = κ

2

∑
n,m

[
2Y

(n,m)
αα′ X

(k−n,l−m)
β ′β

−
∑

λ

(
δα,α′X

(n,m)
β ′λ Y

(k−n,l−m)
λβ

+δβ,β ′X
(n,m)
αλ Y

(k−n,l−m)
λα′

)]
. (10)

Here, X
(k,l)
αβ (Y (k,l)

αβ ) denotes the two-mode Fourier compo-
nent of 〈uα(t)|σ+(−)|uβ(t)〉 and its explicit form is given in
Appendix A. In the generalized Floquet picture, one finds
that the dissipation terms depend on time. In spite of their
complicated forms, we can invoke reasonable approximation
to derive a solution with a satisfactory accuracy.

The solution to Eq. (8) can be formally divided into two
parts, i.e.,

ρ(t) = δρ(t) + ρ(st)(t), (11)

where δρ(t) denotes the solution to the homogeneous part of
Eq. (8) while ρ(st)(t) denotes the steady state in the long-time
limit. Below we separately calculate these two parts.

We first derive the explicit form for δρ(t). Based on the
same spirit of the secular approximation, we omit the fast-
oscillating terms in the homogeneous part of Eq. (8), yielding
the following equations:

d

dt
δρ++(t) = (L(0,0)

++,++ − L(0,0)
++,−−)δρ++(t),

(12)
d

dt
δρ+−(t) = (L(0,0)

+−,+− − i+−)δρ+−(t).

This is the second approximation introduced in the present
paper. We call this treatment partial secular approximation to
distinguish it from the usual secular approximation invoked to
the total master equation. Consequently, we have the formal
analytical solutions for the homogeneous part:

δρ++(t) = δρ++(0)e−�relt , (13)

δρ+−(t) = δρ∗
−+(t) = δρ+−(0)e−(i+−+�deph)t , (14)

where

�rel = L(0,0)
++,−− − L(0,0)

++,++

= κ
∑
k,l

(|X(k,l)
+− |2 + |X(k,l)

−+ |2), (15)

�deph = −L(0,0)
+−,+−

= κ

2

∑
k,l

(|X(k,l)
−+ |2 + |X(k,l)

+− |2 + 4|X(k,l)
++ |2) (16)

are time-averaged relaxation and dephasing rates for the two-
mode Floquet states, respectively.

The steady state can be calculated by recalling that it can
be expanded as

ρ
(st)
αβ (t) =

∑
k,l

ρ
(k,l)
αβ ei(kωx+lωz)t , (17)

where ρ
(k,l)
αβ is a time-independent two-mode Fourier com-

ponent to be determined. By substituting the expansion into
Eq. (8), one readily finds the following equations:

i(αβ + kωx + lωz)ρ
(k,l)
αβ =

∑
α′,β ′,n,m

L(k−n,l−m)
αβ,α′β ′ ρ

(n,m)
α′β ′ . (18)

In general, Eq. (18) can be numerically solved by introducing
an appropriate truncation and yields the knowledge of the
steady state of the driven TLS. Clearly, the accuracy of the
obtained steady state depends on the accuracy of the two-mode
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Floquet states. In other words, the accuracy of the steady state
is limited by the accuracy of the CHRW Hamiltonian in our
formalism. In principle, the exact steady state can also be
obtained as long as two-mode Floquet states are exact.

We now show how to calculate the physical quantities by
the solution derived above. For the population difference of the
TLS, we have

〈σz(t)〉 = Tr[σzρ(t)]

=
∑
α,β

〈uα(t)|σz|uβ(t)〉ρβα(t)

=
∑

α,β,k,l

Z
(k,l)
αβ ρβα(t)ei(kωx+lωz)t , (19)

where the two-mode Fourier expansion for 〈uα(t)|σz|uβ(t)〉
has been used and Z

(k,l)
αβ is given in Eq. (A12). In the long-time

limit, the time-averaged population difference can be obtained:

〈σz(t → ∞)〉 =
∑

α,β,k,l

Z
(k,l)
αβ ρ

(−k,−l)
βα , (20)

where the overline indicates the average over time. The time-
averaged excited-state population can be obtained accordingly:

ρ++ = 1
2 [1 + 〈σz(t → ∞)〉], (21)

which influences the emission processes. Obviously, other
physical quantities of interest can be evaluated similarly.

To end this section, we briefly discuss the validity of the
present method, which is referred to as the CHRW method
hereafter. Obviously, its validity depends on the validity of
H̃CHRW(t) and Eqs. (13) and (14). Roughly speaking, H̃CHRW(t)
works well for �x/ωx < 1 (0.2) and �z/ω0 < 0.2 (1) as long
as ωz < ωx [28]. In the valid regime of H̃CHRW(t), Eqs. (13)
and (14) turn out to be justified if |+−| > κ because of the
partial secular approximation.

C. Dynamics of population difference and time-averaged
excited-state population

To exemplify the performance of the CHRW method as
well as the effects of the CR terms of the transverse field, we
first calculate the dynamics of the population difference and
compare our results with those of the numerically exact method
and the RWA method. The exact results can be obtained by
using the GFT to solve the master equation (2) directly. This is
different from the above formalism. We state in Appendix B the
detailed procedure to calculate the time evolution of the TLS
described by the master equation (2) by using the GFT directly,
which is referred to as the GFL formalism [31]. The RWA
results are obtained by the method presented in Ref. [25], where
the CR terms of the transverse field have been neglected and
the master equation with the RWA Hamiltonian is numerically
solved in a rotating frame by the Floquet theory without any
other approximation (its validity fully depends on the RWA),
which is referred to as the RWA method. In addition, to carry
out numerical calculation, we choose the parameters ω0 = 1
meV, ωz = 0.18ω0, and κ = 1010 s−1 [26]. Moreover we set
�z = 0.15ωz and �x ∼ ωz. Clearly, the CHRW method is
applicable to other driving regimes as long as the parameters
are in the range of validity.

FIG. 1. Dynamics of population difference for ωx = 0.7588ω0,
ωz = 0.18ω0, �z = 0.15ω0, and κ = 0.00658ω0. The transverse
field strengths are (a) �x = 0.09ω0 and (b) �x = 0.24ω0. Insets:
Dynamics at the time interval (900,1000)ω−1

0 .

Figures 1(a) and 1(b) display the dynamics of the population
difference of the TLS calculated from the three methods:
CHRW, GFL, and RWA, for ωx = 0.7588ω0 and two different
strengths �x = 0.09ω0 and �x = 0.24ω0, respectively. For
both the weak and strong transverse fields, one finds that
both short-time and long-time behaviors predicted by the
CHRW method are in excellent agreement with those from
the numerically exact GFL method. Additionally, the insets
of Figs. 1(a) and 1(b) show that the CHRW method captures
fast-oscillating behaviors caused by the CR terms of the
transverse field. In contrast, the RWA method is valid for weak
driving but becomes invalid for strong driving compared to the
GFL method. More specifically, the fast-oscillating behaviors
are averaged out due to the RWA (see the dynamics in the
insets) and there is a large difference in the long-time behaviors
between the RWA and non-RWA results in Fig. 1(b), implying
that the CR terms have essential contribution to the steady state
in the strong driving regime. In addition, for other driving pa-
rameters, it is straightforward to verify that the CHRW method
can yield sufficiently accurate results compared to the exact
GFL results provided the parameters are in the valid regime of
H̃CHRW(t) [28] and |+−| > κ . The latter requirement is due
to the partial secular approximation we used.

We continue to analyze in detail the difference between
the RWA and non-RWA theories in the long-time limit. In
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FIG. 2. Time-averaged excited-state population as a function of
ωx for ωz = 0.18ω0, �z = 0.15ω0, and κ = 0.00658ω0. Transverse
field strengths are (a) �x = 0.09ω0 and (b) �x = 0.24ω0. Inset in (a):
Zoom of the resonance peaks as indicated by the arrow.

Figs. 2(a) and 2(b), we calculate the time-averaged excited-
state population as a function of the transverse frequency ωx

for �x = 0.09ω0 and �x = 0.24ω0, respectively. For �x =
0.09ω0, the CHRW and RWA results are found to almost
coincide with each other except for very small shifts between
them. The inset in Fig. 1(a) shows the shift between the two
peaks at ωx ≈ 1.36ω0. This type of shift is actually the BS
shift caused by the CR terms of the transverse field. Obviously,
except the peaks near ω0 ± 2ωz, the BS shifts are far smaller
than the widths of resonance peaks and thus can be safely
neglected. For �x = 0.24ω0, Fig. 2(b) shows that the CHRW
curve (solid line) is apparently shifted from the RWA one
(dashed line). Interestingly, the peaks at ωx ≈ 0.75ω0 and
ωx ≈ 1.25ω0 have widths comparable with the BS shifts. In
such cases, the resonance positions of the non-RWA Hamil-
tonian become “far” off-resonance positions for the RWA
Hamiltonian, and one can expect that the RWA and non-RWA
steady-state behaviors can be quite different. This is actually
the reason that the large difference appears in Fig. 1(b), where
ωx = 0.7588ω0 used in Fig. 1(b) corresponds to the resonance
frequency (the abscissa of the maximum) of the non-RWA
multiphoton-resonance peak near 0.75ω0 in Fig. 2(b).

We now analyze quantitatively the BS shifts in Fig. 2.
In general, the values of the BS shifts can be given by the

FIG. 3. Time-averaged excited-state population vs ωx and �x

calculated by the CHRW method for ωz = 0.18ω0, �z = 0.15ω0,
and κ = 0.00658ω0. The dashed line and dotted line show the
resonance positions at ωx ≈ ω0 − mωz (m = 0,2) determined by the
time-averaged transition probability P obtained from the CHRW
Hamiltonian.

difference in the abscissas of the maxima of the non-RWA
and RWA peaks representing the resonance ω0 ≈ ωx + mωz,
namely, the BS shift is quantified by δω

(m)
BS = ω(m)

res − ω(m,RWA)
res ,

where ω(m)
res (ω(m,RWA)

res ) denotes the abscissa of the maximum of
resonance peak at ωx ≈ ω0 − mωz for the non-RWA (RWA)
Hamiltonian. Alternatively, ω(m)

res can be efficiently determined
from the time-averaged transition probability [28]

P = |〈+|US(t,t ′)|−〉|2 = 1
2 (1 − |Z(0,0)

++ |2) (22)

with |∓〉 being the bare ground and excited states of the TLS, by
searching the transverse frequencies that satisfy P = 1

2 . In the
weak damping regime, resonance frequencies ω(m)

res calculated
from P and ρ++ are consistent with each other. In Fig. 3, we
show the behavior of the time-averaged excited-state popu-
lation versus ωx and �x for ωz = 0.18ω0 and �z = 0.15ω0,
which is obtained by the CHRW method. We also calculate the
resonance frequencies ωx ≈ ω0 − mωz (m = 0,2) by using P ,
shown by dashed and dotted lines. Indeed, one finds that the
resonance positions given by P and ρ++ are consistent with
each other. Additionally, this result displays the shifts of the
resonance peaks as the variation of �x . In Tables I and II,
we present the resonance frequencies calculated from P = 1

2
by three different methods: GFT, CHRW, and RWA. Here the
GFT results are obtained by calculating |Z(0,0)

++ | with a standard
GFT approach (see the details in Refs. [28,29] and references

TABLE I. Resonance frequencies (ωx ≈ ω0 − mωz) calculated
from P and BS shifts δω

(m)
BS quantified by the difference between

the GFT and RWA results in units of ω0 for �x = 0.09ω0.

m GFT CHRW RWA δω
(m)
BS

−2 1.349265 1.349262 1.347528 0.001737
−1 1.163870 1.163864 1.161986 0.001884
0 1.002029 1.002024 1 0.002029
1 0.840214 0.840205 0.838014 0.002200
2 0.654905 0.654896 0.652472 0.002433
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TABLE II. Resonance frequencies (ωx ≈ ω0 − mωz) calculated
from P and BS shifts δω

(m)
BS quantified by the difference between the

GFT and RWA results in units of ω0 for �x = 0.24ω0.

m GFT CHRW RWA δω
(m)
BS

−2 1.269542 1.269514 1.256016 0.013526
0 1.014855 1.014349 1 0.014855
2 0.758869 0.758839 0.743984 0.014885

therein). The CHRW and RWA results are obtained by using
the CHRW and RWA Hamiltonians. Comparing the CHRW
results with GFT results, we find that the CHRW method indeed
effectively takes the BS shifts into account. It allows us to figure
out sufficiently accurate multiphoton-resonance positions and
thus study the multiphoton-resonance-induced fluorescence.

To end this section, let us discuss the influence of the usual
secular approximation on the excited-state population. If we
use the secular approximation for the total master equation
(8) (not just for its homogeneous part), we obtain the CHRW-
SA results in Fig. 2. Specifically, ρ++ is obtained with the
simplified population difference

〈σz(t → ∞)〉 =
∑

α

Z(0,0)
αα ρ(0,0)

αα , (23)

where

ρ
(0,0)
++ = L(0,0)

++,−−
�rel

=
∑

k,l |X(k,l)
−+ |2∑

k,l(|X(k,l)
+− |2 + |X(k,l)

−+ |2)
,

ρ
(0,0)
−− = 1 − ρ

(0,0)
++ =

∑
k,l |X(k,l)

+− |2∑
k,l(|X(k,l)

+− |2 + |X(k,l)
−+ |2)

(24)

are the average populations of the two-mode Floquet states. It
is evident that the CHRW-SA results overestimate the excited-
state population at the narrow multiphoton-resonance peaks,
indicating inadequacy of the secular approximation in such
situations. In fact, such narrow multiphoton resonancemay be
encountered over a wide range of the parameters. In the fol-
lowing, we shall see the influence of the secular approximation
on the fluorescence spectrum.

III. FLUORESCENCE SPECTRUM

A. Derivation of the fluorescence spectrum

The steady fluorescence spectrum is given by the Fourier
transform of the two-time correlation function [32,33]

S(ω) ∝ Re
∫ ∞

0
lim

t ′→∞
g(1)(τ ; t ′)e−iωτ dτ, (25)

with

g(1)(τ ; t ′) = TrS+R[U †(t ′ + τ )σ+U (t ′ + τ )

×U †(t ′)σ−U (t ′)ρ(0) ⊗ ρR] (26)

being the two-time correlation function, where U (t) represents
the time evolution operator of the composite system of the
TLS and radiative reservoir. ρR is the reference state of the
reservoir. Making use of the quantum regression theory [34],
we obtain the two-time correlation function from the single-
time expectation 〈σ+(t)〉 by just replacing the initial condition
ρ(0) with σ−ρ(t ′) and thus derive the following spectrum
function:

S(ω) = Scoh(ω) + Sinc(ω), (27)

Scoh(ω) ∝
∑
k,l

∑
α,β,n,p

X
(n,p)
αβ ρ

(k−n,l−p)
βα

∑
α′,β ′,m,q

Y
(m,q)
α′β ′ ρ

(k−m,l−q)
β ′α′ δ(ω − kωx − lωz), (28)

Sinc(ω) ∝
∑
k,l

{
2X

(k,l)
++

P
(−k,−l)
++ �rel + Q

(−k,−l)
++ (ω − kωx − lωz)

�2
rel + (ω − kωx − lωz)2

+ X
(k,l)
+−

P
(−k,−l)
−+ �deph + Q

(−k,−l)
−+ (ω − kωx − lωz − +−)

�2
deph + (ω − kωx − lωz − +−)2

+X
(k,l)
−+

P
(−k,−l)
+− �deph + Q

(−k,−l)
+− (ω − kωx − lωz + +−)

�2
deph + (ω − kωx − lωz + +−)2

}
, (29)

where P
(k,l)
αβ = ReF (k,l)

αβ , Q
(k,l)
αβ = ImF

(k,l)
αβ , and

F
(k,l)
αβ =

∑
λ,n,m

Y
(n,m)
αλ ρ

(k−n,l−m)
λβ −

∑
m,q

ρ
(m,q)
αβ

∑
α′,β ′,n,p

Y
(n,p)
α′β ′ ρ

(k−n−m,l−p−q)
β ′α′ . (30)

The detailed derivation is presented in Appendix C. We stress that we introduced the partial secular approximation to the master
equation (8) when deriving the above spectral function.

In this paper, we focus on the spectral features of the incoherent part of the spectrum, Sinc(ω). The leading-order terms of the
incoherent part can be extracted from Eq. (29) by retaining ρ

(k,l)
αβ if k = l = 0 and α = β but setting ρ

(k,l)
αβ = 0 otherwise. We

obtain a more simplified and physically transparent expression:

Sinc(ω) ∝
∑
k,l

{
|X(k,l)

++ |2[1 − (ρ(0,0)
++ − ρ

(0,0)
−− )2]

�rel

�2
rel + (ω − kωx − lωz)2

+ |X(k,l)
+− |2ρ(0,0)

++
�deph

�2
deph + (ω − kωx − lωz − +−)2

+ |X(k,l)
−+ |2ρ(0,0)

−−
�deph

�2
deph + (ω − kωx − lωz + +−)2

}
. (31)
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If the average populations of the Floquet states given in Eq. (24)
are used in the above expression, this result corresponds to the
spectrum derived with the secular approximation as usual for
the total master equation (8). Obviously, Eq. (31) indicates
that the spectrum consists of a series of emission lines the
weights, line widths, and positions of which are related to the
populations, the decay rates, and the quasienergy spacing of
the two-mode Floquet states.

In general, the validities of Eqs. (29) and (31) are different.
Roughly speaking, provided that the driving parameters are
in the valid regime of the CHRW Hamiltonian, the former
holds if |+−| > κ while the latter holds if |+−| � κ . The
difference in the valid conditions for Eqs. (29) and (31) results
from the fact that the secular approximation was used for the
homogeneous part of the master equation to derive Eq. (29)
but for the total master equation to arrive at Eq. (31).

The present formalism allows an interpretation of fluores-
cence in the context of the transitions between the two-mode
Floquet states, through which the spectral features can be
understood. Let us explore the physical significance of X

(k,l)
αβ as

the characteristics of the spectrum strongly depend on X
(k,l)
αβ .

Recalling its definition in Eq. (A3), we can rewrite it in an
alternative form:

X
(k,l)
αβ = lim

T →∞
1

T

∫ T

0
〈uα,N+k,M+l(t)|σ+|uβ,N,M (t)〉dt, (32)

where N and M are arbitrary integers. From this expression,
we note that X

(k,l)
αβ is the transition matrix element between

〈uα,N+k,M+l(t)| and |uβ,N,M (t)〉, which can be used to indi-
cate the transition between |uα,N+k,M+l(t)〉 and |uβ,N,M (t)〉.
Basically, a transition from |uα,N+k,M+l(t)〉 to |uβ,N,M (t)〉
generates a photon with the frequency given by the difference
of the quasienergies of the two-mode Floquet states, i.e.,
ω = εα,N+k,M+l − εβ,N,M = αβ + kωx + lωz, which are the
positions of the emission lines in Eqs. (29) and (31). Conse-
quently, several such different transitions are possible to cause
several individual emission lines, yielding the multipeaked
spectrum. In general, only specific transitions contribute to
the spectrum, which can be figured out by analyzing the
properties of X

(k,l)
αβ . Specifically, for the bichromatically driven

TLS under study, it follows from Eq. (A3) that X
(k,l)
αβ = 0

with k being even numbers and l being any integer, but
X

(k,l)
αβ becomes nonvanishing with k being odd numbers and

certain values of l depending on the longitudinal modulation.
Moreover, provided that �x/ωx < 1, X

(k,l)
αβ decreases rapidly

with the increase of k (this is due to the properties of the
higher-order Bessel functions, and physically this means that
the contributions of the multiphoton processes of the transverse
field are negligible). Therefore, it is sufficient to consider X

(k,l)
αβ

with k = 1. All in all, the present formalism allows us to
comprehensively understand the spectral properties illustrated
below.

B. Off-resonance and multiphoton-resonance-induced
fluorescence

In this section, we study fluorescence under the off- and
multiphoton-resonance conditions. We first benchmark the
results of Eq. (29) (CHRW), Eq. (31) (CHRW-SA), and the

FIG. 4. Incoherent fluorescence spectrum for �x = 0.09ω0, ωx =
0.8737ω0, ωz = 0.18ω0, �z = 0.15ω0, and κ = 0.00658ω0. The
CHRW curve shows the result from Eq. (29) while the CHRW-SA
curve shows the result from Eq. (31).

RWA method [25] against those of the exact GFL method
to further confirm the performance of various approximate
methods. In Appendix B, we present the detailed procedure to
calculate the spectrum with the GFL formalism. In Figs. 4–8,
one notes that the CHRW results are in good agreement with
the GFL results in both the off-resonance and multiphoton-
resonance cases as well as in relatively weak and strong driving
regimes, whereas the RWA and CHRW-SA results may differ
from the exact results under certain conditions. Below we focus
on the spectral features of the fluorescence and the CR-induced
modifications to the spectrum.

To begin with, we show that the emission line at the driving
frequency ωx may be eliminated from the spectrum. Figure 4
shows the line shapes of the spectrum in the off-resonance
case, i.e., �x = 0.09ω0 and ωx = 0.8737ω0. It is evident that
there is no emission line at ωx . This is actually due to the
fact that |X(1,0)

++ | = 0 with the given parameters, corresponding
to the fact that the specific transitions that yield the emission
line at ωx are physically forbidden under certain conditions.
Since |X(1,0)

++ | has multiple zeros (see Fig. 10), the phenomenon
of the missing emission line at ωx can be predicted in other
parameter regimes. Furthermore, in the following we will see
that this phenomenon can be influenced by the CR terms,
leading to a discrepancy between the RWA and non-RWA
results. On the other hand, one notes that the spectrum is found
to be asymmetric when ωx �= ω0. Asymmetric spectra are also
found in Ref. [27] in the perturbative regime (ωz ∼ �x � �z)
but cannot be given by the analytical result in Ref. [26],
which predicts that the spectrum is always symmetric. The
artefact symmetry of the analytical result is because of the used
approximation and is further discussed in the next section.

Previously, we have shown that the spectrum is symmetric in
the RWA case when ωx = ω0 [25]. Here we examine whether
the spectrum remains symmetric in the non-RWA case when
ωx = ω0 and the driving strength is moderately strong, e.g.,
�x = 0.24ω0. Figure 5(a) displays the line shapes of the
spectrum for ωx = ω0. It is found that the RWA spectrum is
symmetric while the CHRW and GFL spectra are not symmet-
ric. Since the RWA theory predicts symmetric spectra at the
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FIG. 5. Incoherent fluorescence spectrum for �x = 0.24ω0, ωz =
0.18ω0, �z = 0.15ω0, and κ = 0.00658ω0. The transverse frequen-
cies used are (a) ωx = ω0 and (b) ωx = 1.0144ω0.

RWA single-photon resonance, it is then intuitive to imagine
that the non-RWA theory may predict symmetric spectra at
the shifted single-photon resonance. Figure 5(b) shows the
spectrum for the transverse frequency ωx = ω0 + �2

x/(4ω0),
which takes the second-order BS shift [30,35,36] into account.
One notes that the non-RWA spectrum is almost symmetric [by
calculation one finds that Sinc(ωx − ωz) − Sinc(ωx + ωz) �= 0
is not vanishingly small, i.e., the non-RWA spectrum is not
strictly symmetric]. However, the RWA spectrum becomes
obviously asymmetric due to the detuning. The present results
suggest that the CR terms of the transverse field can break the
symmetry of the spectrum at ωx = ω0 but cause the almost
symmetric spectra at the shifted single-photon resonance,
which will be verified further in the next section.

Next, we examine the line shapes of the fluorescence spec-
trum at the multiphoton-resonance positions in Fig. 2(a), e.g.,
ωx = 0.8402ω0 and 0.6549ω0 for �x = 0.09ω0. Figure 6 dis-
plays the multiphoton-resonance-induced fluorescence spec-
tra. In Fig. 6(a), the spectra are apparently asymmetric and
seem to consist of three separated small triplets centered at ωx ,
ωx + ωz, and ωx + 2ωz. Clearly, the triplet centered at ωx + ωz

has the greatest intensity. Additionally, the blue sideband of
the small triplet centered at ωx nearly vanishes, which can
be attributed to |X(1,0)

+− | � 0. In Fig. 6(b), the spectra are also
somewhat asymmetric and are made up of single-peaked emis-
sion lines at ωx + mωz (m = 1,2,3) and a double-peaked line

FIG. 6. Incoherent part of the multiphoton-resonance-induced
fluorescence spectrum for �x = 0.09ω0, ωz = 0.18ω0, �z = 0.15ω0,
and κ = 0.00658ω0. The transverse frequencies are (a) ωx =
0.8402ω0 and (b) ωx = 0.6549ω0. Insets: Zoom of the spectral
components as indicated by the arrows.

centered atωx . This time one finds that the most intense spectral
component appears at ω ≈ ωx + 2ωz. These results suggest
that for the multiphoton-resonance conditions (ωx + mωz ≈
ω0) the spectrum is generally asymmetric and the most intense
spectral component may occur at ω ≈ ωx + mωz. Interest-
ingly, in some senses, the line shapes shown in Figs. 6(a) and
6(b) resemble those obtained in the monochromatic field under
the three- and five-photon resonance conditions [31] but differ
from those predicted with the same bichromatically driven TLS
in the perturbative regime [27]. In addition, Fig. 6(b) shows that
the CHRW-SA and RWA results are not consistent with the
GFL and the CHRW results, indicating the breakdown of the
secular approximation and RWA. The breakdown of the former
can be simply attributed to the fact that it overestimates the
excited-state population at the narrow multiphoton resonance
(see Fig. 2). The breakdown of the RWA is because it misses
the effects of the CR terms.

We now illustrate a marked difference between the RWA
and non-RWA spectra at the multiphoton-resonance position in
Fig. 2(b), e.g., �x = 0.24ω0 and ωx = 0.7588ω0. Figure 7(a)
shows that the RWA and the non-RWA spectra have a dra-
matic difference in the intensities of the emission lines. It is
evident that the components of the RWA and non-RWA spectra
centered at ωx + 2ωz dramatically differ from each other. In
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FIG. 7. Incoherent part of the multiphoton-resonance-induced
fluorescence spectrum for �x = 0.24ω0, ωx = 0.7588ω0, ωz =
0.18ω0, κ = 0.00658ω0, and two values of �z.

addition, the emission line of the non-RWA spectrum at ωx

disappears while that of the RWA spectrum still exists. This is
attributed to the fact that the zeros of |X(1,0)

++ | of the non-RWA
theory are shifted from those of the RWA theory due to the CR
terms of the transverse field. Figure 7(b) shows that when �z =
0 the difference between the RWA and non-RWA theories
in the monochromatic field is not as obvious as that in the
bichromatic field. Moreover, the intensity of fluorescence for
�z = 0 is much weaker than that for �z = 0.15ω0, indicating
that the longitudinal modulation may be used to enhance the
emission under certain conditions. The present result indicates
that the CR terms have non-negligible contributions to the
spectrum at certain multiphoton resonance. In addition, a
marked difference between the RWA and non-RWA spectra
can be predicted at other resonance positions of the resonance
band ωx ≈ ω0 ± 2ωz (see Fig. 3).

Apart from the strong driving regime �x ∼ ωz ∼ �z,
the marked difference between the RWA and the non-RWA
theories can also be found in other regimes. We consider
ωx = 0.8694ω0 and ωz = 0.18ω0 and weaker strengths �x =
0.12ω0 and �z = 0.015ω0. Figure 8(a) shows that the differ-
ence between the RWA and the non-RWA spectra is similar
to that shown in Fig. 6(b). This time the marked difference
between the RWA and the non-RWA spectra occurs at ωx + ωz.
However, Fig. 8(b) shows that when �z = 0, such difference

FIG. 8. Incoherent part of the multiphoton-resonance-induced
fluorescence spectrum for �x = 0.12ω0, ωx = 0.8694ω0, ωz =
0.18ω0, κ = 0.00658ω0, and two values of �z.

between the RWA and non-RWA theories vanishes. The com-
parison between the cases of �z = 0 and �z �= 0 in Figs. 7 and
8 indicates that the effects of the CR terms on the spectrum
may be much more easily detected in the bichromatic case
than in the monochromatic case. Below we discuss in detail
the breakdown of the RWA.

The difference between the RWA and non-RWA theories
illustrated can be attributed to the combined effect of the BS
shifts and narrow resonance widths. To understand how the
difference arises, it is instructive to recall that ωx = 0.6549ω0

[Fig. 6(b)] and 0.7588ω0 [Fig. 7(a)] are the multiphoton-
resonance frequencies (ωx + 2ωz ≈ ω0) of the CHRW Hamil-
tonian for the different driving strengths. From Tables I and II,
one finds that there are BS shifts given by δω

(2)
BS between the

RWA and non-RWA Hamiltonians. Moreover, Fig. 2 shows that
the corresponding resonance peaks are very narrow, the widths
of which may be comparable with the BS shifts. Therefore, the
resonance frequencies of the non-RWA Hamiltonian are actu-
ally “far” off-resonance frequencies for the RWA Hamiltonian
in spite of the small detuning δω

(2)
BS. It follows that a consid-

erable decrease in the steady excited-state population can be
expected for the RWA Hamiltonian at the resonance positions
of the non-RWA Hamiltonian, leading to the fact that the in-
tensity of the RWA spectrum differs from that of the non-RWA
spectrum. In contrast, if the resonance width is much larger than
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the BS shift, the latter may be safely neglected, which leads
to the consistency of the RWA and non-RWA theories [see
Fig. 6(a)]. All in all, in the multiphoton-resonance situations
where the resonance width is comparable with the BS shift,
the RWA and non-RWA spectra become markedly different.

To end this section, we give some remarks on the above
findings. First, most importantly, it is found that the CR term
is essential to the multiphoton-resonance-induce fluorescence
if the resonance has a width comparable with the BS shift.
At such a resonance, the RWA and non-RWA spectra can
be quite different. Second, the emission line at the driving
frequency ωx can be eliminated from the spectrum at the
zeros of |X(1,0)

++ |. In general, the zero of |X(1,0)
++ | depends on the

driving parameters. Similar to the resonance positions, there
may exist a non-negligible shift between the zeros predicted
with and without the CR terms, leading to the fact that the
emission line at ωx appears in the RWA spectrum but vanishes
in the non-RWA spectrum [see Fig. 7(a)] and vice versa.
Third, the CR terms can break the symmetry of the spec-
trum in the vanishing detuning case. The spectrum generally
has asymmetric multipeaked structures in the off-resonance
cases as well as multiphoton-resonance cases, similar to the
properties of the fluorescence from a bichromatically driven
TLS with transverse fields different from the present model
[20,21,23,24]. In the following, we explore how the symmetry
occurs and how it is broken by the CR terms.

C. Symmetry and asymmetry of the spectrum

The origin of the symmetry and asymmetry of the spectrum
has not been analyzed in detail even within the framework of
the RWA. In Ref. [27], the symmetry is simply attributed to the
fact that at ωx = ω0 saturation is achieved for arbitrary longi-
tudinal modulation strength while the asymmetry is attributed
to the unequal redistribution of populations among the doubly
dressed states. However, it is easy to verify that the RWA spec-
trum is symmetric as long as ωx = ω0 even if saturation is not
achieved (in the presence of a weak enough transverse field);
when the populations of the two-mode Floquet states (doubly
dressed states) are equal, i.e., ρ

(0,0)
++ = ρ

(0,0)
−− , the spectrum

can be asymmetric, e.g., the multiphoton-resonance-induced
fluorescence. In the following we first explore the origin of
the symmetry and asymmetry with the RWA Hamiltonian and
then study how the CR terms of the transverse field influence
the symmetry of the spectrum.

We use Eq. (31) to analyze the symmetry of the spectrum
as it is not only adequate to give accurate description in most
cases but also the leading-order contribution to the spectrum. In
general, if the spectrum is symmetric, Eq. (31) indicates that the
symmetry axis may be ω = ωx + mωz (m = 0, ± 1, ± 2, . . .).
For the symmetric spectrum, we must have the same weights
of the emission lines the positions of which are symmetric with
respect to the possible symmetry axis:

|X(1,m+l)
++ | = |X(1,m−l)

++ | (l = 1,2,3, . . .), (33)

and

|X(1,m+l)
+− |2ρ(0,0)

++ = |X(1,m−l)
−+ |2ρ(0,0)

−− (l = 0,1,2, . . .). (34)

In principle, for a given m, i.e., a certain symmetry axis,
these equalities strongly constrain the values of the driving

FIG. 9. |X(k,l)
++ | with k = 1 and l = ±1, ± 2 vs ωx calculated

from the RWA Hamiltonian for ωz = 0.18ω0, �z = 0.15ω0, and
various �x .

parameters to obtain the symmetric spectrum. On the other
hand, for any given m, i.e., every possible symmetry axis,
if the equalities (33) and/or (34) cannot hold simultaneously,
one concludes that the spectrum is asymmetric. In practice,
we find that the conditions to get the symmetric spectrum
are very limited, and the spectrum is generally asymmetric.
However, if the transition matrix element X

(k,l)
αβ is analytically

calculated in a limiting case as given in Appendix D, the
equalities (33) and (34) can always be satisfied, i.e., the
spectrum is always symmetric. This suggests that improper
approximations invoked in calculating the transition matrix
element would cause artefact symmetry of the spectrum.

We first consider the RWA Hamiltonian and m = 0. In
Fig. 9, we display the matrix elements |X(1,±l)

++ | numerically
calculated as a function of ωx with l = 1,2 for ωz = 0.18ω0,
�z = 0.15ω0, and various �x . Interestingly, the numerical re-
sults show that when l = 1,2, the curves of |X(1,l)

++ | and |X(1,−l)
++ |

are mirror images of each other about ωx = ω0. By further
numerical calculation, we find that this mirror symmetry exists
between |X(1,l)

αβ | and |X(1,−l)
βα | for l = 0,1,2,3, . . .. Moreover,

Fig. 9 also indicates that the mirror symmetry is independent
of the driving strength �x . As a result, we have the equalities
|X(1,l)

αβ | = |X(1,−l)
βα | as long as ωx = ω0. Thus, the equalities (33)

hold under the same condition. On the other hand, for the RWA
Hamiltonian, we find |X(k,l)

αβ | = 0 if k �= 1 from Eq. (A3) in the
limit of Z → 0. By this observation and using Eq. (24), we
have ρ

(0,0)
++ = ρ

(0,0)
−− at ωx = ω0 because of |X(1,l)

+− | = |X(1,−l)
−+ |.

Therefore, the equalities (34) also hold at ωx = ω0. It turns
out that the basic equalities |X(1,l)

αβ | = |X(1,−l)
βα | at ωx = ω0

guarantee that the spectrum is symmetric when ωx = ω0.
Next, we examine if the spectrum may be symmetric

about ω = ωx + mωz for the RWA Hamiltonian and m �= 0.
In Fig. 10, we show the behaviors of |X(1,m+l)

++ | and |X(1,m−l)
++ |

with m = 1,2 and l = 1,2 as a function of ωx for two values of
�x . For m = 1 and �x = 0.009ω0, Fig. 10(a) shows that the
part of the curves of |X(1,2)

++ | (solid line) and |X(1,0)
++ | (dashed

line) nearly overlap with each other around ωx = 0.82ω0, and
so do those of |X(1,3)

++ | (dot-dashed line) and |X(1,−1)
++ | (dotted
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FIG. 10. |X(k,l)
++ | with k = 1 and various l vs ωx calculated from

the RWA Hamiltonian for ωz = 0.18ω0, �z = 0.15ω0, and two values
of �x .

line), indicating that |X(1,1+l)
++ | may equal to |X(1,1−l)

++ | close
to the multiphoton-resonance frequency ωx = ω0 − ωz. By
further numerical calculation carried out to find the values
of ωx close to 0.82ω0 that satisfy the equalities |X(1,1+l)

++ | =
|X(1,1−l)

++ |, we find that the values vary slightly with l, i.e., the
equalities |X(1,1+l)

++ | = |X(1,1−l)
++ | cannot simultaneously hold at

a nontrivial fixed ωx . Nevertheless, we find that the difference
between |X(1,1+l)

++ | and |X(1,1−l)
++ | at ωx = 0.82ω0 is so small

that one has |X(1,1+l)
++ | � |X(1,1−l)

++ | for l = 1,2,3, . . .. However,
when �x = 0.09ω0, Fig. 10(b) shows that one cannot even
find such a nontrivial ωx that the difference between |X(1,1+l)

++ |
and |X(1,1−l)

++ | is vanishingly small. Moreover, by comparing
Figs. 10(a) and 10(b), it is intuitive to imagine that the dif-
ference between |X(1,1+l)

++ | and |X(1,1−l)
++ | becomes smaller and

smaller at ωx = 0.82ω0 as �x → 0. For m = 2, Figs. 10(c) and
10(d) display a similar phenomenon as shown in Figs. 10(a) and
10(b). Therefore, the present results suggest that, when �x �
ωz, |X(1,m+l)

++ | � |X(1,m−l)
++ | for l = 1,2,3, . . . occurs at the

multiphoton-resonance frequencies ωx = ω0 − mωz (m �= 0).

On the other hand, one can verify that |X(1,m+l)
+− | � |X(1,m−l)

−+ |
for l = 0,1,2,3, . . . under the same condition, leading to
|X(1,m+l)

+− |2ρ(0,0)
++ � |X(1,m−l)

−+ |2ρ(0,0)
−− . To summarize, one cannot

get a strictly symmetric spectrum in the multiphoton-resonance
cases but only gets an almost symmetric fluorescence spec-
trum because of |X(1,m+l)

αβ | � |X(1,m−l)
βα | when �x � ωz and

at multiphoton-resonance position ωx = ω0 − mωz (m �= 0).
This is further confirmed by calculating the line shapes with
the RWA method (the results are not shown here). Despite the
fact that Eq. (31) cannot predict quantitative accurate results
(the secular approximation becomes invalid) when �x ∼ κ ,
the equalities (33) and (34) can still be used to indicate the
symmetry condition, indicating that X

(k,l)
αβ plays a fundamental

role in the symmetry of the spectrum.
The above analysis leads us to draw the conclusion that for

the RWA Hamiltonian the spectrum is strictly symmetric when
ωx = ω0, i.e., at the RWA single-photon resonance frequency.
When �x � ωz, the spectrum is almost symmetric at the
multiphoton-resonance frequency ωx = ω0 − mωz (m �= 0).
Otherwise, the spectrum is asymmetric. Moreover, our analysis
indicates that the symmetry of the spectrum can be attributed
to the behaviors of X

(k,l)
αβ under certain conditions. In the

following, we study how the symmetry condition is modified
by the CR terms of the transverse field.

We explore how the CR terms influence the symmetry in
the moderately strong driving regime and in the case of m = 0.
In Fig. 11(a), we calculate |X(1,±l)

++ | with l = 1,2 as a function
of ωx for �x = 0.24ω0. In comparison with Fig. 9(c), we note
that the central crossing of |X(1,l)

++ | and |X(1,−l)
++ | is shifted to

the right side of ωx = ω0, i.e., the curves obtained from the
CHRW Hamiltonian have been shifted due to the CR terms. It
is then intuitive to ask whether the shifts of the central crossing
of |X(1,l)

++ | and |X(1,−l)
++ | are equal for different l. To answer this

question, we numerically search the solutions, denoted as ω
(l)
X ,

to the equations |X(1,l)
++ | − |X(1,−l)

++ | = 0 (l = 1,2) for variable
ωx near ω0. The behaviors of ω

(l)
X as a function of �x are

shown in Fig. 11(b). We provide not only the numerical results
from the CHRW Hamiltonian but also those from the original
Hamiltonian with the aid of the GFT approach [28]. It is found
that the curves for different l do not coincide, implying that the
shifts of the central crossing positions of |X(1,±l)

++ | for l = 1,2
are different. Consequently, the equalities |X(1,l)

++ | = |X(1,−l)
++ |

for l = 1,2,3, . . . cannot simultaneously hold at a fixed ωx ,
namely, the symmetry is broken by the CR terms. Neverthe-
less, when �x < 0.3ω0, Fig. 11(b) shows that the difference
between the curves is very small and the behaviors of ω

(l)
X can

be approximated by the shifted single-photon resonance fre-
quency that accounts for the second-order BS shift. In general,

we find |X(1,l)
αβ | � |X(1,−l)

βα | at ωx = ω0 + �2
x

4ω0
. This is actually

the reason that we observe an almost symmetric non-RWA
spectrum in Fig. 5(b) but an asymmetric non-RWA spectrum
in Fig. 5(a). The present analysis leads us to conclude that
for the non-RWA Hamiltonian we can only obtain an almost
symmetric spectrum at the shifted single-photon resonance
frequency when the driving strength is moderately strong.

In the multiphoton-resonance cases (m �= 0), the condi-
tions to obtain almost symmetric spectra for the non-RWA
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FIG. 11. (a) |X(k,l)
++ | with k = 1 and l = ±1, ± 2 vs ωx calculated

from the CHRW Hamiltonian for �x = 0.24ω0, ωz = 0.18ω0, and
�z = 0.15ω0. (b) Central crossing position ω

(l)
X as a function of �x for

ωz = 0.18ω0, and �z = 0.15ω0. Inset: Zoom of curves in the interval
(0.240,0.245)ω0.

Hamiltonian are the same as those for the RWA Hamiltonian
since the CR terms become insignificant if �x � ωz < ω0.
In other cases, the non-RWA spectrum can be markedly
asymmetric.

IV. CONCLUSIONS

In summary, we have studied the fluorescence spectrum of
the strongly driven TLS under frequency modulation in the
off-resonance and multiphoton-resonance cases by using the
CHRW method. By the combination of unitary transformation
and Floquet theory, the CHRW method allows us to efficiently
calculate the two-mode Floquet states and quasienergies from
the effective Hamiltonian instead of the original Hamiltonian
of the bichromatically driven TLS, which is more efficient than
the usual GFT approach. We solved the master equation of the
driven TLS accounting for spontaneous emission in the bases
of the two-mode Floquet states and got the time evolution
and the steady state of the dissipative bichromatically driven
TLS, and derived the fluorescence spectrum. It is found
that the fluorescence spectrum of the present formalism is
not only physically transparent but also adequately accurate
compared to the numerically exact results over a wide range
of the driving parameters where the RWA and the secular
approximation may break down, which are frequently used in
the analytical calculation.

In contrast with the previous spectra that are derived within
the framework of the RWA and/or perturbation theory [25–27],
the validity of which is limited, the present spectrum enables
us to include the driving much more accurately as long as the
two-mode Floquet states are calculated accurately, which can
be given by the semianalytical CHRW method or the standard
GFT approach (but with a lower calculation efficiency). Thus,
it is applicable to the regime where the RWA and perturbation
theories are inapplicable. Additionally, it is compatible with
not only numerical implement but also analytical calculation.
In particular, the spectrum in Ref. [26] can be easily reproduced
from Eq. (31) as long as we derive the two-mode Floquet states
in a limiting case, i.e., �x � ωz.

We illustrated several features of the fluorescence spec-
trum, which may be strongly modified by the CR terms
of the transverse field. First, we demonstrated that in the
multiphoton-resonance situations where the resonance widths
are comparable with the BS shifts, the line shapes of the RWA
and non-RWA spectra markedly differ from each other, which
is relevant to the effect of the BS shifts on the steady state.
Second, the emission line at ωx may vanish due to the zeros of
|X(1,0)

++ |. The zeros can be shifted by the CR terms, leading to the
inconsistency of the RWA and non-RWA spectra when driving
is moderately strong. Third, the symmetry of the spectrum
can be attributed to the behaviors of the transition matrix
elements, X(k,l)

αβ . It turns out that for the RWA Hamiltonian the
symmetry of the spectrum can be expected as long as ωx = ω0.
However, when the transverse field is moderately strong, the
CR terms can break the symmetry of the spectrum in the case
of ωx = ω0 but cause almost symmetric spectra at the shifted
single-photon resonance that takes the BS shift into account. In
addition, at the multiphoton resonance, the almost symmetric
spectra occur when the transverse field is sufficiently weak. Our
results suggest that the strongly driven TLS under frequency
modulation may be a promising candidate for studying the
multiphoton-resonance-induced fluorescence and the effects
of the CR terms in the moderately strong driving regime
(where the effects of the CR terms become insignificant in
the monochromatically driven TLS).
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APPENDIX A: DERIVATION OF THE MASTER EQUATION
IN THE GENERALIZED FLOQUET PICTURE

It is straightforward to rewrite the master equation in the
bases of the two-mode Floquet states. Differentiating ραβ(t) =
〈uα(t)|ρ(t)|uβ(t)〉 with respect to time t , one finds

d

dt
ραβ (t) = d〈uα(t)|

dt
ρ(t)|uβ(t)〉 + 〈uα(t)|ρ(t)

d|uβ(t)〉
dt

+〈uα(t)|dρ(t)

dt
|uβ(t)〉

= −i(εα − εβ)ραβ(t) − κ

2
〈uα(t)|[σ+σ−ρ(t)

+ ρ(t)σ+σ− − 2σ−ρ(t)σ+]|uβ(t)〉, (A1)
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where we have used the relation given in Eq. (4). Inserting
the completeness relation of the generalized Floquet states∑

λ |uλ(t)〉〈uλ(t)| = I , where I represents an identity matrix,
between the operators of the dissipation terms, one gets,
e.g.,

〈uα(t)|σ+σ−ρ(t)|uβ(t)〉
=
∑
α′,λ

〈uα(t)|σ+|uλ(t)〉〈uλ(t)|σ−|uα′(t)〉〈uα′(t)|ρ(t)|uβ(t)〉

=
∑
α′,λ

〈uα(t)|σ+|uλ(t)〉〈uλ(t)|σ−|uα′(t)〉ρα′β(t)

=
∑

α′,β ′,λ

〈uα(t)|σ+|uλ(t)〉〈uλ(t)|σ−|uα′ (t)〉δβ,β ′ρα′β ′ (t).

(A2)

To proceed, we derive the two-mode Fourier expansion of
〈uα(t)|σj |uβ(t)〉 (j = ±,z) with the two-mode Floquet states
obtained in Sec. II A as follows:

〈uα(t)|σ+|uβ(t)〉
= 〈ũα(t)|R(t)eS(t)σ+e−S(t)R†(t)|ũβ(t)〉

= 1

2
{1 + cos[Z sin(ωxt)]}eiωx t 〈ũα(t)|σ+|ũβ(t)〉

+1

2
{1 − cos[Z sin(ωxt)]}e−iωx t 〈ũα(t)|σ−|ũβ(t)〉

−1

2
i sin[Z sin(ωxt)]〈ũα(t)|σz|ũβ(t)〉

=
∑
k,l

1

2
[f +

k−1x
(+)
αβ,l + f −

k+1x
(−)
αβ,l − f z

k x
(z)
αβ,l]e

i(kωx+lωz)t

≡
∑
k,l

X
(k,l)
αβ ei(kωx+lωz)t . (A3)

Here, we have used the following Fourier expansions:

1 ± cos[Z sin(ωxt)] =
∑

k

f ±
k eikωx t , (A4)

i sin[Z sin(ωxt)] =
∑

k

f z
k eikωx t , (A5)

〈ũα(t)|σj |ũβ(t)〉 =
∑

l

x
(j )
αβ,le

ilωzt , (A6)

with their Fourier components given by

f ±
k = ωz

2π

∫ 2π/ωz

0
{1 ± cos[Z sin(ωxt)]}e−ikωx t dt

= [1 ± J0(Z)]δk,0 ±
∞∑

n=1

J2n(Z)(δ2n,k + δ−2n,k), (A7)

f z
k = ωz

2π

∫ 2π/ωz

0
i sin[Z sin(ωxt)]e

−ikωx tdt

=
∞∑

n=1

J2n−1(Z)(δ2n−1,k − δ1−2n,k), (A8)

x
(j )
αβ,l = ωz

2π

∫ 2π/ωz

0
〈ũα(t)|σj |ũβ(t)〉e−ilωzt dt. (A9)

In the same way, we have

〈uα(t)|σ−|uβ(t)〉 =
∑
k,l

Y
(k,l)
αβ ei(kωx+lωz)t , (A10)

〈uα(t)|σz|uβ(t)〉 =
∑
k,l

Z
(k,l)
αβ ei(kωx+lωz)t , (A11)

where Y
(k,l)
αβ = X

(−k,−l)∗
βα and

Z
(k,l)
αβ = (f +

k − δk,0)x(z)
αβ,l + f z

k+1x
(−)
αβ,l − f z

k−1x
(+)
αβ,l . (A12)

Substituting Eqs. (A3) and (A10) into Eq. (A2), we have

〈uα(t)|σ+σ−ρ(t)|uβ(t)〉 =
∑

α′,β ′,k,l

(∑
λ,n,m

X
(n,m)
αλ Y

(k−n,l−m)
λα′

)

× ei(kωx+lωz)t δβ,β ′ρα′β ′ (t). (A13)

Obviously, similar expressions for 〈uα(t)|ρ(t)σ+σ−|uβ(t)〉 and
〈uα(t)|σ−ρ(t)σ+|uβ(t)〉 can be obtained. Thus, we get the
master equation in the generalized Floquet picture.

APPENDIX B: GENERALIZED FLOQUET-LIOUVILLE
FORMALISM

It has been shown that the GFT can be applied to the
quantum system driven by the polychromatic transverse field
in the presence of the dissipation [31]. Obeying the same
rules, we use the GFT to solve the master equation (2). We
first rewrite the master equation in terms of the Bloch vector
〈�σ (t)〉 = (〈σ+(t)〉,〈σ−(t)〉,〈σz(t)〉)T, which reads

i
d

dt
〈�σ (t)〉 = M(t)〈�σ (t)〉 + �b, (B1)

where

M(t) =
⎛
⎝−ω0 − �z cos(ωzt) − i κ

2 0 �x cos(ωxt)
0 ω0 + �z cos(ωzt) − i κ

2 −�x cos(ωxt)
2�x cos(ωxt) −2�x cos(ωxt) −iκ

⎞
⎠, (B2)

and

�b = i(0,0, − κ)T. (B3)

For the homogeneous part of the Bloch equation (B1), we
assume that it possesses the following ansatz according to the

GFT:
〈�σ (t)〉 = �(t,t ′)〈�σ (t ′)〉, (B4)

with the evolution operator being

�(t,t ′) =
∑

j=±,z

|φj (t)〉〈ϕj (t ′)|e−iεj (t−t ′), (B5)
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where |φj (t)〉 and 〈ϕj (t ′)| are 3 × 1 and 1 × 3 vectors, re-
spectively, and εj is called the characteristic exponent (to
distinguish it from the quasienergies aforementioned).

We now calculate |φj (t)〉. Differentiating �(t,t ′) with
respect to t , one finds

[M(t) − i∂t ]|φj (t)〉 = εj |φj (t)〉, (B6)

which is similar to Eq. (4). One readily derives the two-
mode Fourier expansion for the coefficient matrix M(t) =∑

k,l M
(k,l)ei(kωx+lωz)t with

M (0,0) = diag
(
−ω0 − i

κ

2
,ω0 − i

κ

2
, − iκ

)
, (B7)

M (0,±1) = diag

(
−�z

2
,
�z

2
,0

)
, (B8)

M (±1,0) =

⎛
⎜⎝

0 0 �x

2

0 0 −�x

2

�x −�x 0

⎞
⎟⎠. (B9)

We assume the two-mode Fourier expansion for |φj (t)〉:
|φj (t)〉 =

∑
k,l

∣∣φ(k,l)
j

〉
ei(kωx+lωz)t , (B10)

where |φ(k,l)
j 〉 = (φ(k,l)

+,j ,φ
(k,l)
−,j ,φ

(k,l)
z,j )T is a 3 × 1 time-

independent vector, each component of which is to be
determined below. Substituting the two-mode Fourier
expansions of M(t) and |φj (t)〉 into Eq. (B6), we find a
time-independent algebra equation:∑

k,l

[M (n−k,m−l) + (kωx + lωz)δk,nδl,m]
∣∣φ(k,l)

j

〉 = εj

∣∣φ(n,m)
j

〉
.

(B11)

This equation represents a matrix equation M|φj 〉〉 = εj |φj 〉〉,
where the “element” of M is given by

Mnm,kl = M (n−k,m−l) + (kωx + lωz)δk,nδl,m, (B12)

and the vector |φj 〉〉 is composed of |φ(k,l)
j 〉 arranged in order.

In a similar way, we can evaluate 〈ϕj (t ′)| as well. Specifi-
cally, we differentiate �(t,t ′) with respect to t ′ and get

〈ϕj (t ′)|[M(t ′) + i
←−
∂t ′ ] = εj 〈ϕj (t ′)|. (B13)

We use the two-mode Fourier expansion

〈ϕj (t ′)| =
∑
k,l

〈
ϕ

(k,l)
j

∣∣e−i(kωx+lωz)t ′ , (B14)

where 〈ϕ(k,l)
j | = (ϕ(k,l)

j,+ ,ϕ
(k,l)
j,− ,ϕ

(k,l)
j,z ) is a 1 × 3 time-independent

vector. From Eq. (B13), we have∑
k,l

〈
ϕ

(k,l)
j

∣∣Mkl,nm = εj

〈
ϕ

(n,m)
j

∣∣, (B15)

which corresponds to 〈〈ϕj |M = εj 〈〈ϕj | with the row vector
consisting of 〈ϕ(k,l)

j |. Equations (B11) and (B15) indicate that
|φj 〉〉, 〈〈ϕj |, and εj are the right eigenvector, left eigenvector,
and eigenvalue of M, respectively. Thus, the evolution opera-
tor �(t,t ′) can be obtained whenM is diagonalized. Formally,
the solutions to the Bloch equations with an inhomogeneous
part can be found as

〈�σ (t)〉 = �(t,t ′)〈�σ (t ′)〉 − i

∫ t

t ′
�(t,s)�bds. (B16)

The explicit form for each component of the Bloch vector can
be expressed in terms of the two-mode Fourier components
and characteristic exponents as follows:

〈σj (t)〉 =
∑

j1,j2=±,z

∑
k,l,n,m

φ
(k,l)
j,j1

ei(kωx+lωz)t

{
ϕ

(n,m)
j1,j2

〈σj2 (t ′)〉e−i(nωx+mωz)t ′e−iεj1 (t−t ′) − κϕ
(n,m)
j1,z

1 − ei(nωx+mωz−εj1 )(t−t ′)

i(εj1 − nωx − mωz)
e−i(nωx+mωz)t

}
.

(B17)

We now calculate the fluorescence spectrum in the steady-state limit. According to the quantum regression theory [34], we
can derive the two-time correlation function from the single-time expectation 〈σ+(t)〉 by replacing the initial condition ρ(t ′) with
σ−ρ(t ′) (see the details in the next section). Denoting t = t ′ + τ , we have the two-time correlation function

g(1)(τ ; t ′) =
∑

j1=±,z

∑
k,l,n,m

φ
(k,l)
+,j1

ei(kωx+lωz)t

{[
ϕ

(n,m)
j1,+

1 + 〈σz(t ′)〉
2

− ϕ
(n,m)
j1,z

〈
σ−(t ′)

〉]

× e−iεj1 τ e−i(nωx+mωz)t ′ − κϕ
(n,m)
j1,z

e−i(nωx+mωz)t 1 − ei(nωx+mωz−εj1 )τ

i(εj1 − nωx − mωz)
〈σ−(t ′)〉

}
. (B18)

In the long-time limit, t ′ → ∞, we omit the oscillatory terms explicitly depending on t ′ and get the following two-time correlation
function:

g(1)(τ ) =
∑

j1,j2=±,z

∑
k,l,n

m,p,q

κ2φ
(n,m)
+,j1

ϕ
(n−k,m−l)
j1,z

φ
(p−k,q−l)
−,j2

ϕ
(p,q)
j2,z

[εj1 − (n − k)ωx − (m − l)ωz](pωx + qωz − εj2 )
ei(kωx+lωz)τ

+
∑

j1=±,z

∑
k,l

⎧⎨
⎩1

2
φ

(k,l)
+,j1

ϕ
(k,l)
j1,+ −

∑
j2=±,z

∑
n,m,p,q

φ
(k,l)
+,j1

[
1

2
ϕ

(n,m)
j1,+ φ

(n+p−k,m+q−l)
z,j2

− ϕ
(n,m)
j1,z

×φ
(n+p−k,m+q−l)
−,j2

(
1 − κ

i(εj1 − nωx − mωz)

)]
ϕ

(p,q)
j2,z

i(εj2 − pωx − qωz)

}
ei(kωx+lωz)τ−iεj1 τ . (B19)
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On performing integration given in Eq. (25), we obtain the fluorescence spectrum

S(ω) =
∑

j1,j2=±,z

∑
k,l,n

m,p,q

πκ2φ
(n,m)
+,j1

ϕ
(n−k,m−l)
j1,z

φ
(p−k,q−l)
−,j2

ϕ
(p,q)
j2,z

[εj1 − (n − k)ωx − (m − l)ωz](pωx + qωz − εj2 )
δ(ω − kωx − lωz)

+ Re
∑

j1=±,z

∑
k,l

1

i(ω + εj1 − kωx − lωz)

⎧⎪⎨
⎪⎩

1

2
φ

(k,l)
+,j1

ϕ
(k,l)
j1,+ −

∑
j2=±,z

∑
n,m,p,q

φ
(k,l)
+,j1

[
1

2
ϕ

(n,m)
j1,+ φ

(n+p−k,m+q−l)
z,j2

−ϕ
(n,m)
j1,z

φ
(n+p−k,m+q−l)
−,j2

(
1 − κ

i(εj1 − nωx − mωz)

)]
κϕ

(p,q)
j2,z

i(εj2 − pωx − qωz)

⎫⎪⎬
⎪⎭. (B20)

The formal spectral function can be used to numerically calculate the line shape of the fluorescence.

APPENDIX C: DERIVATION OF THE FLUORESCENCE SPECTRUM IN THE GENERALIZED FLOQUET PICTURE

In the Markovian approximation, we have

g(1)(τ ; t ′) = TrS{σ+TrR[U (t ′ + τ,t ′)σ−ρ(t ′) ⊗ ρRU †(t ′ + τ,t ′)]}, (C1)

which means that we can obtain the two-time correlation function from the single-time expectation 〈σ+(t ′ + τ )〉 by using the
initial condition σ−ρ(t ′) when solving the master equation. In the generalized Floquet picture, the single-time expectation can be
formally obtained as

〈σ+(t)〉 =
∑

α,β,k,l

X
(k,l)
αβ ei(kωx+lωz)t ρβα(t),

=
∑
k,l

ei(kωx+lωz)t

{
2X

(k,l)
++ [ρ(st)

++(t) − 1

2
+ δρ++(t ′)e−�rel(t−t ′)] + X

(k,l)
+− [δρ−+(t ′)e−�deph(t−t ′) + ρ

(st)
−+(t)]

+X
(k,l)
−+ [δρ+−(t ′)e−�deph(t−t ′) + ρ

(st)
+−(t)]

}
, (C2)

where we used Eqs. (13) and (14) and relation X
(k,l)
++ = −X

(k,l)
−− . To calculate g(1)(τ ; t ′) in the steady-state limit, we use the initial

condition σ−ρ(st)(t ′) in the above equation, i.e., we use the following replacements:

δραβ(t ′) → 〈uα(t ′)|[σ− − 〈σ−(t ′)〉]ρ(st)(t ′)|uβ(t ′)〉, (C3)

ρ
(st)
αβ (t) → 〈σ−(t ′)〉ρ(st)

αβ (t ′ + τ ), (C4)

1
2 → 1

2 〈σ−(t ′)〉, (C5)

where 〈σ−(t ′)〉 appears because of the property of trace preserving of the master equation. Consequently, we arrive at the following
expression:

g(1)(τ ; t ′) =
∑
k,l

ei(kωx+lωz)(t ′+τ )

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
∑
α,β

n,p

X
(n,p)
αβ ρ

(k−n,l−p)
βα

∑
r,q

ei(rωx+qωz)t ′
∑
α′,β ′
h,m

Y
(h,m)
α′β ′ ρ

(r−h,q−m)
β ′α′

+
∑
n,m

[2X
(k,l)
++ F

(n,m)
++ e−�relτ + X

(k,l)
+− F

(n,m)
−+ e(i+−−�deph)τ + X

(k,l)
−+ F

(n,m)
+− e(−i+−−�deph)τ ]ei(nωx+mωz)t ′

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

, (C6)

where we used the two-mode Fourier expansions of 〈σ−(t ′)〉, ρ(st)(t ′ + τ ), and 〈uα(t ′)|[σ− − 〈σ−(t ′)〉]ρ(st)(t ′)|uβ(t ′)〉 =∑
k,l F

(k,l)
αβ ei(kωx+lωz)t ′ with F

(k,l)
αβ given in Eq. (30). As t ′ → ∞, we omit the oscillatory terms explicitly depending on t ′ and
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thus obtain the two-time correlation function with τ dependence only:

g(1)(τ ) = lim
t ′→∞

g(1)(τ ; t ′) =
∑
k,l

ei(kωx+lωz)τ
∑

α,β,n,p

X
(n,p)
αβ ρ

(k−n,l−p)
βα

∑
α′,β ′,h,m

Y
(h,m)
α′β ′ ρ

(−k−h,−l−m)
β ′α′

+
∑
k,l

ei(kωx+lωz)τ [2e−�relτX
(k,l)
++ F

(−k,−l)
++ + e(i+−−�deph)τX

(k,l)
+− F

(−k,−l)
−+ + e(−i+−−�deph)τX

(k,l)
−+ F

(−k,−l)
+− ]. (C7)

With Eq. (C7) at hand, we can evaluate the integral in Eq. (25) and derive the fluorescence spectrum.

APPENDIX D: ANALYTICAL CALCULATION OF THE
FLUORESCENCE SPECTRUM

We show that the present formalism also allows us to
analytically calculate the spectrum, e.g., the result given in
Ref. [26]. To this end, we derive the two-mode Floquet states
analytically in a limiting case. We first transform the original
Hamiltonian with a new generator

S(t) = i

2

[
ω0t + �z

ωz

sin(ωzt)

]
σz, (D1)

and then retain the near resonance terms but neglect the off-
resonance terms. In doing so, we find the resulting Hamiltonian

H ′(t) = eS(t)[H (t) − i∂t ]e
−S(t)

= �x

2
(e−iωx t + eiωx t )

[
σ+e

iω0t+i
�z
ωz

sin(ωzt) + H.c.
]

= �x

2
J−m

(
�z

ωz

)
[σ+ei(ω0−ωx−mωz)t + H.c.], (D2)

where the last line only includes the near resonant terms
ω0 − ωx − mωz ≈ 0. As is known, this treatment is expected
to be justified when ωz � �x [37]. Otherwise, it breaks down,
leading to the fact that the derived spectrum with this method is
insufficient to capture the spectral features given in this paper.
This Hamiltonian can be further simplified by the rotating
operation with

R(t) = exp[−i(ω0 − mωz − ωx)σ+σ−t], (D3)

which leads to

H̄ = R(t)[H ′(t) − i∂t ]R
†(t) = δm

2
σ+σ− + Fm

2
σx, (D4)

where δm = ω0 − ωx − mωz and Fm = �xJ−m( �z

ωz
). The

eigenstates of H̄ are given by

|ū±〉 = ±
√

�m ∓ δm

2�m

|−〉 +
√

�m ± δm

2�m

|+〉, (D5)

with the corresponding eigenenergies E±
m = 1

2 (δm ± �m),
where �m = √δ2

m + F 2
m. Thus, we have the two-mode

Floquet states

|u±(t)〉 = ei 1
2 ω0t−S(t)R†(t)|ū±〉 (D6)

and quasienergies ε± = E±
m − 1

2ω0. The transition matrix ele-

ments X
(k,l)
αβ can thus be found from the following expression:

〈uα(t)|σ+|uβ(t)〉 = 〈ūα|R(t)eS(t)σ+e−S(t)R†(t)|ūβ〉
= 〈ūα|σ+|ūβ〉ei

�z
ωz

sin(ωzt)+i(mωz+ωx )t

=
∑

l

〈ūα|σ+|ūβ〉Jl

(
�z

ωz

)

× ei(l+m)ωzt+iωx t , (D7)

which indicates that

X
(k,l)
αβ = δk,1Jl−m

(
�z

ωz

)
〈ūα|σ+|ūβ〉. (D8)

With the analytical form of X
(k,l)
αβ and quasienergies at hand,

we can now derive the spectrum; i.e., we just need to calculate
the ingredients in the formal spectrum (31). It is easy to verify
that the analytical spectrum derived is exactly the same as that
given in Ref. [26] (apart from the difference in the notation and
constants) and is inapplicable to the strong driving regime, e.g.,
�x ∼ ωz ∼ �z � κ .
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Variational Study of the Two-Impurity Spin–Boson Model
with a Common Ohmic Bath: Ground-State Phase
Transitions

Nengji Zhou, Yuyu Zhang, Zhiguo Lü, and Yang Zhao*

By means of a trial wave function, the multi-D1 ansatz, extensive variational
calculations with more than 10 000 parameters are carried out to study
quantum phase transitions in the ground states of a two-impurity system
embedded in a common Ohmic bath of bosons. Quantum criticality in both
the impurity system and the Ohmic bosonic bath is investigated with relevant
transition points and critical exponents determined accurately. With the linear
grid of the Ohmic spectral density, numerical calculations herein produce a
much better description of the ground states with lower energies than other
calculations employing a logarithmic grid with a discretization factor far
greater than unity. This offers a possible resolution to the considerable
controversy on the critical coupling in the literature. Moreover, the
ground-state phase transition is inferred to be of first order in the presence of
strong antiferromagnetic spin–spin coupling, at variance with that in the
ferromagnetic regime or in the absence of spin–spin coupling where the
transition belongs to the Kosterlitz–Thouless universality class.

1. Introduction

Considerable attention has been devoted to open quantum sys-
tems over the past decades.[1–3] A variety of open quantum sys-
tems, together with associated quantum dynamics and phase
transitions, have been subjects of extensive numerical and an-
alytical investigations in a wide range of settings, such as the de-
fect tunneling in solids,[4,5] spontaneous emission in quantum
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optics,[6,7] charge transfer processes in
biological reactions,[8,9] semiconducting
quantum dots in nanocavities,[10,11] and
quantum tunneling in superconduct-
ing circuits.[12–14] The spin–boson model
(SBM) describes a single two-level sys-
tem, for example, a spin-1/2 particle or
a magnetic impurity, linearly coupled to
environmental degrees of freedom repre-
sented by a continuous bath consisting
of bosonic field modes.[15] In spite of its
apparent simplicity, the system possesses
multifaceted properties in statics, dynam-
ics, and quantum criticality, and has of-
ten been used as a paradigmatic model
for studying open quantum systems.
There exists a ground-state phase tran-

sition in SBM separating a nondegen-
erate delocalized phase from a dou-
bly degenerate localized phase, provided

that the coupling between the system and the environment can
be characterized by a gapless spectral function J (ω) = 2αω1−s

c ωs ,
where α denotes the dimensionless coupling strength, ωc repre-
sents the high frequency cutoff, and s is the spectral exponent.[16]

The phase transition is of second order in the sub-Ohmic regime
(0 < s < 1), and of the Kosterlitz–Thouless type in the Ohmic
case (s = 1). The latter can be realized in the context of waveg-
uide quantum electrodynamics by coupling a superconducting
qubit to a uniform Josephson junction array.[17–19] In recent years,
the transition boundary and the critical exponents have been es-
timated by a variety of approaches, such as the numerical renor-
malization group (NRG), exact diagonalization (ED), variational
matrix product states (VMPS), quantum Monte Carlo (QMC),
and variational methods (VM).[20–26] Numerical results of the crit-
ical couplings agree well in the deep sub-Ohmic regime s < 0.5,
but differ considerably in the shallow one s > 0.5, let alone those
in the Ohmic case s = 1 due to the sensitivity of Kosterlitz–
Thouless transition. Very recently, a variational approach based
on a systematic coherent-state expansion has been used to probe
the ground-state properties of SBM at s = 1.[27]

Variants of the standard SBM have also been intensively
studied.[25,28–32] The two-impurity SBM, for example, is one of
the prominent SBM generalizations, as it is essential for study-
ing quantum logical operations involving two qubits in quantum
computations.[33–35] In addition, the presence of a second impu-
rity allows us to address the interplay between quantum control
and dissipation represented by the spin–spin and spin–bath
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interactions, respectively, giving rise to a much richer phase
diagram.[36] For the single-impurity SBM with an Ohmic bath,
the Kosterlitz–Thouless transition point of αc ≈ 1 is generally
accepted in the weak tunneling limit, which can be estimated by
mapping onto the anisotropic Kondo model with bosonization
techniques.[1,16,37] In contrast, the value of αc for the two-impurity
SBM attached a common Ohmic bath is still under contention.
Specifically, αc = 0.5 was predicted variationally in the absence
of both bias and spin–spin coupling,[38] very different from
αc ≈ 0.18 obtained in NRG calculations, 0.22 in QMC simula-
tions, and 0.16 from nonequilibrium quantum dynamics, with
a tunneling constant of 0.025.[36,39,40] Very recently, αc = 0.125
was arrived at by means of the variational treatment based on a
new ansatz and mean-field approximation.[41] It follows that an
accurate determination of the transition point is needed for the
two-impurity model. More importantly, it should be addressed
whether the transition belongs to the Kosterlitz–Thouless uni-
versality class in the presence of the impurity–impurity coupling.
In previous studies on quantum phase transitions in SBM,

attention was mainly focused on the spin-related observations,
especially for the spontaneous magnetization, a nature order
parameter.[24,42–45] The Bethe ansatz solution of the anisotropic
Kondo model, believed to be equivalent to the Ohmic single-spin
model, shows that the spin coherence 〈σx〉 decreases monoton-
ically with the coupling α, and remains continuous and finite
at the Kosterlitz–Thouless transition. In contrast, a discontin-
uous reduction in the spin magnetization occurs at the transi-
tion point αc from 〈σz〉 = 0 in the delocalized phase to 〈σz〉 = −1
(or 1) in the localized phase.[16] Even under a tiny bias, however,
the discontinuity in the magnetization is replaced by a smooth
crossover, which may result in a significant reduction of the esti-
mated value of the critical coupling αc . Those results have been
numerically confirmed by applying the NRG and VM approaches
to the spin–boson model.[27,42] For the two-impurity SBM, un-
fortunately, small but finite bias values, for example, 10−8ωc

and 10−5ωc , were sometimes chosen to trigger the phase transi-
tion. Therefore, results such as αc ≈ 0.18 and 0.125 are possibly
underestimated.[36,41] Moreover, the abrupt jumps in themagneti-
zation has not been reproduced numerically in the absence of the
bias. Beyond the magnetization, the bath observables provide a
direct observation of the quantum criticality intrinsic to the envi-
ronment possessing many-body effects. The critical properties of
the sub-Ohmic bath have recently been explored with the help of
a variational approach in which the complete spin-environment
wave function of the ground state can be determined.[46] However,
whether they are good indicators for phase transition detection in
the Ohmic SBM remains an open issue.
In this paper, a numerical variational method (NVM) is de-

vised to study the ground-state phase transition of the two-
impurity SBM in a common Ohmic bath. Using the general-
ized trial wave function composed of coherent-state expansions,
which has been proved successful in treating the ground-state
phase transitions and quantum dynamics of quantum many-
body systems,[29,30,47–50] we systematically investigate the ground-
state energy, magnetization, and spin coherence as well as the
observables related to the Ohmic bath. The transition point and
critical exponents are accurately determined, and phase diagram
spanned by the spin–spin and spin–bath couplings is identified,
in comparison with those obtained from NRG and QMC. The

rest of the paper is organized as follows. In Section 2, the two-
impurity model and NVM are described. In Section 3, the nu-
merical results are presented for the validity of NVM, quantum
criticality of the Ohmic bath, and phase diagram. Finally, they are
discussed at length before drawing conclusions in Section 4.

2. Model and Method

For completeness and further reference, the standard Hamilto-
nian of SBM is introduced firstly

Ĥ = ε

2
σz − �

2
σx +

∑
k

ωkb
†
kbk + σz

2

∑
k

λk(b
†
k + bk) (1)

where ε is an energy bias, � denotes the bare tunneling am-
plitude, σx and σz represent the Pauli spin-1/2 operators, b†k
(bk) is the bosonic creation (annihilation) operator of the k-th
bath mode whose frequency is ωk , and λk signifies the coupling
amplitude between the spin and environment. By dividing the
phonon frequency domain [0, ωc ] into M intervals [�k, �k+1]ωc

(k = 0, 1, . . . , M − 1), the coupling strength λk and bosonic fre-
quency ωk in Equation (1) are calculated with a coarse-grained
treatment of the continuous spectral density function J (ω) =∑

k λ2kδ(ω − ωk):[20,23,29,46,51]

λ2k =
∫ �k+1ωc

�kωc

dt J (t), ωk = λ−2
k

∫ �k+1ωc

�kωc

dt J (t)t (2)

For convergence, the cutoff frequency is set at ωc = 1. A loga-
rithmic discretization procedure with the parameter �k = �k−M

is usually adopted for the sub-Ohmic regime (s < 1) present-
ing a second-order phase transition. However, in a more promi-
nent case with Ohmic spectrum, that is, s = 1, the continuum
limit� → 1 is required to obtain an accurate quantum criticality
of the Kosterlitz–Thouless transition,[38,42,51] while � = 1.4− 2.0
was used in earlier numerical works.[27,36] A linear discretiza-
tion procedure with �k = k/M is a possible alternative, for the
bosonic modes at different frequencies are equally important.
Hence, unless noted otherwise the NVM results presented here
are obtained with the linear discretization.
In this paper, the primary aim is to study the two-impurity

SBM for which the Hamiltonian is given by

Ĥ = ε

2
(σ z

1 + σ z
2 )−

�

2
(σ x

1 + σ x
2 )+

∑
k

ωkb
†
kbk

+ σ z
1 + σ z

2

2

∑
k

λk(b
†
k + bk)+ K

4
σ z
1σ

z
2 (3)

where the subscripts of σi (i = 1, 2) correspond to qubits 1 and
2, and K is the Ising-type qubit–qubit interaction. First of all,
a simple case in the absence of bias and spin–spin interaction
K = ε = 0 is investigated for understanding the ground-state
quantum phase transition in the Ohmic environment. The tran-
sition point is determined accurately, and critical properties of
the Ohmic bath are identified. After that, both the ferromagnetic
(K < 0) and antiferromagnetic (K > 0) situations as well as the
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biased cases (ε > 0) are studied, and the phase diagram is given
in Section 3.3.
As one of successful approaches that enable direct access

to the ground-state wave function, the variational method has
recently been adopted to study SBM, where the form of the
trial wave function plays a vital role in obtaining the ground
state.[29,42,46] In this work, a systematic coherent-state expansion,
termed as the “multi-D1 ansatz,” is used as the variational ansatz,
which has been proved to be efficient in tackling the ground-
state phase transitions and quantum dynamics of SBM and its
variant,[29,30,48]

|
〉 = |↑↑〉|B↑↑〉 + |↑↓〉|B↑↓〉 + |↓↑〉|B↓↑〉 + |↓↓〉|B↓↓〉

= |↑↑〉
N∑

n=1
An exp

[
M∑
k=1

(
fn,kb

†
k −H.c.

)]
|0〉b

+ |↑↓〉
N∑

n=1
Bn exp

[
M∑
k=1

(
gn,kb

†
k −H.c.

)]
|0〉b (4)

+ |↓↑〉
N∑

n=1
Cn exp

[
M∑
k=1

(
hn,kb

†
k −H.c.

)]
|0〉b

+ |↓↓〉
N∑

n=1
Dn exp

[
M∑
k=1

(
pn,kb

†
k −H.c.

)]
|0〉b

where |↑↑〉|B↑↑〉 represents one of the bases in the ansatz, H.c.
denotesHermitian conjugate, ↑ (↓) stands for the spin up (down)
state, and |0〉b is the vacuum state of the bosonic bath. The varia-
tional parameters fn,k, gn,k, hn,k , and pn,k represent the displace-
ments of the coherent states correlated to the spin configurations
|↑↑〉, |↑↓〉, |↓↑〉, and |↓↓〉, respectively, and An, Bn,Cn, and Dn

are weights of the coherent states. The subscripts n and k cor-
respond to the ranks of the coherent superposition and effective
bath mode, respectively.
Recently, it has been reported that the variational treatment

based on Silbey–Harris ansatz fails for the ground-state phase
transition of SBM, since the imposed constraints fn,k = −pn,k
and An = Dn are broken in the localized phase or the biased
case.[24,42,52] Here the multi-D1 ansatz goes beyond that of Silbey
and Harris. Moreover, the number of the flexible variational pa-
rameters in this ansatz is much larger than that in Silbey–Harris
one and its recent extension.[30] For example, it has more than
12 000 variational parameters ifM = 500 and N = 6. The sophis-
tication of the trail wave function ensures it is possible to obtain
an accurate description of the ground state around the transition
point, for the existence of huge quantum fluctuations and entan-
glements in the environment, though the variational procedure
becomes quite difficult.
NVM is then utilized to search for the ground state by mini-

mizing the system energy E with respect to variational parame-
ters. With the multi-D1 ansatz defined in Equation (4) at hand,
E = H/N can be calculated with the Hamiltonian expectation
H = 〈ψ |Ĥ|ψ〉 and the norm of the wave functionN = 〈ψ |ψ〉. A
set of self-consistency equations are then derived:

∂H
∂xi

− E
∂N
∂xi

= 0 (5)

where xi (i = 1, 2, . . . , 4NM + 4N) denotes any variational pa-
rameter. For each set of themodel parameters, more than 100 ini-
tial states are used with different (An, Bn,Cn, and Dn) uniformly
distributed within an interval [−1, 1], and ( fn,k, gn,k, hn,k , and
pn,k) obeying classical displacement law±λk/ωk . Meanwhile, the
simulated annealing algorithm is employed in variational calcu-
lations in order to escape frommetastable states. The termination
criterion of the iteration procedure is max{x∗

i − xi } < 1× 10−10.
Thus, one can obtain the ground-state solution |
g〉with themin-
imum energy Eg. The reader is referred to Section 1, Supporting
Information for more details.
Besides the ground-state energy Eg as well as spin coherence

and magnetization 〈σx,z〉 = 〈
g|σx,z|
g〉, the observables related
to the Ohmic bath defined in Section 2, Supporting Information
are also evaluated as indicators to characterize the ground-state
phase transition for the two-impurity model, including the vari-
ances of phase space variables �Xb and �Pb, the correlation
functions CorX and CorP, renormalized tunneling �r , and av-
erage displacements and coherent-state weights f̄k, p̄k, Ā, and
D̄.[27,46]

Finally, convergence tests of variational results are performed
against the numbers of effective bath modes M and coherent-
superposition states N. The linear discretization procedure is
used in this work for the Ohmic spectrum with s = 1. The re-
sults in Section 3, Supporting Information show that M = 500
and N = 6 are sufficient in NVM to describe the ground state of
the two-impurity model. Therefore, main results are presented
with this setting unless noted otherwise.

3. Numerical Results

3.1. Validity of Variational Calculations

Using large-scale NVM simulations, we study the ground-state
phase transitions of the two-impurity SBM in the Ohmic regime,
and compare our results with those from exact diagonalization
(ED).[23,29] As the ED technique is CPU-time and memory con-
suming, we adopt the logarithmic discretization (instead of the
linear one) in the ED procedure, together with a discretization
factor of� = 2. Considering the constraint of available computa-
tional resources, an effective bath-mode number ofM = 12 and a
bosonic truncated number of Ntr = 4 are used here. Without loss
of generality, we focus on the case of K = ε = 0, � = 0.025, and
s = 1.
Figure 1a shows the ground-state energy Eg as a function of

the coupling strength α. For the α values considered here, the
ground-state energies of NVM and ED are almost the same with
a logarithmic grid, but slightly higher than that of NVM with a
linear grid. It is concluded that in the Ohmic regime, the linear
discretization yields a better approximation to the ground state
with lower energy than the logarithmic discretizationwith� = 2.
Moreover, it is our belief that both NVM and ED approaches be-
come exact in the continuum limit� → 1, though the latter can-
not be achievedwith computational resources currently available.
In the inset of Figure 1a, the second derivative of Eg is plotted for
further comparison. There is agreement between solid squares
(ED) and pluses (NVM), andwe obtain an exponential behavior of
∂2Eg/∂α2 by fitting the data to y = a exp(−bx), yielding a decay
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Figure 1. a) The ground-state energy Eg and b) magnetization 〈σz〉 of the
Ohmic two-impurity SBMwith s = 1 as a function of the coupling strength
α at ε = K = 0 and� = 0.025. The numbers of effective bath modes and
coherent-superposition states (M = 500, N = 6) and (M = 30, N = 12)
are used for NVM with linear and logarithmic grids (� = 2), respectively.
The truncated number Ntr = 4 is set in the exact-diagonalization (ED) pro-
cedure. In the inset of (a), the second derivative of Eg is shown for ED and
NVM, and an exponential fit is presentedwith the dashed line. In (b), a bias
case of ε = 10−4 is given with stars.

exponent of b = 23.2(2) and a root mean square error (RMSE)
of about 0.01 (0.02) for NVM (ED). This lends support to a
quantum phase transition of the Kosterlitz–Thouless type for the
two-impurity SBM in the presence of an Ohmic bath, as there
is no discontinuity in derivatives of Eg of any order. By the
discontinuity we mean the size of the jump far exceeds RMSE.
In addition, magnetization 〈σz〉 as a function of α calculated by

ED (NVM) is depicted in Figure 1b with circles (squares for log
grid and triangles for linear grid). For simplicity, only one branch
of the doubly degenerate ground states is presented for 〈σz〉 ≤ 0,

and the other can be obtained easily by projecting the operator
Px = σx exp(iπ

∑
b†kbk) onto |
g〉. In these curves, abrupt jumps

from 〈σz〉 = 0 to−1 occur exactly at the Kosterlitz–Thouless tran-
sition, same as in the single-spin SBM.[16] The transition point
αc ≈ 0.32 of NVM with linear grid is then located by the discon-
tinuity, greater than αc ≈ 0.26 from ED and 0.20 from NVMwith
both methods using a logarithmic discretization factor of � = 2.
In a biased case, for example, ε = 1× 10−4, the sharp transition
is softened to a smooth crossover, consistent with the results in
refs. [27,38,42].
The spin coherence 〈σx〉 as a function of α is also investigated

for ED and NVM in Figure 2a. The NVM coherence for both the
logarithmic and the linear grids exhibits a monotonic, smooth
decrease, while that of ED manifests a strong suppression in the
entire α range. A sudden drop to zero is found for the ED co-
herence when α ≥ αc, at variance with the prediction that the co-
herence should be a continuous function of α retaining a finite
value �/ωc at the Kosterlitz–Thouless transition in the presence
of an Ohmic bath.[16,27] With this criterion, the NVM critical point
of αc ≈ 0.3 is indicated by the intersection of the triangles and
the dot-dashed line, close to that obtained from the NVM mag-
netization curve with the linear grid in Figure 1b. In the inset,
�/〈σx〉 calculated by NVM exhibits a linear behavior conforming
to the expression of �/〈σx〉 = (2α − 1)ωc obtained via the Bethe
ansatz solution for the single-spin model,[16] although our slope
is 3.83(3). In contrast, the ED result deviates from the linear rela-
tion substantially, suggesting that the convergence is not reached
with a truncated number of Ntr = 4.
To further confirm the validity of NVM, we compare our vari-

ational results based on the multi-D1 ansatz with those from
other variational studies, named as “VM1”[38] and “VM2”[41] for
convenience, in which the Silbey–Harris ansatz and its exten-
sion were utilized in combination with unitary transformations
with variational parameters. In Figure 2b, a biased case with
ε = 1× 10−5, K = 0, � = 0.1, and s = 1 is considered. Shown
in Figure 2b as functions of α are the ground-state energy Eg

and the spin coherence 〈σx〉 calculated by VM1 (circles), VM2
(stars), and NVM (triangles), respectively. The NVM result has
lower ground-state energy and larger spin coherence, implying
that the ground state obtained by our ansatz is indeed the most
accurate among the three. Moreover, the arrow in the inset in-
dicates a kink in 〈σx〉 calculated by VM2, contrary to the usual
expectation that 〈σx〉 decays monotonically and smoothly around
the Kosterlitz–Thouless transition.[27] The increase of the spin co-
herence as α goes above 0.14 is counterintuitive, since strong
environment-induced dissipation will destroy the quantum en-
tanglement that preserves the spin coherence.
In fact, numerous metastable states exist in the vicinity of the

ground state around the Kosterlitz–Thouless transition. Taking
α = 0.292 as an example, time evolution of Eg, 〈σz〉, and 〈σx〉 is
presented in Figure 3. A huge change in the magnetization ap-
pears from 〈σz〉 = −0.85 (a metastable state) to 0 (the ground
state), while the decrement in Eg (or the increment in 〈σx〉) is
only a paltry amount of 3× 10−7 (3× 10−5). Usually, one can use
the trapped time τ to characterize the metastability, which is re-
lated to the typical barrier height �E as ln τ ≈ �E/kT . Here
the effective temperature T depends upon the relaxation factor
t = 0.1 in our variational iteration procedure. Due to a complex
energy landscape, there are many metastable states. It follows
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Figure 2. a) The spin coherence 〈σx 〉 obtained by ED andNVM against the
dissipation α at ε = K = 0, s = 1, and� = 0.025 for the linear and loga-
rithmic discretization (� = 2). The criterion 〈σx 〉 = �/ωc is plotted with
the dash-dotted line, and �/〈σx 〉 is shown in the inset. b) The ground-
state energy Eg and spin coherence 〈σx 〉 obtained from different varia-
tional works, that is, VM1 in ref. [38], VM2 in ref. [41], and NVM in this
work, in the biased case of ε = 10−5, s = 1, K = 0, and� = 0.1. A sharp
kink of spin coherence is marked by the arrow.

that a certain high accuracy in computation is required to cap-
ture the ground state, beyond what can be afforded by the usual
numerical methods in recent studies.[36,38–41] If a metastable state
is mistaken as the ground state, the critical point is underesti-
mated substantially, such as the biased ED results presented in
Figure 1b. However, a non-zero bias value of 10−8ωc is consid-
ered in previous NRG calculations.[36] To the best of our knowl-
edge, the metastable states of the two-impurity models near the

Figure 3. Time evolution of the ground-state energy Eg, magnetization
〈σz〉, and spin coherence 〈σz〉 for the coupling strength α = 0.292 at ε =
K = 0, s = 1, and � = 0.025, where t denotes the number of iterations.

Kosterlitz–Thouless transition are discussed for the first time,
made possible only by the accuracy of the ground state obtained
by our numerical calculations. In the iterative process of NVM
in this work, the system always gets trapped in metastable states
in the α range of [0.28, 0.35]. To eliminate the inaccuracy due to
metastable states near the quantum transition, additional hun-
dreds of samples are then needed to achieve the true ground state,
for each set of the model coefficients (α, �, ε, and K ). In addi-
tion, some data from the metastates have to be discarded accord-
ing to the criterion that the absolute value of 〈σz〉 monotonically
increases with α, and the sharp jump in 〈σz〉 is unique.

3.2. Quantum Criticality of the Ohmic Bath

In this section, we systematically study the ground-state prop-
erties of the Ohmic bath for the Kosterlitz–Thouless transition.
Figure 4 displays α-dependent, bath-related observables, as de-
fined in the Section 2, Supporting Information, which include the
correlation between two bases 〈B↑↑|B↓↓〉, renormalized tunnel-
ing�r, the correlation functions CorX and−CorP, and ameasure
of deviation from the uncertainty minimum, �Xb�Pb − 1/4.
Note that for clarity only the bathmode with the lowest frequency
ωk=0 is considered here for the variance of the phase space vari-
ables, and two bath modes with l = 0 and k = 1 for the correla-
tion functions. In the delocalized phase (small α), the correlation
〈B↑↑|B↓↓〉 scaled by the factor � quickly decays as α increases,
and the curve is fitted using the dashed line of 〈B↑↑|B↓↓〉 ∝
exp(−27.2α). In the localized phase (large α), however, it gradu-
ally increases. As this basis correlation is the main component of
the coherence correlation 〈σ 1

xσ
2
x 〉, the nonzero value of 〈B↑↑|B↓↓〉

suggests that these two spins have strong correlation in the lo-
calized phase under the influence of the common Ohmic bath,
though 〈σ 1

x 〉 and 〈σ 2
x 〉 vanish. The transition point αc = 0.316(8)

is then determined according to the sudden jump of 〈B↑↑|B↓↓〉.
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Figure 4. The correlation between two bases �〈B↑↑|B↓↓〉, correlation
functions CorX and −CorP, and departure from the minimum uncer-
tainty, �Xb�Pb − 1/4, are shown with respect to the coupling strength
α. Dashed lines represent exponential fits. In the inset, the renormalized
tunneling �r /� is given.

An exponential damping of −CorP is found for α < αc with
the slope being comparable with that of 〈B↑↑|B↓↓〉. In contrast,
there are increases in both the correlation function CorX and the
deviation from the uncertainty minimum, �Xb�Pb − 1/4. For
α > αc , however, the correlation functions CorP and CorX van-
ish, and so does the departure of the uncertainty from 1/4. It is
inferred that the bath modes in the localized phase are indepen-
dent, and behave as a single-coherent state where�Xb = �Pb =
1/2. In the inset, the decay of �r /� is displayed against the cou-
pling α, approaching zero around the transition point αc ≈ 0.3,
consistent with the usual expectations.[27,38]

In Figure 5, the offsets 2�Xb − 1 and 1− 2�Pb are plotted
with respect to the frequency of the bathmodeωk for various cou-
pling strengths α. In Figure 5a, perfect power-law decay is found
in 2�Xb − 1 for α = 0.315 (top blue curve) with a critical expo-
nent of 1.00(1). A scaling property of �Xb = 0.0025/ωk + 1/2 is
then uncovered with a power-law fit. For cases of weaker cou-
pling, such as α = 0.05 and 0.1, almost parallel curves are found
slightly below (and qualitatively similar to) that of α = 0.315.
For coupling strengths larger than αc = 0.316(8), for example,
α = 0.40 and 0.50, 2�Xb − 1 becomes negligibly small, signal-
ing �Xb = 1/2 in the localized phase. Similar power-law decay
of 1− 2�Pb is found in Figure 5b for α < αc , where the top
curve corresponds to α = 0.10. An exponent of 1.83(2) can be ob-
tained from the slope. If α > αc , such as α = 0.32, 0.40, and 0.50,
both 1− 2�Pb and 2�Xb − 1 increase with the frequency for
ωk < ω∗, followed by leveling off in the high-frequency regime
(i.e., ωk > ω∗) with a characteristic scale of ω∗ ≈ 0.1. The similar
nonmonotonic behavior was also reported for the ground-state
transition in the sub-Ohmic single-spin SBM.[46]

We next investigate the frequency dependence of the correla-
tion functions CorX and−CorP defined in the Section 2, Support-
ing Information titled “Observables related to the Ohmic bath,”

Figure 5. The variances of the phase space variables deviating from the
equal uncertainty �Xb = �Pb = 1/2 for different coupling strengths α

on a log-log scale at ε = K = 0, s = 1, and � = 0.025. The dashed lines
show power-law fits.

where the lowest-frequency bosonic mode l = 0 is fixed for con-
venience. As presented in Figure 6, CorX and−CorP behave quite
similarly with �Xb and 1− 2�Pb, respectively, with exponents
values of 0.500(3) and 1.50(2). It suggests that CorX ≈ 1/

√
ωk

and CorP ≈ −1/ω3/2
k in the delocalized phase, while in the local-

ized phase both of them become negligible. The vanishing value
of the correlation function at any ωk further supports that bath
modes are independent of each other, despite being coupled to
two impurities simultaneously. It seems that ourmulti-D1 ansatz
is capable to capture quantum entanglement properties built into
the Ohmic bath in both the delocalized and localized phases.
To better understand the critical properties of the Ohmic bath,

we now turn our attention to the wave function of the ground
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Figure 6. The correlation functions CorX in (a) and −CorP in (b) between
two bath modes as a function of the bosonic frequency ωk for different
values of α on a log-log scale. Other parameters ε = K = 0, s = 1, and
� = 0.025 are set. And dashed lines represent power-law fits.

state. The average coherent-state weights and bosonic displace-
ments are calculated with Equations (21) and (22) in Supporting
Information. Circles and triangles shown in Figure 7a denote
the displacement coefficients f k and pk , respectively, for the
coupling strengths α = 0.05, 0.316, and 0.45 from top to bottom,
corresponding to the delocalized phase, transition point, and
localized phase, respectively. In the upper panel, the vanishing
value of f k + pk marked by the solid line manifests that the anti-
symmetry f k = −pk develops naturally in the delocalized phase.
At transition point, however, spontaneous symmetry breaking
occurs in the low-frequency regime. The good coincidence of
circles and triangles presented in the lower panel shows a sym-

Figure 7. a) Average displacement coefficients f k (circles) and pk (trian-
gles) for three coupling strengths α = 0.05, 0.316, and 0.45, correspond-
ing to the delocalized phase, transition point, and localized phase, respec-
tively. Solid lines represent the summations of f k and pk , and dashed
lines stand for the classical displacements λk/ωk . b) The average displace-

ments function f k + pk and average weights function D
2 − A

2
for the

0-th bath mode. Inset shows the effective energy scale χ estimated from
Equation (6) and the renormalized tunneling �r in the delocalized phase.
The dashed line indicates an exponential fit.

metrical relation f k = pk in the localized phase, contrary to the
constrain condition imposed in Silbey–Harris ansatz.[52] Focus-
ing on the 0-th bathmode, we demonstrate f k + pk and D

2 − A
2

as a function of α in Figure 7b. The critical point αc = 0.316(8)
is again determined, the same as that obtained in Figure 4.
For further comparison, the classical displacement±λk/ωk es-

timated by the minimum of the static spin-dependent potential
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is also plotted in Figure 7a with dashed lines. Distinguishable
difference between the average displacement and classical one
is found in the delocalized phase, but vanishes at the transition
point and in the localized phase, in agreement with the general
expectation.[38] Furthermore, an optimal displacement formula is
proposed:

| fk| = |pk| = λk

ωk + χ
, (6)

where χ denotes an effective energy scale. Fitting our data to the
above equation, χ is obtained as a function of α, as presented
in the inset of Figure 7b with a slope of 27.3(3) for the exponen-
tial decay. For comparison, the renormalized tunneling�r is also
plotted for α < αc . It is nearly parallel to χ , supporting the usual
assumption χ ∝ �r .[27,42]

3.3. Phase Diagram

Subsequently, we perform comprehensive NVM simulations to
identify the influence of the tunneling constant �, the bias field
ε, and the Ising coupling strength K on the ground-state phase
transition. The correlation between two bases 〈B↑↑|B↓↓〉 is plotted
in Figure 8a for various values of �. In a weak tunneling case of
� = 0.01, an exponential decay is found in the delocalized phase
with a slope of 26.4(3), compatible with that of � = 0.025 pre-
sented in Figure 4. As � increases, 〈B↑↑|B↓↓〉 is found in the de-
localized phase to deviate substantially from the exponential de-
cay. However, data from different values of � all collapse onto a
single curve in the localized phase, indicating that the tunneling
amplitude seems to be irrelevant.
In Figure 8b, the behavior of the magnetization 〈σz〉 is stud-

ied under bias values ε = 1× 10−5, 1× 10−6, 1× 10−7, and 1×
10−10. Other parameters� = 0.1, s = 1, andωc = 1 are set. With
increasing ε, the abrupt jump in 〈σz〉 occurring at the transition
point is progressively replaced by a smooth behavior. Interest-
ingly, the position where the magnetization falls to 〈σz〉 = −1
is almost the same, since all the bias values presented here are
smaller than the renormalized tunneling strength �r ≈ 1.9×
10−5 at αc = 0.33. For stronger bias or weaker tunneling, how-
ever, there is a suppression of the α bracket with |〈σz〉| smaller
than unity. An example is the case of � = 0.01 in Figure 8b
wherein ε = 1× 10−5 is larger than�r(αc) ≈ 2.5× 10−6. Dashed
lines provide good fits to the numerical data with the form y =
a/[a + exp(bx)]− 1, yielding b = 52.1(5) and 45.8(6) for � =
0.01 and 0.1, respectively. Inset shows the Kondo energy T ∗

estimated from the magnetization 〈σz〉 in the biased cases.[16]

The linear behaviors of the curves imply an exponential scal-
ing ln(T ∗/ε) ∝ 1/(αc − α) in the delocalized phase for the KT
transition.
We then demonstrate the phase diagram of the two-impurity

model with Ohmic dissipation in Figure 9, in comparison with
QMC and NRG results estimated from refs. [36,39]. In the inset,
the transition boundary of NVM shows weak �-dependent be-
havior, and locates at αc ≈ 0.31+ O(�/ωc), much greater than
αc ≈ 0.22 and 0.18 in the presence of � = 0.025 for QMC and
NRG, respectively, which could not be ruled out by numerical
errors. The underestimation of the transition point in NRG and

Figure 8. a) The correlation between two bases 〈B↑↑|B↓↓〉 for different
tunneling constants� = 0.01, 0.025, 0.05, 0.1, and 0.2 at ε = K = 0, s =
1, and ωc = 1. The dashed line shows an exponential fit. b) The mag-
netization 〈σz〉 as a function of α for different values of the bias ε =
10−5, 10−6, 10−7, and 10−10 at ε = K = 0, s = 1, and � = 0.1. In addi-
tion, the case of � = 0.01 is shown with circles, and exponential-like fits
are presented with dashed lines. The scaling behavior of the crossover
scale T ∗ is shown in the inset.

QMC results may be due to a lack of the convergence toward the
continuum, the influence of an imposed bias, and the trapping in
the metastable state. Further detailed discussion is given in Sec-
tion 4. Besides, the phase diagram in the α-ε plane is also inves-
tigated (not shown), which exhibits the same qualitative features
as that in the α-� plane when the bias is small.
The contribution of the spin–spin coupling K to the quantum

transition is also presented in Figure 9. For ferromagnetic case
(K < 0), the phase boundary depends on K very weakly, while
for the antiferromagnetic one (K > 0), αc increases rapidly
with K following the asymptotic line of αc = 0.25K , a result
consistent with that given by the vanishing renormalized Ising
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Figure 9. Phase diagram of the Ohmic two-impurity SBM in the plane of
the dissipation α and spin–spin coupling strength K . The dashed line rep-
resents the renormalized coupling K r = K − 4αωs

c/s = 0. In the inset,
transition boundary αc obtained from NVM is plotted as a function of the
tunneling amplitude �, in comparison with those of QMC and NRG in
refs. [36,39].

coupling, Kr = K − 4αωs
c/s = 0, as marked by the dashed line

in Figure 9.[36,41] The NRG and NVM results for K ≥ 1.5 concur
within the error bars, but the two differ in the ferromagnetic
regime where the critical coupling αc is found to be 0.31(1)
for NVM and 0.17(1) for NRG. It indicates that metastable
states seem to be suppressed in the strong antiferromagnetic
regime wherein the phase transition is governed by the interplay
between the spin–spin coupling and environment dissipation.
Furthermore, we focus on the ground-state properties of the

two-impurity model at a strong antiferromagnetic coupling, tak-
ing K = 3.0 as an example. The discontinuity in the magne-
tization 〈σz〉 is shown in Figure 10a, similar with that in Fig-
ure 1b. However, two different slopes of Eg from linear fittings,
that is, 0.00 and 2.00, indicate that the derivative of the free en-
ergy with respect to α, ∂Eg/∂α, is discontinuous at the transi-
tion point, suggesting that the transition is of first order, instead
of the Kosterlitz–Thouless type. In Figure 10b, both the correla-
tion between two bases 〈B↑↑|B↓↓〉 and the correlation function
CorX are symmetric about the transition point. This points to the
same properties of the Ohmic bath in the delocalized and local-
ized phases, therefore lending further support to the first-order
transition.While�r /� vanishes again in the localized phase. For
weak antiferromagnetic coupling, such as K = 0.5 or 1.0, the crit-
ical coupling as shown in Figure 9 is much greater than the α

value at which the slope of Eg curve is changed abruptly, suggest-
ing that the transition is impossible to be of first order. Further
studies show that it still belongs to Kosterlitz–Thouless univer-
sality class.
Let us turn to the influence mechanism of the spin–spin cou-

pling. In the antiferromagnetic regime (K > 0), the absence of
the Kosterlitz–Thouless transition is triggered by the emergence

Figure 10. Ground-state properties including Eg, 〈σz〉,�r/�, 〈B↑↑|B↓↓〉,
and CorX are presented as a function of α for the antiferromagnetic case
with K = 3.0. The dashed lines in (a) are guides to the eye for linear fits.

of the antiparallel spin configuration 〈σ z
1σ

z
2 〉 ≈ −1 in the delo-

calized phase. The dominant spin–spin coupling term Kσ z
1σ

z
2 /4

then leads to an α-independent ground-state energy of Eg ≈
−K/4 and the vanishing of the quantum correlation between
bath modes, quite different from the situation at K = 0. In
the localized phase, however, one obtains the parallel state with
〈σ z

1σ
z
2 〉 ≈ 1 instead.

Hence, the energy shift induced by the spin–spin cou-
pling term is δ1 = K/4− (−K/4) = K/2 after the spin–bath
coupling strength crosses αc . Substituting the classical displace-
ment coefficients fk ≈ λk/ωk , the environmental dissipation
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term can be simplified as 〈σ z
1 〉 + 〈σ z

2 〉
∫
J (ω)dω/ω ∝ α

〈σ z
1 〉 + 〈σ z

2 〉. According to the jump in the magnetization
from 〈σz〉 = 0 to −1 at αc as presented in Figure 10a, and the
relation 〈σ z

1 〉 = 〈σ 2
z 〉 = 〈σz〉, the energy shift is calculated as

δ2 = −2α, which should be equal to −δ1 since the ground-state
energy Eg and the spin coherence 〈σx〉 are continuous at the
transition point. Thus, the transition point αc = K/4 is esti-
mated, consistent with our numerical results in Figure 9 for
a large antiferromagnetic coupling strength K . Moreover, the
ground-state energy is predicted to be Eg ≈ −2α + K/4 in the
localized phase and −K/4 in the delocalized phase, in excellent
agreement with that in Figure 10a. The transition is then inferred
to be of first order according to the size of discontinuity in the
derivative of the ground-state energy and the few-body nature
induced by the independence of bath modes in the two phases.
In contrast, the transition is of the Kosterlitz–Thouless type in
the ferromagnetic regime (K < 0), and both the transition point
and the critical exponents are almost the same as those in the
absence of spin–spin coupling.

4. Discussion and Conclusions

As demonstrated by the NVM results in Figures 1–7, we have
accurately determined the transition point αc = 0.316(8) for the
two-impurity Ohmic SBM with a tunneling constant of � =
0.025 in the absence of spin–spin coupling and the bias. Our
result is closely supported by the ED result of αc ≈ 0.26, but is
clearly much greater than the NRG result of αc ≈ 0.18.[36] The
NRG deviation is likely caused by the minute bias field 10−8ωc

imposed on the NRG calculations. As a consequence, the jump
in the magnetization is now replaced by the smooth decay to-
ward 〈σz〉 = −1 as α is increased to αc (cf. Figure 8b). It fol-
lows that in such a situation the transition point should be lo-
cated by the emergence of |〈σz〉| = 1 instead of a nonzero |〈σz〉|.
With this criterion, αc ≈ 0.3 can be obtained according to the
NRG results in Figure 4 of ref. [36], in good agreement with our
NVM one of αc = 0.316. Similarly, the underestimated result of
αc = 0.125 reported in ref. [41] can also be attributed to a bias
of 10−5ωc . Considering the notorious difficulty associated with
numerical studies of the Kosterlitz–Thouless transition thank-
ing to the existence of numerous metastalbe states in the vicin-
ity of the ground state, the results of αc = 0.22 and 0.16 from
QMCand quantumdynamics simulations in refs. [39,40], respec-
tively, may be unreliable, let alone that of αc = 0.5 obtained by the
variational treatment based on Silbey–Harris ansatz and simple
approximations.[38]

In addition, the quantum criticality of the Ohmic bath has also
been investigated. For α ≤ αc , perfect power-law behaviors of the
correlation function CorX and the coordinate variance function of
2�Xb − 1 with respect to the frequency ωk have been revealed,
as shown in Figures 5a and 6a, pointing to a divergent correla-
tion length both in the delocalized phase and at the critical point.
Similarity can be drawn from the classical two-dimensional XY
model inwhich the low-temperature phase exhibiting quasi-long-
range order is characterized by a power-law behavior of the spin–
spin correlations decaying with the distance.[53] Analogous to the
universal jump of the superfluid density in the XY model,[54]

abrupt changes at the critical coupling take place in the mag-

netization 〈σz〉, correlation function CorX between the two bath
modes at l = 0 and k = 1, and departure from the uncertainty
relation of �Xb�Pb = 1/4 for the 0-th bath mode. Combining
with the continuous character in derivatives of Eg of any order, it
can be concluded that the quantum phase transition of the two-
impurity Ohmic SBM belongs to the Kosterlitz–Thouless univer-
sality class, similar to that of the two-dimensional XY model.
In summary, the ground-state phase transitions in the two-

impurity SBM coupled to a commonOhmic bath have been stud-
ied comprehensively by variational calculations using the multi-
D1 ansatz. With more than 10 000 variational parameters, the
ground-state energy Eg, spin magnetization 〈σz〉, and spin coher-
ence 〈σx〉 as well as observables related to the Ohmic bath have
been investigated, and the NVM results with the linear discretiza-
tion show superior accuracy, in comparisonwith logarithmic-grid
results from ED and variational calculations. A critical coupling
strength of αc ≈ 0.31(1) is determined in the weak tunneling
limit, which is comparable to the ED result αc ≈ 0.26, but very
different from results previously obtained by NRG (0.18), QMC
(0.22), and other numerical studies (0.5, 0.16, and 0.125).[36,38–41]

The underestimation of the transition point in these earlier works
may be caused by the incorrect criteria of the transition point
in the biased case, the lack of the convergence to the contin-
uum, and the existence of the meatstsatble states. In the ferro-
magnetic coupling regime K < 0 and in the absence of spin–
spin coupling (K = 0), the transitions are found to belong to the
Kosterlitz–Thouless universality class. In the antiferromagnetic
regime (K > 0), however, the transition is inferred to be of first
order. Furthermore, we have also examined the influences of the
tunneling constant � and the bias field ε, and have established
the phase diagram.
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[6] K. Rzażewski, K. Wódkiewicz, W. Żakowicz, Phys. Rev. Lett. 1975, 35,

432.
[7] L. Garbe, I. L. Egusquiza, E. Solano, C. Ciuti, T. Coudreau, P. Milman,

S. Felicetti, Phys. Rev. A 2017, 95, 053854.
[8] G. S. Engel, T. R. Calhoun, E. L. Read, T. K. Ahn, T.Mancal, Y. C. Cheng,

R. E. Blankenship, G. R. Fleming, Nature 2007, 446, 782.
[9] E. Collini, G. D. Scholes, Science 2009, 323, 369.
[10] E. del Valle, S. Zippilli, F. P. Laussy, A. Gonzalez-Tudela, G. Morigi, C.

Tejedor, Phys. Rev. B 2010, 81, 035302.
[11] Y. Ota, S. Iwamoto, N. Kumagai, Y. Arakawa, Phys. Rev. Lett. 2011,

107, 233602.
[12] N. Didier, F. W. J. Hekking, Phys. Rev. B 2012, 85, 104522.
[13] A. Baksic, C. Ciuti, Phys. Rev. Lett. 2014, 112, 173601.
[14] Z. K. Huang, Y. Zhao, Phys. Rev. A 2018, 97, 013803.
[15] U. Weiss,Quantum Dissipative Systems, 3rd ed., World Scientific, Sin-

gapore 2007.
[16] K. L. Hur, Ann. Phys. (Amsterdam, Neth.) 2008, 323, 2208.
[17] M. Goldstein, M. H. Devoret, M. Houzet, L. I. Glazman, Phys. Rev.

Lett. 2013, 110, 017002.
[18] B. Peropadre, D. Zueco, D. Porras, J. J. Garćıa-Ripoll, Phys. Rev. Lett.
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