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co-workers[6,7] with solid-state electrolyte. 
Despite variations, all current methods 
can be generally summed up as two 
types: liquid-phase sequential chemical 
deposition (in which one- and two-step 
spin-coating are involved) and gaseous-
phase reactive deposition. As the earliest 
investigated reaction type, the liquid-phase 
chemical deposition (including one and 
two-step spin-coating reaction) has been 
frequently used due to low equipment 
requirement and easy-to-operate pro-
cesses. It has achieved many milestones 
in the research toward efficient, stable, 
and reproducible perovskite optoelectronic 
devices.[8–14] As another major method, 
gaseous-phase deposition has also under-
gone significant achievements, especially 
on planar-type perovskite cells.[6,15] Fur-
ther achievements have been attained 
by developing blade-coating,[16] solvent 
engineering,[17–19] new types of com-
pound,[15,20,21] and modifying the carrier 
transport layers/interfaces[22–24] based on 

studies crossing various scientific fields. Until now, a stable 
efficiency of up to 21.1% was reported in Csx(MA0.17FA0.83)1−x

Pb(I0.83Br0.17)3 system with doped TiO2 substrate by Grätzel and 
co-workers[25] (a higher record of 22.1% has been announced by 
Solliance).[26] Furthermore, recent focus of the perovskite has 
been expanded to hysteresis,[27–29] stability,[30,31] and optoelec-
tronic mechanism[32,33] toward feasibility of the perovskite cells. 
Nevertheless, these developments have still more or less been 
bound to the two types of growth systems that require either 
complex fabrication steps or instrumental conditions such as 
vacuum circumstance. Moreover, most of these methods have 
included thermal annealing at 70–150 °C for hours. The more 
steps or treatments or chemicals be added, the more complexity 
will be induced and the reproducibility will also be influenced. 
To resolve this, the formation mechanism of perovskite itself 
could also be important for research in this field and for some 
essential change from another angle of view, with which only 
few studies have been focused on.

From this concern, introduction of an external physical field 
such as electrical field would hopefully significantly influence 
the process due to the existence of ionic species (CH3NH3

+ or 
MA+, I−, Pb2+) in those systems. Up to now, the only related 
works have been made by introduction of some electrochemical 
means as one preliminary step in the normal solution-based 
fabrications of perovskite, forming Pb oxides prior to reaction 

Fast and Controllable Electric-Field-Assisted Reactive 
Deposited Stable and Annealing-Free Perovskite toward 
Applicable High-Performance Solar Cells
Feng Zhou, Hong Liu,* Xinwei Wang, and Wenzhong Shen*

Recently, organic–inorganic hybrid perovskite materials have drawn great 
attention for their outstanding performance in high-efficiency solar cells. 
Successful synthesis has been realized either in solution-based chemical 
deposition or vapor deposition. However, conflicts have never ceased among 
quality control, growth rate, process complexity, and instrument requirement, 
which have limited their development toward real applications. In this work, 
the first electrochemical fabrication of perovskite toward high-efficiency and 
scalable perovskite solar cells (PSCs) is established. The morphology and 
crystallization of the CH3NH3PbI3 film can be effectively controlled by simply 
modulating a few physical parameters. A detailed study on its optoelectronic 
properties reveals significantly improved film quality and interfacial condi-
tions. Aided by this, the total process does not require standard annealing, 
which greatly reduces the total growth time from hours to minutes. Up to 
now, an efficiency of 15.65% has been achieved in planar PSCs under 1 sun 
AM 1.5 condition, with small hysteresis and efficiency loss under longtime 
exposure to air. Moreover, high efficiency (10.45%) can be easily attained for 
large cells (2 cm2). This result will hopefully facilitate research for applicable 
high-efficiency PSCs and other multicomponent materials as well.
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1. Introduction

In the past few years, organic–inorganic hybrid perovskite 
materials have attracted great attention owing to their remark-
able and unique photovoltaic properties such as high electron 
and hole mobility,[1,2] tunable optical bandgaps,[3] and strong 
absorption of light.[4] Starting from the pioneer work with 
3.8% efficiency in sensitized solar cells by Miyasaka and co-
workers,[5] vast development has been accomplished since 
the works with maiden power conversion efficiency (PCE) of 
15.0% in mesoporous structure perovskite solar cell (PSC) by 
Grätzel and co-workers and 15.4% in planar PSC by Snaith and 
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with MA species.[34–36] That is to say, they were basically still a 
sort of spin-coating chemical fabrication and it still remained 
unknown whether a complete electrochemical growth of per-
ovskite is possible since it has more than three components, 
whether its performance is comparable to the conventionally 
fabricated ones, and whether any significant difference can be 
brought into the material and the method itself. In our pre-
vious research on electrochemical fabrication of PbS and CdS 
nanostructures, both cationic and anionic components can 
be effectively formed by suitable control of electric signal of 
bias applied on the substrate, indicating a possible route for 
multiple component materials, too.[37,38] Furthermore, it has 
also been found that electric field can significantly influence 
the crystallization during electrochemical process of materials 
in liquid phase,[39,40] which implies another probable support 
from the introduction of electric field.

In this work, we report a novel controllable and efficient 
electrochemical synthesis of hybrid perovskite materials toward 
photovoltaic devices. High-quality annealing-free perovskite of 
several hundred nanometers thickness can be grown within a 
few minutes with modulation of only a few physical parameters. 
More detailed study of the mechanisms has indicated the  
main enrolment of ionic species Pb2+, MA+, and I− in the forma-
tion of perovskite via thermal diffusion and directional drifting 
under electric field. The whole process can be controlled simply 
by a few electric parameters such as frequency, amplitude, 
and waveform of the alternating current (AC) voltage applied 
during the reaction. The as-fabricated perovskite has shown 
an interesting anti-Stokes shift of the photoluminescence (PL) 
characteristics and quite good carrier transport ability when 
simply tuning the controlling voltage according to systematic 
absorption, PL, time-resolved photoluminescence (TRPL), and 
electrochemical impedance spectroscopy (EIS) measurement. 
Evidence has also shown that certain current annealing effect 
has assisted in the material formation so that a compact per-
ovskite film with uniform crystalline grains has been formed 
and thus no conventional thermal annealing was needed. The 
as-prepared solar cell has shown an efficiency up to 15.65% 
(VOC = 1.098 V, JSC = 20.99 mA cm−2, and FF = 67.91%) with low 
hysteresis and high stability with degradation of efficiency less 
than 0.7% after initial 24 d. Eventually, quite good scalability 
has also been found when a 10.45% efficiency was obtained 
using large effective area (2 cm2), which is still expandable with 
further improvement on electrode size and other conditions. 

This result would probably be helpful for the future develop-
ment of perovskite studies toward stable and applicable devices, 
as well as for better understanding on the material formation 
mechanisms.

2. Results and Discussion

2.1. General Concept and Preliminary Experiments

In most previous formation systems of perovskite, the precur-
sors of Pb have appeared in the form of ionic compounds and 
the precursors of MA in the form of its halogen compounds. 
Hence, a possible electrochemical experiment can consist of a 
few major processes, namely, the dispersion and adsorption of 
Pb precursor, ionization of Pb and MA precursors, and reaction 
of ionized species. Moreover, the ionization of halogen ions can 
be easily achieved in different solutions and thus can be sepa-
rately considered from that of Pb ions. Hence, for better con-
trollability, we have divided the total method into two steps, as 
shown in Figure 1. In step 1, a Pb thin film was electrodeposited 
onto a fluorine-doped tin oxide (FTO) glass substrate coated with 
a thin compact TiO2 (c-TiO2) in a mixed isopropanol solution of 
PbI2 and NaI (which provide I− ions to assist the dissolution 
of PbI2 in the isopropanol, PbI2 + xI− → PbI2+x

x−, x = 1, 2).[41] 
In step 2, the sample was transferred into isopropanol solution 
of methylammonium iodide (MAI) and perovskite was formed 
under manipulated voltage applied on the pool. Finally, the per-
ovskite film was dried by N2 flow for PSC fabrication. The real 
pictures of samples can also be seen from Figure 1, which has 
indicated formation of perovskite by a conversion from an ini-
tially semi-transparent surface to a finally dark surface.

Initially, all electrochemical conditions were set potentio-
static, which means a constant bias voltage at −2.5 V in step 
1 and then a subsequent constant bias voltage at +2.5 V in 
step 2. The amplitude of bias was chosen to adequately assist 
the reaction and avoid inhomogeneity of the product at higher 
voltage. As shown in Figure 2a–d, certain deposits covered the 
substrate surface after the first step and then were replaced by 
certain rectangular-shaped particles after the second step. The 
as-formed materials have been integrated into a typical planar 
PSC with its morphology shown in Figure 2e. Further struc-
tural and elemental analysis in Figure 2f and Table 1 has proved 
that the products after step 1 and 2 are corresponding to Pb 

Adv. Funct. Mater. 2017, 27, 1606156
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Figure 1. Schematic illustration of two-step electrodeposition of MAPbI3. Pictures of the sample before step 1 of the reaction, between step 1 and 2, 
and after step 2 are marked by (i), (ii), and (iii), respectively. Corresponding surface morphology is displayed below the picture.
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deposits and perovskite grains, respectively (details of energy 
dispersive spectrometer (EDS) measurement can be found in 
Figure S1, Supporting Information). The perovskite thickness 
was about 480 nm. After integration of the as-fabricated perovs-
kite film into the solar cell, a PCE of 8.78% (reverse sweeping) 
with a forward sweeping PCE of 7.11% (Figure 2g) was eventu-
ally yielded, indicating an announcing initial efficiency.

Nevertheless, it was still a significantly lower value com-
pared to typical efficiencies of the perovskite cells.[6,7] As shown 
in Figure 2, this might be at least partly attributed to the mor-
phology of the as-formed perovskite film that contained large 
grains with significant size variation and large spacing between 
the grains, which can strongly influence the carrier transporta-
tion at the interfaces and the optoelectronic properties in the 
light-absorption layer in the fabricated solar cells.[11,42,43]

2.2. Manipulate Step 1: Pb Deposition

To resolve this, more details of the two main steps should be 
studied. First of all, the Pb particles in step 1 appear to be the 
basis of the perovskite growth in step 2. Therefore, the nuclea-
tion and growth of Pb particles would be the first issue in con-
trolling the perovskite formation. Assuming that the growth 
rate of Pb is the same with different initial nuclei density in 

the beginning of step 1 under identical situation, the final cov-
erage of Pb would be directly proportional to the initial nuclei 
density. Hence, higher density of Pb nuclei in step 1 would be 
helpful in the formation of more compact perovskite film and 
in the meantime accelerate the increase of the perovskite cov-
erage. Besides, an adequate limit of the density and size of Pb 
nuclei will also be necessary if taking into account the volume 
expansion during the transformation from Pb to perovskite. 
Hence, for effective control of nuclei growth, high amplitude 
of bias was chosen as the key factor for development of higher-
density crystal nuclei, as commonly known in electrodeposi-
tion systems.[44] Therefore, we applied a high voltage pulse at 
the beginning of step 1 with different amplitude from −2.5 
to −25 V, followed by a constant bias at −2.5 V with different 
deposition time. The pulse length was set very short (1 s) to 
avoid strong nonuniformity of the products under strongly 
enhanced distortion of surface field at high bias amplitude for 
a long period. It has been found that −20 V pulse amplitude  
(1 s) is the optimized condition for perovskite and PSC fabrica-
tion with highest nuclei density of Pb and island size (detailed 
measurement method and data can be found in Figures S2–S4, 
Supporting Information). As can be observed in Figure 3, the 
island density and size of Pb was much higher than the one 
in Figure 2 and the resulted perovskite has more uniform and 
smaller grain size, which can induce less vacancy of as-formed 

Adv. Funct. Mater. 2017, 27, 1606156
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Figure 2. Characterization of MAPbI3 film prepared under potentiostatic condition. SEM images of the sample after step 1: a) top and b) cross-sectional 
view at −2.5 V, t = 5 min. SEM images of the sample after step 2: c) top and d) cross-sectional view at +2.5 V, t = 5 min. e) SEM cross-sectional view 
of as-fabricated solar cell. f) XRD pattern of samples after step 1 and 2; the symbols “*” and dashed lines represent the peaks of FTO/c-TiO2 substrate 
and Pb film, respectively. g) J–V characteristics of the as-fabricated perovskite cells.

Table 1. EDS characterization of the sample content in corresponding steps.

Elements Ti O C N Pb I

Atomic percentage [%] Step 1 36.04 13.51 0 0 50.45 0

Step 2 0 0 27.72 8.22 16.01 48.05
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perovskite film. Following with the fabrication of corresponding 
PSC has yielded a best PCE of 11.5% (Table S1, Supporting 
Information), significantly higher than the result in Figure 2. 
We have further characterized the samples before and after 
modulation in the Pb formation stage to investigate the origin.

Compared to the condition without modulation (Figure 2), 
the X-ray diffraction (XRD) of the perovskite with pulse modu-
lation in the Pb stage has shown narrower peak width, espe-
cially the ones in the [110] and [202] direction. It indicates that 
the pulse applied in the Pb formation stage has significantly 
induced more organized crystallization in the later fabricated 
perovskite. The as-fabricated samples were then character-
ized by combined methods to investigate their optoelectronic 
property and its relationship with experimental conditions. 
Since perovskite can transport electrons and holes, samples 
were fabricated without and with 2,2′,7,7′-tetrakis(N,N-di-4-
methoxyphenylamino)-9,9′-spirobifluorene (spiro-MeOTAD) 
above the perovskite layer to better understand their involve-
ment (configuration of samples can be found in Figure S5, 
Supporting Information). As shown in absorption spectra 
in Figure 3d, the absorption edge is located at about 764 and 
778 nm for the samples before and after pulse modulation in 
Pb formation, respectively. In the meantime, the PL peaks of all 
samples (with/without spiro-MeOTAD, before/after Pb modula-
tion) are located at about 775 nm (Figure 3e). This has indi-
cated a significant transition from Stokes to anti-Stokes shift in 
the electrochemical fabricated perovskite after the pulse modu-
lation in step 1. The Stokes shift is normally due to vibrational 
relaxation in the perovskite in the preliminary experiment 
without any optimization, which has been seen in XRD with 
less organized structure than the sample with pulse modula-
tion. The anti-Stokes shift has been well known in yittrium oxy-
sulfide doped with gadolinium oxysulfide and is in this work 

possibly contributed to dissipation of thermal photons in lat-
tices of perovskite grains according to previous works.[45]

Moreover, the PL spectra of the perovskite samples with 
spiro-MeOTAD before and after Pb modulation have both 
shown great intensity reduction compared to the one without 
it. It indicates a strong involvement of holes in the general car-
rier transport of the as-fabricated perovskites.[46] In the mean-
time, as shown in Figure 3f, the TRPL of the sample with 
spiro-MeOTAD hole transport layer (HTL) has also shown 
significantly faster PL decays than the one without it (details 
can be found in Table S2, Supporting Information) with life-
time decreasing from 104.90 to 80.04 ns without HTL and 
from 64.90 to 46.53 ns with HTL, respectively. Considering the 
influence of the spiro-MeOTAD on the diffusion of holes, the 
lower PL peak and faster PL decays with HTL compared to the 
one without it can be attributed to lower carrier density due to 
enhanced hole transport with the HTL. Second, if we compare 
the samples before and after Pb modulation under the same 
condition, it can be seen that in both cases (with/without HTL) 
there was significant reduction in PL peak and faster PL decays 
after modulation in the Pb formation. Taking into account the 
narrower peaks in the XRD after Pb modulation, it is likely that 
the application of electric pulse in Pb formation has resulted in 
the sample’s lower recombination and better transport ability 
of carriers.

To better study the carrier recombination and transport pro-
cess, the samples have been further investigated by EIS. As 
shown in Figure 3g, the Nyquist plot is composed of two arcs: 
a small arc at high frequency and a large one at low frequency. 
The equivalent circuit is shown in the upper part of Figure 3g. 
According to discussion in previous research works,[47,48] the 
intercept at the Z′ axis, the small and the large arcs are related 
to the series resistance Rs (accounting the resistance of all 

Adv. Funct. Mater. 2017, 27, 1606156
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Figure 3. Effect of pulse modulation in Pb deposition stage. a,b) SEM images of Pb nuclei formed with pulse modulation (−20 V, 1 s) and corre-
sponding perovskite, respectively. c) XRD of samples without and with pulse modulation; the symbols “*” represent the peaks of FTO/c-TiO2 substrate. 
d) Absorption of samples without and with pulse modulation. e,f) PL and TRPL of samples without/with pulse modulation and without/with spiro-
MeOTAD above perovskite, respectively. g) EIS measurements of samples without/with pulse modulation, together with equivalent circuit on top.
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layers including the electrode), the contact resistance Rco, and 
the resistance of recombination Rrec, respectively. As indicated 
by Figure 3g, Rs has no significant change before and after the 
modulation in Pb deposition. However, the Rco has shown sig-
nificantly lower contact resistance Rco after modulation, which 
can be related to improved interface of ETL/perovskite and per-
ovskite/HTL with fewer defects. Moreover, the large arc at low 
frequency has shown significantly higher resistance of recom-
bination in the sample after Pb modulation, which indicates 
that fewer recombination centers existed in the sample after 
the pulse modulation in the Pb formation stage. Considering 
the XRD result, less recombination is seemingly due to better 
organization of crystalline structure in the grains toward more 
uniform lattice constant.

2.3. Manipulate Step 2: Perovskite Formation

Starting from the manipulation of Pb formation, two important 
issues still remained toward further improvement for the per-
ovskite formation in step 2: (1) What are the key physical and 
chemical processes? and (2) Are they controllable? For the first 
question, under positive bias, a most probable process is that I− 
anions were drifted by the electric field with direction pointing 
from the substrate to the electrolyte and MA+ cations diffused 
toward the Pb surface, and then the two precursors react with 
the Pb to form perovskite. However, it is unknown how the 
Pb has taken part in the perovskite formation. To investigate 
this, an experiment was performed in the second step with 
and without electric bias. As a result, almost no perovskite 
was formed without the applied positive bias on the substrate 
(details can be found in Figure S6, Supporting Information). 
This strongly suggested that the main reactive precursor for Pb 
in CH3NH3PbI3 (MAPbI3) formation is more likely the ionic 
Pb2+ generated by reoxidation of the Pb particles by the posi-
tive bias instead of atomic Pb. Accordingly, the main reaction 
species contains both cations (Pb2+, MA+) and anion (I−). There-
fore, it is possible to attain effective control of the perovskite 
formation simply by electrochemical parameters such as time, 
amplitude, and waveform of applied electric signals. However, 
the electric field generated by constant positive bias would con-
tinuously induce repulsive force on the cations and thus reduce 
their concentration during the reaction so as to decelerate the 
final formation of perovskite. Specifically, since the generation 
of Pb2+ is also proportional to the positive voltage, the repulsing 
effect cannot be simply diminished by reduction of positive 
bias. Hence, an alternative bias condition has been introduced 
in this multicomponent (Pb2+, MA+, I−) system with compensa-
tion of the repulsive effect, which was to some degree previ-
ously investigated in two-component systems.

To carry out this investigation, an asymmetric square-wave 
pulse voltage (f = 5 Hz) was introduced, with the amplitude of 
its first half-wave fixed at +2.5 V and the second half tuned from 
−0.5 to −2.5 V (details can be inferred from Figure S7, Sup-
porting Information), while the growth time was kept constant 
at 5 min. The lower limit was set to −2.5 V to avoid possible 
dissolution of perovskite. As demonstrated in Figure 4, the per-
ovskite thickness monotonously increased from 320 to 370 nm, 
while the grain size decreased with increasing amplitude of the 

second half-wave of the bias (Figure 4a–f; the point of +2.5 V in 
Figure 4f is corresponding to the previous potentiostatic condi-
tion. Size distribution can be found in Figure S8, Supporting 
Information). Possibly, more negative bias in the second half-
wave has provided stronger electric force that drives the Pb2+ 
ions toward the working electrode and resulted in more enrich-
ment of Pb2+ ions in a smaller distance above the substrate. 
This could have induced a higher number of reaction sites 
on the surface and thus more perovskite grains with smaller 
sizes. What’s more, the perovskite film has become apparently 
more flat and compact under more negative half-wave ampli-
tude. Consequently, the representative J–V characteristics and 
corresponding photovoltaic parameters of as-fabricated PSCs 
(Figure 4g,h) have shown that the main parameters such 
as PCE, VOC, and FF have been significantly improved with 
smoother and more compact perovskite film under the modi-
fied electric field.[49,50] In general, all results with different AC 
bias condition have shown higher performance than the case in 
potentiostatic condition (can be referred from Figure S4, Sup-
porting Information). Eventually, the best power conversion 
efficiency of up to 15.5% has been achieved using the PSCs 
fabricated with the perovskite films prepared at −2.5 V (second 
half-wave).

To investigate the influence of experimental conditions in 
step 2 on their structural and optoelectronic properties, the as-
fabricated samples were further investigated as in the previous 
section. Unlike the situation in previous experiments on Pb 
modulation, no significant difference was found in the XRD of 
samples under different conditions. However, in the optoelec-
tronic investigation that followed up, significant change has 
been found in samples under different conditions. As shown in 
Figures 4 and 5, the absorption edge continuously shifted to the 
lower energy side (corresponding to a wavelength increasing 
from about 778 to 799 nm) when the amplitude of the second 
half-wave of the applied voltage became more and more nega-
tive, while the PL peak remained at around 775 nm. It has 
shown a continuously enhanced blue shift of the PL peaks 
against the absorption edges, which indicates less trap density 
of the samples at lower fabrication voltage. Furthermore, in 
the PL measurement (Figure 4) without HTL, there was only a 
very slight decrease of the peak intensity for the sample when 
the second half-wave became more negative. In contrast, when 
HTL was mounted above the perovskite layer, the PL intensity 
has more greatly decreased compared to the ones without HTL 
at the same voltage, and it continuously decreased with more 
negative voltage of the second half-wave. This big difference 
with and without HTL has suggested a more significant influ-
ence of the voltage modulation on the hole transport other than 
on the electron transport. This decrease of the PL peak versus 
negative voltage is likely to be either attributed to fewer radia-
tive recombination centers or to faster carrier motions due to 
enhanced transport ability of the perovskite material. This has 
also been supported by the TRPL measurement (details can be 
found in Table S3, Supporting Information). Under more nega-
tive voltage of second half-wave, the PL decays became gradu-
ally faster without HTL, with lifetime decreasing from 68.29 to 
61.14 ns when voltage decreased from −0.5 to −2.5 V. This ten-
dency has become more significant for the samples with HTL 
on top, where the lifetime dropped drastically from 35.91 to 

Adv. Funct. Mater. 2017, 27, 1606156
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9.56 ns, again indicating hole-dominating carrier transport in 
the perovskite and better carrier transport under lower voltage.

Furthermore, unlike the Pb modulation, the EIS measure-
ment in Figure 5e has demonstrated a significant decrease of 
the series resistance versus a more negative second half-wave 
of the controlling voltage. Significant change has also been 

found in the two arcs, which have shown reduced contact 
resistance Rco and higher recombination resistance Rrec versus 
the decreasing controlling voltage, respectively. Therefore, it 
appears that the modulation of the second half-wave in step 2 
has not only induced less recombination in the as-fabricated 
perovskite but also better carrier transport ability in the 

Adv. Funct. Mater. 2017, 27, 1606156
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Figure 5. Optoelectronic properties of sample fabricated under different voltages. a,b) PL and TRPL of samples without spiro-MeOTAD on top of 
perovskite, respectively. c,d) PL and TRPL of samples with spiro-MeOTAD on top of perovskite, respectively. e) EIS measurements of PSCs fabricated 
at different voltage.

Figure 4. Characterization and dependence of MAPbI3 film morphology on square-wave AC voltage with different second half-wave amplitude. SEM 
top view and cross-sectional view images of MAPbI3 films prepared by square-wave AC voltage (f = 5 Hz) with different amplitude of second half-
wave a) −0.5, b) −1.0, c) −1.5, d) −2.0, and e) −2.5 V, insets showing the top view. f) Size of MAPbI3 grains at different voltage. The point at +2.5 V 
corresponds to potentiostatic condition. g) Absorption spectroscopy of samples at different voltage. h) XRD of samples vs voltage; the symbols “*” 
represent the peaks of FTO/c-TiO2 substrate. i) Representative J–V characteristics and j) corresponding photovoltaic parameters of as-fabricated PSCs. 
The perovskite deposition time was kept at 5 min.
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as-fabricated perovskite layer and the interfaces between dif-
ferent layers.

2.4. Time Evolution of Perovskite Formation

Remarkably, the sample surface has turned dark at the very 
beginning (just a few seconds) with the application of bias 
(potentiostatic or AC) in the perovskite formation in step 2. 
Therefore, the formation of perovskite in this electrochemical 
system should be a very fast process. A time-dependence exper-
iment then became necessary for more details. For simplifi-
cation, we have kept the frequency constant at 5 Hz, and the 
total growth time varied from 1 to 180 s. The morphological 
and structural change was monitored by scanning electron 
microscope (SEM) and XRD at different time steps in Figure 6. 
Starting from a bare c-TiO2 surface with Pb islands (Figure 6a), 
a thin layer appeared around relatively higher islands at the 
very beginning (Figure 6b, 1 s), where the thin layer and the 
islands should be assigned to perovskite between Pb particles 
and perovskite-covered Pb islands, respectively. Afterward, the 
as-formed layer has become thicker, from about 220 to 370 nm 
(with details shown in Figure S9, Supporting Information), 
and the islands gradually disappeared until finally a totally flat 
layer was formed (Figure 6c–h). In the XRD patterns, the peaks 
of FTO/c-TiO2 substrates were also recorded for comparison 
(Figure 6i). After electrodeposition in the first step, new peaks 

appeared at 31.4°, 36.4°, and 52.6°, which are assigned to [111], 
[200], and [220] of lead crystal planes, corresponding to the 
data in JCPDS Card No. 6-0686. In the second step, the char-
acteristic peaks of Pb became significantly weaker at 1 s, while 
the peaks at 14.2°, 20.0°, 24.6°, 28.5°, 31.9°, 40.6°, and 43.2° 
emerged, corresponding to the [110], [200], [202], [220], [310], 
[224], and [314] lattice planes of MAPbI3, respectively. When the 
reaction went on to 120 s, as shown in Figure 6i, the charac-
teristic peaks of Pb totally vanished and the peaks of MAPbI3 
were continuously strengthened, which is consistent with mor-
phological evolution mentioned above. For the time longer than 
120 s, the change of the characteristic peaks became trivial. 
This indicated that the previous reaction time of 5 min had 
been in fact beyond necessity and 120 s was seemingly enough 
for formation of adequate perovskite.

Furthermore, the time evolution of the elemental compo-
nents of the sample was measured together with the corre-
sponding PSC performance, as shown in Figure 6j (the EDS 
measurement can be found in Table S4, Supporting Informa-
tion). The elemental analysis has indicated that the ratio of I 
versus Pb has drastically increased from 0:1 to 0.59:1 at 1 s, 
and then gradually increased to 2.68:1 at 60 s, with the rate of 
increase slowed down versus time. At 120 s, this ratio reached 
3:1 and remained constant. It suggested that this process had a 
very fast initial growth of perovskite content at the beginning 
of the reaction and the Pb content was gradually converted to 
perovskite via reaction with MA+ and I− until finally all Pb was 
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Figure 6. Time evolution of morphology, structure, element ratio, and device performance of MAPbI3 perovskite in step 2. SEM cross section of sam-
ples grown at different time a) 0, b) 1, c) 10, d) 30, e) 60, f) 90, g) 120, and h) 180 s. i) XRD pattern of samples at 0–180 s, with symbols , ♦, and * 
representing the peaks of Pb film, perovskite film, and FTO/c-TiO2 substrate, respectively. j) Atomic ratio of I:Pb in perovskite and PCE of corresponding 
devices at each time point in step 2.
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converted into perovskite and the total ratio of I:Pb became 
3:1, exactly the same ratio in MAPbI3. The decreased value of 
curve slope in Figure 6j indicates that the growth of MAPbI3 
has become slower and slower versus time. The XRD and SEM 
series have further exhibited that perovskite has been continu-
ously formed from both upper and bottom side of the initial 
perovskite layer simultaneously after it was first established 
around the Pb particles, otherwise visible vacancies can be 
observed with the consumption of Pb with the growth and flat-
tening of the perovskite layer. This indicates that the bottom-up 
diffusion of Pb2+ and top-down diffusion of MA+ through the 
initial perovskite layer have simultaneously existed. This may 
have explained the significant deceleration of perovskite growth 
in the later growth. As a result, at 120 s, the perovskite layer has 
exhibited homogeneous thickness around 375 nm and quite 
uniform grain size of about 170 nm, which would be suitable 
for later PSC integration.

2.5. Performance, Mechanism Study, and Outlook

According to previous investigations, the optimized conditions 
for the current system would be with −20 V pulse at 1 s and 
−2.5 V bias for 5 min in step 1 and then a 5 Hz AC bias for 
2 min. As shown in Figure 7, corresponding PSC with a FTO/c-
TiO2/perovskite/spiro-MeOTAD/Au architecture has exhibited 
a best PCE of 15.65% (reverse sweeping), with VOC = 1.098 V, 
JSC = 20.99 mA cm−2, and FF = 67.91%. The parameters of 
forward sweeping were only slightly lower (with η = 14.84%, 
VOC = 1.073 V, JSC = 20.93 mA cm−2, and FF = 66.10%), 
indicating a quite low hysteresis (Figure 6a),[51] and the cor-
responding external quantum efficiency (EQE) spectrum is 
shown in Figure 6b. The integrated response under standard 
reference spectrum was 20.97 mA cm−2, which is close to the 
JSC measured by the simulator. Efficiency statistics of all sam-
ples are presented in Figure 7c, exhibiting an average power 

Adv. Funct. Mater. 2017, 27, 1606156
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Figure 7. Characteristics of electrodeposited MAPbI3 perovskite solar cells. a) J–V curves of the optimized electrodeposited MAPbI3 PSC, insets 
showing the SEM cross-sectional view of the device. b) Corresponding EQE of the optimized PSC. c) Efficiency statistics of the electrodeposited MAPbI3 
PSCs under optimized conditions. d) Photovoltaic parameters variation of PSCs with number of days stored in air at about 25 °C with 20%–40% rela-
tive humidity. e) Details for characteristic XRD peaks of electrochemically fabricated sample compared to spin-coating fabricated sample, with the shift 
marked by the arrows. EC and SC stand for electrochemically fabricated sample and spin-coating fabricated sample, respectively.
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conversion efficiency of 14.52 ± 0.88%, which 
demonstrates a splendid reproducibility of 
cells. Additionally, taking into account the 
spectral mismatch factor of the reference Si 
cell (M = 1.003), the spectral mismatch factor 
of perovskite cell in this work was about 
0.998, which means the exact performance of 
the cell can be slightly higher.[52]

Furthermore, as has been normally evalu-
ated for perovskites, the stability of unsealed 
devices fabricated with the electrodeposited 
perovskite films was also evaluated in a 
typical 42 d (≈1000 h) long-term measure-
ment.[53] The as-fabricated PSCs were stored 
in air under ambient temperature of about 
25 °C with relative humidity of 20%–40%, 
taken out and measured in atmosphere every 
2 d, with their performance change being 
summarized in Figure 8d (J–V curves can be 
found in Figure S10, Supporting Informa-
tion). The overall efficiency loss over 42 d was 
9.8% (from 15.65% to 14.11%). Especially, the 
loss was very little (from 15.65% to 15.53%, 
about 0.7%) in the first 24 d, which indicated 
quite good stability. Considering the period 
of measurement was the rainy and humid 
season in Shanghai (normally 80–100 RH%), 
the true stability is even higher. Interestingly, 
the JSC has slightly increased during the 
initial period of storage, leading to PCE increase, too.

Recently, a number of reports have achieved remarkable 
results in the stability study, with main routes through either 
shielding protection by treatment of layers outside perovs-
kite[54–56] or additional implanted materials inside the perovs-
kite.[57] In this work, the sample exhibited enhanced stability 
without shielding or implant and only by modulation of the 
layer itself. However, the origin of such stability still remains 
unknown. Hence, we have carried out further studies on the 
material first by X-ray reflectivity (XRR) measurement. Though 
with possible error, XRR results indicate significantly higher 
density (5.24 g cm−3) of the electrochemically fabricated per-
ovskite compared to the control sample (4.49 g cm−3) fabri-
cated by conventional two-step chemical method. Moreover, 
detailed study on the XRD has shown significant shift of the 
characteristic peaks toward larger angle compared to the con-
trol sample, which indicates certain lattice contraction in this 
electrochemically fabricated sample. For instance, as shown 
in Figure 7e, the positions of [110], [200], and [202] peaks of 
the sample by electrochemical method are 14.23°, 20.04°, and 
24.58°, while these values are 14.08°, 19.91°, and 24.46° for 
normal spin-coated sample. The corresponding lattice constants 
are a = 8.851 Å, b = 8.734 Å, c = 12.552 Å, and a = 8.908 Å, 
b = 8.862 Å, c = 12.579 Å for the electrochemical samples and 
spin-coating samples, respectively. Besides, the FWHM of 
those peaks has also become narrower under electrochemical 
condition (shown in Figure 7e, detailed value can be found in 
Table S5, Supporting Information), suggesting more ordered 
crystallization in the electrochemical process compared to two-
step chemical growth. Considering these facts together with the 

enhancement of stability, it implies that the lattice contraction 
with better ordering and more compactness of the perovskite 
film are the more probable origin of the enhanced stability, 
which can in some degree limit the motion of ions (such as 
methylammonium cations) that has been accepted as one key 
factor for the chemical instability (with polar solvents such as 
water) according to previous studies on the stability.[31] This 
phenomenon can possibly be induced by the extra force from 
the electric field and the heat from the electrochemical process, 
which offers more activation energy for the lattice formation. 
For the initial increase of efficiency, one possible origin of this 
phenomenon is the reduced charge traps in the bulk of perovs-
kite films due to the water molecule healing effect on perovs-
kite film according to some other groups.[16,58–60]

Besides morphological and structural behavior influenced 
by the electrochemical parameters, it is also noticeable that 
all the efficiencies of the PSCs were obtained without thermal 
annealing, which has been a standard process for post-treat-
ment prior to PSC fabrication in almost all existing methods. To 
investigate this, we have carried out control experiments with 
thermal annealing (70 °C for 30 min) after the formation of the 
electrodeposited perovskite under the same conditions. Figure 8 
shows another sample using optimized conditions, which has 
indicated no significant change in the morphology, structure, 
and UV–vis absorbance of the thermally annealed sample com-
pared to the one without thermal annealing. The parameters of 
the as-fabricated PSCs shown in Figure 8d were η = 15.62% 
(with VOC = 1.086 V, JSC = 20.91 mA cm−2, and FF = 68.78%) and 
15.17% (with VOC = 1.077 V, JSC = 20.77 mA cm−2, and FF = 
67.82%) before and after thermal annealing, respectively (also 
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Figure 8. Characterization of the electrodeposited MAPbI3 perovskite films and corresponding 
PSCs with and without thermal annealing. a) Top view SEM images of electrodeposited per-
ovskite films with annealing at 70 °C for 30 min (bottom) and without annealing (top). b) Cor-
responding XRD patterns. c) UV–vis absorption spectra. d) J–V curves of as-fabricated PSC 
devices. The symbols (*) represent the peaks of FTO/c-TiO2 substrate.
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very close). Therefore, we can conclude that conventional 
thermal annealing would not be necessary for the sample in 
this method, which has shown adequate quality as-fabricated.

This result suggests that the as-fabricated perovskite has 
already been well-crystallized directly after the electrodeposi-
tion, which could be explained by a possible current annealing 
effect by the electrochemical process, that is to say, the electric 
field can offer extra energies for the activation energy of the 
lattice formation from amorphous state to crystallized one.[39] 
A similar phenomenon has also been found in other systems 
such as the anodic oxidation of TiO2 nanotubes.[40] Addition-
ally, there was even a little decrease of VOC on the PSC fabri-
cated with annealed perovskite film (Figure 8d), which might 
be induced by thermal expansion due to heating and current 
annealing and thus increased the separation between grains.

Until now, though results have clearly demonstrated effective 
growth of perovskite and significant improvement of both the 
layer quality and the interfacial conditions, questions still arise 
about a general picture of the perovskite formation. Though 
limited by resolution, some information can still be given by 
the EDS surface scanning technique on the formation process, 
as shown in Figure 9a–c. In the beginning (1 s), the distribu-
tion of I and Pb does not entirely overlap each other, indicating 
incomplete formation of a perovskite layer. In the middle of 
reaction (60 s), it can be seen that a layer has been established 
where I and Pb components have similar distribution, with 

only some difference on a few islands. In this stage, a complete 
perovskite layer is almost formed. At the end (120 s), I and Pb 
are homogeneously distributed in the whole formed layer. This 
is well consistent with the time series study in Section 2.4 by 
XRD and total elemental measurement.

More interesting phenomena can be found by further 
looking into the J–t curves of the electrochemistry station 
during the perovskite fabrication (Figure 9d). In general, the 
current has shown oscillating behavior throughout the process. 
With the oscillation period following the voltage oscillation 
(±2.5 V, 5 Hz), the value of its peaks and valleys varies during 
the growth. Following an initial slight increase in the first 
few seconds (about 3 s), the extreme values of current gradu-
ally decreased during the growth, and was almost constant at 
about 120 s. The time scale of the initial increase of the extreme 
values is well consistent with the formation of the initial per-
ovskite layer indicated in Figure 9a. Since the total current in 
the solution is attributed to both anions and cations, it indicates 
a stage of direct combination of ionic species being intensified 
as more MA+ and I− arrived at the Pb surface by electric drift so 
that the sum charge transfer is enhanced. However, after this 
initial thin layer is established, the ions have to pass through 
the thicker and thicker layer before the reaction and the 
amount of Pb also decreased due to consumption. Therefore, 
the average current has followed a general decrease. The time 
of 120 s, when oscillation becomes stable, is quite consistent 

Adv. Funct. Mater. 2017, 27, 1606156
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Figure 9. Investigation on the formation process of perovskite. a–c) EDS surface scanning of the sample in different characteristic time stages: a) 1,  
b) 60, and c) 120 s. d) J–t characteristics of the perovskite formation procedure, with the insets demonstrating three different time stages of the forma-
tion, AC ± 2.5 V. e) A brief description of the growth procedure.
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with the optimized time of perovskite growth mentioned in 
Section 2.4, which can be easily understood because all Pb has 
been consumed.

Another interesting phenomenon is the significant asym-
metric behavior of the current oscillation in the reaction, 
especially within the initial 27 s when all current remained 
positive, demonstrating a diode-like behavior or so-called “ion 
current rectification” (ICR) in the solution.[61,62] According to 
related studies, this phenomenon has suggested certain charge 
accumulation that has emerged due to the ion motion and 
induced screening effect that can influence the ionic current. 
Considering the positive polarity of the current, the most prob-
able candidate would be the Pb2+. After 120 s, the oscillation 
became stable and the negative current became larger, where 
anions should play the main role instead. For more informa-
tion, we have measured the concentration change of the chem-
ical contents in the electrolyte near the electrode by inductively 
coupled plasma (ICP) emission spectroscopy. On the one hand, 
Pb concentration near the substrate (working electrode) was 
quite high in the beginning (29.44 ppm, 10 s) and rather low 
at 120 s (0.5615 ppm), while there was only slight enrichment 
near the counter electrode (0.08751 ppm at 10 s to 0.4277 ppm 
at 120 s) during the whole process. On the other hand, the con-
centration of iodine is at least two orders of magnitude higher 
than the Pb concentration near the substrate and four orders of 
magnitude higher near the counter electrode (can be found in 
Table S7, Supporting Information). Considering the ICR phe-
nomenon at an early stage, this indicates that only a small part 
of iodine is in the ionic form and the ionization of MAI should 
be quite stable since the current oscillation was stable after 
120 s. The quite low Pb concentration near the counter elec-
trode also indicates that the moving distance of Pb2+ should be 
much shorter than I− species in the solution, which can also be 
supported by the significant decrease of iodine near the counter 
electrode. Most Pb2+ should react immediately with MA+ and 
I− after they were accumulated near the substrate. After 120 s, 

when all Pb has been consumed, I− becomes dominant in the 
ionic current; the more negative current in the oscillation has 
suggested possible MA+ accumulation near the counter elec-
trode, as they have been ionized from MAI simultaneously 
with I−.

Eventually, we can draw a brief picture on the electrochem-
ical fabrication of perovskite in the following steps (Figure 9e): 
(1) Formation of ionic species, that is, the Pb2+ by oxidation of 
Pb by positive bias (fast process) and MA+ as well as I− by ioni-
zation process in isopropanol solution (slow but stable process); 
(2) Initial formation of a thin perovskite layer around the Pb 
nuclei and on the TiO2 substrate among the Pb nuclei by direct 
reaction of Pb ions and methylammonium cations; (3) Con-
tinuous growth of perovskite both above the initial layer and 
below the layer, where the ions have to pass through the already 
formed perovskite layer by thermal diffusion and drift by the 
electric field; and (4) Finally, the Pb is all converted into per-
ovskite. Studying the ionic process and layer formation might 
be helpful for possible further optimization and development, 
for example, one-step electrochemical fabrication. Besides, the 
flattening of perovskite layer by negative second half-wave can 
be possibly due to more homogeneous Pb2+ distribution with 
more lateral diffusion under such AC conditions, which would 
require advanced in situ monitoring techniques and systematic 
theoretical studies.

Finally, it has been found that the electrochemical method in 
this work has shown a significant advantage in making homo-
geneous deposited film compared to conventional methods 
based on spin-coating techniques, as have also been indicated 
by other pioneer works.[34–36] It can also be seen from Figure 1, 
where the original sample has size over 2 cm2. To test that for 
this investigation, we have used large-scale samples according 
to the size limit of our current testing platform. As shown in 
Figure 10 on the tested area of 2 cm2, the sample has an effi-
ciency of 10.45% (reverse scanning) and 9.03% (forward scan-
ning) with FF over 0.59. This result is comparable with some 

Figure 10. Large cell (effective area 2 cm2) by electrochemical method in this work. a,b) Top and cross-sectional view of the sample morphology under 
SEM, respectively. c) J–V characteristics and d) EQE of the as-fabricated cell.
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previous results obtained by the spin-coating method with 
smaller effective area (1 cm2 by pure spin-coating on TiO2

[63] 
and 0.07 mm2 by spin-coating on electrodeposited substrate[36]). 
With introduction of larger counter electrode, better results can 
still be expected for larger scales.

3. Conclusion

Results of this work have clearly demonstrated that multiple 
component perovskite materials can be effectively fabricated 
via ionic reaction under modulated electric fields applied to 
targeted substrate. Further study on the absorption spectra, 
PL, TRPL, and EIS of the samples has revealed rather low trap 
state and good conductivity of the carriers, in the meantime 
with no need of conventional thermal annealing. The as-fab-
ricated samples have also exhibited high long-term stability. 
Hopefully, the same method can easily be applied to other 
types of perovskite on different substrates as well (for instance, 
nanoporous TiO2 and ZnO). The growth of perovskite under 
electric field is a very fast process, although the complete con-
version of Pb into perovskite can be more slowly due to diffu-
sion control of reactive ions in the pre-formed perovskite layer 
between the Pb precursor and electrolyte. Nevertheless, com-
bining step 1 and 2 together may resolve this issue by direct 
reaction of ionic species continuously at the surface. In gen-
eral, with further physical/chemical modulation, wider appli-
cations can be expected in the future development—not only 
in the development of the examples given in this work (roll-to-
roll fabrication, etc.) but also in fabrication of other solar cells 
such as perovskite/Si tandem cells and other optoelectronic 
devices.

4. Experimental Section
Preparation of Substrate: The FTO glass (Materwin, 14 Ω sq−1) 

was cleaned sequentially via detergent, water, acetone, isopropanol, 
and ethanol under ultrasonication for 15 min. The c-TiO2 electron 
conducting layer was prepared on the FTO glass by standard sequential 
procedures consisting of 30 s spin-coating of titanium diisopropoxide 
bis(acetylacetonate) solution (Materwin, 0.15 m, in 1-butanol) at 
4000 rpm, drying at 125 °C for 5 min, repeating twice with 0.3 m titanium 
diisopropoxide bis(acetylacetonate) solution (Materwin, 0.3 m, in 
1-butanol), and a final heating at 500 °C for 15 min. The resultant film 
was immersed into a 40 × 10−3 m TiCl4 aqueous solution at 70 °C for 
30 min, washed with deionized water and ethanol, and then baked at 
500 °C for 15 min.

Electrochemical Fabrication of Perovskite: The electrodeposition of 
perovskite was performed in a two-electrode cell equipped with the 
c-TiO2 coated FTO glass working electrode and a Pt counter electrode. 
The electric parameters were controlled by an electrochemical station 
(Corrtest, CS350) together equipped with voltage amplifier (Corrtest, 
CS1006). The first step of Pb deposition was carried out in the electrolyte 
consisting of isopropanol solutions of 10 × 10−3 m PbI2 (Sigma-Aldrich, 
99.99%), 1.3 m sodium iodide (NaI, Aladdin reagent, 99.99%), and 
700 × 10−3 m ethylene glycol tertiary butylether (ETB, Aladdin reagent, 
99%). The resultant films were then rinsed with isopropanol and dried 
with N2 flow. The second step of perovskite formation was performed 
in the electrolyte of isopropanol solution of MAI (10 mg mL−1). The 
products were rinsed with isopropanol and dried with N2 flow in 
nitrogen protection. The reaction was protected by N2 in the chamber of 
the cell and kept under room temperature.

Fabrication of Perovskite Solar Cells: The HTM was then deposited 
on the as-formed samples by spin-coating at 4000 rpm for 
30 s. The spin-coating formulation was prepared by dissolving 
72.3 mg spiro-MeOTAD, 28.8 µL 4-tert-butylpyridine (Aladdin 
reagent, 96%), 17.5 µL acetonitrile solution (520 mg mL−1) of lithium 
bis(trifluoromethylsulphonyl)imide (Aladdin reagent, 99%), and 29 µL 
acetonitrile solution (300 mg mL−1) of tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)-cobalt(III) tris(bis(trifluoromethylsulfonyl)imide) (FK209, 
Materwin, 99%) in 1 mL chlorobenzene (Aladdin reagent, 99.9%). 
Finally, 80 nm Au was thermally evaporated on top of HTM in vacuum 
as the upper electrode of the solar cell.

Characterization of Materials and Devices: The morphology of the 
samples was observed by field-emission scanning electron microscope 
(FESEM, Zeiss Ultra Plus). The elemental analysis was measured by 
the EDS installed in the SEM system (Oxford Instruments, Aztec X-Max 
20). The absorption spectra of the MAPbI3 perovskite film on c-TiO2 
coated FTO were measured by an ultraviolet–visible spectrophotometer 
(Lambda 20 spectrophotometer, Perkin-Elmer, USA) in the 400–850 nm 
wavelength range at room temperature. The structural information was 
examined by XRD via an X-ray polycrystalline diffractometer (D8 Advance 
Da Vinci, Bruker, Germany). The XRR measurements were carried 
out in Shanghai Synchrotron Radiation facility (SSRF, China) with a 
wavelength λ = 0.691356 Å. The beam was reduced in the reflectivity 
plane by 50 µm wide slits in order to minimize the irradiated footprint 
at the sample position. After careful adjustments of the sample, data 
were collected from 0° to 1° of critical angle with a 0.005° step and 
corrected from irradiated area. The ICP emission spectroscopy of I and 
Pb was measured with ICP optical emission spectrometer (iCAP6300, 
Thermo, USA) and ICP mass spectrometer (Agilent 7500a, Agilent, 
USA), respectively.

The size of all perovskite solar cells was 2 cm × 2 cm, with an active 
area of 0.15 cm2 defined by the mask covered on the cell. The steady-
state PL was measured by Horiba Jobin Yvon system (France) with 
excitation at 514.5 nm using an argon ion laser. The TRPL measurement 
was carried out using time-resolved fluorescence spectrofluorometer 
(Horiba Jobin Yvon, FL, Japan). The samples were excited by a pulsed 
laser (NanoLED-460, Horiba Jobin Yvon, FL, Japan) with a wavelength 
and pulse width of 460 nm and 1.3 ns, respectively. The PL photons 
were counted by DAM302 (Horiba Jobin Yvon, FL, Japan). The EIS 
measurements were carried out with an electrochemical station 
(Corrtest, CS350) under dark condition. The devices were held at their 
respective open circuit potentials obtained from the J–V measurements 
with an oscillating voltage of 10 mV and frequency of 1 Hz to 1 MHz, 
while the EIS spectrum was being recorded. The EIS spectra were fitted 
by Zview software.

The J–V characteristics of the perovskite solar cells were measured 
by a computer-programmed electronic sourcemeter (Keithley, 2400) 
with a standard Solar Simulator (Newport, Oriel Sol-2A) under 1 sun 
AM 1.5. The scanning voltage ranged from −0.3 to 1.2 V (forward) and 
1.2 to −0.3 V (backward), respectively. The solar cells were measured 
as-prepared without any post-treatment. The scanning rate and time 
delay were 0.15 V s−1 and 10 ms, respectively. A standard reference 
Si solar cell (effective area 2 × 2 cm2, certified by VLSI Standards 
Inc.) was applied for calibration of simulator and calculation for 
spectral mismatch, with its own mismatch factor M = 1.003. The EQE 
spectrum was measured by a Quantum Efficiency/IPCE system (PV 
Measurements Inc., QEX10) in the 300–850 nm wavelength range 
at room temperature. During the stability measurement, the cells 
were stored simply in a box desiccated by silica gel and kept at room 
temperature and relative humidity of about 20%–40%. The PSCs were 
taken out for measurement every 2 d.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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solve the problem induced by the changed 
θ, it is costly and difficult to work precisely 
for more than 20–25 years of module life-
time.[1] In recent years, there are lots of 
reports demonstrating that Si nanostruc-
tures possess outstanding broadband 
and omnidirectional antireflection ability, 
which are promising to be adopted in solar 
cells to form omnidirectional solar cells 
for enhancing electric energy output over 
broad θ.[2–9] For example, Spinelli et al.[2] 
have reported that Si nanocylinder arrays 
can effectively suppress reflection over 
the wide θ of 0°–60°. Savin et al.[6] even 
demonstrated that Si nanopillars textured 
solar cell brings 3% higher in daily energy 
production as compared to the conven-
tional Si micropyramids (SiMPs)-textured 
solar cell, which benefits from its better 
angular acceptance. Hence, considerable 
efforts have been focused on integrating 
Si nanostructures into various solar cells, 
such as diffused homojunction cells,[10–12] 

heterojunction cells,[13,14] photo-electrochemical cells,[15] hybrid 
cells,[16–18] carrier-selective contact cells,[19] and ultrathin crystal-
line Si (c-Si) cells.[20]

Despite the optical advantage, the conversion efficiencies 
(ηs) of the most reported Si nanostructures-textured solar cells 
were not improved as expected, the reason behind which is the 
degradation of electrical property incurred from the accelerated 
carrier recombination.[11,21] Because Si nanostructures such as 
nanopores, nanowires, nanoholes, nanowells, and nanopillars 
generally have large surface area enhancement and their sur-
face is hard to be perfectly passivated by dielectric thin films, 
the photongenerated carriers are easily recombined through 
the dangling bonds on the unpassivated surface and thus sur-
face recombination dramatically increases. Now, it is widely 
accepted that suppression of carrier recombination is one of 
the key points to improve the Si nanostructures-textured solar 
cells.[21]

Recently, through passivating the surface by thermal SiO2, 
SiO2/SiNx:H dual layers, or atomic layer deposited Al2O3 layer, 
ηs approaching or higher than 20% have been demonstrated 
on Si nanostructures-textured solar cells thanks to the excellent 
passivation effect of these dielectric layers.[6,22,23] Nevertheless, 
when compared to their conventional SiMPs-textured counter-
parts, the nanostructures-textured solar cells still suffer from 
higher carrier recombination and thus have lower open-circuit 

Large-scale (156 mm × 156 mm) quasi-omnidirectional solar cells are 
successfully realized and featured by keeping high cell performance over 
broad incident angles (θ), via employing Si nanopyramids (SiNPs) as sur-
face texture. SiNPs are produced by the proposed metal-assisted alkaline 
etching method, which is an all-solution-processed method and highly simple 
together with cost-effective. Interestingly, compared to the conventional Si 
micropyramids (SiMPs)-textured solar cells, the SiNPs-textured solar cells 
possess lower carrier recombination and thus superior electrical perfor-
mances, showing notable distinctions from other Si nanostructures-textured 
solar cells. Furthermore, SiNPs-textured solar cells have very little drop of 
quantum efficiency with increasing θ, demonstrating the quasi-omnidirec-
tional characteristic. As an overall result, both the SiNPs-textured homo-
junction and heterojunction solar cells possess higher daily electric energy 
production with a maximum relative enhancement approaching 2.5%, when 
compared to their SiMPs-textured counterparts. The quasi-omnidirectional 
solar cell opens a new opportunity for photovoltaics to produce more electric 
energy with a low cost.

Solar Cells

1. Introduction

When evaluating the performance of solar cells, it is more rea-
sonable to examine their electricity generation ability in a day 
or a year rather than only in the standard test condition with 
normal incident light, because the incident angle (θ) changes as 
the sun goes from east to west in a day as well as moves between 
the Northern Hemisphere and the Southern Hemisphere in a 
year. Though photovoltaic sun tracking system is effective to 

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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voltage (VOC). In fact, besides utilizing outstanding passivation 
layers, developing Si nanostructures with low surface enhance-
ment is also an effective approach to reduce carrier recombina-
tion.[21] On this aspect, Si nanopyramids (SiNPs) have extremely 
attracted interests due to the fact that they have low surface 
enhancement, while excellent antireflection and light trapping 
effect are retained.[24–27] Therefore, SiNPs have been success-
fully demonstrated to bring benefits for solar cells, especially 
in ultrathin c-Si solar cells.[28–30] However, we also notice that 
the knowledge on the angle-dependent optical performance 
of SiNPs is very limited and it is also unknown whether the 
design of SiNPs is superior to SiMPs on solar cells.

In this study, SiNPs were employed as surface texture due 
to their potential of lower carrier recombination as compared 
to other Si nanostructures. We fabricated SiNPs on large-scale 
(156 mm × 156 mm) wafers via our recently proposed metal-
assisted alkaline etching (MAAE) method,[26] which is an all-
solution-processed method and does not involve patterning 
process as required in the present popular methods.[27,30–32] We 
have excitingly found that the SiNPs can be easily passivated by 
intrinsic hydrogenated amorphous Si (i a-Si:H) layer or SiNx:H 
layer and exhibit lower surface recombination compared to 
the conventional SiMPs counterparts, which is attributed to 
the lower surface enhancement. As a result, superior electrical 
properties are achieved in both SiNPs-textured homojunc-
tion and heterojunction solar cells. Moreover, it is found that 
SiNPs-textured solar cells are actually quasi-omnidirectional 
solar cells and thus have very little drop of quantum efficiency 
(QE) with increasing θ, which benefits from their excellently 

broad-angle antireflection property over the θ of 0°–50°. Via 
the careful calculation with considering the variation of solar 
spectrum with time, relative enhancement of daily output 
energy between 1.2% to nearly 2.5% is expected depending on 
the seasons when compared to conventional SiMPs-textured 
counterparts.

2. Results and Discussion

2.1. Formation of SiNPs

Figure 1a schematically shows the fabrication process of 
SiNPs, namely the deposition of Ag nanoparticles in AgNO3/
HF solution at first, then etching in alkaline solution under 
60 °C for 20 min, followed by the removal of Ag nanoparti-
cles in HNO3 solution. More details of the fabrication are 
presented in the Experimental Section. Compared to the 
present popular methods to form SiNPs, the MAAE method 
does not require etching pattern and thus does not involve 
lithography process or ion etching.[27,30–32] It only requires 
the deposition of Ag nanoparticles in solution before alkaline 
etching and is an all-solution-processed method. Evidently, 
it is highly simple and cost-effective. Moreover, the MAAE 
method can be easily applied to large-sized Si wafers, such as 
156 mm × 156 mm, and produces uniform surface texture, as 
presented in Figure S1 (Supporting Information). Therefore, 
the MAAE method is compatible with the mass production 
lines of c-Si solar cells. As the surface reference texture, SiMPs 

Adv. Sci. 2017, 4, 1700200

Figure 1. a) Schematic diagram of the fabrication process of SiNPs by MAAE method. b) Top-view, c) 45° tilted-view SEM images and d) lateral size 
distribution of the conventional SiMPs texture. e) Top-view, f) 45° tilted-view SEM images, and g) lateral size distribution of the SiNPs texture.
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were formed by the conventional texturing method, which is 
described in the Experimental Section and can be easily found 
in literatures.[33,34]

The typical top-view and 45° tilted-view scanning electron 
microscopy (SEM) images together with the pyramidal size dis-
tribution of the SiMPs and SiNPs are shown in Figure 1b–g. 
One can observe that both the SiMPs and the SiNPs are densely 
distributed no matter from top view or 45° tilted view, exhib-
iting perfect surface textures. The sizes of the SiMPs range 
from several hundred nanometers to over 10 µm with a mean 
value of 4.9 µm. The sizes of SiNPs are distributed from 100 to 
1200 nm but concentrated in 200–800 nm with a mean value of 
503 nm. It is worth mentioning that the sizes of the SiNPs are 
not sensitive to the etching temperature.[26] Besides the size dif-
ference, the SiNPs have much smoother surface, which is ben-
eficial for reducing surface recombination as will be presented 
in next part.

Figure 2a demonstrates that both the SiMPs texture and 
SiNPs texture effectively reduce the reflectance as compared to 
the untextured surface over the whole wavelength range, but 
due to different antireflection mechanisms. The SiMPs reduce 
reflectance through the multiple reflections of incident light 
and thus enhancing the chance of refracting into the Si bulk. 
For the SiNPs, because their sizes are comparable to the light 
wavelength, which is beyond the geometric optics theory, they 
inhibit surface reflectance by efficiently coupling the incident 
light into the substrate via optical resonance and light scat-
tering. For the uncoated samples, the reflectance of the SiNPs-
textured wafer is higher than that of the SiMPs-textured one 
over the whole wavelength range. However, after the deposi-
tion of In2O3:W as antireflection layer, reflectance of the both 

samples greatly declines and the gap between them greatly 
shrinks. This phenomenon is also observed in SiNx layers 
coated samples.[26] The solar spectrum averaged reflectance of 
the coated SiNPs is 3.6% over the wavelength of 400–1100 nm, 
which is slightly higher than that of the coated SiMPs (2.5%).

2.2. Superior Suppression of Recombination

Figure 2b compares the effective minority carrier lifetime (τeff) 
of the SiMPs-textured and SiNPs-textured n-type c-Si samples 
as a function of injected carrier density (Δn). The SiNPs-tex-
tured wafers possess higher τeff than the SiMPs-textured wafers 
no matter using i a-Si:H or SiNx:H as passivation layer. For 
instance, at Δn of 1 × 1015 cm−3, τeffs for the SiNx:H film pas-
sivated SiMPs and SiNPs are 145 and 194 µs, respectively, and 
τeffs are 1314 and 1521 µs for the i a-Si:H passivated SiMPs-
textured and SiNPs-textured samples, respectively. According to 
the τeff, surface recombination velocity (Seff) can be determined 
by the following equation[35]

1 1 2

eff bulk

effS

Wτ τ
= +

 
(1)

where W is the wafer thickness (180 µm), τbulk the bulk recom-
bination lifetime. Here, we only consider the intrinsic τbulk 
according to the formula by Richter et al.[36] and thus the cal-
culated Seff represents the upper limit of the surface recombination 
velocity. For the SiNx:H film passivated SiMPs and SiNPs, Seffs 
are 61.8 and 46.2 cm s−1, respectively, and for the i a-Si:H passi-
vated SiMPs and SiNPs, Seffs are 6.6 and 5.7 cm s−1, respectively. 
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Figure 2. a) Reflectance spectra of the untextured, SiMPs-textured, and SiNPs-textured surfaces with and without antireflection coating. b) Com-
parison of τeff of SiMPs-textured and SiNPs-textured samples, which are symmetrically passivated by either i a-Si:H film or SiNx:H film. c) Comparison 
of (1/τeff − 1/τAuger) of the SiMPs-textured and the SiNPs-textured samples symmetrically coated by p/i a-Si:H films. Also shown is the linear fits of 
(1/τeff − 1/τAuger) versus Δn, through which J0es are determined. d) Cross-sectional SEM image of SiMPs. e) Cross-sectional SEM image of SiNPs.  
f) Comparison of the distribution of αs of the SiMPs and SiNPs.
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Both the results demonstrate that the SiNPs-textured surfaces 
suffer lower surface recombination.

To evaluate the carrier recombination on the different surface 
textures after the formation of emitter, we have also measured 
the τeff of the n-type c-Si wafers with p/i a-Si:H layers symmet-
rically deposited on both sides to extract emitter saturation cur-
rent density (J0e) based on the following equation[37]

1 1 1 2
( )

eff Auger SRH

0e

i
2 dop
J

qn W
N n

τ τ τ
− = + + ∆

 

(2)

where τAuger and τSRH, respectively, represent the carrier life-
time related to Auger recombination and Shockley–Read–Hall 
recombination, q is the electron charge, ni is the intrinsic car-
rier density, and Ndop is the doping concentration of the sub-
strate. Through the linear fit of (1/τeff − 1/τAuger) versus Δn, as 
shown in Figure 2c, J0e is calculated to be 9 fA cm−2 for the 
SiNPs-textured sample, much lower than that of the SiMPs-
textured sample (22 fA cm−2). As it is known, J0e indicates the 
carrier recombination in the emitter and it is inversely pro-
portional to the VOC of solar cells. The lower J0e of the SiNPs-
textured sample indicates lower carrier recombination in the 
emitter and will yield a higher VOC.

It is intriguing that both the microtexture and nanotexture 
are pyramid-like morphology but the τeff is higher and the J0e 
is lower for the nanotextured samples. In order to get insight 
into the difference on carrier recombination, we have further 
studied cross-sectional SEM images of the SiMPs and SiNPs. 
As presented in Figure 2d,e, the base angles (αs) of the SiMPs 
and the SiNPs are 51.2° and 48.2°, respectively, exhibiting lower 
α for the SiNPs. This is not an individual case. Through meas-
uring lots of α, it is found that the averaged α of the SiNPs is 
47.6°, which is indeed lower than that of the SiMPs (51.8°), as 
shown in Figure 2f. Here, it is worth men-
tioning that the α of our SiMPs lower than 
54.7° (the α of a standard pyramid) is coinci-
dent with the previously reported results (the 
typical industrial SiMPs have αs between 49° 
and 53°).[38,39] The investigation of the exact 
reasons for the different αs between the 
SiMPs and the SiNPs is outside the scope 
of this work, but one of the possible reasons 
is that the SiNPs are fabricated in a lower 
solution temperature (the temperatures are 
60 and 83 °C for fabricating the SiNPs and 
the SiMPs, respectively), which reduces the 
difference of etching rates between 〈100〉 
and 〈111〉 crystallographic orientation.[40] As 
exhibited in Figure S2 (Supporting Informa-
tion), higher ecthing temperature can lead 
to higher αs. Based on 3D geometry and 
the α, the surface enhancement ratio of the 
SiMPs is calculated to be 1/(cos51.8°) = 1.62, 
and that of the SiNPs is 1/(cos47.6°) = 1.48. 
Therefore, the SiNPs have lower surface 
area. We have confirmed this conclusion by 
measuring the mass and the thickness of 
the deposited SiNx layer to calculate the tex-
tured surface area and found that the surface 

area of the SiNPs-textured wafer is only 0.86 times that of the 
SiMPs-textured wafer. It should be noted that the smoother sur-
face of the SiNPs is also beneficial to reduce the surface area, 
which explains why the measured ratio (0.86) is lower than the 
calculated one (1.48/1.62 = 0.91). Since the passivation layer is 
impossible to fully passivate the surface dangling bonds, hence 
lower surface area indicates lower surface dangling bonds and 
thus lower surface recombination, which is responsible for the 
higher τeff and lower J0e.

2.3. Solar Cell Performances

We have fabricated both homojunction and heterojunction solar 
cells on large-sized (156 mm × 156 mm) wafers to evaluate 
the influence of surface textures on the performances of solar 
cells. For heterojunction solar cells, as shown in Figure 3a, the 
used substrates are n-type c-Si wafers. P a-Si:H/i a-Si:H and n 
a-Si:H/i a-Si:H stack layers are deposited on the both sides of 
the substrates, respectively, and then In2O3:W is deposited on 
the both sides as transparent conductive oxide (TCO) layers and 
antireflection layers. For homojunction solar cells (Figure 3b), 
the used substrates are p-type c-Si wafers and the solar cell 
structure is the most common one in industry without special 
advanced techniques. Namely, the front side (illumination side) 
is doped by the diffusion of phosphorus to form n-type emitter 
and then covered by SiNx:H layer acting as both passivation 
layer and antireflection layer. The back side is directly covered 
with Al layer to provide back surface field.

Figure 3c,d compares the current density–voltage (J–V) 
characteristics of the typical SiMPs-textured and the SiNPs-
textured solar cells (their averaged performances are listed 
in Table S1 in the Supporting Information). As expected, the 
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Figure 3. Schematic diagrams of a) heterojunction solar cell and b) homojunction solar cell. 
Comparisons of J–V characteristics of the SiMPs-textured and the SiNPs-textured solar cells 
with c) heterojunction structure and d) homojunction structure.
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VOC of the SiNPs-textured solar cells is higher than that of the 
SiMPs-textured counterparts in no matter homojunction struc-
ture or heterojunction structure, which benefits from the lower 
surface carrier recombination of the SiNPs. Moreover, due 
to the excellent passivation quality of the a-Si:H stack layers, 
the VOC of the SiNPs-textured heterojunction solar cells even 
reaches as high as 729 mV, which is the highest VOC of nano-
structured solar cells as far as we know. With respect to fill 
factor (FF), the SiNPs texture also shows an (potential) advan-
tage. It is reported that reducing the surface recombination to 
increase carrier lifetime is beneficial for improving FF.[41,42] 
Indeed, the FF of the SiNPs-textured homojunction solar cell 
is 0.6% absolutely higher than that of the SiMPs-textured one. 
For heterojunction solar cells, although the actual FF obtained 
from the J–V curve is lower for the SiNPs-textured one than 
its counterpart, the pseudo FF measured from Suns-VOC is 
higher (pseudo FF of the SiMPs-textured and SiNPs-textured 
heterojunction cells are 79.7% and 81.7%, respectively, which 
are shown in Figure S3 in the Supporting Information). Note 
that the Suns-VOC measurement excludes the influence of 
series resistance, and hence it intrinsically reflects the limit 
of FF. Therefore, the lower actual FF of the SiNPs-textured 
heterojunction solar cell is ascribed to the higher series resist-
ance loss that may come from the thicker i a-Si:H layers on the 
both sides because lower surface area generally leads to thicker 
deposition layer in plasma enhanced chemical vapor deposi-
tion (PECVD) system. An example that can be easily observed 
is the deposition of SiNx:H film (see Figure S4 in the Sup-
porting Information). Since this is not the intrinsic problem 
of the SiNPs, its actual FF is expected to be higher by further 
optimizing the thickness of i a-Si:H layer. Owing to the slightly 
higher surface reflectance, both the SiNPs-textured homojunc-
tion and heterojunction solar cells have lower short-circuit 
current density (JSC) than their respective counterparts. The 
difference of JSC in heterojunction solar cells is more obvious 
because the SiNPs-textured cell suffers severer parasitic 
absorption loss due to the thicker a-Si:H layers. As the overall 
results, the η of the SiNPs-textured homojunction solar cell 
is comparable to that of the SiMPs-textured one, while the η 
of the SiNPs-textured heterojunction solar cell is a little lower 
than its counterpart.

It is well known that Si nanostructures-textured solar cells 
generally suffer higher electrical loss than their SiMPs-tex-
tured counterparts, which originates from their dramatically 
enhanced carrier recombination. However, our result demon-
strates that Si nanostructures can also be used to realize supe-
rior electrical performances than the SiMPs, the key point for 
which is the fabrication of the Si nanostructures with lower 
surface enhancement. It is worth mentioning that for two 
kinds of solar cells with a comparable η, higher VOC is more 
welcome than higher JSC because it incurs lower energy loss 
in modules. Moreover, in the stage of proof-of-concept, the 
SiNPs-textured solar cells were not sufficiently optimized yet. 
Their performances are believed to be further improved by 
optimizing the parameters of each layers, such as the thick-
ness of a-Si:H layers and TCO layers for heterojunction solar 
cells as well as the thickness of SiNx:H layers for homojunc-
tion solar cells.

2.4. Quasi-Omnidirectional Solar Cell Characteristics

As discussed above, the lower JSCs of the SiNPs-textured solar 
cells are attributed to their slightly higher reflection loss. How-
ever, it should be noted that these performances were meas-
ured under normal incident light. Interestingly, when we look 
at the Si wafers, the SiMPs-textured one exhibits black from 
top view and it becomes a little shining from tilted angle view, 
whereas the SiNPs-textured one looks black no matter from top 
view or tilted angle view, as shown in Figure 4a,b. Moreover, 
these characteristics still exist even for the finished solar cells, 
showing the potential of SiNPs to form omnidirectional solar 
cells that are characterized by excellently broad-angle accept-
ance on photoelectric conversion.

To confirm this, we have measured the QEs of both the 
SiMPs-textured and SiNPs-textured solar cells (including both 
the homojunction and heterojunction structure) by varying the 
θ. Figure 4c specifies the definition of θ in the study, which is 
equal to the intersection angle between the incident light direc-
tion and the normal direction of solar cell. For heterojunction 
solar cells, from Figure 4d, it can be seen that the QE spectra of 
the SiMPs-textured solar cell decrease gradually with increasing 
θ. Differently, Figure 4e shows that when the θ is smaller than 
45°, the QE spectra of the SiNPs-textured solar cell drop very 
slightly with increasing θ, but when the θ is larger than 60°, it 
turns to drop rapidly with increasing θ, which is similar to that 
of Si nanopillars-textured solar cell.[6] For better comparison, we 
have also plotted the QEs at 900 nm of the both kinds of solar 
cells as a function of θ, as shown in Figure 4f. It can be seen 
that the QE of the SiMPs-textured solar cell decreases almost 
linearly with increasing θ. Nevertheless, the QE of the SiNPs-
textured one decreases much slowly with increasing θ in the 
region of 0°–45°, but outside the region, its decrease acceler-
ates and becomes sharply when θ is larger than 60°. As a result, 
although the QE of the SiNPs-textured solar cell is lower than 
that of the SiMPs-textured one at the θ of 0°, it becomes higher 
at the 15° ≤ θ ≤ 60°. Figure S5 (Supporting Information) further  
demonstrates that the JSCs of the SiNPs-textured cell calculated 
from the QE curves also change more slowly over broad θs. 
Moreover, it should be noted that these QE behaviors versus θ 
are the same for the homojunction solar cells, as presented in 
Figure S6 (Supporting Information). Such excellent spectrum 
response over broad θs indicates that the SiNPs-textured solar 
cells are indeed quasi-omnidirectional solar cells.

We have further carried out simulation of reflectance var-
ying with θ to gain insight into the mechanism behind the 
quasi-omnidirectional solar cells. As presented in Figure 4g, 
the reflectance of the SiMPs-textured wafer at the wavelength 
of 900 nm increases linearly with θ, which is similar to the 
reported results,[5,43] while that of the SiNPs-textured wafer 
increases very slightly with increasing θ in the range of 0°–50° 
and turns to increase dramatically when the θ is larger than 
60°. After antireflection coating, although the reflectance of 
both the SiMPs-textured and the SiNPs-textured wafers are 
greatly reduced, their reflectance behaviors varying with θ are 
the same with the uncoated ones. It is obviously found that 
the reflectance and QE behaviors varying with θ are nearly 
coincident. Therefore, for the SiNPs-textured solar cells, their 
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quasi-omnidirectional property on QE originates from their 
excellent antireflection over broad θs. To the best of our knowl-
edge, this is the first study demonstrating that SiNPs can 
effectively reduce the surface reflectance over broad θs. This 
advantage is attributed to that their pyramidal sizes are compa-
rable to the wavelength of incident light. We have theoretically 
investigated the interaction of incident light with single SiNP 
by varying the θ. Figure 4h–k indicates that incident light is 
efficiently coupled into the substrate by optical resonance and 
light scattering provided by the SiNP, which is beneficial for 
reducing the surface reflectance. Moreover, this optical reso-
nance attenuates very slightly with increasing θ in the range of 
0°–50°, but when the θ increases to 75°, dramatic attenuation 
of optical resonance is observed. These explain the reflectance 
behaviors varying with θ very well.

2.5. Higher Electric Energy Production

The characteristic of quasi-omnidirectional solar cells is of 
paramount importance, since in real application, the sun goes 
from east to west, which results in the change of θ. To eval-
uate this merit, we have compared the output power (Pout) of 
the SiMPs-textured and SiNPs-textured both homojunction and 
heterojunction solar cells over a day and a year by calculations 
with taking Shanghai (latitude of 31°) as an example of module 
location. The solar spectral irradiance and θ varying with time 
were extracted from solar spectrum calculator. The modules 
were fixed at latitude tilt and faced due south. As an example, 

Figure 5a,b shows the solar spectral irradiance and θ varying 
with time on September 23rd, respectively. Based on these two 
parameters and the measured QEs together with neglecting the 
variation of temperature, JSC varying with θ can be calculated by 

( ) QE( , ) ( , )cos dSCJ q ∫θ λ θ λ θ θ λ= Γ  
(3)

with Γ the incident photon flux calculated from the solar spec-
tral irradiance and λ the wavelength. VOC varying with θ is esti-
mated by 
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where k is the Boltzmann constant, T is the temperature in 
Kelvins and is assumed to be constant at room temperature, J0 
is the saturated current density and can be obtained under the 
case of θ = 0°. Given that FF is constant, Pout(θ) is calculated by 

( ) ( ) ( )out OC SCP V J FFθ θ θ=  (5)

Therefore, compared to the SiMPs-textured solar cells, the 
relative enhancement of Pout by SiNPs-textured solar cells 
varying with time or θ can be obtained and presented in 
Figure 5b. Clearly, although the Pout of the both SiNPs-tex-
tured homojunction and heterojunction solar cells are lower 
than their corresponding SiMPs-textured counterparts at θ of 
0°, the Pout of the SiNPs-textured solar cells become higher 
over the θ of 15°–60° and 30°–60° for homojunction and 
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Figure 4. Digital photographs of SiMPs-textured and SiNPs-textured wafers taken under a) normal angle and b) tilted angle. Also shown is the 
photograph of the finished solar cells under tilted angle. c) Definition of the incident angle θ in the study. QE spectra of d) SiMPs-textured and e) 
SiNPs-textured heterojunction solar cells varying with θ together with f) comparison of their QE values at 900 nm. g) Simulated reflectance of SiMPs 
and SiNPs versus θ with and without antireflection coating. h–k) Light intensity within single SiNP and substrate with different θ. E represents electric 
field intensity. Incident directions of light are schematically denoted by the arrows.
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heterojunction, respectively, owing to their quasi-omnidirec-
tional advantage. As the consequence, both the SiNPs-textured 
homojunction and heterojunction solar cells have higher Pout 
most of the time and thus generate more electric energy over 
a day. Figure 5c shows the relative enhancement of the electric 
energy production on March 21st, June 22nd, September 23rd, 
and December 22nd, which are the representative days of the 
spring, summer, autumn, and winter seasons of the Northern 
Hemisphere. From this figure, it can be expected that both the 
SiNPs-textured homojunction and heterojunction solar cells 
generate more electric energy in any season and especially 
in winter season, the relative enhancement is the highest, 
approaching 2.5%. We believe that the relative enhancement 
can be higher if the quasi-omnidirectional solar cells are fur-
ther optimized.

3. Conclusions

We have successfully realized large-sized (156 mm × 156 mm) 
quasi-omnidirectional solar cells with SiNPs as surface tex-
tures. The SiNPs were fabricated by an MAAE method without 
involving any lithography and ion etching process to make pat-
terns, which is an all-solution-processed method and highly 
simple together with cost-effective. The SiNPs-textured wafers 
exhibit higher τeff and lower Seff compared to the SiMPs-textured 
counterparts no matter using i a-Si:H films or SiNx:H films as pas-
sivation layers. Moreover, after the formation of pn junction, its 
J0e is also lower. These benefit from the lower surface enhance-
ment of the SiNPs. As the result of lower carrier recombina-
tion, we have successfully realized higher VOC and (peudo) FF 
for both homojunction and heterojunction solar cells, explicitly 
demonstrating that superior electrical performances can also be 
achieved in Si nanostructures-textured solar cells. Furthermore, 
the SiNPs-textured solar cells have very little drop of QE with 
increasing θ due to their excellent antireflection ability over θ of 
0°–50°, which demonstrates the realization of quasi-omnidirec-
tional solar cells. Eventually, both SiNPs-textured homojunction 
and heterojunction solar cells have higher daily output energy 
than the SiMPs-textured counterparts. We believe that the 
SiNPs texture fabricated by the all-solution-processed method 
is promising to be adopted in photovoltaic industry to realize 

quasi-omnidirectional solar cells for boosting electric energy 
production with a low cost.

4. Experimental Section
Surface Textures: The SiNPs textures were fabricated by an MAAE 

method.[26] Figure 1a schematically shows the fabrication process. First, 
Ag nanoparticles were deposited on Si wafers by immersing them in a 
mixed solution of 5 × 10−3 m AgNO3 and 9 vol% HF for 5 s. Then the 
Si wafers were etched in an alkaline solution containing 1.1% NaOH 
and 8 vol% IPA under the solution temperature of 60 °C for 20 min, 
forming SiNPs coated with Ag nanoparticles. In the following, these 
Ag nanoparticles were removed by immersing in HNO3 solution to 
obtain the pure SiNPs. It should be noted that Si wafers were rinsed 
in deionized water between every two steps to remove the residual 
solution. Clearly, there are only three steps to form the SiNPs and it 
is very simple. For the fabrication of SiMPs texture, the conventional 
method was followed, namely, Si wafers were etched in an alkaline 
solution containing 1.1% NaOH and 8 vol% IPA under the solution 
temperature of 83 °C for 30 min.

Fabrication of Solar Cells: For heterojunction solar cells, 
n-type Czochralski (CZ) Si wafers with sizes of pseudo-square 
156 mm × 156 mm and a resistivity of about 3.4 Ω cm were used as 
substrates. These Si wafers were polished in NaOH solution, and 
textured according to the above texturing methods to respectively form 
SiNPs and SiMPs (final wafer thickness is about 180 µm), and wet-
chemically cleaned to remove metal ion contamination, and dipped 
in HF solution to remove oxide layer, successively. Then, (≈10 nm) 
p a-Si:H/(≈7 nm) i a-Si:H and (≈10 nm) n a-Si:H/(≈7 nm) i a-Si:H 
stack layers were deposited on the back side and the front side of the 
wafers, respectively, in PECVD system. In the following, In2O3:W films 
with thicknesses of 80 nm were deposited onto the both sides as TCO 
layers by reactive plasma deposition system. Finally, electrodes were 
screen printed on the both sides with much dense grid lines on the 
back side (hence illumination from back side can be neglected) by a 
low-temperature Ag paste, and then were sintered at 200 °C. Schematic 
diagram of the heterojunction solar cell is shown in Figure 3a.

For homojunction solar cells, p-type CZ Si wafers with sizes of pseudo-
square 156 mm × 156 mm and a resistivity of about 1–3 Ω cm were 
used as substrates. These Si wafers were polished in NaOH solution, 
and textured according to the above texturing methods to respectively 
form SiNPs and SiMPs (final wafer thickness is about 180 µm), and 
wet-chemically cleaned, and dipped in HF solution, successively. Then, 
these cleaned wafers were put into a diffusion tube furnace to receive 
n-type diffusion using POCl3 as the dopant source, resulting in the 
sheet resistance of 95 Ω sq−1. In the following, the phosphorosilicate 
glass on the back side was etched by HF solution on single-side cleaning 
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Figure 5. a) Solar spectral irradiance varying with time. b) θ and relative enhancement of the Pout of SiNPs-textured solar cells to that of SiMPs-textured 
solar cells as a function of time on September 23rd. Both the homojunction and heterojunction structures are included. c) Relative enhancement of 
energy output by both SiNPs-textured homojunction and heterojunction solar cells on March 21st, June 22nd, September 23rd, and December 22nd, 
using SiMPs-textured solar cells as references.
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equipment, and then the wafers were immersed in NaOH solution to 
polish the back side, followed by the removal of the phosphorosilicate 
glass on the front side in HF solution. Subsequently, SiNx:H layers 
with a thickness of 80 nm were deposited onto the wafer surfaces as 
passivation and antireflection coatings by PECVD. At last, the Al back 
surface field formation together with the metallization of the front and 
back electrodes were carried out with the screen printing technique, 
and then cofired in a conveyer belt furnace. Schematic diagram of the 
homojunction solar cell is shown in Figure 3b.

Fabrication of Samples for Recombination Comparison: For τeff study, 
both sides of the SiMPs-textured and SiNPs-textured n-type samples were 
symmetrically passivated by either (≈50 nm) i a-Si:H films or (≈80 nm) 
SiNx:H layers. For the extraction of J0e, both sides of Si wafers were 
symmetrically deposited with (≈10 nm) p a-Si:H/(≈7 nm) i a-Si:H stack 
layers. Note that, annealing at a temperature of 225 °C is required to 
improve the passivation quality of a-Si:H films.

Characterization: The microstructures of the surface textures were 
investigated by field emission scanning electron microscopy. The 
pyramidal size distributions were obtained in Nano Measurer software 
by measuring the distance between two opposite base edges. The 
photographs of the Si wafers and solar cells were taken by a digital 
camera under fluorescent lamp. The reflectance of the as-textured and 
TCO coated samples were measured with QEX10 (PV Measurements) 
system using integrating sphere attachment. Quantum efficiencies 
varying with θ were also measured in the QEX10 system with the 
measurement mode of quantum efficiency. Specially, a multifunction 
gradiometer was attached on the sample platform through magnetic 
attachment to monitor the θ. Minority carrier lifetime measurements 
were carried out with WCT-120 (Sinton) equipment using quasi-steady 
state photoconductance decay mode. The current–voltage tester was 
used to characterize the performances of the finished solar cells under 
AM1.5 spectrum and a temperature of 25 °C. Suns-VOC equipment 
(Sinton) was used to obtain the pseudo FF of the heterojunction solar cells. 
In experiment, the surface ratio of SiNPs to SiMPs was determined by 
carefully measuring the mass of SiNx:H layer before and after the removal 
of SiNx:H with HF solution and measuring the thickness of the SiNx:H 
layer through SEM.

Simulations: The surface reflectance together with electrical field 
intensity varying with θ was numerically calculated by Lumerical finite 
difference time domain (FDTD) software. 51 SiNPs were randomly 
distributed on a position of 3000 nm × 3000 nm square region on x–y 
plane with pyramidal sizes of 200–900 nm. Note that some pyramids 
were partly overlapped as the experimental ones and Bloch boundary 
in the x–y region was adopted because non-normal incident case was 
included (θ was changed from 0°–80°). The ratio of the height to the half 
bottom length of the Si pyramids was fixed to be 1.11, corresponding 
to the α of 48°. The substrate thickness was set to be 1000 nm, but 
the boundary in the z-directions was perfectly matched layers and hence 
the thickness of the substrate was equivalent to infinitely thick. For the 
case with antireflection layer, SiNx film with a constant refractive index of 
2 and a thickness of 75 nm was covered on the surface of SiNPs. Optical 
constant of c-Si was directly extracted from the simulation software. The 
light source was a plane wave with a fixed wavelength of 900 nm (in the 
case of non-normal incidence, the wavelength has to be fixed) and its 
polarization angle was set to be 45° as the consequence of averaging 
P polarization and S polarization. For studying the interaction between 
light and SiNP, single Si nanopyramid with a lateral size of 500 nm on a 
substrate was modeled with changing θ from 0°–75° to extract the light 
intensity within Si as a function of θ.

Owing to the significantly increased simulation time and the highly 
requirement for the computer for FDTD modeling SiMPs, the reflectance 
of the SiMPs texture was calculated by OPAL2, which is a professional 
optical simulator for the Si microstructures-textured solar cells.[43] The 
surface morphology was set to be random upright pyramids with α of 
52°. Substrate thickness was 500 µm. Light trapping model was the 
default one. Refractive index of SiNx film was also set to be a constant 
value of 2 without considering extinction coefficient. θ was varied from 
0°–80°.

Simulation of Solar Spectrum: The solar spectrum irradiances under 
clear-sky conditions at different date and sidereal time were obtained by 
solar spectrum calculator on the website of PV lighthouse. The module 
location was assumed to be in Shanghai, namely latitude of 31° and 
longitude of 121°. The modules were fixed at latitude tilt and faced due 
south. Other parameters were kept the default values.
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ABSTRACT

We have presented thin Al2O3 (~4 nm) with SiNx:H capped (~75 nm) films to effectively passivate the boron-doped p+

emitter surfaces of the n-type bifacial c-Si solar cells with BBr3 diffusion emitter and phosphorus ion-implanted back
surface field. The thin Al2O3 capped with SiNx:H structure not only possesses the excellent field effect and chemical
passivation, but also establishes a simple cell structure fully compatible with the existing production lines and processes
for the low-cost n-type bifacial c-Si solar cell industrialization. We have successfully achieved the large area
(238.95 cm2) high efficiency of 20.89% (front) and 18.45% (rear) n-type bifacial c-Si solar cells by optimizing the peak
sintering temperature and fine finger double printing technology. We have further shown that the conversion efficiency
of the n-type bifacial c-Si solar cells can be improved to be over 21.3% by taking a reasonable high emitter sheet
resistance. Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

N-type crystalline Si (c-Si) solar cells have been proven to
have a higher tolerance to common impurities (e.g., Fe)
[1] and do not suffer from the boron–oxygen related
light-induced degradation [2], which is known to be the
problem for p-type Si counterparts. Recently, n-type bifa-
cial c-Si solar cells receive a great attention due to the
symmetric configuration in which sunlight is harnessed
from both front and rear sides [3], leading to the signifi-
cant advantage on energy outputs over the conventional
front surface field solar cells. The n-Pasha cell from
ECN is a typical bifacial solar cell with average efficien-
cies between 19.8% and 20.0% [4], where the p+ boron
(B) emitter and n+ phosphorus (P) back surface field
(BSF) are formed with thermal diffusion using the tube
furnace after double-side texturing. The two different
and appropriate diffusion profiles (p+ emitter and n+

BSF) were generated by varying the diffusion temperature

and time to realize the different sheet resistances and junc-
tion depths. Very recently, they have achieved a high cell
efficiency of 20.7% in combination with the selective
emitter technology [5].

One of the great challenges of this bifacial structure
cells (p+–n–n+) lies in passivating p+ emitters effectively.
Agostinelli et al. [6] demonstrated a degradation of minor-
ity carrier lifetime for n-type wafers with B-doped surfaces
passivated with SiO2/SiNx:H under thermal or light aging.
Gatz et al. [7] obtained a high-quality passivation on
p-type surfaces with a-Si:H/SiNx stacks at temperature be-
low 400 °C, but suffered from insufficient thermal stability
after 30-min annealing at 500 °C. Recently, a very effec-
tive passivation of p-type surfaces by Al2O3 (10–30 nm)
deposited by plasma-assisted atomic layer deposition
(ALD) has been demonstrated [8–11]. The excellent pas-
sivation stability of the Al2O3 and Al2O3/SiNx:H stacks
under thermal and light soaking condition has also been
proved by Dingemans et al. [12] The state-of-the-art
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surface passivation properties of Al2O3 are attributed to a
reasonable chemical surface passivation with a rather low
density defects Dit (~10

11 eV�1cm�2) and a strong field
effect passivation due to a high density of fixed negative
charges Qf (10

12–1013 cm�2) located near the Si surfaces
[13–15]. Especially, the built-in negative electric field pro-
vided by Al2O3 causes a reduction of the electron density
(the minority carriers) of the p-type Si surfaces [16]. Some
researchers have further deduced that the negative Qf is lo-
cated at the internal dielectric between the SiO2 interface
layer and the Al2O3 layer [17–19], and Werner et al. [20]
demonstrated that both the high Qf and Dit decreased from
1 to 5 nm thickness for the Al2O3 samples, while the
variation trend was not obvious from 5 to 31 nm thickness.
However, previous relevant Al2O3 capped with SiNx:H stud-
ies of surface passivation and antireflection coating layer
have been only on n-type single-sided Si solar cells [21].

In this work, we have proposed thin Al2O3 (up to 5 nm)
with SiNx:H capped (75 nm) films to passivate the B-doped
p+ emitter surfaces. Al2O3 with a wealth of negative charge
mainly serves for the role of the field effect passivation,
and the chemical passivation is mostly provided by
the SiNx:H capping layer. We have achieved the high
efficiency of 20.89% n-type bifacial c-Si solar cells
(238.95 cm2) using boron tribromide (BBr3) diffusion
emitter and P ion-implanted BSF (to realize the front and
back side doping easily and steadily, rather than the con-
ventional complicated bifacial diffusion or co-diffusion)
in conjunction with screen printed contacts. We have used
a co-firing step to sinter the different metallization pastes
and to form electrical contacts for the front p+ emitter
and rear n+ BSF, i.e., there is no need to open the front side
dielectric passivation layer with laser or etching pastes due

to the thin Al2O3. The present thin Al2O3 layer and its
composite SiNx:H structure, together with the simplified
process from the traditional n-Pasha cell structure, have
great advantages in the process of n-type bifacial c-Si solar
cell industrialization, not only passivating the p+ emitter
surfaces effectively, but also compatible with the current
industrial process at a low cost.

2. EXPERIMENTAL AND
SIMULATION DETAILS

2.1. Fabrication of n-type bifacial solar cells

Figure 1 shows the schematic structure used in this study to
demonstrate the applicability of thin Al2O3 front surface p

+

emitter passivation to high-efficiency n-type bifacial c-Si
solar cells. As starting material, we used (100)-oriented n-
type Cz wafers (238.95 cm2) with a thickness of 180 μm
and a resistivity of 3–4Ω cm. After damage etching of
~10 μm/side, alkaline texturing and RCA clean, all the sam-
ples were diffused back to back via a conventional BBr3
(E2000 HT 300-5, Centrotherm, Germany), where the inner
side would not be effectively diffused as the outside of the
wafers. Afterwards, the edge isolation and rear side were
polished using a mixture of hydrofluoric acid and nitric acid
solution, and the boronsilicate glass layer was removed in
diluted hydrofluoric acid solution (5% by volume) allowing
the detailed emitter characterization, resulting in a p+ emit-
ter with a sheet resistance of 57Ω/□. After the chemical
etching, P ions were implanted with an acceleration voltage
of 15 keV and a dose of 3.2 × 1015 cm�2 on the quasi-planar
rear side (IonSolarTM, Kingstonesemi, China). The

Figure 1. Schematic structure of n-type random pyramid textured front B diffusion p+ emitter and quasi-planar rear P ion-implantation
n+ BSF bifacial c-Si solar cells. [Colour figure can be viewed at wileyonlinelibrary.com]
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annealing temperature of P implanted n+ BSF is not just like
the B implanted p+ emitter with a high temperature
(>1000 °C) and long time to create deep junctions [22].
We had employed a low temperature (800 °C, 30min) acti-
vation annealing and oxidation, resulting in ~1.5–2.0 nm
SiO2 on the p

+ emitter and n+ BSF, together with a sheet re-
sistance of p+ emitter increasing from 57 to 63Ω/□ and an
n+ BSF of 37Ω/□. Different thicknesses (0, 2, 3, 4, and
5 nm) of Al2O3 were then deposited by ALD (TFS 200,
Beneq, Finland) at 185 °C on the p+ emitter surfaces,
capped by SiNx:H (fixed thickness of 75 nm) films by
plasma enhanced chemical vapor deposition (PECVD)
(SINA XS, Roth & Rau, Germany) on both sides of the
wafers. The fixed charge density in the Al2O3/p

+ emitter
combined structure has been calculated to be
�3.65 × 1012 cm�2 with the help of the measured flat band
voltage of 2.587V from Corona charge-voltage property
(PV-2000, Semilab, Hungary). Finally, contacts were en-
sured by the screen-printed (LTCC, Baccini, Italy) of grids
using Ag/Al and Ag pastes on the front and rear sides, re-
spectively, with a co-firing in an infra-red belt-furnace
(CFD-9024, Dispatch, USA).

2.2. Simulation by EDNA2 and PC1D

To further understand the p+ emitter surface passivation
performance of the n-type c-Si solar cell precursors, we

use the computer simulation package EDNA2 [23,24] to
perform detailed p+ emitter saturation current density J0e
simulation based on four basic types of recombination: ra-
diative, Auger, Shockley–Read–Hall, and surface recombi-
nation. In our simulation, we have employed the dopant
ionization model of Altermatt et al., [25] the Auger param-
eterization of Richter et al., [26] and the Fermi–Dirac sta-
tistics together with the band gap narrowing model of
Schenk [27]. We emphasize further that the input parame-
ters are from the experimental data, including the 3.5Ω cm
n-type bulk resistivity, an industrially feasible wafer
thickness of 180 μm, a sheet resistance Rsh = 63.1Ω/□,
and the peak substitutional dopant concentration
Npeak = 9.38 × 10

19 cm�3 at 0.1043 μm of the B doped p+

emitter surface. In addition, we also employed the PC1D soft-
ware to predict the conversion efficiency of the n-type bifa-
cial Si solar cells varying with the p+ emitter peak doping
level from 9.38×1018 to 9.38 ×1020 cm�3 at different bulk
resistivities (1.5–5.5Ω cm). Table I lists the main input pa-
rameter values in the EDNA2 and PC1D simulations.

2.3. Characterization

We investigated the effect of Al2O3 thickness, sintering
temperature, and front side finger width on the perfor-
mance of these n-type bifacial c-Si solar cells. The doping
profiles were measured by electrochemical capacitance–

Table I. The main input parameter values for the EDNA2 and PC1D simulations.

EDNA2-parameters Unit Value PC1D-parameters Unit Value

Background dopant Phosphorus Device area cm2 238.95
Concentration Nb cm�3 1.32 × 1015 Wafer thickness μm 180
Resistivity ρb Ω cm 3.5 Resistivity Ω cm 3.5 (1.5, 2.5,

3.5, 4.5, 5.5)
Temperature K 300 Front side texture depth μm 3.535
Specified voltage Vj spec V 0.7 Rseries Ω cm2 0.6
Emitter dopant Boron Rshunt Ω cm2 5790
Profile Generated Metal contact coverage

front/back
~6%/~4%

Sheet resistance ρsheet Ω/sq 63.1 τbulk μs 1500
Function Gaussian FSRV cm/s 2000
Npeak cm�3 9.38 × 1019 BSRV cm/s 200
zpeak μm 0.1043 Diffusion front/back p-type (boron)/n-type

(phosphorus)
zf μm 0.1315 Profile Gaussian
Recombination and
band gap models:

First diffusion peak
doping front/back

cm�3 9.38 × 1019

(9.38 × 1018–9.38 × 1020)/
2.19 × 1020

Radiative Trupke2003 fit Sheet resistance
front/back

Ω/sq 63(8.4–362.3)/37

Auger Richter2012 Junction depth
front/back (3.5Ω cm)

μm 0.62/0.85

SRV Seff cm/s 1 × 104 Modeled Eff
(3.5Ω cm)

% 20.90

Dopant ionization Altermatt2006 Experimental Eff (3.5Ω cm) % 20.89
Carrier statistics Fermi–Dirac
Band gap narrowing Schenk1998
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voltage (ECV) profiling (CVP21, WEP, Germany), and the
sheet resistance Rsh of the wafers were obtained by four-
point probes (280I Series, Four Dimensions Inc., USA).
The thickness and refractive index of Al2O3 and SiNx:H
thin films were determined by spectroscopic ellipsometry
(SE400, Sentech, Germany). The implied Voc and effective
minority carrier lifetime τeff were obtained by quasi-
steady-state photoconductance (QSSPC) method (WCT-
120, Sinton Instruments, USA). The external quantum
efficiency (EQE) was measured on the platform of quan-
tum efficiency measurement (QEX10, PV Measurements,
USA). The electrical parameters (open-circuit voltage
Voc, short-circuit current density Jsc, fill factor FF, and
energy conversion efficiency Eff) of the solar cells were
analyzed by current density–voltage (J–V) measurement
under the illumination of AM1.5 with the h.a.l.m. (h.a.l.
m. elektronik GmbH, Germany).

3. RESULTS AND DISCUSSION

3.1. Characteristics of solar cell precursors

Figure 2(a) presents the wafer ECV dopant profiles of the
p+ emitter and n+ BSF. The p+ diffused emitter exhibits a
surface concentration of ~7.23 × 1019 cm�3 with a junction
depth of 0.56 μm. After low temperature (800 °C, 30min)
activation annealing and oxidation, the P ion-implanted

yields a deep n+ BSF of 0.85 μm with the sheet resistance
Rsh = 37Ω/□ and a high surface concentration of
~2.19 × 1020 cm�3. A relatively low surface concentration
(~2.31 × 1019 cm�3) and deep junction depth (0.62 μm) of
the p+ emitter were formed after the annealing process,
with the sheet resistance increased from 57 to 63Ω/□ ac-
cordingly. The annealing oxidation step resulted in deeper
diffusion of B into Si and also its diffusion into the SiO2

due to higher solid solubility and diffusion coefficient of
B in SiO2 [26]. This led to a decrease of the B surface dop-
ing concentration and thus higher sheet resistance and
deeper junction depth of the p+ emitter.

In order to evaluate the quality of the different passiv-
ation processes, we could measure the implied Voc and ef-
fective minority carrier lifetime τeff of n-type bifacial c-Si
solar cells’ precursors (non-metallization) [28]. The pre-
cursor structure has the characteristics of BBr3 diffusion
emitter on the textured front side and P ion-implanted
BSF on the polished rear side, together with SiNx:H/
Al2O3/SiO2 stack passivated front surface and SiO2/SiNx:
H stack passivated rear surface, respectively. Figure 2(b)
and 2(c) presents with different thicknesses of Al2O3 and
fixed thickness of 75 nm SiNx:H capped films before and
after the conventional peak sintering temperature
(~905 °C, 30 s). Obviously, the passivation quality without
Al2O3 (0 nm group) was worse than that of other groups (2,
3, 4, and 5 nm Al2O3) no matter whether prior to or after
sintering. This demonstrates that the passivation quality

Figure 2. (a) ECV dopant profiles of the p+ emitter (diffusion, annealing and oxidation) and n+ BSF (annealing and oxidation). Passiv-
ation quality with (b) implied Voc (V) and (c) effective minority carrier lifetime τeff (μs) of the different thicknesses Al2O3 deposited by
ALD on the p+ emitter with fixed thickness (75 nm) bifacial SiNx:H capped films by PECVD before and after sintering at 905 °C
(30 s). (d) Modeled emitter saturation current density J0e varies with the density of fixed negative charges Qf of the p+ emitter surface.
Types of recombination: Tol—total recombination, Rad—radiative recombination, Aug—Auger recombination, SRH—Shockley–Read–

Hall recombination, and Surf—Surface recombination. [Colour figure can be viewed at wileyonlinelibrary.com]
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was attributed to a reasonable chemical surface passivation
and a strong field effect passivation on the p+ emitter Si
surfaces. After sintering, the implied Voc of the 2 and
4 nm Al2O3 groups increased from 0.645V to above
0.660V, accompanied with the effective minority carrier
lifetime τeff reached more than 200 μs. The increased
implied Voc and τeff can be attributed to the hydrogenation
effect of SiO2/Al2O3/SiNx:H during the thermal treatment.
The hydrogen from silicon nitride layers diffuses into the
SiO2/bulk Si interface, reducing the density of interface
traps like dangling bonds and implicitly making
recombinative traps inactive [29,30]. In addition, we have
further yielded the emitter saturation current density J0e
of the symmetrically processed p+–n–p+ lifetime samples
(capped with Al2O3 and SiNx:H) according to the high-
injection method proposed by Kane and Swanson. The
experimental J0es are 104.5, 50.38, 60.20, 31.25, and
60.80 fA/cm2 for the solar cells capped with 0, 2, 3, 4,
and 5 nm of Al2O3 and fixed thickness of 75 nm SiNx stack
passivation, respectively. Obviously, the 2 and 4 nm Al2O3

groups have shown an excellent passivation performance
on the p+ emitter surface of the n-type c-Si. The
passivation effect in the Al2O3 thickness range 1–5 nm de-
pends on the trade-off between the field effect (high fixed
negative charge density Qf) and chemical passivation
(low interface state density Dit) [20]. We directly examined
the passivation performances of five different Al2O3 thick-
nesses (0, 2, 3, 4, 5 nm). From the experimental data (im-
plied Voc, τeff, and J0e), we observed that the 2 and 4 nm
Al2O3 groups are slightly better than the 3 and 4 nm
Al2O3 ones, as this could be due to the tiny differences be-
tween the blistering of the Al2O3 passivation layers [31].
This is the reason that we selected the 2 and 4 nm Al2O3

to passivate the p+ emitter of the n-type bifacial c-Si solar
cells in the subsequent experiments.

3.2. Simulation of the emitter saturation
current density J0e of the p+ emitter surface

Figure 2(d) shows the simulated p+ emitter saturation cur-
rent density J0e. An increase of fixed negative charges Qf

from around 1012 to 1013 cm�2 sharply reduces the J0e,
where the surface recombination plays a leading role in
all the recombination. The theoretical results in Figure 2
(d) demonstrate that the fixed negative charges Qf provides
a strong field effect passivation near the p+ emitter surface.
This is consistent with the observation in Figure 2(b) and
2(c) that Al2O3 with high density of fixed negative charges
effectively passivates the p+ emitter surface.

The n-type bifacial c-Si solar cell’s precursor (non-
metallization) is an asymmetrical structure (p+–n–n+), and
the measured τeff (QSSPC method in Figure 2(c)) is closely
link to the front side emitter saturation current density (J0
front) and back side field saturation current density (J0 back):

1
τeff
¼ 1

τbulk
þ J 0 front Nd þ Δnð Þ

qni2W
þ J 0 back N d þ Δnð Þ

qni2W
(1)

As we know, τeff can be expressed by

1
τeff
¼ 1

τRad
þ 1
τAug
þ 1
τSRH

þ 1
τSurf
¼ 1

τbulk
þ 1
τSurf

(2)

we can therefore obtain the emitter saturation current den-
sity J0e of the symmetrically processed p+–n–p+ lifetime
samples through assuming J0 front = J0 back = J0e, which
yields:

J 0e ¼ qn2i W
2

1
Nd þ Δn

1
τeff

-
1

τbulk

� �

¼ qn2i W
2

1
Nd þ Δn

1
τSurf

(3)

In the above equations, q is the fundamental charge, W
is the wafer thickness, ni is the intrinsic carrier concentra-
tion in silicon, Nd is the bulk doping concentration, Δn is
the excess carrier concentration, τbulk is the bulk lifetime
of the wafer, and τSurf is the lifetime of the associated with
the surface recombination. Equation [3] presents the rela-
tionship between the J0e and τSurf, where J0e drops with
τSurf increases. As we know, any impurities and dangling
bonds at semiconductor surfaces promote the minority car-
rier recombination. The H-riched dielectrics (SiO2, Al2O3,
SiNx:H, etc.) can amend these surface defects and unsatu-
rated bonds (chemical passivation) and the Al2O3 with
strong negative electric field can exclude minority carriers
(electrons) of the p+ emitter surface (field effect passiv-
ation). Both of these two types of passivation can reduce
the p+ emitter surface recombination to improve the life-
time τSurf and make the J0e lower.

3.3. Performance analysis of bifacial solar
cells with 2 and 4-nm Al2O3

In order to simplify the solar cell production process, we
have not employed the Al2O3 postdeposition annealing
procedure (350–450 °C, 10–30min), because the industrial
fast firing step (~800 °C peak firing temperature) could ac-
tivate the surface passivation induced by Al2O3 [32]. We
have successfully applied the thin (2 and 4 nm) Al2O3 pas-
sivated p+ emitter technology to the bifacial c-Si solar cells
based on standard screen printed production lines under the
conventional peak sintering temperature of 905 °C (30 s). It
is noted that the following discussion is based on the thin
(2 and 4 nm) Al2O3 passivated front side boron emitter of
n-type bifacial c-Si solar cells. Figure 3 illustrates the dis-
tribution of the parameters Voc, Jsc, FF, and Eff for the
two groups’ bifacial c-Si solar cells against the reference
ones without Al2O3 passivation (0 nm). Apparently, the
Voc, Jsc, and Eff of the two groups exceed the reference
group significantly. The average Eff reaches 20.25% for
the bifacial c-Si solar cells, an absolute increase of 0.60%
over the reference counterparts with an average Eff of
19.65%. The maximum Eff of 20.41% has been obtained
on the bifacial c-Si solar cells with the 4 nm Al2O3
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dielectric passivation. Also, their average Voc is more than
0.648V, higher than that of the reference group with an
average of 0.637V. What is more, the convergence of all
the electrical parameters on the 4 nm Al2O3 group is better
than the other groups.

Richter et al. [33] have investigated the thermal stability
and exact level of the Al2O3 passivation on the peak tem-
perature and the duration of the sintering step. When
Al2O3 surface passivation films are implemented in
screen-printed solar cells, the thermal stability of the films
during high-temperature firing processes (>800 °C) is cru-
cial [12,34]. Figure 4 depicts the electrical parameters (Voc,
Jsc, FF, and Eff) of the screen-printed solar cells with the 2
and 4 nm Al2O3 associated with the different peak sintering
temperatures from 895 to 920 °C. We have fabricated and
measured 180 solar cells with each group of 30 pieces for
six different peak sintering temperatures. The pillars and
top error bars in the bar graphs of Figure 4 to represent
the mean and maximum values of those electrical parame-
ters, respectively. Here, we only adjust the peak sintering
temperature at the conventional time of 30 s, in order not
to change the sintering time of the other functional zones.
Overall, the electrical parameters Voc, FF, and Eff of the
solar cells with the 4 nm Al2O3 group exceed those of
the 2 nm Al2O3 counterpart. The best results of the ele-
ctrical parameters (Voc ~ 0.649V, Jsc ~ 40.55mA/cm2,
FF ~ 78.39% and Eff ~ 20.45%) are obtained simulta-
neously at the peak sintering temperature of 910 °C (30 s).

We further show in Figure 5 the EQE of the finished
solar cells with the 2 and 4 nm Al2O3. It exhibits an appre-
ciable difference in the short wavelength range from 300 to
420 nm but almost no change in the middle and long wave-
length. This suggests that the observed improvement in the

cells with the 2 and 4 nm Al2O3 is associated with the emit-
ter, rather than the bulk and BSF regions. In addition, the
EQE trend in the short wavelength is consistent with the
measured implied Voc and τeff illustrated in Figure 2(b)
and 2(c). These results clearly demonstrate that the signif-
icant improvement in the solar cells with thin Al2O3 layers
comes from the enhancement in Voc and Jsc, due to the im-
proved passivation quality of the p+ emitters.

3.4. Influence of the screen printing
technology on the solar cells performance

It should be noted from Figures 3 and 4 that the FF distri-
bution of the two groups (2 and 4 nm Al2O3 passivation) is
in the range from 76.64 to 78.96%, and most of the FFs are
under 78%. This shows the detrimental impact of the
screen-printed metallization contacts on the cell perfor-
mance [35], and it is necessary to optimize the screen print-
ing technology (e.g., fine lines and double printing (DP)) to
match with the thin Al2O3 dielectric passivation process.
As we all know, a narrow metal front side coverage results
in decrease of shadowing and surface recombination but an
increase of resistive losses [36]. The second printing with
narrow fine fingers would compensate the resistive losses
and lead to the excellent Voc, Jsc, FF, and Eff [37]. In the
present work, we have also employed the DP Ag/Al front
side metallization technology featured a mesh-type screen
with a four bus bars/85 fingers layer and 60 μm designed
fingers aperture as a baseline or benchmark (We do not
change the rear side standard single-printed Ag metalliza-
tion design).

Figure 6 illustrates the electrical parameters (Voc, Jsc,
FF, and Eff) for the DP solar cells (333 pieces) with 4-

Figure 3. Electrical parameters (Voc, Jsc, FF, and Eff) for the solar cells with two thin (2 and 4 nm) Al2O3 layers against the reference
group without Al2O3 passivation (0 nm). [Colour figure can be viewed at wileyonlinelibrary.com]
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nm Al2O3 passivated p+ emitter surfaces, including those
with four different designed finer finger widths (48, 50,
52, and 55 μm). Compared with the single-printed results
shown in Figures 3 and 4, we can observe a clear increase

of average FF from 77.80% (single-printing) to 78.09%
(60 μm finger width DP baseline) and to 78.36% (50 μm
fine finger width DP). The average values of all the elec-
trical parameters increase significantly with the Voc of up

Figure 4. Electrical parameters (Voc, Jsc, FF, and Eff) vary with the different peak temperatures of sintering. The pillars and top error
bars in the bar graphs represent the mean and maximum values of those electrical parameters, respectively. [Colour figure can be

viewed at wileyonlinelibrary.com]

Figure 5. EQE as a function of the wavelength λ for the solar cells with two thin (2 and 4 nm) Al2O3 layers against the reference group
without Al2O3 passivation (0 nm). [Colour figure can be viewed at wileyonlinelibrary.com]
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to 0.651V, Jsc of 40.57mA/cm2, FF of 78.36% and Eff of
20.66% in the 50 μm fine finger width DP case. Too wide
and too fine lines are not conductive to improve the per-
formance of the solar cells. The wider the finger width
is, the more serious the composite between metal and
semiconductor is. The finer the finger width is, the easier
the broken finger appears in the printing process. The
maximum Eff of 20.89% has been achieved for the opti-
mal front junction bifacial solar cell with 4 nm Al2O3 pas-
sivated p+ emitter surfaces and 50 μm fine finger width DP
technology (Figure 7), and its back side cell Eff is 18.45%.

3.5. Optimization of n-type bifacial solar
cells by PC1D simulation

We have employed PC1D software to calculate the con-
version efficiency of the n-type bifacial Si solar cells
varying with the different p+ emitter peak doping levels
(from 9.38 × 1018 to 9.38 × 1020 cm�3) and bulk resistivi-
ties (1.5–5.5Ω cm). Note that our experimental p+ emitter
peak doping concentration is 9.38 × 1019 cm�3 (the sheet
resistance Rsh is 63Ω/□) and bulk resistivity is 3.5Ω cm,
where the calculated conversion efficiency Eff of
20.90% in Figure 8 is in good agreement with the exper-
imental Eff of 20.89% in Figure 7. Figure 8 mainly con-
cludes that the light doping concentration is beneficial to
improve the conversion efficiency, with the maximum
Eff up to 21.53% (at 1.5Ω cm and 9.38 × 1018 cm�3 with
the sheet resistance Rsh of 362.3Ω/□). The advantage of
the light doping concentration and high sheet resistance
of the emitter come from the low Auger recombination

and excellent surface passivation [38]. As discussed in
Figure 2(a), the indispensable annealing oxidation step
not only activated the back side n+ BSF, but also de-
creased the front surface doping concentration with a
higher sheet resistance and deeper junction depth of the
p+ emitter. However, it is difficult to obtain low contact
resistances when dealing with screen printed technology
on high sheet-resistance emitters (>110Ω/□) on a tex-
tured surface [39], where it is also not easy to reach good
diffusion homogeneity all over the wafer surfaces along
the boat in industrial high temperature diffusion process.
As illustrated in Figure 8, an Eff of 21.32% can be
achieved when we take a median doping concentration
of 5.159 × 1019 cm�3 at 1.5Ω cm with the sheet resistance
Rsh of 103.9Ω/□. Furthermore, Figure 8 also reveals that
the Eff is not influenced obviously by the low bulk resis-
tivity from 1.5 to 5.5Ω cm under the fixed doping
concentration.

3.6. Mass production feasibility of n-type
bifacial Si solar cells

We have demonstrated a simple and feasible technology of
thin Al2O3 (~4 nm) with SiNx:H capped (~75 nm) films to
effectively passivate the B-doped p+ emitter surfaces of the
n-type bifacial c-Si solar cells with BBr3 diffusion emitter
and P ion-implanted BSF. The thin Al2O3 capped with
SiNx:H structure not only possesses the excellent field
effect passivation and chemical passivation, but also estab-
lishes a simple cell structure and a low-cost manufacture
process for cell efficiency over 20.8%. The investigated

Figure 6. Electrical parameters (Voc, Jsc, FF, and Eff) for the solar cells with 4 nm Al2O3 passivated p+ emitter surfaces under different
designed fine finger widths and double printing technology at the peak sintering temperature of 910 °C (30 s). [Colour figure can be

viewed at wileyonlinelibrary.com]
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cell structure is fully compatible with the existing produc-
tion lines and processes, i.e., there is no need to be
annealed after the Al2O3 deposition procedure and to open
the front side dielectric passivation layer with laser or etch-
ing pastes before the screen printing, as well as a simple
co-firing step can be used for the two different metalliza-
tion pastes (Ag/Al and Ag) to form electrical contacts for
the front p+ emitter and n+ BSF, suitable for mass scale
production. The present achievement can be further com-
bined with the selective emitter technology for the high
emitter sheet resistance of 100–110Ω/□, which decreases
the recombination of the metal contact area of the p+ emit-
ter surfaces and therefore improves the conversion effi-
ciency Eff over 21.3%.

Finally, it should be noted that the present work
focuses on the bifacial c-Si solar cells with industrial
process, and currently, all the bifacial silicon solar cells
are fabricated in conventional silicon production lines
with the J–V measurements performed on the h.a.l.m.
system. This test system does not exclude the reflected

lights from the rear side of the bifacial silicon solar cells;
however, it is convenient and fast to assess the different
classes of the bifacial solar cells in-line under different
fabrication conditions, because the bifacial modules in
real application operate under simultaneous front and rear
side illumination (i.e., bifacial illumination). Moreover,
there is no unified test standard on the bifacial solar cells
in the world up to now. The present simplified cell struc-
ture and performance assessment have great advantages
in the current low-cost n-type bifacial c-Si solar cell
industrialization.

4. CONCLUSIONS

In summary, we have successfully achieved the large
area (238.95 cm2) high efficiency of 20.89% (front) and
18.45% (rear) n-type bifacial c-Si solar cells using
BBr3 diffusion emitter and P ion-implanted BSF in con-
junction with thin Al2O3 (4 nm) passivated p+ emitter
technology. The passivation quality of the thin Al2O3

with SiNx:H capped has been evaluated from the implied
Voc and τeff of the solar cell precursors, together with the
theoretical simulation to understand the Al2O3/SiNx:H
stack passivation mechanism (chemical passivation and
field effect passivation) of the p+ emitter surfaces. We
have demonstrated that the performance of our n-type
bifacial c-Si solar cells has been greatly enhanced by op-
timizing the peak sintering temperature and fine finger
DP technology. We have further shown through the
PC1D modeling that the conversion efficiency of our n-
type bifacial Si solar cells can be improved to be over
21.3% by taking a lighter doping concentration with a
higher emitter sheet resistance of 100–110Ω/□. The pres-
ent simplified cell structure has great advantages in the
low-cost n-type bifacial c-Si solar cell industrialization,
not only effectively passivating the p+ emitter surfaces,
but also fully compatible with the existing production
lines and processes.

Figure 7. Output parameters, J–V, and power (P)–V characteristics for the optimal front junction bifacial solar cell with 4 nm Al2O3 pas-
sivated p+ emitter surface and 50 μm fine finger widths double printing technology. The back side cell Eff is 18.45%. Shown in the
inset is the photograph of the front and back side of the bifacial solar cell. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 8. PC1D calculated n-type bifacial c-Si solar cell’s conver-
sion efficiency Eff versus p+ emitter doping level at different
bulk resistivities (1.5–5.5Ω cm). [Colour figure can be viewed

at wileyonlinelibrary.com]
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ABSTRACT

We have presented simplified industrial processes to fabricate high performance back-junction back-contact (BJBC) silicon
solar cells. Good optical surface structures (solar averaged reflectance 2.5%) and high implied open-circuit voltage
(0.695 V) have been realized in the BJBC cell precursors through wet chemical processing, co-diffusion, P ion implantation
and annealing oxidation, as well as laser patterning and plasma enhanced chemical vapour deposition passivation pro-
cesses. We have achieved a certified high efficiency of close to 22% on BJBC silicon solar cells with the size of
4.04 cm2 by using screen printing and co-firing technologies. The manufacturing process flow further successfully yields
efficiency of around 21% BJBC silicon solar cells with enlarged sizes of 6 × 6 cm2. The present work has demonstrated
that the commercialization of low-cost and high-efficiency BJBC solar cells is possible because we have used processes
compatible with existing production lines. Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

High-efficiency back-junction back-contact (BJBC) silicon
solar cells [1–3] have always attracted extensive investiga-
tion due to their characteristic configuration in which the
cells have no metal fingers and bus bars on the front side
and the optical shading losses are avoided completely.
The absence of the front metal contacts allows the sunward
and the back side surfaces to be independently optimized
for optical and electrical performance, respectively [4,5].
The most successful approach in mass production for
large-area (125 × 125 mm2) BJBC, i.e., interdigitated back
contact (IBC), silicon solar cells has been realized by
SunPower Corporation with cell efficiencies of 25% on
high-quality n-type monocrystalline wafers [6]. Other lab-
oratories and research institutions have also achieved pro-
gresses on small size (4 cm2) BJBC silicon cells, e.g., the
efficiency of 23.0% at Fraunhofer ISE [7], 23.1% at Institut
für Solarenergieforschung [8], 23.3% at IMEC [9] and
24.4 ± 0.7% at Trina solar/Australian National University

[10]. For the large-area BJBC silicon solar cells, Bosch
[11] and Samsung [12] have demonstrated efficiencies of
22.1% (156 × 156 mm2) and 22.4% (125 × 125 mm2),
respectively, with the ion-implantation technology. Trina
solar has realized the efficiency of 23.5% on the
156 × 156 mm2 Cz substrates based on screen-printed tech-
nology in 2016 [13], Panasonic has created a silicon solar
cell world record of 25.6% efficiency (size 143.7 cm2) based
on combination of the BJBC structure and heterojunction
technology in 2014 [14] and Kaneka Corporation has
developed the new silicon solar cell top efficiencies of
24.91% (size 239.0 cm2) [15] and 26.33% (size 180 cm2)
with the heterojunction IBC technology in 2016 [16].

Research and development of low-cost and high-
efficiency BJBC silicon solar cells is an immediate task
for research institutions from all over the world, in order
to avoid using complex processes (e.g., photolithography
and vacuum evaporation technologies) in the present mass
production. Recently, some industrial relevant processed
BJBC silicon cells have been reported. Zin et al. [17]
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proposed a novel simplified technique of simultaneous
etch-back to create light (n and p) and localized heavy
(n+ and p+) diffusions. The deduced total saturation current
density J0 is below 30 fA/cm2 by applying the etch-back
technique. Yang et al. [18] put forward a new method
consisting of patterned boron (B)/phosphorus (P) ion
implantation, laser annealing and a subsequent
low-temperature oxidation, and obtained a potential effi-
ciency higher than 23% according to simulations with the
experimental parameters. Hendrichs et al. [19] investigated
three different screen-printed metallization concepts for
BJBC silicon solar cells with an edge length of 156 mm.
They qualified the individual loss mechanisms of each
metallization concept and the maximum solar cell conver-
sion efficiency of 22.0% by means of numerical simula-
tions. Chen et al. [20] presented a methodology of using
e-beam evaporation and screen printing resist to fabricate
an Al-contacted BJBC silicon solar cell with efficiency of
22.72% (4 cm2). Dahlinger et al. [21] fabricated the laser
processed (two pulsed green laser doping and two pulsed
UV laser ablation steps) BJBC silicon solar cells with effi-
ciencies of 23.2% (4 cm2) by the help of four novel high
flexibility and spatial resolution laser irradiation processes.

One of the main challenges of BJBC silicon solar cells
lies in the formation and integration in the three different
doping concentration areas, i.e., the front side field
(n+ FSF), the back side field (n+ BSF) and the emitter junc-
tion (p+ emitter). Several diffusion steps with high process
temperatures have to be carried out, resulting in an increase
in the process costs. The implementation of patterning
technologies (e.g., photolithography) in the process se-
quence leads to a further increase in the process effort. In
this work, we have proposed a much simplified method
based on one single high-temperature treatment (so-called
co-diffusion) to form the n+ FSF and p+ emitter, and the
P ion implantation and annealing oxidation to form the
n+ BSF after the laser patterning, together with the height
difference between adjacent n+- and p+-doped areas on
the back side (i.e., there is no need to implement the gap
process). We have employed the conventional SiNx:H an-
tireflection coating (ARC) to passivate the front and back
surfaces in combination with the screen printing and a
co-firing step to sinter the different metallization pastes and
to form electrical contacts for the back p+ emitter and n+

BSF. The best produced BJBC silicon solar cell (4.04 cm2)
has been independently confirmed with the efficiency of
22.20% by Solar Energy Research Institute of Singapore
(SERIS). We have further shown the potential of the same
industrial processes for large size (6 × 6 cm2) BJBC silicon
solar cells with the in-housemeasured efficiency up to 21.43%.

2. EXPERIMENTAL DETAILS

2.1. Solar cell preparation

Figure 1 shows the process sequences and structures for fab-
ricating the BJBC solar cells featuring three indispensible
process steps (co-diffusion to form the n+ FSF and

p+ emitter, ion implantation and annealing oxidation to form
the n+ BSF after the laser pattern, as well as screen printing
and co-firing to form the electrical contacts on the back
side). As a starting material, we used (100)-oriented n-type
Cz silicon wafers (156 × 156 mm2) with a thickness of
180 μm and a resistivity of 3–4Ω cm. After damage etching
of ~10 μm/side, the wafers underwent alkaline texturing,
single-sided polishing and RCA clean process. The
BSG-SiOx was deposited by atmospheric pressure chemical
vapour deposition (5500 Series, Schmid, Germany) on the
polished side of the wafers (Figure 1(a)). And then, the n+

FSF and p+ emitter formed simultaneously in a conventional
liquid phosphorus trichloride (POCl3) diffusion tube, we
called the process co-diffusion (Figure 1(b)). It should be
noted that an in-situ thermal oxidation procedure to grow
SiOx was introduced after the POCl3 co-diffusion process.
In this case, the PSG-SiOx on the front side and BSG-SiOx

on the back side play the role of the protection layer in the
next processes. Afterwards, local areas were ablated by a
green picosecond laser (λ = 515 nm, f = 600 kHz)
(LM1C-P30, Han’s Laser, China) (Figure 1(c)). After the
tetramethylammonium hydroxide (TMAH) chemical
etching and RCA cleaning, P ions were implanted with an
acceleration voltage of 15 keV and a dose of
3.0 × 1015 cm�2 on the quasi-planar rear side (IonSolar™,
Kingstonesemi, China) (Figure 1(d)). The PSG-SiOx on
the front side and BSG-SiOx on the back side were removed
in a wet chemical etching step after the P implantation. And
then, an effective annealing and oxidation process is done to
repair the implantation damage and passivate the implanted
surface. Please note that the annealing temperature of P im-
planted n+ BSF is lower than the temperature that would be
needed to anneal a B implanted p+ emitter (which usually
needs temperatures >1000 °C) [22,23]. We had employed
five different temperatures (870, 900, 930, 960 and
990 °C) during the 30min activation annealing and oxida-
tion, resulting in ~3.5–5.0 nm SiO2 on the p+ emitter and
n+ BSF, together with a sheet resistance of n+ FSF of 115
Ω/□, p+ emitter of 51 Ω/□ and n+ BSF of 28 Ω/□. Different
thicknesses SiNx:H (front side-75 nm, back side-90 nm)
films were then deposited by plasma enhanced chemical va-
pour deposition (PECVD) (SINA XS, Roth & Rau,
Germany) on both sides of the wafers (Figure 1(e)). Finally,
contacts were ensured by the screen printing (LTCC,
Baccini, Italy) of grids using Ag/Al and Ag pastes on the
p+ emitter and n+ BSF areas on the back sides, respectively,
with a co-firing in an infra-red belt-furnace (CFD-9024,
Dispatch, USA) (Figure 1(f)).

2.2. Characterization

The morphologies of the silicon wafers were investigated
by field emission scanning electron microscopy (Ultra
plus, Zeiss, Germany). The doping profiles were measured
by electrochemical capacitance-voltage profiling (CVP21,
WEP, Germany) and the sheet resistance Rsh of the wafers
were obtained by four-point probes (280I Series, Four
Dimensions Inc., USA). The thickness and refractive index
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of SiOx and SiNx:H thin films were determined by spec-
troscopic ellipsometry (SE400, Sentech, Germany). The
saturation current density J0 and implied open-circuit
voltage (Voc) were obtained by quasi-steady-state
photoconductance method (WCT-120, Sinton Instru-
ments, USA). The reflectance spectra as well as the inter-
nal quantum efficiency (IQE) were measured on the
platform of quantum efficiency measurement (QEX10,
PV Measurements, USA). The micrometre-level profiles
of the surfaces of the silicon wafers were provided by
3D laser scanning confocal microscope (VK-9710,
Keyence, Japan). The photoluminescence (PL) images
were obtained by PL Tester (VS6840, Industrial Vision
Technology (S) Pte Ltd., Singapore). The electrical pa-
rameters (Voc, short-circuit current density Jsc, fill factor
FF and energy conversion efficiency Eff) of the solar
cells were analysed by current density–voltage (J–V)
measurement under the illumination of AM 1.5 with I-V
Tester (VS6821, Industrial Vision Technology (S) Pte
Ltd., Singapore).

3. RESULTS AND DISCUSSION

3.1. Optical characterization of the front
and back sides

Due to the absence of front metal electrodes, we can opti-
mize the optical properties individually and make sure
the BJBC solar cells harvest more light. We have
employed the Wafer Ray Tracer [24] to calculate the total
reflectance (R), substrate absorption (A), transmittance
(T) and photogeneration current JG for different surface
morphologies. We emphasize that the thin film stacks’
thicknesses of the front and back sides are from the exper-
imental data (front side 75 nm-SiNx:H/5 nm-SiO2, back
side 5 nm-SiO2/90 nm-SiNx:H), while the wavelength-
dependent refractive indices are from McIntosh et al. [25].
Figure 2(a) shows that the total reflectance, substrate ab-
sorption and transmittance depend on the wavelength
(300–1200 nm) for two different surface morphologies-
front side textured and back side textured (FTBT) and front

Figure 1. Schematicprocesssequencesandstructures for fabricating theback-junctionback-contact (BJBC)siliconsolarcells. (a)Surface
wet chemical processes (front side textured and back side polished) and BSG/SiOx deposited by atmospheric pressure chemical vapour
deposition. (b) n+ front side field (FSF) and p+ emitter formed by co-diffusion. (c) Laser patterning and tetramethylammonium hydroxide
(TMAH) etching in combination with RCA cleaning on back side of the wafers. (d) P ion implantation to the back side of the wafers. (e)
Plasma enhanced chemical vapour deposition (PECVD)-SiNx:H passivation stacks on three different doping areas after the annealing
and oxidation process. (f) Back side metallization with Ag/Al on the p+ emitter and Ag pastes on the n+ back side field (BSF) by screen

printing and co-firing technologies. [Colour figure can be viewed at wileyonlinelibrary.com]
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side textured and back side polished (FTBP) structures.
Obviously, the planar back side is more effective at
reflecting the long wavelength light (>900 nm) back into
the silicon wafer. In other words, we can expect more total
reflectance and absorption as well as less transmittance
when the back surface is planar structure (i.e., the FTBP
case). Figure 2(b) displays the distribution of the
photogeneration current JG at different refractive indices
of the SiNx:H ARC with the FTBP surface, where the re-
fractive indices of the front side play a dominant role
and higher photocurrent JG (JG-max = 41.71 mA/cm2)
can be realized at lower refractive indices (n < 2.15)
of the stack films.

According to the above simulation results, we imple-
ment the silicon wafers with the FTBP structure using the
wet chemical processing. After that, the front and back
sides of the wafers are passivated by the thermal oxidation

SiO2 and PECVD-SiNx:H stacks (front side 75 nm-SiNx:
H/5 nm-SiO2, back side 5 nm-SiO2/90 nm-SiNx:H). We
have achieved the lower refractive index (n = 2.05 at
632.8 nm) of the SiO2/SiNx:H stacks by means of
adjusting the silane (SiH4) and ammonia (NH3) gas flow
ratio. In order to characterize the effect of the light absorp-
tion on different surfaces (front side textured and back side
polished), we present in Figure 2(c) and 2(d) the experi-
mental reflectance of the silicon wafer with the front tex-
tured and back polished surfaces before and after the
PECVD-SiNx:H ARC process, respectively. We can find
that the textured front surface and polished back surface
exhibit low solar averaged reflectance of 2.5% in the wave-
length range 450–1000 nm and 5.0% in the range
500–1000 nm, respectively. Figure 2(e) and 2(f) display
an alkaline solution textured front surface with non-
uniform pyramids size around 1–3 μm and acid solution

Figure 2. Optical and structural characterization of the front and back sides. (a) Simulated R (reflectance), A (substrate absorption)
and T (transmittance) as a function of the wavelength λ for two different surface morphologies—front side textured and back side
textured (FTBT) and front side textured and back side polished (FTBP) structures. (b) Photogeneration current JG varies with the
refractive index of the SiNx:H antireflection coating (ARC). (c), (d) Experimental reflectance of the silicon wafer with the FTBP
structural surfaces (front side—FS, back side—BS) before and after the PECVD-SiNx:H ARC process. (e), (f) Micro-topographies
of the front and back surfaces after the wet chemical processing. Shown in their insets is the side view of the two surfaces.

[Colour figure can be viewed at wileyonlinelibrary.com]
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polished back surface with irregular pits of depth less than
2 μm, respectively. In these conditions (different front and
back surface morphologies, passivated film stacks with
moderate thickness and low refractive index), we have
the potential to receive more incident rays, higher
photogeneration current JG and conversion efficiency of
the solar cells based on the optical optimization [10].

3.2. Doping areas optimization of the front
and back sides

To evaluate the performance of the different highly doped
areas (n+ FSF, p+ emitter and n+ BSF), the saturation
current densities J0 were measured after using different
drive-in times (1.5, 2.0 and 2.5 h) during co-diffusion
(~930 °C) as well as during annealing oxidation
(~930 °C) after P ion implantation. We have employed
symmetrical textured structure (FSF) with 5-nm SiO2/
75-nm SiNx:H stacks and polished structures (emitter,
BSF) with 5-nm SiO2/90-nm SiNx:H stacks to test the re-
combination parameters J0s of the n-type Cz silicon wafers
(Figure 3(a)). A quasi-steady-state photoconductance
lifetime tester was used to monitor the J0 of the symmetri-
cal wafer structures (Figure 3(b)) and the implied Voc of the
precursors (the silicon wafers before the metallization
process) (Figure 3(c)). The saturation current density J0s

can be extracted by Kane and Swanson [26] method with
a corresponding intrinsic carrier concentration ni of
8.6 × 109 cm�3 and a high-level injection density Δn of
1.0 × 1016 cm�3.

Considering that the different drive-in times (1.5, 2.0
and 2.5 h) have little effect on the J0 of the emitter (E),
we have taken the group E as the reference baseline to
the groups FSF (F-1, F-2, F-3) and BSF (B-1, B-2, B-3) in
Figure 3(b). Apparently, we can observe the optimum
drive-in time of 2.0 h, where the average J0 reaches 7, 16
and 21 fA/cm2 for the FSF, emitter and BSF structures, re-
spectively. In addition to the drive-in time, annealing tem-
perature is also one of the important parameters to the
properties of the BJBC silicon solar cells. Therefore, after
the co-diffusion, laser patterning, TMAH etching in com-
bination with RCA cleaning and P ion implantation to form
the n+ FSF, p+ emitter and n+ BSF in the same wafer, we
have carried out five different annealing temperatures
(870, 900, 930, 960 and 990 °C) for 30 min to activate
and oxidize these doping areas. Afterwards, different thick-
nesses SiNx:H (front side-75 nm, back side-90 nm) films
were deposited by PECVD on both sides of the wafers.
Figure 3(c) shows the implied Voc of the BJBC silicon
solar cell precursors for different annealing tempera-
tures, measured after a sintering step similar to that
used for contact formation (~905 °C, 30 s). Obviously,

Figure 3. Doping areas optimization of the front and back sides. (a) Schematic diagram of the symmetrical structures (FSF, emitter,
BSF) to test and extract the dark saturation current density J0 of the n-type Cz silicon wafers. (b) J0 of different doping areas (FSF, emit-
ter, BSF) after three drive-in times (1.5, 2.0 and 2.5 h), with F-1, F-2 and F-3 for the FSF-1.5 h, FSF-2.0 h and FSF-2.5 h, as well as the
same for the BSF case. (c) Implied Voc of the precursors after different annealing temperatures (870, 900, 930, 960 and 990 °C). (d)
Electrochemical capacitance-voltage dopant profiles of the n+ BSF, p+ emitter and n+ FSF after the annealing temperature of 960 °C

(30 min). [Colour figure can be viewed at wileyonlinelibrary.com]
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the maximum implied Voc of 0.700 V has been ob-
tained on the BJBC solar cell precursors at the anneal-
ing temperature of 960 °C, where both the average
implied Voc of 0.695 V and the convergence of the im-
plied Voc are better than the other groups.

Figure 3(d) presents the electrochemical capacitance-
voltage dopant profiles of the n+ BSF, p+ emitter and n+

FSF after the annealing temperature of 960 °C (30 min).
The P ion implantation yields a shallow n+ BSF of
0.65 μm with the sheet resistance Rsh = 28 Ω/□ and a sur-
face concentration of ~4.23 × 1019 cm�3. The co-diffusion
p+ emitter (Rsh = 51 Ω/□) exhibits a surface concentration
of ~4.35 × 1019 cm�3 with a junction depth up to
1.40 μm and n+ FSF (Rsh = 115 Ω/□) displays a relative
low surface concentration (~5.24 × 1018 cm�3) and moder-
ate junction depth (0.95 μm).

3.3. Laser patterning preparation for the
formation of the n+ back side field

In our study, we use a green picosecond laser (λ = 515 nm,
f = 600 kHz) ablation rather than the photolithography to
realize the interdigitated pattern on the back side of the
silicon wafers. The introduction of the ultra-short pulse

laser technology reduces the process sequence and saves
the manufacturing costs. In view of the unique structural
characteristics of the BJBC solar cells, the photogenerated
minority carriers have to be transported vertically and
laterally (especially above the BSF areas) to the collecting
emitters on the back sides of the solar cells [27]. The
collecting probability of the carriers generated above the
BSF areas will decrease due to the wide BSF regions.
We regard this effect as the electrical shading [28,29].
In order to reduce the transport loss, the design for
narrow BSF and large emitter fraction on the back side
of the silicon wafers is of greatest importance [30,31].

The laser with high flexibility and spatial resolution
(the accuracy of less than 25 μm) locally ablates the
BSG/SiOx layer on the back side and define the BSF
regions (Figure 4(a)). The width of the BSF region in a
unit cell (2.02 × 2.02 cm2) is about 500 μm with a con-
stant metal contact pitch of 1.55 mm, i.e., a wide emitter
of ~1050 μm. This pitch size and emitter coverage ratio
on the back side represents the best trade-off between
series resistance losses due to the lateral distances [32]
and the resolution and positioning accuracy of the
subsequent screen-printing metallization. There are 25
pieces of unit cells in every silicon wafer after the laser

Figure 4. Laser patterning preparation for the formation of the n+ BSF area. (a) An interdigitated structural pattern (BSF and emitter
area) formed in a unit cell with the edge length of 2.02 cm by a picosecond laser ablation. (b) Scanning electron microscopy side view
of the back side of the silicon wafer after the TMAH etching processes. (c) Reflectance of the laser damage surface from two different
alkali (TMAH and potassium hydroxide (KOH)) solutions under the same conditions (25% wt., 65 °C and 35 min). (d) Difference be-
tween the BSF and emitter area on the back side of the silicon wafers after the TMAH etching shown by 3D laser scanning confocal

microscope. [Colour figure can be viewed at wileyonlinelibrary.com]
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ablation patterning. We remove the laser-induced damage
areas during the structure selective etching in a 25% wt.
TMAH based solution at 65 °C for 35 min. The remain-
ing BSG/SiOx layer protects the p+ emitter junction and
acts as an etching barrier. In this way, an interdigitated
structure with a height difference about 8 μm between
the emitter and BSF (Figure 4(b)) is realized on back
side of the silicon wafers. The surface of the emitter is
still quasi-planar, whereas the BSF region is much
smoother after the TMAH etching. The vertical separa-
tion of the emitter and BSF region prevents tunnelling
recombination currents in gap-free BJBC solar cells and
maximizes the short-circuit current density [33]. Further-
more, this gap-free structure eliminates the mask process
and therefore simplifies the fabrication sequence. In this
case, we have also compared the two different kinds of
alkali (TMAH and potassium hydroxide (KOH))
solutions etching the laser damage region under the same
conditions (25% wt., 65 °C and 35 min) and obtained
that the reflectance of the laser damage surface is higher
in TMAH than that in KOH solution (Figure 4(c)).
Figure 4(d) shows the difference between the BSF and
emitter on the back side of the silicon wafers after the
TMAH etching by 3D laser scanning confocal micro-
scope. Clearly, the width of the BSF region is observed
to be about 505.2 μm, as designed.

3.4. Optimization of the screen-printing
metallization

Because the metal fingers and bus bars are located on the
back side of the BJBC silicon solar cells, they can be much
wider than for conventional solar cells, as they will not
cause optical shading. Wider fingers in BJBC solar cells
can reduce resistive losses [7] and also increase the amount
of long-wavelength light that is reflected back into the Si
wafer [10]. In the present work, different metallization
pastes (Ag and Ag/Al) form the corresponding electrical
contacts for the n+ BSF and p+ emitter on the back side
of the solar cells by the screen printing technology, and
the metallization coverage ratio on the back side of the
BJBC solar cells is as high as about 20%. Due to the
resolution and positioning accuracy of the screen-printing
metallization with the different coverage of the BSF and
emitter areas, Ag paste is printed first on the n+ BSF area,
and then Ag/Al paste is printed on the p+ emitter region.
Afterwards, the Ag and Ag/Al pastes fire through the
passivation stack layers SiO2/SiNx:H to form the good
Ohmic contact with the silicon substrates in a co-firing step
(the peak firing temperature of 905 °C, 30 s). Figure 5(a)
clearly shows the different widths of fingers (~80 μm and
~280 μm) distributed in the BSF and emitter areas,
respectively.

Figure 5. Optimization of the screen-printing metallization. (a) Different widths of fingers (~80 and ~280 μm) distributed in the BSF and
emitter areas, respectively. (b) Schematic cross sections of the two kinds of different bus bar configurations (regular and floating bus
bars) for minimizing the emitter contacts losses. (c) Compared sum of the saturation current density J01 from the emitter J0e and the
base J0b between the two different metal bus bars. (d) Photoluminescence (PL) images of four pieces of the BJBC silicon solar cells

taken at 1-sun injection level. [Colour figure can be viewed at wileyonlinelibrary.com]
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The fire-through Ag/Al paste could damage the emitter
junction area and lower the Voc of the solar cells [34]. In
order to decrease the emitter contacts losses, we design a
new type of floating bus bar configuration and compare
with the regular bus bar. The difference between the regu-
lar bus bar configuration and the floating bus bar design
lies in whether the bus bar of the emitter area fires through
the SiO2/SiNx:H stacks or not. This novel floating bus bar
will not fire through the passivated layers (Figure 5(b)). As
we know, the J01 can often be represented as the sum of the
saturation current density of the emitter J0e and that of the
base J0b [35,36]. We can extract J01 from Suns-Voc [37]
measurements to evaluate the quality of the emitter junc-
tion with these two different metal bus bars. Figure 5(c)
demonstrates that the average J01 reduces to less than
400 fA/cm2 in the floating bus bar design from the regular
bus bar case over 500 fA/cm2. We can therefore conclude
that the solar cells with floating bus bars have less
emitter-metal recombination losses.

Figure 5(d) displays the PL images of four pieces of the
BJBC silicon solar cells taken at 1-sun injection level
showing the relative luminescence intensities of each area
of the solar cells. Notably, the luminescence intensities
are relatively bright in the emitter and BSF areas indicating
the high doping uniformity and good passivation effect.
Whereas, the areas with metal contacts exhibit very low
luminescence intensities (almost dark), suggesting very
high metallization recombination losses there [38].

3.5. Performances of the back-junction
back-contact solar cells

Because both the p- and n-bus bars of the BJBC silicon
solar cells are placed on the back sides, the conventional
measurement method (including the test tool) is infeasible.
It is necessary to design a specialized measurement device
to evaluate the electrical performances of the BJBC solar
cells. Figure 6(a) shows the measurement stage for our
BJBC solar cells in house. During the measurement, we
have used the steady-state solar simulator (3A Class,
Yamashita, Japan) under the AM 1.5 spectrum with illumi-
nation intensity of 1000 W/m2 and kept the constant
temperature of 25 °C. The real sizes of the finished solar
cells (Figure 6(b)) are larger than the illuminated area
(4.04 cm2). The opening edge of the device is used to fix
and balance the solar cell. Figure 6(c) exhibits the perfor-
mances of the best produced cell (4.04 cm2 with the effi-
ciency of 22.20%, Voc of 0.660 V, Jsc of 42.82 mA/cm2

and FF of 78.56%) independently confirmed by SERIS.
Figure 6(d) presents the IQE, external quantum efficiency
(EQE) and the total reflectance for the finished BJBC
silicon solar cell (2.02 × 2.02 cm2). In the scope of the
short wavelength (300–500 nm), the good IQE value
(>85%) attributes to the high quality pyramids textured
and passivated ARC front surfaces. The high IQE (over
98%) in the scope of the medium-long wavelength
(500–900 nm) demonstrates the good carrier collection

Figure 6. Performances of the BJBC silicon solar cells. (a) Measurement stage for BJBC solar cells with control-temperature equip-
ment (constant temperature of 25 °C) and steady-state solar simulator (AM 1.5 spectrum with illumination intensity of 1000 W/m2).
(b) Physical photographs of the front (left) and back (right) side of the BJBC silicon solar cells. (c) J–V curve and characteristics of
the best BJBC silicon solar cell (4.04 cm2 with the efficiency of 22.20%), independently confirmed by Solar Energy Research Institute
of Singapore (SERIS). (d) Internal quantum efficiency (IQE), external quantum efficiency (EQE) and total reflectance for the best BJBC

silicon solar cell. [Colour figure can be viewed at wileyonlinelibrary.com]
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throughout the cells, including the electrical shading areas
[33]. We note that we can obtain the Jsc of 41.8 mA/cm2 by
means of integrating and folding the EQE with the AM1.5
spectrum, in good agreement with the maximum
photogenerated current of 41.71 mA/cm2 from the ray trac-
ing simulations in Figure 2(b). This indicates that the value
of 42.82 mA/cm2 measured by SERIS is an overassess-
ment of Jsc, also resulting in a slight overassessment
of the efficiency (a Jsc of 41.8 mA/cm2, a Voc of 0.660 V
and a fill factor of 78.56% result in an efficiency of 21.7%).

In order to verify the feasibility of the simplified indus-
trial processes (co-diffusion, P ion implantation and anneal-
ing oxidation, laser patterning as well as screen printing and
co-firing technologies), we have enlarged the sizes of the
solar cells with the same manufacturing process flow and
fabricated 445 pieces of the BJBC silicon solar cells (size
6 × 6 cm2 with four bus bars). The average conversion effi-
ciency Effave of the 445 pieces BJBC silicon solar cells
reaches over 20.4% (Effmin = 19.99%, Effave = 20.42%
and Effmax = 21.43%). We have divided the IBC solar cells
into three different groups (<20.4%, 20.4–20.8% and
>20.8%) according to the three different grades of the con-
version efficiency of the finished BJBC solar cells. Figure 7
illustrates the electrical parameters (Voc, Jsc, FF and Eff)
distribution according to the three different grades of the
conversion efficiency of the finished BJBC solar cells.
The average Voc reaches over 0.655 V, and the average Jsc
exceeds 41.0 mA/cm2. However, looking at Figure 7,
almost half of the solar cells in the group >20.8% feature
a Jsc above 42.0 mA/cm2. As discussed above, the optical
simulations suggest that the maximum Jsc should be around
41.8 mA/cm2. This suggests that our in-house J–V mea-
surements are overestimating Jsc by 0.5 to 1 mA/cm2. The

best 36 cm2 BJBC solar cell has the characteristics of max-
imum Eff of 21.43%, Voc of 0.6657 V, Jsc of 41.26 mA/cm2

and FF of 78.02%. However, it should be noted that the FF
distribution of all the BJBC silicon solar cells is in the range
from 74.95 to 78.52%, and most of the FFs are under
76.50%. The low fill factor may be attributed to series resis-
tance, shunt resistance and additional recombination cur-
rents (often described by J02 in the 2-diode-model) [39],
and for the further improvement of the cell fill factors and
conversion efficiency, it is necessary to optimize the screen
printing (e.g., the resolution and positioning accuracy as
well as double printing) and co-firing technologies to match
with the unique structures of the back side of the BJBC
silicon solar cells.

4. CONCLUSIONS

In summary, the conventional industrial processes have
been employed to fabricate high performance BJBC silicon
solar cells. We have successfully achieved the high
efficiency of ~22% BJBC silicon solar cells with the size
of 4.04 cm2 using co-diffusion, P ion implantation and
annealing oxidation, laser patterning as well as screen
printing and co-firing technologies. In view of the
characteristic configuration of the BJBC silicon solar cells
(have no metal contacts on the front side), we have realized
the good optical FTBP surface structures (low solar aver-
aged reflectance of 2.5%) by means of software simulation
and wet chemical processing. At the same time, we have
obtained the average implied Voc of 0.695 V of the BJBC
silicon solar cell precursors by comparing the different
drive-in times (1.5, 2.0 and 2.5 h) and annealing

Figure 7. Electrical parameters (Voc, Jsc, FF and Eff) statistical distribution for the 445 pieces of the BJBC silicon solar cells with size of
6 × 6 cm2 under the three different grades of the conversion efficiency. [Colour figure can be viewed at wileyonlinelibrary.com]
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temperatures (870, 900, 930, 960 and 990 °C) for 30 min.
Furthermore, the high flexibility and spatial resolution
ultra-short pulse laser patterning and screen-printing tech-
nologies provided a powerful support for realizing the back
side metallization of the BJBC silicon solar cells. Finally,
we have enlarged the size of the solar cells to 6 × 6 cm2

with the same manufacturing process flow and achieved
the maximum Eff over 21%. The present simplified cell
structure has great advantages in the low-cost BJBC silicon
solar cell industrialization and could be compatible with
the existing production lines and processes.
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We have investigated the influences of diverse physical parameters on the perfor-
mances of a silicon homo-heterojunction (H-H) solar cell, which encompasses both
homojunction and heterojunction, together with their underlying mechanisms by the
aid of AFORS-HET simulation. It is found that the performances of H-H solar cell are
less sensitive to (i) the work function of the transparent conductive oxide layer, (ii) the
interfacial density of states at the front hydrogenated amorphous silicon/crystalline
silicon (a-Si:H/c-Si) interface, (iii) the peak dangling bond defect densities within
the p-type a-Si:H (p-a-Si:H) layer, and (iv) the doping concentration of the p-a-Si:H
layer, when compared to that of the conventional heterojunction with intrinsic thin
layer (HIT) counterparts. These advantages are due to the fact that the interfacial
recombination and the recombination within the a-Si:H region are less affected by
all the above parameters, which fundamentally benefit from the field-effect passi-
vation of the homojunction. Therefore, the design of H-H structure can provide an
opportunity to produce high-efficiency solar cells more stably. © 2017 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/).
[http://dx.doi.org/10.1063/1.4993677]

I. INTRODUCTION

Amorphous silicon/crystalline silicon (a-Si/c-Si) heterojunction solar cells have attracted con-
siderable attention in the recent decade, mainly due to their small temperature coefficient, simple
fabrication process and high open-circuit voltage (VOC) benefitted from the large difference in Fermi
energy of the two materials.1–5 In order to passivate the c-Si surface, a thin intrinsic hydrogenated
amorphous silicon (i-a-Si:H) layer is generally inserted between the doped a-Si layer and the c-Si
substrate, forming the heterojunction with intrinsic thin layer (HIT) solar cells. According to the
latest report, Kaneka Corp. has realized an efficiency as high as 25.1% on the HIT solar cell5 and then
achieved a record efficiency of 26.6% on a large-area (180 cm2) HIT solar cell by being incorporated
with interdigitated back contact technique.6 Although the HIT solar cells have been demonstrated
to be highly efficient, in mass production, it is hard to fabricate the HIT solar cells with excellent
performances stably because their performances are strongly affected by various parameters. Lots
of investigations have indicated that inappropriate work function of the transparent conductive oxide
(TCO) layer will lead to a dramatical degradation of the performances of HIT solar cells, because
the band bending in the emitter strongly depends on the work function of the TCO layer and the
emitter.7–11 The HIT solar cell performances are also quite sensitive to the interfacial density of states
(DOS).12–16 Hernandez et al.,16 demonstrated that the cell performances decline significantly when
the interfacial DOS exceeds 1×1011 cm-2, while the cell efficiency can be improved to nearly 23%
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if the interfacial DOS is controlled below 5×1010 cm-2. Additionally, other parameters, such as the
doping concentration of the hydrogenated amorphous silicon (a-Si:H) layer and defect states within it,
greatly influence the solar cell performances since they directly determine the Fermi energy position
in the a-Si:H layer and thus affect the built-in potential of the solar cell.1,17–20 Therefore, improving
the stability of the performances of the heterojunction solar cell while keeping its high efficiency
become urgent and are of high significance for mass production.

We have previously presented that the silicon homo-heterojunction (H-H) solar cell, which
simultaneously contains homojunction and heterojunction, exhibits better tolerance for the interfacial
DOS as compared to the HIT solar cell by AFORS-HET simulation.21 In addition, it was found that the
H-H solar cell shows a much higher fill factor (FF). With these two advantages, even if considering the
fact that the interfacial DOS of the H-H solar cell is much higher, for example two magnitudes higher,
the H-H solar cell can still realize the efficiency as high as that of the HIT solar cell but has a better
stability. It should be noted that Hekmatshoar et al.,22 have already experimentally demonstrated that
the H-H solar cell on a p-type c-Si (p-c-Si) substrate is less sensitive to the interfacial DOS and has a
higher FF. Besides, it has been reported that the advantages of the H-H structure will still be retained
if an i-a-Si:H layer is inserted to reduce the interfacial DOS.23,24 Nevertheless, up to now, all the
previous studies on the H-H solar cell are mainly focused on the sensitivity of the interfacial DOS
and it is still unknown how other fabricating parameters affect the cell performances.

In this study, we have investigated the impacts of (i) the work function of TCO layer (WFTCO),
(ii) the total interfacial DOS (Dit) at the front a-Si:H/c-Si interface (hetero-interface), (iii) the peak
dangling bond defect densities (N tr) within the p-type a-Si:H (p-a-Si:H) layer, and (iv) the doping
concentration (Na) of the p-a-Si:H layer on the performances of the H-H solar cell with a structure of
p-a-Si:H/p-c-Si/n-type c-Si (n-c-Si) substrate/i-a-Si:H/n-type a-Si:H (n-a-Si:H) by the aid of AFORS-
HET software. We have excitingly found that, as compared with the HIT counterparts, the H-H
solar cell is much insensitive to all the above parameters. As a result, the H-H solar cell has better
performances in the whole range of each above parameter. Furthermore, we identify that the physical
origins behind the advantages of the H-H solar cell are the decreased interfacial recombination and the
reduced recombination within the a-Si:H region, which are fundamentally ascribed to the field-effect
passivation from the homojunction.

II. STRUCTURES OF SOLAR CELLS AND SIMULATION DETAILS

Numerical simulations were carried out by utilizing the simulation software AFORS-HET, which
is based on solving the one-dimensional Poisson equation and the continuity equations7 and has been
proven to be an effective and convenient way to analyze the influences of various parameters on the
performances of heterojunction solar cells.12 The simulated HIT cell structure, as depicted in Fig. 1(a),
is TCO/p-a-Si:H/i-a-Si:H/n-c-Si substrate/i-a-Si:H/n-a-Si:H/TCO. Fig. 1(b) shows the structure of
the H-H solar cell, namely: TCO/p-a-Si:H/p-c-Si/n-c-Si substrate/i-a-Si:H/n-a-Si:H/TCO. A thin i-
a-Si:H layer is further inserted between the p-a-Si:H layer and p-c-Si layer, labeled as H-I-H solar
cell and presented in Fig. 1(c).

In the simulations, parasitic absorption in the 80 nm thick TCO layer was ignored. The back
contact was assumed to be flat band in order to neglect the influence of band bending at the rear
contact, while the band bending at the front contact formed between TCO and p-a-Si:H layer was
carefully taken into account by changing the WFTCO. Fig. 1(d)–(f) shows gap state distributions of
p-a-Si:H layer, i-a-Si:H buffer layer and n-a-Si:H BSF layer. The density of localized states in a-Si:H
layers is mainly composed of exponential band tail defect states and Gaussian distributed dangling
bond states. Recombination centers were modeled with 5×1011 cm-3 and 1×109 cm-3 neutral defects
at 0.56 eV above the valence band in the p-c-Si layer and n-c-Si layer,23 respectively. At the front
hetero-interface, defects were introduced using a Gaussian distributed DOS with the maximum at
the midgap of c-Si.17,21,25 Electrons and holes capture cross sections were equal to 1×10-15 cm2.21

In order to focus on the front side of the solar cells, the back hetero-interface was neglected during
the simulations.

Regarding the carriers transport across the hetero-interface, thermionic emission model with
tunneling model is adopted.23 The surface recombination velocities of electrons and holes on both
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FIG. 1. Schematic diagrams of (a) the HIT, (b) the H-H and (c) the H-I-H solar cells. (d)-(f) The gap state distributions of
different types of a-Si:H layers in the simulations. A-like and D-like represent acceptor-like and donor-like dangling bonds,
respectively. VB and CB denote valence band and conduction band, respectively.

sides were set to 1×107 cm·s-1. More details of the parameters used in the simulations are listed in
Table I, which were mainly referred to the previous works.7,21,26 We varied the value of the (i) WFTCO,
(ii) Dit at the front hetero-interface, (iii) N tr within the p-a-Si:H layer and (iv) Na of the p-a-Si:H
layer to investigate how they affect the performances of the simulated solar cells. Only one parameter
was varied at one time while other parameters kept at the initial values. The initial values of the
above parameters were set to 5.3 eV, 1×1012 cm-2, 1.4×1019 cm-3/eV, 7.5×1018 cm-3, respectively.
Simulation results presented in this study were obtained under AM1.5 solar spectrum with a power
density of 100 mW/cm2 and at 25 ◦C.

III. SIMULATION RESULTS AND DISCUSSION

A. Influences of WFTCO and Dit on the performances of simulated solar cells

As the first step of our study, we have analyzed the influences of both the WFTCO and Dit on the
VOC as well as the conversion efficiency (η) of the H-H and HIT solar cells. During the simulations,
WFTCO varies in the range of 5.1-5.5 eV while Dit varies from 1×1010 cm-2 to 5×1012 cm-2. As
depicted in Fig. 2(a)–(c), VOC decreases with increasing Dit when WFTCO keeps constant and obvious
improvement in VOC is observed with increasing WFTCO when Dit keeps constant. From Fig. 2(d)–(f),
it is also noted that the dependence of η on WFTCO and Dit follows the same trends as VOC. The
decrease in VOC with increasing Dit can be explained by the enhanced recombination possibility,
since the interface defect states work as recombination centers for photo-generated carriers. WFTCO

has also been considered as a crucial factor in a-Si/c-Si heterojunction solar cells due to the fact that
WFTCO determines the electrical TCO/p-a-Si:H Schottky contact properties and the band bending in
the a-Si:H/c-Si junction region.8,27,28 As shown in Fig. 2(g) and (h), higher WFTCO leads to stronger
band bending at both the TCO/a-Si:H contact and the hetero-interface, which is beneficial for photo-
generated holes to be collected by the front electrode and forming an effective potential barrier for
electrons at the front hetero-interface. As a result, the carrier recombination at the hetero-interface is
greatly reduced and hence the VOC increases.

When observing Fig. 2 more carefully, it can be found that both the VOC and η of the H-H solar
cell present better tolerance for Dit than those of the HIT solar cell, which is consistent with our
previous study.21 In addition, the VOC and η of the H-H solar cell are also less sensitive to WFTCO.
Therefore, with the advantage of better tolerance for both the WFTCO and Dit, it is not such necessary
to adopt fairly rigorous process to optimize the WFTCO and Dit in production lines, which is beneficial
to produce heterojunction solar cells with more stable performances. Here, we want to clarify that for
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FIG. 2. Dependence of the VOC on WFTCO and Dit for the (a) HIT, (b) H-H and (c) H-I-H solar cells. Dependence of the η

on WFTCO and Dit for the (d) HIT, (e) H-H and (f) H-I-H solar cells. Energy band diagrams at equilibrium of the (g) HIT and
(h) H-H solar cells with different WFTCO. (i) Comparison of current density-voltage (J-V ) characteristics for the H-H solar
cell (Dit=1×1012 cm-2) and the HIT solar cell (Dit=1×1010 cm-2) under AM1.5 illumination.

the H-H solar cell, even if considering its higher Dit than that of the HIT solar cell, it still has a higher
or comparable η. For example, when the Dit of the H-H and HIT solar cells are 1×1012 cm-2 and
1×1010 cm-2, respectively (namely, the Dit of the H-H solar cell is 100 times larger), the η of the H-H
solar cell is still a little higher than that of the HIT solar cell, as shown in Fig. 2(i). This advantage
is attributed to the better tolerance of Dit and the higher FF caused by the absence of i-a-Si:H layer,
which has been explained in detail in our previous study.21 It should be pointed out that Hekmatshoar
et al.,22 have already experimentally demonstrated the better performances of the H-H solar cell than
that of the HIT solar cell on a p-c-Si substrate. Moreover, based on the concept of H-H structure, a
thin layer of i-a-Si:H film can be further inserted between the p-c-Si layer and p-a-Si:H layer, namely
H-I-H, to reduce the Dit. As shown in Fig. 2, the performances of the H-I-H solar cell are also less
sensitive to both the WFTCO and Dit compared to those of the HIT solar cell, but the superiority is
not as conspicuous as the H-H solar cell. Therefore, to fully display the benefit of the H-H concept,
we will only focus on the comparison of the H-H solar cell and HIT solar cell in the following
study.

It is interesting to observe that the H-H and HIT solar cells have a comparable VOC when the
values of WFTCO and Dit are within the region surrounded by white dashed lines, as shown in Fig. 2(a)
and (b), whereas the H-H solar cell exhibits a higher VOC when the values of WFTCO and Dit are
outside the region. In order to develop an in-depth understanding of this phenomenon, comparisons
of electric field and carrier concentration between the H-H and HIT solar cells are shown in Fig. 3(a)
and (b) at an external voltage of 0.6 V. Here, the values of WFTCO and Dit are set as 5.2 eV and
1×1012 cm-2, respectively, and it should be noted that the results discussed below will not change
even if the external voltage is set at other values. It is evident that the electric field of the H-H solar cell
on the c-Si substrate side and at the hetero-interface is higher than that of the HIT solar cell. Hence it
is beneficial for holes but detrimental for electrons to reach the hetero-interface, resulting in a higher
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FIG. 3. Comparisons of (a) electric field and (b) carrier concentration between the H-H and HIT solar cells with the
WFTCO=5.2 eV and the Dit=1×1012 cm-2. (c) Comparison of recombination rate between the H-H and HIT solar cells
without Dit under the WFTCO=5.1 eV. (d) Comparison of n between the H-H and HIT solar cells without Dit under different
WFTCO. These parameters are obtained under an external voltage of 0.6 V.

hole density (p) and a lower electron density (n) at the hetero-interface, as presented in Fig. 3(b).
Since carrier recombination simultaneously involves both types of carriers, the larger difference in
the n and p will lead to a lower interfacial recombination. This is known as the field-effect passivation.
The field-effect passivation on the interface well explains why the H-H solar cell is less sensitive to
Dit.21 Besides, it also adequately explains the better tolerance of WFTCO at a high Dit, which is the
condition that interfacial recombination dominates the VOC. When the WFTCO decreases, the band
bending of the depletion region reduces and the barrier potential for electrons becomes lower. So the
n at the hetero-interface of the HIT solar cell is greatly increased, while that of the H-H solar cell
is less influenced and keeps a lower value due to the field-effect passivation from the homojunction.
As a result, the VOC of the H-H solar cell is higher and shows a better tolerance for the WFTCO.
Interestingly, even if Dit becomes as low as 1×1010 cm-2, the H-H solar cell also performs a superior
VOC when the WFTCO is lower than 5.3 eV. Note that, in such a case with a low Dit, the recombination
at the interface is not the crucial factor to determine the VOC of a solar cell and thus the higher VOC

of the H-H solar cell cannot be attributed to the lower n at the hetero-interface as in the high Dit

condition. This indicates that the lower interfacial recombination is not the only reason for the H-H
solar cell to realize the higher VOC with respect to the HIT solar cell.

In order to figure out other reasons, we have modeled the dependence of VOC on the WFTCO

for the two types of solar cells without Dit (namely Dit=0) to totally exclude the influence of the
interfacial recombination, as listed in Table II. When WFTCO<5.3 eV, the H-H solar cell exhibits a
superior VOC than the HIT counterparts. Moreover, the VOC of the H-H solar cell is less sensitive to
WFTCO when WFTCO varies in the range of 5.1-5.3 eV. Through integrating the recombination rate
as a function of position, we can obtain the total recombination within the a-Si:H region (Ra-Si:H) of
the both types of solar cells (listed in Table II). When the WFTCO is 5.1 eV, the electrons in the a-Si:H
region are much less for the H-H solar cell, as shown in Fig. 3(d), because the electric field within the
homojunction can strongly drag electrons back into the c-Si substrate. As a consequence, the Ra-Si:H

of the H-H solar cell (4.97×1015 cm-2s-1) is nearly an order of magnitude lower than that of the HIT
solar cell (1.60×1016 cm-2s-1) and thus the H-H solar cell possesses a higher VOC in comparison with
the HIT solar cell. Besides, for the H-H solar cell, the less variation of the n in the a-Si:H region
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TABLE II. Effects of WFTCO on the VOC and Ra-Si:H of the H-H and HIT solar cells (Dit=0).

VOC (mV) Ra-Si:H (cm-2s-1)

WFTCO (eV) H-H HIT H-H HIT

5.1 682 664 4.97×1015 1.60×1016

5.2 730 719 3.18×1015 4.16×1015

5.3 741 741 2.31×1015 2.75×1015

5.4 743 743 1.82×1015 2.17×1015

5.5 744 744 1.51×1015 1.86×1015

(see Fig. 3(d)) incurs the less variation of the Ra-Si:H with WFTCO in the range of 5.1-5.3 eV, which
well explains the less sensitivity of VOC to WFTCO.

By the above analysis, we can draw a conclusion that the better tolerance of WFTCO for the H-H
solar cell can be explained by (i) the less variation of the interfacial recombination at a high Dit and
(ii) the less variation of the Ra-Si:H when the Dit is considerably low. Both of them fundamentally
benefit from the field-effect passivation within the homojunction.

B. Influences of N tr on the performances of simulated solar cells

Subsequently, the influences of N tr within the p-a-Si:H layer on the performances of the H-H
solar cell and the HIT solar cell have been investigated, which is illustrated in Fig. 4. Here, N tr

varies from 5×1018 cm-3/eV to 2.5×1019 cm-3/eV, which is reasonable according to the experimental
report.29 As can be seen from Fig. 4(a), although a higher N tr leads to a lower VOC for both the H-H
solar cell and HIT solar cell due to the enhanced carrier recombination within the p-a-Si:H layer, the
VOC of the H-H solar cell is much less sensitive to the N tr at either a high Dit (Dit=1×1012 cm-2) or
a low Dit (Dit=1×1010 cm-2). Hence the VOC of the H-H solar cell keeps a higher value in the whole
range of N tr. Similar to the VOC, Fig. 4(b) shows that the FF of the H-H solar cell also keeps a higher
value in the whole range of N tr and is less sensitive to N tr when compared to that of the HIT solar

FIG. 4. Effects of N tr in the p-a-Si:H layer on (a) VOC, (b) FF and (c) η of the H-H and HIT solar cells under two different
Dit. (d) Comparison of n between the H-H and HIT solar cells under two different values of N tr.
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cell. As a result, the η of the H-H solar cell is also less sensitive to N tr, as shown in Fig. 4(c). Hence,
the η of the H-H solar cell with Dit=1×1012 cm-2 and N tr=2.5×1019 cm-3/eV is 1.87% absolutely
higher than that of the HIT solar cell with Dit=1×1010 cm-2 and N tr=2.5×1019 cm-3/eV.

It is believed that the N tr in the doped a-Si:H layer is easily affected by dopant gas flow rate
and/or hydrogen dilution during deposition29 and the defects in the doped a-Si:H emitter play
an important role in the performances of heterojunction devices.17,26,30 Therefore, accurate con-
trol of the dopant gas flow rate and/or hydrogen dilution is required if the performances of the
solar cell are sensitive to the N tr. With the advantage of a better tolerance for N tr, the H-H solar
cell provides a new opportunity for photovoltaics to fabricate solar cells with stable and excellent
performances.

In order to get an insight into the better tolerance of N tr for the H-H solar cell, electron densities
(ns) under two different values of N tr have been extracted from the numerical simulation software.
When N tr increases from 5×1018 cm-3/eV to 2.5×1019 cm-3/eV, the active doping concentration of
p-a-Si:H layer decreases17,31 and the Fermi level in p-a-Si:H layer shifts away from the valence band
edge. As a result, the built-in potential reduces and more electrons have the ability to reach the hetero-
interface as well as the a-Si:H region. Consequently, the n at the hetero-interface and within the a-Si:H
region of the HIT solar cell is greatly increased. However, the electric field of the homojunction can
partly compensate the reduced electric field caused by the increased N tr so that the n of the H-H solar
cell is less influenced by the N tr. Hence there is a smaller difference in n within the a-Si:H region
and at the hetero-interface for the H-H solar cell (as presented in Fig. 4(d)), which leads to a smaller
difference in carrier recombination, and thus the VOC as well as the FF.10

C. Influences of Na on the performances of simulated solar cells

Fig. 5(a)–(d) illustrates the effects of the Na of the p-a-Si:H layer on the performances of the
H-H and HIT solar cells. It should be noted that, an increase in N tr with increasing Na

32,33 is not
considered here for simplicity because the influences of N tr on the performances of the H-H and HIT
solar cells have been discussed above. Both the VOC and FF are reduced with decreasing Na due
to the weaker built-in electric field in the depletion region,18,34–36 while higher short-circuit current
density (JSC) is observed at a lower Na owing to the diminished parasitic absorption in the p-a-Si:H
layer. As an overall result, the η is found to be reduced when Na decreases. In Fig. 5(a)–(d), another
remarkable characteristic is that all parameters of the H-H solar cell are much insensitive to the Na

and keep higher values in the whole range of Na. It needs to be pointed out that the doping of boron
is rather hard to be accurately controlled during the deposition of p-a-Si:H layer, which results in
the unstable Na and greatly affects the performances of a-Si/c-Si heterojunction solar cells.19 With
respect to this, the better tolerance of Na for the H-H solar cell is of crucial importance to produce
high-performance solar cells stably.

In order to give a clear interpretation on how Na differently impacts the performances of the H-H
and HIT solar cells, their energy band diagrams under different Na are compared, shown in Fig. 5(e).
When the Na of the p-a-Si:H layer decreases from 1×1019 cm-3 to 1×1018 cm-3, the band bending
within the a-Si:H/c-Si junction of the HIT solar cell is greatly reduced, leading to the decreased
potential barrier for electrons. Consequently, the n at the hetero-interface of the HIT solar cell is
largely increased, as confirmed in Fig. 5(f). In contrast, with the benefit of the homojunction, the
band bending within the a-Si:H/c-Si junction of the H-H solar cell is less affected by Na and hence
the n of the H-H solar cell is less influenced by Na. As a result, the performances of the H-H solar
cell are less sensitive to the Na.

Overall, compared to the HIT counterparts, the reasons why the H-H solar cell shows better
tolerance for all the above physical parameters are ascribed to the field-effect passivation from the
homojunction, which leads to the less variation of the n, and thus the less affected interfacial recom-
bination and the Ra-Si:H. Based on the above results and discussion, it is expected that the concept
of H-H structure will also greatly benefit carrier-selective contact solar cells.37–39 For example, the
H-H structure can not only provide an excellent field-effect passivation for the hetero-interface but
also help to reduce the sensitivity of cell performances to the work function of the carrier-selective
contact materials. Hence a higher and more stable efficiency can be realized for the carrier-selective
contact solar cells.
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FIG. 5. Variation of (a) VOC, (b) JSC, (c) FF and (d) η as a function of Na for the H-H and HIT solar cells. (e) Energy band
diagrams of the H-H and HIT solar cells with different Na at 0.6 V. (f) Comparison of n between the H-H and HIT solar cells
under two different values of Na.

IV. CONCLUSIONS

The effects of the WFTCO, Dit, N tr within the p-a-Si:H layer and the Na of the p-a-Si:H layer
on the performances of the H-H and HIT solar cells were thoroughly compared using AFORS-HET
software. An important finding was that both the VOC and η of the H-H solar cell present better
tolerance for the Dit and WFTCO due to the field-effect passivation from the homojunction. To be
specific, the reason why the H-H solar cell is more insensitive to the WFTCO has been identified to
the less variation of the interfacial recombination at a high Dit and to the less variation of the Ra-Si:H

when the Dit is considerably low. Both of them are owing to the fact that less electrons can reach the
hetero-interface and the a-Si:H region under the strong electric field within the homojunction and
thus the n of the H-H solar cell is less influenced by the WFTCO. Moreover, it was excited to find that,
as compared to the HIT counterparts, the H-H solar cell is also less sensitive to both the N tr and Na

of the p-a-Si:H layer. The reason is that the n of the H-H solar cell is less influenced by the N tr or
Na since the electric field within the homojunction can partly compensate the reduced electric field
caused by the increased N tr or the decreased Na. Furthermore, the performances of the H-H solar cell
keep higher in the whole range of each parameter. With better tolerance for all the above parameters
that greatly influence the HIT cell performances, we believe that the H-H solar cell is promising to
be adopted in photovoltaic industry to produce high-efficiency solar cells more stably.
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EDITORIAL

Special issue: Technologies for future high-efficiency
industrial silicon wafer solar cells

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2016

In this special issue we have twelve articles from
researchers in Australia and China that discuss various
aspects related to technology which could be imple-
mented in the near term in industrial silicon wafer solar
cells. In the recent years we have seen the introduction
of the passivated emitter rear contact (PERC) solar cell,
which was invented at UNSW Australia in the 1980s, in
industrial high-volume manufacturing. Hence, it took
longer than 30 years from conception to the high-volume
manufacturing stage for this solar cell architecture.
However, the photovoltaic industry is currently quite
different than it was in the 1980s and we expect that new
technology can make the ‘lab to fab’ transition a lot
quicker now. This is also partly because many university
groups and research institutes now have pilot-line
capabilities and can fabricate industry-size solar cells
in statistically-relevant batch sizes using industrial
production equipment. Approximately half of the articles
in this issue deal about technologies which are best
described as add-on technologies for the industrial
PERC solar cell or discuss aspects of the PERC solar
cell in some more detail. The other articles deal with
specifics of amorphous-silicon/crystalline-silicon hetero-
junction solar cells which are expected to obtain an
increased market share in the near future.

The first paper by Nampalli et al. from UNSW go into
detail into the fundamental recombination parameters of
the well-known (but still not fully understood) boron-
oxygen defect which is the root cause for light-induced
degradation observed in p-type PERC solar cells. The
second paper from Chen et al. from UNSW deals with
optimizing gettering for very lightly P-doped electron
collectors. They show that heavily doped and defected
regions introduced by laser doping, e.g., used for
selective electron collectors, can very effectively getter
impurities such as iron resulting in a significant reduction
in the defect-related recombination in the bulk regions
near these laser-doped features. In the third paper Kim
et al. from UNSW look into the effect of the various

thermal processes on the final performance of multi-
crystalline silicon wafer solar cells. They show that the
effect of thermal treatments on the solar cell efficiency
are not straightforward and highly interconnected.
Particularly the gettering and bulk and surface passiva-
tion need to be optimized in conjunction to ensure the
optimal solar cell performance. The optimal thermal
treatment also strongly depends on the quality of the
initial multicrystalline silicon wafer e.g., with respect to
the impurity concentration. In the fourth paper Li et al.
from UNSW present a nice overview of the optimization
of POCl3 diffusion for industrial silicon wafer solar cells.
Despite the fact that this process has been the industry
standard for decades, there is still a lot of development
in this area. In this paper Li et al. particularly focus on the
impact of oxidation on the resulting doping profile and its
majority and minority carrier properties. They show that
the minority carrier recombination can be significantly
reduced without detrimental impact on the contact
resistance as well as the sheet resistance of the electron
collector. The fifth paper by Chen et al. from Shanghai
Jiao Tong University present a detailed study on the
surface passivation properties of silicon oxide (SiO2)
films synthesized by liquid phase deposition (LPD)
which is a potentially very low cost deposition technol-
ogy. They show that the SiO2 films show a good level of
surface passivation after a post-deposition anneal at
~700oC. The films were also integrated in industrial
silicon wafer solar cells to passive the P-doped electron
collector. A 5 nm LPD-grown SiO2 film was capped with
a ~70 nm silicon nitride and a champion solar cell
efficiency of 19.5% was obtained. In the sixth paper
Wenham et al. from UNSW, discuss how advanced
hydrogenation can be used to fix crystallographic
defects. They demonstrated that the energy conversion
efficiency of solar cells fabricated from cast-monocrys-
talline silicon can be improved by up to 2% absolute by
hydrogen-passivating the dislocation clusters in these
solar cells. They also hypnotize that the aluminum back
surface field can actually block or trap hydrogen which
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assists in the hydrogen passivation process. In the
seventh paper Xie et al. from Zhejiang University show
that light-induced degradation can be solved by forward
biasing solar cells at elevated temperatures after the
co-firing step. They demonstrated that this so-called
SCIPT (special current injecting passivation treatment)
approach was successful for both standard aluminum
back surface field (Al-BSF) as well as PERC solar cells
and presents an appealing proposition to the industry. In
the eighth paper Chen et al. from UNSW describe a
novel way to increase the adhesion strength of plated
contact for silicon wafer solar cells. They show that the
application of laser-formed anchor points at strategic
points of the metallization grid significantly improve the
adhesion of the plated metal grid and ensure that these
contacts pass the relevant industry standard tests. In the
ninth paper Meng et al. from Shanghai Institute of
Microsystem and Information Technology, Chinese
Academy of Sciences, in collaboration with Longi Silicon
Materials Corporation demonstrate over 23% efficient n-
type heterojunction silicon wafer solar cells. The paper
presents their detailed optimization with a particular
focus on the texturing and passivation. Their champion
solar cell efficiency of 23.1% was obtained on a 100 mm
industrial Cz-grown wafer. Efficiencies above 22% have
been achieved for wafers taken from the whole Cz ingot
range, demonstrating the industrial potential. In the tenth
paper by Zhao et al. from Institute of Electrical
Engineering, Chinese Academy of Sciences, a detailed
study is presented about the optimisation of the
microstructure of the intrinsic amorphous silicon (a-Si:
H) layer as used in heterojunction silicon wafer solar
cells. They showed that relevant information about the
passivation quality of the a-Si:H layer could be inferred
by the configuration of the bonded hydrogen in the film.
Films with a relatively high density of mono-hydrides
were found to have a significantly higher level of surface
passivation compared to films where hydrogen was
bounded in di-hydrides or even poly-hydrides. In the
eleventh paper Huang et al. from Nanchang University
present a detailed study about the optimisation of
amorphous silicon stacks for application in heterojunc-
tion silicon wafer solar cells. They show that by carefully
optimising the stack, a significant gain in the short-circuit
current can be obtained compared to the conventional
heterojunction solar cell structure. In the twelfth and final
paper Jia et al. from Institute of Microelectronics,
Chinese Academy of Sciences present detailed simula-
tions of all-back-contact heterojunction silicon wafer
solar cells using advanced technology computer aided
design (TCAD). They particularly focus on the role of the
front surface field and show that although field-effect
passivation is crucial for this layer, the doping density in
the n-type doped a-Si:H film should not be too high as it
can result in an increased recombination rate.

We sincerely hope you will enjoy reading this special
issue and find it an interesting and informative read. We
would like to thank all the authors for their submission to
this special issue. We are also very grateful to all
reviewers for their service and commitment to this
journal via their rigorous reviews, timely review, and
foremost, to their insightful, constructive comments that
further improved the quality of the papers in this special
issue.
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SiO2 passivation layer grown by liquid phase deposition for
silicon solar cell application
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Abstract Surface passivation is one of the primary
requirements for high efficient silicon solar cells. Though
the current existed passivation techniques are effective,
expensive equipments are required. In this paper, a
comprehensive understanding of the SiO2 passivation
layer grown by liquid phase deposition (LPD) was
presented, which was cost-effective and very simple. It
was found that the post-annealing process could signifi-
cantly enhance the passivation effect of the LPD SiO2 film.
Besides, it was revealed that both chemical passivation and
field-effect passivation mechanisms played important roles
in outstanding passivation effect of the LPD SiO2 film
through analyzing the minority carrier lifetime and the
surface recombination velocity of n-type and p-type silicon
wafers. Although the deposition parameters had little
influence on the passivation effect, they affected the
deposition rate. Therefore, appropriate deposition para-
meters should be carefully chosen based on the compro-
mise of the deposition rate and fabrication cost. By
utilizing the LPD SiO2 film as surface passivation layer, a
19.5%-efficient silicon solar cell on a large-scale wafer
(156 mm � 156 mm) was fabricated.

Keywords Si solar cell, passivation, SiO2, liquid phase
deposition, carrier lifetime

1 Introduction

It is well known that surface passivation plays a key role in
high-efficiency silicon solar cells. SiO2 film is proved to be
one of the most effective dielectric passivation layers and
thus gains lots of concerns in photovoltaic industry [1,2].
In general, the SiO2 passivation layer is thermally grown in
a tube furnace or deposited by vacuum-based systems such
as the expanding thermal plasma technique [3,4]. Although
the SiO2 film deposited by these approaches can effectively
passivate the silicon surface, especially after annealing in
forming gas [3,4], none of these methods is ideal for low-
cost manufacturing. Considering the cost-effectiveness,
attempts are made to find another approach to produce the
high-quality SiO2 film with low cost. Fortunately, the
liquid phase deposition (LPD) for growing SiO2 film may
provide a good solution with many advantages such as low
cost, simple equipment, high deposition rate and low
processing temperature.
The mechanism of the LPD was originally proposed by

Nagayama et al. [5]. In briefly, the deposition processing of
SiO2 is based on the hydrolysis reaction of silica-super-
saturated hydrofluosilicic acid written as

ΔH þ H2SiF6 þ 2H2O↔ 6HFþ SiO2 # (1)

where ΔH means that the positive reaction is an endother-
mal reaction. When the reactants (hydrofluosilicic acid and
water) are excessive, the equilibrium reaction will shift
from left to right, resulting in the precipitation of SiO2. In
recent years, there are lots of reports on LPD SiO2 film [6–
14]. Most of the reports focus on investigating the effect of
growth conditions involving the growth temperature, the
solution concentration and the growth time on the
characters of the LPD SiO2 film. Up to the present, the
LPD SiO2 film is mainly applied to microelectronics as
dielectric insulating layer [10–12] but is rarely applied to
solar cells as a passivation layer. Yuan et al. [13] have first
tried to apply LPD SiO2 film to silicon solar cells as the
passivation layer and fabricated a 16.4%-efficient black
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silicon solar cell, presenting the promising application of
LPD SiO2 film in silicon solar cells. He et al. [14] have also
applied LPD SiO2 passivation layer to multicrystalline
silicon solar cells, but the passivation effect and the
resulted conversion efficiency (5.61%) are not satisfying.
Therefore, it is of significant importance to comprehen-
sively understand the LPD SiO2 passivation layer and
propose the approach to realize outstanding passivation
effect.
In this paper, the influence of the deposition conditions

together with post-annealing treatment on the properties
and passivation effect of the LPD SiO2 film was system-
atically investigated. It was found that an annealing
temperature higher than 700°C was required to obtain a
high-quality passivation effect of the LPD SiO2 film.
Moreover, the film had an excellent passivation effect on
both p-type and n-type silicon wafers but a better
passivation effect on n-type, suggesting the simultaneous
presence of chemical passivation and field-effect passiva-
tion. Though the deposition conditions did not have much
influence on the passivation effect of the LPD SiO2 film,
they affected the deposition rate. A medium concentration
of H2SiF6 (1.5 M) and a medium temperature (50°C) were
suggested to be the optimal deposition conditions based on
the tradeoff of material cost, thermal cost and deposition
rate. This optimized LPD SiO2 film was successfully
applied to silicon solar cells as the front surface passivation
layer, achieving a convention efficiency of 19.5% on a
large scale (156 mm � 156 mm).

2 Experimental details

2.1 Deposition of SiO2 film

The whole deposition system mainly consists of a Teflon
beaker containing a silica-supersaturated hydrofluosilicic
acid (H2SiF6) solution, a holder for holding silicon wafers
and a magnetic stirring apparatus (90-18, Shanghai Sile
Instrument Co., Ltd.). The solution temperature was
controlled by using the water bath method. To prepare
the silica-supersaturated H2SiF6 solution, silicic acid
powders (99.9%, Sigma-Aldrich) were added to a raw
H2SiF6 solution (33.5%–35%, Sigma-Aldrich) and stirred
at 400 r/min for 20 min at room temperature to obtain the
silica-saturated H2SiF6 solution. The concentration of
H2SiF6 in the silica-saturated solution was 3.09 M. Then,
an appropriate amount of deionized (DI) water was added
to the silica-saturated H2SiF6 solution to form the silica-
supersaturated solution which was directly used for the
SiO2 deposition. The concentration of H2SiF6 in the
supersaturated solution was controlled by the amount of
the DI water added. The substrates utilized for SiO2

deposition were Czochralski (Cz) silicon with a resistivity
of 1–3 W$cm for p-type and 3–4 W$cm for n-type and a
thickness of 200 mm. Before depositing SiO2 film, the

substrates were pretreated by being dipped into diluted HF
solution and diluted HCl solution to remove the natural
silicon dioxide and metallic ions, and then immersed into
DI water to gain OH-terminated surface, which substan-
tially facilitated the growth of the SiO2 film [6]. After these
pretreatments, the silicon wafers were immersed in the
supersaturated solution with the controlled concentration
of H2SiF6 and temperature to deposit SiO2 films.

2.2 Fabrication of silicon solar cells

For the fabrication of silicon solar cells, the crystalline
silicon was Cz p-type with a resistivity of 1–3 W$cm, a
thickness of 200 mm and an area of about 238.95 cm2

(quasi-square: 156 mm � 156 mm). After surface
texturization and p-doping steps, the phosphorosilicate
glass (formed in the doping process) on the rear side was
removed in the HF solution first. Then, the silicon wafers
were immersed in tetramethylammonium hydroxide solu-
tion to produce polished rear surface. Next, the phosphor-
osilicate glass on the front side was removed and the SiO2

films were deposited on both sides of the wafers by the
LPD. The wafers were annealed in a muffle furnace at the
annealing temperature of 800°C for 5 min to obtain a high-
quality passivation effect and subsequently the SiO2 film
on the back side was removed by using the HF. After that,
SiNx coatings were deposited on the SiO2 films as the
antireflection layers by plasma enhanced chemical vapor
deposition. Finally, the electrodes were fabricated on both
the front and back sides by screen printing technique and
co-fired in firing furnace.

2.3 Characterizations

The effective minority carrier lifetime (t) of the Si wafers
symmetrically passivated by the LPD SiO2 film was
measured by using the Semilab WT-1200A lifetime tester,
which directly reflected the passivation quality. The
thermolyne muffle furnace was used to study the impact
of post-annealing on the surface passivation effect of the
LPD SiO2 films. The surface morphologies of the LPD
SiO2 films on different substrates were observed by using
the scanning electron microscope (SEM). The element
compositions and chemical configuration of the LPD SiO2

films were characterized by using the X-ray photoelectron
spectroscopy (XPS), and using monochromatic Al Kα

radiation as the X-ray source. The infrared absorption
spectra were measured by using the Fourier transform
infrared (FTIR) spectrometer in the range of 350 to 8000
cm–1. The refractive index and thickness of the LPD SiO2

films were determined by using the spectroscopic
ellipsomestry. The current (I)–voltage (V) tester was used
to measure the electrical performances (I–V and power
(P)–V curves) of the LPD SiO2 passivated solar cell under
AM1.5 spectrum at the temperature of 25°C.
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3 Results and discussion

3.1 Quality of LPD SiO2

SiO2 films were successfully fabricated by the LPD under
different growth conditions. For the morphological
observation and the identification of the chemical compo-
sition, the films grown at 50°C for two hours with 1.0 M
H2SiF6 without loss of generality were chosen. Figures 1
(a) and (b) respectively show the top-view and cross-
sectional SEM image of the LPD SiO2 film deposited on
the polished silicon substrate, both demonstrating that the
SiO2 film is uniformly and compactly deposited on the

silicon surface. The LPD SiO2 film was also grown on the
pyramid structure textured silicon surface which was the
real circumstance for commercial silicon solar cells, shown
in Fig. 1(c) and (d). The SiO2 film was conformally
deposited on the whole silicon pyramid textures in spite of
the size of the pyramid, which was the primary require-
ment for effective surface passivation. To confirm the
element composition and chemical configuration of the
film, the samples above were characterized by using the
XPS and FTIR spectrometer. Figure 1(e) depicts the XPS
full-scan spectrum of the as-prepared LPD SiO2 film. The
peak values of elementary binding energy in the spectrum
are all modified by standard C 1 s peak located at 284.6 eV.

Fig. 1 Quality of LPD SiO2 film
(a) Top-view of the LPD SiO2 film grown on the polished silicon substrate; (b) cross-sectional SEM images of the LPD SiO2 film grown on the polished
silicon substrate; (c) top-view of LPD SiO2 film grown on the pyramid structure textured silicon substrate; (d) cross-sectional SEM images of LPD SiO2

film grown on the pyramid structure textured silicon substrate; (e) XPS full-scan spectrum of the as-deposited LPD SiO2 film; (f) XPS Si 2p spectrum of
the as-deposited LPD SiO2 film (The black open squares represent the experimental data and the red solid curve is the Gaussian fitting curve based on the
raw data.)
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The peaks of 25.3 eV, 103.68 eV, 153.96 eV, 284.6 eV,
532.98 eV, 688.98 eV and 979.5 eV are respectively
corresponding to O 2s, Si 2p, Si 2s, C 1s, O 1s, F 1s and O
KL1 [15–17]. The carbon detected by XPS may have been
induced by the external circumstance (e.g., engine oil of
XPS instrument and atmosphere). The fluoride (F) comes
from the H2SiF6 reactant, which exists in the form of Si-F

bond in the film as displayed in Fig. 2(a). Other impurities
are below the detection limit. Figure 1(f) shows the XPS
fine-scan spectrum for Si 2p. The XPS experimental data
shows a symmetric peak, which fits well with a single
Gaussian peak located at 103.77 eV, revealing the chemical
state of the LPD SiO2 is silicon dioxide without any
suboxide [18].
Figure 2((a) and (b)) further displays the FTIR

absorption spectra of the as-prepared LPD SiO2 film
(black curves). The characteristic peaks at 457 cm–1, 800
cm–1 and 1085 cm–1 are corresponding to the Si-O-Si
rocking vibration mode, the Si-O-Si bending vibration
mode, and the Si-O-Si stretching vibration mode, respec-
tively [10,11,19]. The absorption peak at 931 cm–1 may be
attributed to the Si-F stretching vibration mode [10,11].
Additionally, as exhibited in Fig. 2(b), the infrared
absorption signal in the range of 3000 cm–1 to 4000 cm–1

is related to the OH-group vibration [10,19]. In detail, the
weak peak at 3670 cm–1 corresponds to the Si-OH
stretching vibration mode while the absorption band at
3400 cm–1 is attributed to the H-OH stretching vibration.
No other prominent vibration modes are found in the
spectrum from 350 cm–1 to 8000 cm–1, well according with
the result of XPS in Fig. 1.

3.2 Influence of annealing process

To study the effect of the post-annealing on the properties
of the LPD SiO2 films, the samples, which are the double-
sided polished p-type Si wafers with the LPD SiO2 films on
both sides, were subjected to anneal at different tempera-
tures in atmosphere for 5 min by muffle furnace. The
annealed samples were also characterized by FTIR
spectrometer, as shown in Fig. 2(a) and (b). Obviously,
the signals of the Si-F, Si-OH and H-OH stretching
vibration modes almost disappear after annealing at the
temperatures higher than 700°C, contrasting to the
gradually increased intensity of the Si-O-Si stretching
vibration mode with the annealing temperature. The reason
for this is that at a rather high annealing temperature, the
Si-F bond and Si-OH bond break and transform to the Si-
O-Si bond and HF, and the latter escapes away from the
LPD SiO2 films by evaporation. As a result, the element
composition of the post-annealed LPD SiO2 film is highly
pure. In addition, compared with the spectrum of the as-
deposited sample, the peak of the Si-O-Si stretching
vibration mode slightly shifts to the lower wave number
(red shift) after annealing. It is known that the Si-O-Si
stretching vibration mode is closely related to the
composition or the density of the SiO2 film [20]. Therefore,
it can be inferred that the increased density of the post-
annealed SiO2 film (which is verified by the increased
refractive index, as shown in Fig. 3 and Fig. 4) should be
responsible for the red shift of the Si-O-Si stretching
vibration frequency in the study.
The passivation effect of the LPD SiO2 films before and

Fig. 2 Influence of annealing temperature on chemical bonds
and passivation effect of LPD SiO2 film
(a) FTIR spectra of the as-prepared LPD SiO2 film and the LPD SiO2

film annealed at different temperatures in the small wavenumber
region; (b) FTIR spectra of the as-prepared LPD SiO2 film and the LPD
SiO2 film annealed at different temperatures in the large wavenumber
region; (c) histogram of t of the as-deposited and post-annealed
samples (as-dep represents as-deposited)
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after annealing was characterized by lifetime tester, as
presented in Fig. 2(c). The t of the as-deposited sample is
only 3.18 ms, similar to that of a naked Si wafer (1.7 ms),
indicating the rather poor surface passivation effect of the
as-deposited SiO2 film. However, the surface passivation
ability of the LPD SiO2 film can be effectively improved
by the annealing process. The t of the post-annealed
samples gradually increases with the annealing tempera-
ture from 500°C to 700°C and then keeps a value of around
35 ms at the annealing temperature of 700°C to 900°C. This
improved t may be attributed to the reconstruction of the
Si/SiO2 interface which makes the dangling bonds on Si
wafer surface effectively passivated. However, the passi-
vation effect of the SiO2 film begins to decrease at a higher
annealing temperature of 1000°C. To better understand the
function of post-annealing, the silicon wafers were also
passivated by other wet oxidation methods (H2O2 oxida-
tion and HNO3 oxidation) and made to go through the
same annealing process (800°C, 5 min). However, the ts
are only 19 ms and 8 ms for HNO3 oxidized wafer and H2O2

oxidized wafers, respectively. These contrast experiments
explicitly demonstrate that there is no thermal oxidation
between silicon surface and wet-chemically grown oxides

because the passivation effect is mainly determined by the
wet oxidation methods. Overall, a rather high temperature
annealing process (700°C–900°C) is of paramount impor-
tance for the passivation quality of LPD SiO2 film. And the
enhanced passivation effect comes from the improved
quality of the LPD SiO2 film rather than the formation of
thermal oxide.

3.3 Influence of H2SiF6 concentration

To study the effect of the H2SiF6 concentration on the
properties of the LPD SiO2 film, the other growth
parameters, e.g., deposition temperature of 50°C, deposi-
tion time of 2 h were kept constant. As shown in Fig. 3(a),
the thickness of the SiO2 film first increases with the
H2SiF6 concentration up to 1.5 M, suggesting an increased
deposition rate in the concentration range. The reason for
this is that the reversible reaction is promoted to the right
side with increased H2SiF6 concentration, thus facilitating
the precipitation of SiO2, as expressed in Eq. (1). Then the
thickness of the SiO2 film remains around 150 nm in the
range of H2SiF6 concentrations from 1.5 M to 2.0 M,
achieving the maximum deposition rate of 75 nm/h.

Fig. 3 Influence of H2SiF6 concentration on LPD SiO2 film
(a) Dependence of the thickness and the refractive index of the as-deposited LPD SiO2 film and the post-annealed LPD SiO2 film on H2SiF6
concentration; (b) influence of H2SiF6 concentration on t of the as-deposited and the post-annealed n-type and p-type samples

Fig. 4 Influence of growth temperature on LPD SiO2 film
(a) Dependence of the thickness and refractive index of the as-deposited and post-annealed LPD SiO2 films on the growth temperature; (b) Influence of
growth temperature on t of the as-deposited and post-annealed n-type and p-type samples
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However, as further increasing the H2SiF6 concentration to
2.25 M, the film thickness decreases dramatically, which is
ascribed to the insufficient H2O (as a reactant) at an
excessively high H2SiF6 concentration. From the result
above, it can be inferred that the concentration of H2SiF6
has a great influence on the deposition rate of the LPD
SiO2 film and a concentration of 1.5 M may be a good
choice as the growth condition considering both the
process time and material cost. Regarding the refractive
index, the value of the LPD SiO2 film is between 1.41 and
1.43 (except the one grown with 0.5 M) as presented in
Fig. 3(a), approaching to that of the thermally grown SiO2

[21]. After annealing at 800°C, the refractive index of the
LPD SiO2 films is slightly increased while the thickness is
decreased. The changes of the film thickness and the
refractive index suggest the reconstruction of the LPD
SiO2 film, which may be largely caused by the decreased
chemical bond of -OH and -F, incorporate in the as-
deposited LPD SiO2 films.
Figure 3(b) shows the t of the samples with annealing

and without annealing as a function of the H2SiF6
concentration. No matter it is n-type textured Si wafers
or p-type polished Si wafers, the surface passivation
quality of the as-deposited SiO2 film is rather poor but
dramatically enhanced after annealing at 800°C for 5 min
in atmosphere, and does not exhibit much dependence on
the concentration of H2SiF6. The excellent passivation
effect on both n-type and p-type wafers suggests the
chemical passivation mechanism of the LPD SiO2 film.
According to Eq. (2) [22],

1

τ
¼ 1

τb
þ 2S

W
; (2)

where tb is the bulk lifetime of silicon wafer and t is the
measured effective minority carrier lifetime, W is the
thickness of the silicon wafer, the tbs of n-type and p-type
wafers are respectively obtained by iodine-ethanol passi-
vation method and assuming the tbs are the same for each
group of wafers, the average effective surface recombina-
tion velocities (S) of the LPD SiO2 passivated n-type and
p-type silicon wafers are calculated to be 110 and 260 cm/
s, respectively. Obviously, the LPD SiO2 film has a better
passivation effect on the n-type wafer, even though its
surface is textured, demonstrating that field-effect passiva-
tion also plays an important role in the passivation
mechanism of LPD SiO2 film.

3.4 Influence of growth temperature and application in solar
cells

Keeping the H2SiF6 concentration of 1.5 M and the
deposition time of 2 h, the influence of growth temperature
on the properties of the LPD SiO2 films was further studied
in detail. As shown in Fig. 4(a), the thickness of the LPD
SiO2 films almost increases linearly with increasing

temperature from 30°C to 70°C. Because the hydrolysis
of H2SiF6 is an endothermic reaction and the solubility of
SiO2 in H2SiF6 decreases with the increased temperature, a
higher growth temperature accelerates the precipitation of
SiO2 [8]. On the contrary, the refractive index of the SiO2

films decreases with increased growth temperature. After
annealing at 800°C for 5 min in atmosphere, all the SiO2

films grown at different temperatures become thinner and
denser. In addition, the influence of growth temperature on
the refractive index is weakened. Though the deposition
rate increases with growth temperature, the thermal cost
also increases. Considering the tradeoff between thermal
cost and deposition rate, the growth temperature of 50°C
may be the optimal choice. Figure 4(b) illustrates the
dependence of the t of the p-type and n-type samples with
and without annealing on growth temperature. After
annealing, the t of the p-type Si wafer passivated by
LPD SiO2 film reaches around 35 ms (except the one with
the deposition temperature of 70°C), and that of the n-type
samples is between 80 ms and 97 ms, both suggesting a
good passivation quality of the LPD SiO2 films. Similar to
the dependence on the concentration of H2SiF6, the
influence of growth temperature on the surface passivation
effect is also not prominent.
All of the above results indicate that the prepared LPD

SiO2 film is suitable to be applied to silicon solar cells as an
excellent surface passivation layer. Although the LPD SiO2

film with a thickness of above 100 nm can be deposited to
make it simultaneously act as an antireflection and
passivation layer, it is too thick to be punctured by the
silver paste, thereby leading to a severe contact problem.
Therefore, in this study, the thickness of the SiO2 film of
about 5 nm was controlled to use it only as a passivation
layer and SiNx layer was still required to be deposited as
the antireflection layer. It is worth mentioning that the LPD
SiO2 film with such thickness has almost an equal
passivation effect to that with the thickness of several
tens of nanometers. Furthermore, the SiNx layer also has a
contribution to the passivation through field-effect passi-
vation. As a result, as shown in Fig. 5, the conversion
efficiency of the LPD SiO2 passivated solar cells reaches as
high as 19.5% with an open circuit voltage of 641 mV, a
short circuit current of 9.07 A and a fill factor of 80.2%.

4 Conclusions

The high quality SiO2 film was successfully grown by a
novel LPD technique and applied to silicon solar cells as
the surface passivation layer. Compared to the common
deposition method of SiO2 film, the LPD is superior with
an ultra-low growth temperature (50°C), a relative high
deposition rate (75 nm/h), simple equipment and con-
venient operation. The prepared LPD SiO2 film exhibits
perfect coverage on textured silicon surface with high
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elemental purity. The passivation quality of the LPD SiO2

film is strongly improved with increased refractive index
after annealing at a temperature higher than 700°C. It is
important to find out that the LPD SiO2 film can effectively
passivate both the p-type and n-type Si wafers but results in
a lower surface recombination velocity on n-type Si
wafers, revealing the simultaneous existence of chemical
passivation and field-effect passivation. In addition,
although the deposition parameters have little influence
on the passivation effect, they affect the deposition rate. An
H2SiF6 concentration of 1.5 M and a deposition tempera-
ture of 50°C are proposed as the optimal deposition
parameters based on the consideration of deposition rate
and preparation cost. Finally, the LPD SiO2 film were
successfully applied to silicon solar cells as the front
surface passivation layer and realized an efficiency of
19.5% on a large scale (156 mm � 156 mm). It is believed
that the cost-effective passivation technique presented in
this paper opens a new opportunity for high-efficiency
silicon solar cells.
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现代物理知识

晶硅双面太阳电池技术
及应用

李正平 沈文忠

（上海交通大学人工结构及量子调控教育部重点实验室 200240，

上海交通大学太阳能研究所 200240）

太阳电池一般是指基于半导体 P-N 结的光伏

效应，将太阳光直接转换为电力的一种半导体器

件，是光伏工业的核心器件。目前主流的太阳电池

是基于P型硅材料的晶体硅太阳电池，其结构一般

包括正面电极(正面栅线)、减反射膜(作用是减少光

线的反射，让更多的光被硅材料所吸收)、发射极(N

型半导体)、硅基体(P型半导体)、全金属铝覆盖的背

表面场(Back Surface Field，BSF)和背面电极(背面

栅线)。通常我们见到的太阳电池都为单面太阳电

池，这类太阳电池能够很好地接受直接照射的太阳

光，将光能转化为电能。单面太阳电池的整个背面

都覆盖着金属，背面的反射光不能透过金属被硅材

料所吸收，因此单面电池的背面不能发电。要想利

用到反射的太阳光，必须要用到双面太阳电池才

行。双面太阳电池是指硅片的正面和反面都可以

接受光照并能产生光生电压和电流的太阳电池。

目前工业上比较成熟的双面电池有N-PERT(Passiv-

ated Emitter, Rear Totally-diffused Cell)电池，即钝化

发射极背表面全扩散电池(所谓钝化，就是降低半

导体表面活性的技术)，是一种典型的双面电池，N-

PERT双面电池采用N型硅作基底材料。另外一种

双面太阳电池是非晶硅/晶体硅异质结太阳电池

(Heterojunction with Intrinsic Thin-layer, HIT)，它是

以N型单晶硅与非晶硅薄膜形成异质结(即两种不

同的材料—单晶硅和非晶硅形成P-N结)。然而目

前市场的主流产品还P型晶硅太阳电池，因此人们

也在积极探索用P型硅片制造双面太阳电池。但是

以往的P型双面电池并没有体现出比常规太阳电池

更高的转换效率(Eff/η，即太阳能电池接受光照的最

大输出功率与入射到该电池上的全部辐射功率的

百分比)，从技术上和经济上都不合算。近年来，P

型钝化发射极和背面电池 (Passivated Emitter and

Rear Cell, PERC)通过在电池背面增加一层氧化铝

钝化膜(Al2O3)，从而增强光线的内背反射，降低了

背面复合，从而使 PERC 电池的效率能够有效提

高。因此，近几年结合双面电池技术的PERC双面

电池也引起了大家的关注，诸多光伏企业相继推出

了自己的P-PERC双面太阳电池组件。

提高转换效率和降低生产成本是光伏工业的

永恒主题，最终体现是用较低的成本发出更多的电

力。晶硅双面太阳电池能够利用背面的光照，从而

增加发电量，不失为一种有效利用太阳光的差异化

太阳电池器件。本文将介绍 N-PERT、N-HIT 和 P-

PERC三种当前主流晶硅双面太阳电池技术，并介

绍晶硅双面太阳电池的应用情况。

1.双面太阳电池的发展

双面太阳电池的概念并不是新出现的，其历史

可追溯到20世纪60年代。谁首先发明双面太阳电

池还存在争议，一些文献认为苏联科学家翟齐伐

(A. Zaitseva)和费得希伐(O. Fedoseeva)领导的研究
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团队首先提出双面电池的概念①。而在同时期日本

科学家森(H. Mori)②申请了一个类似双面结构太阳

电池的专利，其电池结构是P+NP+，在N型硅片两边

都形成P-N结，同时在电池两边都有发射极和接触

栅线电极，该结构被叫做三极管电池。在光伏技术

发展的早期，双面太阳电池主要局限于空间应用。

2000年以后，双面太阳电池技术又重新受到重视。

日本日立公司③在三极管电池结构基础上，制备出

高效双面电池，其正面效率达 21.3%，背面效率达

19.8%。几乎同时，日本三洋公司(现已被松下并购)

开始商业化其专利双面电池——带本征薄层的非

晶硅/晶体硅异质结太阳电池(HIT)。德国康斯坦茨

国际太阳能研究中心(ISC Konstanz)和荷兰能源研

究中心(ECN)等机构也加入到晶硅双面太阳电池的

产业化研究与推广。2010年左右中国英利公司开

始量产N型双面电池，2015后有更多的中国光伏企

业开始晶硅双面太阳电池的研发与生产，双面太阳

电池技术迎来了新的发展。

2. 晶硅双面太阳电池技术

2.1 N-PERT双面太阳电池

晶硅太阳电池可以用P型硅片，也可以用N型

硅片来制作。采用N型硅作衬底，具有少子寿命高

(少子，即少数载流子，也即非平衡载流子，对于P型

半导体来说便是其中的电子，对于N型半导体来说

便是其中的空穴，少子寿命即是电子或空穴的平均

生存时间)、对金属杂质的容忍度高等优点；同时由

于N型硅是磷掺杂，不会出现P型硅电池中由于硼

氧(B-O)复合体所造成的随着光照时间延长性能衰

减的光致衰减(LID)效应。并且产业界量产平均转

换效率大于23%的电池均为N型电池，因此N型硅

电池越来越受到普遍的关注。

基于N型硅片的太阳电池一般都是双面电池，

早期发展的双面电池主要是 N-PERT 电池。N-

PERT双面太阳电池的结构如图1所示，其结构为：

金属前电极、前表面减反射膜、钝化膜、硼掺杂发射

极(P+)、N-Si、磷掺杂背场(N+-BSF)、背面减反射膜和

背面电极。N-PERT双面电池和单面电池相比，主

要在于背面结构的不同，双面电池的背面采用高透

过的SiNx做钝化/减反射膜，同时背面金属电极和

前面金属电极一样也为栅线结构；而单面电池的背

面电极采用全金属覆盖。

N-PERT电池的基体是N-Si，基体的前表面通

过扩散重掺杂形成P+发射极，P+发射极与N-Si基体

接触形成P+-N结，基体的背表面通过扩散或者离子

注入重掺杂形成N+背场，N+背场与N-Si基体接触形

成N+-N高低结。P+-N结和N+-N高低结内部都存在

内建电场，可以分离光照产生的电子-空穴对，被分

离的电子通过背场上面的背电极、空穴通过发射极

上面的前电极输出到外电路，驱动负载运行。当太

阳光照到N-PERT双面电池的时候，会有部分光线

被周围的环境反射照射到 N-PERT 双面电池的背

面，这部分光可以透过SiNx材料，被硅吸收，激发的

图1 N-PERT双面太阳电池结构示意图
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电子-空穴对被N+-N高低结分离，从而对电池的光

电流和效率产生贡献。然而，单面电池的背面被金

属电极完全覆盖，金属电极的厚度~10 μm，光无法

穿透背面金属电极被硅吸收，因此，单面电池几乎

无法利用由背面射入电池的光线，在电池背面反射

率不为零的情况下，双面电池比单面电池具有更高

的发电效率。

表征双面太阳电池的主要参数除了转换效率

之外，还有一个重要的指标是双面率(Bifaciality)，

即背面效率与正面效率的百分比。当前量产的N-

PERT 电池正面效率达 21.5% ，双面率在 85% ~

90%。随着技术的进步，N-PERT 双面电池的效率

每年都会逐步的提升。采用BBr3扩散制备P+-N结

和磷离子注入制备N+-N高低结，并结合Al2O3钝化

P+发射极表面，我们在2015年就制备了正面效率为

20.89%、背面效率为 18.45%的 N-PERT 双面电池④

(图 2)。背面效率之所以低于正面效率是因为电池

背面的电极栅线要密一些，这样去造成一部分遮光

损失。另外背面的电极栅线的含银量低一些，这样

电阻会大一些，会造成电学损失，

2.2 非晶硅/晶体硅异质结太阳电池

常规晶硅太阳电池的 P-N 结是由导电类型相

反的同一种类材料—P型和N型晶体硅组成的，属

于同质结电池；而非晶硅/晶体硅异质结(HIT)太阳

电池的 P-N结是由两种不同的半导体材料—非晶

硅和晶体硅组成，属于异质结电池。在当今众多的

高效晶体硅太阳电池方案中，HIT太阳电池无疑是

关注度很高的一种。在HIT太阳电池的研发和生

产领域，日本松下公司可谓一枝独秀，2013年其报

道的最高电池效率达 24.7%⑤，电池面积~100 cm2，

达到商用规格大小。2014年，他们将背接触(IBC)

与HIT技术结合，研发出的 IBC-HIT太阳电池最高

效率达25.6%⑥，一举打破了晶体硅电池转换效率的

世界纪录，并且电池面积达到 143.7 cm2的商用级

别。2016 年，日本 Kaneka 公司将 IBC-HIT 太阳电

池的效率提升到 26.3%⑦，电池面积达到 180.4 cm2。

不断地刷新晶硅电池的世界纪录，表明HIT电池的

高效特性。

图3是HIT太阳电池的结构示意图。它是以N

型单晶硅片为衬底，在经过清洗制绒的N-Si正面依

次沉积厚度为 5~10 nm 的本征非晶硅薄膜(I-a-Si:

H)、P型非晶薄膜(P-a-Si:H)，从而形成P-N异质结。

在硅片背面依次沉积厚度为5~10 nm的 I-a-Si:H薄

膜、N型非晶硅薄膜(N-a-Si:H)形成背表面场。在掺

杂 a-Si:H薄膜的两侧，再沉积透明导电氧化物薄膜

(TCO)，最后通过丝网印刷技术在两侧的顶层形成

金属集电极。

HIT太阳电池天然是双面电池，其结构和制造

工艺与常规晶硅太阳电池有很大的区别。HIT太阳

电池结合了晶硅电池和硅基薄膜电池的优点，具有

如下一些特点：(1) 结构对称。HIT电池是在单晶硅

片的两面分别沉积本征非晶硅、掺杂非晶硅、TCO

以及印刷电极。这种对称结构方便减少工艺设备

和步骤，相比传统晶体硅太阳电池，HIT电池的工艺

图2 N-PERT双面太阳电池的正面和背面 I-V曲线（插图为实际电池片正面、背面照片）
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步骤更少，仅有清洗制绒、沉积非晶硅薄膜、沉积

TCO 薄膜和丝网印刷与低温烧结四个主要工序。

(2) 低温制造工艺。HIT电池由于采用硅基薄膜形

成P-N结，因而最高工艺温度就是非晶硅薄膜的形

成温度(～200 oC)，从而避免了传统热扩散型晶体

硅太阳电池形成P-N结的高温(约 900 oC)。低温工

艺节约能源，而且采用低温工艺可使硅片的热损伤

和变形减小，可以使用薄型硅片做基底，有利于降

低材料成本。(3) 高开路电压特性。HIT电池是由

非晶硅与晶体硅形成异质结，非晶硅的禁带宽带更

大，因此HIT电池的开路电压(Voc)比常规同质结晶

硅电池要高。同时HIT电池由于是在晶体硅和掺

杂薄膜硅之间插入了本征薄膜 I-a-Si:H，它能有效

地钝化晶体硅表面的缺陷，能够确保HIT电池的开

路电压比常规电池要高许多，从而能够获得高的光

电转换效率。目前 HIT 电池 Voc 的最高值达到了

750 mV。(4) 温度特性好。太阳电池的性能数据通

常是在 25 oC的标准条件下测量的，然而太阳能板

的实际应用环境是室外，高温下的电池性能尤为重

要。由于HIT电池结构中的非晶硅薄膜/晶体硅异

质结，温度特性更为优异，其温度系数为-0.25% /
oC，仅为晶体硅电池的温度系数-0.45%/oC 的一半

左右，使得HIT电池在光照升温情况下比常规电池

有好的输出。但是HIT电池也存在着一些问题：(1)

设备投资高。由于采用了薄膜沉积的技术，需要用

到高要求的真空沉积设备。(2) 工艺要求严格。要

获得低缺陷态的非晶硅/晶体硅界面，对工艺环境和

操作要求也较高。(3) 需要低温封装工艺。由于

HIT电池的低温工艺特性，不能采取传统晶体硅电

池的后续高温封装工艺，需要开发适宜的低温封装

工艺。

HIT电池由于已经证明可以获得高效率，并且

日本松下的异质结电池主体专利在2010年已到期，

因此近年来国内研究机构和光伏企业也一直在关

注HIT电池，目前已有部分企业在进行一定规模的

量产。HIT电池的量产平均效率在22%~23%，国内

企业的量产效率水平也达到了22%左右。图4(a)是

典型HIT电池的正面 I-V曲线。图 4(b)是我们实测

的一批HIT太阳电池的正面和背面效率分布。从

图中可见，正面平均效率达到 21.75%，背面平均效

率达到 20.75%。计算得到HIT电池的双面率达到

95%以上，表明HIT电池有很高的双面率，因此在实

际应用时要设法充分利用背面电池来发电，最大化

HIT电池的经济效益。

图3 HIT太阳电池的结构示意图

图4 典型HIT电池正面 I-V曲线（a）和实测一批HIT太阳电池的正面和背面效率分布（b）
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2.3 P-PERC双面太阳电池

由于氧化铝钝化技术的发展，最近在P型硅太

阳电池领域，普遍受到重视的是 PERC 太阳电池。

PERC太阳电池与常规晶硅电池的区别是在背面增

加了介质钝化层，涉及增加的工艺有沉积背钝化膜

和激光开孔以形成局域金属—硅接触，这样做的效

果是大大降低背表面复合速度，同时提升了背表面

的光反射。经过这些改进，目前 P型单晶硅 PERC

电池产线效率普遍达到 21%~21.5%。随着光伏行

业对发电量的追求，双面太阳电池技术受到关注，

PERC电池也可以实现双面发电。图 5是PERC单

面与PERC双面太阳电池的结构示意图的比较。从

图中可见，P-PERC双面电池仅需在背面的激光开

孔处丝网印刷铝浆并烧结形成铝栅线，代替PERC

单面电池的全背面铝接触。通过少量技术改变，在

基本不增加成本的基础上，PERC电池即可实现双

面发电，双面P-PERC成为行业新热点。其优势包

括：可双面发电、降低铝浆用量⑧、弯折率降低、与现

有PERC生产线兼容、可采用单晶硅或多晶硅作为

基体，成本优势显著。缺点是工艺要求特殊、背面

印刷精度较单面PERC电池的要求略高、对铝浆有

更高的要求。

PERC双面太阳电池的制造工艺与PERC单面

电池基本类似，主要的区别在于背面的丝网印刷工

艺。目前有两种技术方案可以实现P-PERC双面电

池。其一是采用烧穿铝浆方案，该方案的优点是无

需激光开孔步骤，缺点是烧穿铝浆目前只对单层

Al2O3具有较好的穿透性(图6a)，在封装时还需要配

合高反射的封装材料。这种方案的典型代表是荷

兰 ECN 的 Jasmine 电池，该电池正面效率能达到

20%，双面率可以达~70%。P-PERC双面电池的另

一种技术方案是在目前 PERC 单面电池工艺基础

上，不增加任何设备，将全铝背场调整为局部铝栅

线结构(图 6b)，优点是局部背场厚度增加可提高开

路电压，缺点是丝网印刷需要精确对准。目前该方

案电池正面效率能达到 21.5%，双面率能达到~

80%。为进一步理解 PERC 双面电池的优势，表 2

中将 PERC 双面与 PERC 单面电池的性能进行比

较。从表中可见，PERC 双面电池的正面性能与

PERC单面电池比较，基本没受到影响，反而开路电

压有所提高。同时，PERC双面电池的局部铝接触

仅占电池背面面积的 14.2%，相应的铝浆消耗量大

大减少，十分有利于降低成本。

近期发展P-PERC双面太阳电池，提升电池双

面率的改进方向是：(1)优化背面栅线的导电性和高

宽比，提高 P-PERC 双面电池的效率；(2)优化背面

Al2O3/SiNx 组合钝化膜的厚度，进一步提升性能；

(3)提高材料少子寿命，提升P-PERC双面电池的性

能。未来P-PERC双面太阳电池将结合选择性发射

极(SE)技术、背面局部掺硼形成Al-B背表面场等，

进一步改善正面的结构和背面的钝化来提升效率。

3.晶硅双面太阳电池的应用

双面太阳电池相对于单面电池的效率增益难

以通过单片电池来衡量，一般将多片太阳电池采用

串联或并联的方式将电极连接起来，采用 EVA(乙

图5 PERC单面和PERC双面太阳电池结构示意图
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烯-醋酸乙烯共聚物)、玻璃、背板等材料封装成为组

件来衡量效率的增益。双面电池组件可以采用双

玻的形式封装，即正面采用玻璃+EVA进行封装，背

面也采用EVA+玻璃封装，或者只是正面采用玻璃+

EVA进行封装，而背面采用EVA+透明背板进行封

装，保证太阳光可以透过封装材料照射到电池的背

面，如图7所示。双面电池组件安装方式灵活、应用

范围广。常规单面电池组件安装应用的形式，如地

面光伏电站和屋顶光伏系统，同样适用于双面电池

组件。双面组件特别有利于地面安装，因为它能利

用地面的反射光，同等条件下能发出更多的电量，

同时也适合安装在屋顶。地面和屋顶安装双面电

池组件，是倾斜安装(如图7a所示)的场景。双面电

池组件也可不受安装方向限制，背面和正面一样美

观，特别适合垂直安装(如图 7b所示)的场景，如垂

直安装用作围栏、隔音墙等。同时在反射率较高的

情况下，如在积雪较多区域和水面安装双面电池组

件，更能发挥双面电池组件的优势。一些双面电池

组件的具体应用示例见图8。

使用双面太阳电池组件来建造光伏电站，主要

的优势体现在以下几个方面：(1) 发电量高。一般

将双面电池封装成双玻组件，当双玻组件安装的朝

向、倾斜度和高度固定，双玻组件的发电增益主要

与组件背面地面的反射率有关，这是因为背面反射

率的提高使更多的光被吸收利用，提高了组件的电

流和最大输出功率。结合不同的双面光照条件，可

实现10%~30%的发电量增益。图9是N-PERT太阳

电池在不同反光地面条件下与P型单晶硅电池组件

的日均发电量比较，从中可以看出地面反射率越

高，N-PERT太阳电池组件的发电性能越好，地面刷

涂白漆后反射率最高，因此刷图白漆的地面使用双

面组件发电量增益最大。(2) 双玻组件配双面电池

图6 烧穿铝浆（a）与局部铝栅线（b）的PERC双面太阳电池对比

表1 PERC单面和PERC双面太阳电池性能比较⑧

序号

1

2

3

电池类型

PERC单面

PERC双面

PERC双面

背面铝接触所占面积比(%)

100

14.2

14.2

铝浆消耗量(g/片)

1.6

0.15

0.15

光照方向

正面

正面

背面

η(%)

21.1

21.0

16.5

Jsc(mA/cm2)

39.8

39.7

31.4

Voc(mV)

660

664

658

填充因子FF(%)

80.2

79.7

79.6

图7 双面太阳电池组件的安装示意图（a）倾斜安装，（b）垂直安装
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是最佳组合，双玻组件质量可靠性高。玻璃的透水

率几乎为零，不需要考虑水汽进入组件诱发EVA胶

膜水解的问题，降低蜗牛纹发生的概率，特别适合

水面光伏的应用。玻璃的耐候性、耐腐蚀性强，耐

磨性也非常好，也解决了组件在野外的耐风沙问

题。双玻组件不需要铝框，没有铝框使导致PID(电

势诱导衰减)发生的电场无法建立，大大降低了发

生PID衰减的可能性。(3) 温度特性好，高温时发电

量更多。当太阳电池组件的工作温度升高时，其输

出功率和转换效率随温度的升高而下降，所以应尽

量使太阳电池组件在较低的温度下工作。但是在

一天中，日照最好的时间一般是中午，组件的工作

温度能达到 70 oC 左右，势必会影响其输出功率。

双面双玻组件的工作温度比常规P型晶硅电池组件

低，这是因为 N-PERT 和 P-PERC 双面电池的背面

是高透过的SiNx材料，红外部分的光线可以穿透电

池，不被电池吸收，而常规电池的背面为全金属电

极，会吸收红外光，数据显示，双玻组件发电系统正

常工作下的温度较常规单玻组件低5~9℃。另外基

于N型硅的双面电池组件的温度系数比常规晶硅

组件低，常规组件的工作温度比标准温度上升1℃，

其输出功率会降低0.42%，而相同温升的情况下，N-

PERT组件功率损失 0.4%以下，N-HIT组件的功率

损失在 0.3%以下。较低的电池组件工作温度和较

低的温度系数，两者的叠加使得双面电池组件在一

天中的发电量高于常规电池组件，尤其是在夏天温

度较高时。图 10是HIT组件与常规晶硅组件一天

中的发电量比较，从中可见，HIT组件能多发电8%~

10%。(4) 基于 N 型硅的双面电池组件，弱光响应

好。N型晶硅组件在弱光下表现出比常规P型晶硅

图8 双面太阳电池组件在(a)隔音墙；(b)积雪地区(下雪后双面电池组件利用背面雪地反射光继续发电，发电后组件发热，组件

正面积雪快速融化；而常规组件则无法发电，积雪不融化，见图8b上图)；和(c)水面上的应用

图9 N-PERT双面太阳电池组件安装在不同反射率的地面与

P型单晶组件(安装在水泥地面上)的日均发电量比较(各组太阳电

池组件都安装在江苏连云港地区，根据2015年1-8月的实测

发电量计算出单位面积的日均发电量)

图10 N-HIT组件与常规晶硅组件一天中的发电功率与温升对比
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组件更优异的发电特性，可在早晨、傍晚和阴雨天

实现发电量的增益。

4. 结语

本文介绍了当前光伏市场上 N-PERT、N-HIT

和P-PERC三种主要的晶硅双面太阳电池技术及发

展情况。晶硅双面太阳电池由于其优异的性能、高

可靠性和高发电量能力，逐步成为光伏行业关注的

热点，不失为光伏企业寻找差异化产品的一种替代

方案，但困扰这类产品进一步发展的主要问题是如

何降低产品制造成本、提高市场占有率。相信随着

制造工艺及质量控制的不断成熟，量产规模的不断

扩大，晶硅双面电池的匹配材料和国产化设备不断

丰富，成本肯定会有明显的下降，晶硅双面电池良

好的性价比将不断凸现，在光伏市场中占有一席

之地。
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从植物中提取新能源——氢

在传统的化石能源面临枯竭，人们生产生活的需

求不断增加，环保现状日益严重的今天，使用新型的

清洁能源是世界各国的共识，为此科学家们进行了各

种尝试和努力，研发出多种绿色环保能源。前不久，

国外科学家新研制出的一套系统，可以利用人造光合

作用将光能转化成氢燃料。

绿色植物的光合作用是一个化学过程，是植物利

用叶绿素在可见光的照射下，将光能和二氧化碳与水

转化为有机物成为葡萄糖，同时释放氧气。绿色植物

的叶片里有着几百种色素分子，这些分子在特定的波

长下可以吸收光线。而人造光合作用分子系统，需要

做到吸收光线，能量转换、电荷分离，来共同使燃料发

生反应，使之能够有效地把光能转化为化学能。为

此，美国的科学家研制出能够完成人造光合作用的一

种超级分子，这种超级分子能够在吸收光线的时候起

到催化剂的作用，从而使其加速化学反应。它包含着

钌金属离子构成的光采集中心，连接至铑离子构成的

单个催化剂中心。有了这种过桥分子连接钌至铑催化

剂的两种金属过渡电子，从而制造出所需要的氢气。

这项技术未来应用前景十分的广泛，且完全符合

当今的人们对清洁能源环保、高效的要求，从而受到

人们的普遍关注。希望不久的将来能够看到在各个

领域使用到这种氢燃料，为人类创造美好幸福的生活

服务。

（白帆/供稿）
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A one-step method to fabricate novel three-
dimensional GaP nanopore arrays for enhanced
photoelectrochemical hydrogen production†

Pengjie Liu,a Maojun Zheng, *ab Qiang Li,a Liguo Ma,a Faze Wang,a

Dongkai Jiang,a Jingnan Song,a Yuxiu You,a Li Mac and Wenzhong Shena

Gallium phosphide nanopore arrays with unique three-dimensional

interior architectures (3D GaP NPs) are fabricated by electro-

chemical etching in a neutral solution. As the photoanodes for

photoelectrochemical (PEC) hydrogen production, the 3D GaP NPs

exhibited a larger photocurrent density (5.65 mA cm�2 at 0 V vs.

RHE, which is 58.3 and 2.3 times as large as that of the planar

wafer and the NPs reported by our group in our previous work

respectively) and a lower onset potential (�0.58 V vs. RHE, shifting

negatively nearly 300 mV compared with its counterparts in the

previous work). Besides the excellent light-trapping characteristics

of the nanostructures, electrochemical impedance spectroscopy (EIS)

further confirmed that the enhanced PEC performance was ascribed

to the more efficient charge separation and transfer, and the increased

surface area with the unique 3D NP arrays. Furthermore, the efficient

charge separation may be attributed to the passivated surface states

by the neutral solution.

Solar photoelectrochemical (PEC) hydrogen production is one
of the promising technologies that could potentially provide a
clear, cost-effective, and domestically produced energy carrier
by taking advantage of B120 000 TW of radiation that strikes
the earth’s surface.1 The key factors to realize high efficiency
are efficient utilization of solar light, effective collection of
photogenerated charges, and fast water splitting reactions.2–6

Since Fujishima and Honda first reported the use of n-type TiO2

for photoelectrochemical water splitting reactions,7 significant
research efforts have been made to develop suitable semi-
conductors in photoelectrochemical cells (PECs) to convert

sunlight into chemical fuel. Gallium phosphide (GaP) is a
promising photoelectrode material for photochemical energy
conversion with a mid-sized bandgap (Eg = 2.26 eV) straddling
the reduction and oxidation potential of water8 and an extremely
negative conduction band, which can balance the driving force
well for water splitting and the absorption of solar light.9

However, two major drawbacks limit the utilization of GaP
in a PEC system. Firstly, its indirect bandgap results in weaker
absorption at longer wavelengths.9 Secondly, the short carrier
diffusion length (LD) in GaP leads to excessive minority carrier
recombination.10 An effective approach to solving this problem
is to use high aspect ratio nanostructures, such as nanopore
arrays (NPs), to decouple light absorption and carrier collection
direction. On the one hand, nanopore arrays allow incident light
to scatter within their open interiors (i.e., the light-trapping
effect).11 On the other hand, the short axial direction of the pore
wall improves the carrier collection and yields low recombina-
tion by decreasing the distance the photogenerated charge
carriers must travel before collection. In addition, highly ordered
nanostructure arrays have extremely high surface areas for fast
interfacial charge transfer and more active sites for fast electro-
chemical reactions,12 which would decrease the overpotential
needed at the photoelectrodes.13

Although the preparation of porous GaP has been studied
extensively,14–19 almost all employed hazardous acid solutions
and reports on ordered GaP nanopore arrays are scarce.20–23

The surface of porous GaP is usually irregular nucleation layer,
which is hard to remove, upon the ordered pore arrays.19 Our
group has obtained ordered GaP NPs by a two-step method,
which involves immersing the GaP samples into aqua regia to
dissolve the irregular layer after electrochemical etching in
the acid solution.24,25 However, the two-step method is a little
complicated, and the employed hydrobromic acid (HBr) and
highly corrosive aqua regia may be dangerous for production on
a large scale.

Herein, we report a facile one-step electrochemical etching by
substituting a neutral sodium bromide (NaBr) solution for the
hydrobromic acid solution with no requirement of aqua regia
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etching to fabricate well-ordered GaP NPs. As illustrated in
Fig. 1, a two-electrode set-up was used for electrochemical
etching, and a GaP sample and a graphite electrode were used
as the working electrode and the counter electrode, respectively.
Besides safety, the use of a neutral electrolyte instead of an acid
electrolyte may passivate the surface states, leading to enhanced
PEC performance.26 The etching voltage was increased with a
scan rate of 20 mV s�1 from 0 to 25 V, and was then held for
different times (tc) to obtain nanopores with different lengths
(Fig. 1c). Furthermore, as illustrated in Fig. 1d and e, the interior
of the nanopore in this work is a novel 3D architecture, which
enlarges the surface area, improves light absorption, enables
rapid charge separation and interfacial charge transfer, and
hence enhances the performance of the PEC. Na2S and Na2SO3

were used as sacrificial reagents to maintain the stability of InP.
The mechanism of hydrogen generation is discussed in the ESI.†

A J–V curve of the electrochemical etching process is shown in
Fig. 2d. The current oscillations observed in Fig. 2d inset may be
related to the synchronized pore-diameter oscillations.27 Fig. 2a
shows a typical low magnification top-view SEM image of the
as-grown 3D GaP NPs, which reveals well-ordered pore arrays
within the large area. Fig. 2b further reveals that the nanopore is
a triangle with a side length of approximately 90 nm. The size of
the nanopore could be adjusted by changing the concentration
of the etching solution (Fig. S4, ESI†) and the scan rate of the
etching voltage (Fig. S5, ESI†). The triangular symmetry indicates
that the side walls are the (110)-crystal planes, which are the
most stable planes in zinc blende structures.22 As shown in the
cross-sectional view of the nanopore arrays in Fig. 2c, the interior
of the nanopore is a novel 3D architecture with an undulate
pore wall, contributing to a larger specific area and enhanced
light absorption. The thickness of the wall is about 100 nm or
less, which matches with the minority carrier diffusion length

of n-GaP,10 reducing the bulk recombination and improving
carrier collection. The disappearance of the irregular nucleation
layer could be attributed to the polarization etching voltage.
A Detailed discussion is presented in the ESI.†

XRD patterns obtained from the GaP samples before and
after etching (Fig. 2e) matched that of zinc blende GaP (JCPDS
Card 32-0397). The peak position was the same for both samples,
indicating no change in phase for the GaP after etching.

The total reflectance spectra of the ordered 3D GaP NPs and
the GaP wafer in the wavelength range of 250–850 nm are
shown in Fig. 2f. The as-etched samples were denoted as tc, and
the GaP wafer was denoted as planar. (The nanopore lengths of
the samples are displayed in Fig. S1, ESI.†) The light reflectance
of the 3D NP sample was significantly reduced compared with
the planar wafer in the range below 500 nm, where the photon
was mainly absorbed to excite the electron from the valence
band to the conduction band. The superior antireflection
properties of the 3D NPs can be ascribed to the nanopores that
enable strong light trapping and scattering inside, which leads
to enhanced optical absorption. As for sub-band gap light
(above 500 nm), which made no contribution to the photo-
generated charges, the reflectance of the NPs increased sharply
and exceeded that of the planar wafer. This can be ascribed to
the significant internal reflection in the NP samples.15

Fig. 3a shows a typical current density–potential ( J–V) curve of
the 3D GaP NP photoanodes obtained under simulated solar light
illumination (100 mW cm�2) and under dark conditions. The
photocurrent onset potential shifted negatively with an increase
in the etching time, which can be attributed to the enhanced light

Fig. 1 Schematic illustration of (a) a single-crystal GaP wafer before
etching, (b) electrochemical etching set-up, (c) the etching voltage curve
across the etching process (d) as-etched GaP nanopore arrays with
3D interior architectures and (e) the process of photoelectrochemical
hydrogen production. Fig. 2 (a) Low-magnification and (b) high-magnification top-view SEM

image of the as-etched 3D GaP nanopore arrays. (c) Cross-sectional SEM
image of the 3D GaP NPs. (d) Current density vs. voltage curve in the
electrochemical etching process. (e) XRD patterns of GaP. (f) Reflectance
spectra of a planar GaP wafer and 3D GaP NPs with different etching times.
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absorption9 and more active sites due to the increase of the pore
length. The most negative onset potential can reach �0.58 V vs.
RHE, shifting negatively, nearly 300 mV, relative to its counterparts
in our previous work.25 The dark current density remained at a very
low level in the scanned potential range, indicating that almost no
chemical reactions occurred in the dark. It can be observed that the
photocurrent density of the 3D GaP NPs first increased with the
etching time (i.e. pore length) and reached a maximum value at
100 s and then decreased with a further increase in the etching time
(i.e. pore length). This can be ascribed to the trade-off between the
surface area and recombination loss. On the one hand, longer NPs
lead to enhanced light absorption and increase the total surface
area. On the other hand, the surface states and defects, and hence
recombination will also increase with the pore length, resulting in
reduced photocurrent. So the optimal time for which the etching
voltage is held after polarization is 100 s in this case. The maximum
photocurrent is 5.65 mA cm�2 at 0 V vs. RHE, which is 2.3 times as
large as that reported in the previous work,25 even though the
illumination employed in the previous work (400 mW cm�2) is four
times that used in this work. In addition, the maximum photo-
current is 58.3 times that of the planar wafer.

The applied bias photon-to-current efficiency (ABPE) of the
3D GaP NPs (100 s) is shown in Fig. S3 (ESI†). The ABPE was
calculated using the following equation.28

ABPE ð%Þ ¼ I DG0
rev � Vbias

� �
Plight

� �
� 100

The DG0
rev in the current study is 0.5 V.29 The maximum ABPE

value is 2.82% at about 0 V vs. RHE, which was about 3 times
higher than that obtained in our former work.26

To investigate the photoresponse of the 3D NPs, the transient
photocurrent measurements of the samples were carried out during
repeated on/off illumination cycles at 0 V versus RHE (Fig. 3b). The
photocurrent attains the steady state quickly upon illumination with
low spike, indicating that the fabricated photoanodes display fast light
response, which can be attributed to the rapid charge transfer and low
recombination at the 3D GaP NP electrodes/electrolyte interface.30

The photocurrent quickly returns to zero once the illumination is
switched off, indicating the excellent switching performance of
the photoelectrodes. Moreover, the value of the steady state
photocurrent is consistent with that shown in Fig. 3a.

Motte–Schottky curves of the wafer and 3D GaP NPs are
presented in Fig. 4a and b respectively. Both the plots exhibit
positive slopes, indicating that the GaP samples are n-type. The
carrier density (Nd) and flat band potential (Vfb) can be quanti-
fied using the equation given below.

1

C2
¼ 2

e0ee0NdA2

� �
V � Vfb � kBT

e0

� �

By linear fitting, the flat band potential can be determined. The
flat band potential (Vfb) of the planar GaP wafer obtained from
the Motte–Schottky curve is about �0.65 V vs. RHE. The dopant
density of the planar sample calculated from the slope of the
plot is 5 � 1017 cm�3, which agrees with the value given by the
wafer supplier. And the Vfb of the 3D GaP NPs with a maximum
photocurrent is about �0.51 V vs. RHE. Actually, the flat band
potentials of the GaP NPs with different etching times were
similar, which is consistent with ref. 31. Different from ref. 32,
the flat band potential and the onset potential of the GaP NPs
shifted oppositely from the planar. The difference between Vfb

and Vonset could be attributed to the kinetic overpotentials of
the reaction. So the lower onset potentials of the NPs indicated
that the nanostructures could decrease the overpotential more
efficiently.13 More details are given in the ESI.†

To gain more insight into the principle of the enhancement
of PEC performance, electrochemical impedance spectroscopy
(EIS) was performed on GaP NPs etched in different solutions
(NaBr or HBr) and planar wafers. As evident in Fig. 4c, the
impedance arcs of both NPs were much smaller than that of planar
GaP, indicating that porous arrays can significantly facilitate faster
interfacial charge transfer and more efficient charge separation
due to the increased surface area.33 Furthermore, the smallest
arc of NPs etched in the NaBr solution was observed, suggesting
that more efficient separation of photogenerated electron–hole
pairs and faster interfacial charge transfer occurred in these
NPs compared to those etched in a HBr solution, which may be
attributed to the fact that the neutral electrolyte passivates the

Fig. 3 PEC measurements of the GaP photoanodes in 0.25 M Na2SO3 and
0.35 M Na2S (pH = 13.35) under illumination of 100 mW cm�2. (a) Current
density vs. potential curves of 3D GaP NPs with different etching times under
illumination and dark conditions. Inset shows the curves of the planar GaP
wafer and the 300 s sample. (b) Chronoamperometric curves (at 0 V vs. RHE) of
the 3D GaP NPs with different etching times and GaP wafers. The illumination
was turned on and off for a period of 60 s. Inset shows the planar wafer.
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surface states and reduces surface defects compared with the
acid electrolyte employed in the previous work. This result
is consistent with the enhanced PEC performance of the
3D GaP NPs.

Room temperature photoluminescence (PL) spectroscopy
was carried out on GaP samples etched in different solutions.
As shown in Fig. 4d, the peak positions were red shifted relative
to the bandgap of GaP (2.26 eV), which may be ascribed to the
levels in the band gap introduced by the surface states.34,35 The
higher PL signal may indicate more photogenerated carrier
recombination resulting from surface state defects. We suspect
that etching GaP in a NaBr solution results in passivation of the
porous surface states when compared with in a HBr solution.

In summary, we developed a facile one-step electrochemical
etching method to fabricate ordered 3D GaP NPs with unique
interior architectures. The as-etched 3D GaP NPs exhibited
excellent performance for PEC hydrogen production. Owing
to the improved surface area, passivated surface states, and
hence facilitated photogenerated charge separation and transfer,
an onset potential of �0.58 V vs. RHE was achieved. The
maximum photocurrent reached 5.65 mA cm�2 (0 V vs. RHE),
which was 2.3 and 58.3 times as large as that shown in the
previous work25 and in the planar wafer, respectively. Further
improvements via protecting GaP, such as use of TiO2

overlayers,36 against photocorrosion are expected to stabilize
the photoanodes for overall water splitting.
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Fig. 4 (a) Mott–Schottky plot of the planar GaP wafer. The surface area is
0.25 cm2. (b) The Mott–Schottky plot of 3D GaP NPs. (c) The Nyquist
plots of the planar wafer and GaP NPs etched in NaBr and HBr solutions.
Inset depicts the equivalent circuit model used for fitting and shows an
expanded region around the low impedance. (d) Room-temperature
photoluminescence spectra of planar GaP and NPs etched in the two
different solutions.
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Infrared single photon detector 
based on optical up-converter at 
1550 nm
Peng Bai1,2, Y. H. Zhang1,2 & W. Z. Shen1,2

High performance single photon detector at the wavelength of 1550 nm has drawn wide attention 
and achieved vast improvement due to its significant application in quantum information, quantum 
key distribution, as well as cosmology. A novel infrared up-conversion single photon detector (USPD) 
at 1550 nm was proposed to work in free-running regime based on the InGaAs/ InP photodetector 
(PD)- GaAs/AlGaAs LED up-converter and Si single photon avalanche diode (SPAD). In contrast to 
conventional In0.53Ga0.47As SPAD, the USPD can suppress dark count rate and afterpulsing efficiently 
without sacrificing the photon detection efficiency (PDE). A high PDE of ~45% can be achieved by 
optical adhesive coupling between up-converter and Si SPAD. Using a developed analytical model we 
gave a noise equivalent power of 1.39 × 10−18 WHz1/2 at 200 K for the USPD, which is better than that of 
InGaAs SPAD. This work provides a new single photon detection scheme for telecom band.

Single photon detector working at the wavelength of 1550 nm is an essential device for quantum information in 
optical fiber communication system1–6, which has attracted more and more attention nowadays. Currently availa-
ble single photon detectors at this wavelength mainly include superconducting detectors, single photon avalanche 
diode (SPAD) and frequency up-conversion based detectors.

After years of effort, superconducting nanowire single photon detector (SNSPD) is close to all of the specifi-
cations of an ideal single photon detector, which have a high system detection efficiency (>90%), low dark count 
rate (<1 cps without any background radiation), low time jitter (~150 ps), and short reset time (~40 ns)7. But the 
operation temperature (<3 K) of the SNSPD is the biggest stumbling block for large-scale application. Another 
single photon detector is up-conversion detector working by means of sum-frequency generation in nonlinear 
optical crystal (periodically poled lithium niobate (PPLN)), which can convert telecom-band photons into near 
infrared photons to be detected by a commercial Si avalanche photodiode (APD)8,9. This kind of up-conversion 
single photon detector has high photon detection efficiency (PDE), high counting rate and has no afterpulsing 
problem under strong pump field. But the dark count rate of this detector can also reach up to ~105 cps8,10. Recent 
progress of this detector achieved the dark count rate 20–100 cps corresponding to the PDE around 5–25% with 
a weak pump power11. However, the relatively complex optical setup and narrow spectral sensitivity prevent this 
kind of single photon detectors from using in most applications.

InGaAs SPAD driven in Geiger mode has obvious advantage in quantum key distribution system application 
owing to its high compatibility with existing optical fiber telecommunication system, high operation temperature 
(~200 K with Peltier cooling), compact size and relatively lower cost. Unfortunately, it suffers from the high dark 
count rate due to the tunnel-assisted generation of carriers in InGaAs absorption layer12. So InGaAs SPAD is 
usually designed and known as SAGM13 (separate absorption, grading, and multiplication) to suppress the dark 
count rate by means of reducing the electrical field of absorption layer. Nevertheless, the dark count rate is still 
around 1000 cps. Moreover, the high density of deep level center in InP multiplication layer cause a sever after-
pulsing, which makes the InGaAs SPAD have to operate in gate-mode. Recent research on gate-mode InGaAs 
SPAD achieved 55% photon detection efficiency, which approaches the performance limit of APD14. It is disap-
pointed that severe afterpulsing probability (>10%) still can’t be avoided. Besides, the uncertainty of the expected 
arrival time of the photons requires the InGaAs SPAD to operate in free running regime instead of gate-mode 
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in many tasks15. However, the detection efficiency of the free running InGaAs SPAD based on negative feedback 
avalanche photodiode is only around 10% and the afterpulseing (>2%) is still can’t be suppressed efficiently15,16.

A potential attempt is that one can set InGaAs as the absorption layer and Si as the multiplication layer. 
Compared with InP, Si multiplication layer has higher ionization ratio of electron and hole, lower defect den-
sity, as well as less defect level, which lead to lower dark count rate(<100 cps) and lower afterpulsing probabil-
ity(<1%) with a high photon detection efficiency(>70%) for Si avalanche photodiodes (APDs). However, the 
lattice mismatch between Si and InGaAs makes it impossible to fabricate the device by directly epitaxial growth. 
It is reported that using wafer bonding technique, InGaAs/Si p-i-n detector17,18 and InGaAs/Si avalanche diodes19 
have been successfully fabricated. But the performance of the device still needs to be optimized which can’t meet 
the practical requirement of high-performance single photon detector.

Throughout years of development, semiconductor up-conversion technique has attracted tremendous 
research effort and made great progress in pixelless imaging20–23. This kind of up-conversion device can work 
under room temperature with weak excitation source condition. Mature fabrication technology and compact 
structure of this device make it promising for large-scale application. Besides, the high internal up-conversion 
quantum efficiency24 (~80%) of the up-converter offers new thinking and method to fabricate a high performance 
single photon detector at the wavelength of 1550 nm.

In this work, we proposed a novel single photon detector called semiconductor infrared up-conversion single 
photon detector (USPD) working in free-running regime at the wavelength of 1550 nm. The USPD consists of 
a PD-LED up-converter and a Si SPAD. Due to the excellent performance of both PD-LED up-converter and Si 
SPAD, the overall USPD could acquire a high PDE. At the same time, utilization of Si instead of InP as the multi-
plication layer can suppress the dark count and afterpulsing efficiently. Considering different integrating method 
between PD-LED up-converter and Si SPAD, we systematically investigated the PDE and NEP of the USPD and 
give the performance limit of USPD device. Moreover, a comparative work was presented among state-of-the-arts 
single photon detectors at the communication band to discuss the superiority of the USPD.

Device model
Principle and superiority of the USPD.  The schematic structure of USPD is shown in Fig. 1(a). The USPD 
is composed of an up-converter and a Si SPAD, which could be coupled in three different ways. The up-converter 
consists of an InGaAs PD and a GaAs LED integrated by wafer fusion. The InGaAs PD is known as the traditional 
p-i-n structure, which is reverse biased. The LED is AlGaAs/GaAs/AlGaAs double heterostructure and is forward 
biased. When the USPD operating, photons at the wavelength of 1550 nm were absorbed by InGaAs PD first and 
transformed into electrical current (photon-generated carriers) under reverse bias. The photon-generated carriers 
migrating to the active layer of the LED recombine and luminesce at the wavelength of 870 nm. The emitted near 
infrared photons can be detected by a Si SPAD. The equivalent circuit diagram and band diagram of USPD are 
shown in Fig. 1(b,c) respectively. It is important to note that the up-conversion photons have to go through an 
optical coupling process to ensure more photons can pass into the Si SPAD, which will be discussed in detail in 
the following sections. And the extra energy for up-conversion process is from applied electric field.

The band diagram indicates the micro-mechanism of the up-conversion and single photon detection pro-
cess. It is noted that USPD could make use of the high absorption of InGaAs PD at 1550 nm and the excellent 
performance of Si SPAD simultaneously. One great advantage of USPD is that it can suppress the dark count 
and afterpulsing effectively, which is mainly attribute to the relative separation between absorption zone and 
multiplication zone. The photon is absorbed in InGaAs layer of PD, meanwhile carriers multiplication occurs 
in Si SPAD. These two parts could be controlled conveniently with two independent circuits due to the different 
working mode. Though Si SPAD has to work in Geiger-mode, which requires a reverse-bias voltage well above the 
breakdown voltage, PD operates in a much lower voltage. The independent voltage control makes it possible for 
each function part to work in the optimized condition and thus obtain good performance. The design principle of 
the USPD device is utilizing Si multiplication layer of the Si SPAD as the multiplication layer of USPD. Contrast to 
a conventional InGaAs-SPAD, Si-SPAD has a much lower dark count rate and afterpulsing effect because of high 

Figure 1. Device model schematic diagram of USPD (a) Structure of the USPD device, (b) equivalent circuit 
diagram of the USPD, (c) band diagrams of USPD.
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material quality of Si. Such characteristic design of USPD can suppress the afterpulsing probability to the same 
level as that of Si-SPAD and enable 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 very low. The DCR of the USPD origins 
from two aspects. One is the built-in DCR of Si SPAD, the other comes from the dark luminescence of LED 
which is caused by the dark current of the up-converter. This is quite different from the case of the conventional 
SPAD. In a conventional SPAD, DCR is mainly determined by the material itself, the background radiation is 
usually suppressed significantly and the effect can be negligible. However, for the USPD, the Si SPAD is coupled 
with the fore up-converter and it can ‘see’ the emission from the up-converter. Even though the up-converter is 
not illuminated, the LED could also luminescence due to the dark current of the up-converter. Because the PD 
and LED in the up-converter are diode in back-to-back configuration, the total dark current of the up-converter 
consist of dark current from the one in the reversed bias, i.e. the dark current of PD, and background radiation 
photocurrent of the InGaAs PD at the same time. This is different from the case of a discrete detector, because the 
background radiation photocurrent of PD in the up-converter could equally result in the dark luminescence of 
LED. Currently, the dark current for a specially designed InGaAs PD (25 μm diameter) is ~4 fA at room tempera-
ture25. And the current induced by background radiation is calculated to be ~10−5 fA for 180°FOV at 300 K using

∫ ∫
η λ λ λ

λ
η λ π

λ λ
λ= =I

eg P
hc

d
eg cA

hc k T
d

( ) ( ) ( )
exp( / ) (1)

bg
PD PD

B
5

Where e is the elementary charge, h is the Pluck constant, gPD is the gain of the InGaAs PD, c is the speed of light 
in vacuum, T is temperature in Kelvins. In the case of a photodiode, each detected photon contributes exactly one 
electron to the signal26. So the gain of the InGaAs PD is =g 1PD . It is clear that the current induced by background 
radiation is much smaller than the dark current of PD. Therefore, the overall dark current of the up-converter is 
approximately determined by the dark current of PD. In addition, both of the dark current and background cur-
rent) are sensitive to temperature and can be suppressed by reducing the working temperature. For example, if the 
operating temperature was reduced to 200 K, both of the currents would be 4–6 orders lower than that of room 
temperature. In light of such a low dark current, DCR caused by dark luminescence of the up-converter is the 
same level as that of Si-SPAD. As a result, the DCR of the USPD is also the same level as that of the Si-SPAD. By 
the way, the dead time is also mainly influenced by the multiplication layer, therefore, the dead time should also 
be determined by that of the Si SPAD.

Transport property of USPD.  To better understand the working mechanism of USPD, the detailed carrier 
transport process need to be know firstly. Because the up-converter and Si SAPD is electric isolated, we only focus 
on the carrier transport process in the up-converter. The TCAD-based approach27 is applied to investigate the 
band structure and transport characteristic of the up-converter at different biases. In the calculation, we consider 
different recombination process, including the SRH, Auger and spontaneous recombination. Taking a conven-
tional up-converter21 as an example, Fig. 2(a) presents the band diagram at a forward bias of 5 V. It is clear to see 
that once a photon at the wavelength of 1550 nm were absorbed by InGaAs layer, a pair of electron and hole is 
generated and then seperated rapidly under the electrical field of depletion region. Passing through the interface 
of PD and LED interface without any barrier, the hole would transport to the well of the LED smoothely. And 

Figure 2. Calculated results of (a) band diagram of the up-converter under 5 V forward bias, (b) photocurrent 
of PIN and up-converter at different bias voltage, (c) net photocurrent (subtract dark current from the 
photocurrent) of PIN and up-converter at different bias voltages.
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the electron would be swept to the anode immediately. Meanwhile, to balance the charge in the up-converter, 
the electrons would be injected into the active layer of LED from the cathode under the positive bias of LED and 
recombination with hole. From this point of view, the up-converter seems like an electrical pump. To obtain a 
high efficiency of recombination, the active layer of the LED need to be highly p-doped. Thereby, there are always 
holes there ‘waiting’ for electrons to recombination, which could guarantee a good time resolution.

It should be noticed that though the photo-generated holes will travel through the wafer fusion interface, the 
up-conversion process doesn’t depend on the photo-generated holes. Due to the high p-doped level of both sides 
of the wafer bonded interface and LED active layer, the holes is the majority carriers. The concentration of the 
majority carriers is approximately constant at low injection level. The migration of the sparse holes generated 
from the weak incident light just like inject to a hole-ocean. For low-level injection, the average time it takes for a 
majority carrier to recombine is much longer than the minority carrier lifetime. Therefore, for low-level excitation 
in this situation, the majority carrier lifetime can be assumed to be infinitely long28. On the other hand, the elec-
trons do not need to get through the wafer fusion interface. That is to say, the quality of the wafer bonded interface 
and the heterojunction between the PD and the LED would hardly affect the up-conversion.

The calculated I-V curve was show in Fig. 2(b,c). Unlike a single p-i-n photodetector, the up-converter shows 
a different I-V characteristic. When applied reverse bias on the up-converter, the device would not work because 
the PIN is forward biased and the LED is reverse biased. On the contrary, when applied forward bias on the 
up-converter, the PIN is reversed biased and the LED is forward biased, which is exactly accord with the opera-
tion condition of these two parts. The LED determines a turn-on behavior, the applied bias first drops across the 
LED part and then additional bias goes to the photodiode part. Such I-V characteristic has been confirmed in the 
wafer bonded up-converter in mid-infrared29. We can find that the photocurrent of the USPD is almost exactly 
the same as the single InGaAs PIN when the bias above the threshold voltage (Fig. 2(b)). The effect of the LED 
looks like a voltage divider. The net current (subtract dark current from photocurrent) of the USPD and single 
PIN turned out the same result (Fig. 2(c)).

Such I-V characteristics also indicate that the heterojunction between the PD and LED has no influence on 
the performance of the USPD device. Previous experimental studies also verified that the wafer bonded PD-LED 
up-converter would not degrade the performance of either PIN or LED21. And the up-conversion efficiency of the 
up-converter with an optimized GaAs LED shows an internal up-conversion efficiency of 76% at room tempera-
ture22, which reveal that a much higher up-conversion efficiency may be achieved if the PIN is also optimized. In 
a word, thanks to the unique up-conversion mechanism, the photo-generated holes have no harmful effect on the 
transport property of the USPD and it is reasonable to presume that the up-conversion efficiency is determined 
by the performance of the independent PD and LED.

High photon extraction efficiency of LED.  To obtain high up-conversion efficiency, it is very important 
to increase the photon extraction efficiency of LED (external quantum efficiency of LED) as high as possible. We 
know that the LED emission is isotropic, which limits a photon extraction efficiency of 50% for a planar structure. 
However, in the USPD device, the special structure of the up-converter enables a much higher photon extraction 
efficiency than a single LED. Firstly, due to the reflection at the semiconductor-air interface, the escape proba-
bility of the emitted photons is only ~2% at the PD/air interface, which means 98% light will be confined in the 
up-converter device. Secondly, the photons back-propagating to the PD side will be reabsorbed by the InGaAs 
layer and reproduce photocarriers and then repeat the up conversion process, which can be regard as a ‘photon 
recycle process’ (shown in Fig. 3). The high absorption coefficient of the InGaAs (~6 × 104 /cm) can ensure a suf-
ficient reabsorption of the back-propagating photons with an appropriate layer thickness (1~2 μm).

Actually, there won’t be any photon escaping from the device at the PD side attribute to the photon recycle 
process. Therefor the PD in the up-converter not only works as an absorber of the 1550 nm incident light, but an 
ideal reflector for the 870 nm photons emitted by the LED. Thus the only limited factor of the efficiency of the 
USPD is the optical coupling between the up-converter and the Si SPAD, which will be discussed in detail in the 
following sections.

The above analysis is obtained under the assumption that the all back-propagating photons are efficiently 
absorbed in the InGaAs layer. In fact, the p-InP cap layer of the InGaAs PIN also has a high absorption coefficient 
(~104 /cm) at 870 nm, which will absorb most of the back-propagating photons but can’t generate photocarriers 
efficiently due to the relative low field at this region. Therefore, a better choice is to remove the p-InP cap layer 

Figure 3. Schematic diagram of the luminescence of the LED in the up-converter and photon recycling.
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before wafer fusion in practical application. And the p-AlGaAs layer at the common region can substitute the 
p-InP after the PIN wafer fusion. According to the band diagram of the up-converter in Fig. 4, the removal of the 
p-InP layer would not influence the operation of the USPD.

Considering three times of photon recycle and neglecting the time of light propagation and carriers transpor-
tation, nearly 90% (50% for the first time, 25% for the second recycle, 12.5% for the third recycle) of the photons 
can be extracted from the up-converter. The only problem of photon recycle may be the increase of the time jitter. 
Using the method introduced in the next section, the time jitter of the USPD in this situation is calculated also 
comparable to the Si SPAD.

Performance evaluation of USPD
The performance of a single-photon detector should be assessed, in terms of its spectral range, detection effi-
ciency, the noise equivalent power, dark count rate, dead time and time jitter. As discussed above, dark count rate 
and dead time of USPD is mainly determined by Si SPAD because of the unique design of USPD. Therefore, we 
focus mainly on the time jitter, PDE, noise, NEP and D* to evaluate the performance of the USPD.

Time resolution of the USPD.  Time resolution (time jitter) of the single photon detector is a crucial factor 
which usually directly determines the performance of the detector in many applications30. So it is necessary to 
calculate the time jitter of the USPD before evaluating other performance. The time jitter of the USPD device can 
be given by

∆ = + + + +t t t t t t (2)pin trans spont ph si
2 2 2 2 2

Where tpin is the optical response time for the InGaAs PIN, ttrans is the transport time of the photo-generated carri-
ers, tspont is the spontaneous lifetime of the LED, tph is the transmission time of the photons emitted by GaAs LED, 
tsi is the timing resolution of the Si SPAD.

Photon detection efficiency.  Photon detection efficiency (PDE) is an important characteristic for a single 
photon detector. The PDE of USPD device is determined by efficiency of PD, LED, Si-SPAD, as well as the optical 
coupling efficiency between LED and Si SPAD.

η η η η

η η η η

=

= − − α−R e(1 )(1 ) (3)

PD LED Si
d

PD
in

LED
in couple

Si

Where ηPD and ηLED are the external efficiency of the InGaAs PD and GaAs LED respectively, ηSi is the PDE of the 
Si SPAD. R is the reflectivity of the surface of the InGaAs PD, α is the absorption coefficient of InGaAs, d is the 
thickness of InGaAs absorption layer, ηPD

in  is the photoelectric transformation efficiency of the InGaAs PD. ηLED
in  

denotes the ratio of number of photons generated in the LED to the number of electron-hole pairs injected into 
the LED active region. ηcouple is the optical coupling efficiency between the LED and Si SPAD.

Response of USPD.  When the up-converter is not illuminated, the current is the sum of dark current Idark 
and photo current induced by background radiation Ibg . Accordingly, the near infrared emission (or dark lumi-
nescence) power of an up-converter under dark condition is
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Figure 4. Band diagram of the up-converter (a) with p-InP cap layer (b) without p-InP cap layer.
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where λout is the emitting wavelength of LED. When the up-converter is illuminated by infrared light with power 
density Pin, the up-conversion near infrared emission power produced by up-conversion is

η=P P (5)ph UP UP in,

where the subscript ‘UP’ denotes the up-converter, ηUP is the external up-conversion efficiency, which is defined 
as the ratio between the output near infrared light power and input infrared power

η η η
λ
λ

=
(6)UP PD LED

in

out

where λ in is the incident wavelength of USPD. The ultimate effective photocurrent in Si SPAD of the USPD device 
(UD) is

η
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ph UP, ,

where the subscript ‘UD’ denotes the USPD. Using the definitions, we get the USPD device (UD) responsivity
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Noise, NEP and D*of USPD device.  In single photon detection applications, a high value of PDE is cer-
tainly desirable, but it is by no means the only practical consideration. Noise is also another key parameter to 
affect the performance of devices. It could thereby determine the noise equivalent power (NEP), the most widely 
quoted figure of merit of photodetectors2.

The current noise of up-converter comes from two parts, PD noise and LED noise

= +i i i( ) (9)n UP n PD n LED, ,
2

,
2 1/2

The noise density of an InGaAs photovoltaic photodetector is expressed as

= + + +i i i i i (10)n PD n dark PD n bg PD n joh PD n f PD,
2

, ,
2

, ,
2

, ,
2

,1/ ,
2

Here, = ∆i eg I f(2 )n dark PD PD dark PD, , ,
1/2 is the dark current noise, which is mainly caused by the generation recom-

bination noise, ∆f  is the measurement bandwidth. = ∆i eg I f(2 )n bg PD PD bg PD, , ,
1/2 is the noise density produced by 

background radiations, = ∆( )i fn joh PD
k T
R, ,

4 1/2
B

D
 is Johnson noise existing in any resistance type device, where kB is 

the Boltzmann’s constant, T is the operating temperature of the device, RD is the differential resistance of the 
device. It should be emphasized that both of dark noise and background noise generally exceeds the Johnson 
noise. And the 1/f noise is complex and usually not the main source of the noise in InGaAs PD. So the Johnson 
noise and 1/f noise is negligible in the following discuss.

As for the noise of the LED, on the one hand, since the InGaAs PD is reverse biased and the GaAs LED is for-
ward biased when the up-converter is operating, the dark current is determined by the reverse biased diode21. On 
the other hand, the differential resistance of the InGaAs PD is much higher than LED, so the noise contribution 
from the LED current can be negligible31. So the LED noise in LED,  is determined by the current from InGaAs PD

= ∆ + ∆i eI f eI f(2 2 ) (11)n LED dark PD bg PD, , ,
1/2

And the current noise of up-converter corresponding to an emission power noise

λ
η=P hc

e
i

(12)n UP
out

LED n UP, ,

Similarly, the noise of USPD device (UD) can also be written as

= +i i i( ) (13)n UD n UP UD n Si UD, , ,
2

, ,
2 1/2

where in UP UD, ,  is the noise caused by fluctuation of the up-converter emission power

η
λ

=i e
hc

P (14)n UP UD Si
out

n UP, , ,

in Si UD, ,  is the noise in the Si SPAD part

=
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D Si
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,

1/2
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The first term of in Si UD, ,  is the shot noise caused by the light incident onto the Si photodiode, the second term 
is the dark current noise, and the third term is the Johnson noise which can be ignored. It is known that the USPD 
could be looked up as a detector. Photons at the wavelength of 1550 nm are absorbed and a corresponding current 
signal is generated in the end. According to Eqs (8) to (14), the current noise of USPD as an overall detector 
should be

η η

η η

η η

= ∆ +

+ ∆ +

+ ∆ + + ∆

i e f I I

e f I I
e f I I eI g f

2 ( ) ( )

2 ( ) ( )
2 ( ) 2 (16)

n UD Si LED bg PD dark PD

Si LED bg PD dark PD

Si LED bg PD dark PD dark Si Si

,
2 2

, ,
2

, ,

, , ,

The first item comes from the InGaAs PD, the second item is caused by the LED, and the last two items origi-
nates from the Si SPAD. So, the NEP of the USPD device is

λ η η η η
= =
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+
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2 ( ) 2 1 2
( ) (17)

n UD

UD out
dark PD bg PD

LED Si
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LED Si

,
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And the corresponding normalized detectivity D* is

∗ =
∆

D
A f

NEP (18)

It should also be noted that due to its unique design of USPD, the actual noise that the output terminal 
could ‘feel’ only includes the noise of Si SPAD itself and the noise resulted from photon fluctuation generated 
by the up-converter. This is because the USPD and Si SPAD are electrical isolation32, the current noise of the 
up-converter could not transfer to the output terminal. That means the current noise of USPD in Eq. (15) could 
be simplified to the last two terms

λ η η η η
= =
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n UD

UD out LED Si
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Si dark Si

LED Si

,
, ,

,
2

1/2

And according to the estimation from Eq. (15), the noise would thereby decrease about 50%. The electrical 
isolation of USPD is another advantage of such kind of single photon detector, which could decrease the noise of 
the total detector and thereby increase the D*.

Result and Discussion
Time resolution.  For a conventional InGaAs SPAD, the time jitter is about 50 ps2, which includes the opti-
cal response time for the InGaAs PIN and the response time of the corresponding circuit. In view of the high 
absorption of the InGaAs and the extremely low time jitter of the InGaAs SPAD, it is reasonable to set the optical 
response time for the InGaAs PIN itself tpin ≈ 0. Considering the up-conversion process, once the incident light 
is absorbed by the InGaAs layer and generate carriers, the LED side will inject the same number of electrons 
into the active layer immediately. The generation of the carriers and the injection of electrons are almost syn-
chronized. Thus the ttrans can be negligible in the time jitter calculation of the USPD. tph is the transmission time 
of the photons emitted by GaAs LED which is calculated in the order of femtosecond. tsi is the timing resolu-
tion of the Si SPAD and tsi ≈ 50 ps for a high-performance SPAD33. tspont is the spontaneous lifetime of the LED, 
which is determined by the bimolecular recombination coefficient (BT) and the majority carrier concentration 
(NA) of the active layer of the LED (tspont = (Br × NA)−1). In the USPD device, the active layer is usually highly 
doped (~1019 cm−3) for a high radiation recombination efficiency and the bimolecular recombination coefficient 
is Br = 1.8 × 10−8, 1.9 × 10−9, 7.2 × 10−10 cm3/s at 90 K, 185 K, 300 K34, corresponding to the spontaneous lifetime 
of the LED is 5.6 ps, 53 ps, 138 ps respectively. Consequently, the time resolution of the USPD can be estimated as 
50.3 ps, 72.9 ps, 147 ps at 90 K, 185 K, 300 K respectively. Considering the photon recycle, the time jitter is about 
150 ps, 219 ps, 441 ps at 90 K, 185 K, 300 K respectively, which is also acceptable and comparable to the Si SPAD.

Optical coupling & Photon detection efficiency.  Taking the photon detection efficiency given by equa-
tion (2) under consideration, the InGaAs PD is usually designed with anti-reflection coating corresponding to the 
R = 13%. If assuming all incoming 1550 nm photons were absorbed by the InGaAs intrinsic layer, we have 

− ≈α−e(1 1)d . Moreover, benefiting from mature fabrication processing, ηPD
in  can approach 100% when the 

InGaAs PD is well designed and fabricated. Meanwhile, the ηLED
in  also can be close to 100% under extremely low 

injection density through optimizing design24. Previous research has demonstrated that the wafer fusion process 
would not degrade the performance of either InGaAs PD or GaAs LED21. In view of all above conditions, we have 
reason to believe that the up-conversion internal efficiency of the PD-LED up-converter can get close to 100% if 
both of two devices were well designed, fabricated, and wafer fused perfectly. And the photon detection efficiency 
η( )Si  of Si SPAD is a certain value for a specific wavelength. According to the equation (2), the PDE of the USPD 

depends only on the optical coupling efficiency η( )couple  between the LED and Si SPAD.
The simplest way of optical coupling between up-converter and Si-SPAD is spatial optical coupling in which 

lens or non-spherical lens are used to focus the photons emitted from LED on the active area of the Si SPAD. 
Unfortunately, the optical setup makes the device not so compact and the overall PDE of the device is poor 
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because of the low photon escape probability (<2%) at the GaAs/air interface. The external efficiency of the GaAs 
LED is only 1.33%. Considering 40% PDE of Si-SPAD at the wavelength of 870 nm35, the PDE of the USPD is only 
0.463%.

To improve the PED of the USPD, an effective attempt is that we can directly integrate the up-converter with 
the Si SPAD by wafer fusion. According to the conventional theory of optics24, the ηcouple of this way can get ~24% 
using

n n
n n

1
4

(sin ) 1
(20)

couple
c

GaAs Si

GaAs Si

2
2

η θ=








−





−
+














where θc is the critical angle at the GaAs/Si interface, n n,Si GaAs are the refractive indexes of Si and GaAs. The 
external efficiency of the GaAs LED is ~24% (corresponding to η = 100%LED

in ). Taking the typical value of the PDE 
(40%) of Si-SPAD at 870 nm into consideration, the PED of the USPD is then calculated to be η = .8 4%.

Another method is to use optical adhesive to integrate the up-converter and Si SPAD which is widely used in 
the bonding of fiber array. It is well known that if the refractive index of the optical adhesive is close to the GaAs 
(3.58) and Si (3.42), we will get a high ηcouple. But there is currently no such an optical adhesive whose refractive 
index is higher than 3. The refractive index of most common optical adhesive is ~1.55. ηcouple is around 10% if 
thickness of the optical adhesive layer is thick enough. But if the thickness of the optical adhesive is comparable 
to the wavelength of the photon emitted by the LED, the photon tunneling effect will occur which can lead to a 
much higher ηcouple.

Theoretical value of the ηcouple caused by photon tunneling effect can reach up to 100%. An optical coupling 
efficiency as high as 81% has been achieved experimentally36. So it is reasonable to assume an optical efficiency of 
70% by integrating the up-converter and Si SPAD with optical adhesive. Using the typical value of the PDE of 
Si-SPAD at the wavelength of 870 nm, the PED of the USPD is then calculated as η = .24 4%.

The photon detection efficiency for different optical coupling efficiency is shown in Fig. 5. Once the way of the 
optical coupling is determined, the PDE is only dependent on the photon detection efficiency of the Si SPAD. The 
PDE of Si SPAD ηSi varies with the wavelength. At the present, the typical value is 40% at the wavelength of 
870 nm. And the peak response of Si SPAD usually occurs at 650 nm where the PDE could be as high as 70%35. If 
LED is designed to emit at such a shorter wavelength, the USPD then will achieve a much higher PDE of 42.6%, 
which is comparable to the theoretical limit value of PDE for InGaAs SPAD. The theoretical limit value of PDE of 
USPD is also presented in blue line, which corresponds to an ideal optical efficiency (100%) of the optical adhe-
sive. PDE is 35% and 61% when Si SPAD operates at 870 nm and 650 nm respectively.

NEP & D*.  The result of the calculated NEP and D* of USPD device at 200 K is shown in Fig. 6. It is shown that 
when the η η= = 1Si

couple , the USPD would reach its performance limit = . × −NEP 9 06 10 WHz19 1/2 (Fig. 6(a)) 
corresponding to a maximum = . ×⁎ WD 2 76 10 cm Hz /15 1/2 (Fig. 6(b)) which is also close to the theoretical 
performance limit of InGaAs-SPAD = . × −(NEP 1 85 10 WHz )19 1/2 . Similar to the case of PDE, once the way of 
the optical coupling is determined, the performance of USPD is only dependent on the photon detection effi-
ciency of the Si SPAD (Fig. 6(c)).

When ηsi = 40% (at 870 nm), NEP are . × −1 43 10 WHz17 1/2, . × −2 93 10 WHz18 1/2 and . × −1 71 10 WHz18 1/2 for 
spatial optical coupling, wafer bond and optical adhesive, respectively. Using an ideal Si-SPAD (η = 70%Si  at 650 nm), 
NEP are . × −1 08 10 WHz17 1/2, . × −2 21 10 WHz18 1/2 and . × −1 29 10 WHz18 1/2 for the three different coupling ways. 

Figure 5. (a) Dependence of photon detection efficiency on optical coupling efficiency η( )couple  and photon 
detection efficiency of Si-SPAD η( )Si , (b) Photon detection efficiency for three different ways of optical coupling.
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The corresponding D* is . × W2 3 10 cmHz /14 1/2 , . × W1 13 10 cmHz /15 1/2  and W1 93 10 cmHz /15 1/2. ×  respectively. 
It is noted that in some of the investigations of single photon detectors, the ideal NEP is calculated in terms of 

ν η=NEP D h2 / , where D is the dark count rate2. Our results agree well with the results obtained this way.
Fig. 6(d) gives the dependence of NEP and D* on the internal efficiency of LED for the ideal optical adhesive 

coupling η =( 70%)couple . The typical value of photon detection efficiency for a best performance commercial 
Si-SPAD is 40% at 870 nm, which lead to the performance limit for USPD is = . × −NEP 1 43 10 WHz18 1/2 and 

= . ×⁎ WD 1 74 10 cmHz /15 1/2  with η η= =100%& 70%LED
in couple .

Superiority and feasibility.  In most cases, PDE is a very important parameter to characterize a single 
photon detector. However, NEP represents the level of signal-to-noise ratio (SNR). Lower NEP corresponds to a 
better SNR and high D*. The performance of a single photon detector could be characterized effectively by con-
sidering PDE and NEP (or D*) simultaneously. An ideal single-photon detector should be the one for which: the 
PDE and D* is as high as possible. In contrast, the dark-count rate, the dead time, is as low as possible. However, 
in practical application, high the PDE and D* may accompany by high dark-count rate and other performance 
drawbacks. Therefore, an excellent single photon detector has to be a trade-off consideration of the overall perfor-
mances. Considering the fact that most of the single photon detector system is characterized with NEP, we use the 
parameters of PED and NEP, instead of D*, to characterize the performance. In Fig. 7, a comprehensive evalua-
tion of several widely used single photon detectors at present is given. The first item in each bracket is the operat-
ing condition and the second one in the bracket is the reported time. A desired single photon detector should be 
the one that falls in the bottom right area in NEP-PDE diagram, which means high PDE, low NEP and high SNR.

Using the proposed model and the typical value25 of noise current for a mature commercial InGaAs PD, we get 
the calculated result of = . × −NEP WHz4 39 10UD K,300

17 1/2 at room temperature, and = . ×NEP 1 39UD K,200  
− WHz10 18 1/2 at 200 K for an USPD (ηsi = 70% and ηcouple = 70%) with ~45% PDE. Currently, Gate-mode InGaAs 

SPAD (shown in Fig. 7 red circles) can achieve high PDE, but the SNR is not so good and the severe afterpulsing 
and dark count probability still restrict the application. And many applications, requires the SPAD to operate in 
the free-running regime. Free-running InGaAs SPAD (black squares) can achieve a high SNR, but the maximum 
PED is just around 10%. Another single photon detector is up-conversion detectors (blue triangles) working by 
means of sum-frequency, which is widely used in many quantum communication systems. But this kind of single 
photon detector still can’t simultaneously satisfy the high PDE and high SNR. It is clear that the USPD operating 
under thermoelectric cooling temperature (shown in Fig. 7 diamond in dash circles) has a high PDE and low NEP 

Figure 6. (a,b) Theoretical NEPUD and ⁎DUD at different optical coupling efficiency (ηcouple) and photon detection 
efficiency of Si-SPAD (ηsi), (c) Theoretical ⁎DUD and NEPUD at different photon detection efficiency of Si-SPAD 
(ηsi) for different ways of optical coupling. Also presented is (d) the dependence of ⁎DUD and NEPUD on the 
internal efficiency of LED η( )LED

in  at a specific PDE value of 40% for a typical commercial Si-SPAD.
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(high SNR). Meanwhile, significant reduction of afterpulsing also makes USPD a potential excellent single photon 
detector for extensive application.

Thanks to the current mature commercial Si-SPAD, the key points for fabrication of the USPD device 
only include fabrication of up-converter and realization of efficient optical coupling between up-converter 
and Si-SPAD. Several previous researches have paved the way for the realization of USPD device. For the 
up-converter, the internal quantum efficiency (IQE) of 76% with an optimized GaAs LED at room temperature 
was achieved24. Recently, the IQE of InGaAs p-i-n PD can reach about 100% with an extremely low dark current 
level (~fA)25. Using this special designed InGaAs PD, a much higher IQE (>95%) may be realized for the PD-LED 
up-converter. As for the optical coupling, a contact mask-aligner can be used to press the Si-SPAD device against 
the up-converter surface during the bonding. And an adhesive thickness of less than 1 μm has been achieved 
using this technique37. The only problem may be the electrode design of the up-converter and Si-SPAD. Different 
operating modes of the up-converter and Si-SPAD require two independent circuits to control each of them, 
which need more investigation in the further.

It should be note that the USPD we proposed was based on the inorganic III-V compound semiconduc-
tor material. Promoting prototype of the USPD in a much wider range, the semiconductor based PD-LED 
up-converter can also be replaced by organic PD-LED up-converter23 or up-conversion light-emitting photot-
ransistor38, which provide greater flexibility for the design of USPD device.

Conclusion
In conclusion, we proposed a novel single photon detector (USPD) working in free-running regime at the wave-
length of 1550 nm based on a relatively mature near infrared up-conversion technology. The structure of USPD 
consists of an up-converter and a Si SPAD, which are integrated together in three possible ways and controlled by 
independent circuit. The photons are absorbed in the up-converter and the photon generated carrier multiplica-
tion occurs in the Si SPAD. Such unique design makes it possible to suppress the dark count rate and afterpulsing 
effect efficiently. The PDE, noise, NEP and D* of the USPD are systematically investigated. We found that if the 
USPD device was fabricated using optical adhesive, the PDE would reach as high as ~45%. Furthermore, the noise 
performance of the USPD was evaluated and the NEP of an ideal USPD was given as . × −1 39 10 WHz18 1/2 at 
200 K, which is comparable to the theoretical limit of InGaAs SPAD. Finally, a comprehensive evaluation in terms 
of PDE and NEP among state-of-the-art single photon detectors at the communication wavelength was presented. 
It was shown that if the up-converter and the Si SPAD are efficiently coupled by optical adhesive, the USPD could 
acquire a high PDE and a low NEP simultaneously in free-running regime. Meanwhile, the dark count rate and 
afterpulsing effect can be suppressed to the same level as that of Si SPAD. This means the USPD is a potential 
excellent single photon detector at 1550 nm wavelength.
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Abstract
Carbon nanodots (C-dots) have attracted great attention for their biocompatibility and strong
tunable photoluminescence (PL). However, aggregation-induced PL quenching blocks their
practical application in solid-state optoelectronics. Here, we report a luminescent C-dots
freestanding film with a substantially enhanced high quantum yield (QY) of 72.3%. A facile
template method, rather than complicate lithography and etching technique is proposed to
fabricate the C-dots composite films with large-area (8 inch×8 inch) ordered micro-scale
inverted-pyramid patterns on the surface. The control experiment and theoretical analysis
demonstrate the key success to QY enhancement lies in the separation of C-dots and the pattern
of surface inverted-pyramid structure. This work realizes the QY enhancement simply by
geometrical optics, not the chemical treatment of luminescent particles. It provides a general
approach to fabricate large-area freestanding luminescent composite film with high QY.

Supplementary material for this article is available online

Keywords: inverted-pyramid structure, composite films, carbon nanodots, high photolumines-
cent quantum yield

(Some figures may appear in colour only in the online journal)

1. Introduction

Solution-phase semiconductor quantum dots, including Cd-
based and carbon nanomaterials, have been regarded as pro-
mising alternatives for conventional organic fluorophores
because of their photo-stability and high brightness [1–3].
Among them, carbon nanodots (C-dots) have attracted great
attention since first synthesized in 2006 due to their
low toxicity and excellent biocompatibility [4, 5], low-cost
and readily available abundant raw materials [6, 7], facile
synthesis [8, 9], and especially the strong and tunable

photoluminescence (PL) spanning the whole visible spectrum
[10, 11]. These C-dots provide great opportunities in device
applications, such as bioimaging, optical sensing, light emit-
ting diode and other optoelectronic devices [3, 12, 13].
However, up to now, most previous studies about C-dots were
performed in their original aqueous solution, and only few
reports were concentrated on the exploration of their solid-
state photo-physical properties due to the limitation of
aggregation-induced PL quenching [14, 15].

The main strategies to enhance PL of C-dots films
include the surface modification [7, 9, 16] and the incor-
poration of them in polymer or inorganic matrix [12–14, 17]
to protect and disperse the C-dots. Embedding C-dots in
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polymer not only provides particle protection and dispersion,
but produces a freestanding film [14, 18, 19], so that this
approach is widely adopted. Due to the planar structure and
the larger refractive index of the polymer, the embedment of
C-dots in polymer brings the waveguide-mode losses, which
obviously weakens the quantum yield (QY) of the C-dots/
polymer composite films. In order to prevent it, Jiang et al
[20] recently patterned submicron-scale Bragg gratings
structure on the surface of C-dots composite films, to extract
the waveguide-mode light. The protection and dispersion of
luminescent center, together with the submicron-scale Bragg
gratings structure, help to enhance the QY of solid C-dots thin
films to ∼60% [20–22]. However, compared to the QY
(>90%) of C-dots aqueous solution [23], there is still much
room for QY improvement of the C-dots film. Besides, the
increase of PL was frequently accompanied by the change in
emission wavelength [12, 24]. Hence, it is still challenging for
us to effectively fabricate the C-dots films with higher QY
and exploit their optical physical properties.

In this work, we report a blue-emitting C-dots embedded
freestanding film patterned with large-area (8 inch×8 inch)
ordered micron-scale inverted-pyramid structure with a QY of
72.3%. Simulation with the algorithm of finite-difference
time-domain (FDTD) firstly demonstrates the facilitation of
inverted-pyramid structure to light extraction. A facile tem-
plate method is then used to fabricate the C-dots composite
films with large-area ordered inverted-pyramid patterns by
using a surface micro-textured silicon wafer as a template.
As-prepared C-dots exhibits an obviously enhanced QY of
72.3%, almost equivalent to that of C-dots counter-original
aqueous solution. The control experiment and theoretical
analysis further illustrate that this dramatic QY enhancement
mainly comes from the magnification of light output induced
by geometric structure. This work provides a general and
facile approach to fabricate large-area freestanding lumines-
cent composite film with liquid-comparably high PL QY by
simply optimizing the geometrical optics, rather than tradi-
tional chemical treatment of luminescent particles.

2. Experimental section

2.1. C-dots/PVA films fabrication

The C-dots were synthesized from citric acid, ammonia water,
and ethylene diamine via a previously reported hydrothermal
method [25]. After synthesis, the poly (vinyl alcohol) (PVA)
powder was introduced into the C-dots diluted solution, and
then stirred for a couple of hours at 90 °C to form the well-
dispersed solution. The obtained mixture was centrifuged at
6000 rounds per minute to expel air inside and subsequently
dropped on home-made moulds. The moulds containing
C-dots/PVA solution was low-temperature heated (35 °C–
40 °C) for several hours, and then a large-area freestanding
C-dots/PVA composite film was obtained by peeling it off
the moulds carefully. The film thickness was controlled by the
injection volume of the original solution. To realize the
inverted-pyramid surface, the microstructured silicon wafer

was prepared by a common base etching procedure [26] and
then placed in the moulds to act as template.

2.2. Characterization

The high resolution transmission electron microscopy images
were obtained by a JEOL (Japan) JEM-2100F TEM. The
ultraviolet–visible (UV–vis) absorption spectra were measured
by a Perkin-Elmer (USA) Lambda 20 spectrometer. The steady
state PL spectra of C-dots aqueous solution and C-dots/PVA
composite films were recorded by using a fluorescence spec-
trofluorometer equipped with an integrating sphere accessory
(Horiba Jobin Yvon, FL, Japan). The temperature-dependent
fluorescence decay spectra of C-dots/PVA composite films
were performed by time-resolved fluorescence spectro-
fluorometer (QM/TM/IM, PTI, USA) with a variable temp-
erature liquid nitrogen cryostat accessory (Oxford Instrument,
UK). The morphology and thickness of C-dots/PVA compo-
site films were examined by a Zeiss (Germany) ultra plus field-
emission scanning electron microscopy (SEM). The simula-
tions in this work were performed using a commercial software
package (FDTD Solution v8, Lumerical 2013).

3. Results and discussion

As-prepared water-soluble C-dots exhibit the high crystal-
linity (shown in figure S1) with a lattice parameter of
0.243 nm, close to the in-plane lattice spacing (0.250 nm) of
graphene. They exhibit absorption peaks at 238 and 348 nm
(dark cyan), and emits blue fluorescence (orange, 440 nm PL
peak) with the corresponding PL excitation (PLE) peak (black
line) locating at 353 nm, as shown in figure S2. QY mea-
surements shown in figure S3 illustrate that diluted C-dots
aqueous solution (absorbance<0.05) has a relative QY
value of 87.3% with quinine sulfate as a QY standard refer-
ence. However, as displayed in figure S4, QY decreases
dramatically with the increase of C-dots concentration and the
corresponding absorbance, suggesting the existence of typical
aggregation-induced PL quenching. To prevent further
aggregation and thus PL quenching in the fabrication process
of C-dots film, highly transmitted PVA were introduced as
matrix to separate and protect the fluorescent C-dots, as
reported elsewhere [12, 18, 20].

The direct embedment of C-dots into PVA is easy to
induce waveguide-mode losses of the light. To avoid it, sur-
face microstructure has been used to extract the internal light
[27–31], including the submicron-scale Bragg gratings to
enhance the diffraction [28, 29] and the designed micron-
scale microstructure to weaken the total internal reflection
[30, 31]. The inverted-pyramid structure, which has been
applied on the solar cell to promote the absorption, is con-
sidered to be able to alter the incident angle of the reflected
internal light, compress waveguide-mode losses, and thus
enhances the light output of the film. To testify it, the
absorption and light output of the film with smooth surface
(SS) and inverted-pyramid surface (IPS) were simulated
firstly via the method of FDTD, as shown in figure 1. In the
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simulation, the facet tilt angle and height of the inverted-
pyramid were set as 51° and 2 μm according to the previous
reports [32, 33].

Figures 1(a) and (a′) show the graphic presentation of
simulation for absorption (a) and light output (a′) of SS and
IPS films, respectively. For absorption, the plane wave
irradiates along minus-z direction perpendicular to the film,
and the light reflected by film surface was recorded by a
frequency-domain transmission monitor set above the simu-
lated region parallel to surface. The obtained transmission rate
T (figure 1(b)) through the IPS oscillates around 99.5%
throughout the whole UV–vis spectrum, a little higher than
that through SS (highest to 96.5% at deep UV and stabilized
at 96% in visible region). It suggests a lower light reflection
induced by the IPS structure. For light output simulation
(figure 1(a′)), due to the limitation of computer memory, the
uniformly dispersed fluorescent C-dots were simplified as
regularly arranged matrix (with 800 nm intervals) of TE/TM
dipoles placed at a plane 3 μm below the surface. PVA, as the
main composition of the film, was set to be a material with a
refractive index of 1.5 and an extinction coefficient of 0. Two
monitors were set, one above the film surface to record light
intensity extracted from film, and the other perpendicular to
the film surface to detect the light intensity inside the film.
Apparently, the overall intensity of light emitting from SS
film (figure 1(c)) is quite low, in sharp contrast to greatly
amplified light intensity over the monitored area from IPS
film (figure 1(c′)). It indicates the IPS structure is advanta-
geous to the light extraction, which is also supported by the
time-dependent light intensity distribution inside the film.
Figures 1(d)–(g′) display the section views of light intensity
distribution detected at 500, 1000, 1500, and 2000 fs,
respectively. For comparison, the light intensity in these

figures has been normalized to a same scale. Observably, the
light intensity inside the IPS film decreases sharply with the
elapse of time, and is barely any after 2000 fs. However, the
light intensity inside SS film virtually remains at the same
level, exhibiting an obvious waveguide effect. Therefore, it is
easy to make the conclusion that IPS can help to overcome
the waveguide loss and to extract almost all the light inside
the film. Patterning inverted-pyramid structure on the C-dots/
PVA films will be a good strategy to fabricate the free-
standing C-dots/PVA films with high QY.

The procedure of film fabrication is shown in figure 2.
Simply speaking, the mixture of PVA and C-dots aqueous
solution was introduced into a home-made mould and then
dried in air to form a freestanding C-dots/PVA composite
film with IPS structure (figure 2(a)). For convenience, not the
complicated lithography and etching technique, but a facile
template method was utilized to pattern the large-area (8
inch×8 inch) ordered micron-scale inverted-pyramid struc-
tures on the surface of C-dots/PVA films. The template was
fabricated by a common industry method, etching the 8 inch
silicon wafer with base solution [26]. Despite of its simplicity,
the template method is efficient to fabricate the film with IPS
patterns. The cross-section SEM image of a typical IPS film
in figure 2(b) suggests the existence of surface microstructure.
The corresponding top-view and tilted-angle-view SEM
images in figure S5 further demonstrate the micron-scale
inverted-pyramid surface. Statistics analysis of SEM images
indicates these inverted-pyramids have an average bottom
width of 3.2±1.1 μm, height of 2.0±0.6 μm, and facet tilt
angle of 50.5±1.3°, as shown in the insets of figure S5(b).
The successful realization of IPS films is expected to help
enhance the output of light inside the film, as predicted by the

Figure 1. Graphic presentation of FDTD simulation for (a) absorption and (a′) emission of SS and IPS C-dots/PVA film. (b) FDTD simulated
light transmission rate T through SS (dark cyan line) and IPS (orange line) structure in a range of 200–1100 nm. Top view of time-integrated
light intensity distribution of (c) SS film and (d) IPS film. Sectional view of light intensity distribution in (d)–(g) SS film and (d′)–(g′) IPS
film detected at 500 (d), (d′), 1000 (e), (e′), 1500 (f), (f′) and 2000 (g), (g′) fs respectively.
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FDTD simulation. For comparison, the C-dots/PVA films
with SS were also fabricated in the same condition.

Figures 3(a)–(b′) show the digital photos of the fabricated
C-dots/PVA composite films with and without IPS patterns,
whose difference in morphology can be observed in details
from SEM images in figures 3(a″) and (b″). As displayed in
these figures, the C-dots/PVA composite films are transparent
under room light (figures 3(a) and (b)) and emit blue
luminescence (figures 3(a′) and (b′)) under UV (360 nm)

illumination, in spite of the different SS (figure 3(a″)) and IPS
surface (figure 3(b″)). Compared to the SS film, the IPS film
shows frosted texture under room light, and apparently
brighter blue light under UV illumination. The optical char-
acterization (figure 3(c)) further illustrates that the C-dots/
PVA composite films, with either SS or IPS, still absorb
∼350 nm UV photons and convert them into ∼440 nm blue
emission, as same as the original C-dots aqueous solution.
These facts indicate that the C-dots/PVA composite films

Figure 2. Schematic diagram for the fabrication of the C-dots/PVA films. (a) Schematic figure, (b) cross-section SEM image, and (c) digital
photo of IPS film.

Figure 3. Photos of C-dots/PVA film with (a), (a′) SS and (b), (b′) IPS under (a), (b) room light and (a′), (b′) 365 nm UV light. SEM images
of C-dots/PVA film with (a″) SS and (b″) IPS. The scale bar is 2 μm. (c) Absorption and PL (excited at 350 nm) spectra of C-dot aqueous
solution and C-dots/PVA films. (d) Calculated absorption rate (left) and absolute QY (right) of C-dots/PVA films. The gray line in the figure
represents the QY of the counter-original C-dots aqueous solution. (e) PL decay spectra (detected at 440 nm with 350 nm excitation) of the
C-dots/PVA films at 300 K. Inset shows the corresponding extracted lifetimes at different temperatures. The color of gray, orange, and dark
cyan in Figures (c)–(e) represents the C-dots aqueous solution, C-dots/PVA films with SS and IPS respectively.
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preserve the basic optical properties of original C-dots aqu-
eous solution, which facilitates the direct application of
C-dots from aqueous solution to composite thin film.
Figure 3(c) also demonstrates that the absorbance of IPS film
is a little higher than that of SS film, but its fluorescence
intensity is about two times of that of SS film when excited at
350 nm with the same intensity. Here, to exclude the scat-
tering effect, the above absorption and PL spectra of the
C-dots/PVA films were measured via an integrating sphere,
which guarantees the collection of all the scattered and
emergent light of the sample. According to the spectra (figure
S6) detected with and without the sample inside the inte-
grating sphere, the absorption rate (Rabs) and absolute QY
were accurately calculated by the photon counts absorbed and
emitted, as shown in figure 3(d). Obviously, the IPS film
exhibits better optical properties. Its Rabs is nearly 10% higher
than that of SS film and its QY bounces up to 72.3%, about
twice of that of SS film (37.4%). More importantly, compared
to the reported highest QY value of ∼60% for C-dots films
[21, 22], the QY of IPS film exhibits a substantially increased
value.

The FDTD simulation in figure 1 has indicated that
compared to planar structure, IPS structure is helpful to
extract all the light inside, and thus enhances the QY of the
film. However, the enhancement of QY in IPS film could
not be simply attributed to the contribution of IPS structure,
since QY of the film is related to not only the emitting and
absorbed light, but the QY of C-dots particles inside.
Hence, PL decay curves at different temperatures (77, 100,
150, 200, and 300 K) were also detected at 440 nm with an
excitation of 350 nm. As shown in figures 3(e) and S7,
these PL decay curves of both SS and IPS film at different
temperatures exhibit an identical mono-exponential PL
decay behavior. The little discrepancy of the extracted
lifetime (shown in the inset of figure 3(e)) illustrates the
same recombination process, indicating no new chemical
bond was form in IPS film. Therefore, the remarkable QY
enhancement of IPS film mainly comes from the magnifi-
cation of light extraction induced by inverted-pyramid
structure. Besides, the QY of IPS film is almost equivalent
to that (72.4%) of counter-original aqueous solution,
although the density of C-dots in IPS films is about one
hundred times of that in the original aqueous solution. This
phenomenon indicates that in IPS film, not only wave-
guide-mode losses, but aggregation-induced PL quenching
has been compressed.

In order to validate the accuracy of the above conclusion,
and also comprehend the influence of fabrication parameters,
a series of control experiments were carried out. The SS and
IPS composite films were firstly prepared from C-dots/PVA
solution of different concentrations (50, 100, 200 and 400 μl
for every 10 ml to manage 0.5%, 1%, 2%, and 3% volume
fraction of the as-prepared C-dots to PVA aqueous solution).
Their QY, together with that of counter-original solution
(marked by gray dots), are given in figure 4(a). Obviously,
IPS films always possess a greater QY value, about two times
of that in SS films and especially, almost reaching the level of
the original C-dots aqueous solution, even though the particle

density is about a hundredfold higher. Furthermore, with the
increasing concentration of the original solution, the QY of
the films (both IPS and SS film) is declining as that of C-dots/
PVA aqueous solution. It implies the as-prepared films pre-
vents further particles aggregation in the film, although they
are unavoidably affected by the particle aggregation in the
original solution. Due to the waveguide loss in SS film, the
efficiency of light extraction in IPS film is much higher than
that in SS film, and the QY of IPS film exhibits a faster
decline.

By using the C-dots aqueous solution with less particle
aggregation (0.5% volume fraction), further experiments were
performed to study the effect of film thickness and excitation
wavelength. As shown in figures 4(b) and (c), QY of IPS
films still exhibits a substantial gap with that of SS film.
Simultaneously, QY of C-dots composite films displays a
decay tendency with the growing thickness and finally
reaches a relatively steady value. When excited with different
wavelengths, the variation of QY of the films is in accordance
with that of absorbance measured in the integrated sphere
(figure 3(b)). To illustrate this variation, a theoretical model
was proposed. As shown in figure 4(d), when light with the
intensity of I0 is illuminated on the C-dots/PVA films, it will
be absorbed by C-dots with a wavelength-dependent
absorption coefficient of α1. The C-dots, located at the plane
with a distance of x away from the surface, absorb the light
with an intensity of I0exp(−α1nx)(α1n)dx, where n is the
concentration of C-dots. The absorbed light is converted into
emission with an intensity of I0exp(−α1nx)(α1n)exp(−α2nx/
cos(θ))dx at an arbitrary emergent angle θ, where α2 repre-
sents the extinction coefficient of light induced by absorption
and scattering. Accordingly, the QY of the film could be

Figure 4. QY (excited at 350 nm) of C-dots/PVA film with SS (dark
cyan) and IPS (orange) (a) made from solution of different volume
fraction of as-prepared C-dots to PVA aqueous solution, (b) with
different thicknesses, and (c) excited with different wavelengths. (d)
Schematic diagram of analytical simulation for the C-dots/PVA thin
film. The gray dots in (a) mark the QY of counter-original C-dots
aqueous solution. Blue cyan and orange line in (b) and (c) show the
calculated result for SS and IPS film respectively.
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calculated from the formula below
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where d is the film thickness and β represents the angle of
total internal reflection. For SS thin film, sin(β) equals to 1/
1.5 (the ratio of the refractive index of air to PVA), while for
IPS thin film, it is unity because all the light is believed to be
extracted out of the film. By the aid of the above formula, the
calculated QY is obtained with α1n=0.15 and α2n=0.06
with different film thicknesses, in agreement with the exper-
imental results shown in figure 4(b). The formula also yields a
well-fitted calculating result of QY (figure 4(c)) under dif-
ferent excitations, by using the experimental thickness of
30 μm and altered α1 according to the absorption data of the
film in figure 3(b). As proved, the QY deviation along with
the concentration, thickness and excitation wavelength, to
some extent, is affected by the extinction coefficient of the
light; and the key to QY enhancement in IPS films lies in the
weakening of total internal reflection and the aggregation-
induced PL quenching. The above conclusion is also sup-
ported by control experiments when using other luminescent
materials to prepare the films, such as urea-made C-dots [23]
and fluorescent calibration sample, quinine sulfate. As shown
in table 1, compared to SS film, IPS film embedded C-dots or
quinine sulfate exhibits an apparent QY predominance, with
the value almost equivalent to the QY of the counter-original
aqueous solution. These experiments confirm our method is a
facile and general approach to fabricate large-area free-
standing luminescent composite film with liquid-comparably
high PL QY.

4. Conclusions

In summary, we realized a freestanding large-area C-dots/PVA
composite film with high QY by patterning inverted-pyramid

structure on the surface via a facile template method. Both
theoretical calculation and control experiments have demon-
strated that the C-dots/PVA composite films with IPS not only
suppress the further particle aggregation-induced PL quenching,
but weaken the waveguide effect. The strategy finally yields a
dramatically enhanced QY of 72.3% by optimizing the geo-
metrical optics, instead of chemical treatment. This method
provides a helpful exploration for the application of C-dots in
optoelectronic devices, and also a general approach to fabricate
large-area freestanding luminescent composite film with liquid-
comparably high QY.
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Abstract
A novel nickel skeleton 3D nitrogen doped graphene (N-GR/NF) superstructure with
interconnected graphene nanosheets and nanoscrolls was synthesized using a facile two-step
method. By varying the precursor concentration, the assembly of a graphene aerogel can be
easily regulated, yielding different micro-structures and morphologies which accelerate the fast
electron/ion transportation. The N-GR/NF composites demonstrate enhanced capacitance of
250 F g−1 at 5 A g−1, good rate performance (237 F g−1 at the current density of 12 A g−1) and
cycle stability (90.9% retention after 5000 cycles) in 1 M KOH electrolyte. This study provides a
new strategy for the microporous engineering of graphene gel, promising for further exploitation
in various other applications.

Supplementary material for this article is available online
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1. Introduction

Graphene, as an ideal supercapacitor electrode material [1–3],
is receiving growing attention due to its excellent electronic
conductivity, good electrochemical stability, high surface area
and flexibility [4–11]. Assembling graphene sheets into three-
dimensional interconnected porous micro-structures, namely,
graphene aerogels has been considered the most effective
approach to achieve a high specific capacitance [12–14]. To
date, several graphene gelation principles have been devel-
oped, including self-assembly [15–20], template-assisted
preparation [21–28] and direct deposition [29–32]. And the
reduction of graphene oxide (GO) is promising in the prep-
aration of supercapacitor electrodes [33]. The performances
of rGO-based supercapacitor electrode materials strongly

depend on the micro-structures and morphologies of their
electrodes [34]. However, self-assembled rGO hydrogels
usually exhibit an uncontrollable porous structure with a
three-dimensional random network, which limits their specific
capacitance and further applications. Another challenge is
that graphene hydrogels have very low mechanical strength,
making them quite fragile during electrode processing. High
stability electrodes with controllable micro-architectures
for fluent ion transport are required for fabricating ideal
supercapacitors.

Herein, we report a facile and effective method of
inserting nickel foam into nitrogen doped three-dimensional
graphene aerogels to form the N-doped graphene/Ni foam
(N-GR/NF) composites electrode. Based on the introduction
of ethylenediamine (EDA), GO can be controllably
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functionalized and self-assembled into nanosheets or
nanoscrolls, at the same time the EDA also served as a
reducing and doping agent. By varying the precursor con-
centration, the assembly of the graphene aerogel can be easily
regulated, yielding different micro-structures and morpholo-
gies. Benefitting from the hierarchical porous structure, high
conductivity, and large specific surface area the N-GR/NF
exhibited better specific capacitance, long durability, and high
rate capability. Moreover, its properties suggest potential
applications as a highly stable electrode material.

2. Experimental section

2.1. Preparation of the Ni foam framework three-
dimensional N-GR

N-GR/NF was prepared according to the following proce-
dure. Typically, EDA (120 μL) was added into GOdispersion
(3 mg mL−1, 10 mL), then Ni foam sheets (15 × 15 ×
1.6 mm) were immersed in the GO suspension. The system
was sealed in a glass vessel and heated for 6 h at 95 °C. After
purifying and freeze-drying for 48 h, the EDA incorporated
GR aerogel was loaded into a quartz tube and heated at
900 °C for 1 h under high vacuum conditions; giving rise to
the final nitrogen doped three-dimensional graphene aerosol.

2.2. Materials characterizations

The morphology information was determined by a FEI Sirion
200 scanning electron microscope (SEM). Surface composi-
tion of the sample was analyzed by x-ray photoelectron
spectroscopy (XPS, AXIS ULTRA DLD, Kratos, Japan).
Raman spectroscopy was recorded on Renishaw in Via-reflex
system at room temperature. A laser wavelength of 532 nm
was used as the excitation sources.

2.3. Electrochemical measurements

The electrochemical properties were performed using a
PARSTAT 4000 workstation with a standard three-electrode
system. Using the prepared samples as the working electrodes
with a Pt clamper, Pt gauze as the counter electrode, and
Ag/AgCl as a reference electrode (figure S1 is available
online at stacks.iop.org/NANO/28/365402/mmedia). Cyc-
lic voltammetry with scan rate of 0.05 mV s−1 was conducted
in 1 M KOH. The galvanostatic charge–discharge (GCD)
measurements and cycle stability were performed on a LAND
CT-2001A.

3. Results and discussion

A typical N-GR/NF composite electrode is prepared by
immersing nickel foam in a suspension of GO and EDA.
Then the composite film is subsequently heated at 95 °C for
1 h. During this process, GO sheets are functionalized and
reduced to a graphene hydrogel. After lyophilization, the
solvent was removed from the lyogel to produce a functio-
nalized three-dimensional graphene aerogel, followed by
heating at 900 °C for 1 h to make nitrogen doped N-GR/NF.
Figure 1 shows a comparison of the Raman spectra to char-
acterize extents of GO reduction. The Raman spectrum of GO
and N-GR has two prominent bands around 1355 and
1600 cm−1, and they are assigned to the D and G bands of
carbon. The D band at around 1355 cm−1 is common for
disordered sp2 carbon, while the G band at around 1600 cm−1

is usually assigned to well-ordered graphite. After hydro-
thermal treatment at 95 °C for 1 h, the ratio of the intensities
of the D and G bands (ID/IG) increases from 0.81 to 0.98. The
change in the ID/IG ratio suggests a decrease in the average
size of re-established G network (sp2 carbon), confirming the
reduction of GO.

To study the chemical constitution and the chemical
bonding of constituent elements, high-resolution x-ray pho-
toelectron spectra (XPS) of GO and N-GR/NF were carried
out. The presence of C1s, N1s, and O1s peaks can be seen in
figure 2(a). A signal deconvolution with Gaussian curve fit-
ting points out the chemically different C species to further
characterize the electrochemical reduction of the GO. As
shown in figure 2(b), for the GO, two typical peaks are
located at 284.6 and 286.7 eV, which are usually assigned to
sp2-hybridized carbon from the GO, and the oxygen-con-
taining carbonaceous bands (C–OH). The strong peak for
C–OH bonds indicates the efficient oxygenation of graphite
by a modified Hummer’s method. For the N-GR, the spec-
trum is deconvoluted into four peaks, and the significant loss
of oxygen-containing functional groups is observed in
figure 2(c). The sharp peak for C–O (286.5 eV) almost van-
ishes, and the peaks for C=O (287.9 eV) and O=C–O
(289.0 eV) still exist, but have much lower intensities than
those in GO, which indicate the sufficient reduction of GO to
GR after hydrothermal reduction treatment of EDA. It should
be noticed that N-GR exhibits nitrogen content (4.39 at%),

Figure 1. Raman spectra of the as-prepared GO and graphene gel.
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which confirms the EDA functionalization on the surfaces of
GO, as clearly shown in the high resolution XPS spectra of N1s
in figure 2(d). This exhibits the partial conversion of N atoms
into the pyridinic N (398 eV), pyrrolic N (399 eV) and graphitic
N (400.7 eV) during the nitrogen doping process. The EDA with
high N content can react with oxygen-containing functional
groups in GO, thus acting as the nitrogen source to form the
N-doped structure. Due to the relatively high content percentage
of pyridinic N and graphitic N in the N-GR, the prominent
capacitive and cycling performance of this electrode material
was anticipated for a supercapacitor.

To investigate the structural evolution of N-GR under
various conditions involving the EDA and different con-
centrations of GO, N-GR-0.5, N-GR-1 and N-GR-2 were first
fabricated at a GO content of 0.5, 1 and 2 ml with 60 μL
EDA. SEM images show that the samples with different
concentrations of GO clearly exhibit different 3D hierarchical
architecture (figure 3). Among them, the N-GR-0.5 interest-
ingly shows a nanoscroll interconnecting three-dimensional
porous structure. The nanoscrolls coated onto the Ni foam and
the framework can be clearly observed (figures 3(a), (d)).

With the increasing content of GO to 1 ml, the 3D GR
become thicker. Compared with N-GR-0.5, besides the
nanoscrolls, more nanosheets are assembled in N-GR-1
(figures 3(b), (e)). The interpenetrating porous structure with
pore sizes in the range of a sub-micrometer to several
micrometers. The porosity could reach to 99% [35]. With
increasing the content of GO to 2 ml, a greater number of
nanosheets were enabled (figures 3(c), (f)), since it is obtained
with a higher concentration of GO. Based on the observations
described above, we predict that the ratio of EDA to GO plays
a key role in the morphology formation of the nanoscroll/
nanosheet superstructures. Hence, we further investigate the
variations in EDA effect on microstructure under same con-
tent of GO. A similar structural evolution was observed for
the samples synthesized using 20, 60 and 120 μL EDA
(figure 4). For the low ratio of EDA to GO sample, GR only
formed dense nanosheets with a large diameter. By contrast,
the GR nanoscrolls arise with the increasing concentration of
EDA. As the EDA content increases to 120 μL, highly
interconnected nanoscrolls formed on a three-dimensional Ni
framework similar to the N-GR-0.5. Higher magnification

Figure 2. XPS spectras of N-GR/NF and high resolution XPS spectra of N1s.
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SEM images shows that the GR have a tubular hollow
structure which is favorable to the transport of electrolyte ions
(figure 5).

Based on these results, we propose an EDA induced,
concentration dependent self-assembly mechanism for
explaining the formation of 3D superstructures. In a GO
dispersion, the EDA with a NH2 group can react with the
oxygen-containing functional groups on the surface of GO to
form EDA-modified GO [36–38]. After the hydrothermal

process, GO was reduced by the restoration of a portion of sp2

regions. For the low proportion EDA modified GR, small
piece graphene sheets assemble into large films resulting in
the graphene sheets stacking 3D network. As the concentra-
tion of EDA increased, more molecules were functionalized
on the surface which may act as a cationic surfactant. Due to
the high hydrophilicity and electrostatic repulsion of the

+NH3 group, graphene sheets spontaneously bend into
nanoscrolls driven by the surface charge imbalance, which

Figure 3. SEM micrographs of the N-GR/NF composites with different GO concentrations, 0.5 ml for (a) and (d), 1 ml for (b) and (e), 2 ml
for (c) and (f).

Figure 4. SEM micrographs of the N-GR/NF composites with different EDA concentration, 20 μl for (a) and (d), 40 μl for (b) and (e), 100 μl
for (c) and (f).
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interconnect with each other resulting in superstructures
(figure 6). The bonded EDA molecules on the surface may
also cause steric hindrance and reduce the restacking of sheets
to provide hydrogels with negligible volume shrinkage [38].

The unique hierarchical 3D N-GR/NF superstructure
combining the nanosheets and nanoscrolls arising from the
self-assembly of GR sheet with the controllable macropores
makes it a highly promising material for high-performance
supercapacitor. The performances of N-GR can be easily

modulated by controlling the concentration of a GO and EDA
precursor. Correspondingly, the cyclic voltammogram (CV)
curves of the N-GR were recorded in 1 M KOH solutions by
using Ag/AgCl as the reference electrode without any binders
or conducting additives. Figure 7(a) shows the CV of the
N-GR/NF with a different concentration of GO in the
potential range −0.9 to −0.1 V at scan rates of 5 mV s−1.
The CV curves of the 3D N-GR/NF composites are nearly
rectangular in shape, which characterizes the formation of an

Figure 5. (a), (b) SEM micrographs of the GR with a tubular hollow structure.

Figure 6. Schematic illustration of mechanism of EDA-mediated functionalization and self-bending formed nanoscroll.

Figure 7. (a) CV profiles of as-prepared N-GR/NF composites with different GO concentrations. (b) CV profiles of as-prepared N-GR/NF
composites with different EDA concentrations. The scan rate is 50 mV s−1.
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electrical double layer to store energy. As the GO increased
from 0.5 to 1 or 2 ml with a EDA content 60 μl, a sufficient
amount of GR was formed to fully fill the micropores of NF,
leading to the increase of the GR mass per unit area in the Ni
framework N-GR electrode. The specific capacitances of the
N-GR are approximately proportional to the content of GO
because of the linear increments of rGO in their electrodes.

The microstructure of N-GR can be tuned by varying
EDA/GO ratio. The current density response of the N-GR/NF
at the same scan rates slightly increased with a rise in the
concentration of EDA from 30 to 60 μl with a GO content
2 ml, implying a slight increase of the gravimetric specific
capacitance from 325 F g−1 to 375 F g−1 which were obtained
from the CV measurements (figure 7(b)). The increase of the
specific capacitance can be explained by the fact that the pores
significantly increased, leading to the rise in efficiency of
electrolyte ion diffusion. With a further increase of EDA
concentration, the specific capacitance decreases to 262 F g−1,
the shape of the CV profiles of N-GR/NF became more
oblique, suggesting that the diffusion of electrolyte ions was
less effective. Simultaneously, the increase of EDA creates
more mesopores which provide a large, accessible surface area
for ion transport/charge storage; the increase of EDA con-
tinuously decreases the specific surface area.

Figure 10(a) depicts the galvanostatic discharge curves of
the N-GR/NF electrode prepared with 2 ml GO and 60 μl
EDA at different current densities. The shape of the curves are
almost typically highly linear, indicating that the electrode
material has ideal capacitive characteristic and excellent
electrochemical reversibility. Furthermore, only a small
voltage drop (0.15 V) was observed at the beginning of dis-
charge (IR drop) even at a high current of 12 A g−1, sug-
gesting a low internal resistance which can be attributed to the
high conductivity of N-doped graphene sheets and Ni fra-
mework [39–43]. Low internal resistance is of great impor-
tance in energy storing devices, because less energy is wasted
producing unwanted heat during charge processes.

Figure 10(b) shows the CV curves of the N-GR/NF at
different scan rates ranging from 5 to 200 mV s−1. The current
response demonstrated a corresponding increase with the scan
rate increase. The CV profiles remained quasi-rectangular at a
high scan rate of 200 mV s−1, suggesting superior capacitance
behavior, low equivalent series resistance (ESR), and fast
diffusion of electrolyte ions throughout the N-GR/NF electro-
des. The electrochemical impedance spectroscopy (EIS) was
collected over a frequency range from 10 mHz to 100 kHz at an
open circuit voltage, with 10 mV sinusoidal amplitude (figure 8).
The Nyquist plot is almost perpendicular to the real axis at the
low frequency region with a segment of the circle at high fre-
quencies, showing the N-GR/NF has a good capacitive behavior
[38], representative of easy ion diffusion to the surfaces in the
electrode structure.

Correspondingly, the relationships between specific
capacitance calculated from the discharge curves and the
current densities are summarized in figure 9. Significantly, the
specific capacity does not show a distinct reduction at high
discharge rates. The specific capacity at 0.5 A g−1 is
325 F g−1, which decreases to 270 F g−1 at 1 A g−1. As the

current density increases to 12 A g−1, the capacitance still
preserved a high value of 237 F g−1. The high rate capability
of our N-GR is better than those of previous reported bulk
graphene gels with random network morphology (table S3).
Long electrolyte diffusion pathways via random network
morphology principally limits the rate performance of the
bulk graphene gels. Moreover, due to the intrinsic fragility of
a graphene random network, it is hard use it directly as a
working electrode. By contrast, our 3D graphene foam with a
nickel framework inside is inherently stable with micrometer
scale thickness.

Cycling stability, a crucial property of supercapacitors for
their practical applications, was evaluated using the GCD
technique at a current density of 5 A g−1. The capacitance
retentions of the as-prepared N-GR were 90.9% of its initial
capacitances, retained after 5000 charge/discharge cycles
(figures 10(c), (d)). The obvious capacitance decay in the
initial cycles could be ascribed to the removal of a few
oxygen-containing groups on graphene sheets that contribute
to pseudocapacitance and electrode/electrolyte interface
wetting [44].

Figure 8. Nyquist plot of N-GR/NF.

Figure 9. Specific capacitance against different discharge current
density with 1 M KOH solution as an electrolyte.
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On the basis of the above results, it can be concluded that
the self-assembly created macropores between graphene
nanosheets and nanoscrolls are a key factor in maintaining the
high performance and stability, which afford fluent ion transport
through an open porous structure. Simultaneously, these mac-
ropores, acting as ion buffering reservoirs, can minimize the
diffusion distances to the interior surfaces. The improved
capacitance, rate capability and stability of N-GR/NF can be
ascribed to the unique Ni framework 3D porous architecture
combining self-bending nanoscrolls, support nanosheets with a
large surface area, and high electrical conductivity, which
promoted ion transport and electron migration, as well as
increased the mechanical strength of the structure.

4. Conclusion

In summary, we have developed a nickel framework nitrogen
doped three-dimensional superstructure graphene aerogel via a
two stage process through chemical reduction of the GO dis-
persion with EDA. The micropores and morphology can be
facile engineered through the hierarchical, simultaneous self-

assembly and self-bending of EDA-mediated GO sheets into
interconnect nanoscrolls with a typical GO and EDA con-
centration dependent structural evolution process. The con-
trollable micropores of N-GR are exposed to the electrolyte, for
the access of ions to form electrochemical double-layers, and
the nickel framework shortened the distances of charge transfer
and ensured that the N-GR can be directly used in the capacitors
electrode. Due to the synergistic effect of aforementioned fea-
tures, it exhibited enhanced capacitance of 250 F g−1 at 5 A g−1,
good rate performance (237 F g−1 at the current density of
12 A g−1) and cycle stability (90.9% retention after 5000
cycles) in 1 M KOH electrolyte. More importantly, the micro-
porous and morphology engineering of graphene gel can be
further exploited for various other applications, such as a cur-
rent collector for a battery, an electrocatalytic electrode, sensors,
electronics devices and so on.
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Figure 10. (a) GCD of as-prepared N-GR/NF composites at various current densities. (b) CV curves measured at different scan rates. (c)
Cycling stability at a current density of 5 A g−1. (d) GCD curve of the first 20 cycles.
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Abstract Highly ordered TiO2 nanotube arrays (NTAs) on Si substrate possess broad applications due to its high surface-

to-volume ratio and novel functionalities, however, there are still some challenges on facile synthesis. Here, we report a

simple and cost-effective high-field (90–180 V) anodization method to grow highly ordered TiO2 NTAs on Si substrate,

and investigate the effect of anodization time, voltage, and fluoride content on the formation of TiO2 NTAs. The current

density–time curves, recorded during anodization processes, can be used to determine the optimum anodization time. It is

found that the growth rate of TiO2 NTAs is improved significantly under high field, which is nearly 8 times faster than that

under low fields (40–60 V). The length and growth rate of the nanotubes are further increased with the increase of fluoride

content in the electrolyte.

Graphical Abstract Highly ordered TiO2 nanotube arrays (NTAs) on Si substrate have been fabricated by high-field

anodization method. A high voltage (90–180 V) leads to a high growth rate of TiO2 NTAs (35–47 nm s-1), which is nearly

8 times faster than the growth rate under low fields (40–60 V). Furthermore, the current density–time curves recorded

during the anodization provide a facial method to determine the optimal anodization parameters, leading to an easy

obtaining of the desired nanotubes.
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1 Introduction

Since the first report on the growth of highly ordered TiO2

nanotube arrays (NTAs) by a simple electrochemical

anodization method in 1999 [1], TiO2 NTAs prepared by

electrochemical anodization of titanium foil and alloys

have attracted much attention in various applications, such

as corrosion protection [2, 3], sensors [4–6], dye-sensitized

solar cells [7], photocatalysis [8–11], biomedical [12, 13],

and Li-ion batteries [14]. The morphology and growth rate

of NTAs can be easily controlled through optimization of

anodization parameters, such as anodization voltage, time,

and electrolyte composition [15–17]. The formation of

TiO2 NTAs is a competition consequence between oxida-

tion of titanium and electric-field-induced etching of TiO2

as well as chemical etching of TiO2 by fluoride ion

[16, 18]. In the electrolytes, fluoride ions are believed to

play an important role in the formation of nanotubular

array, and three different fluoride-containing electrolytes

have been developed. Dilute hydrofluoride acid (HF)

aqueous solution is the first one used in anodization of

titanium. However, the maximum thickness of TiO2 NTAs

was limited to only several hundred nanometers due to the

fast chemical dissolution of TiO2 NTAs by fluoride ions in

aqueous solution [19]. Later, TiO2 NTAs with a thickness

of a few micrometers were obtained in fluoride-containing

buffer solution, in which the dissolution rate of formed

TiO2 NTAs was reduced [20, 21]. Recently, a nonaqueous

electrolyte composed of ammonium fluoride (NH4F) and a

viscous organic electrolyte, such as ethylene glycol (EG) or

glycerol was used, and the length of TiO2 NTAs was

increased to several hundred microns [22–24].

To our knowledge, most of the previous works are

focused on the fabrication of TiO2 NTAs on titanium foils.

TiO2 NTAs on titanium foils have poor mechanical prop-

erties, that is, they are easily cracked and detached when

subjected to stress on titanium foils [25]. In addition, when

TiO2 NTAs on titanium foils are assembled into functional

devices, the metal electrodes deposited on the oxide layer

may diffuse into the titanium foil at elevated temperatures,

which may cause an electrical short circuit. Most impor-

tantly, titanium foil underneath the oxide layer has thick-

ness of 0.1–1 mm, making it incompatible for use in micro-

electronic device [26, 27]. Thus, it is of great significance

to form TiO2 NTAs directly on functional substrates [28].

So far, there are many reports about fabrication of TiO2

NTAs films on both conductive (ITO glass and Si) [29–31]

and nonconductive (SiO2 and glass) substrates [27, 32–34].

These nanotubular structures were fabricated by anodizing

titanium film under low fields (10–60 V). For example,

Samira et al. [34] have fabricated ordered TiO2 NTAs on Si

substrate under low field (40 V), where a long anodization

time was required. Nevertheless, it is still a challenge to

obtain high-quality TiO2 NTAs efficiently on Si substrate

under high fields. Kim et al. [27] prepared highly ordered

TiO2 NTAs by anodization of as-prepared titanium films

which were deposited on patterned Si substrate. They also

investigated the influence of the quality of titanium film

and high anodization voltages (up to 200 V) on the mor-

phology of TiO2 NTAs. However, the pre-patterning

technique is limited because of its expense and the need for

external treatments to achieve highly ordered TiO2 NTAs

films. According to Ono et al. [35], the condition of high

current density, i.e., a high electric field, is the key factor

that determines the self-ordering of the pore arrangement.

Here, based on a high-field anodization technique we

previously developed [36, 37], a 938-nm-thick TiO2 NTAs

with high quality was achieved via anodizing titanium film

on Si substrate at 120 V for 20 s, which is a significant

improvement in growth rate. The effect of anodization

time, applied voltage, and NH4F contents on the mor-

phology and growth rate of TiO2 NTAs were systemati-

cally investigated. The current density measured over the

entire anodization time was recorded, which can provide a

way to understand the whole anodization process and

estimate the termination time of anodization of titanium

film. Finally, the effect of annealing temperatures on

crystalline structure was examined.

2 Experimental Details

2.1 Ti Thin-Film Deposition on Si Substrate

The n-type Si (100) wafers were degreased by successively

sonicating in acetone and ethanol for 10 min to remove

contaminants followed by rinsing in deionized (DI) water,

and then dried in nitrogen. Titanium film with a thickness

of 360–530 nm was deposited on Si substrate by direct

current (DC) magnetron sputtering in which titanium target

with 99.999 % purity was used. The sputter chamber was

pumped down to 4.0 9 10-4 Pa. Argon gas was purged

into the chamber and maintained at 0.52 Pa during the

deposition process. The Si substrate was kept at room

temperature. The titanium film was deposited at 150 W for

10 min.
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2.2 Synthesis of TiO2 NTAs on Si Substrate

TiO2 NTAs were synthesized via an electrochemical

anodizationprocess,where a two-electrodeconfigurationwith

graphite plate was used as cathode and titaniumfilm as anode.

The electrolyte was stirred at 800 rpm for heat dissipation

during the reaction. A uniform local voltage was produced by

a regulated DC power supply (Agilent Technologies

N5752A). For the first set of experiment, the anodization time

was varied from 2 to 120 s, whereas the anodization voltage

was kept at 90 V and an organic electrolyte was kept invariant

containing 0.3 wt% NH4F, 96 vol% EG, and 4 vol% DI

water. For the second set of experiment, the anodization

voltagewas varied from40 to 180 V,whereas the anodization

time was fixed at 20 s and the electrolyte was kept the same.

The above experiments were all performed at two tempera-

tures of 20 and 0 �C. For the third set of experiment, NH4F

content of the electrolyte was varied from 0.2 to 0.4 wt%, and

the anodization was performed at 120 V for 15 s. The as-

grown TiO2 NTAs on Si substrate were annealed at different

temperatures (350, 550, and 750 �C). The details of the

anodization parameters for three different sets of TiO2 NTAs

are summarized in Table 1.

2.3 Characterization

The morphologies of TiO2 NTAs were examined using field-

emission scanning electron microscope (SEM, Zeiss Ultra

Plus FESEM), equipped with an energy dispersive X-ray

(EDX) analyzer. EDX measurements were conducted at

10 keV to analyze the elemental composition of TiO2 NTAs

on Si substrate. The crystallinity of TiO2 NTAs was investi-

gated by X-ray diffraction analysis (XRD, D8 Discover with

GADDS, Bruker Advanced X-ray Solutions, Inc.). Raman

spectra were measured using the 514 nm of an Ar ? laser as

the exciting light source (Jovin Yvon Labram 800002).

3 Results and Discussion

3.1 Formation of TiO2 NTAs on Si Substrate

Figure 1 shows the top and side view of the titanium film.

It can be seen from Fig. 1a that the top of the film is

covered with good packing of particles, producing a dense

and smooth film. A side view with high density is shown in

Fig. 1b. Figure 2 displays the morphologies and corre-

sponding EDX analysis of the as-anodized TiO2 NTAs

fabricated at 150 V for 20 s. As shown in Fig. 2a, the

surface is covered by pronounced grains, and the non-

tubular layers above the tubes can be observed from the

cross-sectional image (Fig. 2b). In order to remove the

grains on the surface, the prepared samples were immersed

into a 0.05 wt% HF aqueous solution for 25 min, and the

images of the immersed sample are presented in Fig. 2c, d.

It can be seen, the grains disappear after the immersion

process, whereas the tubular structure appears. The TiO2

NTAs have an average diameter of *80 nm and a nan-

otube length of *750 nm. When the immersion time was

increased to 40 min, TiO2 NTAs peeled off from Si sub-

strate completely, and only TiO2 NTAs remained (see

Fig. 2e). This may be due to the chemical dissolution of the

fluoride-rich TiO2 layer between the TiO2 NTAs and sub-

strate when exposed to HF aqueous solution for a long time

[38–40]. Therefore, all subsequent samples were immersed

in a 0.05 wt% HF aqueous solution for 25 min to keep

good adhesion of TiO2 NTAs on the substrate, even

annealing at high temperature.

EDX measurements were conducted to analyze the

elemental composition of TiO2 NTAs on Si substrate.

Figure 2f shows the EDX spectra of the sample depicted in

Fig. 2c, where some characteristic peaks of Ti, O, and Si

appear. Figure 2g shows the EDX spectra of the sample

displayed in Fig. 2e. Only Ti and Si peaks were observed,

demonstrating that TiO2 NTAs were removed from the

substrate completely after immersion for 40 min.

3.2 Effect of Anodization Time on the Morphology

of TiO2 NTAs

In order to better understand the anodization process, the

current density–time (I–t) curve was recorded during

anodization at 90 V (see Fig. 3). There are five stages in

the anodization process. Firstly, the titanium film is oxi-

dized under high field and a compact TiO2 barrier layer is

formed (Fig. 4a). The high current density decays initially

with increasing oxide thickness. Secondly, nanopores are

formed as shown in Fig. 4b. These primary pores appear at

Table 1 Details of anodization parameters for three different sets of TiO2 NTAs

Set (1) variation of anodization

time

Set (2) variation of applied

voltage

Set (3) variation of

NH4F contents

Anodization time (s) 2–120 20 15

Applied voltage (V) 120 40–180 120

The contents of NH4F (wt%) 0.3 0.3 0.2–0.4
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the titanium grain boundaries due to the dissolution of the

oxide layer, which causes a localized decrease in the oxide

thickness and an increase in the current density. The third

stage is a steady state established a few seconds later. This

is due to the dynamic equilibrium between the titanium

oxidation and electric-field-induced etching of TiO2 as well

as chemical etching of TiO2 by fluoride ion. In this stage,

the tubes grow longer with increasing time (Fig. 4c–f),

whereas the thickness of the barrier layer is unchanged. As

the anodization proceeds, the titanium film below the oxide

layer is progressively consumed. Beyond a certain stage,

the titanium film becomes discontinuous, creating highly

resistant electric current pathways. Hence, the current

density exhibits a decreasing trend in the fourth stage. Due

to the vanishing of the titanium film, the corrosion of Si

substrate and dissolution of TiO2 become dominant. The

Fig. 1 SEM images of top view (a) and cross section (b) of Ti film deposited by the direct current magnetron sputtering

Fig. 2 The top (a) and side view (b) of TiO2 NTAs on Si substrate formed at 150 V for 20 s. The top (c) and side view (d) of the sample

immersed in a 0.05 wt% HF aqueous solution for 25 min. e The top view of the sample immersed in a 0.05 wt% HF aqueous solution for 40 min.

f, g The EDX spectra of the sample shown in Fig. 2c, e, respectively
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dissolution rate of TiO2 is faster than the oxidation rate of

Ti, resulting in the decrease of TiO2 NTAs thickness

(Fig. 4g, h). In the last stage, the current density reaches a

steady state again. During this stage, there was no titanium

film left for oxidation, and the current is attributed to the

corrosion of silicon. Therefore, close monitoring of the

current response during anodization can provide a simple

method to determine the optimum anodization time.

Figure 5 illustrates how the length of TiO2 NTAs

changes with the anodization time. The detailed SEM

micrographs of TiO2 NTAs obtained at different anodiza-

tion times are given in Fig. 4. After anodization for 2 s, no

nanotubes are observed (Fig. 4a). After 10 s, the thickness

of anodic film is about 370 nm, but the nanotubes are not

well-defined (Fig. 4c). Nanotubes are clearly visible after

20 and 40 s (Fig. 4d, e), their length being about 700 and

1070 nm, respectively. It can be observed that the nanotube

length is longer than the thickness of the deposited titanium

film, which could be due to the volume expansion during

anodization [32, 33]. When the anodization time was

extended to 60 s, the anodic nanotubes become longer. But

with anodization time increasing to 90 s, the length of TiO2

NTAs decreases to 930 nm (Fig. 4g). For longer anodiza-

tion times, there was only little titanium film left. The

oxidation of Si substrate and the dissolution of TiO2 NTAs

become dominant, causing the decrease of TiO2 NTAs

thickness. Despite the corrosion of Si, the mechanical

adhesion of TiO2 NTAs was not affected. Even after son-

icating for 10 min, the TiO2 NTAs exhibit good adhesion

to the Si substrate (result not shown here).

3.3 Effect of Applied Voltage on the Morphology

of TiO2 NTAs

Figure 6 shows the SEM images of TiO2 NTAs formed at

high voltages (90–180 V), demonstrating the change in the

average diameter and growth rate of nanotubes. As shown

in top views (Fig. 6a, c, e, g), the pore diameter of TiO2

NTAs under different voltages ranges from 70 to 100 nm.

TiO2 NTAs formed at 120 V have a larger pore diameter of

*100 nm, while TiO2 NTAs obtained at 90 V have a

smaller diameter of *70 nm. Figure 7 presents the side

view of TiO2 NTAs under low fields (40 and 60 V). The

growth rate (R) of TiO2 NTAs can be calculated using the

formula R = h/t. Here, h means the thickness of the film,

which can be measured from the SEM images (Fig. 6b, d,

f, h, and 7), and t is the growth time. In our experiments,

the growth rate of TiO2 NTAs under high fields is varied

from 35 to 47 nm s-1, which is about 8 times faster than
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Fig. 3 The I–t curve during the anodic growth of TiO2 NTAs at 90 V

Fig. 4 SEM images of TiO2 NTAs prepared at different anodization time a 2 s, b 7 s, c 10 s, d 20 s, e 40 s, f 60 s, g 90 s, and h 120 s
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that under low fields (40 and 60 V). And TiO2 NTAs

anodized at 120 V exhibit a maximum growth rate of

*47 nm s-1. The growth rate under different voltages is

shown in Table 2.

Figure 8 shows the I–t curves during the anodic fabri-

cation of TiO2 NTAs under different voltages (90–180 V).

The inset in Fig. 8 presents the I–t curves recorded under

low fields (40 and 60 V). It can be found that the I–t curves

reveal a similar changing trend. When anodization is per-

formed at the same electrolyte temperature (20 �C), the
steady-state current density increases with increasing

applied voltages (40–120 V) (see Fig. 8 and its inset)

[18, 41], and a higher current density leads to a higher

growth rate, which is in line with the results shown in

Table 2. However, there is a deviation at higher fields (150

and 180 V), which is attributed to the lower electrolyte

temperatures (0 �C). During high-field anodization, it can

produce much reaction heat, which is detrimental to the

quality of TiO2 NTAs. Thus, at higher voltages (150 and

180 V), the electrolyte temperature was lowered to 0 �C.
As mentioned above, TiO2 NTAs formation is a competi-

tion between the oxidation of Ti and field-enhanced dis-

solution of TiO2 as well as chemical dissolution of TiO2 by

fluoride ions. Although the oxidation of Ti and electric-

field-induced etching of TiO2 were enhanced at higher

voltages, the mobility of fluoride ions in the viscous EG

electrolyte was largely suppressed at lower temperatures

(0 �C) [42], resulting in much lower chemical etching of

TiO2 and a thicker barrier layer at the metal/oxide inter-

face. During the anodization, the oxidation rate decreases

as the barrier layer grows [43]. Consequently, TiO2 NTAs

anodized at 150 and 180 V exhibit a lower current density

than that anodized at 120 V. To check the reproducibility

of the results, we have repeated the experiments conducted

under different voltages (40–180 V) for three times. The

average steady-state current density for each experiment

has been listed in Table 3, which indicates that the result is

repeatable.

3.4 Effect of Fluoride Content on the Morphology

of TiO2 NTAs

In the electrolyte, fluoride ions play an important role in the

nanotubular array formation. Figure 9 shows the SEM

micrographs of TiO2 NTAs grown in electrolytes con-

taining different fluoride contents (0.2–0.4 wt%). It can be

seen that the pore diameters are varied from 85 to 95 nm,
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Fig. 5 Dependence of the thickness of TiO2 NTAs formed at 90 V on

the anodization time

Fig. 6 The top view of TiO2 NTAs grown at different anodization voltages for 20 s: a 90 V, c 120 V, e 150 V, and g 180 V. b, d, f, h The

corresponding side view
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and no substantial change in pore diameter can be found

with change in concentration (Fig. 9a, c, e). This result is in

consistence with previous studies [18, 44]. Upon increasing

the NH4F content, the length of TiO2 NTAs exhibits an

increasing trend [18, 45, 46], ranging from 766 to 1285 nm

(Fig. 9b, d, f).

Figure 10 presents the I–t curves during the anodic

growth of TiO2 NTAs in electrolytes containing

different fluoride contents. It can be observed that the

increase in fluoride concentration causes an increase in

the recorded current density. Pena et al. have reported

that the current density is a product of three different

currents associated with the ion transport through the

film (Ti4?, O2-, and F-) [24]. The increase in current

density with higher fluoride content may be associated

with an increase of the F- transport. Since the current

density is generally proportional to the growth rate, the

fluoride contents have a significant impact on the growth

rate, and a higher fluoride concentration leads to a higher

growth rate, which is consistent with the above

conclusions.

3.5 Effect of Annealing Temperatures on Phase

Structure

The change of crystalline structure of TiO2 NTAs

annealed at different temperatures is shown in the XRD

patterns (see Fig. 11). The XRD pattern of the pre-treat-

ment sample (Fig. 11a) reveals that the nanotubular

structure mostly consists of (002) Ti, indicating that the

tubes are mostly amorphous prior to annealing. After

annealing at 350 �C, typical peaks of anatase phase at 2h
near 25.3�, 48�, 54�, and 55� are observed in the XRD

pattern (Fig. 11b), which correspond to the planes (101),

(200), (105), and (211), respectively. For thermal

Fig. 7 SEM micrographs of TiO2 NTAs fabricated at low fields for 150 s: a 40 V and b 60 V

Table 2 Growth rate of TiO2 NTAs grown via anodization under different voltages

40 V 60 V 90 V 120 V 150 V 180 V

Anodization temperature (�C) 20 20 20 20 0 0

Anodization time (s) 150 150 20 20 20 20

Growth rate of TiO2 NTAs (nm s-1) 3 5 35 47 37 43
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Fig. 8 The I–t curves during the anodic growth of TiO2 NTAs under

high voltages a 90 V, b 120 V, c 150 V, and d 180 V. The inset plots

the I–t curves under low fields (1) 40 V and (2) 60 V. The

experiments were carried out at two temperatures (20 �C for

40–120 V, and 0 �C for 150 and 180 V)
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annealing at 550 �C, the intensity of anatase peaks

increases. It is evident that increasing the annealing tem-

perature leads to an increase of crystallinity. For higher

temperatures (750 �C), the rutile peak (110) at around

27.4� can be observed [47, 48]. With an increase of the

annealing temperature, the Ti peak intensity decreases.

Annealing in air supplements the oxidation of unanodized

Ti and reduces the Ti peak intensity [33].

Table 3 The average steady-state current density for each experiment conducted under different voltages

Anodization

temperature (�C)
Experiment times Steady state current

(mA cm-2)

40 V 20 1 11.6

2 11.9

3 11.7

60 V 20 1 16.7

2 16.9

3 17.0

90 V 20 1 58.2

2 57.9

3 58.3

120 V 20 1 131.4

2 130.9

3 131.0

150 V 0 1 104.9

2 105.3

3 104.9

180 V 0 1 119.9

2 120.3

3 120.1

Fig. 9 The top view of TiO2 NTAs obtained by anodizing in electrolyte containing different NH4F contents a 0.2 wt%, c 0.3 wt% and e 0.4 wt%

NH4F. b, d, f The corresponding side view
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Raman spectra were employed to confirm the crystalline

structure of TiO2 NTAs. The typical Raman spectra of TiO2

NTAs annealed at different temperatures are shown in

Fig. 12. The Raman spectroscopy of unannealed samples

(Fig. 12a) shows a broad spectrum, demonstrating that the

unannealed sample is amorphous. When the sample was

annealed at 350 �C,TiO2NTAs exhibit specific peaks at 143,

395, and 638 cm-1, which are signatures of the anatase TiO2

[49]. With increasing the annealing temperature from 350 to

550 �C, the anatase TiO2 NTAs shows higher crystallinity.

After annealing at 750 �C, Raman peaks observed at 443 and

608 cm-1 suggest that rutile is also present in the sample

[50, 51]. The Si substrate signal can be identified by the

Raman peak at 520 cm-1. This conclusion is in agreement

with that observed from XRD patterns.

4 Conclusion

In conclusion, highly ordered TiO2 NTAs have been

obtained by high-field anodization of the Ti films deposited

on Si substrate. It is found that the anodization voltage has

a significant impact on the growth rate. A high voltage

(90–180 V) leads to a high growth rate of TiO2 NTAs

(35–47 nm s-1), which is nearly 8 times faster than the

growth rate under low fields (40–60 V). When the applied

voltage is 120 V, the anodization time is as short as 20 s

for obtaining 938-nm-thick TiO2 NTA with high quality,

which is a significant improvement in growth rate. Addi-

tionally, the fluoride content in the electrolyte will increase

the length and growth rate, but has little influence on the

pore diameter. Furthermore, the I–t curves measured over

the entire anodization duration provide a facial method to

monitor the anodization process and determine the opti-

mum anodization time, leading to an easy obtaining of the

desired nanotube arrays. Our work is anticipated to provide

a way to fabricate highly ordered nanostructures on dif-

ferent functional substrates.
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ABSTRACT

We report a facile electrochemical reduction method to synthesize Ti3?-self-

doped TiO2 nanotube arrays (TNTs), where the effects of reduction duration

and potential on the photoelectrochemical performance were systematically

investigated. The X-ray photoelectron spectroscopy and electron paramagnetic

resonance spectra confirmed the presence of Ti3? in the TNTs. Under the

optimum reduction condition, the Ti3?-self-doped TNTs exhibited remarkably

enhanced photocurrent density and photoconversion efficiency, which were

nearly 3.1 and 1.75 times that of pristine TNTs, respectively. The enhancement

of PEC performance is due to the improved electrical conductivity, accelerated

charge transfer rate at the TNTs/electrolyte interface, as well as the improved

visible light response, which is elucidated by electrochemical impedance spec-

tra, Mott–Schottky, and UV–Vis diffuse reflection spectra.

Introduction

Solar-driven photoelectrochemical (PEC) water

splitting is one of the most promising pathways for

converting solar energy into useable energy since

both water and sunlight are abundant on the earth.

Since the first report on the realization of PEC water

splitting using TiO2 electrodes in 1972 [1], numerous

semiconductor materials have been extensively

investigated as photoelectrodes in PEC system [2–4],

among which TiO2 nanotube arrays (TNTs) have

attracted the most attention due to its chemical and

photochemical stability, high specific surface area,

low cost, and non-toxic. However, the intrinsically

large band gap of TNTs (i.e., 3.2 eV for anatase and

3.0 eV for rutile) limits its photoresponse only in
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ultraviolent (UV) light region, which is only 4% of the

solar spectrum. Moreover, the intrinsic fast electron–

hole recombination owing to its poor electrical con-

ductivity is also a limitation.

To address these problems, much effort has been

made to enhance the PEC performance of TNTs by

extending the spectra absorption into the visible

region. Recent works have focused on the doping of

nonmetals or metals (N, F, Cr, and Sb) into TNTs

crystal lattice [5–8]. The hetero-element doping can

induce new energy levels located near the band edges

or as mid-gap states, thus narrowing the band gap of

TNTs. Although the incorporation of foreign ele-

ments can promote its visible light photocatalytic

activity, it inevitably causes more structural defects,

which undesirably lead to increased carrier recom-

bination centers. In view of the inherent drawbacks of

hetero-element doping approach, Ti3? self-doping

has drawn much attention recently and been espe-

cially regarded as a very promising strategy to

enhance PEC performance of TiO2 [9–12].

Several synthesis routes including hydrogen ther-

mal treatment [13–16], hydrogen or argon plasma

treatment [17, 18], and chemical reduction [11, 19–22]

were developed to prepare self-doped TNTs. Chen

et al. [23] reported the preparation of black TiO2

nanoparticles by treating white TiO2 nanoparticles

under high-pressure pure hydrogen atmosphere,

which shows a broadened optical absorption from

UV region to NIR region (*1200 nm). However, the

harsh reduction conditions such as high pressure,

dangerous H2 gas, high vacuum, and long treatment

time (120 h) is less suitable for practical application.

Recently, Zhu et al. [19] synthesized black brookite

TiO2 nanoparticles in a two-zone vacuum furnace

with the Al reduction method. Yet high temperature

(800 �C for producing Al vapor and 300–600 �C for

the reaction) and long reaction time (4 h) were still

required.

In this context, it is of great significance to develop

a safer and effective reduction method. Recently,

electrochemical reduction method has proved to be

promising for preparing reduced TNTs, and three

different reduction electrolytes have been developed,

including acidic (H2SO4) [24], neutral (Na2SO4) [11],

and alkaline (KOH) aqueous solution [25]. In Close’s

report [25], Ti3? self-doping TNTs were obtained by

reducing pure TNTs in two different types of solu-

tions (acidic or alkaline solution). Its results showed

that TNTs reduced in alkaline solution (KOH

aqueous solution with a pH of 13) exhibited

improved oxygen scavenging performance compared

with that prepared in acidic solution. During reduc-

tion in acidic solution (pH = 3), vigorous bubbling is

observed on both cathode and anode, which suggests

that most of the reactions occurring are gas-forming

side reactions. Hence, acidic solutions appear to be

ill-suited for the selective reduction of TiO2, while

alkaline solutions show a good selectivity toward the

desired oxide reduction. So far, there has been a lack

of systematic investigation on the PEC performance

of TNTs reduced in KOH aqueous solution.

Here, we report the preparation of Ti3?-self-doped

TNTs by controllable electrochemical reduction in a

three-electrode configuration. With this approach, a

series of reduced TNTs have been synthesized by

changing the reduction duration and potential, and

then its PEC properties have been investigated in

detail. Among these samples, the optimal photocur-

rent density is up to 0.525 mA cm-2 (vs Ag/AgCl),

which is about 3.1 times that of pristine TNTs

(0.170 mA cm-2). By combining the diverse charac-

terization techniques, electrochemical impedance

spectra and Mott–Schottky plots, a possible expla-

nation for the enhanced PEC performance is

proposed.

Experimental details

Preparation of TNTs

Prior to anodization, titanium (Ti) foil (99.7% purity,

0.1 mm thickness) was degreased by successively

sonicating in acetone and ethanol for 10 min to

remove contaminants followed by a chemical pol-

ishing in an aqueous solution containing HF/HNO3/

H2O with a volume ratio of 1:3:6 for 30 s. Then it was

rinsed with deionized (DI) water and dried in a

nitrogen stream. The anodization was carried out in a

two-electrode configuration with graphite plate as

cathode and Ti foil as anode. All electrolytes con-

sisted of 0.3 wt% ammonium fluoride (NH4F), 96

vol% ethylene glycol (EG), and 4 vol% DI water. In

the first step anodization, the Ti foil was anodized at

90 V for 60 min, and then the as-grown nanotube

arrays was ultrasonically removed in 0.1 M HCl

aqueous solution. Then the same Ti foil underwent a

second anodization at 90 V for 5 min. After the two-

step anodization, the prepared TNTs were annealed
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in air at 450 �C for 2 h with a heating rate of 2 �C
min-1.

Preparation of Ti31-self-doped TNTs

The electrochemical reduction was performed in a

three-electrode system with the TNTs as working

electrode, Pt mesh as counter electrode, and Ag/

AgCl as reference electrode. The supporting elec-

trolyte was 1 M KOH aqueous solution (pH = 13.6).

In this step, electrochemical reduction was conducted

at different cathodic potentials (-1.3, -1.5, and

-1.8 V) for different duration (5, 10, and 20 min). The

Ti3?-self-doped TNTs prepared at different potentials

for 10 min are denoted as X-R-TNTs (X = -1.3, -1.5,

and -1.8 V), while reduced TNTs at -1.5 V for dif-

ferent times are denoted as R-TNTs-X (X = 5, 10, and

20 min).

Characterization

The morphology of TNTs before and after electro-

chemical reduction was examined using field-emis-

sion scanning electron microscope (SEM, Zeiss Ultra

Plus FESEM). The crystal structure and phase of

samples were determined by X-ray diffraction (XRD,

D8 ADVANCE X-ray diffractometer, Bruker, Ger-

many), with incidence angles ranging from 20� to 80�.
The surface composition of samples was analyzed by

X-ray photoelectron spectroscopy (XPS, AXIS ULTRA

DLD, Kratos, Japan) using monochromatic Al Ka as

the X-ray source (150 W). The binding energy was

calibrated to 284.6 eV using the C1 s photoelectron

peak as the reference. Electron paramagnetic reso-

nance spectra (EPR) were collected at 103 K on a

Bruker EMX-8/EPR spectrometer. The diffuse

reflectance UV–Vis absorption spectra were recorded

on a spectrophotometer (Lambda 950, PerkinElmer),

with BaSO4 as a reference.

PEC characterization of TNTs
before and after electrochemical reduction

PEC measurement was performed in a three-elec-

trode PEC cell with pristine TNTs and reduced TNTs

as the working electrode, Pt mesh as the counter

electrode, and Ag/AgCl as the reference electrode.

An electrochemical workstation (PARSTAT 4000)

instrument was used to measure the PEC properties

of samples. 1 M KOH aqueous solution was used as

the electrolyte. All three electrodes were put into a

glass cell with a quartz window through which the

working electrode was illuminated from the front

sides by a solar simulator [SOLARDGE 700, a 300 W

xenon arc lamp equipped with an air mass (AM 1.5 G

filter)]. The incident illumination was adjusted to

100 mW cm-2 by changing the position of the lamp

relative to that of the electrochemical cell. The

Figure 1 TNTs before and after electrochemical reduction.

a Dependence of reduction current on time at cathodic potentials

of -1.3, -1.5, and -1.8 V (vs Ag/AgCl) (inset magnified

reduction current of -1.3 V-R-TNTs and -1.5 V-R-TNTs). b Top

view of pristine TNTs. Top view (c) and side view (d) of -1.5 V-

R-TNTs. The inset in d shows the magnified side view of -1.5 V-

R-TNTs.
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photocurrent density–voltage linear sweep voltam-

metry (LSV) curves were measured under AM 1.5 G

illumination. The transient photoresponse was eval-

uated under chopped light irradiation (light on–off

cycles: 30 s). Potentials are reported as measured

versus Ag/AgCl and as calculated versus RHE using

the Nernstian relation ERHE = EAg/AgCl ? 0.059

pH ? E0
Ag=AgCl [26], where ERHE is the converted

potential versus RHE, EAg/AgCl is the experimental

potential measured against the Ag/AgCl reference

electrode, and E0
Ag=AgCl is the standard potential of

Ag/AgCl at 25 �C (0.1976 V). The applied bias pho-

toconversion efficiencies (g) of the samples were

calculated using the following equation:

g %ð Þ ¼ I E0
rev � V

� ��
Jlight [11], where I is the pho-

tocurrent density (mA cm-2), Jlight is the incident

illumination power density (mW cm-2), E0
rev is the

standard reversible potential (1.23 V vs RHE), and

V is the applied bias potential versus RHE.

Electrochemical impedance spectroscopy was car-

ried out to understand the charge transfer process

between photoelectrodes/electrolyte interfaces. All

the measurements were performed under the open-

circuit condition with the frequency ranging from

0.01 Hz to 100 kHz. Mott–Schottky plots were mea-

sured in the dark at an AC frequency of 1.0 kHz.

Results and discussion

Figure 1a shows the dependence of reduction current

on time at cathodic potentials of -1.3, -1.5, and

-1.8 V (vs Ag/AgCl). At low cathodic potential

(-1.3 V), the reduction current was so small that it

may result in a low number of Ti3? or oxygen

vacancies [27], which can be confirmed by the fol-

lowing PEC performance of the samples. When the

cathodic potential was raised to -1.5 V, a large

stable current was yielded (*1.25 mA cm-2). Further

increasing the cathodic potential to -1.8 V produced

a larger current of 42 mA cm-2. The time depen-

dence of the current at this potential is different from

that at -1.5 V. Such high current is related not only to

the reduction of the TNTs but also to the reduction of

H? to H2. The morphology of pristine TNTs and

-1.5 V-R-TNTs is examined by SEM, shown in

Fig. 1b–d. It can be observed that the compact and

vertically aligned nanotube arrays were produced by

the two-step anodization, with an average length of

*3.0 lm. The inner diameter and wall thickness are

*48 and *52 nm, respectively. Compared with the

pristine TNTs, the nanotube structures of reduced

TNTs at -1.5 V are observed to be maintained, sug-

gesting that the morphology of TNTs was stable and

not undergoing any destruction under electrochemi-

cal reduction.

In this study, the TNTs were fabricated under the

same anodization parameters. Thus, the specific area

of all the samples is almost the same. Assuring the

TNTs made up of hollow cylinders, the evolution of

specific area (A) can be determined by the following

equation:

A ¼ 2p ri þ roð Þ � l�Nt ð1Þ

where ri is the inner radium of tubes, ro is the outer

radium of tubes, l is the length of tubes (*3.0 lm),

and Nt is the density of hollow cylinder

(*5.66 9 109 cm-2). Considering the initial surface

exhibiting a nominal area of 1 cm2, the specific area

of TNTs is calculated to be *110 cm2. The signifi-

cantly increased specific area provides large surfaces

for PEC reaction, leading to an enhanced PEC

performance.

The effect of electrochemical reduction on the

crystal structure and phase of TNTAs was investi-

gated. Figure 2 exhibits the X-ray diffraction (XRD)

patterns of TNTs and -1.5 V-R-TNTs. For the pattern

of TNTs, all peaks can be readily indexed to anatase

TiO2 (JCPDF No. 21-1272) except for the peaks at

35.2�, 38.0�, 40.2�, and 77.2� originated from the Ti

substrate [28, 29]. As shown in Fig. 2, the strong XRD

diffraction peaks for the anatase phase showed no

changes, regardless of electrochemical reduction,

Figure 2 X-ray diffraction patterns of a pristine TNTs, b -1.5 V-

R-TNTs.
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indicating that TNTs maintain their original phase

and crystal structure after electrochemical reduction.

The XPS techniques were employed to confirm the

reduction of TNTs and identify the element compo-

sition and chemical state of the pristine TNTs and

-1.5 V-R-TNTs. Figure 3a shows the high resolution

XPS spectra of Ti 2p in the samples. As observed, the

peaks of Ti 2p in the -1.5 V-R-TNTs exhibit a slight

negative shift, which supports the presence of Ti3?

states [30, 31]. Upon fitting (Fig. 3c), the two broad

peaks centered at about 458.53 and 464.27 eV can be

split into four peaks of Ti4? 2p1/2 (464.5 eV), Ti4?

2p3/2 (458.5 eV), Ti3? 2p1/2 (463.7 eV), and Ti3? 2p3/2

(457.9 eV). The fitting parameters (half widths,

intensity, and area) of Ti 2p in the pristine TNTs and

-1.5 V-R-TNTs are listed in Tables 1 and 2. It can be

observed that the Ti4?/Ti3? intensity ratio for the

2p3/2 and 2p1/2 in Fig. 3b, c is *2.346, *2.452,

*1.266, and *1.298, respectively. Compared with

the Ti4?/Ti3? intensity ratio of the pristine TNTs, the

intensity ratio of -1.5 V-R-TNTs shows an obvious

decrease, indicating a high concentration of Ti3?

defects formed during electrochemical reduction

process. As shown in Fig. 3d, a shoulder peak cen-

tered at 529.84 eV with high intensity can be clearly

observed for both samples, which is attributed to the

characteristic peak of Ti–O–Ti species. The peak at

531.8 eV shows an obvious increase after electro-

chemical reduction, which can be attributed to the

formation of the hydroxyl group on the surface of

Table 1 The fitting

parameters of Ti 2p and O 1 s

in pristine TNTs

Element Binding energy (eV) Half widths (eV) Intensity 9 104 Area 9 104

Ti Ti4? 2p3/2 458.5 0.753 6.308 4.750

Ti4? 2p1/2 464.5 1.382 1.557 2.152

Ti3? 2p3/2 457.9 0.491 2.688 1.321

Ti3? 2p1/2 463.7 0.827 0.643 0.532

O O–Ti–O 529.84 0.985 15.081 14.855

Ti–OH 531.8 1.117 1.050 1.178

Figure 3 XPS spectra of pristine TNTs and -1.5 V-R-TNTs.

a Comparison of Ti 2p peak of TNTs before and after

electrochemical reduction, b Ti 2p in pristine TNTs, c Ti 2p in

-1.5 V-R-TNTs, d comparison of O 1 s peak of TNTs before and

after electrochemical reduction, e O 1 s in pristine TNTs, f O 1 s

in -1.5 V-R-TNTs.
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TiO2 [32]. Figure 3e and f shows the fitted spectra of

O 1 s in TNTs before and after reduction, which

corresponds to Ti–O–Ti (529.91 eV) and Ti–OH

(531.77 eV) peaks [33, 34]. From the fitted results, it is

observed that the content of hydroxyl groups

increased after TiO2 reduction.

To further verify the presence of Ti3? and oxygen

vacancies in the TNTs, low-temperature EPR spectra

were performed on the pristine TNTs and -1.5 V-R-

TNTs, shown in Fig. 4. It can be observed that the

pristine TNTs present very weak EPR signals. In

contrast, the -1.5 V-R-TNTs sample shows strong

signals at g value of 2.004 and 1.994, corresponding to

oxygen vacancy and Ti3?, which is consistent with

the results reported by Zhu et al. [19]. The findings

from EPR spectra characterization suggest that elec-

trochemical reduction method can induce Ti3? and

oxygen vacancies into the TNTs.

PEC measurements were performed to assess the

photoelectrochemical properties of TNTs before and

after electrochemical reduction. To investigate the

effect of reduction duration on the PEC performance

of TNTs, reduced TNTs at -1.5 V for different times

(5, 10, and 20 min) were prepared. Figure 5a shows a

set of linear sweep voltammograms (LSV) recorded

from pristine TNTs and reduced TNTs for different

times under AM 1.5 G illumination (100 mW cm-2).

It can be observed that the photocurrent density of

TNTs first increased with the reduction time and

reached a maximum value after reduction for 10 min,

and then decreased with the reduction time further

increasing. The applied cathodic potential in the

reduction process exhibits a similar influence on the

PEC performance of reduced TNTs, which is shown

in Fig. 5c. The lower photocurrent density of TNTs

reduced at higher potentials (-1.8 V) or for longer

reduction duration (20 min) can be ascribed to the

increased recombination centers after inducing

excessive Ti3? or oxygen vacancies into the lattice of

TiO2 by electrochemical reduction [30], which is

similar to the TNTs modified by metal or nonmetal

doping [6, 35].

To further investigate the photoresponse of the

samples, the transient photocurrent response mea-

surements were carried out during repeated on–off

solar light illumination cycles at 0.6 V versus Ag/

AgCl (Fig. 5b, d). It is found that reduced TNTs at

-1.5 V for 10 min are an optimum for enhanced PEC

performance. Under AM 1.5 G illumination, the

photocurrent of reduced TNTs exhibits a higher

photocurrent of 0.525 mA cm-2 at 0.6 versus Ag/

AgCl, which is 3.1 times that of the pristine TNTs

(0.170 mA cm-2).

Figure 6a presents the plots of the photoconversion

efficiencies versus applied bias potentials of the

pristine TNTs and -1.5 V-R-TNTs. The pristine TNTs

achieved a maximum photoconversion efficiency of

0.12% at -0.54 V (vs Ag/AgCl), while the optimal

photoconversion efficiency can up to 0.21% at a

higher bias of -0.33 V (vs Ag/AgCl) for reduced

TNTs, which is about 1.75 times larger than the val-

ues obtained on pristine TNTs. The stability of the

samples was investigated at 0.6 V versus Ag/AgCl

under continuous AM 1.5 G illumination for 60 min,

and the results are presented in Fig. 6b. It is clearly

Table 2 The fitting

parameters of Ti 2p and O 1 s

in -1.5 V-R-TNTs

Element Binding energy (eV) Half widths (eV) Intensity 9 104 Area 9 104

Ti Ti4? 2p3/2 458.5 0.677 5.371 3.636

Ti4? 2p1/2 464.5 1.264 1.560 1.975

Ti3? 2p3/2 457.9 0.567 4.241 2.405

Ti3? 2p1/2 463.7 0.788 1.201 0.947

O O–Ti–O 529.84 0.990 7.822 7.744

Ti–OH 531.80 2.100 1.307 2.745

Figure 4 EPR spectra of a pristine TNTs and b -1.5 V-R-TNTs.
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Figure 5 PEC performance of TNTs before and after electro-

chemical reduction was measured under AM 1.5 G illumination.

Linear sweep voltammograms of samples prepared at -1.5 V for

different reduction duration (a) and prepared at different reduction

potentials for 10 min (c). Amperometric transient current density

versus time plots recorded from samples prepared at -1.5 V for

different reduction duration (b) and prepared at different reduction

potentials for 10 min (d) at an applied potential of 0.6 V versus

Ag/AgCl with 30-s light on–off cycles.

Figure 6 a Photoconversion efficiency of pristine TNTs and -1.5 V-R-TNTs-10 as a function of applied potential. b Stability of pristine

TNTs and -1.5 V-R-TNTs-10; the photocurrent was collected at 0.6 V versus Ag/AgCl under 1.5 G illumination.
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observed that the photocurrent density of both sam-

ples did not show any significant decay, exhibiting a

good stability. It is well known that the pristine TNTs

present high photochemical stability during PEC

measurements, which is important for photoelec-

trodes [36]. For electrochemical reduced TNTs, the

good stability of PEC performance shows that Ti3? in

the TNTs is stable, which is also demonstrated in the

paper reported by Zhang et al. [11].

Electrochemical impedance spectra (EIS) measure-

ment is a powerful tool for studying the interfacial

properties between electrodes and solution [37]. Fig-

ure 7a presents the Nyquist plots for the pristine

TNTs and -1.5 V-R-TNTs under illumination con-

dition, where the scatter points in the plots represent

the original experimental data, and the solid lines are

the fitted curves using the equivalent circuit model in

the inset of Fig. 7a. As indicated, the equivalent cir-

cuit model fitted well with both of the samples. In our

model, Rs represents the overall series resistance of

the circuit, and Rct corresponds to the charge transfer

resistance. As depicted in Fig. 7a, the -1.5 V-R-TNTs

exhibited a smaller semicircular diameter than the

pristine TNTs, indicating that the charge transfer

proceeds more easily on the reduced TNTs. The

charge transfer resistance can be derived by fitting

the Nyquist plots with the equivalent circuit model.

As expected, the charge transfer resistance Rct of

-1.5 V-R-TNTs is significantly decreased from 22751

(pristine TNTs) to 4985 X, suggesting an enhanced

charge transfer process in the reduced TNTs and thus

a more effective separation of photogenerated elec-

tron–hole pairs.

To further study the intrinsic electronic properties

of pristine TNTs and -1.5 V-R-TNTs in electrolyte

solution, Mott–Schottky (MS) measurements were

performed on the samples in dark to determine the

capacitance of electrodes. MS plots collected at 1 kHz

are presented in Fig. 7b. It can be used to determine

the semiconductor type, flat band potential (Ufb) at

semiconductor/electrolyte interface, and carrier

density (Nd) following the equation [26]:

1

C2
¼ 2

e0ee0NdA2

� �
U �Ufb �

kBT

e0

� �
ð2Þ

where C, e0, e, e0, Nd, A, U, Ufb, kB, and T represent the

space charge capacitance, the electron charge, the

dielectric constant of semiconductor electrode, the

permittivity of the vacuum, the carrier density, the

area, the applied potential, the flat band potential, the

Boltzmann constant, and the absolute temperature,

respectively. As shown in Fig. 7b, the slopes of the

MS plots were positive, characteristic of n-type

semiconductor, implying that the electrochemical

reduction process did not change the semiconductor

type of the reduced TNTs. By extrapolating the linear

parts of the curves to be 1/C2 = 0, the flat band

potential can be determined. The values of Ufb were

estimated to be -0.68 and -0.75 V (vs Ag/AgCl) for

pristine TNTAs and -1.5 V-R-TNTs, respectively.

The negative shift of Ufb indicates a shift of conduc-

tion band to more positive potentials [38], which

Figure 7 a Nyquist plots collected at open-circuit potential under

light illumination, where the scatter points in the plots represent

the original experimental data, and the solid lines are the fitted

curves using the equivalent circuit model in the inset of Fig. 6a.

b Mott–Schottky plots of pristine TNTs and -1.5 V-R-TNTs-10

collected at a frequency of 1 kHz in the dark.
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leads to enhanced electrical conductivity of the

reduced TNTs. The charge density of TNTs before

and after electrochemical reduction can be deter-

mined by the following equation:

Nd ¼
2

e0ee0

� �
d 1=C2
� �

dU

� ��1

: ð3Þ

We take e = 48 for anatase TiO2 [11]. As presented

in the inset of Fig. 7b, the -1.5 V-R-TNTs showed a

much smaller linear slope than that of the pristine

TNTs, suggesting an increase of charge density in the

reduced TNTs due to the introduction of Ti3? or

oxygen vacancies [28]. As calculated, the charge

density of -1.5 V-R-TNTs reached a maximum of

*8.833 9 1020 cm-3, while the pristine TNTs exhib-

ited a lower charge density of *1.52 9 1017 cm-3.

Thus, the electrical conductivity of -1.5 V-R-TNTs

could be greatly increased. Moreover, the expected

upward shift of the Fermi level caused by the

increased electron density can lead to a larger degree

of band bending at the surface of the reduced TNTs,

which could promote the charge separation at the

semiconductor/electrolyte interface [37, 39]. There-

fore, the improved charge transport, along with the

facilitated charge separation, is responsible for the

enhanced PEC performance.

The diffuse reflectance UV–Vis absorption spectra

of the TNTs before and after electrochemical reduc-

tion are shown in Fig. 8. Compared with the pristine

TNTs, the reduced TNTs show a dramatically

enhanced light absorption in the visible light region

of the spectrum, which is consistent with the

previous reports [40, 41], while it exhibits a slight

enhancement in the UV region, which is in accor-

dance with the results reported by Liao et al. [30].

Based on a previous report [11], a series of Ti3?

interstitial bands are formed with energies 0.27 to

0.87 eV below the conduction band minimum of

TiO2, leading to the band gap narrowing for the

reduced TNTs. The strong absorption of the reduced

sample is due to the additional transitions between

the different energy levels of the Ti3? states, oxygen

vacancies, conduction band, and valence band [42].

The enhanced light absorption contributed to the

enhanced PEC performance, which is in line with the

results demonstrated in Figs. 5 and 6.

Conclusions

In summary, Ti3?-self-doped TNTs were fabricated

by simple electrochemical reduction method and

used as photoanode of photoelectrochemical cells for

water splitting. It is noteworthy to mention that the

structure of TNTs did not show any change after

reduction process, suggesting that the morphology of

TNTs was stable and not undergoing any destruction

under electrochemical reduction. By controlling the

electrochemical reduction duration and potential, a

high photocurrent density of *0.525 mA cm-2 was

obtained, which is nearly 3.1 times higher than pris-

tine TNTs. Compared with the pristine TNTs, the flat

band potential of Ti3?-self-doped TNTs exhibited a

negative shift, which could effectively facilitate the

charge transfer. Besides, the PEC response to visible

light region was demonstrated to be greatly

enhanced. Therefore, the excellent PEC performance

of reduced TNTs can be attributed to the increased

charge density, fast electron–hole separation, and

improved visible light absorption, as confirmed by

XPS, impedance analysis, and UV–Vis diffuse reflec-

tion spectra.
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We present a comprehensive understanding of the nonlinear absorption characteristics of CdSe-based nanoplatelets
(NPLs) synthesized by the solution-phase method and the colloidal atomic layer deposition approach through 𝑍-
scan techniques at 532 nm with picosecond pulses. The CdSe NPLs exhibit strong two-photon induced free carrier
absorption (effective three-photon absorption) upon the nonresonant excitation, resulting in a remarkable optical
limiting behavior with the limiting threshold of approximately 75 GW/cm2. A nonlinear optical switching from
saturable absorption (SA) to reverse saturable absorption (RSA) with increasing the laser intensity is observed
when coating CdSe NPLs with a monolayer of CdS shell to realize the resonant absorption. The SA behavior
originates from the ground state bleaching and the RSA behavior is attributed to the free carrier absorption.
These findings explicitly demonstrate the potential applications of CdSe-based NPLs in nonlinear optoelectronics
such as optical limiting devices, optical pulse compressors and optical switching devices.

PACS: 81.05.Dz, 81.07.−b, 42.65.−k, 42.70.Nq, 78.67.−n DOI: 10.1088/0256-307X/34/9/098101

Colloidal semiconductor nanocrystals possess large
optical nonlinearity due to the quantum confinement
effect, and their nonlinear optical parameters can
be conveniently tuned by their sizes, shapes and
compositions.[1−3] Therefore, colloidal semiconductor
nanocrystals are believed to be the promising materi-
als for the applications in nonlinear gain media,[4,5]
optical limiting,[6,7] all optical switching,[8,9] and
biolabeling.[10] Up to now, extensive work has been
performed on the nonlinear optical properties of
semiconductor nanocrystals, especially the different-
shaped II–VI semiconductor nanocrystals, such as
CdSe quantum dots (QDs),[11] CdSe/ZnS core/shell
QDs,[11] CdS nanorods (NRs),[12] and CdSe/CdS
core/shell NRs.[13]

CdSe-based nanoplatelets (NPLs), as one of the
new members in II–VI semiconductor nanocrystals,
possess large lateral size and small thickness easily
controlled at atomic precision,[14] and have attracted
a great deal of attention for their superior optical and
electronic properties. Theoretical investigation has in-
dicated that the increase of lateral size is advantageous
to enhance the nonlinear optical effect.[15] A recent
experiment has demonstrated that CdSe NPLs show
10 times more efficient two-photon absorption (2PA)
than their NRs and QDs counterparts by open aper-
ture (OA) 𝑍-scan at femtosecond 800 nm laser,[2] aris-
ing from the high two-dimensional density of states
and the ultra-strong anisotropic confinement. How-
ever, the nonlinear optical absorption of CdSe NPLs
strongly depends on the electronic transition prop-
erties of the material and the excitation parameters
(energy, pulse duration and irradiance of the incident
laser beam).[16] It is highly necessary to comprehen-
sively understand the nonlinear optical characteristics

of CdSe-based NPLs working at nonresonance as well
as at resonance so that we can better apply them to
nonlinear optoelectronics.

In this work, we explore the nonlinear absorption
behaviors of the CdSe-based NPLs using the 𝑍-scan
technique with an incident laser beam of 532 nm in
the picosecond (ps) region. We find that the non-
linear absorption of CdSe NPLs is dominated by the
two-photon induced free carrier absorption (FCA) in
nonresonant regime and can incur remarkable opti-
cal limiting behavior. Nevertheless, by coating CdSe
NPLs with CdS shell (namely CdSe/CdS core/shell
NPLs) for the resonant excitation, the nonlinear ab-
sorption is able to be tuned from saturable absorp-
tion (SA) to reverse saturable absorption (RSA) by
the input laser intensity, which provides the potential
applications in optical pulse compressors and optical
switching devices.

The synthesis of CdSe NPLs was performed by the
solution-phase method with slight modification.[14] In
a typical synthesis, 480mg of cadmium acetate dihy-
drate [Cd(Ac)2·2H2O], 1.18 g of oleic acid, and 90mL
of 1-octadecene (ODE) were mixed in a 250-mL three-
neck flask and degassed under a vacuum at 110∘C for
90 min. After that, 72mg of selenium powder dis-
persed in 2mL of ODE was injected in an argon atmo-
sphere. When temperature reached 180∘C, 240 mg of
Cd(Ac)2·2H2O was introduced and then the mixture
was heated at 240∘C for 10min. After cooling down,
the NPLs were washed with ethanol and redispersed in
hexane. To realize the resonant excitation, these CdSe
NPLs were then coated with a monolayer of CdS shell
on both sides to form CdSe/CdS core/shell NPLs by
a colloidal atomic layer deposition approach to grow
CdS shell with high quality.[17] This step is useful in
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adjusting the excitonic absorption energy by chang-
ing the confinement barriers, and is also helpful to
increase the photo- and chemical-stability by protect-
ing the NPLs.[17] To obtain it, 200µL of as-prepared
CdSe NPLs (∼20 mg/mL) were mixed with 2 mL of N-
methylformamide (NMF), 4µL of ammonium sulfide
aqueous solution (20%), and 2mL of hexane to coat
S2− ions on the surface of CdSe NPLs. After phase
transfer, the polar phase was washed three times with
hexane, precipitated with acetonitrile, and redispersed
in NMF. Then 30µL of 0.1mol/L Cd(Ac)2·2H2O solu-
tion in NMF was added and stirred for 1 min to finish
the growth of one monolayer of CdS. Finally, 50µL of
oleylamine and 2mL of hexane were added into the
well-washed CdSe/CdS core/shell NPLs in NMF to
finish the phase transfer from NMF to hexane. The ex-
tra oleylamine was removed by washing with ethanol.
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Fig. 1. Structure and optical properties of CdSe and
CdSe/CdS core/shell NPLs. (a) TEM images, (b) XRD
patterns, (c) Raman spectra, and (d) linear absorption
spectra. Inset of (a) is the HRTEM images. The blue
line in (b) represents the standard XRD patterns of zinc
blende bulk CdSe.

The morphology and microstructure of the NPLs
were characterized by high resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100 F).
The crystal structure and chemical composition were
measured by x-ray diffraction (XRD, Bruker D8 Ad-
vance) and room-temperature Raman spectroscopy
(Jobin Yvon LabRAM HR 800UV micro-Raman spec-
trometer) with a 325 nm He-Cd laser. The absorp-
tion spectra were collected at room temperature on
a Perkin Elmer Lambda 35 spectrometer. The con-
centration of the NPL solution was determined us-
ing inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Thermo Scientific ICAP 6300) af-
ter dissolving NPLs in nitric-acid.[5,18,19] The nonlin-
ear optical absorption was investigated by the tradi-
tional OA 𝑍-scan measurements.[20] The light source
was a Q-switched neodymium doped yttrium alu-
minum garnet (Nd: YAG) laser, operating at a wave-
length of 532 nm with the pulse width of 15 ps, the

repetition rate of 10 Hz. The transverse distribution
of the laser beam has a nearly Gaussian profile and
the temporal profile is also nearly Gaussian shape.
The pulses were focused by a convex lens with a focal
length of 400 mm, producing a beam waist at the fo-
cus 𝜔0 ∼ 20µm. The CdSe-based NPLs dispersed in
hexane were filled in 1mm quartz cuvettes and then
mounted on a computer-controlled translation stage.

Figure 1(a) displays the transmission electron mi-
croscopy (TEM) images of the CdSe and CdSe/CdS
core/shell NPLs, together with their HRTEM im-
ages in the inset. The HRTEM images exhibit the
crystallinity of CdSe and CdSe/CdS core/shell NPLs.
Statistical analysis of TEM images gives the average
lateral sizes of CdSe (7 nm× 22 nm) and CdSe/CdS
core/shell (7 nm×23 nm) NPLs. Obviously, the lat-
eral sizes of NPLs almost keep unchanged after the
coating of CdS shell. The XRD patterns in Fig. 1(b)
show that the CdSe NPLs possess typical diffraction
peaks of (111), (200), (220), (311) and (400) planes
of zinc blende CdSe. Interestingly, the XRD spec-
trum of CdSe/CdS core/shell NPLs is identical to
that of CdSe NPLs. It suggests that the growth
of CdS shell on CdSe core is epitaxial and coher-
ent. Due to the coherency strain, the coated CdS
monolayer adopts the lattice parameters of CdSe core
to form a dislocation-free interface.[21] The existence
of CdS monolayer is directly observed from the Ra-
man spectra in Fig. 1(c). As shown in this figure,
both the spectra of CdSe and CdSe/CdS core/shell
NPLs display the typical longitudinal optical (LO)
phonon mode of CdSe at 202.1 cm−1.[22] Moreover,
the Raman spectrum of CdSe/CdS core/shell NPLs
also shows an additional peak at 277.2 cm−1, which is
assigned to the monolayer of CdS formed on the sur-
face of CdSe NPLs.[22] This value of 277.2 cm−1 is far
away from the LO phonon energy (297 cm−1) of bulk
CdS, further indicating the existence of the coherency
strain. Figure 1(d) gives the absorption spectra of
CdSe and CdSe/CdS NPLs. Both of them exhibit
sharp band-edge absorption and two well-resolved ex-
citonic transitions, i.e., electron/heavy-hole (low en-
ergy) and electron/light-hole transition (high energy).
The sharp band-edge absorption, instead of band-
tail absorption, together with the excitonic transition,
suggests the good crystallinity of CdSe and CdSe/CdS
NPLs. Due to the addition of a single CdS layer to
both sides of CdSe NPLs, electron wave functions in
CdSe are delocalizated into the CdS shell, thus the
electron confinement energy in CdSe/CdS NPLs is
weaker than that in CdSe NPLs.[17] Correspondingly,
the excitonic transition redshifts, e.g., 𝜆abs shifts from
510 to 584 nm.

Figure 2(a) shows the 𝑍-scan transmission spectra
(open circles) of the CdSe NPLs in hexane with a con-
centration of 4.0×10−7 mol/L. The excitation intensi-
ties of ps 532 nm laser (nonresonant excitation) varied
from 19 to 109 GW/cm2. Similar measurements were
performed on the pure solvent (hexane) and no clear
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𝑍-scan curves were recorded, validating that the mea-
sured nonlinear absorption originates from the CdSe
NPLs only. As shown in the figure, all the OA 𝑍-
scan data exhibit a decrease of transmittance with re-
spect to the focus, indicating the occurrence of multi-
photon absorption.[23] We attempt to fit the experi-
mental data according to the following equations un-
der the assumption of pure 2PA and pure three-photon
absorption (3PA),[24] respectively,

𝑇OA(2PA)(𝑧) =
1

𝜋1/2𝑞0

∫︁ ∞

−∞
ln[1 + 𝑞0 exp(−𝑥2)]𝑑𝑥, (1)

𝑇OA(3PA)(𝑧) =
1

𝜋1/2𝑝0

∫︁ ∞

−∞
ln{[1 + 𝑝20 exp(−2𝑥2)]1/2

+ 𝑝0 exp(−𝑥2)}𝑑𝑥, (2)

where 𝑇OA(𝑛PA) is the normalized OA transmittance
with 𝑛 being the number of photons involved in the
nonlinear absorption process, 𝑞0 = 𝛽𝐼0𝐿eff with 𝛽 be-
ing the 2PA coefficient, 𝐼0 = 𝐼00/(1 + 𝑧2/𝑧20) the ex-
citation intensity at position 𝑧 (𝐼00 is the laser peak
intensity at the focal point, and 𝑧0 = 𝜋𝜔2

0/𝜆 is the
Rayleigh length), and the 2PA effective sample length
𝐿eff = [1 − exp(−𝛼0𝐿)]/𝛼0 with 𝐿 being the sample
thickness; as well as 𝑝0 = (2𝛾𝐼20𝐿

′
eff)

1/2 with 𝛾 be-
ing the 3PA coefficient and the 3PA effective sample

length 𝐿′
eff = [1− exp(−2𝛼0𝐿)]/2𝛼0.
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Fig. 2. (a) Stacked OA 𝑍-scan data (open circles) of the
CdSe NPLs in hexane at different input intensities. The
dashed and solid curves are the fits using the 2PA and
3PA theories, respectively. For clarification, the curves
are shifted along the vertical direction, and each curve is
separated by 0.2. (b) Intensity dependence of the effective
3PA coefficients 𝛾eff for the CdSe NPLs. The solid line is
a guide for the eyes. (c) Nonlinear transmittance of the
CdSe NPLs as a function of the input intensity. The circles
are the experimental data and the line is the theoretical
fitting using the three-level two-step 3PA model.

Table 1. Relevant parameters (𝛾eff , 𝐼s, 𝛽eff) obtained by the best theoretical fits of experimental data for CdSe and CdSe/CdS
core/shell NPLs at different excitation peak intensities (𝐼00).

CdSe NPLs CdSe/CdS core/shell NPLs
𝐼00 (GW/cm2) 𝛾eff (cm3/GW2) 𝐼00 (GW/cm2) 𝐼s (GW/cm2) 𝛽eff (cm/GW)

19.1 2.5×10−2 3.9 0.09 1.4×10−8

33.8 4.5×10−2 7.8 0.11 0.72
51.1 4.8×10−2 17.3 0.45 0.83
58.1 5.0×10−2 27.0 1.25 0.86
77.8 4.7×10−2

The dashed curves in Fig. 2(a) are the theoretical
fits using the 2PA theory (Eq. (1)) and it is obvious
that they deviate from the experimental observation.
Nevertheless, the solid curves obtained using the 3PA
theory (Eq. (2)) agree well with the experimental data.
Relevant parameters used in the fits are listed in Ta-
ble 1. Achtstein et al.[12] have also observed the sim-
ilar results in CdS QDs and modelled their data us-
ing an instantaneous 3PA coefficient. In our case, as
the excitation wavelength (𝜆exc) used for the measure-
ments fulfills the requirement (𝜆abs < 𝜆exc < 2𝜆abs)
for 2PA studies at 532 nm, the absorption mechanism
here should be two-photon resonant 3PA,[25] i.e., effec-
tive 3PA. Figure 3(a) represents the schematic energy
level diagram for the CdSe NPLs to explain the non-
linear processes. In the nonresonant regime, excited
electrons transit from the valence band to the con-
duction band through an instantaneous 2PA process.
Subsequently, the free charge carriers can be further
excited to the higher conduction band states through a
third photon, which is called FCA or excited state ab-
sorption (ESA). The whole process described above is
called the effective 3PA since the two-photon induced

FCA or ESA is a three-photon process. Sutherland et
al.[26] have also successfully explained the two-photon
induced ESA in organic chromophores with an effec-
tive 3PA model. The effective 3PA coefficients 𝛾eff
were evaluated from the best fits using the 3PA the-
ory (Eq. (2)) as shown in Fig. 2(b). It is obvious that
the measured 𝛾eff values almost keep as a constant of
4.7 × 10−2 cm3/GW2 with the input intensities upon
25 GW/cm2, which demonstrates the validity of the
effective 3PA process.

Since the effective 3PA is actually a two-photon
induced FCA, we try to separate the contributions
of 2PA and FCA. Here 2PA is a third-order non-
linear absorption process, while FCA can be consid-
ered as a fifth-order nonlinear absorption in theo-
retical treatment. Therefore, a three-level two-step
3PA model[27] has been proposed to separate them
when considering the whole absorption coefficient 𝛼 as
𝛼0 + 𝛽𝐼 + 𝛾𝐼2. For this purpose, we show in Fig. 2(c)
the normalized transmission 𝑇 (0) at the focus as a
function of the input intensity 𝐼00. The solid blue
line is the fitting result using the three-level two-step
3PA model.[27] The least-square fitting yields a 2PA
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coefficient 𝛽 of 0.0584 cm/GW and an FCA-related
3PA coefficient 𝛾 of 0.0304 cm3/GW2. The 2PA
cross section 𝜎2PA per CdSe NPL is calculated to be
9.04×10−44 cm4·s/photon (or 9.04×106 GM) using the
relation of 𝜎2PA = (ℎ𝜈/𝐶)𝛽, where ℎ𝜈 is the photon
energy and 𝐶 the particle concentration. The FCA
cross section is estimated to be 𝜎F = 1.94×10−16 cm2

via the formula of 𝛾 = 𝜎F𝛽𝜏F/2ℎ𝜈 after taking the
free carrier lifetime 𝜏F ∼ 2 ps.[28] Apparently, once the
input intensity is larger than 10 GW/cm2, the contri-
bution from the FCA is much larger than that from
2PA for 𝛾𝐼 ≫ 𝛽, suggesting the effectiveness of the
3PA model in Fig. 2(a).[26] Furthermore, Fig. 2(c) also
displays an obvious optical limiting behavior of the
CdSe NPLs. With an input intensity of less than
10 GW/cm2, the energy transmittance is almost a con-
stant. However, in excess of 10GW/cm2, the trans-
mittance decreases when we increase the input inten-
sity, showing a typical limiting property.[29] The limit-
ing threshold, defined as the input intensity at which
the transmittance decreases to half the linear trans-
mittance, is approximately 75 GW/cm2.

2PA
FCA

FCA

VB

CB

SA

(a) (b) CdSe/CdSCdSe

Fig. 3. Schematic diagram of the energy level for (a)
CdSe NPLs in the nonresonant regime and (b) CdSe/CdS
core/shell NPLs in the resonant region. VB: valence band;
CB: conduction band; 2PA: two-photon absorption; FCA:
free carrier absorption; SA: saturable absorption.

The nonlinear absorption behavior of NPLs was
also studied in the resonant regime by coating CdSe
NPLs with CdS shells to lower the required excitation
energy. Figure 4 presents the nonlinear absorption
curves for the CdSe/CdS core/shell NPLs in hexane
with the concentration of 1.4× 10−7 mol/L excited at
different input intensities. At a relatively low intensity
of 3.9 GW/cm2 as shown in Fig. 4(a), the normalized
transmittance increases monotonically with the sam-
ple closing to the focus, suggesting the SA behavior.
Figure 4(b) shows the nonlinear absorption curve ob-
tained at a relatively higher intensity of 7.8 GW/cm2.
With closing to the focus, the transmittance increases
at first (SA behavior), then decreases near the focus
which shows the RSA behavior. The transition from
SA to RSA results in an absorption curve with a sym-
metrical valley and two humps. With the further in-
crease of the input intensity (Figs. 4(c) and 4(d)), the
humps drive down while the depth of the valley in-
creases, indicating a stronger RSA.
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Fig. 4. OA 𝑍-scan experimental data (open cir-
cles) and theoretical fits (solid lines) of the CdSe/CdS
core/shell NPLs at different excitation peak intensities:
(a) 3.9GW/cm2, (b) 7.8GW/cm2, (c) 17.3GW/cm2, and
(d) 27.0GW/cm2.

A schematic energy level diagram for the
CdSe/CdS core/shell NPLs as shown in Fig. 3(b) is
used to explain the above nonlinear absorption pro-
cesses in the resonant regime. In CdSe NPLs, the
electron and hole wave functions are strongly con-
fined along the direction of thickness, exhibiting dis-
crete electron and hole energy levels. In CdSe/CdS
core/shell NPLs, the holes are still confined in the
CdSe core while the electron could easily move be-
tween CdSe and CdS,[17] since the conduction band
offset between CdSe and CdS is small but their va-
lence band offset is large.[30] Therefore, the hole en-
ergy levels in CdSe/CdS NPLs are almost the same
to those in CdSe NPLs, but their electron energy lev-
els are lowered down, as shown in Fig. 3. The shift
of energy levels in CdSe/CdS NPLs finally leads to a
redshift of the first excitonic transition from 510 to
584 nm (Fig. 1(d)). Because the excitation energy is
larger than the excitonic absorption peak energy of
CdSe/CdS core/shell NPLs, the electron can be di-
rectly excited from the ground state to the excited
state by absorbing one photon with a wavelength of
532 nm. When the input intensity is low, the absorp-
tion in the ground state is saturated and thereby re-
sults in a strong SA behavior. However, when the
input intensity is sufficiently high, the FCA will play
an important role, leading to an effective 2PA and
thus the RSA behavior. Note that, the SA behavior
of the sample at the position far away from the focal
point is due to the declined light intensity. Such type
of switching behavior has also been observed in CdSe
QDs,[31] Bi2S3 NRs,[32] and gold nanocubes.[33]

To obtain an insight into the transition of nonlin-
ear absorption behavior of the CdSe/CdS core/shell
NPLs at different input intensities, we present the to-
tal absorption coefficient 𝛼(𝐼),[34]

𝛼(𝐼) = 𝛼0
1

1 + 𝐼/𝐼s
+ 𝛽eff𝐼, (3)

where the first term describes the SA, and the second
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term describes the RSA resulting from the effective
2PA. The linear absorption coefficient 𝛼0 is 8.9 cm−1

for the CdSe/CdS core/shell NPLs at 532 nm. Here 𝐼
is the laser intensity as functions of 𝑟, 𝑡 and 𝑧, with 𝑟
being the radial distance from the optical axis and 𝑡
the time, 𝐼s is the saturation intensity, 𝛽eff is the ef-
fective 2PA coefficient, and 𝐼 in the sample obeys the
following differential equation,[20]

𝑑𝐼

𝑑𝑧′
= −𝛼(𝐼)𝐼, (4)

where 𝑧′ is the propagation distance inside the sample.
The normalized transmittance at the sample position
𝑧 for OA 𝑍-scan is expressed as[20]

𝑇 (𝑧) =

∫︀ +∞
−∞ 𝑑𝑡

∫︀ +∞
0

𝐼out𝑟𝑑𝑟

exp(−𝛼0𝐿)
∫︀ +∞
−∞ 𝑑𝑡

∫︀ +∞
0

𝐼in𝑟𝑑𝑟
, (5)

where 𝐼out is the laser intensity at the output plane,
which can be represented as an infinite series from
solving Eqs. (3) and (4) using the Adomian decompo-
sition method,[35] 𝐼in = 𝐼00

𝜔2
0

𝜔2
z
exp(− 2𝑟2

𝜔2
z
) exp(− 𝑡2

𝜏2 ) is
the laser intensity at the entrance plane of the sample
with 𝜔2

𝑧 = 𝜔2
0(1+ 𝑧2/𝑧20) being the beam radius and 𝜏

the input pulse width.
The solid curves in Fig. 4 are the best theoreti-

cal fits of the experimental data through Eq. (5), and
the corresponding nonlinear coefficients 𝐼s and 𝛽eff are
listed in Table 1. Similar to those observed in CdSe-
based QDs and nc-Si: H,[31,36] both 𝐼s and 𝛽eff in-
crease with 𝐼00. The 𝐼00-dependent 𝐼s and 𝛽eff values
reflect the competition between the ground state ab-
sorption and the FCA. At a low 𝐼00, the ground state
absorption dominates and leads to the SA behavior.
With the increase of 𝐼00, the FCA process gradually
plays an important role and more electrons can be ex-
cited to the conduction band from the valence band,
leading to increasing 𝐼s and 𝛽eff . At a sufficiently high
𝐼00, the FCA process dominates and incurs the RSA
behavior. For example, at 𝐼00 = 3.9GW/cm2, 𝐼s is
calculated to be 0.09 GW/cm2 and 𝛽eff is almost 0,
and thus the predominant absorption mechanism is
SA. However, when 𝐼00 = 27.0GW/cm2, 𝐼𝛽eff domi-
nates in Eq. (3) and it yields the strong RSA behav-
ior in the CdSe/CdS core/shell NPLs. As a result,
the overall nonlinear absorption behavior gradually
switches from SA to RSA with increasing the excita-
tion peak intensity. It is believed that such an interest-
ing switching behavior from SA to RSA may provide
potential applications in optical pulse compressors and
optical switching devices. The SA and RSA behaviors
can be used in an optical compressor to reduce the
leading edge and trailing edge of a pulse respectively
and thus shorten the pulse.[37] Moreover, considering
two single laser beams of four different input combina-
tions (0, 0), (0, 1), (1, 0), (1, 1), we can obtain a logic

0 or 1 by defining a suitable threshold and realize an
all-optical exclusive-OR logic gate based on the SA to
RSA transition.[38]

In summary, we have provided a comprehensive
understanding of the nonlinear absorption behaviors
of CdSe-based NPLs using ps pulses at 532 nm. The
CdSe NPLs exhibit a strong RSA behavior resulting
from two-photon induced FCA in a nonresonant re-
gion. The growth of a monolayer of CdS on the CdSe
core can effectively make the absorption band red shift
to realize the resonant nonlinear absorption and hence
incur completely different nonlinear absorption prop-
erties. In detail, the CdSe/CdS core/shell NPLs show
an optical switching behavior from SA to RSA with
increasing the laser intensity, which are ascribed to the
ground state bleaching and FCA, respectively. From
the study, it can be seen that CdSe-based NPLs are
promising nonlinear optical materials for applications
in optoelectronic devices.
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ABSTRACT: Undesirable nonuniformly distributed defects and
mixed (1̅103) and (112 ̅2) phases during the growth of semipolar
GaN films on m-plane sapphire substrates have been known to exist.
In our study, we developed an interface-modification technique to
achieve in situ site-specific Ga filling, nucleation, and nanograin
growth, which efficiently blocked threading defects there. We have
identified the mechanism governing the site-specific Ga filling and
nanograin growth into Ga-rich islands based on surface atomic
structures and theories of Gibbs free energy. Using the interface
modification, we have achieved high-quality semipolar (112 ̅2) GaN
films that enjoy merits of a very low basal-plane stacking fault
density of ∼9 × 103 cm−1, a low threading dislocation density of ∼9
× 107 cm−2, and the strong band-edge-emission-dominated
luminescence.

■ INTRODUCTION

Semipolar (112 ̅2) group-III nitrides materials have attracted
considerable research interests in the field of high-performance
optoelectronic devices1 due to their merits of (a) nearly free
electric fields along the growth orientation,2,3 (b) the wide
growth window,4−6 (c) and the high indium incorporation
efficiency.7,8 Currently, various heterosubstrates have been
employed to grow semipolar GaN films9−13 due to a lack of
large-sized and low-priced bulk GaN substrates. However,
semipolar (112 ̅2) GaN heteroepitaxial films are involved with
mixed phases, rough surface, and high-density structural defects
(dislocation density in the range of 1010 cm−2 and stacking fault
density in the range of 105 cm−1).13,14 Various methods such as
SiNx or ScN or superlattice interlayering,15−17 two-step growth
method,18,19 epitaxial lateral overgrowth (ELO),20 patterned
sapphire substrates (PSS),21,22 and in situ asymmetric island
sidewall growth23 have been developed to reduce the density of
threading dislocation (TD), partial dislocation (PD), and
stacking fault (SF) in semipolar (112̅2) GaN.
For semipolar (112 ̅2) GaN improved by such methods,

undesirable nonuniformly distributed defects20,21 continue to
be located at the mere presence of −c regions (e.g., −c wings in
ELO or PSS)20 and the coalescence boundaries24,25 that will
become arrow-like structures (arrow-shape-morphology coa-

lescence boundaries).21,26 If the propagation of these defects
can be efficiently stopped, qualities of the subsequent layer can
be further improved.27,28

In the present study, based on surface atomic structures and
theories of Gibbs free energy,29,30 we have developed an
interface-modification technique by in situ site-specific growth
of Ga-rich islands on these arrow-like structures, which is
expected to block the propagation of these defects. The
interface-modification technique is different from the SiNx or
ScN interlayering,15,16 which usually requires ex situ processes
and serves as dielectric mask for subsequent ELO of GaN. We
have identified the mechanism governing the site-specific Ga
filling, Ga-rich island growth, and the Ga-rich surface formation.
Using the interface modification, we have achieved high-quality
semipolar (112̅2) GaN on sapphire substrates. The interface-
modification technique and the further understanding of the
mechanism are of general scientific significance as well as of
technological application significance in growth of high-quality
epitaxial thin films.
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■ MECHANISM GOVERNING SITE-SPECIFIC
GALLIUM FILLING, NANOGRAIN GROWTH, AND
GALLIUM-RICH SURFACE FORMATION

We will start describing the crux of the present work, which
precisely refers to the procedure conducted in our laboratory.
On m-plane sapphire substrates, we conduct the growth of a
high-temperature (HT) semipolar (112 ̅2) GaN layer (sample
B1, ∼2.2 μm) at 1030 °C under 50 Torr, as traditionally
performed.23 On this layer surface, a GaN layer is deposited
under 550 °C and 500 Torr for 100 s, followed by an annealing
process for 700 s in H2 ambience (Figure 1a). During the first
100 s, under high pressure at low temperature, dense
nanograins (∼7 × 108 cm−2) grow on the surface of the
semipolar HT GaN layer. The growth of these nanograins is
caused by quasi-3D growth mode at high-density-dangling-
bond sites (e.g., defects and step edges), resulting from low
Gibbs free energy30 and low Ga-diffusion length under low
temperature and high pressure.31 During the following
annealing duration of 700 s, three distinctive growth processes
occur: (a) decomposition, (b) in situ site-specific Ga filling,
nucleation, and continual growth of nanograins into microis-
lands, and (c) formation of the Ga-rich surface (sample A1,
Figure 1b).
In (a), most nanograins decompose into N and Ga, the latter

of which can return to serve as the material source for (b) and
(c). In (b), Ga filling and nucleation at some specific sites and
grow into Ga-rich islands (∼1.2 × 106 cm−2). These sites are
exemplified by triangular cavities (corner-like shape position),
steps (stair-like shape position),30 and structural defects in fork-
like ridges (fork-shape-morphology coalescence boundaries, i.e.,
arrow-like structure) or step-like coalescence boundaries. To
nucleate and grow into microislands, nanograins formed by Ga
filling and nucleation need to satisfy following three conditions:
(i) these specific sites are N-polar, (ii) nanograins must deposit
at specific sites (e.g., fork-like ridge) that possess low Gibbs free
energy or high-density structural defects,32 and (iii) nanograin
sizes must exceed a critical size, rc. In (i), the N-polar surface is
preferred for adsorption of Ga adatoms (Ga filling), nucleation,
and nanograin growth. In (ii), the Gibbs free energy in the half-
crystal model can be obtained by the supersaturated chemical

potential (Δμ): Δμ = 4 × σ/n (per nanometer square), where σ
denotes (112 ̅2) surface energy (per nanometer square) and n
denotes the number (per nanometer square) of atoms in
different sites. We can deduce np (the number of atoms in
triangular cavity) > nb (the number of atoms in step) > ns (the
number of atoms in smooth surface), implying Δμp < Δμb <
Δμs, and further confirming the existence of the lowest Gibbs
free energy in fork-like ridges. In (iii), according to Thomson−
Gibbs equation, dG = dGv + dGs = μvdnv + μcdnc + σdS, the rc
value can be obtained by dG/dr = 0, i.e., −12πr2Δμ/(3Ω) +
8πr × σ = 0, leading to rc = 2 × σ × Ω/Δμ, where σ denotes
(112 ̅2) surface energy (per molecular area); Ω the molecular
volume of GaN; Δμ the supersaturated chemical potential of
phase transition from vapor to crystal (under high pressure and
low temperature). The supersaturated chemical potential can
be expressed as KT ln(PG/P0), where K denotes the Boltzmann
constant; T the growth temperature; P0 the equilibrium vapor
pressure; and PG the growth vapor pressure. The growth of
grains is driven by the presence of the high pressure (PG) and
metallic Ga atoms surrounded by ammonia and hydrogen
molecules.
After discussions of the site-selective Ga-rich island growth,

let us further clarify the defect-blocking mechanism of these
microislands below. Some structural defects, containing misfit
dislocation, stacking fault, and tiny void, are usually generated
during Ga filling, nucleation, and coarsening of Ga-rich GaN
nanograins into microisland. These defect-imbedded microis-
lands can efficiently stop the propagation of defects in the
vicinity of fork-like ridges and step-like coalescence boundaries
(Figure 1c). In (c), the Ga richness, which originates from the
existence of some metallic Ga as surfactants,33 enhances the Ga-
face growth. Subsequently, this enhancement suppresses N-face
growth in the subsequent layer of semipolar (112̅2)
GaN,23,34,35 and increases the adatom lateral diffusion (Figure
1b).31

The combination of these three growth processes leads to
the formation of the Ga-rich surface and Ga-rich microislands
site-selectively aggregating on fork-like ridges or other
coalescence boundaries. Finally, relying on this formation, we
can obtain a high-quality HT semipolar (112 ̅2) GaN layer with
a smooth surface (sample A2, Figure 1c). Simultaneously, for

Figure 1. (a) A chart for growth details of GaN microislands and Ga-rich surface. Schematic diagrams of (b) site-specific Ga filling, growth of
microislands, and formation of Ga-rich GaN surface on ∼2.2 μm HT GaN layer surface (sample A1), (c) a subsequent ∼2.2 μm HT GaN layer
deposited on sample A1 (sample A2), and (d) HT semipolar (112 ̅2) GaN layers without interface modification (control samples B1 and B2).
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comparison purposes, we prepare HT semipolar (112 ̅2) GaN
layers without this formation (samples B1 and B2, Figure 1d)
to confirm impacts of the in situ site-specific Ga filling, Ga-rich
microislands, and the Ga-rich surface on crystalline qualities,
crystalline phases, and surface smoothness. Samples A2 and B2
were prepared by a subsequent layer growth of ∼2.2 μm HT
GaN on samples A1 and B1.

■ CHARACTERIZATION METHODS
All semipolar (112 ̅2) GaN films on (11 ̅00) m-plane sapphire
substrates were grown in a metalorganic chemical vapor deposition
system (Thomas Swan, close-coupled showerhead 3 × 2″ reactor).
Trimethylgallium and high-purity ammonia were used as source
precursors, and hydrogen as the carrier gas.
Surface stoichiometric information was analyzed by X-ray photo-

electron spectroscopy (XPS, PHI Quantum2000) with an Al Kα X-ray
excitation source (hν = 1486.6 eV). Surface morphologies of semipolar
GaN epilayers were investigated by scanning electron microscopy
(SEM, Hitachi-SU70) and atomic force microscopy (AFM, SII
SPA400). Samples A1 and B1 were etched via the 1 M KOH
solutions at 85 °C for 120 s. X-ray diffraction (XRD, PHILIPS X’Pert
PRO) and Raman spectroscopy (RAMAN-11) were used to
qualitatively analyze the crystalline quality of the semipolar GaN.
The luminescence property of the semipolar GaN was investigated by
photoluminescence (PL) at 300 K and cathodoluminescence (CL,
Model iHR320 Spectrometer System) at 88 K with an electron
acceleration voltage of 20 kV and a beam current at 95 nA. The
microstructures of samples A2 and B2 were investigated by
transmission electron microscopy (TEM, JEM2100) and selected
area electron diffraction (SAED) using an accelerating voltage of 200
kV.

■ RESULTS AND DISCUSSION
Both the existence and critical characteristics of Ga-rich surface
are analyzed by XPS spectra (Figure 2) which are referenced to

the XPS data book with the C 1s peak fixed at 284.8 eV.36 The
average gallium to nitrogen ratio, calibrated by sensitivity
factors, is defined as XGa/N

S = (IGa3d5/2/FGa3d5/2)/(IN1s/FN1s),
where S denotes the name of a sample; I the integrated
intensity; and F the sensitivity factor (FGa3d5/2 = 0.438 and FN1s
= 0.499). Auger signals originating from gallium are intention-
ally excluded in integrated intensity of the N 1s photoelectron
peak. Results of XPS spectra, XGa/N

A1 ≈ 1.04 and XGa/N
B1 ≈ 0.99 for

samples A1 and B1 validate the Ga-richness existence on the
surface of sample A1, which is attributed to GaN decom-

position and subsequent N desorption. As one of advantages,
the N-polar {11 ̅03} facet growth is ultimately suppressed
during the growth of the subsequent HT GaN layer.23,34,35

Surface morphologies of samples A1 and B1 (Figure 3)
present striations (∼0.30 μm−1), which are related to

anisotropy and defects,13,17 with typical fork-like ridges (∼0.6
× 106 cm−2, marked by yellow arrow). Comparing A1 with B1,
we observe that microislands (∼1.2 × 106 cm−2, marked by red
arrow) appear in the former, whereas they are absent in the
latter. The average lateral size of microislands is roughly
estimated as ∼3.0 μm along [1 ̅1̅23] and ∼1.5 μm along [11̅00]
(Figure 3c). The average height of microislands is ∼200 nm.
The average depth of fork-like ridges is ∼250 nm (Figure 3d).
These microislands scatter more densely than fork-like ridges
do because some of them aggregate on step-like coalescence
boundaries.
Figure 4a shows enlarged view of a fork-like ridge, which is

green squared in Figure 3d. Figure 4b,c shows line profiles L1
and L2 crossing over sidewall facets of the fork-like ridge. The
oblique angles for sidewall facets referring to the (112 ̅2) plane
are ∼29° and 25°, indicating the presence of {202̅1} and
{101 ̅1} sidewall facets on the fork-like ridge. Accordingly, a
geometrical model for the fork-like ridge is depicted in Figure
4d; the corresponding atomic structure is schematically drawn
in Figure 4e. Obviously the fork-like ridges have specific N-
polar sidewall facets on the surface. The density of N dangling
bonds for the {112̅2}, {101̅1}, and {202 ̅1} atomic planes is 5.9,
16.2, and 12.1 nm−2, respectively. Therefore, the N-polar
{101 ̅1} and {202̅1} sidewall facets on the fork-like ridge are
preferred for adsorption of Ga adatoms. As a result, in situ Ga
filling, nucleation, and eventually formation of Ga-rich
microislands at these specific sites are achieved, as demon-
strated in Figures 2 and 3a,c.
After etching surface morphologies of both samples A1 and

B1 (Figure 5) show etched voids (indicated by green arrow)
and grooves (yellow arrow) due to the presence of high-density

Figure 2. XPS spectra of Ga 3d5/2 photoelectron peak and N 1s
photoelectron peak for samples A1 and B1. In the figure, fitted peaks
of 18.3, 19.5, and 397.0 eV correspond to Ga 3d5/2 (Ga−Ga), Ga
3d5/2 (Ga−N), and N 1s (N−Ga), respectively.

Figure 3. SEM images of samples (a) A1 and (b) B1. AFM images of
samples (c) A1 and (d) B1.
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defects and coalescence boundaries there. The microisland (red
arrow) on the incompletely covered fork-like ridge (blue
arrow) is not etched off; the etched island surface is rough
(Figure 5a). This indicates the microisland is defect-imbedded
and thus feasible to block threading defects at these sites.
Figure 6 shows surface morphologies of samples A2 and B2.

The average striation density of sample A2 is ∼0.22 μm−1,
which is less than that of A1 (or B2, ∼0.30 μm−1), signifying
the reduction of defects. Figure 7 shows cross-sectional TEM
images of samples A2 and B2 taken along the [1̅100] zone axis.
Propagation of defects is terminated at the interface between

bottom and top HT GaN layers for sample A2 (amber arrows,
Figure 7a), which further confirms the defect blocking by
interface modification. During the subsequent growth of GaN
on microislands, some threading dislocations are bent by image
forces and finally annihilated by formation of the dipole half
loop (green arrow). No defect blocking effect was observed for
sample B2 (Figure 7b). SAED patterns (insets) further support
the improvement in crystalline quality of sample A2 compared
with that of sample B2.
Crystalline phases in semipolar GaN grown on m-sapphire

need to be confirmed by XRD ω-2θ scans due to the existence

Figure 4. (a) Enlarged view of a fork-like ridge (green squared in Figure 3d). Line profiles crossing over sidewall facets of the fork-like ridge: (b) L1
and (c) L2. (d) Geometrical model showing the fork-like ridge formed on semipolar (112 ̅2) GaN surface. (e) Schematic diagram of atomic
structures for the fork-like ridges with specific N-polar sidewall facets. Cross-sectional view of atomic structures for the (101 ̅1) and (202 ̅1) atomic
planes is also shown in the figure.

Figure 5. SEM images of samples (a) A1 and (b) B1 after chemical
etching with KOH solutions. Figure 6. SEM images of samples (a) A2 and (b) B2.
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of the (101 ̅3) phase, which results from the nitridation process
or the initial GaN growth14,23 and thereby lowers the crystalline
quality and device performance. Sample A2 shows a single
(112 ̅2) peak, whereas a (112 ̅2) peak at 34.6° and a (101 ̅3) peak
at 32.2° simultaneously appear in sample B2 (Figure 8a),
confirming that the (101 ̅3) facet growth has been suppressed
by the Ga-rich surface, as mentioned in the description related
to XPS spectra. In Figure 8b the XRD ω-scan peak fwhm of
sample A2 (100 arcsec) can be observed to be narrower than
that of sample B2 (190 arcsec), indicating that the crystalline
quality of A2 has been improved via the mechanism
aforementioned. This improvement is further demonstrated
by data of (a) A2: the basal SF (BSF) density ∼9.0 × 103 cm−1

and the TD density ∼9.0 × 107 cm−2, and (b) B2: the BSF
density ∼2.2 × 104 cm−1 and the TD density ∼1.6 × 108 cm−2.
These data are obtained via empirically derived fwhm-defect
density relationships.13,16,23 Figure 8c shows fwhm’s of (n0n ̅0)
X-ray rocking curves with the incident beam aligned to the c-
axis. The fwhm’s of (101 ̅0), (202 ̅0), and (303 ̅0) diffraction
peaks from sample B2 are 0.72, 0.52, and 0.34 degree,
respectively. The fwhm’s of (101 ̅0), (202 ̅0), and (303̅0)

diffraction peaks from sample A2 are 0.42, 0.30, and 0.25 deg,
respectively, which are much smaller than those of sample B2.
These further indicate a decrease in BSF density for sample A2
with interface modification.
The Raman E2

H peak of sample A2 (568.0 cm−1) shifts more
closely to the compressive-strain-free position (567.6 cm−1)37

than that of sample B2 (568.3 cm−1) does (Figure 9), with the

resolution enlarged (inset). The residual compressive strain σ
in samples A2 and B2 can be estimated to be approximately
0.10 and 0.17 GPa from σ = Δω/K, where Δω denotes the
peak shift (A2:0.4 cm−1; B2:0.7 cm−1) and K denotes the linear
strain coefficient (∼4.2 cm−1/GPa). In addition, the fwhm of
E2
H peak (inset) of A2 (5.6 cm−1) appears narrower than that of

B2 (6.2 cm−1) does, suggesting that fewer defects are
embedded in A2 than in B2.23 These Raman results do appear
consistent with XRD counterparts in terms of fwhm and defect
reduction.
Because of the existence of high-density structural defects,

semipolar GaN on sapphire generally luminesces weakly, and
this luminescence is dominated by the defects-correlated
emission.38,39 The A2 sample, which exhibits high crystalline
qualities, luminesces intensively with the band-edge (BE)
related peak at 3.40 eV, whereas B2, which contains numerous
BSFs, PDs, and prismatic SFs, luminesces weakly with the
defects-induced peak at 3.37 eV (Figure 10a). In 88 K CL
spectra (Figure 10b), the D0X emission from sample A2 is
enhanced, whereas the SF emission is suppressed compared
with that from sample B2; the intensity ratio between D0X and
SF emissions is 1.6 for sample B2 and 5.8 for sample A2,
indicating significant reduction of defect density in sample A2.

Figure 7. Cross-sectional TEM images of samples (a) A2 and (b) B2.
The insets are selected-area-electron-diffraction patterns of samples A2
and B2. White arrows indicate the interfaces between bottom and top
HT GaN layers.

Figure 8. (a) XRD ω-2θ scans of samples A2 and B2. (b) XRD ω scans of (112 ̅2) peaks from samples A2 and B2 with the incident beam direction
aligned to [1 ̅1̅23]. (c) fwhm’s of (n0n ̅0) X-ray rocking curves (n = 1, 2, 3) with the incident beam aligned to the c-axis.

Figure 9. Micro-Raman spectra of samples A2 and B2 with clearly
visible E2

H, E1(TO), A1(TO), and E1(LO) phonon peaks.
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■ CONCLUSION
We have improved the crystalline quality of semipolar (112̅2)
GaN films on m-plane sapphire substrates using interface
modification via site-specific Ga-rich microislands and Ga-rich
GaN surface. Furthermore, we have identified mechanisms
governing (a) site-specific Ga filling, nucleation, and growth of
Ga-rich microislands on fork-like ridges of N-polar sidewall
facet surface and (b) defect blocking at these specific sites.
These microislands can aggregate on fork-like ridges as well as
other coalescence boundaries to efficiently stop the propagation
of threading defects located at these boundaries, and this Ga-
rich surface enhances the Ga-face growth to achieve pure
semipolar (112 ̅2) GaN films. The existences of Ga-rich surface
and defect-embedded microislands are proven by XPS and
KOH etching. With interface modification by in situ site-
specific Ga filling and growth of Ga-rich microislands defect
blocking effect is evident at the interface as demonstrated by
TEM. Via XRD and Raman measurements, a very low BSF
density of ∼9 × 103 cm−1 and a low TD density of ∼9 × 107

cm−2 are depicted. Because of the crystalline-quality improve-
ment, the PL is significantly enhanced and dominated by BE
emission. In 88 K CL, the D0X emission is enhanced, whereas
the SF emission is suppressed, indicating significant reduction
of defect density. The proposed concept may be applied to the
growth of various inorganic materials, but not necessarily GaN,
and to the design of various structures grown on specific
templates.
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Abstract
We apply a simple analytical method based on a unitary transformation to 
calculate the ground state, its excitation spectrum and quantum dynamic 
evolution of physical quantities for the double-photon quantum Rabi 
Hamiltonian over the wide coupling-strength range. The concise analytical 
method possesses the same mathematical simplicity as the approach of the 
rotating wave approximation (RWA). By quantitative comparison with the 
numerically exact result obtained by matrix diagonalization, we confirm that 
our calculated results obtained by transformed rotating-wave method are not 
only accurate in the weak coupling regime but also correct in intermediate 
strong-coupling case. In the intermediate ultrastrong-coupling regime, 
the calculated values of the ground state and lower lying excited states are 
nearly the same as the exact ones. It turns out that our calculation for the 
energy spectrum is beyond the ordinary-RWA. Meanwhile, we demonstrate 
the signatures resulting from the counter-rotating wave terms by monitoring 
the population, the coherence, the squeezing of the photon under the ultra-
strong conditions. In particular, we find that when the frequency of the photon 
is much larger than the transition frequency of the system, the lineshape of 
the time evolution becomes complicated with the increase of the coupling 
strength, which may be verified experimentally.

Keywords: unitary transformation, Rabi model, coherent state, squeezing
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1. Introduction

One of the central problems in quantum optics is the fundamental interaction between radia-
tion and matter. This physical situation has been successfully described by the well-known 
quantum Rabi model (QRM) ( 1ħ = )

H a a
g

a a
2

1

2 2
,z xRabi

0 ( ) ( )† †ω
σ ω σ= + + + + (1)

where the bosonic operators a and a† is the radiation mode of frequency ω, the Pauli matrices 
zσ  and xσ  represent the two-level system (qubit) separated by an energy difference 0ω , and the 

parameter g is the qubit-field coupling strength [1]3. When the rotating-wave approximation 
(RWA) is applied to the QRM, the simple version, i.e. Jaynes–Cummings model (JCM) is 
developed in 1963 [2]. Despite its simplicity, the QRM is of great significance because recent 
technological advances have enabled us to experimentally realize this rather idealized model 
and to verify some of the theoretical predictions [3, 4]. The exact solution and integrabil-
ity of the QRM are obtained by Bargmann-space methods [5]. The same approach has been 
extended to study other related models [6].

Stimulated by the success of the JCM and QRM, more and more people have paid consid-
erable attention to extending and generalizing the model in order to explore new physics [7, 
8]. There are two main directions in this field. When the interaction grows in strength until 
the ultrastrong coupling (USC, g 0.1/ω ∼ ), intermediate strong coupling ( g0.1 1⩽ /ω < ) and 
deep strong coupling (DSC, g 1/ �ω ) regimes, the RWA is no longer valid. Thus, the physics 
of the USC and DSC couplings attracts more attentions in both analytical theory and experi-
ment [9–14]. The other focus is the extension of the QRM, such as multiphoton Rabi model, 
multi-qubit Rabi model, anisotropic QRM, etc [15–17]. One significant generalization is the 
two-photon Rabi model (TPRM) [7, 18–20]

H a a
g

a a
2

1

2 2
.z x

0 2 2( ) ( )† †ω
σ ω σ= + + + + (2)

Such a generalization is of great interest because of its relevance to the study of the coupling 
between a two-level system and the radiation field with the corresponding two-photon trans-
itions. Also, this can be experimentally achieved in the two-photon cascade micromaser [21]. 
Recently, in order to explore interesting regimes of light-matter coupling, one believes that 
experimental realization might been achieved by trapped-ion technologies or a single quant um 
dot inside a high-Q microcavity [4, 14]. Accordingly, the effects of the counter-rotating term 
will be more prominent in such system. Although the Hamiltonian (equation (2)) can be 
numerically solved, a simple analytical solution has not yet been found. For the purpose of: (1) 
to see the physics more clearly, (2) to test the accuracy of the analytical solution for extending 
it to more complicated model where a numerical solution is difficult to obtain, people has to 
use various approximate analytical methods [22, 23]. The most popular example may be the 
RWA case [24–27], i.e. two-photon JC Hamiltonian,

H a a
g

a a
2

1

2 2
,zRWA

0 2 2( ) ( )† †ω
σ ω σ σ= + + + +− + (3)

which relies on the valid assumption of near resonance ( 20ω ω ω− �  and 0ω ) and weak cou-
pling (g ω�  and 0ω ). However, when this condition may not be satisfied yet, more intriguing 

3 The coupling g defined in the manuscript has been used in the early literature on the quantum Rabi model, which is 
different from the coupling g used in some recent papers. The collapse point for the two-photon Rabi model is /ω =g 1.
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results show that the counter-rotating terms can dramatically influence the eigenstates of the 
system and the squeezing of the radiation field [3, 26]. Furthermore, unlike the RWA counter-
part, the TPRM without the RWA is well defined only for the condition of g 1/ω < . Therefore, 
it is of great interest to analyze the solutions of the original models that contain the counter-
rotating terms, and for a wider range of the system parameters. Besides, in comparison with 
the RWA results, such studies may be useful for determining the limits of validity of the RWA. 
It is noticeable that the quantum dynamics of the TPRM is qualitatively different from that 
of the usual single-photon Rabi (JC) model, which intrigues us to study. In this paper, we 
calculate the eigenenergy and dynamics of the TPRM from the week coupling to intermediate 
strong coupling.

In this work we investigate the effects of the counter-rotating term in the TPRM. In order to 
solve the TPRM beyond the RWA, we develop a concise analytical method based on a unitary 
transformation to obtain the spectrum of this model. By the comparison with the numerical 
diagonalization method we verify that the spectrum obtained by our analytical method are cor-
rect in a wide range of parameter. Then, we employ some interesting dynamical quantities (the 
coherence P(t), the population inversion zσ , and the light squeezing Qi(i  =  1, 2)) to illustrate 
the dynamical effects of the counter-rotating term.

2. Methodology

2.1. Unitary transformation

We apply a unitary transformation [23, 28] to Hamiltonian (equation (2 )), H He eS S=′ − , and 
the purpose of the transformation is to take into account the effect of counter-rotating terms, 
where

S
g

a a
2

.x
2 2( )†ξ

ω
σ= − (4)

A parameter ξ is introduced in S and its form will be determined later. The transformation 
can be performed to the end and the result is

H H H H ,0 1 2= + +′ ′ ′ ′ (5)

H
g

g
g

a a
2

cosh
2

sinh
2 1

2
,z0

0 †⎜ ⎟⎜ ⎟
⎛
⎝

⎞
⎠
⎛
⎝

⎞
⎠

ηω
σ ω

ξ
ω

ξ
ω

= + − +′  (6)

H a a
g

a a
2

i
tanh

2

cosh sinh

2
,y

g g g

x1
0

2

2 2

2 2

2 2( ) ( )† †ηω
σ

ω
σ= − − +

−
+′

ξ
ω

ξ
ω

ξ
ω

 

(7)

H
g

a a

g
a a

g
a a

2
cosh

2
i sinh

2
tanh

2
,

z

y

2
0 2 2

0 2 2 2 2

( )

( ) ( )

†

† †

⎧⎨⎩
⎡
⎣⎢

⎤
⎦⎥

⎫⎬⎭
⎧⎨⎩

⎡
⎣⎢

⎤
⎦⎥

⎫⎬⎭

ω
σ

ξ
ω

η

ω
σ

ξ
ω

η ξ
ω

= − −

− − − −

′

 

(8)

where η is determined by the following vacuum average ( 0⟩|  means the vacuum state of the 
radiation field),
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g
a a

g
0 cosh 0 cosh

2
.2 2

1
2

( )† ⎜ ⎟⎡
⎣⎢

⎤
⎦⎥

⎛
⎝

⎞
⎠η

ξ
ω

ξ
ω

≡ − =
−

 (9)

H0′  can be solved exactly because the two-level system and the radiation field are decoupled. 
If the displacement parameter ξ is determined as the root of the following equation

f
g gcosh sinh

2 4
tanh

2
0,

g g2 2
0( )ξ

ω ηω ξ
ω

≡
−

− =
ξ

ω
ξ

ω (10)

then we have

H g
g g

a acosh
2

sinh
2

,1
2 2( )( )†ξ

ω
ω

ξ
ω

σ σ= − +′ − + (11)

where 
i

2
x yσ = σ σ

±
±

. The transformed Hamiltonian H′ is equivalent to the original H and there 

is no approximation till this point.
We would like to explain the derivation of the Hamiltonian H′. H0′  includes all boson diago-

nal terms and H1′ represents double-boson nondiagonal transition. Note that the terms in pro-
portion to the factor η in H0′  and H1′ are exactly canceled by the corresponding ones in H2′ . 
However, it is very significant to define in the present form of equation (8), as we shall explain 
as follows: Intrinsically, the ‘boson-dressing’ parameter η arises from the rearrangement of 

the operator a aexp g 2 2( ( ))† −ξ
ω

 into the form of normal ordering with respect to the boson 

operators. It is known that the squeezed vacuum state can be expanded to [29, 30]

∑

ξ
ω

− |

= ×
×

×
|

ξ
ω

ξ
ω

=

∞

g
a a

n

n
n

exp
2

0

1

cosh

tanh 2 !

! 2
2 .

n
g

g n

n

2 2

0

1
2

[ ( )] 〉

( ) ( )
〉

†

 
(12)

Then, we immediately obtain the dressing factor η in equation  (9). Thus, the term 

a acosh g 2 2( )†⎡⎣ ⎤⎦ η− −ξ
ω

 of the first part in H2′  consists of quadruple-boson term, octuple-

boson term, etc, which are the corresponding to 4n-boson nondiagonal transition processes 
(n  =  1, 2, 3,...). On the other hand, since

g
a a

g
a a O a asinh

2
tanh

2
,k l2 2 2 2( ) ( ) ( )† † †⎡

⎣⎢
⎤
⎦⎥

ξ
ω

η ξ
ω

− = − + (13)

where k  +  l  =  4m  +  2 (m  =  1, 2, 3,...), it is easy to see that the second term with yσ  in H2′  
consists of the products of at least sextuple boson operators in normal ordering. Therefore, the 
predominant contribution of H2′  originates from the products of at least four boson operators 
in normal ordering.

In the following, the transformed Hamiltonian is approximated as

H H H H

a a
g

a a
2

1

2 2
,z r

r

TRWA 0 1

0 2 2( ) ( )† †ηω
σ ω σ σ

≈ = +

= + + + +

′ ′ ′

− +
 (14)

where
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g
g

g
cosh

2
sinh

2
,rω ω

ξ
ω

ξ
ω

= − (15)

g g
g g

2 cosh
2

sinh
2

,r ( )ξ
ω

ω
ξ

ω
= − (16)

are the renormalized radiation frequency and renormalized qubit-field coupling, respectively.
The reasons that we dropped H2′  are as follows: (1) g H g 00 2 0⟨ ⟩| | =′  ( g 0,0⟩ ⟩| ≡ | −  is the 

ground state of H0′ , where z⟩ ⟩σ|− = − |−  means the ground state of the qubit and 0⟩|  is the 
vacuum of the boson.); (2) the terms in H2′  are related to the quadruple-, sextuple- and multi-
ple-boson non-diagonal transition and their contributions to the physical quantities are O(g4) 
and higher order; (3) the term in H0′  includes all diagonal transitions of boson. (Needless to 
say, the boson operator in H′ is not a bare photon one, but an effective one renormalized by the 
unitary transformation.) Note, however, that this neglect of H2′  does not mean that our calcul-
ation is valid only up to second order in g; it is a well-known fact in the physics of polarons 
that the strong-coupling effects on the ground and low-lying excited states can be included 
to a satisfactory degree up to infinite order of g in terms of the boson-dressing parameter η. 
Therefore, as long as we employ H0′  and H1′ in the forms of equations (6) and (7), respectively, 
with using η in equation (9), we believe that our calculation scheme of neglecting H2′  still work 
very well even for the intermediate strong-coupling region of g. Moreover, in the following, 
the numerical calculations of the energy spectrum and dynamics also support it. Thus we can 
safely drop H2′  hereafter.

It is worth noting that HTRWA is of the same form as that in the RWA Hamiltonian  
(equation (3)), except the different coefficients which are reformed by the counter-rotating terms 
(i.e. 0 0→ω ηω , r→ω ω , g gr→ ). This means that through the unitary transformation the trans-
formed-RWA Hamiltonian (equation (14)) obtained is of the same mathematical structure as the 
ordinary-RWA one (equation (3)). However, because of the unitary transformation, the effective 
Hamiltonian in the transformed RWA method is H H He e e eS S S S

0 1[ ]= +′ ′ ′− − . Therefore the exci-
tation number is no longer a conserved quantity. As the omission of H2′ , g 0,0⟩ ⟩| ≡ | −  is the exact 
ground state of HTRWA (because of H g 01 0⟩| =′ ) with the ground state energy

E
2 2

.g
r0ηω ω

= − + (17)

The eigenenergy for excited states can also be easily obtained, because mathematically the 
HTRWA contains the rotating-wave terms only. For n  =  0, 1, 2, 3,..., the eigenenegies for all 
excited states are

E n g n n
3

2

1

2
2 2 1 ,n r r r2 1 0

2 2( ) ( ) ( )( )ω ω ηω= + − − + + ++ (18)

E n g n n
3

2

1

2
2 2 1 .n r r r2 2 0

2 2( ) ( ) ( )( )ω ω ηω= + + − + + ++ (19)

In figure 1, we show the eigenenergy spectrum (the ground state and several lower-lying 
excited states) of the system as a function of the coupling parameter g for different values of 

0ω . (For convenience we set the energy unit such that 1ω = .) For comparison, the results of 
numerically exact diagonalization and those of ordinary-RWA are also shown. We can see 
that for ground state energy our results of transformed-RWA and those of numerically exact 
diagonalization almost coincide with each other, while the ordinary-RWA can fit well only for 

Z Lü et alJ. Phys. A: Math. Theor. 50 (2017) 074002

145



6

the condition of g 0.3/ω < . And for excited states, our results seem much closer to the exact 
ones than the ordinary-RWA. Especially, we should point out that for 0ω ω=  the first and 
second excited states are degenerate in the calculation of numerically exact diagonalization. 
For the transformed-RWA results those two states are so very close to each other that they are 
almost degenerate, while for the ordinary-RWA counterpart they are clearly nondegenerate (see 
 figure 1(a)). This conclusion is the same as the analysis of the eigenenergy spectrum in [3].

When g 1/ω ∼ , the energy levels almost collapse together, which is explicitly shown by the 
numerically exact results and transformed-RWA results. The collapse energy approaches zero, 
which agrees with the known analysis [3, 31]. Moreover, there is a pleasant surprise that our 
approach is well defined only for g 1/ ⩽ω . It depends on the displacement parameter ξ, which 
is determined as the root of equation (10). One can calculate the equation (10) as a function of 
the displacement parameter ξ, and easily obtain that there is a single root of equation (10) only 
for g 1/ ⩽ω , while there will be two or none for g 1/ω > . Furthermore, in comparison with the 
RWA one, we find that there exhibits a gap between the collapsed continuum and the ground 
state for the transformed RWA results and numerically exact ones, which is in good agreement 
with the finite-gap feature obtained by extended squeezed states [31].

2.2. Schrödinger equation

In order to give the dynamics of any physical quantity, we first resort the time-dependent 
Schrödinger equation to solve t( )Ψ  that is the wave function of the original Hamiltonian (equa-
tion (2)). After the unitary transformation, the Schrödinger equation becomes

|Ψ = |Ψ |Ψ′ ′ ′ ′�t H t H ti ˙ ,TRWA( )〉 ( )〉 ( )〉
 (20)

where t S texp( )⟩ ( ) ( )⟩|Ψ = |Ψ′ . In the interaction picture, the interacting Hamiltonian becomes

V t H
g

a ae e
2

e e ,H t H t r t ti
1

i 2 i 2 ir r0 0( ) ( )† σ σ= = +′ ′ −
−

− ∆
+

∆′ ′
 (21)

in which 2r r0ηω ω∆ ≡ − . Thus, we obtain the corresponding Schrödinger equation

Figure 1. The energy levels of the ground state (Eg) and several lower-lying excited 
states (E1, E2, E3 and E4 from bottom to top) as functions of the coupling parameter 
g for (a) ω ω=0  and (b) ω ω= 20 , respectively. Our results (solid lines) are compared 
with the numerically exact ones (dashed lines) and those of the ordinary-RWA (dotted 
lines).
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t V t ti ˙ ,I I( )⟩ ( ) ( )⟩|Ψ = |Ψ′ ′ ′ (22)

where t te e e 0I
H t H t H ti i i0 0 TRWA( )⟩ ( )⟩ ( )⟩|Ψ = |Ψ = ⋅ |Ψ′ ′ ′−′ ′  is the wave function in interaction 

picture.
Suppose the state vector t a t n b t n, ,I n n n( )⟩ ( ) ⟩ ( ) ⟩|Ψ = ∑ | + + | −′ ′ ′  ( n⟩|  is the Fock state of the 

field and σ |± = ±|±z 〉 〉), we substitute it to equation (22) to get

a t
g

n n b ti ˙
2

2 1 e ,n
r

n
t

2
i r( ) ( )( ) ( )= + +′ ′ +
∆ (23)

b t
g

n n a ti ˙
2

2 1 e .n
r

n
t

2
i r( ) ( )( ) ( )= + +′ ′+

− ∆ (24)

The solution is

( ) ( ) ( )
γ

=
Ω

−
∆
Ω

Ω
−

Ω
Ω′ ′ ′ +

∆⎧⎨⎩
⎡
⎣⎢

⎤
⎦⎥

⎫⎬⎭a t a
t t

b
t

0 cos
2

i
sin

2

i
0 sin

2
e ,n n

n r

n

n n

n
n

n t

2
i

2
r

 (25)

γ
=

Ω
+

∆
Ω

Ω
−

Ω
Ω′ ′ ′+ +

− ∆⎧⎨⎩
⎡
⎣⎢

⎤
⎦⎥

⎫⎬⎭b t b
t t

a
t

0 cos
2

i
sin

2

i
0 sin

2
e ,n n

n r

n

n n

n
n

n t

2 2
i

2
r

( ) ( ) ( )

 

(26)

where

,n r n
2 2 2γΩ = ∆ +

 (27)

g n n2 1 .n r ( )( )γ = + + (28)

Here nΩ  is the generalized Rabi frequency of the TPRM. In order to demonstrate the effects 
of counter-rotating terms, we will calculate the time evolutions of some important physical 
quantities by the wave function. In the following few sections, we investigate the coherence 
indicator P(t), the population inversion W(t) and the light squeezing Qi(t). For comparison, we 
also give the numerically exact solution obtained by the diagonalization of the Hamiltonian 
equation (2) and Schrodinger equation4. By setting 0ξ =  in equations (14)–(28) above, i.e. 

g g1, ,r r→ → →η ω ω , it is straightforward to give the ordinary-RWA results.

3. Dynamical evolution of coherence P(t)

We have shown that for a wider range of the system parameters (the TPRM is well defined 
only for the condition of g 1/ω <  because the Hamiltonian is unbounded from below beyond 
this regime) our results of the ground state and the lower-lying excited state are quantita-
tively in good agreement with the numerically exact results, which is a check of the validity 
of our approach. Furthermore, in this section our approach will be checked by calculation 
of the excited state properties, that is, the dynamical evolution of coherence, which can be 
described by

P t t t ,x( ) ⟨ ( ) ( )⟩σ= Ψ | |Ψ (29)

4 The optimized truncation of the bosonic space ⟩|n  in the numerical diagonalization scheme is taken n  =  100. The 
accuracy of the results has been confirmed by the test of the numerical stability.
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where t( )Ψ  is the wave function of the original Hamiltonian (equation (2)). The numerically 
exact calculation for it can be obtained by the numerical diagonalization. The P(t) of our 
transformed-RWA is,

P t t t t t

t t

e e

e e .

x
S

x
S

I
H t

x
H t

I
i i0 0

( ) ⟨ ( ) ( )⟩ ⟨ ( ) ( )⟩
⟨ ( ) ( )⟩

σ σ

σ

= Ψ | |Ψ = Ψ | |Ψ

= Ψ | |Ψ

′ ′

′ ′

−

−′ ′ (30)

With the substitution of the state vector, the dynamical evolution of equation (30) is described 
by

( ) ( ) ( )∑= ′ ′ ηω

=

∞
∗P t a t b t2Re e .

n
n n

t

0

i 0 (31)

Up to now, we have not specified the initial state 0( )⟩|Ψ , in the following, we discuss two dif-
ferent initial photon states, namely vacuum state and coherent state.

3.1. Vacuum state

If the qubit is initially prepared in the superposition state 1

2
( ⟩ ⟩)|+ +|− , (here ⟩|−  

( ⟩|+ ) is the ground (excited) state of the qubit.) and the field in the vacuum state 0⟩| , then 

0 0, 0,1

2
( )⟩ ( ⟩ ⟩)|Ψ = | + +| − . The transformed initial state should be

g
a a

g
a a

0 e 0
1

2
e 0, 0,

1

2
exp

2
0, 0,

1

2
exp

2
0, 0,

S S

x
2 2

2 2

( )⟩ ( )⟩ ( ⟩ ⟩)

[ ( ) ]( ⟩ ⟩)

[ ( )]( ⟩ ⟩)

†

†

ξ
ω

σ

ξ
ω

|Ψ = |Ψ = | + +| −

= − | + +| −

= − | + +| −

′

 

(32)

( x( ⟩ ⟩) ⟩ ⟩σ |+ +|− =|+ +|−  has been used here.) Note that the state a aexp 0g

2
2 2[ ( )] ⟩† − |ξ

ω
 is 

just the squeezed vacuum state, since the operator a aexp g

2
2 2[ ( )]† −ξ

ω
 is a squeezing operator. 

By equation (12), 0( )⟩|Ψ′  is expanded to

( )〉
( ) ( )

( 〉 〉)∑|Ψ = ×
×

×
| + +| −′

ξ
ω

ξ
ω

=

∞ n

n
n n0

1

2

1

cosh

tanh 2 !

! 2
2 , 2 , ,

n
g

g n

n
0

1
2

 (33)

that is, for n  =  0, 1, 2, 3, ...,

= ×
×

×
′

ξ
ω

ξ
ωa

n

n
0

1

2 cosh

tanh 2 !

! 2
,n

g

g n

n2

1
2

( )
( ) ( )

 (34)

( )
( ) ( )

= ×
×

×
′

ξ
ω

ξ
ωb

n

n
0

1

2 cosh

tanh 2 !

! 2
.n

g

g n

n2

1
2

 (35)

By equations (25)–(31) and equations (34) and (35), the calculation P(t) with initial  vacuum 
state and moderate detuning are shown in figure 2. For comparison, the results of numerically 
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exact diagonalization and those of ordinary-RWA are also shown. It is clear that both our 
transformed-RWA and the ordinary-RWA are good approaches for the resonance ( 20ω ω= ) 
and weak coupling case(see figure 2(a)). But for far-off-resonance and intermediate strong 
coupling case, the transformed-RWA still work well, while the ordinary-RWA shows incor-
rect characters of the time evolution, such as inaccurate oscillation frequencies and amplitudes 
(see figures 2(b) and (c)).

For some special case the ordinary-RWA is absolutely invalid. Figure 2(d) shows the P(t) 
dynamics for far-off-resonance 60 /ω ω=  and strong coupling g 2 3 0.8165/ /ω = ≈ . One can 
see that the result of ordinary-RWA is qualitatively incorrect, but that of our transformed-
RWA is still in qualitative agreement with the numerically exact one.

3.2. Coherent state

Furthermore, when the qubit is initially in the excited state ⟩|+ , and the field is in the coherent 
state F nn n⟩ ⟩α| = ∑ | , the initial state of the qubit-photon system is written as ( )〉 〉 〉α|Ψ = | |+0 . 

( ( ) /α= − α| |
F nexp !n

n
2

2

, where n e1 2 i¯ /α = ϕ with n̄ is the mean photon number of the coherent 

field and ϕ is the phase angle.) The transformed initial state, in the same way, is

Figure 2. The coherence ( ) ⟨ ( )⟩σ=P t tx  is shown as a function of ωt with the initial 

condition ( )⟩ ( ⟩ ⟩)|Ψ = | + +| −0 0, 0,1

2
 for (a)ω ω= 20  and ω=g 0.1  ; (b) ω ω=3 0  and 

ω=g 0.5 ; (c) ω ω=3 0  and ω=g 0.9 ; and (d) ω ω= 6 0 and / ω=g 2 3 .
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∑

∑

∑ ∑

∑

∑

ξ
ω

ξ
ω

σ

ξ
ω

ξ
ω

|Ψ = |Ψ = | +

= − + − | +

= − | + + − | −

=
− + − −

| +

+
− − − −

| −

′

ξ
ω

ξ
ω

ξ
ω

ξ
ω

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

F n

g
a a

g
a a F n

g
a a F n

g
a a F n

a a a a
F n

a a a a
F n

0 e 0 e ,

cosh
2

sinh
2

,

cosh
2

, sinh
2

,

exp exp

2
,

exp exp

2
, .

S S

n
n

x
n

n

n
n

n
n

g g

n
n

g g

n
n

2 2 2 2

2 2 2 2

2
2 2

2
2 2

2
2 2

2
2 2

{ }
( )〉 ( )〉 〉

[ ( )] [ ( )] 〉

( ) 〉 ( ) 〉

[ ( )] [ ( )]
〉

[ ( )] [ ( )]
〉

† †

† †

† †

† †

 

(36)

This time, the states a a F nexp g
n n2

2 2[ ( )] ⟩†± − ∑ |ξ
ω

 are so called the squeezed coherent states 

[30], and they can be expanded to

∑

∑

ξ
ω

ξ
ω

ξ
ω

− |

= − − + |
ξ

ω ϕ
ϕ

ξ
ω

=

∞ − − π

⎜ ⎟

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝

⎞
⎠

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡
⎣⎢

⎤
⎦⎥

⎡

⎣
⎢⎢⎢

⎤

⎦
⎥⎥⎥

g
a a F n

n
g n g

H
n

n

exp
2

! cosh
tanh

2
exp

2
1 e tanh

e

sinh
,

n
n

n

g
n

n
g

2 2

0

1
2

2
2i

1
2 i

2

2

( ) 〉

¯ ( ) ¯ 〉

†

( )

 

(37)

∑

∑

ξ
ω

ξ
ω

ξ
ω

− − |

= − − |
ξ

ω ϕ
ϕ

ξ
ω

=

∞ −
⎜ ⎟

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝

⎞
⎠

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡
⎣⎢

⎤
⎦⎥

⎡

⎣
⎢⎢⎢

⎤

⎦
⎥⎥⎥

g
a a F n

n
g n g

H
n

n

exp
2

! cosh
tanh

2
exp

2
1 e tanh

e

sinh
,

n
n

n

g
n

n
g

2 2

0

1
2

2
2i

1
2 i

2

( ) 〉

¯ ( ) ¯ 〉

†

 

(38)

where Hn(z) is the Hermite polynomial

( ) ( ) ( )
( )

( ) ( ) ( )
[ ]

∑=
−

−
= − −

=

−
H z

n z

m n m
z

z
z

1 ! 2

! 2 !
1 exp

d

d
exp .n

m

n
m n m

n
n

n
0

2 2
2 2 (39)

Therefore, for n  =  0, 1, 2, 3, ...,

ξ
ω

ξ
ω

ξ
ω

ξ
ω

= − − +

+ − −

′
ξ

ω ϕ
ϕ

ξ
ω

ξ
ω ϕ

ϕ

ξ
ω

−
−

−

π

a n
g n g

H
n

n
g n g

H
n

0
1

2
! cosh

tanh

2
exp

2
1 e tanh

e

sinh

! cosh
tanh

2
exp

2
1 e tanh

e

sinh
,

n

g
n

n
g

g
n

n
g

1
2 2 2i

1
2 i

2

1
2 2 2i

1
2 i

2

2

( ) {( ) ( ) [ ¯ ( )] [ ¯ ]

( ) ( ) [ ¯ ( )] [ ¯ ]}

( )

 

(40)
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( ) {( ) ( ) [ ¯ ( )] [ ¯ ]

( ) ( ) [ ¯ ( )] [ ¯ ]}

( )ξ
ω

ξ
ω

ξ
ω

ξ
ω

= − − +

− − −

′
ξ

ω ϕ
ϕ

ξ
ω

ξ
ω ϕ

ϕ

ξ
ω

−
−

−

π

b n
g n g

H
n

n
g n g

H
n

0
1

2
! cosh

tanh

2
exp

2
1 e tanh

e

sinh

! cosh
tanh

2
exp

2
1 e tanh

e

sinh
.

n

g
n

n
g

g
n

n
g

1
2 2 2i

1
2 i

2

1
2 2 2i

1
2 i

2

2

 

(41)

By equations (25)–(31) and equations (40) and (41), the time evolution P(t) results of the 
transformed-RWA with coherent initial states are calculated and illustrated in figure 3. For com-
parison, the results of numerically exact diagonalization and those of ordinary-RWA are also 
shown. From the dynamical evolution P(t) for resonance condition in figure 3(a), one can see 
that both the results of our transformed-RWA and ordinary-RWA are close to the numer ically 
exact one. However, for far off-resonance case, the results of the transformed-RWA are much 
better than those of the ordinary-RWA, and agree well with the numerically exact ones (see fig-
ures 3(b) and (c)). Especially for the case of figure 3(c), the ordinary-RWA may not be valid yet.

4. Dynamical evolution of population W(t)

In this section  we present the other calculation of the excited state properties, that is, the 
dynamical evolution of population, which can be described by

W t t t .z( ) ⟨ ( ) ( )⟩σ= Ψ | |Ψ (42)

Figure 3. The coherence ( ) ⟨ ( )⟩σ=P t tx  is shown as a function of ωt with the initial 
condition α|Ψ = |+ |0( )〉 〉 〉 and the mean photon number ¯ =n 1 for (a) ω ω= 20  and 

ω=g 0.1  ; (b) ω ω=3 0  and ω=g 0.1 ; and (c) ω ω=10 0  and ω=g 0.1 .
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The calculation is similar to that of P(t), we could omit the details and directly give the result. In fig-

ures 4(a) and (b), we plot W t z( ) ⟨ ⟩σ=  versus tω  with the initial condition 0 0, 0,1

2
( )⟩ ( ⟩ ⟩)|Ψ = | + +| −  

for the cases ( 20ω ω= , g 0.1ω= ) and ( 3 0ω ω= , g 0.5 0ω= ). In the weak coupling case (see fig-

ure 4(a)), both the transformed-RWA and ordinary-RWA results are in good agreement with the 
numerically exact results. While for off-resonance and intermediate strong coupling regime (see fig-
ure 4(b)), the transformed-RWA results are still very close the numerically exact ones, the ordinary-
RWA results deviates much from the the numerically exact ones.

In figures 4(c) and (d), we show the time evolution W t z( ) ⟨ ⟩σ=  with the initial condition 
0 0,( )⟩ ⟩|Ψ =| −  for the cases ( 20ω ω= , g 0.1ω= ) and ( 3 0ω ω= , g 0.5 0ω= ), respectively. 

Since the initial state 0 0,( )⟩ ⟩|Ψ =| −  is the ground state of the RWA Hamiltonian but not that 
of the full Hamiltonian, the W(t) of the ordinary-RWA is  −1 indicating no evolution, and the 
counter-rotating terms in two-photon Rabi model leads to complicated evolution. It is obvi-
ous to see that the dynamics of the transformed-RWA agrees well with that of the numer-
ically exact result. This also provides an examination of the transformed-RWA’s approach.

Broadly speaking, the two independent dynamical observable quantities tx⟨ ( )⟩σ  and tz⟨ ( )⟩σ  
have qualitative differences because of the different commutation relation with the genera-

tor S a ag
x2

2 2( )†σ= −ξ
ω

, i.e. S, 0x[ ]σ =  but S, 0z[ ]σ ≠ . From the same initial state, we have 

found the substantial distinct evolutions for tx⟨ ( )⟩σ  and tz⟨ ( )⟩σ . For different initial states 

the two dynamical quantities have complicated oscillatory behaviors, which illustrates in 
figures 2–4.

Figure 4. The population ⟨ ( )⟩σ tz  is shown as a function of ωt for different initial 

conditions. The initial condition in both (a) and (b) is ( )⟩ ( ⟩ ⟩)|Ψ = | + +| −0 0, 0,1

2
, while 

that in (c) and (d) is ( )⟩ ⟩|Ψ =| −0 0, . The other parameters for (a) and (c) are ω ω= 20  
and ω=g 0.1 , while those for (b) and (d) are ω ω= 3 0 and ω=g 0.5 0.
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5. Light squeezing

In the following we present the time evolution of the light squeezing. First, we introduce two 
Hermitian quadrature operators d1 and d2,

d
a ae e

2
,

t t

1

i i†
=

+ω ω−
 (43)

d
a ae e

2i
,

t t

2

i i†
=

−ω ω−
 (44)

with the commutation d d i, 21 2[ ] /= , and the corresponding uncertainty relation 
d d 1 161

2
2

2⟨( ) ⟩⟨( ) ⟩ ⩾ /∆ ∆ , where d d d1
2

1
2

1
2⟨( ) ⟩ ⟨ ⟩ ⟨ ⟩∆ = − . Squeezed states of light are defined as 

the states with an uncertainty (variance) satisfying the relation Q d 1 4 0i i
2⟨ ( ) ⟩ /= ∆ − <  (i  =  1, 

2). The degree of light squeezing can be measured by the functions Qi, which is easy to obtain

Q
a a a a a a a a

2 4
e

4
et t

1

2 2
2i

2 2
2i⟨ ⟩ ⟨ ⟩⟨ ⟩ ⟨ ⟩ ⟨ ⟩ ⟨ ⟩ ⟨ ⟩† † † †

=
−

+
−

+
−ω ω− (45)

Figure 5. Time evolution Q1(t) with the initial condition α|Ψ = |− |0( )〉 〉 〉 and mean 
photon number n̄ for (a) ω ω= 20 , ω=g 0.1 , ¯ =n 1 ; (b) ω ω= 20 , ω=g 0.2 , ¯ =n 1 ; (b) 
ω ω= 20 , ω=g 0.2 , ¯ =n 4 ; and (d) ω ω=3 0  and ω=g 0.1 , ¯ =n 4 . The time evolution 
of the Q2(t) is shown in the inset of figure 5(d). The transformed-RWA (TRWA) results 
and numerically exact results illustrate that there are so many transient squeezing 
intervals for Q2(t) in contrast with no squeezing for Q1(t).
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Q
a a a a a a a a

2 4
e

4
et t

2

2 2
2i

2 2
2i⟨ ⟩ ⟨ ⟩⟨ ⟩ ⟨ ⟩ ⟨ ⟩ ⟨ ⟩ ⟨ ⟩† † † †

=
−

−
−

−
−ω ω− (46)

In figure 5, we show the time evolution of Q1(t) with the initial condition ( )〉 〉 〉α|Ψ = |− |0  
for different parameters. Figures 5(a)–(c) depict the evolution of Q1(t) for the resonance case 
2 0ω ω= . In figure 5(a), the transformed-RWA results and numerical results agree well with 
the ordinary-RWA results for g 0.1ω=  and n 1¯ = . The largest squeezing of light is  −0.12 
near about t 17 ω ∼ . At the same time, it is obvious to see that there exist wiggly oscillations 
for transformed-RWA and numerically exact results in comparison with the smooth evolution 
of the ordinary-RWA ones. This oscillation comes from the virtual photon processes corre-
sponding to the counter-rotating terms. The increase of the coupling and the mean photon 
number bring about some phenomena different from the ordinary-RWA. In figure 5(b) with 
g 0.2ω= , there is only one squeezing region at the beginning of time evolution for the trans-
formed-RWA and numerically exact results in sharp contrast to the two squeezing regions of 
the RWA. In figure 5(c) with n 4¯ = , there are much stronger oscillations in comparison with 
those in figure 5(a). In off-resonance case, for example, 3 0ω ω=  and n 4¯ =  (see figure 5(d)), it 
is found that from the viewpoint of Q1(t) there is no squeezing for the transformed-RWA (solid 
line) and numerically exact results (dashed line) in qualitatively contrast with the wide squeez-
ing regime and a high degree of squeezing of the ordinary-RWA (dotted line). We also find that 
there are more fluctuations in both Q1(t) and Q2(t). More interestingly, the time evolution Q2(t) 
of the transformed-RWA (solid line) and numerically exact results has a lot of intervals with a 
considerable amount of squeezing, which is explicitly illustrated in the inset of figure 5(d). In 
contrast, the value of Q2(t) for the ordinary-RWA is always positive which indicates no squeez-
ing. Thus, the counter-rotating terms leads to some fluctuations of the time evolution Qi(t), 
more importantly, and leads to the complicated phenomena of the squeezing as time goes on.

6. Conclusion

We have presented an analytical approach based on the unitary transformation, i.e. the 
transformed-RWA, for the TPRM, which takes into account the effect of counter-rotating 
couplings but still keeps the simple mathematical structure of the ordinary-RWA. The trans-
formed Hamiltonian takes the RWA form with renormalized physical parameters (qubit 
frequency, boson frequency, coupling strength)5. We have investigated the energy levels 
of ground and lower-lying excited states, as well as the time-dependent quantum dynam-
ics with various initial condition. We have checked the validity of this analytic approach 
of transformed-RWA for the semiclassical and single-photon Rabi model, and got some 
reasonable and reliable results [23, 32]. This work may be just an essential extension. In 
comparison with the numerically exact results we show that for intermediate strong cou-
pling and far off-resonance case the analytic transformed-RWA calculations are still quanti-
tatively in good agreement with the exact ones, while the ordinary-RWA may be invalid. 
Besides, our analytical approach for the TPRM can naturally give the boundary of the qubit-
field coupling strength, g 1/ω < .

5 It is obvious that the transformed Hamiltonian HTRWA in equation (14) has a U 1( )  symmetry generated by the 
operator σ σ= +′ + −C a a 2†  which is not a bare excitation number operator but an effective one in the renor malized 
rotating wave frame. It is noticeable that this kind of U(1) symmetry generated by the operator ′C  is different from 
that of the RWA Hamiltonian (equation (3)) generated by † σ σ= + + −N a a 2  which is the generalized number opera-
tor. In other words, although = − ≠′ ′ ′H C H SN S, 0, , exp exp 0[ ] [ ] . Therefore, the generalized excitation number 
corre sponding to the operator N of the original two-photon Rabi model (equation (2)) is still not a conserved quanti-
ty for the transformed Hamiltonian HTRWA.
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The traditional approach to the quantum Zeno effect (QZE) and quantum anti-Zeno effect (QAZE) in open
quantum systems (implicitly) assumes that the bath (environment) state returns to its original state after each
instantaneous projective measurement on the system and thus ignores the cross-correlations of the bath operators
between different Zeno intervals. However, this assumption is not generally true, especially for a bath with
a considerably nonnegligible memory effect and for a system repeatedly projected into an initial general
superposition state. We find that, in stark contrast to the result of a constant value found in the traditional
approach, the scaled average decay rate in unit Zeno interval of the survival probability is generally time
dependent or shows an oscillatory behavior. In the case of a strong bath correlation, the transition between
the QZE and the QAZE depends sensitively on the number of measurements N . For a fixed N , a QZE region
predicted by the traditional approach may in fact already be in the QAZE region. We illustrate our findings using
an exactly solvable open qubit system model with a Lorentzian bath spectral density, which is directly related to
realistic circuit cavity quantum electrodynamics systems. Thus the results and dynamics presented here can be
verified with current superconducting circuit technology.

DOI: 10.1103/PhysRevA.96.032101

I. INTRODUCTION

With the development of quantum information and com-
putation, the quantum Zeno effect (QZE) [1–4] has attracted
much attention as one of the means to prolong the quantum
coherence of an open quantum system against the influence of
its surrounding environment (bath) [5–7]. Another significant
effect in open quantum systems, the quantum anti-Zeno effect
(QAZE)—i.e., if the repeated measurements are not rapid
enough, the measurements may actually enhance the quantum
transitions—was revealed by Kofman and Kurizki [8–10].
Each of the repeated measurements on the system of interest in
most studies is considered as an ideal, instantaneous, projective
measurement. Even so, the traditional Kofman and Kurizki
approach (KKA) to the QZE and QAZE for open quantum
systems (implicitly) assumes that the bath state returns to its
original state after each instantaneous projective measurement
on the system [11–22]. Consequently, the survival probability
(SP) PKKA(t) that the system is still in its initial state |ψS〉 after
N repeated measurements with equal time interval τ is written
as

PKKA(t) = [PKKA(τ )]N

= {TrS⊗B[PSU (τ )ρtot(0)U †(τ )PS]}N, (1)

where time t = Nτ , PKKA(τ ) is the SP in the initial state right
after a single measurement is performed (N = 1) [23], PS =
|ψS〉〈ψS | is the system state projector, ρtot(0) = PS ⊗ ρB(0)
is the initial system-bath state, U (τ ) is the evolution operator

*zzx1313@sjtu.edu.cn
†zglv@sjtu.edu.cn
‡hzheng@sjtu.edu.cn
§goan@phys.ntu.edu.tw

of the total system-bath Hamiltonian, and TrS⊗B denotes a
trace taken over the degrees of freedoms of the system and
bath. However, this assumption of the KKA is not always
valid.

For a general case, the bath state changes throughout the
process. The SP in a general approach (GA) should be

P (t) = TrS⊗B{[PSU (τ )]Nρtot(0)[U †(τ )PS]N }, (2)

i.e., the trace over the system and bath variables is performed
at the end of the measurements rather than after each mea-
surement as in the KKA. In other words, the SP PKKA(t) in the
KKA is just the N th power of the SP PKKA(τ ) and thus neglects
the cross-correlation of the bath operators between different
Zeno intervals [11–22]. This yields significantly quantitatively
and qualitatively different predictions in QZE and QAZE
behaviors between the KKA and the GA, especially when
the repeated measurements project the system into an initial
general superposition state (not just in an initial single excited
eigenstate) and when the bath has a considerably nonnegligible
memory effect. It is the aim of this paper to unveil these
important differences. The key qualitative differences we find
are as follows. The average decay rate in each Zeno interval
is constant in the KKA, while it is time dependent in the
GA. In the regime of very small Zeno intervals, the SP shows
exponential-decay behavior in the KKA, but the SP in the GA
can exhibit nonexponential decay. The total average decay
rate depends only on the Zeno interval τ in the KKA, while
it also depends on the number of repeated measurement N

in the GA. Thus previous studies on QZE-QAZE transitions
[11–13] for non-Markovian open quantum systems using
the properties of the total average decay rates need to be
reexamined.

2469-9926/2017/96(3)/032101(11) 032101-1 ©2017 American Physical Society156
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II. MODEL AND DYNAMICS

We illustrate our results through a qubit system interacting
with a bath that has a nonnegligible bath correlation (mem-
ory) time [24,25]. The total Hamiltonian without making
the rotating-wave (RW) approximation in the system-bath
coupling reads

Htot = �

2
σz +

∑
k

ωkb
†
kbk + gσx

∑
k

μk(bk + b
†
k), (3)

where σx,z are the Pauli operators, bk (b†k) is the bath
annihilation (creation) operator for bath mode k, and � and
g are the qubit frequency and coupling constant, respectively.
We choose the bath spectral density in a Lorentzian form,

J (ω) =
∑

k

|μk|2δ(ωk − ω) (4)

= 	

π

1

(ω − ω0)2 + 	2
, (5)

with width 	, central frequency ω0, and normalization condi-
tion

∑
k μ2

k = 1. This not only relates our model directly to a
realistic circuit cavity quantum electrodynamics (QED) system
[18,19,26–31], but also allows a well-defined bath correlation
time 1/	 to characterize the memory effect of the bath.
Besides, we choose the initial density matrix for the bath as
ρB(0) = |0B〉〈0B | with bath vacuum |0B〉. The Lorentzian bath
initially in the vacuum state |0B〉 at zero temperature makes
the spin-boson model with any bilinear form of qubit-bath
coupling (with or without the RW approximation) exactly
solvable [32–34].

A. Bath representation

We describe next how to obtain an exact evolution equation
for the spin-boson model with a Lorentzian spectral density
and any bilinear form of qubit-bath coupling. First, we discuss
how a bath (with many or infinite degrees of freedom) having
a Lorentzian spectral density can be represented as a single
bosonic mode coupling with an interacting Hamiltonian in
an RW form to a fictitious white reservoir [34,35]. We
show that this representation or decomposition is not an
approximation of the original bath model but rather is exact
for a bath state initially in the vacuum state |0B〉 at zero
temperature. Consider the qubit-bath (spin-boson) model of
Eq. (3) in which no RW approximation is made onto the
qubit-bath coupling Hamiltonian. Suppose we express the bath
Hamiltonian, consisting of a collection of an infinite number
of harmonic oscillators, as∑

k

ωkb
†
kbk = ω0a

†a +
∑

q

�qd
†
qdq + a†

∑
q

γqdq

+ a
∑

q

γ ∗
q d†

q, (6)

where a is the annihilation operator of a single bosonic mode
with characterized frequency ω0, dq is the annihilation operator
of a reservoir mode q with frequency �q , and γq is the coupling
strength between the single mode and the reservoir mode q.
We may regard the original bath operators bk as the normal
modes of the right-hand-side quadratic RW coupling model.

To make this decomposition clearer, let us rewrite the bath
Hamiltonian, Eq. (6), considering the continuous spectrum
of excitations in the bath. Making use of the transformation
between the discrete boson operators dq and the continuous
ones d�,

dq = √
D(�q)

∫
1/D(�q )

d� d�, (7)

and a similar transformation between the discrete operators
bk and continuous ones bω, where D(�q)d�q is the number
of modes in the reservoir with frequencies between �q and
�q + d�q , and

∫
1/D(�q ) d� represents an integration in a band

of width 1/D(�q) around �q [35], one obtains∫
ωb†ωbωdω = ω0a

†a +
∫

�d
†
�d�d�

+ a†
∫

ν�d�d� + a

∫
ν∗

�d
†
�d�, (8)

where ν� = √
D(�)γ�, γ� denotes the corresponding quantity

of γq in the continuous spectrum representation, and the
integral

∫
d� = ∑

q

∫
1/D(�q ) d� covers the whole spectrum

of excitations of the reservoir [35]. It has been shown in
Ref. [35] that the Hamiltonian on the right-hand side of
Eq. (8) can be diagonalized and the normal modes bω satisfying
[bω,b

†
ω′ ] = δ(ω − ω′) can be expressed as

bω = ξωa +
∫

ηω,�d�d�, (9)

where ξω and ηω,� satisfy the following equations:

|ξω|2 = |νω|2
[ω − ω0 − F (ω)]2 + [π |νω|2]2

, (10)

ηω,� =
[

P
1

ω − �
+ ω − ω0 − F (ω)

|νω|2 δ(ω − �)

]
ν�ξω,

(11)

where P denotes the principal part in the integral, and

F (ω) = P
∫ |ν�|2

ω − �
d�. (12)

Furthermore, the single mode a can be reexpressed by the
normal modes as

a =
∫

fωbωdω. (13)

The coefficient fω can be determined as follows. Substi-
tuting Eq. (13) for a into the commutator [a,b†ω], one obtains
[a,b†ω] = fω; then substituting Eq. (9) for bω into the same
commutator, one obtains [a,b†ω] = ξ ∗

ω. Thus one concludes
that the coefficient fω = ξ ∗

ω. The above equations for the
diagonalization are all exact and independent of the expression
or form of the spectral density of the reservoir d�. Now,
suppose the reservoir is white, i.e., the spectral density

G(�) = |ν�|2

≡
∑

q

∣∣γq

∣∣2
δ(� − �q)

= 	/π ; (14)
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then one can easily obtain from Eqs. (12) and (10) that F (ω) =
0 and thus

|ξω|2 = 	

π

1

(ω − ω0)2 + 	2
, (15)

which is the same Lorentzian form as the spectral density
J (ω) of Eq. (5) of the original bath. Consequently, one can, by
making use of Eq. (13) with the relation fω = ξ ∗

ω and Eqs. (4)
and (5), rewrite the single mode in terms of the normal modes
in the discrete form as

a =
∑

k

μkbk, (16)

where bk and μk are the original bath annihilation operator
and qubit-bath coupling strength, respectively. Furthermore,
the commutation relation [

∑
k μkbk,

∑
k μkb

†
k] = ∑

k μ2
k = 1

confirms once again the relation of Eq. (16). Expressing the
original bath modes in the total Hamiltonian, (3), in terms
of the single mode a and the white reservoir modes dq , one
obtains

Htot = �

2
σz + gσx(a + a†) + ω0a

†a +
∑

q

�qd
†
qdq

+ a†
∑

q

γqdq + a
∑

q

γqd
†
q, (17)

where the spectral density of the white reservoir is given by
Eq. (14). Thus treating the original Lorentzian bath as a single
mode coupled to a flat white reservoir (flat continuum) in an
RW form is an exact result.

B. Exact master equation

The correlation function of the white-reservoir operators
reads

α(t,s) =
∑

q

∣∣γq

∣∣2
e−i�q (t−s)

=
∫

G(�)e−i�(t−s)d�

= 	δ(t − s), (18)

that is, the white reservoir correlation time τR → 0 is treated
as the shortest time scale in the problem. So the degrees of
freedom of the white reservoir can be traced out first regardless
of the repeated projections of the system or the form of the
system-bath interaction.

The master equation for the reduced density matrix of a
single bosonic mode (or a harmonic oscillator) coupled to a
reservoir (bath) through an RW-type coupling Hamiltonian can
be obtained exactly for an arbitrary bath spectral density (or
bath correlation function) and for an initial zero-temperature
equilibrium reservoir vacuum state [36] or an initial finite-
temperature thermal equilibrium reservoir state [37]. We
consider the original bath state to be initially in the zero-
temperature vacuum state |0B〉, which translates directly to the
no-excitation initial state of |0A〉 ⊗ |0W 〉 for the single bosonic
mode and the fictitious white reservoir [38], where |0A〉 and
|0W 〉 are, respectively, the vacuum states of the single mode
and the fictitious white reservoir. The exact master equation
of Eq. (45) in Ref. [36] was derived using only the condition

that the reservoir is initially in the zero-temperature vacuum
state, from which the reservoir’s subsequent evolution to states
different from the initial vacuum state can be determined, and
finally, the degrees of freedom of the reservoir are averaged
over without any approximation to yield the exact master
equation.

It was also shown in Ref. [36] that if the reservoir
correlation function denoted as αCF(t − s) is replaced by a
δ function, αCF(t − s) = ∑

λ |gλ|2e−iωλ(t−s) = γ δ(t − s), with
some constant γ , then the exact master equation, (36) or (45),
presented in Ref. [36] becomes Lindblad’s master equation in
the standard Markov limit. In our case here, the fictitious white
reservoir starts with a reservoir vacuum state |0W 〉 and has a
correlation function delta correlated in time as in Eq. (18). The
constant γ used in the correlation function in Ref. [36] equals
twice the width 	 here, i.e., γ → 2	. As a result, we obtain
the exact master equation for the qubit and the single mode
here as

dρ̃

dt
(t) = 1

i
[HRabi,ρ̃(t)] − 	[a†aρ̃(t) + ρ̃(t)a†a−2aρ̃(t)a†].

(19)

Here the qubit–single-mode coupling Hamiltonian

HRabi = �

2
σz + ω0a

†a + gσx(a + a†), (20)

without the RW approximation, is the single-mode version of
the spin-boson Hamiltonian Htot of Eq. (3).

The presence of the Zeno measurements, considered as a
series of repeated projections on the qubit system, does not
affect the derived form of the master equation, (19), when the
degrees of freedom of the fictitious white reservoir are traced
out or averaged over [36]. In fact, expressing the projector
PS = e−μ(I−PS ) with identity operator I and parameter μ →
+∞ [39], we can combine the dissipative evolution with
the projective measurement process as a whole nonunitary
dynamics by adding an extra anticommutator bracket term of
−μC(t){1 − PS,ρ}, where C(t) = ∑∞

n=0 δ(t − nτ ) represents
a Dirac-comb function. In this representation of Eq. (19),
the dissipative single (cavity) mode plays the role of the
original bath with a memory time of about 1/	, and the initial
system-bath state changes from the original bath state |0B〉
of ρtot(0) = PS ⊗ |0B〉〈0B | to the single-mode state |0A〉 of
ρ̃(0) = PS ⊗ |0A〉〈0A|.

We emphasize again that we, by no means, make the
RW approximation on the qubit-bath coupling Hamiltonian
in obtaining Eq. (19), even though the exact decomposition of
the original bath involves the RW coupling form of a single
mode to a white reservoir [34]. Furthermore, the exact master
equation uses only the condition that the original bath with
a Lorentzian bath spectral density is initially in the zero-
temperature vacuum state or, equivalently, the fictitious white
reservoir with the δ-correlated-in-time correlation function
is initially in its zero-temperature equilibrium state, i.e., its
vacuum state |0W 〉. Lindblad’s master equation (19), which has
the same form as a second-order Markovian master equation,
is an exact consequence of the model considered here, rather
than a second-order Markovian approximation that assumes
the reservoir correlation time is very short (but not exactly 0,
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i.e., the correlation function is not really delta correlated in
time) compared to the other time scales.

As a result, the evolution within a Zeno interval, (n − 1)τ <

t < nτ , is then determined by Eq. (19), and at t = nτ the
evolution is described by the projective measurement on the
system,

ρ̃(t+) = PSρ̃(t−)PS

= PS ⊗ 〈ψS |ρ̃(t−)|ψS〉. (21)

Equation (21) then serves as the initial state of Eq. (19)
for the evolution of the next Zeno interval. This treatment
of the dynamics presented here is exact and only the initial
condition ρtot(0) = PS ⊗ |0B〉〈0B | is used to derive the exact
master equation, even though the Zeno projections violently
change the total state from time to time. That the density
matrix of the original bath will evolve away from the initial
vacuum state |0B〉〈0B | implies that the density matrix of the
single mode will evolve away from its initial vacuum state
|0A〉〈0A|. In addition, the density matrix for the single mode
〈ψS |ρ̃(t−)|ψS〉 will in general not return to its initial vacuum
state |0A〉〈0A| after each measurement. The SP at the final time
t is given by P (t) = TrS⊗Aρ̃(t). In other words, the trace over
the bath degrees of freedom (represented here by the degrees of
freedom of the single mode) is performed at the end of the final
time t . Our treatment reflects the bath memory across different
Zeno intervals and leads to interesting dynamical effects.

III. COMPARISON TO PREVIOUS STUDIES

A. Coupling Hamiltonian in the RW approximation

For the population decay model with the coupling Hamilto-
nian in the RW approximation [25,40,41], if the measurement
in action is to determine the SP of the excited state |e〉 when
the initial state is chosen as |e〉 ⊗ |0B〉 [8,9], we show next that
in this case our master equation gives the same results for the
SP as the exact analytical solutions given in Ref. [9].

The total Hamiltonian in the RW approximation reads

HRW = �

2
σz +

∑
k

ωkb
†
kbk + g

∑
k

μk(σ+bk + σ−b
†
k), (22)

where σ± is the qubit creation or annihilation operator, respec-
tively. Suppose the bath is initially in the vacuum state |0B〉,
then since the total excitation number N = σ+σ− + ∑

k b
†
kbk

of the RW Hamiltonian, Eq. (22), is an invariant quantity [25],
the total state at time t for the case of determining the SP in the
excited state |e〉 is within the one-excitation sector and takes
the form

|�tot(t)〉 = α(t)|e0B〉 +
∑

k

ck(t)|g1k〉 (23)

with initial conditions α(0) = 1 and ck(0) = 0, where |1k〉 =
b
†
k|0B〉 denotes a state with one bath boson (photon) in mode

k. The exact solution of the time-dependent coefficient α(t) is
given by Eq. (9) in Ref. [9] and reads

α(t) = 1
2e(i�−iω0−	)t/2(A+eDt + A−e−Dt ), (24)

with A± = 1 ± (	 − i� + iω0)/2D and D =√
1
4 (	 − i� + iω0)2 − g2. So after a Zeno interval τ ,

the selective measurement to the qubit excited state projects
the total state, Eq. (23), to∣∣�M

tot(τ
+)

〉 = |e〉〈e|�tot(τ
−)〉 = α(τ )|e0B〉, (25)

where the superscript M denotes that the state to which it
is attached is the state right after the measurement, and τ±
denote the times immediately after or before the projective
measurement at time τ , respectively. In other words, the
(unnormalized) total state returns to its initial form |e0B〉
with additional coefficient α(τ ), i.e., with survival probability
PRW(τ ) = |α(τ )|2. The projective measurement removes the
system-bath correlation (entanglement) and the resultant bath
state comes back exactly to its initial state |0B〉 after each
projective measurement to the qubit excited state |e〉. Thus
after n Zeno intervals and n projective measurements to the
qubit excited state, one simply gets the (unnormalized) total
state |�M

tot(nτ+)〉 = α(nτ )|e0B〉 with

α(nτ ) = [α(τ )]n. (26)

Besides, the survival probability for the qubit to be in the
excited state at t = nτ+ is

PRW(nτ ) = ∣∣〈e∣∣�M
tot(nτ+)

〉∣∣2

= |α(nτ )|2
= [PRW(τ )]n. (27)

A comparison of the survival probability PRW(t) between
the above exact analytical solutions [9] and our numerical
simulation results using the master equation, Eq. (19), with
HRabi → HJC = �

2 σz + ω0a
†a + g(σ+a + σ−a†) for the RW

coupling Hamiltonian, is presented in Fig. 1. One can see
that they all coincide with each other for different values
of the coupling constant g and the spectral density width
	 (the strong-coupling case of g > 0.6ω0 is also verified,
although not shown). In other words, our numerical treatment
reproduces exactly the analytical theory of Ref. [9], regardless
of how large the qubit-bath coupling strength and the bath
correlation time are. This fact demonstrates that our master
equation is exact (even though the white-noise dissipative
terms look like a standard second-order Markovian Lindblad
equation), and thus our master equation approach is a correct
and valid tool to study the qubit-bath dynamics in the quantum
Zeno process.

Actually only in the above case of determining the SP in the
excited state |e〉 is the result for the SP in the GA the same as
that in the KKA [9]. However, if the repeated measurements
project the qubit system into an initial general superposition
state of |ψS〉 = α|e〉 + β|g〉 (not just into the initial excited
state |ψS〉 = |e〉), where |g〉 is the qubit ground state, the bath
state after each projective measurement is different. Within the
first Zeno interval 0 < t < τ , the total state can be written as

|�tot(t)〉 = α(t)|e0B〉 + β(t)|g0B〉 +
∑

k

ck(t)|g1k〉, (28)

with the initial condition α(0) = α, β(0) = β, and ck(0) = 0.
The time-dependent coefficients can still be exactly obtained
within the first Zeno interval, with α(t) given by Eq. (24) and
β(t) = β. Then the projection of the selective measurement at
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FIG. 1. Survival probabilities as functions of time for |ψS〉 = |e〉 and ω0 = �, with the analytical solution from Ref. [9] and the numerical
solution from our master equation. (a) g/ω0 = 0.3, 	/ω0 = 0.1, (b) g/ω0 = 0.3, 	/ω0 = 0.3, (c) g/ω0 = 0.6, 	/ω0 = 0.1, and (d) g/ω0 = 0.6,
	/ω0 = 0.3.

time τ makes the (unnormalized) bath state∣∣ψM
B (τ+)

〉 = 〈ψS |�tot(τ )〉
= [α∗α(τ ) + |β|2]|0B〉 + β∗ ∑

k

ck(τ )|1k〉. (29)

One clearly sees that this bath state does not return to the initial
bath vacuum state |0B〉. The SP after the first measurement can
be calculated exactly as

PRW(τ ) = 〈
ψM

B (τ+)|ψM
B (τ+)

〉
= ∣∣α∗α(τ ) + |β|2∣∣2 + |β|2

∑
k

|ck(τ )|2

= |α∗α(τ ) + |β|2|2 + |β|2(|α|2 − |α(τ )|2). (30)

However, the (unnormalized) initial total qubit-bath state for
the second Zeno interval reads∣∣�M

tot(τ
+)

〉 = |ψS〉 ⊗ ∣∣ψM
B (τ+)

〉
= |ψS〉 ⊗ [α∗α(τ ) + |β|2]|0B〉

+|β|2
∑

k

ck(τ )|g〉 ⊗ |1k〉

+ β∗α
∑

k

ck(τ )|e〉 ⊗ |1k〉, (31)

which contains a two-excitation state |e1k〉 that goes out the
zero-excitation and one-excitation Hilbert space that we set
initially for the total-state evolution in the first Zeno interval.
Continuing the analysis, one finds that the initial total state for

the evolution of the nth Zeno interval contains n excitations,
which is too complex to solve analytically. Thus, we have
PRW(nτ ) �= [PRW(τ )]n for a general initial qubit state even with
the qubit-bath coupling Hamiltonian in the RW approximation.
In the following, we still compare the SP in this case between
the approximated analytical result PRW(nτ ) ≈ [PRW(τ )]n,
which assumes that the bath state returns to its initial state
after each projective measurement, and that of our master
equation in Fig. 2. For the weak-coupling case g = 0.06
shown in Figs. 2(a) and 2(b), the approximated results of the
KKA [9] agree very well with our exact numerical results,
while they deviate from each other in the strong-coupling
case g = 0.6 as shown in Figs. 2(c) and 2(d). The deviation
certainly comes from the changes in the bath state. Therefore,
our calculated results demonstrate that the bath state indeed
changes in the Zeno projection process in the strong-coupling
regime.

B. Coupling Hamiltonian without the RW approximation

For the original spin-boson model without the RW approx-
imation, one cannot obtain an exact solution in the total wave
function approach even for the first Zeno interval. References
[20,21] are studies of spin or qubit underrepeated nonselective
quantum nondemolition (QND) measurements in this model
using a perturbation theory for the system-bath coupling
strength and assumed the bath to be an immutable entity.
The effect of nonselective, nonintrusive QND measurements
is to erase the qubit-bath correlation, transforming their joint
density matrix into an approximated factorized form. Then
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FIG. 2. Survival probabilities as functions of time, with the approximated analytical result and the numerical solution of our master equation,
in which the Zeno interval �τ = 0.1, ω0 = �, and |ψS〉 = 0.8|e〉 + 0.6|g〉. (a) g/ω0 = 0.06, 	/ω0 = 0.1, (b) g/ω0 = 0.06, 	/ω0 = 0.3, (c)
g/ω0 = 0.6, 	/ω0 = 0.1, and (d) g/ω0 = 0.6, 	/ω0 = 0.3.

the reduced density matrix of the qubit remains diagonal
throughout the considered evolution and can always be written
in Gibbs form, ρS(t) = Z−1e−β(t)HS , where β(t) is the time-
dependent effective inverse temperature that characterizes
“heating” and “cooling” (cited from Secs. 2.1 and 2.2 in
Ref. [21]).

Despite the existing key differences in the measurement
scenario and in the measurement effect on the subsequent
qubit dynamics, we make comparisons and clarify the validity
between the master (rate) equation used in Refs. [20,21] and
that used in our work. Taking the zero-temperature system-bath
product state |g0B〉 as the initial state (which is the same
as that in Fig. 1 in Ref. [20]), where |0B〉 represents the
bath vacuum state, we calculate the excited-state population
ρee by our master equation following the dynamical rules in
Ref. [20]. References [20,21] provided equations of motion of
the elements of the reduced density matrix,

d

dt
ρee = − d

dt
ρgg = −Reρee + Rgρgg, (32)

with Re(t) = 2
∫

G0(ω) sin (ω−�)t
ω−�

dω and Rg(t) = 2
∫

G0(ω)
sin (ω+�)t

ω+�
dω. Taking the Lorentzian spectrum to be

G0(ω) = g2 1

π

	

(ω − ω0)2 + 	2
, (33)

we present in Fig. 3 the excited-state population as a function
of time given by the two master (rate) equations, namely,
Eqs. (19) and (32). One can see that in the weak-coupling
regime [Figs. 3(a) and 3(b)], the results obtained by the
two master (rate) equations agree well with each other. This
demonstrates that our master equation can reproduce the

heating-up behaviors studied in Ref. [20]. However, in cases
of moderate coupling [Figs. 3(c) and 3(d)], the results with the
two master equations are significantly different in the long-
time regime, in which the excited-state population (shown by
dashed red lines) given by the master (rate) equation in Refs.
[20,21] even falls below 0. This nonphysical result, which is
more evident in the strong-coupling regime, indicates that the
master (rate) equation in Refs. [20,21] becomes improper to
use in these cases, while our exact master equation is still
suitable even in the strong-coupling regime.

We note here that in the text of and Supplementary
Information to Ref. [20], the postmeasurement bath state and
the system-bath correlations are described both analytically
and numerically, and in the Supplementary Information to
Ref. [21], the small deviation of the bath state from the original
Gibbs form is discussed in the weak-coupling perturbation
theory, whereas Ref. [22] shows that the bath change is
drastic if only a few modes in the bath play a role. These
studies [20–22] recognized changes in the bath state, but
the effects were argued not to be substantial, due mainly
to the fact that many or an infinite number of bath modes
were considered and the investigations were conducted within
the weak-coupling perturbation theory [20,21]. Using our
approach of representing the infinite number of modes of
the original Lorentzian bath as a single mode coupled to a
fictitious white reservoir of an infinite number of modes, after
the infinite number of modes of the white reservoir are traced
out, the resultant master equation describes a qubit interacting
with effectively a dissipative single mode. When only one bath
mode plays a significant role, the results in Refs. [20,21] will
also apply to this case of bath changes.
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FIG. 3. Excited-level populations given by our master equation (solid blue lines) and the master (rate) equation used in Refs. [20,21] (dashed
red lines). The dynamic from �t = 0 to �t = 8π corresponds to natural relaxation, and for �t > 8π it experiences nonselective measurements
with interval �τ = π/2. Parameters are ω0 = �, 	/� = 0.03. (a) g/� = 0.01, (b) g/� = 0.05, (c) g/� = 0.01, and (d) g/� = 0.03.

IV. EFFECTS OF BATH STATE CHANGES AND BATH
CORRELATION TIME ON QZE

Next we analyze the properties of the average decay rate in
each Zeno interval defined by λn = 1

τ
ln [P (nτ )/P (nτ + τ )].

As stated, the bath state after a projective measurement for
general situations and models is different from the bath state
after its previous measurement (i.e., the initial state at the
beginning of each Zeno-interval evolution is different), and
thus the average decay rates in different Zeno intervals do
not equal each other and display rich effects and phenomena.
To characterize the changing decay rates between different
Zeno intervals, we investigate the behavior of the average
decay rate in each interval λn. In the KKA (or in the
RW-approximated model with projection measurement into
|ψS〉 = |e〉 in Refs. [8,9], only the total average decay rate
�N (τ ) = − ln P (Nτ )/Nτ is used due to the assumption (fact)
that the bath state does not change from its initial state and the
average decay rates in different Zeno intervals are the same
(i.e., the total average decay rate equals the average decay
rate in a single Zeno interval). Furthermore, the QZE (λn → 0
as τ → 0) indicates λn ∝ τ for small τ , so it is natural to
define their ratio wn = λn/τ as a meaningful and significant
physical quantity to characterize the general QZE. We call
wn the scaled decay rate in unit Zeno interval. In the limiting
case of continuous Zeno measurements in which τ → 0, the
ratio wn is actually finite and the discrete series wn becomes a
continuous function of time, namely,

lim
τ→0,nτ→t

(λn/τ ) = w(t),

and the SP takes the form of

P (t) = exp

[
−τ

∫ t

0
w(t ′)dt ′

]
. (34)

When w(t) is a constant, the decay is exponential. But if
w(t) varies explicitly with time, the decay is nonexponential.
w(t) in the KKA is always a constant. Thus in the Zeno limit
τ → 0, the SP always shows exponential-decay behavior in the
KKA, but the SP in the GA can still exhibit nonexponential
decay. We can derive an analytical expression for the SP in
the τ → 0 limit, which can not only provide us with an un-
derstanding of the SP in the very-short-τ regime but also give
a verification of the numerical master equation approach. To
obtain the explicit analytical expression of w(t) in the τ → 0
limit, we first directly calculate the total state |�tot(t)〉 after
n measurements by |�tot(t)〉 = (PSe

−iHtotτ )
n|ψS0B〉. Then

obtaining the SP P (t) = 〈�tot(t)|PS |�tot(t)〉 to the dominant
order in τ and expressing it in the form of Eq. (34), we obtain

w(t) = 〈
H 2

Sη(t)
〉 − 〈HSη(t)〉2 + g2(1 − 〈σx〉2), (35)

where HSη(t) = �σz/2 + gσx[η(t) + η∗(t)], and real function

η(t) = g〈σx〉[e−(	+iω0)t − 1]/(ω0 − i	). (36)

This analytical expression of Eqs. (34) and (35), provides a
good check for the SP in the small-τ regime calculated by the
numerical method of Eqs. (19) and (21).

In Fig. 4, the numerical results of wn along with the
analytical result w(t) are presented for repeated projections
to a general initial system state but different τ , g, and 	. The
series {λn = wnτ }, which shows an oscillatory behavior as a
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FIG. 4. Scaled decay rates per Zeno interval wn = λn/τ as functions of time t with Zeno interval τ = 1/� (dotted blue lines), τ = 0.5/�

(dash-dotted red lines), and τ = 0.1/� (dashed yellow lines) for different values of 	 and g by the numerical solutions. Solid black lines are
the analytical results in the continuous limit τ → 0 from Eq. (35). (a, b) 	/� = 0.1; (c, d) 	/� = 0.3. (a, c) g/� = 0.1; (b, d) g/� = 0.8.
The initial state is |ψS〉 = 3/5|e〉 + 4/5|g〉, where |e〉 and |g〉 are the ground and excited states of the qubit, and the parameter ω0/� = 1. (a)
g/� = 0.1, 	/� = 0.1, (b) g/� = 0.3, 	/� = 0.1, (c) g/� = 0.1, 	/� = 0.3, and (d) g/� = 0.3, 	/� = 0.3.

function of n (t = nτ for a fixed τ ), refers to the variation of
the average decay rate across different Zeno intervals, which
is significantly different from the oscillatory behavior of the
SP (not in the average decay rate) over time t obtained by
the KKA or presented in Refs. [8,9], in which the average
decay rate in each Zeno interval is a constant. The numerical
results for short τ = 0.1/� (dashed yellow lines) agree quite
well with the analytical ones (solid black lines). Besides, w(t)
exhibits a damped oscillation with time, indicating that the
scaled average decay rate in unit τ for a general initial state is
qualitatively different from the constant average decay rate of
the traditional QZE.

Furthermore, Fig. 4 presents the quantitative effects of the
bath central frequency ω0, the qubit-bath coupling strength g,
and the bath memory time 1/	 on the nonexponential decay
of P (t) through the behavior of w(t). In each panel, w(t)
clearly exhibits damped oscillations because w(t) of Eq. (35)
contains both η(t) + η∗(t) and its square term, with damped
oscillation frequencies ω0 and 2ω0, respectively. Since the 2ω0

term is proportional to g4, its contribution is much less than
the ω0 term, which is proportional to g2 for low coupling
strengths. Thus the 2ω0 component visible in Fig. 4(b) is not
seen in Fig. 4(a). Moreover, as g decreases from Figs. 4(b) to
4(a) as well as from Figs. 4(d) to 4(c), the amplitudes of the

damped oscillations also decrease. This indicates that for very
weak system-bath coupling in the KKA, assuming that the
bath state does not change significantly from its original state
can be justified [20–22]. Figure 4 also shows the influence of
	 on the damping behavior of w(t). The damping rate of w(t)
is, as shown in Eq. (36), just the width 	 of the Lorentzian
spectrum, namely, the dissipation rate of the single (cavity)
mode, whose inverse value 1/	 characterizes the memory time
of the Lorentzian bath. When 	 = 0, the qubit is effectively
coupled to a single mode and exchanges information with it
periodically. As a result, w(t) oscillates without damping. For
finite values of 	, if the evolution time t is much longer than
the memory time 1/	, then w(t) will approach a constant
value just like the traditional QZE.

The analytical result of wKKA in the continuous limit τ → 0
in the KKA can be found by wKKA = 〈�tot(t)|H 2

tot|�tot(t)〉 −
〈�tot(t)|Htot|�tot(t)〉2 = (�/2)2(1 − 〈σz〉2) + g2 [8]. For finite
Zeno interval τ , we can express the SP PKKA(τ ) asso-
ciated with one measurement in the KKA as PKKA(τ ) =
|〈ψS0A|e−iHeffτ |ψS0A〉|2, where Heff = HRabi − i	a†a is the
effective non-Hermitian Hamiltonian, which takes into ac-
count the single-mode decay [34,42]. The result of wKKA for
finite τ can thus be obtained by wKKA = − 1

τ 2 ln PKKA(τ ), with
the dynamics of PKKA(τ ) solved numerically. The comparisons
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FIG. 5. Functions w(t) and constants wKKA for different initial states of |ψS〉 = α|e〉 + β|g〉, with (α,β) equal to (a) (3/5,4/5), (b)
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τ = 1/� (dotted green lines) as well as τ = 0.01/� (small red circles) are calculated numerically, and for the continuous limit τ → 0 (dashed
black lines) the results are calculated analytically using the formulas in the KKA described in the text. Other parameters used are ω0/� = 1,
g/� = 0.5, and 	/� = 0.1. (a) (α,β) = (3/5,4/5) (b) (α,β) = (3/5,4eiπ/8/5) (c) (α,β) = (4/5,3/5), and (d) (α,β) = (1,0).

between functions w(t) and constants wKKA for the same pa-
rameters but different values of τ are presented in each panel in
Fig. 5. One can see that the numerical results of wKKA for �τ =
0.01 (small red circles) agree well with the analytical results of
wKKA for τ → 0 (dashed black lines), which again verifies the
single-mode approach used in this paper. Compared to wKKA,
the function w(t), taking account of the cross-correlation of the
bath operators between different Zeno intervals and the bath
memory time, exhibits rich phenomena. The SP right after the
first Zeno measurement in the GA is always larger than or
equal to that in the KKA since P (τ ) = TrB〈ψS |ρtot(τ )|ψS〉 �
〈0B |〈ψS |ρtot(τ )|ψS〉|0B〉 = PKKA(τ ). Note, again, that in the
Zeno limit τ → 0, wKKA is a constant but w(t) shows damped
oscillation behavior for general initial states. The constant
wKKA, by means of Eq. (34), leads to the exponential-decay
SP P (t) = e−τwKKAt (w−1/2

KKA is just the Zeno time). Therefore,
the fact that the SP of a general initial qubit state in the
regime of very small Zeno intervals shows exponential-decay
behavior in the KKA, but shows nonexponential decay in
our GA, is also an important major difference between these
two approaches, even though at large Zeno time intervals
the different approaches may all show damped oscillatory
behaviors in the SP. Depending on the initial states and the
value of τ , w(t) can then, as shown in Fig. 5, be greater or less
than wKKA.

Moreover, the relative phase between the basis states of
|e〉 and |g〉 of the initial qubit state |ψS〉 = α|e〉 + β|g〉 has
[compare Fig. 5(a) with Fig. 5(b)] an important effect on w(t).
In contrast, the KKA results near the continuous limit do not
depend on the relative phase in the initial state, for the initial
phase is not explicitly contained in the expression of wKKA.
In fact, in the model investigated, wKKA in the continuous
limit depends only on 1 − 〈σz〉2, so wKKA is the same for the
particularly chosen different initial states in Figs. 5(a)–5(c).
In Fig. 5(d), the scaled decay rates w(t) in the continuous
limit τ → 0 (solid yellow line) is a constant and equals wKKA

(dashed black line), i.e., w(t) = wKKA = g2. This is because
the initial state |ψS〉 = |e〉 makes 〈σx〉 = 0 and thus according
to Eq. (36) the amplitudes of the oscillation parts of w(t) are
0. But for finite Zeno interval τ , wn still oscillates with time
(dash-dotted blue line), attributed to the higher-order effect of
the finite value of τ .

V. TRANSITION BETWEEN THE QZE AND THE QAZE

Next we discuss the transition between the QZE and the
QAZE. It is known that a longer Zeno interval may lead
to the QAZE. In the KKA, the total average decay rate
λKKA(τ ) = − ln P (t)/t = − ln P (τ )/τ depends only on τ and
is independent of the number of measurements N . One may
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FIG. 6. Total average decay rate �N as a function of the Zeno interval τ for various numbers of measurements N . (a–c) The width is
	/� = 0.1; (d–f) 	/� = 0.3. The coupling strength is g/� = 0.2 in (a) and (d), g/� = 0.5 in (b) and (e), and is g/� = 0.9 in (c) and
(f). Black, red, yellow, green, and blue lines correspond to N = 1, 2, 4, 8, and 16, respectively. The initial state is |ψS〉 = |e〉 and the other
parameter used is ω0/� = 1. (a) 	/� = 0.1, g/� = 0.2, (b) 	/� = 0.1, g/� = 0.5, (c) 	/� = 0.1, g/� = 0.9, (d) 	/� = 0.3, g/� = 0.2
(e) 	/� = 0.3, g/� = 0.5, and (f) 	/� = 0.3, g/� = 0.9.

define d
dτ

λKKA(τ ) > 0 as the QZE and d
dτ

λKKA(τ ) < 0 as
the QAZE, with the QZE-QAZE transition point called the
transition time τ c [8,14–17]. As we have seen, the decay rate
per Zeno interval λn or scaled decay rate wn varies also with the
number of measurements. Thus the QZE-AZE transition point
should depend also on the number of measurements N [16].
The total average decay rate, �N (τ ), for N measurements
is defined as �N (τ ) = − ln P (Nτ )/Nτ = 1

N

∑N−1
n=0 λn. For

each given N , we define d
dτ

�N (τ ) > 0 as the QZE and
d
dτ

�N (τ ) < 0 as the QAZE, with the transition time τ c
N given

by the transition points. This definition for the transition
between QZE and QAZE is a straightforward extension of
the traditional definition, i.e., for N = 1, it goes back to the
traditional definition.

The total average decay rates �N (τ ) as functions of τ

with initial state |ψS〉 = |e〉 for various N ’s presented in
Fig. 6 are different from each other, and for each N there
is a corresponding transition time τ c

N . This is qualitatively
different from the traditional QZE-QAZE transition. As N

increases, the transition time τ c
N becomes smaller. This may

lead to an interesting result. For example, in Fig. 6(b), the
transition point for N = 1 (black line) is near τ = 3/�, while
those for N = 8 and 16 (green and blue lines, respectively)
are close to τ = 2/�. If the Zeno interval is set to be
fixed at τ = 2.5/�, then the KKA (N = 1) would predict
a QZE, while the general approach predicts a qualitatively
different QAZE for large-N measurements. Besides, the
blue curves in Figs. 6(b) and 6(c) show multiple transition

points, which might be regarded as multiple QZE-QAZE
transitions [16].

The parameters 	 and g also have significant effects on the
transition between the QZE and the QAZE. In Figs. 6(a)–6(c),
with a small width, 	/� = 0.1, the curves for various N ’s
separate from one another, while in Figs. 6(d)–6(f), with
a larger width, 	/� = 0.3, the curves almost overlap one
another. One can also observe that the curves of various
N ’s deviate from one another in the strong-coupling regime
[Figs. 6(c) and 6(f)] but are close to one another in the
weak-coupling regime [Figs. 6(a) and 6(d)]. In the regime
of large 	 (short bath correlation time) and small g (weak
coupling), as in Fig. 6(d), all the curves for different N ’s tend
to overlap one another, and the QZE and QAZE behaviors
approach those of the KKA.

VI. CONCLUSION

In summary, we have investigated the influence of the bath
memory effect on the QZE and QAZE. The assumption that
the bath state resets to its original state after each instantaneous
projective measurement on the system in the traditional
approach ignores equivalently the cross-correlations of the
bath operators at different Zeno intervals. For measurements
projected to a general initial system state and for a bath with
a considerable memory effect, the assumption is not valid.
To solve the dynamics, we derive an exact master equation
for a Lorentzian bath which is suitable for the case where the
qubit system undergoes time-dependent nonunitary operations
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such as Zeno projections, and we compare it with former
methods for verification. Based on the exact result we find
that, in stark contrast to the behaviors found in the KKA, the
scaled average decay rates in unit Zeno interval wn in our GA
display an oscillatory behavior, enabling, even in the regime
of very small Zeno intervals, a nonexponential decay behavior
in the SP, and the total average decay rate depends not only
on τ but also on the number of repeated measurements N .
For a fixed N , some values of τ for which the traditional
approach predicts a QZE region may in fact already be in the
QAZE region. Overall, the width 	 characterizes the damping
rate of the memory and the system-bath coupling strength
g characterizes the memory depth of the bath. So small 	

and large g make the cross-correlation between different Zeno
intervals substantially nonnegligible, resulting in significant
quantitative as well as qualitative differences between the GA
and the KKA. Our results provide an essential step toward

a further in-depth and comprehensive understanding of the
complex problems of the QZE and QAZE in open quantum
systems. It will be interesting to see whether our predictions
can be verified experimentally in realistic systems such as
superconducting circuit QED systems.
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We theoretically study the dynamics and resonance shift of the Rabi model with frequency modulation, i.e., the
Rabi model driven additionally by a slow longitudinal field, by using the counterrotating-hybridized rotating-wave
(CHRW) method, aiming to illustrate the effects of the counterrotating (CR) terms of the transverse field. The
CHRW method is based on a unitary transformation and reduces the aperiodic Hamiltonian to an effective periodic
Hamiltonian that can be efficiently treated by Floquet theory. The validity of the effective Hamiltonian and widely
used rotating-wave approximation (RWA) Hamiltonian is carefully examined compared to the numerically exact
results over a wide parameter range. It is found that the effective Hamiltonian gives a correct description, while
the RWA breaks down in the strong driving regime. Interestingly, we show that under certain conditions the
longitudinal field can be used to modify resonance widths such that resonance widths can be comparable to
the magnitude of the Bloch-Siegert (BS) shift, which in turn makes the CR-induced BS shift significant and
leads to the complete breakdown of the RWA even in a moderately strong driving regime (in which the RWA
holds for the Rabi model without frequency modulation). In addition, by using the effective Hamiltonian, we
can efficiently access resonance positions for the bichromatically driven qubit and study how the resonance
shifts due to the combined effects of the CR terms and frequency modulation. For a weak longitudinal field, we
show that resonance positions can be analytically calculated from the effective Rabi frequency for the effective
Hamiltonian, which are in excellent agreement with the numerically exact results.

DOI: 10.1103/PhysRevA.96.033802

I. INTRODUCTION

Recently, there is increased interest in studying driven
quantum systems in the strong driving regime where the
rotating-wave approximation (RWA) breaks down [1–9]. It
follows from the development of artificial atoms that light-
matter interaction in the strong- and ultrastrong-coupling
regimes will become available in laboratories. For instance,
strongly driven two-level systems with a Rabi frequency
comparable to the transition frequency of the two levels have
been experimentally realized in the context of the flux qubit
[8,10]. Strong driving turns out not only to cause unique
physical phenomena such as coherent destruction of tunneling
[11] and Bloch-Siegert (BS) shift [12–14] but also to be useful
in the fast quantum control of semiconductor qubits, which is
essential for solid-state quantum computation [15,16].

The prototype of the driven quantum system is the Rabi
model, which is described by (h̄ = 1)

H (t) = 1

2
ω0σz + �x cos(ωxt)σx

= 1

2
ω0σz + �x

2
(eiωx tσ− + e−iωx tσ+)

+�x

2
(e−iωx tσ− + eiωx tσ+), (1)

where σ± = (σx ± iσy)/2 and σx,y,z are the Pauli matrices.
ω0 is the transition frequency of the qubit. �x cos(ωxt) is the

*yiyingyan@zust.edu.cn
†zglv@sjtu.edu.cn
‡hzheng@sjtu.edu.cn

transverse driving field with amplitude �x and frequency ωx .
This model is widely used in quantum optics [17] and has
been extensively studied by numerically exact and analytical
methods [13,18,19]. In the strong driving regime (�x/ω0 � 1),
one becomes concerned with the effects of the counterrotating
(CR) terms [last line in Eq. (1)], which are neglected in the
RWA. It is clear that the CR terms are to induce a complex
beat in the real-time dynamics and the BS shift. The latter has
been studied both theoretically [12,13,20] and experimentally
in the context of superconducting qubits [21,22]. Due to the
inevitable power broadening, one finds that the magnitude of
the BS shift of the main resonance at ω0 ≈ ωx is generally
much less than that of the resonance width, thus the BS shift
can be neglected even when the driving is moderately strong.

It is interesting to investigate whether the resonance width
can be significantly modified with additional driving such that
the resonance width is comparable to the magnitude of the
BS shift and how the BS shift influences the dynamics in
this situation. To address these issues, we consider that the
transition frequency in the Rabi model is modulated by a
longitudinal field. The total Hamiltonian is given by

H (t) = 1
2 [ω0 + �z cos(ωzt)]σz + �x cos(ωxt)σx, (2)

where �z cos(ωzt) is the longitudinal driving field with
amplitude �z and frequency ωz. The model can be used
to describe the magnetic resonance [23] and solid quantum
optics experiments in the context of artificial atoms such as
superconducting qubits [24] and nitrogen vacancy spin qubits
[25]. As the limit case of the quantum Rabi model that a qubit
interacts with two harmonic oscillators [25], it can be expected
to provide a description physically equivalent to that with the
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fully quantized theory in the large-photon-number limit when
the quantized fields are in coherent states, similar to the usual
Rabi model [13]. In previous work, this model was studied with
the aid of the RWA for the transverse field [23,24,26–28]. For
instance, in Ref. [26], Saiko and coworkers have theoretically
and experimentally studied the resonance shift resulting from
the fast-oscillating terms of the longitudinal field, which is
referred to as δd shift henceforth, to distinguish it from another
shift caused by the CR terms of the transverse field (in their
paper, the δd shift is called the BS shift). Clearly, the combined
effect of the CR terms and the longitudinal field has not been
illustrated because of the RWA.

It can be expected that the CR-induced BS shift in the
bichromatically driven qubit described by Eq. (2) is much
more significant than that in the standard Rabi model for the
following reasons. First, it has been revealed that a qubit driven
by a bichromatic field with two perpendicular components has
multiple resonance peaks appearing at ω0 ≈ ωx + mωz (m =
0,±1,±2, . . . ) [24]. This is in sharp contrast with the usual
Rabi model, where one finds only a single resonance peak at
resonance position ω0 ≈ ωx [13]. It is therefore interesting to
study the CR-induced BS shifts of the additional resonance
peaks (m �= 0). Second, it is found that the resonance peak at
ω0 ≈ ωx can be narrower with longitudinal modulation than
without longitudinal modulation [24]. Consequently, one may
ask whether the widths of resonance peaks may reduce to the
magnitude of the BS shifts in the presence of longitudinal
modulation, which cannot be expected in the Rabi model at
the main resonance, due to power broadening [29].

In this work, we use both the counterrotating-hybridized
rotating-wave (CHRW) method and the numerically exact
method to study the dynamics and resonance shifts of the Rabi
model with the frequency modulation in the strong driving
regime. The exact method is based on the generalized Floquet
theory (GFT) [30]. The CHRW method is developed with
a unitary transformation. It is applied to derive an effective
Hamiltonian periodic in time so that methods for the peri-
odically driven quantum system can be applied. The validity
of the RWA Hamiltonian and our effective Hamiltonian is
carefully examined by comparison with the exact transient and
time-average transition probabilities obtained with the GFT. It
is found that our effective Hamiltonian can provide a much
more reliable description than the previous RWA one over
a wide range of parameters. For moderately strong transverse
driving, although the CR terms can be neglected in the absence
of longitudinal field, it becomes essentially important when
an elaborated longitudinal field is additionally applied. The
longitudinal field can significantly reduce the resonance width
to the magnitude of the BS shifts at the central band and
sidebands, which in turn results in a dramatic difference in
dynamics between the RWA and the non-RWA theories at
the resonance positions given by the RWA. We find that
well-approximated resonance positions that takes BS shifts
into account can be efficiently calculated from our effective
Hamiltonian. Without the RWA, the additional resonance
peaks have both the BS shift and the δd shift. In particular,
when the longitudinal field is relatively weak, it is found that
the resonance shift can be analytically calculated from the
effective Rabi frequency for the effective Hamiltonian, and
the result agrees well with the numerically exact result.

The remainder of the paper is organized as follows. In
Sec. II, first we briefly review previous RWA treatment. Then
we derive an effective periodic Hamiltonian by using the
unitary transformation. The effective system is treated by
the Floquet approach. In Sec. III, we introduce the GFT
approach. In Sec. IV, we calculate the transient transition
probability and examine the performance of the RWA and
effective Hamiltonians by comparing their predictions with
the exact ones and demonstrate that the longitudinal field can
amplify the effects of CR terms on the dynamics. In Sec. V, by
calculating the time-average transition probability, we clarify
how the effects of the CR terms become significant under
moderately strong transverse driving due to the longitudinal
field and illustrate BS shifts at both the central band and the
sideband in the moderately strong transverse driving regime.
In Sec. VI, we give concluding remarks on this work.

II. EFFECTIVE HAMILTONIAN AND FLOQUET
FORMALISM

A. Rotating-wave approximation

We first briefly review the RWA method used in previous
work [23,24,26–28] to solve the time evolution governed by
Eq. (2). Within the RWA, the Hamiltonian becomes

HRWA(t) = 1

2
[ω0 + �z cos(ωzt)]σz

+ �x

2
(σ+e−iωx t + σ−eiωx t ), (3)

where the CR terms of the transverse field have been omitted.
It is straightforward to further simplify the RWA Hamiltonian
in the frame rotating at frequency ωx , i.e.,

H̃RWA(t) = R(t)HRWA(t)R†(t) − iR(t)
d

dt
R†(t)

= �x

2
σx + 1

2
[δ + �z cos(ωzt)]σz, (4)

where R(t) = exp(iωxtσz/2) and δ = ω0 − ωx is the detuning
of the transverse field from the static transition frequency.
Clearly, Eq. (4) is corresponding to a periodically driven
qubit, which can be solved by the Floquet approach [13].
Although the RWA simplifies the problem, it is expected
to hold for near- and on-resonance cases and weak driving
conditions (�x � ω0). Therefore, the validity of Eq. (4)
becomes questionable in the strong driving regime, i.e., the
driving strength of the transverse field becomes comparable
to the transition frequency ω0, in which case the CR terms
are found to cause complex dynamics and a remarkable BS
shift. To take into account the effects of the CR terms of the
transverse field, we propose the use of a unitary transformation
other than the RWA to derive an effective periodic Hamiltonian
with a more precise description compared to the RWA one.

B. Unitary transformation

The evolution operator of a driven qubit satisfies the
equation of motion

d

dt
U (t) = −iH (t)U (t). (5)
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To go beyond the RWA, we perform the unitary transformation
to the evolution operator [19,20,31]

U ′(t) = eS(t)U (t), (6)

where

S(t) = i
�x

ωx

ξ sin(ωxt)σx, (7)

with ξ being undetermined. It is straightforward to show that
the transformed evolution operator satisfies a similar equation
d
dt

U ′(t) = −iH ′(t)U ′(t) with the transformed Hamiltonian

H ′(t) = eS(t)[H (t) − i∂t ]e
−S(t)

= 1
2 [ω0 + �z cos(ωzt)]{cos [Z sin(ωxt)]σz

+ sin [Z sin(ωxt)]σy

}
+�x(1 − ξ ) cos(ωxt)σx, (8)

where Z = 2�x

ωx
ξ . To proceed, we use the identity

exp(iz sin θ ) =
∞∑

n=−∞
Jn(z)einθ , (9)

where Jn(z) is the Bessel function of the first kind with order
n, and divide H ′(t) into two parts:

H ′(t) = H ′
CHRW(t) + H ′

2(t), (10)

H ′
CHRW(t) = 1

2 [ω0 + �z cos(ωzt)]J0(Z)σz + ω0J1(Z)

× sin(ωxt)σy + �x(1 − ξ ) cos(ωxt)σx

+ 1
2J1(Z)�z cos(ωzt)(σ+e−iωx t + H.c.), (11)

H ′
2(t) = [ω0 + �z cos(ωzt)]

∞∑
n=1

{J2n(Z) cos(2nωxt)σz

+ J2n+1(Z) sin[(2n + 1)ωxt]σy} − 1

2
J1(Z)

×�z cos(ωzt)(σ+eiωx t + H.c.). (12)

Now we are in a position to determine the parameter ξ by
requiring H ′

CHRW(t) to take a rotating-wave form similar to
H̃RWA(t). To this end, we restrict ξ to the interval (0,1) and
determine its value via the following equation:

�x(1 − ξ ) = ω0J1(Z). (13)

This equation can be solved numerically or analytically by
Taylor expansion. When �x/ωx < 1, it is easy to find the
expression for ξ accurate up to sixth order in �x as follows:

ξ = ωx

ω0 + ωx

[
1 + �2

xω0

2(ωx + ω0)3
+ ω0(8ω0 − ωx)�4

x

12(ωx + ω0)6

+ �6
xω0

(
ω2

x − 46ωxω0 + 169ω2
0

)
144(ωx + ω0)9

]
+ O

(
�8

x

)
. (14)

Using Eq. (13) and

�̃x = 2�x(1 − ξ ), (15)

we can rewrite H ′
CHRW(t) as

H ′
CHRW(t) = 1

2 [ω0 + �z cos(ωzt)]J0(Z)σz + 1
2 [�̃x

+ J1(Z)�z cos(ωzt)](σ+e−iωx t + H.c.), (16)

which now takes the rotating-wave form. When �z → 0,
H ′

CHRW(t) recovers the CHRW Hamiltonian for the monochro-
matically driven qubit [20,31].

To derive an effective periodic Hamiltonian, we use a
treatment similar to the RWA method, namely, we transform
the resulting Hamiltonian into a rotating frame with R(t),
yielding

H̃ (t) = H̃CHRW(t) + H̃2(t), (17)

H̃CHRW(t) = 1
2 {[ω0 + �z cos(ωzt)]J0(Z) − ωx}σz

+ 1
2 [�̃x + J1(Z)�z cos(ωzt)]σx, (18)

H̃2(t) = [ω0 + �z cos(ωzt)]
∞∑

n=1

{J2n(Z) cos(2nωxt)σz

−iJ2n+1(Z) sin[(2n + 1)ωxt](σ+eiωx t − H.c.)}
−1

2
J1(Z)�z cos(ωzt)(σ+ei2ωxt + H.c.). (19)

Up till now, the treatment is still exact without introducing
any approximation. If ωz is much smaller than ωx , H̃CHRW(t)
includes the slow-varying terms with periodicity T = 2π/ωz,
whereas H̃2(t) possesses the fast-oscillating terms. To proceed,
we use H̃CHRW(t) as the effective Hamiltonian.

We neglect H̃2(t) for the following reason. Physically, H̃2(t)
is related to multiphoton processes assisted by photons of the
transverse and longitudinal fields, i.e., it yields the multiphoton
resonances that occur at ω0 ≈ nωx + mωz for n = 3,5,7, . . .

and m any integer. When neglecting H̃2(t), we just retain the
resonances that occur at ω0 ≈ ωx + mωz, similarly to the RWA
treatment [24]. We can expect our treatment to be valid in the
regime where the contribution from H̃2(t) is insignificant and
negligible. Therefore, we should require that Jn(Z) � 1 (n �
2) and J1(Z)�z/ω0 � 1 are fulfilled. Recalling the properties
of the higher-order Bessel functions (n � 2) and the fact that
ξ < 1, it is straightforward to verify that the first condition is
met when �x/ωx < 1. Hence, if �x/ωx < 1, the validity of the
effective Hamiltonian depends only on the second condition. In
Fig. 1, we calculate the dimensionless amplitude J1(Z)�z/ω0

as a function of the ratios �z/ω0 and �x/ωx . The blue area,
J1(Z)�z/ω0 � 0.1, represents the regime of the validity. It
seems almost unchanged for the two values of the ratio ω0/ωx

and does not depend on the value of ωz as long as ωz is
smaller than ωx . In Secs. IV and V, we demonstrate that in
the valid regime, the effective Hamiltonian indeed provides a
much better description than the RWA Hamiltonian.

C. Floquet formalism

Since the CHRW Hamiltonian is periodic in time, i.e.,
H̃CHRW(t) = H̃CHRW(t + T ), the corresponding time evolution
operator ŨCHRW(t) can be simply obtained by the Floquet
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FIG. 1. Dimensionless amplitude J1(Z)�z/ω0 versus the ratios �z/ω0 and �x/ωx for (a) ω0 = 0.6ωx and (b) ω0 = ωx . The blue area
represents the valid regimes of the effective Hamiltonian.

formalism and is assumed to take the form [13,32]

ŨCHRW(t) =
∑

γ

|ũγ (t)〉〈ũγ (0)|e−iε̃γ t , (20)

where |ũγ (t)〉 has the same periodicity as H̃CHRW(t) and is
called the Floquet state. ε̃γ is the corresponding quasienergy.
By differentiating Eq. (20) with respect to t , one readily derives
the equation that the Floquet state and quasienergy satisfy,

[H̃CHRW(t) − i∂t ]|ũγ (t)〉 = ε̃γ |ũγ (t)〉. (21)

This differential equation can be solved by Fourier expansion.
We expand the CHRW Hamiltonian and Floquet state as
follows:

H̃CHRW(t) =
∑

n

H̃
(n)
CHRWeinωzt , (22)

H̃
(n)
CHRW =

⎧⎪⎨
⎪⎩

1
2 {[J0(Z)ω0 − ωx]σz + �̃xσx}, n = 0,

1
4 [J0(Z)σz + J1(Z)σx]�z, n = ±1,

0, n �= 0,±1,

(23)

and

|ũγ (t)〉 =
∑

n

∣∣ũ(n)
γ

〉
einωzt , (24)

where

∣∣ũ(n)
γ

〉 = 1

T

∫ T

0
e−inωzt |ũγ (t)〉dt (25)

is a time-independent Fourier component of the Floquet state.
By substituting Eqs. (22) and (24) into Eq. (21), one derives
the algebra equation concerning the Fourier components and
quasienergy, which reads

∑
n

[
H̃

(m−n)
CHRW + nωzδn,m

]∣∣ũ(n)
γ

〉 = ε̃γ

∣∣ũ(m)
γ

〉
, (26)

where δn,m is the Kronecker delta function. This equation can
be further rewritten as

H̃CHRW|ũγ 〉〉 = ε̃γ |ũγ 〉〉. (27)

We have defined the Floquet matrix and its eigenstate as

H̃CHRW =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . .
. . .

. . .
. . . H̃

(0)
CHRW − ωz1 H̃

(−1)
CHRW 0

. . . H̃
(1)
CHRW H̃

(0)
CHRW H̃

(−1)
CHRW

. . .

0 H̃
(1)
CHRW H̃

(0)
CHRW + ωz1

. . .
. . .

. . .
. . .

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, |ũγ 〉〉 =

⎛
⎜⎜⎜⎜⎜⎜⎝

...
|ũ(−1)

γ 〉
|ũ(0)

γ 〉
|ũ(1)

γ 〉
...

⎞
⎟⎟⎟⎟⎟⎟⎠

, (28)

respectively. Here 0 (1) denotes a 2 × 2 zero (identity)
matrix. Up till now, the problem of finding the Floquet
states and quasienergies in Eq. (21) is converted into an
eigenvalue problem, Eq. (27). One can diagonalize H̃CHRW

numerically or analytically and use the knowledge of its
eigenvalues (quasienergies) and eigenstates (consisting of
Fourier components of Floquet states) to derive ŨCHRW(t).
Finally, the original evolution operator can be obtained with

the relation

U (t) = e−S(t)R†(t)ŨCHRW(t). (29)

In this work, we mainly use the method based on the numerical
diagonalization of H̃CHRW to study the transition probability
and resonance shifts. This treatment is referred to as the
CHRW method throughout this paper to distinguish it from
the RWA and GFT approaches. When the longitudinal field is
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sufficiently weak, we use the analytical treatment based on the
Van Vleck perturbation theory.

We now show how to calculate the transient and time-
average transition probabilities, which are the primary physical
quantities of interest in both theory and experiment. The former
is given by

P (t,t0) = |〈+|U (t,t0)|−〉|2
= Tr{|+〉〈+|U (t,t0)|−〉〈−|U †(t,t0)}, (30)

describing the probability of finding the qubit in the excited
state |+〉 at time t when the qubit is initially in the ground
state |−〉. Using Eq. (29), we can rewrite the above equation
in terms of the Floquet states and quasienergies as

P (t,t0) = Tr[R(t)eS(t)|+〉〈+|e−S(t)R†(t)ŨCHRW(t,t0)

×R(t0)eS(t0)|−〉〈−|e−S(t0)R†(t0)Ũ †
CHRW(t,t0)]

= 1

2
− 1

4

∑
i,j

∑
γ,λ

fi(t)fj (t0)〈ũλ(t)|σi |ũγ (t)〉

×〈ũγ (t0)|σj |ũλ(t0)〉e−i(εγ −ελ)(t−t0), (31)

where fi(j )(t) (i or j = x,y,z) are given as follows:

fx(t) = sin[Z sin(ωxt)] sin(ωxt), (32)

fy(t) = sin[Z sin(ωxt)] cos(ωxt), (33)

fz(t) = cos[Z sin(ωxt)]. (34)

Based on this formal expression, we can readily derive the
time-average transition probability

P = P (t,t0)

= 1

2
− 1

4

∑
γ

[
J0(Z)X(z)

γ γ,0 + J1(Z)X(x)
γ γ,0

]2
, (35)

where

X
(i)
γ γ,0 = 1

T

∫ T

0
〈ũγ (t)|σi |ũγ (t)〉dt. (36)

To derive the above result, one should average with respect
to the time t0 while fixing t − t0 and then average over the
duration t − t0. It follows from Eq. (35) that the time-average
transition probability is not greater than 0.5. In particular, the
maximum P = 0.5 indicates the resonance of the driven qubit.

III. GENERALIZED FLOQUET THEORY

To examine the validity of the CHRW and RWA Hamil-
tonians, we use the GFT to calculate numerically the exact
transient and time-average transition probabilities of the Rabi
model with modulation. The GFT states that the ansatz for the
evolution operator in the case of polychromatic driving takes
the form [30]

U (t) =
∑

γ

|uγ (t)〉〈uγ (0)|e−iεγ t , (37)

which is similar to the ansatz of the Floquet theory. When
differentiating the above equation with respect to t , one arrives

at the following equation:

[H (t) − i∂t ]|uγ (t)〉 = εγ |uγ (t)〉. (38)

Here |uγ (t)〉 is no longer periodic in time and does not possess
a standard Fourier expansion. Nevertheless, it can be expanded
by the “multimode” Fourier series. For H (t) given in Eq. (2),
we expand it by the “two-mode” Fourier series [30], which
reads

|uγ (t)〉 =
∑
nx,nz

∣∣u(nx,nz)
γ

〉
ei(nxωx+nzωz)t , (39)

where |u(nx,nz)
γ 〉 is a time-independent component and has the

same dimension as |uγ (t)〉. In addition, the Hamiltonian can
be expanded similarly,

H (t) =
∑
nx,nz

H (nx,nz)ei(nxωx+nzωz)t

= H (0,0) + H (1,0)eiωx t + H (−1,0)e−iωx t

+H (0,1)eiωzt + H (0,−1)e−iωzt , (40)

where

H (0,0) = ω0

2
σz, H (±1,0) = �x

2
σx, H (0,±1) = �z

4
σz.

(41)

By substituting Eqs. (39) and (40) into Eq. (38), we readily
derive the following time-independent equation:∑

nx,nz

[H (mx−nx,mz−nz) + (nxωx + nzωz)

× δnx,mx
δnz,mz

]
∣∣u(nx,nz)

γ

〉 = εγ

∣∣u(mx,mz)
γ

〉
. (42)

Similarly to Eq. (26), this equation also represents an eigen-
value equation:

HF2 |uγ 〉〉 = εγ |uγ 〉〉. (43)

Here HF2 is the two-mode Floquet matrix and reads

HF2 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . .
. . .

. . .
. . . HF − ωzI C O
. . . C HF C

. . .

O C HF + ωzI
. . .

. . .
. . .

. . .

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

(44)

where HF is the single-mode Floquet matrix for a driven qubit
in the absence of a longitudinal field and given by

HF =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . .
. . .

. . .
. . . H (0,0) − ωx1 H (−1,0) 0
. . . H (1,0) H (0,0) H (−1,0) . . .

0 H (1,0) H (0,0) + ωx1
. . .

. . .
. . .

. . .

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(45)
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FIG. 2. Transient transition probability P (t,0) versus time t for ω0 = 0.6ωx and ωz = 0.3ωx . Other parameters are given in the plots. The
CHRW and RWA results are obtained from the CHRW and RWA Hamiltonians with the Floquet theory, respectively. The GFT results are
calculated from the original Hamiltonian with the generalized Floquet theory.

Here O and I represent the zero matrix and identity matrix,
respectively, which have the same dimension as HF . C is
an infinite-rank coupling matrix through which the diagonal
blocks in HF2 are coupled to others. Its explicit form is given
by

C = diag{. . . ,H (0,±1),H (0,±1),H (0,±1), . . . }. (46)

The eigenstate |uγ 〉〉 is related to |u(nx,nz)
γ 〉 via the relation

|uγ 〉〉T = [
. . . ,

∣∣u(−1,−1)
γ

〉T
,
∣∣u(0,−1)

γ

〉T
,
∣∣u(1,−1)

γ

〉T
, . . . ,

. . . ,
∣∣u(−1,0)

γ

〉T
,
∣∣u(0,0)

γ

〉T
,
∣∣u(1,0)

γ

〉T
, . . . ,

. . . ,
∣∣u(−1,1)

γ

〉T
,
∣∣u(0,1)

γ

〉T
,
∣∣u(1,1)

γ

〉T
, . . .

]
, (47)

where a superscript T denotes the transpose operation.
The key task of the GFT approach is to diagonalize the

two-mode Floquet matrix, which is similar to the Floquet
theory approach. In general, the matrix HF2 can be nu-
merically diagonalized with an appropriate truncation. After
the diagonalization, one readily obtains its eigenstates and
eigenvalues. The eigenstates can be used to construct |uγ (t)〉
by using relations (39) and (47). The eigenvalues are, of course,
the quasienergies. Therefore, we can obtain the evolution
operator and calculate the transient and time-average transition
probabilities. More details about the GFT approach can be
found in the review article [30].

IV. TRANSIENT TRANSITION PROBABILITY

In this section, we examine in detail the performance of the
CHRW and RWA Hamiltonians by comparing their dynamics
with that of the original Hamiltonian obtained by the GFT
approach. In doing so, we can get some insights into the effects
of the CR terms on the dynamics as well as the accuracy of the
CHRW and RWA Hamiltonians. Throughout this paper we fix
the transverse frequency ωx as the unit.

To begin with, we consider ω0 = 0.6ωx . In accordance with
the valid regime shown in Fig. 1(a), we choose four pairs
of ratios �x/ωx and �z/ω0 (which lie near the boundary of
the valid regime) and set ωz = 0.3ωx to carry out numerical
calculation. The numerical results are shown in Fig. 2.
Obviously, the CHRW results are in good agreement with the
GFT results. On the contrary, the RWA results significantly
deviate from the GFT results, indicating the breakdown of the
RWA under strong driving conditions. In addition, Figs. 2(a)
and 2(b) show that the CR terms significantly modify the Rabi
oscillation frequency in the strong driving regime. Figures 2(c)
and 2(d) show that for moderately strong transverse driving,
the RWA cannot give accurate oscillation amplitudes even if
its Rabi frequencies are similar to the exact ones of the GFT.

We move to consider ω0 = ωx and choose the other
parameters as in Fig. 2. We display the transient transition
probability in Fig. 3. As expected, the CHRW method agrees
well with the GFT approach when the driving parameters are
in the valid regime. Comparing the RWA and GFT results,
one readily notes that the RWA method gives a coarse-grained
approximate dynamics only for �x/ωx = 0.2 [Fig. 3(d)] and
breaks down for the other three values of �x . It is easy to
further verify that when ω0 > ωx , the CHRW method still

033802-6172



EFFECTS OF COUNTER-ROTATING COUPLINGS OF THE . . . PHYSICAL REVIEW A 96, 033802 (2017)

FIG. 3. Transient transition probability P (t,0) versus time t for ω0 = ωx and ωz = 0.3ωx . Other parameters are given in the plots.

holds in the valid regime even if the RWA breaks down. In
comparison with the RWA and GFT results, we obtain that
the CHRW Hamiltonian can still provide a correct dynamical
description when the RWA Hamiltonian breaks down in the
strong driving regime.

To examine whether the value of ωz would affect the validity
of the CHRW method, we carry out the numerical calculation
for ω0 = 0.6ωx and various ωz values, ranging from 0.1ωx to
0.9ωx , and show the results in Fig. 4. One readily finds that
the dynamics of the CHRW Hamiltonian is consistent with the

FIG. 4. Transient transition probability P (t,0) versus time t for ω0 = 0.6ωx and various longitudinal frequencies ωz. Other parameters are
�x/ωx = 0.4 and �z/ω0 = 0.6.
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FIG. 5. Transient transition probability P (t,0) versus time t for ωz = 0.3ωx and �x/ωx = 0.2. Other parameters used are given in the plots.

exact dynamics of the original Hamiltonian for each ωz, while
the RWA breaks down. Nevertheless, Fig. 4 also shows that
with an increase in ωz, the difference in oscillation amplitudes
between the CHRW and the GFT methods becomes larger and
larger. On the other hand, when ωz � ωx , we find that both
the CHRW and the RWA methods break down. Therefore, we
conclude that the CHRW method holds in the valid regime as
long as ωz is smaller than ωx .

To end this section, we illustrate that the longitudinal field
can amplify the effects of CR coupling of the transverse field in
a moderately strong transverse driving regime, e.g., �x/ωx =
0.2. In Figs. 5(a) and 5(b), we show the dynamics of the driven
qubit for �z/ωz = 0 and �z/ωz = 2.4, respectively. The other
parameters are given by ω0 = ωx and ωz = 0.3ωx . Obviously,
one notes that the RWA, CHRW, and Floquet theory results
are in good agreement with each other without modulation
(�z/ωz = 0). However, the RWA result becomes dramatically
different from the CHRW and GFT results for �z/ωz = 2.4,
indicating that the longitudinal field can intensify the effects
of the CR terms on the dynamics under certain conditions.
In Figs. 6(a) and 6(b), we plot the dynamics of the driven
qubit for �z/ωz = 0 and �z/ωz = 0.05, respectively, with
ω0 = 0.7127ωx [this value of ω0 corresponds to the maximum
position of the RWA curve in Fig. 10(d)] and ωz = 0.35ωx .
Similarly, the difference between the RWA and the other
non-RWA results becomes larger in the case of �z/ωz = 0.05
than in the case of �z/ωz = 0. These results lead us to conclude
that the application of a longitudinal field can intensify the
effects of the CR terms under certain conditions. In what
follows, we carry out a comprehensive study to clarify how
the effects of the CR terms are heightened with modulation of
the longitudinal field.

V. TIME-AVERAGE TRANSITION PROBABILITY AND
BLOCH-SIEGERT SHIFTS

In this section, first we illustrate how the CR terms of a
transverse field modify the resonance curves of a bichromati-
cally driven qubit. Then we analyze the effects of longitudinal
modulation on the resonance curves to demonstrate how the
effects of the CR terms of the transverse field can be amplified.
We discuss in detail how the resonance shifts at the central band
and sideband due to the CR terms of the transverse field and
the modulation of the longitudinal field.

In Fig. 7, we plot the time-average transition probability as a
function of ω0 for a fixed ratio �x/ωx = 0.2 and four different
ratios �z/ωz. In all plots, the CHRW results are found to be
almost indistinguishable from the numerically exact results
except for some ultranarrow peaks, which are generally too
narrow to be observed. The ultranarrow peaks can be safely
neglected in most cases except that when the ratio �z/ωz is
large enough, some of them may possess nonvanishing width
as shown in the inset in Fig. 7(d). The additional narrow peaks
correspond to multiphoton resonances at ω0 ≈ nωx + mωz for
n > 1 and m �= 0 and are not taken into account by the CHRW
Hamiltonian due to the neglect of H̃2(t). We concentrate on the
resonance at ω0 ≈ ωx + mωz in the present paper and discuss
other multiphoton resonances elsewhere. By comparing the
CHRW and GFT results with the RWA results, one readily
figures out the modifications to the time-average transition
probability resulting from the CR terms of the transverse field.
First, the RWA curves are symmetric about the center ω0 = ωx .
However, the CHRW and GFT curves are not symmetric with
respect to the center, indicating that the CR terms lift the sym-
metry. Second, there are shifts between the curves of the RWA
and those of the non-RWA theories. Needless to say, the shifts

FIG. 6. Transient transition probability P (t,0) versus time t for ωz = 0.35ωx and �x/ωx = 0.2. Other parameters used are given in the
plots. Inset in (a): Dynamics at the time interval (400, 500)ω−1

x .
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FIG. 7. Time-average transition probability P versus ω0 for �x = 0.2ωx , ωz = 0.3ωx , and various ratios �z/ωz. Inset in (d): The three
resonance peaks near 0.7ωx .

are actually the BS shifts caused by the CR terms, which are ne-
glected within the framework of the RWA. The present results
show that the BS shifts can be observed not only at the central
band peaking at ω0 ≈ ωx but also at the sidebands peaking at
ω0 ≈ ωx + mωz. We discuss the BS shifts in detail later.

To clarify how the longitudinal field heightens the differ-
ence between the RWA and the non-RWA theories as shown
in Figs. 5(b) and 6(b), we analyze the roles of longitudinal
modulation on the time-average transition probability shown in
Fig. 7. We first focus on the central bands in Fig. 7. As the ratio
�z/ωz increases, the width of the central peak significantly
decreases. In particular, when �z/ωz = 2.4, the width of the
central peak becomes comparable to the magnitude of the BS
shift. As a consequence, the resonance position ω0 = ωx of the
RWA Hamiltonian actually becomes an off-resonance position
far from the resonance of the non-RWA Hamiltonian, i.e., the
BS shift cannot be neglected, which results in the significant
dynamical difference between the RWA and the non-RWA
results shown in Fig. 5(b). In contrast, when �z = 0, one can
see that the resonance width is much larger than the BS shift,
and the RWA resonance position, i.e., ω0 = ωx , is close to the
resonance position for the non-RWA Hamiltonian. Thus, the
BS shift is negligible. It follows that the RWA prediction is
consistent with those of the non-RWA Hamiltonians as shown
in Fig. 5(a). In the same way, the difference between the
RWA and the non-RWA theories shown in Fig. 6(b) can be
understood using a similar analysis based on the RWA and
non-RWA resonance curves shown in Fig. 10(d). The present
results show that under certain conditions, the resonance width
can be modified by longitudinal modulation to be comparable
to the BS shift. In contrast, this phenomenon hardly occurs
for the Rabi model without longitudinal modulation in a
moderately strong driving regime due to power broadening.
As a consequence, when the transverse field is moderately

strong, the CR-induced BS shift becomes more important in the
Rabi model with longitudinal modulation than in that without
longitudinal modulation, indicating that the effect of the CR
terms is heightened.

It is well known that power broadening adversely affects
the measurement of the BS shift in the Rabi model [33].
The present results indicate that longitudinal modulation may
help to remove this inevitable adverse effect. We briefly
discuss conditions under which the widths of resonance peaks
can be narrowed by longitudinal modulation. By numerical
simulation of the transition probability, it is found that the
width of the central peak becomes significantly small when ωz

is much larger than �x and �z/ωz is large enough. In contrast
with the central band, the small widths of the sidebands are
easily obtained with a relatively weak longitudinal modulation
(�z/ωz � 1) as long as ωz is much larger than �x . In what
follows, we examine the combined effects of the longitudinal
field and CR terms on the resonance positions.

A. Central-band Bloch-Siegert shifts

In Fig. 8, we plot the resonance positions at the central
band as a function of �x for ωz = 0.3ωx and �z/ωz = 2. The
resonance positions are obtained by numerically searching the
positions of the maximum P = 0.5, denoted ωres. It is evident
that the CHRW and GFT approaches are consistent with each
other, i.e., they predict that the larger the transverse field
strength �x is, the smaller the resonance position ωres becomes.
In contrast, the RWA resonance position is independent of �x

and remains at ωres = ωx . In addition, one finds that there is
a slight deviation between the CHRW and the GFT results,
implying that the CHRW method slightly underestimates the
BS shift because of the neglect of H̃2(t). Nevertheless, the devi-
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FIG. 8. The resonance position ωres of the central band near ωx

for ωz = 0.3ωx and �z/ωz = 2. The “monochrom.” curve represents
the positions of the main resonance of the monochromatically driven
qubit when �z = 0, which is obtained by the Floquet theory.

ation is very small and negligible compared to the BS shift (the
gap between the dashed line and the solid line is very small).

Next we analyze the effects of longitudinal modulation on
the central-band BS shift. Figure 8 shows that the CHRW
curve (solid line) is almost indistinguishable from the curve
for the monochromatically driven qubit (short-dashed line).
The value of ωres given in the CHRW and monochromatic
cases, respectively, is slightly larger than that of the GFT for
a fixed �x . This indicates that longitudinal modulation is able
to enhance slightly the central-band BS shift under certain
conditions. To further investigate this effect, in Fig. 9(a), we
plot the central-band BS shift for a fixed ratio �z/ωz = 2
and three ωz values by using the exact GFT approach. The
resonance positions are found to shift towards smaller values
with increasing ωz when �z/ωz is fixed. In Fig. 9(b), we
display the dependence of the BS shift on �x for a given ωz

FIG. 9. (a) Resonance positions of the central band for various
longitudinal frequencies and the fixed ratio �z/ωz = 2. (b) Resonance
positions of the central band for various ratios �z/ωz and a fixed
ωz = 0.45ωx . All curves but the “monochrom.” ones are obtained by
the GFT approach.

FIG. 10. Time-average transition probability P versus ω0 for
ωz = 0.35ωx , �z/ωz = 0.05, and four driving strengths �x . The
CHRW result is obtained based on the numerical diagonalization of
the Floquet Hamiltonian. The CHRW + 2nd VV results are calculated
based on the effective Rabi frequency given by the second Van Vleck
perturbation theory.

and different ratios �z/ωz, calculated by the GFT method. It
turns out that the higher the ratio is, the larger the BS shift
becomes (the gap between the curve and the horizontal line
ωres = ωx becomes larger). Nevertheless, when �z/ωz � 1,
the increase in the BS shift is generally negligible. Even
at 1 < �z/ωz � 2.5 (0.45 < �z/ωx � 1.125 is a very high
strength), the increment in the BS shift is also much smaller
than the magnitudes of the BS shift. Therefore, even though the
CHRW Hamiltonian fails to capture the effect that longitudinal
modulation can slightly enhance the central-band BS shift [due
to the neglect of H̃2(t)], it still provides reasonable results
compared to the GFT in the valid regime.

B. Sideband Bloch-Siegert shifts

To show explicitly the shift of the sidebands, Figs. 10(a)–
10(d) show the time-average transition probability close to
0.65ωx for ωz = 0.35ωx , �z/ωz = 0.05, and four �x values.
As �x increases, it is clearly shown that the resonance peaks of
both the RWA and the non-RWA Hamiltonians shift towards
a larger ω0. For the RWA Hamiltonian, the shift from the
position at ω0 = ωx − ωz can be completely attributed to the
fast-oscillating terms of the longitudinal modulation, which
can be analytically characterized by the theory given in
Ref. [26]. We call this type of shift δd shift. For the CHRW and
original Hamiltonians, it turns out that the shift from 0.65ωx

is smaller than the RWA one at a given �x . There are shifts
between the RWA and non-RWA peaks, which also increases
with �x . Needless to say, this is the BS shift caused by the
CR terms of the transverse field. Therefore, the sidebands
generally have two types of resonance shifts: δd shift and
BS shift. More importantly, Fig. 10 shows that the width of
the sideband can be comparable to the magnitude of the BS
shift, leading to the essential effect of the CR terms in the
bichromatically driven qubit as mentioned.
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FIG. 11. Resonance position ωres of the sideband near ωx − ωz

for ωz = 0.35ωx and �z/ωz = 0.05.

When �z/ωz � 1, we find that it is convenient to analyt-
ically calculate the time-average transition probability by the
effective Rabi frequency WR given in (A25), derived from the
effective Hamiltonian. We present the analytical derivation of
the effective Rabi frequency by the Van Vleck perturbation
theory in Appendix A. Figure 10 shows that the analytical
results are in excellent agreement with those of the numerical
approaches, indicating that the analytical treatment is capable
of giving a correct description in the limit case. In addition,
it provides an alternative way to calculate the resonance
positions, i.e., one can obtain the resonance frequency by
solving the equation ∂WR

∂ω0
= 0 for the variable ω0. Below we

study the behavior of the resonance positions as �x increases
and compare results from the analytical treatment and the
numerical approaches.

In Fig. 11, we plot the behaviors of the resonance position
of the sideband near 0.65ωx with the variation of �x for
the same ωz and �z/ωz as given in Fig. 10. Except for the
CHRW + 2nd VV curve, the other curves are obtained by
numerically searching the maximum position of the time-
average transition probability near 0.65ωx . The dotted line
shows that when �z/ωz � 1, the δd shift monotonously
increases as �x increases. Moreover, one finds that the gap
between the RWA curve and the horizontal axis is much larger
than the gap between the RWA and the non-RWA curves. In
other words, the magnitude of the δd shift is larger than that
of the BS shift. Nevertheless, this does not mean that the BS
shift is not important in this scenario. As mentioned above,
the width of the sideband is comparable to the magnitude of
the BS shift, leading to the breakdown of the RWA theory.
Comparing the numerical results for the perturbation theory
with the exact ones, one finds excellent agreement between
them, indicating that when �z/ωz � 1 the resonance positions
for the bichromatically driven qubit can be directly calculated
from ∂WR

∂ω0
= 0.

In general, the behaviors of resonance positions at side-
bands with the variation of �x are generally more complex
than those at the central band and strongly depend on the
longitudinal field parameters. We consider a relatively strong
longitudinal field. Figure 12 displays the dependence of the
sideband resonance positions on �x for ωz = 0.3ωx and

FIG. 12. Resonance positions ωres of the sidebands near ωx ± ωz

for ωz = 0.3ωx and �z/ωz = 2.

�z/ωz = 2. It is clear that the RWA sideband resonance
position nonmonotonously varies with �x . In addition, the
gap between the RWA curve and the line ωres = ωx + mωz

(m = ±1 in this case) is smaller than the gap between the
RWA and the CHRW (GFT) curves, i.e., the absolute value
of the δd shift is smaller than that of the BS shift. This is in
contrast with the case of the weak longitudinal field shown in
Fig. 11.

VI. CONCLUSIONS

In summary, we have systematically studied the dynamics
and BS shifts of the Rabi model with frequency modulation.
Based on the unitary transformation, we have derived an
effective periodic Hamiltonian, the evolution operator of which
can be obtained by the efficient Floquet theory approach.
We carefully examined the performance of the effective
Hamiltonian and the RWA Hamiltonian in the strong driving
regime. It was found that over a wide range of parameters,
the effective Hamiltonian can provide a much more accurate
description than the RWA Hamiltonian compared to the results
with the original Hamiltonian obtained by the exact GFT
approach. We found that under certain conditions, longitudinal
modulation can heighten the effects of the CR terms on the
dynamics, leading to the breakdown of the RWA in the Rabi
model with frequency modulation, although it holds in the Rabi
model without modulation. This follows from the fact that the
longitudinal field can significantly reduce the resonance width
to the magnitude of the BS shift, and as a result, the BS shifts
become essentially important and the RWA and non-RWA
dynamics becomes dramatically different at the resonance
positions given by the RWA.

By using the effective Hamiltonian, we can use both
analytical and numerical methods to calculate the time-average
transition probability and evaluate the resonance positions at
ω0 ≈ ωx + mωz for a bichromatically driven qubit, which are
in good agreement with the exact resonance positions derived
with the original Hamiltonian. More importantly, the CHRW
method is more efficient in numerical calculation than the GFT
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approach, which requires significant cost for higher precision.
In the case of weak longitudinal modulation, we have shown
that the effective Rabi frequency for a doubly dressed qubit can
be used to calculate the time-average transition probability and
resonance positions, which are in excellent agreement with the
exact numerical results. Our results indicate that the resonance
shifts of the sidebands may be experimentally accessed
with weak longitudinal modulation and moderately strong
transverse excitation. More importantly, power broadening
can be significantly suppressed in the bichromatically driven
qubit, which is conducive to the experimental measurement of
resonance shifts.
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APPENDIX A: VAN VLECK PERTURBATION
CALCULATION OF THE EFFECTIVE RABI FREQUENCY

To calculate the effective Rabi frequency for the effective
Hamiltonian, we introduce a set of new spin-1/2 operators,
i.e., dressed operators,⎛

⎝sx

sy

sz

⎞
⎠ = 1

�̃R

⎛
⎝ δ̃ 0 −�̃x

0 �̃R 0
�̃x 0 δ̃

⎞
⎠
⎛
⎝σx

σy

σz

⎞
⎠, (A1)

where

δ̃ = J0(Z)ω0 − ωx (A2)

is the effective detuning, and

�̃R =
√

δ̃2 + �̃2
x (A3)

is the effective Rabi frequency of the qubit merely dressed
by the transverse field. The effective Hamiltonian can be
rewritten as

H̃CHRW(t) = 1
2 �̃Rsz + 1

2�z cos(ωzt)(gsx + f sz), (A4)

where

g = J1(Z)
δ̃

�̃R
− J0(Z)

�̃x

�̃R
, (A5)

f = J0(Z)
δ̃

�̃R
+ J1(Z)

�̃x

�̃R
. (A6)

We further transform the Hamiltonian with the generator

X(t) = i
�z

2ωz

f sin(ωzt)sz, (A7)

yielding

H̃ ′
CHRW(t) = eX(t)[H̃CHRW(t) − i∂t ]e

−X(t)

= 1

2
�̃Rsz +

∑
l

(pls+ + p−ls−)eilωzt , (A8)

with

pl = 1

4
�zg

[
Jl−1

(
�z

ωz

f

)
+ Jl+1

(
�z

ωz

f

)]
, (A9)

s± = (sx ± isy)/2. (A10)

The resulting transformed Hamiltonian is still pe-
riodic in time and its Rabi frequency can be de-
rived by Floquet theory. Employing the product basis
|↑̃(↓̃),n〉 ≡ |↑̃(↓̃)〉 ⊗ |n〉 with sz|↑̃(↓̃)〉 = +(−)|↑̃(↓̃)〉 and
|n〉 ≡ exp(inωzt) (n = 0,±1,±2, . . . ) and the inner product
〈n|m〉 = 1

T

∫ T

0 exp[−i(n − m)ωzt]dt , the Floquet Hamilto-
nian H̃′

CHRW = H̃ ′
CHRW(t) − i∂t reads

H̃′
CHRW =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

. . . |↑̃,n − 1〉 |↓̃,n − 1〉 |↑̃,n〉 |↓̃,n〉 |↑̃,n + 1〉 |↓̃,n + 1〉
|↑̃,n − 1〉 E↑̃,n−1 0 0 p−1 0 p−2

|↓̃,n − 1〉 0 E↓̃,n−1 p1 0 p2 0
|↑̃,n〉 0 p1 E↑̃,n 0 0 p−1

|↓̃,n〉 p−1 0 0 E↓̃,n p1 0
|↑̃,n + 1〉 0 p2 0 p1 E↑̃,n+1 0
|↓̃,n + 1〉 p−2 0 p−1 0 0 E↓̃,n+1

. . .

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (A11)

where

E↑̃,n = 1
2 �̃R + nωz, (A12)

E↓̃,n = − 1
2 �̃R + nωz. (A13)

To proceed, we use the Van Vleck perturbation theory to
calculate the eigenvalues for H̃′

CHRW. The Floquet Hamiltonian
can be divided into two parts. One is the diagonal part,
which is treated as the free Hamiltonian H0. The other is
the off-diagonal part treated as the perturbation V . The two

degenerate states can be constructed by the condition

E↑̃,n−m ≈ E↓̃,n (A14)

or, alternatively,

�̃R ≈ mωz, (A15)

where m is an integer nearest to �̃R/ωz. By this construction,
we have the projection operator on the subspace spanned by
two degenerate states

n = |↑̃,n − m〉〈↑̃,n − m| + |↓̃,n〉〈↓̃,n|. (A16)
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We use a further unitary transformation to transform the
Floquet Hamiltonian into a block diagonal matrix accurate up
to a certain order in the perturbation [4,34]. Using

eiKAe−iK = A + [iK,A] + 1

2!
[iK,[iK,A]] + · · ·

and the series expansion of the generator in the perturbation
(superscripts indicate orders),

iK = iK (1) + iK (2) + iK (3) + · · · ,

we have the transformed Floquet Hamiltonian up to second
order in the perturbation

H̃′′
CHRW = H0 + V + [iK (1),H0] + [iK (1),V ] + [iK (2),H0]

+ 1
2 [iK (1),[iK (1),H0]] + · · · . (A17)

H̃′′
CHRW becomes a block diagonal matrix if

nH̃′′
CHRWl = 0 (A18)

with n �= l. A further assumption,

nKn = 0, (A19)

is imposed on K such that it does not have matrix elements
inside each subspace of two degenerate states. Under these
conditions, the generator can be determined order by order. For
Eq. (A11), one readily finds that the nonvanishing elements of
K up to first order are given by

〈↑̃,n|iK (1)|↓̃,l〉 = pn−l

�̃R + (n − l)ωz

, (A20)

〈↓̃,l|iK (1)|↑̃,n〉 = − pn−l

�̃R + (n − l)ωz

(A21)

for n − l �= −m. Then the nonvanishing diagonal blocks of the
Floquet Hamiltonian up to second order in the perturbation can
be calculated by [4,34]

H̃′′(n)
CHRW = H0n + nV n + 1

2
n[iK (1),V ]n =

⎛
⎝E↑̃,n−m +∑

l �=−m

p2
l

�̃R+lωz
p−m

p−m E↓̃,n −∑
l �=−m

p2
l

�̃R+lωz

⎞
⎠. (A22)

Its eigenenergies are given by

λ↑̃,n−m = nωz − 1
2mωz + 1

2WR, (A23)

λ↓̃,n = nωz − 1
2mωz − 1

2WR, (A24)

where

WR =

√√√√√
⎛
⎝mωz − �̃R − 2

∑
l �=−m

p2
l

�̃R + lωz

⎞
⎠

2

+ 4p2−m

(A25)

is the effective Rabi frequency of the doubly dressed qubit. It
is straightforward to verify that the effective Rabi frequency
is related to the quasienergies of the original Hamiltonian
via ε±,k,l = (ωx − mωz ± WR)/2 + kωx + lωz for k and l

any integer. On the other hand, recall that the time-average
transition probability can be calculated by the derivative of the
quasienergy with respect to ω0 [13],

P = 1

2

[
1 − 4

(
∂ε

∂ω0

)2
]
,

leading to

P = 1

2

[
1 −

(
∂WR

∂ω0

)2
]
. (A26)

This means that we can directly calculate the time-average
transition probability via the derivative of the effective Rabi
frequency with respect to ω0.

APPENDIX B: DERIVATIVE OF THE EFFECTIVE
RABI FREQUENCY

To determine the time-average transition probability, we
derive the derivative of the effective Rabi frequency with
respect to ω0. It can be calculated straightforwardly:

∂WR

∂ω0
= 1

WR

⎧⎨
⎩
⎛
⎝mωz − �̃R − 2

∑
l �=−m

p2
l

�̃R + lωz

⎞
⎠

×
⎡
⎣
⎛
⎝2

∑
l �=−m

p2
l

(�̃R + lωz)2
− 1

⎞
⎠∂�̃R

∂ω0

− 4
∑
l �=−m

pl

�̃R + lωz

∂pl

∂ω0

⎤
⎦+ 4p−m

∂p−m

∂ω0

⎫⎬
⎭, (B1)

which can be fully determined by the derivatives

∂pl

∂ω0
= 1

4
�z

[
Jl−1

(
�z

ωz

f

)
+ Jl+1

(
�z

ωz

f

)]
∂g

∂ω0

+ 1

8
�zg

[
Jl−2

(
�z

ωz

f

)
− Jl+2

(
�z

ωz

f

)]
∂f

∂ω0
, (B2)

∂g

∂ω0
=
{

[J0(Z) − J2(Z)]
δ̃

�̃R
+ 2J1(Z)

�̃x

�̃R

}
�x

ωx

∂ξ

∂ω0

− J0(Z)

(
∂�̃x

∂ω0
− �̃x

�̃2
R

∂�̃R

∂ω0

)

+ J1(Z)

(
∂δ̃

∂ω0
− δ̃

�̃2
R

∂�̃R

∂ω0

)
, (B3)
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∂f

∂ω0
=
{

[J0(Z) − J2(Z)]
�̃x

�̃R
− 2J1(Z)

δ̃

�̃R

}
�x

ωx

∂ξ

∂ω0

+ J0(Z)

(
∂δ̃

∂ω0
− δ̃

�̃2
R

∂�̃R

∂ω0

)

+ J1(Z)

(
∂�̃x

∂ω0
− �̃x

�̃2
R

∂�̃R

∂ω0

)
, (B4)

∂�̃R

∂ω0
= 1

�̃R

[
δ̃

∂δ̃

∂ω0
+ �̃x

∂�̃x

∂ω0

]
, (B5)

∂δ̃

∂ω0
= J0(Z) − 2ω0J1(Z)

�x

ωx

∂ξ

∂ω0
, (B6)

∂�̃x

∂ω0
= −2�x

∂ξ

∂ω0
, (B7)

and

∂ξ

∂ω0
= − ωx

(ω0 + ωx)2
− ωx(3ω0 − ωx)�2

x

2(ω0 + ωx)5

− ωx

(
40ω2

0 − 22ω0ωx + ω2
x

)
�4

x

12(ω0 + ωx)8
. (B8)
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