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Abstract
Crystalline silicon (c-Si) solar cells play an important role in the photovoltaic (PV) industry and
make PV electricity begin to realize grid parity. Nevertheless, conventional c-Si solar cells are
sensitive to angle of incidence (AOI) and have less power conversion efficiency (η) under
oblique AOI, which influences the maximization of daily/yearly power output as the sun moves
with time. Although the use of sun-tracking systems is an effective way to solve this problem, it
is costly. As regards increasing the daily/yearly power output with low cost,
quasi-omnidirectional c-Si solar cells are good candidates and have attracted considerable
interest. The η of these solar cells is insensitive to AOI within a large range (for example, <60◦)
due to their quasi-omnidirectional antireflection ability. In this article, we will review different
antireflection mechanisms and show how to realize quasi-omnidirectional antireflection in c-Si
solar cells by specific structures, especially Si nanostructures due to their superior ability in
manipulating light. We will see that quasi-omnidirectional c-Si solar cells can be realized by
various Si nanostructures, but most of them suffer from lower η than conventional c-Si solar
cells because of much more severe carrier recombination. Therefore, we will also present an
overview of countermeasures and progress in mitigating electrical loss of quasi-omnidirectional
c-Si solar cells. Finally, we will demonstrate high-performance quasi-omnidirectional c-Si,
ultrathin c-Si and multicrystalline silicon solar cells realized by Si nanostructures with low
aspect ratios and their advantages compared to their conventional c-Si counterparts.

Keywords: silicon solar cells, quasi-omnidirectional, nanostructures

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

1. Introduction

Solar cells that convert sunlight into electricity by the photo-
voltaic (PV) effect are playing increasingly important roles in
solar energy. Compared to conventional electricity gneration
by burning fossil fuels, solar cells are an environmentally
friendly method and thus PV cells provide green electricity.
Moreover, unlike fossil fuels, solar energy is sustainable.
Thanks to a great improvement of power conversion efficiency

(η) and reduction in cost, the amount of PV installations is
increasing rapidly. In 2016, 76 GWp had been installed glob-
ally. Installation capacity was increased to 100 GWp in 2018
and the cumulative capacity reached at least 505 GWp [1].
New installation capacity further increased to ~115 GWp in
2019 [2]. Such high installation capacity was mainly con-
tributed by crystalline silicon (c-Si) solar cell modules. They
account for about 95% of the PV market and are the most
important PV technology in the industry at present [3]. We
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believe that the c-Si solar cells will continue to be the main-
stream of the PV market for the next 10 or more years. This is
because, compared to other solar cells, c-Si solar cells have
obvious advantages such as high efficiency, low cost, non-
toxicity and good stability. The η of c-Si solar cells in mass
production is between 20% and 24%, and the record value
in labs has reached 26.6% [4]. The module cost is less than
%0.25 Wp−1. It is reported that the degradation rate of c-Si
solar cell modules can be as low as 0.4%/year, which allows
them to work reliably for 25 years [5, 6]. Generally, even after
this period, their η can still maintain higher than 80% of its
initial value. All these factors contribute to the relatively low
levelized cost of electricity (LCOE) and approach PV grid par-
ity. In some sunny places, the lowest bid price for a large-
scale PV plant is already lower than the conventional elec-
tricity price. For example, the prices were 1.97 cents kWh−1

in Mexico (2017), 1.79 cents kWh−1 in Saudi Arabia (2017),
1.69 cents kWh−1 in Brazil (2019) and 1.35 cents kWh−1 in
the United Arab Emirates (2020) [7–10].

LCOE will further decrease by improving the electricity
generation ability of PV systems in a day/year. One of the
methods to realize this goal is harvesting as many photons
as possible. In conventional c-Si solar cells, the Si micropyr-
amid texture is effective in suppressing reflection and thus is
beneficial for harvesting photons [11]. However, its antireflec-
tion ability depends on the angle of incidence (AOI) [12, 13].
Surface reflectance increases with AOI, leading to a loss of
incident photons that are potentially absorbed in c-Si wafers
to generate electricity. As is known, the sun moves from east
to west within a day, and moves between the northern hemi-
sphere and the southern hemisphere in a year. These result
in the change of AOI for PV modules mounted with a fixed
angle and hence suggests the loss of electric energy produc-
tion, which is common for PV plants. Sun-tracking systems
are highly effective to address this problem. For example, a
single axis tracker generally moves the PV panels on a single
path from east to west, while two axis tackers allow PV panels
to orientate towards any direction of the celestial sphere [14,
15]. As such, solar radiation collection is maximized. How-
ever, using a sun-tracking system leads to the increase of both
purchase cost of PV systems and the maintenance of mov-
ing parts. Moreover, the distance between each system should
be bigger than that between fixed systems, which indicates
increased cost for land together with for cabling and commu-
nications [15]. It also should be noted that in some circum-
stances, it is hard to apply sun-tracking systems, for example
in rooftop PV power stations.

Another effective method to reduce photon loss is devel-
oping quasi-omnidirectional c-Si solar cells, of which surface
reflectance is independent of AOI over broad range. Through
such a method, no additional installation and cost are added
in PV systems, so it is considerably attractive. Applying nano-
structure arrays is promising to realize quasi-omnidirectional
solar cells [16–18]. Especially, it was reported that vari-
ous Si nanostructure arrays have an excellent antireflection
property over a broad wavelength and AOI [19–23]. Never-
theless, employing them on c-Si solar cells often results in
worse η when compared to their conventional counterparts

because of the degradation of electrical performances [24].
Optimizing Si nanostructures and adopting appropriate solar
cell designs are required to achieve quasi-omnidirectional c-
Si solar cells with high performance and realizing higher
daily/yearly electric energy output than their conventional
counterparts. To the best of our knowledge, this is the first
review focusing on quasi-omnidirectional solar cells. It starts
with briefly discussing various antireflection mechanisms that
are often used in c-Si solar cells and pointing out the ones that
achieve quasi-omnidirectional antireflection. Also, we present
the methods used to obtain excellent quasi-omnidirectional
antireflection, mainly based on Si nanostructures. Then we
summarize the problems of quasi-omnidirectional c-Si solar
cells realized with Si nanostructures and discuss the solu-
tions to achieve high performance. Finally, the recent progress
of quasi-omnidirectional c-Si solar cells is reviewed, focus-
ing on the realization via Si nanostructures with low surface
enhancement.

2. Realizing quasi-omnidirectional antireflection

2.1. Antireflection mechanisms

As shown in figure 1(a), when light travels from air to c-Si,
Fresnel reflection occurs due to the change of refractive index,
which results in a loss of incident photons and thus reduces
the generated photocarriers. Generally, the reflectance at the
air–c-Si interface can reach as high as 30%–40% [20, 25]. To
reduce the reflectance, a thin film is usually coated on the c-Si
surface. Figure 1(b) shows that reflections occur at the inter-
face of air–thin film and the interface of thin film–c-Si, which
result in an interference effect. If AOI = 0◦, nc =

√
ns · nair

and the relationship between a film thickness (dc) and a cer-
tain wavelength (λ0) satisfies dc = λ0/(4nc), where nair, ns and
nc represent refractive index of air, c-Si and the coating film,
respectively, then reflectance near zero can be achieved at the
λ0 due to the destructive interference effect, demonstrating an
excellent antireflection effect near the λ0. However, such an
antireflection effect depends on AOI and wavelength (λ) due to
the phase difference between the incident and reflected waves
[26]. Namely, for the given dc, if the AOI deviates from 0◦ or
λ deviates from λ0, reflectance will increase. Hence, this anti-
reflection mechanism is not an ideal choice for c-Si solar cells
that work over broad AOI and λ.

Surface texturization is also a common method used to
reduce surface reflectance, whose antireflection effect is inde-
pendent of λ. In c-Si solar cells, Si micropyramids are gener-
ally adopted as surface textures, which are formed by aniso-
tropic etching of c-Si wafers in alkaline solutions [27]. As
presented in figure 1(c), through multiple reflections and
refractions between Si micropyramids, the reflection that
escapes c-Si wafers is greatly decreased and more photons are
absorbed by c-Si wafers. Although Si mircropyramid textures
are effective to reduce reflectance in c-Si solar cells, they can-
not be formed in multicrystalline silicon (mc-Si) solar cells
because the crystal orientations on the surface are different.
Instead, Si microbowls or micropits are formed as the sur-
face texture by isotropically etching of Si in acid solution
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Figure 1. Schematic diagrams of the interactions between light and c-Si wafers with different surface structures, which exhibit different
antireflection mechanisms. (a) When light encounters a planar c-Si surface, Fresnel reflection occurs. (b) c-Si surface coated with a thin
film, interference effect occurs. (c) c-Si surface with microstructure textures, multiple reflection and refraction happen. (d) Effective
refractive index effect in Si nanostructures. (e) Light scattering effect between Si nanostructures. (f) Optical resonant effect in Si
nanostructures. The red patterns represent electric field distribution of the optical resonances.

[28]. It seems that whether the microtextures have a quasi-
omnidirectional antireflection property or not depends on the
shape of the microstructures. For example, the reflectance
of a Si micropyramid-textured surface increases with AOI
[12, 13], but Si microbowl-, micropit- or V-groove-textured
surfaces exhibit a quasi-omnidirectional antireflection effect
[29, 30].

The characteristic scale of the structure discussed above is
muh larger than the wavelength of the photons that can be
absorbed in c-Si solar cells (i.e. 300–1180 nm). Thus, geo-
metry optics well explain the antireflection effect. Neverthe-
less, if the structures are much smaller than the wavelength
(i.e. only several nanometers or several tens of nanometers),
which are often called ‘moth’s eye’ structures, light will not
see the specific shape of the nanostructure and propagate
through the structures as if they have a gradient refractive
index, as schematically shown in figure 1(d). In this case,
the effective medium theory is widely adopted. The effect-
ive refractive index of the nanostructures gradually changes
from air to c-Si substrate, but the shape of the change depends
on the morphology of the nanostructure arrays [31–33]. Note
that such nanostructures with appropriate shape and height are
highly effective in suppressing reflectance omnidirectionally
since there is no interface.

If the characteristic scale of the surface texture is similar
to wavelength, Mie scattering occurs between nanostructure
arrays and forward scattering intensity is much larger than
reverse scattering intensity, contributing to an antireflection
effect, as shown in figure 1(e) [34]. In addition, scattering
increases the optical length and thus increases light absorption
in c-Si absorbers, which is also beneficial for the antireflection

effect. In addition, nanostructures with this characteristic scale
can also act as nanocavities. Light is strongly coupled into the
nanostructures, forming optical resonances (also often called
Mie resonance), and these optical resonances can extend into
the underling c-Si substrate, as shown in figure 1(f) [35, 36].
The antireflection effect due to the optical resonance is quasi-
omnidirectional. It should be noted that all the above antire-
flection mechanisms do not exclude each other in a specific
antireflection structure. In fact, they often coexist and jointly
contribute to an excellent quasi-omnidirectional antireflection
effect in c-Si solar cells.

2.2. Quasi-omnidirectional antireflection performance

As discussed above, ‘gradient refractive index’ effect, light
scattering effect and Mie resonance effect, which are real-
ized by nanostructure arrays, play important roles in realiz-
ing quasi-omnidirectional antireflection. Considerable efforts
have been devoted to investigating the outstanding antireflec-
tion effect of various nanostructures, aiming at improving
light absorption of c-Si solar cells over broad AOI and λ.
Lin et al employed ZnO nanorod arrays to form an effect-
ive refractive index with a gradient profile to realize excel-
lent quasi-omnidirectional antireflection over broadband range
[37]. Polydimethylsiloxane nanocone arrays were also used
as quasi-omnidirectional antireflection film because of their
smooth change of effective refractive index [38]. In addi-
tion, polystyrene nanospheres have been demonstrated to have
broadband and quasi-omnidirectional light-harvesting abilit-
ies due to their strong forward scattering [34]. Generally
speaking, the higher dielectric constant of nanostructures, the

3
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stronger the interaction between light and nanostructures, and
thus a stronger effect in manipulating light. Therefore, Si
nanostructures are highly attractive in c-Si solar cells to real-
ize quasi-omnidirectional antireflection owing to their high
dielectric constant.

Lin et al developed a controllable anisotropic wet-etching
method to fabricate various Si nanostructures including nan-
opillars, nanorods, inverted nanopencils and nanocones, as
shown in figures2(a1)–(a4), followed by a systematic study
of their light management ability [23, 39]. It was found that
the antireflection properties of the Si nanostructure arrays are
predominantly decided by geometrical factors. Figures2(b1)–
(b4) shows that all of the Si nanostructures can induce strong
optical resonance inside the nanostructures, thus having lower
reflectance than the planar surface (see figure 2(c)). However,
inverted nanopencils more efficiently couple light into optical
modes in the pencil base, resulting in the lowest reflectance
over a broad wavelength range from 400 to 1000 nm. In addi-
tion, all the Si nanostructure arrays have quasi-omnidirectional
antireflection over AOI of 0–60◦, but inverted nanopencils
keep the best antireflection ability over the broad AOI, which
makes c-Si wafers with inverted nanopencils have highest
absorption over the broad AOI, as shown in figure 2(d). Wang
et al argued that Si nanocone arrays have excellent broad-
band antireflection because the Mie resonance wavelength in
Si nanocones can be continuously tuned as the diameters of
the cross sections increase from the top to the bottom [36].
Indeed, it is proved that the Mie resonance wavelength shifts
approximately linearly with the diameter of Si nanostructures
[40].

In addition, there has been great effort devoted to fabricat-
ing Si nanowires or nanopores on c-Si wafers. Such Si nano-
structures generally have a characteristic scale of only several
tens of nanometers. As stated in section2.1, the antireflec-
tion effect in such nanostructures is often explained by effect-
ive medium theory, and good antireflection properties over
broad AOI can be achieved by optimizing the effective refract-
ive index profile [41]. Our group found that the reflectance
of Si nanowire-textured c-Si wafers decreases with increas-
ing the length of Si nanowires [25]. As shown in figure 2(e),
on the one hand, an individual Si nanowire appears to be a
tapered cylinder; on the other hand, Si nanowire arrays can be
treated as bundled arrays. These two characteristics make Si
nanowires arrays serve as a medium with a continuous gradi-
ent refractive index to reduce a mismatch of refractive indexes
between air and c-Si substrate. The longer the Si nanowire
arrays, the smoother the gradient buffer layers and hence the
lower the reflectance. Figure 2(f) shows that near 0 reflect-
ance over AOI of 0–60◦ is realized at an incident wavelength
of 514.5 nm by using Si nanowires with a length of about
800 nm, demonstrating the excellent quasi-omnidirectional
antireflection. Moreover, the antireflection ability is independ-
ent of polarization of incident light. These antireflection per-
formances are well explained by effective medium theory and
can be calculated by rigorous coupled-wave analysis [25]. In
figure 2(f), the reflectance of s-(TE) and p-polarized (TM) light
have a contrary trend versus AOI for polished Si wafers. This

explains why a planar Si surface has almost the same reflect-
ance over broad AOI (embodied by the same absorption as
shown in figure 2(d)), but the reflectance is much higher than
that of Si nanowires.

Si nanostructures with low surface area enhancement are
attracting more and more interest as surface antireflection
structures [42–44]. Pyramid-shaped, inverted pyramid and pit-
ted surface structures generally have surface enhancement of
only 1.7–2.0, as shown in figure 3(a). Low surface enhance-
ment is beneficial for obtaining low surface carrier recombin-
ation, which will be discussed in detail in section3. Our group
has deeply studied the antireflection properties of these sur-
face structures over broad AOI [29, 45, 46]. To better illus-
trate the antireflection performance, here we show the simu-
lated reflectance of Si micropyramids, inverted Si micropyr-
amids, Si micropits and their nano-counterparts as a function
of AOI in figures3(b)–(d). The reflectance of Si micropyram-
ids, which are the standard antireflection structures in c-Si
solar cells, increases linearly with AOI, agreeing well with
the reported results [12, 47]. Nevertheless, the reflectance
of Si nanopyramids only increases slightly within an AOI
of 0–50◦, presenting a quasi-omnidirectional antireflection
ability. Beyond this range, it increases sharply. The reflect-
ance of inverted Si micropyramids and inverted nanopyramids
have similar behavior to their upright counterparts. The quasi-
omnidirectional antireflection of upright Si nanopyramids or
inverted nanopyramids is attributed to the effective couple of
incident light into the optical resonance modes over the AOI
of 0–50◦, as illustrated in figure 3(e) [45, 46]. Besides size,
the shape of the texturing structure also affects the depend-
ence of antireflection performance on AOI. Unlike pyramidal
structures, figure 3(d) shows that both micropits and nanopits
have quasi-omnidirectional antireflection ability even though
nanopits have much lower reflectance.

Integrating Si nanostructures with Si microstructures,
forming a so-called ‘multi-scale texture’ or ‘hierarchical
structure’, is expected to have an antireflection effect from
both Si nanostructures and microstructures [49–52]. Figure
4(a) shows an example of the hierarchical structures. Si
nanowires stand on Si micropyramids. Figure 4(b) demon-
strates that the hierarchical structure and Si nanowires out-
perform Si micropyramids in terms of antireflection ability
versus AOI [12, 53–55]. Moreover, the hierarchical struc-
ture has a superior quasi-omnidirectional antireflection effect
than Si nanowires. Based on a hierarchical structure, Pei et
al further investigated the influence of the orientation of Si
nanowires on the antireflection effect [19]. Si micropyram-
ids with <111> oriented Si nanowires, namely Si nanowires
perpendicular to pyramidal surface, have a better antireflec-
tion effect than Si micropyramids with <100> oriented Si
nanowires over the AOI from 0 to 75◦, suggesting a superior
quasi-omnidirectional antireflection property.

Coating Si nanostructures with thin films is also com-
monly utilized to realize outstanding antireflection perform-
ance due to combined antireflection effects from optical res-
onances and destructive interference effects [56]. Figure 4(c)
shows a cross-sectional scanning electron microscope (SEM)
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Figure 2. Schematic diagrams of (a1) Si nanopillars, (a2) Si nanorods, (a3) inverted Si nanopencils and (a4) Si nanocones. (b1)–(b4) are
their corresponding electric filed intensity contours obtained by FDTD simulations. (c) Reflectance of Si planar surface and various Si
nanostructured surface as a function of wavelength. (d) Absorption of c-Si with different surface conditions as a function of AOI. (e)
Cross-sectional scanning electron microscope (SEM) image of Si nanowires. (f) Experimental and calculated reflectance of polished Si and
Si nanowires versus AOI with polarized light (TE or TM). (a)–(d) Reprinted with permission from [23]. Copyright (2014), American
Chemical Society. (e), (f) Reproduced from [25]. © IOP Publishing Ltd. All rights reserved.

image of Si nanocones coated with SiNx film. Such com-
posite structure greatly reduces surface reflectance over the
wavelength of 290–2000 nm at any AOI up to 60◦ [21].
Similarly, coating Si nanopillars with SiNx results in excel-
lent quasi-omnidirectional antireflection over AOI of 0–60◦,
much better than flat Si and flat Si with SiNx. The good
antireflection is explicitly explained by the combined effect
of the strongly coupled Mie resonances and the interference
antireflection effect [35]. Zheng et al further investigated the

quasi-omnidirectional antireflection of Si nanopillars coated
with TiO2/SiO2 double-layer films [48]. Such a composite
structure contributes to high optical absorption in c-Si sub-
strate, higher than 95.8% over the AOI from 0 to 60◦, as shown
in figure 4(d). Our group found that both upright Si nanopyr-
amids and inverted Si nanopyramids coated with SiNx also
have a much better quasi-omnidirectional antireflection effect
compared to the ones without SiNx coating (average reflect-
ance decreases by ~8% absolutely) [45, 46].
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Figure 3. (a) Schematic illustration of Si pyramid-, inverted pyramid- and pitted-textured surfaces with their corresponding surface
enhancement. Reflectance of (b) Si nanopyramids, (c) inverted nanopyramids, (d) nanopits and their corresponding microstructure
counterparts as a function of AOI. (e) Electric field intensity mapping of inverted Si nanopyramid-textured c-Si varying with AOI. (e)
Reproduced from [46]. Copyright 2017, IOP Publishing Ltd.

3. Difficulties and countermeasures for
quasi-omnidirectional c-Si solar cells

3.1. Quasi-omnidirectional solar cells with large surface
enhancement

Due to their excellent antireflection effect, as presented above,
Si nanostructures have been widely tried as surface textures in
c-Si solar cells. In the early stage, interest mainly focused on Si
nanostructures with a high aspect ratio because of their better
antireflection effect [57–59]. Figures 5(a) and (b) are the top-
view and side-view SEM images of needle-like Si nanostruc-
tures. The average height of the nanostructures is about 2 µm.
This unique structure leads to an ultralow average reflect-
ance, only 1.79%, and makes the c-Si wafers have a black
appearance, thus termed ‘black silicon’. Figure 5(c) shows that
black silicon has much lower reflectance than micropyramid-
textured silicon and polished silicon over a broad wavelength,
presenting overwhelming advantages in the optical perform-
ance. However, such an optical advantage does not lead to bet-
ter solar cell performance. On the contrary, black silicon solar

cells have much lower external quantum efficiency (EQE)
over a broad wavelength compared to the reference solar cells
(micropyramid-textured), as shown in figure 5(d). As a res-
ult, their η is lower. It was found that the higher the nano-
structures (no matter nanohillocks or nanowires), correspond-
ing to larger surface enhancement, the better the antireflec-
tion effect, but the worse the EQE or internal quantum effi-
ciency (IQE) [60, 61]. On mc-Si solar cells, Si nanostruc-
tures such as nanohillocks and nanopores also lead to worse
EQE and current–voltage (J–V) performances than the con-
ventional surface texture [61, 62]. The IQE spectra can be well
fitted by PC1D simulations if assuming that the Si nanostruc-
ture layer acts as a low lifetime ‘dead layer’ [63]. The ‘dead
layer’ is attributed to high Auger recombination and additional
recombination at the numerous internal surfaces. The higher
the Si nanostructures, the thicker the ‘dead layer’. Hence, in
spite of remarkable antireflection effect, photogenerated car-
riers cannot effectively contribute to the output current. As
a result, although Si nanostructure-textured solar cells have
quasi-omnidirectional short-circuit current density (JSC), its
JSC may be lower than that of conventional solar cells at any
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Figure 4. (a) A hierarchical structure containing Si micropyramids and Si nanowires. (b) Average reflectance normalized to polished Si for
different surface textures varying with AOI. (c) Cross-sectional SEM image of Si nanocones coated with SiNx film. (d) Absorptance of Si
nanopillars coated with TiO2/SiO2 double-layer films varying with AOI and wavelength. (b) Reprinted from [12], Copyright (2016), with
permission from Elsevier. (c) Reprinted from [21], Copyright (2014), with permission from Elsevier. (d) Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Applied Physics B: Lasers and Optics [48] (2017).

AOI between 0 and 60◦, which affects the attractiveness of Si
nanostructures in c-Si solar cells [13].

3.2. Electrical loss by carrier recombination

To gain an insight into the poor electrical performance of
quasi-omnidirectional solar cells featuring Si nanostructures
as surface texture, Oh et al have thoroughly investigated the
effective carrier lifetime (τ eff) and effective surface recombin-
ation velocity ( SF

eff) of c-Si wafers with passivated n+-p junc-
tions as functions of sheet resistance (related to doping pro-
file) and surface area enhancement ratio (AF/Aproj), wherein
AF is the nanostructured surface area and Aproj is the projec-
ted area on planar surface [64]. Figure 6(a) shows that τ eff

strongly decreases with increasing surface area at any given
sheet resistance despite the thermal SiO2 passivation layer.
This suggests that Si nanostructures promote carrier recom-
bination and the higher the Si nanostructures, i.e. the larger the
surface area enhancement, the more severe the carrier recom-
bination. As regards sheet resistance, its influence depends on
the regions, as indicated by the color-coded regions in the fig-
ure. For any given Si nanostructures (or given surface area),
the τ eff increases with sheet resistance from ~55 to ~100 Ω
□−1 (region I), and then stays almost unchanged for sheet

resistance between 100 and 200 Ω □−1 (region II). Further
increasing sheet resistance (region III), τ eff decreases due to
the weakening of the built-in electric field.

Figure 6(b) plots the relationship between SF
eff and AF/Aproj.

SF
eff is extracted from minority carrier lifetime measurement.

SF
eff = SF

loc · AF

Aproj
, where SF

loc is the local effective surface recom-
bination velocity at and very near the actual front surface.
Evidently, SF

eff linearly increases with AF/Aproj in region III,
suggesting that SF

loc is constant and surface recombination is
the exclusive recombination mechanism in the light doping
region. Nevertheless, in region I (heavy doping region), SF

eff
severely deviates from linear dependence on AF/Aproj. Espe-
cially, when AF/Aproj is above 3.8, SF

eff becomes nearly inde-
pendent on surface area. This indicates that for heavily doped
Si nanostructures, especially those with high aspect ratio, car-
rier recombination is not dominated by surface recombination,
but by other recombination mechanisms. To explain this beha-
vior, figure 6(c) schematically shows the carrier recombination
process within an emitter with Si nanostructures that feature
lateral sizes within 100 nm [64]. For a nanostructured wafer,
the doping concentration is almost constant and close to the
surface peak concentration throughout the entire Si nanostruc-
tures. As is known, for a heavily doped emitter, Auger recom-
bination becomes highly important and strongly reduces τ eff
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Figure 5. (a) Top-view and (b) side-view SEM images of needle-like Si nanostructures. (c) Reflectance of c-Si wafers with different surface
textures. (d) Comparison of EQE spectra of black silicon solar cells and reference solar cells. Reprinted from [59], Copyright (2011), with
permission from Elsevier.

and increases SF
eff. Hence, for heavily doped Si nanostructures,

carriers are recombined within an emitter via Auger recom-
bination rather than recombined on the surface through sur-
face defects. As a result, SF

eff increases with the volume of the
heavily doped silicon rather than directly depending on sur-
face area. For lightly doped Si nanostructures, Auger recom-
bination is suppressed and SF

eff primarily depends on surface
recombination, relating to surface area. In the moderate dop-
ing region, namely region II, SF

eff slightly deviates from linear
dependence on AF/Aproj because both surface recombination
and Auger recombination cannot be neglected.

3.3. Countermeasures to enhance the performance of
quasi-omnidirectional solar cells

Now, it is evident that suppressing surface recombination and
Auger recombination channels are the key factors to achieve
high-performance quasi-omnidirectional solar cells featuring
Si nanostructures as surface texture. Figure 6(d) illustrates the
countermeasures to reduce carrier recombination, namely con-
trol of surface area enhancement, control of doping concen-
tration and enhancement of passivation effect [24]. Firstly,
the surface area enhancement should be controlled to reduce
surface defects, thus reducing the surface recombination. To

this end, multi-scale texture, optimization of Si nanostruc-
ture density and developing Si nanostructures with low sur-
face area enhancement are the potential solutions. Note that
these measures also often result in reduced emitter volume,
thereby lowering Auger recombination. Multi-scale structures
combine antireflection effects from both microstructures and
nanostructures. In this case, even if the Si nanostructures are
shorter, corresponding to lower surface area enhancement, an
excellent antireflection effect is still retained while low car-
rier recombination could be achieved. Hence Si nanopores
[49, 65–67], Si nanowires [51, 53, 54, 68, 69] or Si nano-
cones [70] have been widely fabricated on Si micropyramids,
and Si nanoholes [62, 71], Si nanowires [72] and nanoscale
Si pseudo-pyramids [29, 42, 73] have been fabricated on Si
micropits with attempts to realize high-performance c-Si solar
cells and mc-Si solar cells, respectively. Optimization of Si
nanostructure density is another important approach to con-
trol surface area enhancement [56]. Jung et al demonstrated
that, for a given light absorptance, Si nanowires with higher
filling ratio require lower height [74]. Consequently, surface
area enhancement decreases, which leads to better solar cell
performances. For example, Si nanowires with a filling ratio of
38% and length of 1.2 µm have the same antireflection effect
as the nanowires with the filling ratio of 12% and length of
6 µm, but their surface area enhancement is about 11% lower
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Figure 6. (a) Effective carrier lifetime (τ eff) and (b) effective surface recombination velocity (SF
eff) of polished and nanostructured silicon

varying with sheet resistance and surface area enhancement ratio (AF/Aproj). (c) Schematic diagram of carrier recombination mechanisms in
Si nanostructures. (d) Countermeasures for reducing carrier recombination in Si nanostructures. (a)–(c) Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Nature Nanotechnology [64] (2012).

in absolute value, resulting in that the η increases from 6.62%
to 9.65%. In addition to multi-scale texture and optimization
of Si nanostructure density, developing Si nanostructures with
low surface area enhancement is also highly promising to real-
ize high-performance quasi-omnidirectional c-Si solar cells,
which will be discussed in section4 in detail.

Secondly, emitter doping concentration should be carefully
controlled since the entire Si nanostructure layers are facile
to be heavily doped, leading to severe Auger recombination.
Reducing doping concentration was demonstrated to be effect-
ive to decrease carrier recombination and thus improved blue
spectral response of solar cells [64, 75, 76]. Nevertheless, too
light doping will lead to high sheet resistance, and thereby
influence fill factor. A trade-off between carrier recombination
and resistance effect should be considered for optimizing emit-
ter doping concentration. A heterojunction structure whose
emitter is external to c-Si wafers could be a good solution to
this dilemma. Thirdly, realization of an excellent passivation
effect is another extremely significant countermeasure to sup-
press carrier recombination channels since most Si nanostruc-
tures have relatively high surface enhancement, indicating a
high surface recombination center. Thermally grown SiO2

film [64, 69, 77], plasma-enhanced chemical vapor deposition

grown SiNx:H [42, 71, 72] and atomic layer deposited (ALD)
Al2O3 film [78] are the most popular passivation layers on
Si nanostructures due to their outstanding chemical passiva-
tion and/or field-effect passivation. Chemical passivation is an
effect to remove the dangling bonds on a c-Si surface such as
by forming Si–O bonds in the case of SiO2 and Si–H bonds in
the case of SiNx:H. Field-effect passivation involves repelling
a certain type of charge carrier (either electrons or holes) away
from the c-Si surface such as by negative fixed charges in
Al2O3 and positive fixed charges in SiNx:H [24].

Svain et al showed a remarkable example to realize high-
performance quasi-omnidirectional c-Si solar cells by success-
fully minimizing carrier recombination [79]. The solar cell
structure is schematically shown in figure 7(a). The front side
is textured by Si nanopillars with a typical height of ~800 nm
and width of 200 nm. This results in extremely low reflect-
ance over 300 to 1000 nm, thus being called black silicon
(abbreviated to b-Si in figure 7). They adopted interdigitated
back contacts (IBCs) as the solar cell design, namely that
junctions and contacts are placed at the back side of solar
cells. With this design, there are at least two advantages: (i)
no grids shadow on the front side; (ii) no doping require-
ment in Si nanostructures, avoiding Auger recombination.
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Figure 7. (a) Structure of IBC solar cells with Si nanopillars on the front side, which is passivated by ALD Al2O3. Due to the
nanostructured surface, such Si wafers are often called black silicon (b-Si). (b) Comparison of surface recombination velocity between b-Si
and reference sample with random micropyramids. (c) Current–voltage (J–V) and power–voltage (P–V) characteristics of the optimal b-Si
solar cell. (d) Relative JSC, with respect to JSC at normal incidence, for different AOI for both b-Si and reference solar cells. (b)–(d)
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature Nanotechnology [79]. (2015).

Moreover, the Si nanostructures are well passivated by ALD
Al2O3. Figure 7(b) shows a surface recombination velocity of
only ~20 cm s−1 on the nanostructured sample. Although it
is still a little higher than that (~3 cm s−1) of the reference
sample with random Si micropyramids as surface textures, it
is good enough to demonstrate the excellent passivation effect
on nanostructured samples and is in the acceptable range for
high-performance IBC solar cells. Consequently, an impress-
ive η (22.1%) has been achieved, as presented in figure 7(c).
The JSC reaches 42.2 mA cm−2 and open-circuit voltage (VOC)
is 665 mV, which prove the superior front-surface passivation
in the nanostructured solar cells. These values are comparable
to those of reference solar cells. Figure 7(d) demonstrates the
relative change in JSC with respect to normal illumination for
several AOI. As regards the nanostructured cell, changes of
JSC are less than 1% for AOI below 60◦, exhibiting a quasi-
omnidirectional property in cell level. Nevertheless, for the
reference counterpart, changes of JSC are up to nearly 4% in
this range. Considering the fact that the sun moves with time
and thus AOI changes, the nanostructured solar cells will have
a higher electric energy yield throughout the day/year.

4. Quasi-omnidirectional solar cells realized by Si
nanostructures with low surface enhancement

4.1. Fabrication of Si nanostructures with low aspect ratios

The above example is impressive, but the IBC solar cell struc-
ture, which is adopted to mitigate Auger recombination and
remove grid shadows, needs a sophisticated fabrication pro-
cess. Moreover, there are concerns that Si nanostructures like
Si nanopillars have a relatively high aspect ratio and collapse
easily. Concerning these matters, Si nanostructures such as Si
nanopyramids and nanopits with a bowl-like shape are robust
and they have low surface area enhancement, at least similar
to conventional counterparts, so they are easier to get well
passivated. In addition, these nanostructures combining with
appropriate thin films also have a highly effective antireflec-
tion effect, as mentioned in section2. Due to these advantages,
there are numerous reports about fabricating upright or inver-
ted Si nanopyramids. The nanoimprint lithography method is
one of the popular methods used to fabricate Si nanopyram-
ids (including upright or inverted) [80–83]. Firstly, a dielectric
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layer (SiO2 or SiNx) and an imprint resist are grown on the c-
Si surface as an etching mask, followed by mold imprinting,
UV curing and plasma treatment, and then reactive ion etching
and HF solution are used to remove the residual imprint res-
ist and the dielectric layers to define the opening window of Si
surface. In the following, the samples receive alkaline etching,
and finally they receive HF etching again, thus forming the Si
nanopyramidal surface. Besides nanoimprint lithography, the
interference lithography method is also employed to define the
etching patterns and thus produce Si nanopyramids [84–86].
SiO2 and photoresist layers are deposited on the c-Si surface
first, and then interference lithography is used to define etching
patterns, followed by reactive ion etching, HF etching, alkaline
etching to form Si nanopyramids and, finally, the samples go
through HF etching again to remove the oxide layers. Nano-
sphere lithography technology can be also utilized to define
the etching patterns, and the steps of the deposition of mask,
plasma etching and removal of mask are needed [87].

The above methods to fabricate Si nanopyramids are
mainly based on lithography technology. The processes
are rather complicated and expensive. Now, all-solution-
processed methods to form Si nanopyramids will be presented
in the following. The metal-assisted alkaline etching (MAAE)
method was proposed to produce upright Si nanopyramids, as
shown in figure 8(a) [45, 88]. C-Si wafers are immersed in
AgNO3/HF solution to form a thin layer of Ag nanoparticles
on the Si surface. Then the samples receive alkaline etching
under solution temperature of 55 ◦C–75 ◦C, followed by the
removal of Ag nanoparticles in HNO3 solution. With these
three steps, Si nanopyramids with a clean surface are pro-
duced. As can be seen, the MAAE method does not require
an etching pattern and thus

does not involve lithography process or ion etching. It is
simple and cost-effective. The typical top-view, 45◦-tilted-
view SEM images and the pyramidal size distribution of the
Si nanopyramids are shown in figures 8(b)–(d). The Si nan-
opyramids are densely distributed no matter from top view or
45◦-tilted view, exhibiting perfect surface textures. They have
sizes from 100 to 1200 nm but concentrated in 200 to 800 nm
with a mean value of 503 nm. Furthermore, compared to
conventional Si micropyramids, Si nanopyramids have much
smoother surfaces, which is beneficial for reducing surface
recombination [45]. Besides upright Si nanopyramids, inver-
ted Si nanopyramids can also be fabricated by an all-solution-
processed method [46]. Firstly, c-Si wafers are immersed in
AgNO3/HF solution to form a thin layer of Ag nanoparticles
on the surface (Step 1), but then being different from MAAE
method, the wafers are etched in H2O2/HF solution to result
in a Si nanohole-textured surface (Step 2). These two steps are
often called metal-assisted chemical etching (MACE) [89]. In
the following, Ag nanoparticles are removed in HNO3 solu-
tion, and finally Si wafers receive alkaline etching to convert Si
nanoholes into inverted Si nanopyramids (Step 3). Evidently,
this method is also simple and does not involve the lithography
process. Moreover, the sizes of the inverted Si nanopyramids
can be well controlled by adjusting the etching time in Step 2
and Step 3. For example, increasing the etching time in these
two steps, inverted Si nanopyramids become larger.

This method (MACE with post-alkaline etching) has also
been applied to mc-Si solar cells and is effective to enhance
their η [42, 73, 90]. Nevertheless, the etching process of c-
Si in alkaline solution is anisotropic, which results in dif-
ferent Si nanostructures on different crystallographic planes
and thus different appearance. As it is known, mc-Si wafers
have different crystallographic planes on the surface, and con-
sidering aesthetics, solar cells should have a uniform visual
appearance. Therefore, MACE with post-alkaline etching is
an imperfect texturing option for mc-Si solar cells. Instead,
MACE with post-acid etching could be a better approach since
etching of Si in acid solution is isotropic [29]. The process
is that Si wafers are immersed in AgNO3/HF/H2O2 solution
to deposit Ag nanoparticles and form Si nanopores, followed
by etching in HNO3/HF solution to produce Si nanopits and
removing Ag nanoparticles in HNO3 solution. Figures 9(a–d)
shows that the Si nanopits are bowl-like structures. They are
uniformly distributed on the mc-Si surface in spite of differ-
ent crystallographic planes. As a result, the mc-Si solar cells
with post-acid etching treatment exhibit much better visual
appearance and less noticeable grain boundaries compared to
their counterparts with post-alkaline etching, as shown in fig-
ures9(e) and (f). Note that such bowl-like nanostructures can
be also fabricated by MACE, followed by thermal oxidation
and the removal of oxide layers in HF solution [44]. In the
following, we will focus on the application of these Si nano-
structures with low aspect ratio in quasi-omnidirectional solar
cells.

4.2. Quasi-omnidirectional c-Si solar cells

From an optical aspect, Si nanopyramids result in a dramatic
reduction of reflectance compared to the planar surface. Espe-
cially, when the Si nanopyramids are coated with SiNx or
transparent conductive layers, reflectance is greatly reduced
further, leading to an average reflectance of only about 3.6%
[45]. From an electrical aspect, these Si nanopyramids have
much lower surface enhancement than nanostructures such
as nanopores and nanowires, which is beneficial for reducing
carrier recombination. In fact, even if compared to conven-
tional Si micropyramids, the Si nanopyramids fabricated by
the MAAE method also have a little lower surface enhance-
ment (the surface enhancement ratios for the Si nanopyramids
and Si micropyramids are 1.48 and 1.62, respectively) due to
lower base angles and smoother surfaces, hence resulting in
lower surface recombination [45]. Through adopting intrinsic
amorphous silicon film as a passivation layer, the VOC of the Si
nanopyramid-textured solar cell reaches 729 mV, which is the
highest value for the nanostructured solar cells. Its η reaches
20% on a large-size wafer (156 × 156 mm).

More importantly, the Si nanopyramid-textured solar
cells exhibit an obviously quasi-omnidirectional antireflection
property, as shown in figure 10. The Si nanopyramid -textured
wafer looks black no matter from top view or tilted-angle view,
whereas the conventional Si micropyramid-textured wafer
looks black from top view and becomes shining from tilted-
angle view. EQE spectra further demonstrates that the EQE of
Si micropyramid-textured solar cells decreases with increasing
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Figure 8. (a) Schematic diagram of the fabrication process of Si nanopyramids through the metal-assisted chemical etching method. (b)
Top-view, (c) tilted-view SEM image, and (d) size distribution of Si nanopyramids. Reproduced from [45]. CC BY 4.0.

AOI from 0 to 75◦. However, the EQE spectra of Si nanopyr-
amid textured solar cells are almost unchanged when AOI is
in the range of 0–45◦, which is similar to that of Si nanopillar-
textured solar cells [79]. The quasi-omnidirectional EQE per-
formance originates from the quasi-omnidirectional antireflec-
tion of Si nanostructures, as discussed in section2. Due to this
quasi-omnidirectional property, the Si nanopyramid-textured
solar cells (both homojunction and heterojunction structures)
have higher output power (Pout) than their micropyramid-
textured counterparts at most times of the day, taking Shang-
hai (latitude of 31◦) as an example of installation location.
Note that they have comparable η under standard measure-
ment conditions, indicating under normal incidence. It was
further demonstrated that the Si nanopyramid-textured solar
cells have more electric energy production than their counter-
parts on four representative days in spring, summer, autumn
and winter. Especially, the relative enhancement approaches
2.5% in winter. Therefore, the Si nanopyramid-textured solar
cells will have higher electric energy production in a year than
their conventional counterparts.

Similar results have been also demonstrated in inverted Si
nanopyramid-textured c-Si solar cells [46]. By using a pas-
sivated emitter and rear cell design, the η reaches 20.5%
on a large-size wafer (244.3 cm2). Moreover, inverted Si
nanopyramid-textured c-Si solar cells have a lower reverse
saturation current density than Si nanowires/micropyramids
hierarchical solar cells [46, 91], suggesting lower carrier
recombination velocity. As presented in figure 3(e), the incid-
ent light is similarly coupled into c-Si wafers by scatter-
ing and resonant effects when the AOI is within 60◦, lead-
ing to quasi-omnidirectional antireflection. This antireflec-
tion effect is enhanced by coating inverted Si nanopyram-
ids with SiNx films. As a result, inverted Si nanopyramid-
textured solar cells have quasi-omnidirectional EQE. Namely,
the EQE is insensitive to AOI when it is within 60◦. Thus, it is
expected that inverted Si nanopyramid-textured solar cells will

have higher electric energy production than Si micropyramid-
textured solar cells.

4.3. Quasi-omnidirectional ultrathin c-Si solar cells

Si nanopyramids have also been employed to fabricate quasi-
omnidirectional ultrathin c-Si (thickness <50 µm) solar cells
[92]. Since c-Si is an indirect bandgap material and has low
absorption efficiency, when the thickness reduces to smaller
than 50 µm, the light trapping effect becomes extremely sig-
nificant. Si nanopyramids could help to obtain an excellent
light trapping effect. By applying Si nanopyramids coated with
SiNx film at the front side and Si nanopyramids coated with
SiNx/Ag dual layers at the back side, the light absorption of
ultrathin Si wafers becomes much higher than that of a planar
wafer with similar configurations and approaches Lambertian
absorption [88]. For an ultrathin c-Si wafer with a thickness
of only 30 µm, the maximum JSC reaches 39.8 mA cm−2,
which is calculated from the light absorption spectrum. Note
that inverted Si nanopyramids have a similar advantage [46],
but we will not discuss that here. Besides the light trap-
ping effect, low surface recombination is another vital factor
affecting the performance of ultrathin c-Si solar cells. Con-
sidering this, the Si nanopyramid texture is a better option
than other nanotextures due to its lower surface enhancement.
In addition to using Si nanopyramids as a surface texture,
our group has further adopted an amorphous silicon/c-Si het-
erojunction concept as a solar cell design, which is known
for its excellent passivation effect [92]. As a result, the sur-
face recombination reduces to 1.83 cm s−1 and the implied
VOC is 719 mV, successfully demonstrating the low carrier
recombination of the Si nanopyramid-textured ultrathin solar
cells.

Ultrathin c-Si solar cells have an issue that they are easy
to break in the fabrication process. Concerning this, in the
step of fabricating electrodes, direct copper metallization is
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Figure 9. (a) SEM image of Si nanopits on different crystalline grains, wherein white dashed lines guide grain boundaries. (b)–(d)
Zoomed-in SEM images of the red frame zones shown in (a). Digital photography of the mc-Si solar cells textured by MACE with (e)
post-acid etching and (f) post-alkaline etching. Reprinted from [29], Copyright (2018), with permission from Elsevier.

a better option than screen printing, which is the standard
metallization technique in the present PV industry. Direct cop-
per metallization is realized by multi-wire technology [93].
The polymer-coated copper (C/Cu) wires are soldered directly
on a transparent conductive oxide (TCO) layer of solar cells.
The electric contact between C/Cu wires and TCO layers is
realized through the outer conductive polymer coating films
that contains adhesive agent to glue wires onto TCO layers.
The multi-wire technology avoids high pressure during the
metallization process, which reduces the risk of fragmentation.
By applying the Si nanopyramid texture, the heterojunction

solar cell design and direct copper metallization, an η of
15% has been demonstrated on a 37 µm thick c-Si wafer
as a proof of concept [92]. In the ultrathin c-Si solar cells,
quasi-omnidirectional EQE has also been proved. The EQE
is insensitive to AOI when AOI is within 60◦, but the EQE
of the ultrathin c-Si solar cells with Si micropyramids obvi-
ously decreases with AOI. Consequently, the JSC of the
ultrathin c-Si solar cells textured with Si nanopyramids is
insensitive to AOI over broad AOI, presenting higher electric
energy production ability than their Si micropyramid-textured
counterparts.
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Figure 10. (a) Digital photographs of Si micropyramid-textured and nanopyramid-textured wafers taken under normal angle and tilted
angle. Photos of the corresponding solar cells under tilted angle are also presented. EQE spectra of (b) Si micropyramid-textured and (c)
nanopyramid-textured heterojunction solar cells varying with AOI. (d) AOI and relative enhancement ratio of the Pout of Si
nanopyramid-textured solar cells compared to Si micropyramid-textured counterparts as a function of time on 23 September. Both
homojunction and heterojunction structures are included. (e) Relative enhancement of energy output of the Si nanopyramid-textured solar
cells (both homojunction and heterojunction structures) on 21 March, 22 June, 23 September and 22 December, as compared to Si
micropyramid-textured cells. Reproduced from [45]. CC BY 4.0.

4.4. Quasi-omnidirectional mc-Si solar cells

Diamond wire sawn (DWS) is gradually becoming the
dominant slicing technique in PV Si wafers due to its advant-
ages of higher productivity, higher precision in cutting thin
wafers and lower material waste. Nevertheless, surface tex-
turization in DWS mc-Si wafers is not as effective as in
multiwire slurry sawn mc-Si wafers. Figure 11(a) shows the
SEM image of the surface of a DWS mc-Si wafer textured
by the conventional micro-texture (CM-T) method, namely
etched in HNO3/HF solution. The surface is distributed with
parallel grooves with different width (from nanometers to
micrometers), which is an unsatisfactory texture due to high

reflectance. Nevertheless, the MACE method with post-acid
etching results in a totally different surface structure, as shown
in figure 9. Bowl-like Si nanopits are densely distributed
on the DWS mc-Si surface. Moreover, such a texture leads
to much lower reflectance than the CM-T surface over a
broad wavelength from 400 to 1100 nm [29]. After coating
SiO2/SiNx stack layers, the antireflection effect is enhanced in
the whole wavelength range for both the CM-T surface and the
Si nanopit-textured surface, but the reflectance of the nanopit-
textured surface remains much lower than that of the CM-T
surface in the short wavelength region (<700 nm). Therefore,
mc-Si solar cells with nanopits have much higher EQE at short
wavelength than the ones with CM-T.
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Figure 11. (a) SEM image of a conventional microtexture (CM-T) with cross-section view in the inset. EQE spectra of the (b) CM-T and (c)
nanopit -textured mc-Si solar cells varying with AOI. (d) Comparison of their JSC varying with AOI. Reprinted from [29], Copyright (2018),
with permission from Elsevier.

Figures 11(b) and (c) show the EQE spectra varying with
AOI. Both the CM-T and Si nanopit-textured mc-Si solar cells
have quasi-omnidirectional EQE. Their EQE is insensitive to
AOI over a broad range from 0 to 60◦, which is attributed
to their quasi-omnidirectional antireflection effect, as shown
in figure 3. Therefore, their JSC, calculated based on EQE
spectra and solar photon spectrum, are also insensitive to AOI
over the broad range, but the JSC of the Si nanopit-textured
mc-Si solar cells keeps a higher value, as presented in figure
11(d). To achieve quasi-omnidirectional mc-Si solar cells with
high performance, besides adopting bowl-like Si nanopits as
their front surface texture, the rear side of solar cells is coated
by SiO2/SiNx stack layers. On the one hand, the stack lay-
ers provide an excellent passivation effect for the rear surface.
On the other hand, they greatly enhance the internal reflec-
tion at that back side, thus increasing light absorption for the
long-wavelength photons. As a result, the EQE in the long
wavelength is also improved. Compared to the CM-T mc-Si
solar cells, mc-Si solar cells with bowl-like Si nanopits at the
front sides and SiO2/SiNx at the back sides have improved
EQE in both the short wavelength and the long wavelength,
realizing 2.42 mA cm−2 higher in JSC. An η of 19.3% has
been demonstrated in quasi-omnidirectional mc-Si solar cells
with the new design, which is 2.2% higher in absolute value
than the CM-T mc-Si solar cells [29].

5. Conclusions and outlook

It is highly meaningful to develop quasi-omnidirectional c-
Si solar cells since they mitigate the dependence of electric
energy yield on AOI and are promising to reduce the LCOE.
The key feature of quasi-omnidirectional c-Si solar cells is
that their antireflection effect is insensitive to AOI. Si nan-
otextures are the main platforms to realize excellent quasi-
omnidirectional antireflection. The mechanisms behind it are
mainly based on gradient change of effective refractive index,
light scattering effect and optical resonance effect. Combin-
ing Si nanostructures with conventional Si microstructures
and optical interference films can effectively realize ultralow
reflectance over broad AOI. However, in most cases of quasi-
omnidirectional c-Si solar cells, such outstanding antireflec-
tion does not contribute to high solar cell performances. This
is attributed to the significantly increased carrier recombina-
tion incurred by the increased surface area and heavily doped
region. We summarized various countermeasures to solve this
dilemma, including reducing Si nanostructure height, optimiz-
ing Si nanostructure density, adopting hierarchical structures,
developing Si nanostructures with low surface area enhance-
ment, reducing doping concentration and utilizing excellent
passivation films. By suppressing the carrier recombination
channels while maintaining superior optical performance, a
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remarkable η (22.1%) has been demonstrated in a quasi-
omnidirectional c-Si solar cell featuring Si nanopillars as sur-
face texture.

Si nanostructures with low surface enhancement seems
to be the more promising surface textures for quasi-
omnidirectional c-Si solar cells because they are more robust
and are easier to obtain low carrier recombination. We
review in detail the application of upright Si nanopyram-
ids, inverted Si nanopyramids and bowl-like Si nanopits in
quasi-omnidirectional c-Si solar cells, quasi-omnidirectional
ultrathin c-Si solar cells and quasi-omnidirectional mc-Si
solar cells, demonstrating the advantages of these Si nano-
structures in realizing high cell performance and increasing
daily/yearly electric energy yield. In future work, to further
increase the cell performance of quasi-omnidirectional solar
cells, we suggest combining Si nanostructures with low sur-
face enhancement and advanced solar cell structures, such
as amorphous silicon/c-Si heterojunction structures and tun-
nel oxide passivating contacts, to realize both excellent quasi-
omnidirectional antireflection and an outstanding passivation
effect (coating films should be carefully optimized to match
Si nanostructures). We believe that quasi-omnidirectional c-
Si solar cells will become more attractive in both the aca-
demic and the industrial communities by demonstrating higher
η (e.g. > 24%) with cost-effective methods and proving quasi-
omnidirectional EQE and η in module level.
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A B S T R A C T   

Dopant-free heterojunction opens new doors to highly efficient silicon solar cells with interdigitated back- 
contacts (IBC) via an easy hard-mask processing. However, the existence of inevitable overlap between the 
hole- and electron-transport layers may cause edge leakage and recombination, which will deteriorate the power 
conversion efficiency. Here we unambiguously determined the edge recombination and recombination losses 
quantitatively, in combination with detailed comparisons in photovoltaic parameters, dark and light current- 
voltage (I–V) curves, partially illuminated I–V curves, of the hard-mask processed and the lithography pro-
cessed IBC devices. Without the interfacial passivation layer, the solar cells fabricated by the hard-mask method 
suffer severe edge recombination with loss of 3 � 10� 4 A and a quite poor fill factor (FF) of ~66%, suggesting 
that the edge recombination could be another important issue affecting the FF besides the series resistance. With 
the clear understanding of the edge effect, we finely control the edge overlap, and finally obtained silicon dopant- 
free solar cells (with of intrinsic amorphous silicon as passivation layer) with over 20% efficiency and 73% FF 
either by lithography or by hard-mask methods.   

1. Introduction 

The record power conversion efficiency (PCE) of single-junction 
crystalline silicon (c-Si) solar cells so far reaches 26.7% [1]. This de-
vice combines the interdigitated back-contact (IBC) structure with het-
erojunction of doped/intrinsic amorphous silicon (a-Si:H) [2,3], called 
IBC-silicon heterojunction (IBC-SHJ) solar cell. Because both the posi-
tive and negative electrodes are put on to the rear side of the solar cells, 
the electrode shading loss is completely eliminated and the parasitic 
absorption loss relating to the front doping layer is reduced. These two 
advanced aspects endorse an extremely high short circuit current den-
sity (Jsc). In addition, the IBC-SHJ cells also benefit from the excellent 
passivation quality provided by the intrinsic a-Si:H layer, and a prom-
ising open circuit voltage (Voc) is thus ensured by the SHJ design. 
However, current studies on IBC-SHJ cells do stop at a laboratory scale 
because the developments towards large-scale industrial-level produc-
tion are heavily limited by the complex fabrication process and the huge 
investment on facilities. The lack of cost-effective patterning method of 
the interdigitated electrode stacks is a primary constraint. In particular, 

the steps, including a-Si:H deposition and the subsequent patterning for 
isolations, during the fabrication of an IBC-SHJ cell, highly relies on 
expensive facilities including chemical vapor deposition, photolithog-
raphy, dry etching, etc [4]. 

In this context, dopant-free heterojunction emerges as a hot topic as 
it can be deposited by simple methods, such as evaporation and spin- 
coating [5–7]. The formation of dopant-free heterojunctions relies on 
the work functions of the functional materials themselves, so additional 
doping is not required. This technology is a more cost-effective alter-
native to the conventionally doped a-Si:H. The carrier transport layers 
can be divided into hole transport layer (HTL) and electron transport 
layer (ETL) according to which type of carriers is transported. So far, one 
kind of the most successful HTL materials are transition metal oxides 
(TMOs), including molybdenum oxide (MoOx) [8,9], vanadium oxide 
(VOx) [10] and tungsten oxide (WOx) [9], and all possess high work 
function property that benefits hole transportation. Oppositely, metal 
oxides like magnesium oxide (MgOx) [11], titanium oxide (TiOx) [12, 
13], salts like magnesium fluoride (MgFx) [14], lithium fluoride (LiFx) 
[15], are all low work function behavior and have small barrier offset 
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with the conduction band of n-Si, always serving as ETL materials. 
Furthermore, it is of great reference value for fabricating a novel IBC 
silicon solar cell with dopant-free heterojunction (we name it as 
IBC-DFHJ). 

In 2016, Um et al. [16] used MoOx and LiFx as HTL and ETL, 
respectively, to prepare IBC-DFHJ solar cells with the efficiency of 
15.4%. Compared to the traditional IBC-SHJ solar cells, the simple 
preparation process attracts great attention. For example, Wu et al. 
further simplified the method by using a hard-mask method instead of 
lithography and fabricated IBC-DFHJ solar cells [17]. They compared 
the performances of cells with different HTL materials of MoOx, WOx 
and V2Ox, and finally obtained the best PCE of 16.6% from the device 
with V2Ox/Si heterojunction. In 2017, Masmitja et al. [18] obtained a 
PCE of 19.1% by applying V2Ox as HTL and Al2O3/TiO2/Mg/Al as ETL in 
their IBC-DFHJ solar cells. In 2018, Wu et al. [19] successfully realized 
22.2% PCE of IBC-DFHJ solar cells by adding a thin passivation layer of 
intrinsic a-Si:H in between the carrier transport layers (MoOx as HTL and 
MgFx as ETL) and the c-Si substrate. At the same time, our group re-
ported IBC-DFHJ solar cells that were constructed by either 
solution-processed poly(3,4-ethylenedioxythiophene): polystyrene or 
evaporated metal oxides [20,21]. 

It is well known that, even for conventional front-back contacted 
solar cells, the edge quality of p-n junction will greatly affect the 
photovoltaic characteristics [22–24]. Because of the influence of edge 
recombination, the efficiency of silicon solar cells with a small area is 
often lower than that with a large area (a larger average distance from 
the edge region). In the IBC solar cells, the edge region of p-n junction is 
even longer in the interdigital structure of positive and negative elec-
trodes. So the carrier recombination current at this region, caused by 
junction recombination, would largely reduce the PCE of IBC solar cells. 
Through the good suppression of this recombination, most of the devices 
would show obvious improvements in photovoltaic (PV) performance. 
For example, Muller et al. [25], found an increase in PCE of 
diffused-junction IBC cells by 2% absolutely after reducing the 
second-diode recombination current density (J02) from 82 to 12 
nA/cm2. 

Concerning the IBC-DFHJ solar cells, especially for the cells fabri-
cated by hard-mask method, the relatively rough overlapping area be-
tween the HTL and ETL (naming gap region), may cause additional 
problems including edge leakage and recombination. In fact, unsatisfied 
fill factor (FF) has been found in our previous IBC-DFHJ solar cells 
fabricated by hard-mask method. Attributing the low FF straightfor-
wardly to series resistance cannot well explain all experimental phe-
nomena, as lower FFs were also shown in the IBC devices with extremely 
low contact resistance. The lack of study on the edge effect in IBC-DFHJ 
solar cells does not only restrict our understanding in the above phe-
nomena, but also hinders us to improve the efficiency of this kind solar 
cells in future. Therefore, it is essential to quantitatively analyze the 
quality of edge region and study the influence of edge recombination (or 
edge effect) on the photovoltaic performance of IBC-DFHJ solar cells. 

Here, we figured out the reason for low FF by comparing the IBC- 
DFHJ devices that were constructed by either hard-mask method or 
well-defined lithography technique. We quantitatively analyzed the 
recombination and determined the location of the recombination 
through a modified Cox and Strack method (CSM) and partial illumi-
nation method. It is shown that the lithography method with Al2O3 
passivation layer at gap region suppresses the edge recombination well, 
making the recombination current (I0H) below 5 � 10� 10 A, while the I0H 
reaches 3 � 10� 4 A in the cells fabricated with a hard-mask method 
without gap passivation. The FF of the solar cells increases from ~66% 
of the hard-mask method to >75% of lithography method. This suggests 
that the edge recombination is another important issue affecting the FF 
besides the series resistance. According to above experimental data, we 
further proposed a simulation model and successfully explained the 
process of edge effect in hard-mask processed IBC-DFHJ devices. Based 
on the above understanding, we finally obtained IBC-DFHJ solar cells 

(with a-Si:H layer passivation layer) with over 20% efficiency and 73% 
fill factor by using both lithography and hard-mask methods. 

2. Results and discussion 

Fig. 1a–b shows the rear side photographs of the two types of IBC 
devices fabricated by hard-mask method and lithography method. The 
width of HTL, ETL and gap region are set as 1500 μm, 500 μm and 100 
μm, respectively. Fig. 1c–d exhibit the corresponding cross-sectional 
schematic diagram of IBC-DFHJ solar cells with a pitch. Here, n-type 
silicon was selected as the substrate, random pyramid was used as the 
anti-reflection textures on the front surface, Al2O3 and SiNx films were 
served as the passivation layer and anti-reflection layer, respectively. On 
the rear side of the solar cells, interdigitated MoOx/Ag and LiF/Al were 
deposited to form the HTL and ETL, respectively. A 4-nm a-Si:H film 
would be inserted as passivation layer if required. The area between the 
HTL and ETL is called gap region, and the corresponding magnified 
schematics of this region are showed in Fig. 1e–f. As shown in Fig. 1e, 
the thickness of MoOx film becomes thinner gradually at the edge, which 
is caused by the evaporation method with rotation. Note that the reason 
why we must apply this rotation method is to prevent the sequential Ag 
layer from directly contacting with silicon at the edge, which may 
generate a serious leakage channel. By contrast, the edge of MoOx layer 
keeps the same thickness as other region and shows a distinct boundary 
line (Fig. 1f) in the situation of lithography method, because of the 
protection of photoresist. Using the hard-mask method, an ~10 μm wide 
transition region with Ag particle was observed in the SEM images, 
while it does not exist on such area in the sample fabricated by photo-
lithography (Fig. S1). The corresponding light current density-voltage 
(J-V) curves and photovoltaic performance of the IBC-DFHJ solar cells 
produced by these two methods are shown in Fig. 1g and Table 1, 
respectively. The efficiency descent of the hard-mask processed device 
in comparison with the one fabricated by lithography could be mainly 
caused by the degraded FF. In the case of 0 nm a-Si:H, the FF decreased 
from 76.2% (lithography) to only 67.7% (hard-mask). The series re-
sistances for both kinds of devices derived at open-circuit voltage (Voc) 
point are almost the same and obviously cannot be a reasonable expla-
nation for such a large difference in FF. Meanwhile, the difference of 
shunt resistance (Rsh) derived at Jsc point, decreased from the 5.8 kΩ 
cm2 (lithography) to 0.7 kΩ cm2 (hard-mask), indicating a possibly large 
leakage current at the p-n junction in the hard-mask processed IBC solar 
cell. However, from the further analysis of light J-V curve in Fig. S2, the 
real Rsh (representing the leakage current of p-n junction) of this hard- 
mask processed IBC-DFHJ solar cells is good enough, reaching at ~4 
kΩ cm2. This indicates that the low Rsh at Jsc is not caused by the leakage 
current of the p-n junction. When the passivation layer of 4 nm a-Si:H 
was introduced, the average PCE of lithography processed IBC solar cell 
approaches 20.2% (FF ¼ 73.2%) while that of hard-mask method is still 
below 19% (FF<71%). 

It is well known that a strong inversion layer forms when MoOx layer 
contacts with n-type silicon, yielding a heterojunction that plays a 
similar role of p-n junction in conventional solar cells. The edge quality 
of such junction does greatly affect the photovoltaic characteristics, 
especially in the IBC-DFHJ structure, where the edge region of the 
heterojunction is longer than that of conventional one due to the 
interdigital structure of HTL and ETL. The edge recombination could be 
the main reason leading to the large FF loss in hard-mask processed IBC- 
DFHJ solar cells. Fig. 2 shows the edge recombination problem of IBC- 
DFHJ solar cells prepared by hard-mask method. Fig. 2a and b are the 
enlarged SEM image of the dotted black box in Figs. 1a and 2a, 
respectively. The inset in Fig. 2b shows the normalized profiles of the 
deposited MoOx and Ag films. From Fig. 2b, it reveals that the thickness 
of MoOx film becoming thinner gradually at the edge region, and the 
width of this gradient region is more than 120 μm (see the normalized 
contour lines of MoOx film in the inset). To better understand the in-
fluence of edge recombination on the PV performance, an equivalent 
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circuit and the corresponding J-V curves of the solar cells with and 
without edge recombination are given in Fig. 2c and d. In the equivalent 
circuit, the dotted red box marked as H presents the high recombination 
contribution caused by edge effect. The distance from the edge to the 
collection electrode, leads to a resistance term, R0H. Therefore, it in-
cludes the high recombination current density (J0H) and R0H [26–29]. 
After the introduction of serious edge recombination (Fig. 2d, parame-
ters are showed in the inset), although both solar cells have the nearly 
same Voc and Jsc, the filling factors of the solar cells are greatly reduced 
from the original ~72% to below 66%. The conversion efficiency of the 
solar cells was thus greatly reduced. More importantly, this curve well 
coincides with the experimental data in Fig. S2, in which the Rsh at Jsc is 

apparently smaller than the real Rsh (extracted by the slope of the J-V 
curves at negative bias of -0.6~-0.4 V). 

We exhibited the edge recombination and calculated the J-V curves 
based on the assumed parameters of J0H and R0H (Fig. 2). Unfortunately, 
there are no available methods to extract the value of edge recombi-
nation experimentally for this newly developed IBC-DFHJ solar cell. 
Here, a traditional measuring method, Cox and Strack method (CSM), 
which is commonly used to measure the contact resistance [30,31], was 
modified by us to make it suitable for extraction of the edge recombi-
nation of MoOx/n-Si heterojunction. Fig. 3a shows the schematic testing 
configuration of devices for edge recombination. The MoOx and Ag thin 
films were deposited on the n-Si wafer to form disk-like MoOx/n-Si 

Fig. 1. Comparison of IBC-DFHJ solar cells fabricated by hard-mask method (a,c,e) and lithography method (b,d,f). (a,b) The photograph of the device’s rear side. (c, 
d) The schematic diagram of solar cell structure. (e,f) The corresponding close-up of the gap region marked by black dashed boxes in (c) and (d), respectively. (g) The 
light J-V curves of IBC-DFHJ solar cells with 0 or 4 nm a-Si:H films. 

Table 1 
Photovoltaic performance of dopant-free IBC solar cells showed in Fig. 1g.  

Thickness of 
a-Si:Ha 

Methodsa Voc
b Jsc

b FFb PCEb Rs at Voc
b Rsh at Jsc

b 

(V) (mA/cm2) (%) (%) (Ω⋅cm2) (kΩ⋅cm2) 

0 nm Hard mask 0.560 36.5 67.7 13.8 1.6 0.7 
(0.558 � 0.005) (36.2 � 0.4) (65.7 � 2.4) (13.5 � 0.2) (1.7 � 0.1) (0.8 � 0.6) 

Lithography 0.591 35.4 76.2 15.9 1.4 5.8 
(0.584 � 0.008) (34.8 � 0.8) (75.5 � 0.9) (15.2 � 0.7) (1.6 � 0.2) (4.2 � 1.2) 

4 nm Hard mask 0.651 41.6 70.8 19.2 2.1 3.1 
(0.643 � 0.011) (41.3 � 0.3) (70.7 � 1.1) (18.8 � 0.6) (2.1 � 0.2) (1.8 � 0.9) 

Lithography 0.666 41.6 73.2 20.3 2.4 21.3 
(0.662 � 0.006) (41.5 � 0.3) (73.3 � 0.7) (20.2 � 0.2) (2.5 � 0.3) (24.2 � 15.3)  

a Data and statistics based on five cells of each condition. 
b Numbers in bold are the champion values of each condition. 
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heterojunctions with various diameters. With the measurement of I–V 
curves of those disks, the edge recombination can be defined through the 
analysis of experimental data. Fig. 3b shows the schematics of the 
amplified disk for analyzing the components of recombination current, 
which includes center recombination current (I0’ ) and edge recombina-
tion current (I000). Obviously, the center recombination current should be 
linearly proportional to the area of disk, while the edge recombination 
current should be linearly related to the perimeter of the disks [32–34]. 
Therefore, the I0 ¼ I0’þ I0” (1) can be written as  

(π⋅d2/4)⋅J0 ¼ (π⋅d2/4)⋅J0’þ (π⋅d)⋅J0”                                                    (2) 

and after dividing (π⋅d2/4) at both sides of equation, we can get J0 ¼

J0’þ (4/d)⋅J0” (3), where the I0 is total recombination current, J rep-
resents the current density and d is the diameter of the disks. According 
to the equation (3), we can easily quantify the edge recombination by 
changing the diameter of disks. 

With this method, we began to measure the edge recombination of 

MoOx/n-Si heterojunction. Fig. 4a shows the schematic of test structure 
fabricated by hard-mask method and lithography method, respectively. 
Al2O3 was introduced as passivation layer at the edge region in lithog-
raphy method, and therefore it can be used for the comparison of the 
edge recombination of MoOx/n-Si heterojunction with and without 
passivation in edge region. More details on the fabrication of testing 
samples are given in the experiment part. Fig. 4b presents the dark I–V 
characteristics of above two types of samples with three different di-
ameters, 0.24, 0.12 and 0.06 mm. The data is plotted in three ways, 
current/area vs voltage (J-V), current/perimeter vs voltage (I/P–V) and 
local ideality factor vs voltage (m-V). When the voltage is lower than 
0.35 V (Fig. 4b), the I/P–V curves of three diameters overlapped 
together, which represents a linear relationship between the recombi-
nation current and the perimeter. The ideality factor m ¼ ~2 was 
derived around 0.3 V according to the linear dependence of recombi-
nation current on the exp(V/2VT) in Exp.1, where VT is the thermal 
voltage. In contrast, m ¼ ~1.3 in Exp.2. It’s well known that, the closer 
of the m value to 1, the more ideal of the junction is. Oppositely, it 
represents a high recombination in depletion-region when the value of m 
is closer to 2. It plotted the J01 (m ¼ 1), J0H (m ¼ m0H), and 1/Rsh as a 
function of 4/d in Fig. 4c, d, and e, respectively, and according to the 
equation (3), the recombination or shunt resistance from edge region 
can be extracted from the slope of the fitting line in Fig. 4c–e. Appar-
ently, with the help of passivation at the edge region, the edge recom-
bination and current leakage can be well suppressed, with J01

00

decreasing from 65 fA/cm to 3.8 fA/cm, J0H
00 decreasing from 3.8 nA/cm 

to 5.7 pA/cm, and Rsh” increasing from 3.4 � 108 Ω⋅cm to 7.6 � 109 Ω 
cm. According to above date, the recombination current (I0H

00) from the 
edge region can be easily calculated. For an example, in the IBC-DFHJ 
solar cells fabricated by hard-mask method, the I0H can reach ~2 �
10� 7 A (3.8 nA/cm � 44 cm, where 44 cm is the perimeter of MoOx/n-Si 

Fig. 2. Effect of edge recombination in IBC-DFHJ solar cells. (a) Amplified SEM image of black dashed boxes in Figure (a). (b) Amplified SEM image of black dashed 
boxes in (a). The inset is the normalized contour lines of Ag (red line) and MoOx (black line) films. (c) The equivalent circuit for normal solar cells considering high 
recombination loss. (d) Illumination J-V curves of devices with and without high recombination loss (H). The inset is the table of simulation parameter. 

Fig. 3. Measuring method for the edge recombination of dopant-free hetero-
junction. (a) Schematic diagram of the test method. (b) The principle diagrams 
of measuring edge recombination. 
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heterojunction in the real IBC solar cells showed in Fig. 1a). 
Above quantitative study only under dark condition is still not 

enough to fully reflect the edge effect because of the possible difference 
of recombination in dark and light conditions [35], therefore, I–V curves 
of IBC-DFHJ solar cells both in dark and light conditions are measured 
and analyzed in Fig. 5. The experimental data of dark I–V curve (and 
light I–V curve shifted by the short-circuit current Isc [34,35]) are plotted 
in Fig. 5a and b, and the corresponding analysis I–V curves according to 
the equivalent circuit showed in Fig. 2c (includes Rsh, I01, I02 and I0H), 
are plotted by solid line. The quality of junction was reflected by m-V 
curves (Fig. 5c), which can be used to extract the parameters of the 
equivalent circuit. After well fitting, the parameters are extracted and 
listed in Table S1. For the main recombination items in dark I–V, I02 ¼

3.2 � 10� 7 A, is well consistent with the value of I0H (~2 � 10� 7 A) 
evaluated in Fig. 4. It should be mentioned that, when m0H ¼ 2 and R0H 
¼ 0 Ω, I0H is equal to I02. Therefore, it may difficult to distinguish the 
items of I02 and I0H, especially when m0H ¼~2 and R0H ¼~0 Ω, but both 
of them can be recognized together as the recombination in p-n junction. 
From the comparison of the dark and light conditions, it is obvious that 
I0H increased by nearly 6 orders of magnitude, from 5E-10 A to 3E-4 A 
(Table S1), and it has a distinctive hump in the m-V curve (Fig. 5c), 
which indicates a huge resistance limited enhanced recombination (very 
likely from edge recombination) will occur in light condition. This 
means that it suffers a more recombination in light compared with that 
in dark. Fig. 5d shows the experimental and fitting light J-V curves, 
where Fit 1 and Fit 2 are according to the results from dark I–V and light 

Fig. 4. Analysis of measuring results using the method in Fig. 3. (a) Schematic of test structure fabricated by hard-mask method (Exp.1) and lithography method 
(Exp.2). (b) J-V, I/P–V and m-V curves for the test structure in Figure (a). (c–e) Calculations of J0” (c), J0H” (d) and Rsh” (e) contributed by edge region. 
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I–V curves, respectively. Compared to the situation in dark condition, an 
additional recombination item in light lead to even worse FF, with 
decreasing from ~73% in dark (Fit 2) to ~66% in light (Fit 1). 

To figure out the approximate position of this additional recombi-
nation from, we further developed an analytical method based on local 
illumination. The details of the method are schematically shown in 
Fig. 6a. The measurement of IBC-DFHJ device under All, ETL and HTL 
area illuminations are achieved through using a special opaque mask. 
For convenience, we named above measurements as “All”, “ETL” and 
“HTL”, respectively. Here, for a fair comparison, we keep the total 
illumination area of above measurements as large as possible, and the 
actual total illumination area of “All”, “ETL” and “HTL” are 1.0 cm2, 
0.81 cm2 and 0.81 cm2, respectively. Fig. 6b shows the light I–V curves 
shifted by the corresponding Isc as well as the dark I–V curve, while the 
corresponding light J-V curves as well as m-V curves are shown in 
Fig. S3. The corresponding photovoltaic performances are listed in 
Table S2. One can see that the I–V curve of “HTL” is close to that of 
“Dark”, while that of “ETL” nearly overlaps with that of “All”. This result 
proves that the additional recombination mainly affects the collection of 
the photon-generated carriers on the ETL region. Because the excess 
minority carriers above the ETL region are mainly collected at the edge 
of HTL as current, it indicates the additional recombination is most 
likely from the edge region of HTL. After carefully fitting the I–V curves, 
we also extracted the value of equivalent circuit parameters, which has 
been listed in Table S1. Fig. 6c shows the calculated FF loss according to 
above extracted values (the other PV performance are listed in 
Table S2). From that, compared with the FF of “Dark”, the FF for both 
“All” and “ETL” decrease to ~66% and ~60%, respectively. While that 
in “HTL” is nearly the same as the “Dark”, at ~71%. It also shows that 
the FF loss caused by recombination is occupied the most proportion in 
all situations. That indicates the main reason of poor FF of this IBC-DFHJ 
solar cell does relate to the edge recombination. 

Local illumination analysis was further applied to study the IBC- 

DFHJ solar cells fabricated by lithography method. As shown in 
Fig. 6d and Fig. S3d (the corresponding PV performance are listed in 
Table S2), all I–V curves or m-V curves nearly overlapped together, 
which indicates the superposition principle is suitable for the IBC de-
vices fabricated by lithography method, and no additional recombina-
tion happens in light condition [36]. At the same time, the extracted 
parameters listed in Table S1 indicate a small recombination value in 
this structure, echoed by the suppressed I0H of only 5.0E-10 A (m0H ¼

~1.3). Finally, as shown in Fig. 6e, all tests reveal quite good FF beyond 
75%. 

Except for the difference of passivation layer at the gap region, the 
extending of the MoOx in gap region is another obvious character in the 
IBC-DFHJ device fabricated by mask method. Therefore, IBC-DFHJ 
models with and without emitter (HTL) in the gap region are utilized 
to simulate the solar cells fabricated by the two methods (Fig. 7a). To 
reflect the actual conditions, the sheet resistance of emitter in gap region 
is set as 104 Ω/□, which is derived from the measurement of sheet 
resistance of inversion layer through using a transfer length method 
(TLM) [37]. As shown in Fig. 7b, with the growth of Sgap (the surface 
recombination rate of gap region), the FF in IBC-DFHJ model with 
emitter decreases quickly from >80% to <45%, while the FF for the one 
without emitter shows unchanged value at ~80%. Two conclusions can 
be drawn: (1) the MoOx layer extended to the gap region increase the 
edge recombination, leading to the decrease of FF; (2) the recombination 
in the none-collection region (gap and ETL region) have negligible effect 
on the FF of IBC-DFHJ devices. From the transportation of holes in 
IBC-DFHJ devices (Fig. 7c), it shows the holes generated above the HTL 
will directly transmit to HTL, while that above the ETL will transmit 
across the gap, leading to the highest hole current density at the region 
of HTL. For the sample with MoOx in gap (with emitter), this high hole 
current occurred at the middle of gap region will cause severe recom-
bination. Finally, as shown in Fig. S4, with the help of a 2-nm passiv-
ation film of a-Si:H, IBC-DFHJ solar cells with efficiency up to 20.6% was 

Fig. 5. Analysis of recombination difference between dark and light conditions in IBC-DFHJ device. (a) Analysis of Dark I–V curves. (b) Analysis of Light I–V curves. 
(c) Corresponding m-V curves extracted from Figure (a) and (b). (d) Experimental and fitting light J-V curves, where Fit 1 and Fit 2 are according to the results from 
Figure (a) and (b), respectively. Here, the IBC-DFHJ solar cell is fabricated by hard-mask method. 
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achieved. 

3. Conclusion 

In this work, we systematically studied the edge recombination in 
silicon-based IBC solar cells with dopant-free heterojunction. Firstly, a 
modified Cox and Strack method (CSM) was proposed to extract the 
edge recombination loss of MoOx/Si heterojunction. The results under-
line that the test device fabricated by hard-mask method reveals obvious 
higher edge recombination current density than that by lithography 
method, with decreasing J0H” from 3.8 nA/cm to 5.7 pA/cm. Secondly, 
the I–V curves of IBC-DFHJ solar cells fabricated by hard-mask method 
was tested both in dark and light conditions. It exhibits an additional 
recombination channel in light condition in comparison with the case in 
dark, which limits the FF below 66%. Thirdly, through using local illu-
mination method, the additional recombination in light was found to be 
related to the edge region of HTL. Fourthly, through using simulation 
method, HTL extending to the gap region may be another reason for the 
deteriorated edge recombination, leading to an even worse FF. With the 
guidelines from the above insight, we finally fabricated IBC solar cells 
with dopant-free heterojunction reaching efficiency to 20.6% and FF to 
75.6%. 

3.1. Experimental section 

3.1.1. IBC-DFHJ solar cells fabrication 
One side polished n-type (1–3 Ω cm) silicon wafers with 250 μm 

thickness were used to fabricate IBC solar cells. Firstly, random-pyramid 
textures were fabricated by 80 �C mixed solutions with 2.5 wt% NaOH 
and 1.5 wt% isopropanol for 15 min. And to obtain one side pyramid- 
textured wafer for fabricating IBC-DFHJ solar cells, a homemade tool 
was used to protect the polished side of the wafers in textures process. 
Secondly, above one-side pyramid textured wafers and the original 
wafers were cleaned by standard Radio Corporation of America (RCA) 
cleaning processes, and then were disposed by 4 wt% HF to remove SiO2 
on the surface of the wafers. Thirdly, the passivation layer, Al2O3 (~15 
nm), and the anti-reflection layer, SiNx (~75 nm), were deposited by 
atomic layer deposited (ALD) and plasma-enhanced chemical vapor 
deposition (PECVD), respectively. To activate the passivation of Al2O3, 
the samples were annealed at 450 �C in N2 atmosphere for 30 min. And 
then, for the IBC-DFHJ devices inserting intrinsic hydrogenated amor-
phous silicon (a-Si:H) as passivation layer at the rear side, 4 wt% HF was 
dipped on the polished side of above sample to remove the Al2O3, fol-
lowed which a-Si:H films with 2–4 nm thickness were deposited by 
PECVD, and SiNx film (~80 nm) also be deposited if it is used for 
fabricating IBC devices through lithography method. Fourthly, through 
using thermal evaporation with the hard-mask or lithography pattern, 
MoOx/Ag (10/400 nm) and LiF/Al (0.5/400 nm) films were deposited 

Fig. 6. Identification of high recombination region in IBC-DFHJ device fabricated by hard-mask method (b,c) and the comparison with that fabricated by lithography 
method (d,e). (a) Schematics of illumination test with different regions. (b,d) (light I–V)-Isc and dark I–V curves for the different regions’ illumination test in (a). (c,e) 
Analysis of FF loss. 
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on the rear side as HTL and ETL, respectively, and more details about the 
preparation flow were showed in Fig. S5. 

3.1.2. Fabrication of testing devices for extracting the edge recombination 
One side polished n-type (1–3 Ω cm) silicon wafers with 250 μm 

thickness were used to fabricate these testing devices. In order to be 
consistent with the actual IBC-DFHJ solar cells, all wafers were cleaned 
by standard RCA cleaning processes, followed by a deposition of 15 nm 
Al2O3 film through ALD and 450 �C annealing in N2 atmosphere. For the 
situation of using the lithography method, positive photoresist was spin- 
coated on the polished side of the wafers, and a hard-mask, containing 
an array of circular holes with different diameters, called C.S. mask 1, 
was used as photoresist mask. After exposure and develop, this array was 
transferred to the photoresist. Immersing the samples with photoresist 
pattern into 4 wt% HF solutions for 30s to remove the Al2O3 film of 
circular holes. Another hard mask, containing an array of circular holes 
with the same diameter (0.36 cm), called C.S. mask 2, was used to isolate 
each test pads. With the help of C.S. mask 2, an array of MoOx/Ag (10 
nm/400 nm) circular pads was formed by thermal evaporation. At last, 
InGa alloys was coated on the rear side of the test wafers by drawknife. 
For the situation of using the hard-mask method, the samples were 
directly immersed into 4 wt% HF solutions to remove the Al2O3 film, and 
the array of MoOx/Ag (10 nm/400 nm) circular pads with different di-
ameters were evaporated on the polished side of the testing wafers 
through using C.S. mask 1. And then, also, InGa alloys was coated on the 
rear side of the testing devices by drawknife. 

3.1.3. Characterization 
The morphological analysis of the samples was conducted by SEM 

(Hitachi S-4800). The I–V curves except for Light I–V curves were 
measured by a Keithley 4200-scs semiconductor parameter analyzer. 

The Light I–V curves of solar cells were measured under a simulated AM 
1.5 spectrum sunlight illumination. The solar cells were shielded by an 
opaque mask with 1.0 cm2 effective illumination area, except for the 
measurement of “HTL” and “ETL” in Fig. 6 (which were shielded by a 
special opaque mask showed in Fig. 6a). The EQE and reflectance 
spectra (350–1100 nm) were measured by a quantum efficiency mea-
surement system (QEX10, PV Measurements). The minority carrier 
lifetime was measured by Sinton WCT-120 lifetime tester. 

3.1.4. Simulation method 
Quokka software was employed to simulate the photoelectric per-

formances of IBC-SHJ solar cells. In device simulation, the main pa-
rameters were set as follows: The substrate was n-Si wafers with 3 ms 
bulk lifetime. The thickness of n-Si wafers was set as 250 μm, and the 
resistivity was chosen as 2 Ω cm. The surface recombination velocity of 
the front Al2O3/Si interface and ETL were set as 5 cm/s and 1000 cm/s, 
respectively, while the J01 of HTL was set as 5 � 10� 12 A/cm2. The di-
mensions of the devices’ ETL, HTL and gap were 250 μm, 750 μm and 
100 μm, respectively, where it only simulated the half-pitch of the IBC 
solar cells. 
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the unprecedented 25.2% in 2019,[7] on 
the way approaching theoretical limit of 
31%.[8] However, severe challenges have 
yet remained with regard of their stability, 
scalability, building cost, and integration 
capability with other applicable devices 
(e.g., Si heterojunction solar cells[9]). To 
resolve that, tremendous efforts have been 
paid to the promotion of perovskites, such 
as interface engineering,[10] doping,[11] 
composition change,[12] additives,[13] and 
solvent engineering,[14] mostly chem-
ical modifications mainly controlled by 
thermal diffusions and mechanical forces.

Nevertheless, significant obstacles 
are still standing in front of real appli-
cations. For the mainstream chemical 
approaching, more complexity, less 
reproducibility and higher costs could be 
brought by doping processes,[15–17] inter-
facial engineering,[18,19] alternation of 
contents, uncertainties during the fabrica-

tion (such as centrifugal force in spin-coating and motion of 
molecules in gaseous mediums in evaporation methods) and 
so forth. To resolve that, approaches by physical methods such 
as electromagnetic fields have been performed on the perov-
skite fabrication which have been reported to induce signifi-
cant change in the structural and opto-electronic properties of 
materials.[20–22] Recently, some groups have found that some 
reversible morphological and structural responses (normally 
described as electrostrictive and electroelastic properties[23]) 
could be induced by certain external electric fields. Moreover, 
unlike classical perovskites and semiconductors, hybrid metal 
halide perovskites have shown excellent ion transport ability 
which has played an important part in their performance[24,25] 
and induced some unique behaviors in devices, e.g., significant 
hysteresis in J–V characteristics of PSCs.[26] Regarding those 
phenomena, they cannot be simply treated as classical ferroelec-
tric or semiconducting materials in experimental and theoret-
ical studies. What’s more, it has been also found out that certain 
intermediate states (for example, [PbI6]4−) had existed as an 
important content in the sample during the formation of perov-
skite before the thermal annealing.[27] Therefore, more detailed 
studies on the consequence of external fields at different stages 
or under various ambient conditions would hopefully lead to 
better understanding of the perovskite formation and as well  
facilitate establishment of new methods for material manipula-
tion. Especially, the alternating electric field with characteristic 

1. Introduction

In recent years, hybrid metal halide perovskites have become 
more and more important for many advanced opto-electronic 
devices, profited by their advantages in optic absorption, car-
rier mobility, defect tolerance, and bandgap modulation with 
impressively low fabrication criteria.[1–5] The power conver-
sion efficiency (PCE) of perovskite solar cells (PSCs) has 
surged from 3.8% by Miyasaka and co-workers[6] in 2009 to 
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time scale close to the ion transport (10−1 to 101 s) would be an 
interesting condition that could induce significant influence on 
the ionic systems in solid bulks.[28]

In this work, we will introduce a novel and facile modula-
tion method of perovskites that applies alternating electric field 
(AEF) on the intermediate state during their formation pro-
cesses, which can effectively induce significant morphological 
and structural reformation in tens of seconds in the atmos-
phere. The size of grains and crystal domains can be effectively 
influenced by variation of the field amplitude and frequency. 
Moreover, study of microstructures has indicated significant 
evolution of textures and lattice constant in the crystallites 
versus the filed parameters. These morphological and structural 
change have been evidently induced by the motion of some key 
ionic species under the influence of alternating electric field 
and thus lead to less defects, higher purity and controllable 
change of the band structure in the products. Consequently, the 
band positions can be well aligned to facilitate the injection of 
carriers to the adjacent charge transport layers and in the same 
time keep high intrinsic absorption with controlled bandgap. 
As a result, high performance p–i–n configuration MAPbI3 
PSCs could be realized with significantly higher efficiency 
(19.08%), JSC (22.09 mA cm−2) and VOC (1.09 V) than the control 
sample without any doping or additional treatments. Moreover, 
the AEF perovskites have shown impressively higher ambient 

stability after long time exposure to the air without encapsula-
tion and high thermal stability under high temperature com-
pared to basic devices.[29] Further theoretical and experimental 
studies have shown that the enhancement of light absorption 
in the AEF samples has been aided by their higher roughness, 
while their stability enhancement could be at least partly due to 
their stronger hydrophobicity. On the whole, this work has indi-
cated the importance of field-assisted motion of ionic species in 
the formation of perovskites and hopefully suggested a general 
way of facilitating novel fabrication methods for these materials 
via simple physical aspects.

2. Results and Discussion

2.1. Evolution of MAPbI3 with AEF under Varied Field Amplitude

Firstly, the pristine samples have been fabricated by spin-
coating method. The external electric field has been then 
applied on the spin-coated samples in air while thermal 
annealing was simultaneously conducted. The configuration of 
the setup is illustrated in Figure 1a,b (as well in Figure S1 in the 
Supporting Information). The thermal annealing of the control 
samples has also been carried out in air. The influence of the 
field intensity has been studied under varied applied voltage 

Figure 1. Illustration of the AEF method and morphological effect: a,b) Configuration of MAPbI3 samples: a) without and b) with AEF, respectively;  
c,d) SEM top view of MAPbI3 samples: c) without and d) with AEF (20 V, 20 Hz), respectively, insets showing corresponding cross-sectional view;  
e) Average horizontal grain size SH and vertical size SV versus the signal amplitude (UPP), f = 20 Hz; f) in- and out-of-plane size of crystal domains 
versus field amplitude; g) lattice constants under different amplitudes; h) angular distribution of (110) domains (qr near 0.99 Å−1) and corresponding 
orientation order factor S; i,j) EDS cross-sectional scanning of MAPbI3 samples: i) without and j) with AEF.
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with fixed electrode spacing and frequency (kept at 20  Hz, 
according to the characteristic time scale of ion transport in 
perovskite (≈10−1 to 10 s)).[28] As shown in Figure 1c,d, the AEF 
samples have shown significantly larger grain size than the 
control ones. The average horizontal size has been calculated 
using equivalent diameter of round shaped grain with the same 
area that has been statistically counted with large number of 
sampling, while the vertical size is estimated from the maximal 
height of a grain as it is similar to the film thickness (more 
details can be found in Figures S2 and S3 in the Supporting 
Information). The average horizontal and vertical sizes increase 
from about 295 and 240 nm at 1 V to 370 and 280 nm at 20 V, 
respectively (Figure  1e), showing a generally positive depend-
ence on the field intensity. Meanwhile, the horizontal size is 
generally than the vertical size, and the rate of its increase is 
also faster versus the increase of voltage.

For a simplified explanation, this behavior could be pos-
sibly determined by two factors. First, increase of Gibbs free 
energy of nucleation ∆GE could be additionally strengthened 
by the external electric field so that the growth process will be 
enhanced. The energy per unit volume given by the external 
electric field is proportional to the electrical conductivity and 
square of the field amplitude, so ∆GE will be positively related 
to the increase of field intensity.[30–32] Therefore higher field 
intensity can accelerate the growth of existing nuclei. Second, 
the electric field could also increase the mobility of the reactive 
ionic species that can raise the reaction rate and enhance the 
formation of larger grains.[33] Consequently, larger grain size 
will lead to fewer grain boundaries, weaker recombination and 
better overall conductivity (Figure S4 in the Supporting Infor-
mation), which is beneficial for higher device performance.[34] 
Nevertheless, too high voltage (>20  V) will lead to significant 
drop of absorption intensity at short wavelength that could 
be induced by larger pinholes under too high field amplitude 
(Figure S5 in the Supporting Information).

Moreover, as well-known, the grains of hybrid perovskites 
normally do not consist of uniform crystalline structures, but 
contain sub-grain crystallites called “crystal domains” with 
boundaries that cannot be displayed by SEM but detectable 
via other ways such as TEM (included in Figure S2 in the Sup-
porting Information) and photoluminescence (PL).[35–37] The 
properties of crystal domains (size, microstructure) have played 
an important role in the opto-electric and ferroelectric proper-
ties of perovskites.[38–41] As shown in Figure 1f, the size of (110) 
crystal domains (main content in the MAPbI3) has shown a 
generally positive dependence on the signal amplitude, with the 
in- and out-of-plane domain sizes increasing respectively from 
15.1 and 15.8 nm for control sample to 17.1 and 18.8 nm for AEF 
sample at 20  V. These values have been calculated from the 
integrated intensity of (110) direction[42] in the grazing incidence 
X-ray diffraction (GIXRD) patterns (details can be referred from 
Figures S6 and S7 in the Supporting Information). The out-of-
plane size is larger than the in-plane size but follows the similar 
trend of the latter. This is similar to the behavior of the grains 
and could have originated from similar mechanism.

Furthermore, the microstructural studies from GIXRD have 
shown a non-monotonic change of lattice constants versus the 
field intensity, with in general smaller a, b and c of the AEF sam-
ples than that of the control sample. The values of a, b, and c 

firstly change from 9.040, 9.058, and 12.878 Å (control sample) to 
9.048, 9.065, and 12.865 Å (1 V), respectively. Then they decrease 
to 9.009, 9.023, and 12.803 Å (15 V) and then again increase to 
9.028, 9.048, and 12.843 Å at 20  V, respectively (Figure  1g and 
Figure S8 in the Supporting Information). This phenomenon 
has indicated certain kind of field induced contraction in the 
perovskite lattices that has also be previously found in the elec-
trochemical systems.[43] In the meantime, the microstructural 
studies also indicate that certain texture of the crystal domains 
has widely existed in the AEF sample. As for the (110) domains, 
measurements of the angular distribution of GIXRD have been 
taken and shown in Figure 1h, together with the calculated ori-
entation order parameter S (S  =  −0.5, 0, 1 stand for edge-on, 
isotropic and face-on orientations, respectively. Details can be 
found in Figure S8 in the Supporting Information). It shows 
that as the voltage increased from 1  V, the orientation of (110) 
domains has changed from more like an edge-on situation to an 
almost isotropic arrangement at about 10 V, and then becomes 
edge-on again. Appearance of texture under AEF can be under-
stood as the effect of electric force on the crystallites. However, 
the reason of the non-monotonic evolution versus field inten-
sity change is still unknown. Probably a more detailed study on 
single crystals could be helpful for more information.

Apparently, certain ionic processes could have played impor-
tant roles in those behaviors with so significant responses of 
material to the electric field in the low frequency range (similar 
characteristic time scale has been also reported in perovskite 
systems and claimed to be related to the motion of ionic spe-
cies).[25,44] Hence the elemental distribution in the samples has 
also been investigated using energy-dispersive X-ray spectros-
copy (EDS, Figure  1i,j, as well in Figure S9 in the Supporting 
Information). Compared to the control sample, the AEF perov-
skite has contained relatively more iodine content at the bottom 
of perovskite layer (near the substrate). Moreover, despite of 
different polarities, I− and Pb2+ have an overall migration to 
the same direction under the electric field and finally accumu-
late at the same position (close to perovskite/HTL interface). 
This interesting phenomenon is consistent with some pre-
vious reports about the different transport mechanisms of ions 
in hybrid perovskite. According to that, the motion of Pb2+ is 
mainly in interstitial mode[45] and that of I− is vacancy mediated, 
while the interstitial Pb2+ anions and I− vacancies are both posi-
tively charged.[45–47] This will lead to migration of Pb2+ and I− 
ions to the same direction in the perovskite bulk under electric 
field. What’s more, the energy barriers in the sample[48,49] can 
induce a certain rectification effect that induces a one-directional 
motion of the ions/charged vacancies despite of the alternation 
of field direction. Generally, these factors will eventually lead 
to the overall redistribution of Pb2+ and I− to the same direc-
tion under AEF conditions. These locally enriched ions could 
reduce the defect states in the perovskites and improve the opto- 
electronic performance of the materials (more detailed discus-
sion can be found in Figure S10 in the Supporting Information).

2.2. Evolution of MAPbI3 versus Frequency

Furthermore, when the frequency is varied, no significant change 
of the grain size can be observed (Figure 2, 0 Hz representing 
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the grain size of control sample), whereas the size of crystal 
domains exhibit non-monotonic variation versus the frequency 
(details can be found in Figures S11–S13 in the Supporting 
Information). For the control sample (indicated as the point 
at “0 Hz” in Figure  2a), the in- and out-of-plane (110) domain 
sizes are about 15.1 and 15.8  nm, respectively. Under AEF, the 
in- and out-of-plane domain size firstly increase with increasing 
frequency (<20  Hz), become largest (17.1 and 18.8  nm, respec-
tively) at 20 Hz and then begin to decrease at frequency higher 
than 20 Hz. Moreover, with increasing frequency, the PbI2 con-
tent firstly has a drastic increase and decrease near 1 Hz, reaches 
minimum at 20 Hz and then slowly increases again (Figure S13 
in the Supporting Information). The PbI2/perovskite ratio has 
shown the same trend. This indicates better purity of perovskite 
at 20 Hz, together with the largest grain and domain size.

To explain that, a possible model can be proposed as fol-
lowing. First, intermediate species exist in the as-formed sample 
mainly in the form of [PbI6]4− after the deposition of precursors 
onto the substrate, according to preliminary research.[27] Their 
collision with MA+ ions will contribute to formation of the 
MAPbI3 octahedral structure ruled by Goldschmidt tolerance 
factor t  = (rA+ rI)/21/2(rPb+ rI),[50] and afterward the formation 
of perovskite domains. Since the mobility of [PbI6]4− is much 
lower than the MA+ cations, the motion of MA+ will more likely 
play the main role in this process.[24,44] Second, the kinetic 
energy of the ions (Pb2+, I−, MA+, [PbI6]4−) in the intermediate 
state is mainly from the thermal Brownian motion and the elec-
tric field. As being previously reported, the collisions require a 
minimum formation energy of 6  eV for MAPbI3.[51] When no 
electric field is applied (Figure  2d), the movement of ions is 

Figure 2. Perovskite under alternating electric field with frequency modulation: a) in- and out-of- plane size of crystal domain versus frequency, inset 
showing corresponding variation of the grain size; b) lattice constants versus the field frequency; c) angular distribution of (110) domains under dif-
ferent AEF frequency with corresponding orientation order parameter; d–f)Theoretical model of perovskite crystal domain expansion d) without AEF 
treatment; e) in low frequency region (<20 Hz) at 20 V and f) in high frequency region (30–50 Hz) at 20 V; g–i) SIMS results of different ionic species, 
all intensities are normalized: g) Pb2+, h) I−, i) MA+.
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mainly in the form of Brownian motion (marked by red dashed 
arrows) from the volatilization of the solvent during the heating 
process. When an electric field is applied, more energy is trans-
ferred to the ions as the increment of their kinetic energy so 
that the formation of perovskite domains and grains will be 
further enhanced. The motion of ions in the intermediate state 
will be determined by the electric field and the damping force 
from the viscosity of the solution, which will accelerate and 
decelerate the ions, respectively. Because of the high damping 
effect in the intermediate mixtures, the field-induced increment 
of kinetic energy will be dissipated at the end of each acceler-
ating period and therefore its maximum value is only deter-
mined by field induced acceleration in one single period.

At low frequency (Figure 2e), on the one hand, the increment 
of kinetic energy of ions will be higher in one longer accelera-
tion period than that at high frequency. On the other hand, the 
number of collision events among MA+ and [PbI6]4− will increase 
with the frequency. Hence the formation of perovskite will be 
enhanced with increasing frequency under this condition. How-
ever, when frequency is too high (Figure 2f), the increment of 
kinetic energy of MA+ cations will not be high enough to over-
come the formation energy of 6 eV for perovskite by one much 
shorter acceleration period. Therefore, even if more collision 
events can take place under this condition, they would be futile 
for the formation of perovskite. The increment of kinetic energy 
will continue to decrease with shorter acceleration time (or in 
another word, higher frequency). Hence the total reaction prob-
ability decreases with the increasing frequency and so will be the 
domain size. As a result, the largest perovskite crystal domains 
are most easily formed in the moderate frequency range.

The results of microstructures have shown more compli-
cate behavior than under the amplitude modulation (Figure 2b 
and Figure S14 in the Supporting Information). The values of 
a, b, and c first drop from 9.042, 9.059, and 12.873 Å (control 
sample) to 9.025, 9.050, and 12.870 Å (1 Hz), and then increase 
to 9.056, 9.069, and 12.895 Å at 10 Hz, respectively. Then those 
values decrease again to 9.030, 9.048, and 12.840 Å at 20 Hz and 
slowly increase with frequency to 9.033, 9.049, and 12.863 Å at 
50  Hz, respectively. Except 10  Hz, most AEF conditions have 
appeared to result in smaller lattices than the case without elec-
tric field. The explanation for such complicate behaviors may 
require more precise control of crystallization and as well theo-
retical simulations. As for the texture (110) of crystal domains, 
no significant reorientation can be found versus the change of 
frequency, as shown in Figure 2c (other details can be found in 
Figure S14 in the Supporting Information). Different from the 
variation of domain size, it appears that the orientation of the 
crystal domains is dominantly influenced by the field ampli-
tude, but almost insensitive to the frequency.

As shown above, significant structural change can be 
detected in the sub-grain level of the perovskite. To further study 
the change in the content, secondary ion mass spectroscopy 
(SIMS) has been carried out, as shown in Figure 2g–i. There’s 
been significant redistribution of Pb2+, MA+ and I− toward the 
perovskite/ITO interface in the AEF perovskites compared to 
the control sample (Specially, Pb2+ and I− ions have more even 
distribution under 20  Hz than under other conditions). Such 
redistribution appears consistent with the EDX results shown 
in Figure  1f,g (as well in Figure S9, Supporting Information). 

What’s more, the similar redistribution of MA+ compared to 
Pb2+ has indicated that its motion is also mainly in interstitial 
mode like Pb2+.[24,52] Noticeably, certain artifact of MA signal[53] 
can be observed in the region near the perovskite/ITO interface 
that could be induced by MA oxidation by O2

+ sputtering, as 
has also been reported by some recent studies.[54] However, this 
will not influence the overall result that the general redistribu-
tion of MA+ ions is toward perovskite/ITO interface since all 
measurements have been performed on samples with identical 
thickness and contents.

2.3. Optic and Electronic Properties of AEF MAPbI3

As illustrated by previous sections, significant morphological 
and microstructural changes can be induced by AEF treated 
perovskites. Naturally, a question that follows would be their 
correlation with the opto-electronic properties of the materials. 
Steady PL and time-resolved photoluminescence (TRPL) have 
been carried out to survey the charge separation and collection 
in the interfaces and perovskite layer. Measurements have been 
first taken from top of perovskite with and without PCBM as 
the bottom layer to distinguish the influence of radiative recom-
bination and charge transportation on the luminescence inten-
sity.[55,56] In the case without PCBM, as shown in Figure  3a, 
the PL intensity of the AEF perovskite is at first (1 Hz) higher 
than the control sample, increases with increasing frequency 
until 20  Hz, and then decreases again to a value lower than 
the control sample. The high PL intensity at lower frequency 
(≤20  Hz) indicates weaker defect recombination and smaller 
trap density, as can be supported by the trap density space 
charge limited current measurements (Figures S15 and S16 
in the Supporting Information). The decrease of PL at higher 
frequency (>20  Hz) could be due to more frequent MA+ col-
lisions under this condition, which have appeared not ener-
getically effective to facilitate the formation of perovskite but 
enough to create more point defects according to previous dis-
cussion. Besides, the peak position has shown a slight red shift 
from 761 to 770 nm with increasing frequency (Figure 3a and 
Figure S17 in the Supporting Information), suggesting slight 
shrinking of bandgaps.

Furthermore, as being illustrated in Figure  3b, the AEF 
samples have shown much longer lifetime than that of the 
control sample (13.51  ns) at low frequency (≤20  Hz, reaching 
maximum of 36.77 ns at 20 Hz), which turns to be lower at fre-
quency >20 Hz. This has indicated significant passivation effect 
of the defects inside perovskite layer. Like the PL, the decrease 
of lifetime at higher frequency (>20 Hz) could also be induced 
by enhanced collisions of the ionic species. All TRPL traces 
have been fitted using biexponential function as followed

τ τ
= − −






+ − −
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where t0 is the start time of decay process, y0 is the background 
constant (neglectable in this work), and τ1 and τ2 are the fast 
and slow components derived from the fitting results, respec-
tively. The first and second terms in Equation  (1) correspond 
to the charge transfer and radiative decay, respectively.[57] The 
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mean carrier lifetime τavg can be obtained as following (details 
can be found in Table S1 in the Supporting Information)

τ τ
τ

= ∑
∑

A

A
avg

n n
2

n n

 (2)

For case with PCBM, as shown in Figure 3c,d, the PL inten-
sity of the AEF perovskites has been generally weaker than the 
control sample, while the TRPL has shown faster decay in the 
AEF samples. Such phenomena significantly indicate better 
carrier extraction and transport abilities of the AEF perovskites 
than the control sample. Especially, the shortest lifetime of 
≈3.06 ns has been achieved at 20 Hz, which is much less than 
≈14.12  ns of the control sample (details are listed in Table S2 
in the Supporting Information). Therefore, the moderate fre-
quency of 20 Hz has appeared to be the optimal condition for 
the improvement of electronic properties.

In addition, beside the measurements taken from the top-
side, PL has also been performed on backside (glass side) of 
the sample (Figure  3e). The PL spectra follow similar trend 

with the topside ones, indicating that the whole sample con-
tains lowest defect density at 20 Hz. The ratio of the back/front 
excitation intensity of the AEF samples is generally larger than 
that of the control sample (point 0 Hz in Figure 3f). A possible 
reason is that certain accumulation of Pb and I species can take 
place at the bottom of perovskite bulk under AEF conditions 
(Figure 2 and Figure S9 in the Supporting Information), which 
can reduce the local bulk defect density and enhance the PL 
intensity with glass substrates.[58]

As commonly known, the electronic structure can also be 
influenced by changes in the morphology, microstructure, and 
composition of materials.[59] To verify that, the band structures 
of the samples have been investigated using UV–vis spectro-
scopy, as shown in Figure 4. In 500–650 nm, the absorbance first 
increases with the frequency, reaches maximum at 20 Hz and 
then decreases again (Figure  4a). In 650–850  nm, the absorp-
tion curves are quite close to each other. For the AEF sample 
at 20  Hz, its absorption is almost the same with the control 
sample at 500–650 nm but higher at 750–780 nm because of the  
shift of absorption edge. As being derived from the absorption 

Figure 3. Photoluminescence property of perovskite under frequency modulation: a) PL and b) TRPL spectra of MAPbI3 deposited on glass at 0, 1, 10, 
20, 30, and 50 Hz (taken from the front excitation of MAPbI3), dots and solid lines indicating original data and fitted curves, respectively; c) PL and  
d) TRPL spectra (intensity is normalized) of MAPbI3 with PCBM at different frequencies; e) PL spectra of MAPbI3 on glass, taken from the back excita-
tion (the glass side); f) PL intensity versus frequency from the top and back side and their ratio, respectively.
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edge from Figure 4b, the bandgap of the optimized AEF perov-
skite film is about 1.594  eV, smaller than that of the control 
sample (1.619 eV), which could have been induced by more con-
tent of MAPbI3 and less PbI2 (with Eg ≈ 2.36 eV)[60] in the AEF 
sample (Figure S13c, Supporting Information).

For more quantitative information, we have further analyzed 
the UPS spectra and calculated the band positions. As shown 
in Figure 4c, the change of bandgap appears to be quite slight 
versus different conditions (details are listed in Table S3 in 
the Supporting Information). In Figure 4d, the band positions 
under three representative conditions (without electric field, 
20 Hz, 50 Hz) are displayed together with the typical energy dia-
gram of a p–i–n structure cell, which indicate a general down-
ward shift of the conduction and valence bands with increasing 
frequency. It can be noticed that the conduction band of AEF 
perovskite at 20 Hz is almost at the same level of the conduc-
tion band of the PCBM layer, while the valence band at 20 Hz is 
significantly lower than the hole transport layer but just slightly 
higher than the valence band at 50 Hz. First, lower position of 
the valence band of perovskite against the HTL will inhibit the 
reverse injection of holes from the HTL back to perovskite layer. 
Second, the conduction band of the perovskite layer should 
not be too low or its electron injection to the PCBM layer will 
drastically decrease even if it becomes just slightly lower than 
the conduction band of PCBM layer.[48,49] Finally, as discussed 
before, the change of the bandgap of perovskite is quite small 
under different conditions, so any shift of the valence band is 
accompanied with similar shift of the conduction band. There-
fore 20  Hz has appeared to be the optimal frequency with 
balanced positions of the conduction and valence bands that 
lead to high performances[61] in corresponding solar cells. In 
general, the slight change of the absorption edge is possibly 
attributed to more MAPbI3 content in the AEF samples com-
pared the control ones.[60] The shift of the energy band could be 

originated from redistribution of ions in the perovskite bulk, as 
have been detected by previous elemental analysis by EDS and 
SIMS.[24,62] However, a more quantitative picture can be estab-
lished aided by further theoretical investigation (e.g., calcula-
tion based on the first principle), while the correlation of the 
above optic-electronic properties with the morphological and 
structural evolution remains interesting topics to be explored.

2.4. Performance of AEF Perovskite in Photovoltaic Devices

Eventually, the as-fabricated materials have been integrated 
into typical p–i–n configuration PSCs (ITO/PTAA/MAPbI3/
PC60BM/Al) to test their impact with common application, as 
shown in Figure 5. A comparison of the champion devices is 
illustrated in Figure  5a with J–V tests under standard AM 1.5 
condition (detailed statistics can be found in Figures S18 and S19  
in the Supporting Information). Compared to the control  
device (η  = 16.53%, JSC  = 19.85  mA cm−2, FF = 0.79, VOC  = 
1.05  V), the AEF devices can achieve efficiency so long up to 
19.08% (with JSC  = 22.09  mA cm−2, FF = 0.79, VOC  = 1.09  V), 
which yields a 15.43% enhancement of efficiency. The JSC 
values have matched well with the integrated EQE spectra 
shown in Figure  5b. Moreover, significantly higher and more 
stable output of PSCs with AEF perovskite has also been 
shown by the stabilized power output (SPO) measurement in 
Figure 5c compared to the control device. The higher VOC and 
larger JSC should be attributed to less carrier recombination and 
more effective charge transport at grain boundaries with larger 
grain size and less defects under alternating field. The statis-
tical results are plotted in Figure 5d–f, with sample number of 
50. These key parameters have shown much narrower distri-
butions than the control samples, indicating quite satisfactory 
reproducibility and controllability of the AEF method.

Figure 4. Electronic properties of MAPbI3 under AEF with frequency modulation: a) Absorption spectra and b) Tauc plots of the fabricated MAPbI3 
films with different frequencies; c) UPS scans of cutoff edge spectra in the left panels and close-up of valence band onset shown the right hand side; 
d) energy band alignment for the MAPbI3 device modulated by AEF at different frequencies (0, 20, and 50 Hz).
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Furthermore, the dark J–V measurement has also been 
applied to evaluate the charge recombination and transport pro-
cesses.[63,64] As displayed in Figure 5g, the AEF PSC has shown 
lower dark current densities at negative bias than the control 
device. This difference suggests significant suppression of the 
leakage current in the AEF samples with fewer defects that 
could result in higher VOC in the devices.[65,66] This is consistent 
with the observed PL results and the J–V characteristics shown 
in Figures 3 and 5d. At voltages from 1.3 to 2 V, the dark cur-
rent of the AEF devices has a drastic increase, indicating more 
efficient electron injection capability.[67] For more quantitative 
description, the ideality factor n can be introduced as following

= ∂
∂

n
q

kT

V

Jln
OC

SC

 (3)

where q is the elementary charge, k is the Boltzmann con-
stant, and T is the absolute temperature. Smaller n indicates 
less carrier recombination.[67] Corresponding evaluated n values 
are 1.76 and 2.26 for the AEF and control sample, respectively 
(Figure S20 in the Supporting Information). Therefore, the 
former has shown apparently higher device quality.

Furthermore, as an intensively concerned property, the sta-
bility of the products has been verified via two different routes in 
this experiment. Firstly, the long term stability (with normalized 
PCE) of PSCs has been tested by the dark storage experiment 
(ISOS-D-1) based on recently proposed ISOS stability protocols 
(JV-3-5), which has been carried out in an air-filled (atmosphere 
with volume ratio of N2/O2 of 78:21) glovebox.[29] The PSC based 
on AEF treatment has maintained over 70% of the initial PCE 
after storage for 30 days at room temperature without encapsu-
lation, whereas the one without AEF treatment has only retained 
below 20% of its initial efficiency. This result is comparable with 
the previous stability achievement on much more complicate 
systems.[68,69] The enhancement of stability could be induced by 
less defects/larger grains[34] and also the field induced contrac-
tion of lattices under AEF conditions, which could effectively 
inhibit the transport of external ionic species in the perovskite 
and therefore increase its intrinsic stability.[70]

Secondly, the thermal stability of the samples has been tested 
by heating process at temperature from 100 to 180 °C for 10 min 
in a nitrogen-filled chamber and then characterization by X-ray 
diffraction (XRD) measurements. The normalized (110) peak 
intensity has been used to identify the amount of perovskite in 

Figure 5. Characterization of device performance and stability test: a) J–V curves (reverse scanning) of the champion solar cells based on MAPbI3 
films fabricated without and with AEF (20 Hz, 20 V), the inset showing the cross-sectional SEM of corresponding PSC; b) Comparison of EQE and 
corresponding integrated JSC; c) Comparison of steady-state power output (SPO); d–f) statistical histograms of d) VOC; e) JSC and f) efficiency of dif-
ferent devices; g) Dark J–V curves of the champion devices; h) Long-term stability of normalized PCE of unencapsulated MAPbI3 devices stored in air 
(RH 70%, RT 25 °C); i) Content of perovskite under high temperature in the samples with and without AEF manipulation, with heating time 10 min.
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the sample (details can be found in Figure S21 in the Supporting 
Information). As plotted in Figure 5i, the perovskite content in 
both samples will increase as the temperature increases from 
100 to 130 °C, which could be regarded as facilitation on contin-
uous crystallization process by low temperature annealing.[71,72] 
However, the amplitude of increase of the PEROVSKITE (110) 
composition in the AEF sample has been more significant than 
the control sample. This could be induced by more residual 
intermediate products in the AEF perovskites that can be con-
verted into perovskite phase at elevated temperatures com-
pared to the control samples (can be referred from GIXRD in 
Figure S10 in the Supporting Information).[27] At higher tem-
peratures (140  °C for AEF treated one and 130  °C for control 
sample), the perovskite content begins to decrease versus the 
temperature, which could be most possibly related to the tran-
sition from MAPbI3 to PbI2. The higher turning point of the 
AEF sample has apparently shown its higher thermal stability, 
which could be induced by the larger grain size under alter-
nating electric field. Overall, the AEF treated sample has shown 
significantly higher stability, which would be important for the 
application of PSCs under extreme conditions and could hope-
fully facilitate other systems (e.g., LEDs and sensors) as well.

2.5. Further Study on the Surface Situation and its Consequence

Beside the bulk properties, the surface situation of perovskite 
could have also played an important role in the device perfor-
mance, as have been reported by many works. First, we have 

applied the atomic force microscopy (AFM) on the perovskite 
films to study their surface morphology. The root mean square 
(RMS) roughness of the MAPbI3 interface increases from 10.5 
to 21.2 nm as the frequency increases from 0 to 30 Hz (0 Hz 
indicates the control sample), and becomes slightly lower 
(19.2 nm) at 50 Hz (Figure 6a). Furthermore, we have carried 
out theoretical simulations utilizing Lumerical finite difference 
time domain (FDTD) software and Lumerical DEVICE soft-
ware to calculate the field distributions in the bulk MAPbI3 
films and corresponding photovoltaic properties under illu-
mination of the whole solar spectrum. Detailed parameters 
(carrier mobility, bandgap, defect density, refractive index) of 
each layer have been set according to previous literatures[73–78] 
(listed in Table S4 in the Supporting Information). Figure 6b,c 
presents the electric field distributions in the control device and 
the champion AEF device (with the roughness set at 10.5 and 
13.5 nm, respectively) fabricated at 20 Hz under illumination, 
respectively. Apparently, the electric field intensity in the cham-
pion device is much stronger than the control sample. This 
could be due to enhanced Mie resonance scattering induced 
by larger perovskite grains in the AEF perovskites that can 
lead to more efficient coupling of the incident light with the 
photoactive layer and improvement of device performance.[79] 
Moreover, the detailed photovoltaic characteristics of simu-
lated devices have been calculated and displayed as a function 
of roughness in Figure 6d. It can be seen too high roughness 
would result in lower performance, which could be attributed 
to the inhibition of charge extraction from PEROVSKITE to the 
hole transport layer by some previous report.[80] Theoretically, 

Figure 6. Surface condition and its influence: a) Typical AFM images of upper surface of AEF processed MAPbI3, 20 V, f = 0–50 Hz; b,c) Calculated dis-
tributions of electric field in the samples: b) without and c) with AEF treatment on the interfaces of MAPbI3/PC60BM, with Wavy dashed lines represent 
the interface of MAPbI3/PC60BM; d) Simulation of photovoltaic parameters of PSCs as functions of film roughness.
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the ultimate efficiency of the device (RMS ≈ 13.5 nm at 20 Hz) 
can be 20.5% higher than the experimental results so far in this 
work (Figure 5a). Therefore, further improvement of this AEF 
method on perovskites are yet expectable with the improve-
ment of experimental details. Besides, the AEF films have also 
shown higher water contact angle than the control sample, 
indicating that they have more hydrophobic surfaces that could 
facilitate the long term stability of materials (Figure S22 in the 
Supporting Information).[81]

3. Conclusion

In this work, we have investigated a novel method using alter-
nating electric field that can induce irreversible evolution 
of perovskites toward significant improvement of its opto-
electronic properties. The morphology, microstructure and con-
tent in the perovskite can be effectively controlled by tuning the 
amplitude and frequency of the electric field. As a result, the 
band structure of the as-fabricated sample can be easily aligned 
by the field parameters. In the meantime, the alternating elec-
tric field processed samples have also shown higher purity 
and less defects. Finally, an impressive enhancement in the 
device performance could be achieved with η ≈ 19.08% (15.4% 
higher than the control sample, with VOC and JSC respectively 
increasing from 1.05 to 1.09  V and 19.85 to 22.09  mA cm−2) 
without additional materials and treatments. Furthermore, the 
as-fabricated samples have also shown significant enhance-
ment in their long term stability under ambient and high 
temperature conditions without encapsulation. In addition, 
experimental and theoretical studies on the variation of surface 
conditions have also indicated the possibility to even higher 
performance (η  >  20%) in the future. In general, this work 
could not only facilitate the fabrication of perovskite materials 
and application of PSCs, but also give light to development of 
more methods and materials.

4. Experimental Section
Materials: Poly[bis (4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, Mn =  

3200, Mw = 4900), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4-TCNQ) and Lead iodide (PbI2, 99.5%) were obtained from Xi’an 
Polymer Light Technology Corp. (China). Methylammonium iodide 
(MAI) was purchased from Deysol. [6,6]-phenyl C61-butyric acid methyl 
ester (PC61BM, 99.5%) was purchased from Nano-C, Inc. (USA). All 
liquid reagents were purchased from Sigma-Aldrich, including N,N-
dimethylformamide (DMF, anhydrous, 99.8%), Dimethylsulfoxide 
(DMSO, anhydrous, 99.8%), and Chlorobenzene (CB, anhydrous, 99.8%).

Material and Device Fabrication: The patterned ITO-coated glass 
substrates (1.7 cm × 1.7 cm, Rs ≤ 10 Ω □−1, Tr ≥ 83%) were sequentially 
cleaned in an ultrasonic bath of diluted detergent, deionized water, 
acetone, and isopropanol (IPA) for 20 min in each step. After drying in a 
vacuum oven, they were treated with ultraviolet-ozone chamber (Jelight, 
USA) for 15 min and then transferred into an air-filled glovebox. For the 
hole transporting layer, 25% w/w F4-TCNQ doped PTAA was dissolved 
in CB to form a 1 mg mL−1 liquid precursor, which was then stirred and 
heated at 70  °C overnight. The mixture was spin-coated onto the ITO 
substrates at 5000 rpm for 30 s and subsequently annealed at 150 °C for 
10 min in an air-filled glovebox (RH ≈ 20%). To improve the wettability of 
the PTAA film on the perovskite precursor, 60 µL DMF was spin-coated 
onto the PTAA/ITO substrates at 4000  rpm for 10 s. The perovskite 

precursor solution consists of PbI2 (1.20 m), MAI (1 m, dissolved in 
mixed DMF/DMSO (9/1, v/v)), which was stirred at 60–70 °C overnight 
before the fabrication. Afterward, it was spin-coated onto the PTAA/ITO 
substrates at 4000 rpm for 30 s. 150 mL CB was quickly casted onto the 
product in the 5th second in the spin-coating process. Subsequently, 
the sample was transferred to a modulated electric field (device setup 
is shown in Figure S1 in the Supporting Information) with voltage from 
0–20  V and electrode distance of 30  µm. The alternating electric field 
was generated by a function generator with power amplifier (Shenzhen 
ATTEN Technology Co. Ltd., ATF20F), with the parameters such as the 
waveform, amplitude and frequency set before operations. The AEF 
treated samples and control samples were all thermally annealed at 
100 °C for 10 min. After cooling down to room temperature, 20 mg mL−1 
PC61BM solution (in CB) was deposited on top of the perovskite layer at 
1000  rpm for 60 s in the air-filled glovebox. All prepared solutions are 
filtered with poly(tetrafluoroethylene) filters (0.45  µm) before the spin 
coating. Finally, an Al (100  nm) electrode was thermally evaporated to 
the samples in vacuum (<6 × 10−4  Pa) through a shadow mask with 
active area of 0.05 cm2.

Characterization: The surface morphology of the perovskite film 
and prepared PSCs has been observed by field-emission scanning 
electron microscope (FESEM, Zeiss Ultra Plus Germany) of the center 
for advanced electronic materials and devices (AEMD) and atomic 
force microscopy (AFM, Nanoscope IIIa Multimode). The elemental 
analysis has been performed by EDX installed in the SEM system 
(Oxford Instruments, Aztec X-Max 20). The GIXRD measurements were 
carried out in advanced light source (ALS), Lawrence Berkeley national 
laboratory (LBNL). The X-ray wavelength was 1.24 Å and the scattering 
intensity was measured by a PILATUS 2M detector and the measurement 
was performed in a closed chamber purged with helium to suppress 
air scattering. The integrated peak area, peak intensity and crystal size 
were obtained using IGOR software. High-resolution TEM (HRTEM) 
imaging (device model: FEI Talos F200X G2, operated at 200  kV) of 
MAPbI3 are maintained at a low dose of ≈0.5 pA cm2. The FIB treated 
specimens have been prepared using focused ion beam (FIB; Helios 
600, FEI) equipped with C and Pt gas injectors and micromanipulator 
(Omniprobe). The 20  µm C layer has been deposited on the surface 
of the sample prior to the FIB cross-section preparation. The cross-
sections measured about 8 × 13 µm2 in area and 0.8  µm in thickness 
are cut off by 30 kV Ga+ ions with ion beam current of 23 nA, removed 
from the bulk sample, and then attached to the Omniprobe semiring. 
Final thinning is performed with 30  kV Ga+ ions (ion beam current  
3 nA) followed by cleaning with 2 keV Ga+ ions at beam current 10 pA. The 
time-of-flight secondary ion mass spectroscopy (SIMS, device model: 
TOF-SIMS 5, IONTOF, Germany) has been carried out with pulsed 
ion source from O2− (1  keV) and Bi+ (30  keV). The UV–vis absorption 
spectra were measured by UV–vis–NIR absorption spectrophotometer 
(LAMBDA750, Perkin Elmer, USA). The steady-state photoluminescence 
was measured by DAM302 (Horiba Jobin Yvon, FL, Japan) with excitation 
at 325 nm. The time-resolved photoluminescence spectra were collected 
with time-resolved fluorescence spectrofluorometer (Horiba Jobin 
Yvon, FL, Japan). A 400  nm pulsed laser with pulse width 1.3  ns was 
used to excite the samples from both front (perovskite film side) and 
back side (substrate side). Ultraviolet photoelectron spectroscopy (UPS) 
was carried out with an imaging photoelectron spectrometer (Thermo 
ESCALAB 250, USA) equipped with UV Light Source (He I = 21.2 eV) in 
an ultrahigh vacuum analysis chamber (<3 × 10−10 Torr), and the valence 
states of the prepared perovskite/ITO films were characterized by UPS 
He I measurements. The external quantum efficiency (EQE) spectra 
were acquired with Quantum Efficiency/IPCE system (PV Measurements 
Inc., QEX10) in the 300–900  nm wavelength range. No light soaking 
and bias voltage were applied during the measurement process. The 
photocurrent density–voltage (J–V) curves were measured by a Keithly 
2400 sourcemeter under simulated AM 1.5G sunlight at 100 mW cm−2 
irradiance by a 150 W class AAA solar simulator (XES-40S1, SAN-EI). 
Stabilized power output and stabilized photovoltage were also tested 
under standard 1 sun AM 1.5G in a N2-filled glovebox. The long term 
stability test has been carried out under ambient conditions (in air at  

Adv. Funct. Mater. 2020, 30, 2004652

38



www.afm-journal.dewww.advancedsciencenews.com

2004652 (11 of 12) © 2020 Wiley-VCH GmbH

1 atm, RH 70%, 25 °C) for 30 days. For the thermal stability measurement, 
each perovskite film was annealed in air at 100 °C for 10 min, and then 
aged at 100, 120, 130, 140, 150, and 180  °C in nitrogen atmosphere  
(1 atm, RH 10%, 25 °C) for 10 min, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Although charge-carrier selectivity in conventional crystalline silicon (c-Si) 
solar cells is usually realized by doping Si, the presence of dopants imposes 
inherent performance limitations due to parasitic absorption and carrier 
recombination. The development of alternative carrier-selective contacts, 
using non-Si electron and hole transport layers, has the potential to over-
come such drawbacks and simultaneously reduce the cost and/or simplify 
the fabrication process of c-Si solar cells. Nevertheless, devices relying on 
such non-Si contacts with power conversion efficiencies (PCEs) that rival 
their classical counterparts are yet to be demonstrated. In this study, one 
key element is brought forward toward this demonstration by incorporating 
low-pressure chemical vapor deposited ZnO as the electron transport layer 
in c-Si solar cells. Placed at the rear of the device, it is found that rather thick 
(75 nm) ZnO film capped with LiFx/Al simultaneously enables efficient elec-
tron selectivity and suppression of parasitic infrared absorption. Next, these 
electron-selective contacts are integrated in c-Si solar cells with MoOx-based 
hole-collecting contacts at the device front to realize full-area dopant-free-
contact solar cells. In the proof-of-concept device, a PCE as high as 21.4% is 
demonstrated, which is a record for this novel device class and is at the level 
of conventional industrial solar cells.
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1. Introduction

Efficient carrier-selective contacts aim at 
realizing effective separation and collec-
tion of photogenerated charge carriers 
without incurring recombination losses 
and are key components to achieve high-
efficiency solar cells. In conventional 
crystalline Si (c-Si) solar cells, carrier-
selectivity, along with Ohmic-contact for-
mation, is achieved by heavy doping.[1] 
At the front-side of the device, this is 
usually accomplished through dopant 
diffusion into the c-Si wafer, requiring a 
high thermal budget (> 800 °C).[2] At the 
rear side, to lower surface-recombination 
losses, commercial devices increasingly 
feature a so-called passivated emitter and 
rear cell (PERC) structure. This contact 
consists of a passivating dielectric layer 
that features openings through which 
metal electrodes locally contact heavily 
doped silicon regions.[3] However, despite 
such process sophistication, these devices 
still suffer from recombination at their 
contacts. Moreover, the heavily doped 

regions also induce optical losses due to free-carrier absorption 
of infrared light.[4]

In recent years, a considerable research effort has been 
devoted to the development of so-called “passivating contact” 
technologies, of which silicon heterojunction solar cells and 
poly-Si contacted solar cells are prominent examples.[5,6] Exter-
nally to the wafer, both technologies employ thin doped Si 
layers, overlying thin buffer layers, to accomplish excellent 
carrier-selectivity with high levels of surface passivation, respec-
tively. Using such contacts leads to simple one-dimensional car-
rier transport and also suppresses Auger recombination in c-Si, 
as heavy doping inside the wafer can be avoided. The implemen-
tation of such contacts has resulted in devices with outstanding 
open-circuit voltages (VOC). However, the use of thin, doped 
silicon layers may still result in some optical losses, especially in 
the blue part of the solar spectrum when placed at the sunward 
side due to their limited bandgap,[7] and in its red part where 
both front and back layers can result in parasitic free-carrier 
absorption. In addition, these passivating-contact technologies 
may require capital-intensive equipment for layer deposition.
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These drawbacks have stimulated the development of devices 
featuring alternative carrier-selective materials such as metal 
oxides,[8–10] nitrides,[11,12] fluorides,[13,14] and organic mate-
rials.[15] Functional contact stacks relying on such electron and 
hole transport layers (ETLs and HTLs, respectively) are there-
fore often referred to as “dopant-free” contacts, although the real 
attractive feature is that these contacts are free of any heavily 
doped Si region (internal or external to the wafer), resulting in 
a high optical transparency. Indeed, the optical properties of 
these novel carrier-selective materials can be tailored to reduce 
the parasitic absorption compared to doped Si, both in the blue 
part of the spectrum by using wider bandgap materials, as well 
in its red part by using dopant-free (or lowly doped) materials 
that minimize free-carrier absorption losses. Moreover, their 
fabrication methods are generally simple and only require a 
low processing temperature (<200 °C). As HTLs, organic semi-
conductor materials such as PEDOT:PSS,[15] as well as metal 
oxides (particularly MoOx,[8,16–18] NiOx,[19] WOx,[17,20] V2Ox,[21]), 
are at present extensively explored. For example, our research 
group has successfully demonstrated efficient hole selectivity 
of MoOx, to replace p-type hydrogenated amorphous silicon 
[a-Si:H(p)] in silicon heterojunction solar cells.[8] Notably, MoOx 
has a lower parasitic absorption for short wavelengths due to 
its higher bandgap. Therefore, solar cells using MoOx as HTL 
at the sunward side exhibit a higher short-circuit current den-
sity (JSC).[22] As ETLs, LiFx,[14,23] MgOx,[9,24] MgFx,[13] TiOx,[10,25,26] 
TaOx,[27] TaNx,[11] or alkali/alkaline-earth metal carbonates,[28] 
combined with a low-work-function metal such as Al, Mg and 
Ca have been demonstrated to yield efficient electron-selective 
contacts in c-Si solar cells. Generally, these contacts are placed 
at the rear side of solar cells. Nevertheless, in all these cases the 
thickness of the ETLs is limited to a few nanometers to ensure 
efficient electron selectivity, which inevitably incurs severe par-
asitic infrared light absorption in the metal due to the excitation 
of surface plasmon polaritons.[29] Thus, all dopant-free passi-
vating-contact strategies unveiled so far for electron extraction 
actually have inferior optical performance compared to their 
silicon-based counterparts, such as silicon heterojunction solar 
cells. Therefore, following the demonstration of the optical 
gains in the blue part of the spectrum by using materials such 
as MoOx as HTL, it is widely accepted that solving the parasitic 
light absorption issue within the electron-selective contact at 
the rear is at present one of the most important aspects to fur-
ther enhance the efficiency of dopant-free carrier-selective solar 
cells. This will be even more important for their future applica-
tion in tandem solar cells.

To mitigate plasmonic absorption losses at the rear electrode, 
a rather thick (e.g., >50 nm) ETL or transparent electrode with 
a low refractive index should be inserted between the silicon 
and metal, without sacrificing the electron selectivity. More-
over, as stated, this film should have a low carrier density to 
avoid free-carrier absorption.[30] We have previously reported 
that conductive ZnO:Al capped with Al can effectively act as 
an electron-selective contact in silicon solar cells, but unfortu-
nately its optimal thickness is found to be limited to 2 nm to 
ensure good electron selectivity, which fails to solve the infrared 
light absorption problem.[31] In this study, for the first time, we 
demonstrate an ETL that simultaneously combines good elec-
tron-selectivity and greatly reduces parasitic light absorption 

in the infrared wavelengths without the need for any addi-
tional transparent electrode such as indium tin oxide (ITO). 
The key points to construct this structure are the use of i) a 
rather thick (several tens of nanometer) ZnO with a low car-
rier density, but without obstructing the electron flow, ii) an Al 
capping metal, and iii) thin LiFx as an interfacial layer between 
them. Through combining such optically beneficial and electri-
cally efficient electron-selective contact with MoOx as HTL in 
a single solar cell, and using intrinsic a-Si:H [a-Si:H(i)] film as 
passivation layers on both device sides, a power conversion effi-
ciency (PCE) of 21.4% is reached. This value is the record PCE 
for solar cells featuring dopant-free contacts on both sides and 
is on the level of conventional industrial solar cells.[2] Notably, 
in addition to substituting the n-type a-Si:H layer, this strategy 
allows to use inexpensive ZnO, LiFx and Al as replacement of 
the typical ITO/Ag stack. Overall, our strategy paves the road 
toward simple-processed high-efficiency devices with dopant-
free contacts.

2. Results and Discussion

Figure 1a shows the optical absorptance of the ZnO film grown 
at a low-temperature (100 °C) by low-pressure chemical vapor 
deposition (LPCVD). It is of note that this deposition tech-
nique is rather simple and suitable for mass production. As 
can be seen, there is negligible absorption over a broad wave-
length range from 500 to 1200 nm. This is confirmed by spec-
troscopic ellipsometry (SE) measurements, from which the 
extracted refractive index (n) and extinction coefficient (k) are 
displayed in Figure 1b. The k value is undetectable over the 
wavelength range from 500 to 1200 nm, indicating low free-
carrier absorption. Indeed, Hall-effect measurements reveal 
that the resistivity of the ZnO film is as high as 737 Ω cm and 
the carrier concentration is only 4.3 × 1016 cm−3, much lower 
than the usual conductive films.[30,32] These results indicate that 
when applying ZnO as an ETL at the rear side of solar cells, 
light absorption within this film can effectively be neglected. 
Furthermore, the relatively low n-value (1.8) is beneficial to 
prevent the evanescent wave from reaching the rear metal, 
thereby reducing parasitic plasmonic light absorption.[33] From 
the SE result, the bandgap is extracted to be 3.4 eV, which is 
in good agreement with the value obtained from the Tauc-
plot of the optical absorption curve (see Figure S1, Supporting 
Information). The ZnO film is also characterized by ultraviolet 
photoelectron spectroscopy (UPS), as shown in Figure 1c. 
The valence band position is estimated to be 7.6 eV using the 
calculation method discussed elsewhere.[34] The conduction 
band position of 4.2 eV is obtained by subtracting the bandgap 
value from the valence band position. From this, we find that 
the conduction band position of the LPCVD ZnO is situated 
just below that of c-Si (4.05 eV), which is beneficial for elec-
tron extraction. Conversely, there is a large valence band offset 
between the ZnO and the c-Si (valence band of c-Si is at about 
5.17 eV), desirably blocking hole transport from c-Si to ZnO. 
These results suggest that LPCVD ZnO has excellent properties 
to act as an efficient electron-selective, hole-blocking layer for 
c-Si solar cells. The surface morphology of ZnO on the typical 
random-pyramidal Si surface texture used in c-Si solar cells is 
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investigated by scanning electron microscopy (SEM), as shown 
in Figure 1d,e. From the top view image, the ZnO film appears 
to have a smooth and uniform morphology. The cross-sectional 
image further shows that the ZnO film is conformally depos-
ited on the micron-sized Si pyramids, which is reportedly dif-
ferent for spin-coated ZnO films.[35] The influence of LPCVD 
ZnO on Si passivation is shown in Figure 1f. When the ZnO is 
deposited on a Si wafer passivated with a-Si:H(i), the minority 
carrier lifetime decreases significantly. Nevertheless, passiva-
tion is nearly recovered after a postdeposition annealing at  
150 °C for 30 min.

To demonstrate that LPCVD ZnO is an efficient ETL for c-Si 
and to understand its role in the full electron-selective con-
tact stack, different electron-selective contact structures were 
fabricated for contact-resistance measurements, as shown 
in Figure 2a–c. All the top sides of these “electron-only” test 
structures feature contacts with the structure c-Si/a-Si:H(i)/a-
Si:H(n)/ITO/Ag, which as contact stack has good Ohmic prop-
erties, as shown in Figure S2 (Supporting Information). The 
opposite wafer sides are all passivated by a-Si:H(i) as well, but 
then respectively capped with Al only, with ZnO/Al, or with 
ZnO/LiFx/metal (the metal being varied between Al, Cu, and 
Au) as electron-selective contacts. Aiming to adopt thick ETL 
films to mitigate plasmonic absorption, the thickness of ZnO 

in all these cases is 75 nm, which is considerably thicker than 
the typical ETLs employed in previous works as mentioned in 
the introduction. The thickness of LiFx is 1.5 nm. Figure 2d 
shows the current density–voltage (J–V) characteristics of 
these samples. All the J–V curves saturate in the forward bias 
voltage condition (i.e., the positive polarity is at the Ag/ITO 
side), demon strating the presence of a Schottky junction. How-
ever, their onset voltage and dark current differ, depending on 
the specific contact architecture. On the one hand, the onset 
voltage decreases by inserting ZnO between a-Si:H(i) and Al, 
and is further decreased by adding LiFx between ZnO and 
Al, suggesting a decreased barrier height by inserting ZnO 
and LiFx. On the other hand, the onset voltage increases by 
replacing Al with a high-work-function metal such as Cu and 
Au, which indicates an increasing Schottky barrier height. 
Based on the J–V curves, contact resistance values at around 
V = 0 V are extracted to evaluate the electrical contact perfor-
mance, as shown in Figure 2e. As can be seen, inserting ZnO 
and LiFx between a-Si:H(i) and Al leads to a significant decrease 
in contact resistance. The contact resistance reaches a value as 
low as 0.136 Ω cm2. However, replacing Al with a high-work-
function metal results in an extremely high contact resistance. 
Overall, contacting a Si wafer with an a-Si:H(i)/ZnO/LiFx/
Al stack exhibits a low contact resistance in addition to a low 
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Figure 1. a) Optical absorptance of LPCVD ZnO film (thickness: 30 nm) as a function of wavelength. b) Refractive index (n) and extinction coefficient 
(k) of ZnO measured by spectroscopic ellipsometry. c) UPS spectrum of the ZnO film. The red dashed lines show the extrapolation of secondary cutoff 
point and the inset is the zoomed-in UPS spectrum around the valence band edge. d) Top-view and e) cross-sectional SEM of the ZnO film deposited 
on top of the pyramids textured silicon surface. f) Minority carrier lifetime of a Si wafer with a-Si:H(i) [a-Si:H(i)], after ZnO deposition [a-Si:H(i)/ZnO], 
and after postdeposition annealing [a-Si:H(i)/ZnO annealed].
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recombination current density (J0 of 3.5 fA cm−2, Al is ultrathin 
in this case). These results suggest that the a-Si:(H)/ZnO/LiFx/
Al stack acts as an efficient electron-selective contact. Its elec-
tron selectivity depends on the capping metal, despite the fact 
that the ZnO is rather thick (75 nm). This is because the carrier 
density in ZnO is low, thus making 75 nm thick ZnO insuf-
ficiently thick to completely screen the capping metal electri-
cally. In this case, a low-workfunction metal is still required to 
achieve good electron-selective contact.

Based on the above results, we choose ZnO/LiFx/Al as 
electron-selective contact stack in the solar cells. Figure 2f 
shows the solar cell structure and its best J–V performance. 
Here, we used a-Si:H(p) as HTL; a-Si:H(i) is again employed 
as a passivation layer on both wafer sides. The VOC reaches 

716 mV and the fill factor (FF) is 79.2%, demonstrating on 
device level the electron-selective effectiveness of our ZnO/
LiFx/Al contact stack. We note that even without a-Si:H(i) at the 
rear side, the FF and VOC still reach 77.6% and 629 mV, respec-
tively, as shown in Figure S3 (Supporting Information). This 
result demonstrates the good electron selectivity of ZnO/LiFx/
Al again. Here, the passivation effect of ZnO is clearly not as 
good as a-Si:H(i), but sufficient to unpin the Fermi-level and 
activate the carrier selectivity of the contact stack. Interestingly, 
although the J–V curve of the contact-resistance-test sample 
saturates under forward bias voltage, the J–V curve of the 
solar cell does not exhibit any S-shape or saturation behavior 
at forward bias voltage. Therefore, the ZnO/LiFx/Al contact 
appears to perform differently between the contact-resistance 
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Figure 2. Schematics of contact-resistance test structures with different layers at the bottom side: a) Al, b) ZnO/Al, c) ZnO/LiFx/[Al, Cu or Au]. d) J–V 
curves of the different contact resistance measurement samples. e) Contact resistance of these samples extracted around the origin. f) J–V curve of 
the best solar cells, whose electron-selective contact is formed by ZnO/LiFx/Al. The inset is a schematic of the cell. Possible energy band diagram of 
the novel electron-selective contact, i.e., ZnO/LiFx/Al, at g) equilibrium condition (Efn and Efp are the same), h) forward bias voltage condition in solar 
cells mode, and i) forward bias voltage condition in contact resistance measurement mode. EC, EV, Efn, and Efp designate conduction band, valence 
band, quasi-Fermi level for electrons and quasi-Fermi level for holes, respectively.
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measurement mode and solar-cell measurement mode under 
the same forward bias voltage. We explain such apparent dis-
crepancy with the aid of energy band diagrams in the following.

Based on the above experimental results and the low work-
function of the LiFx/Al bilayer,[14] Figure 2g sketches the pos-
sible energy band alignment between c-Si(n), a-Si:H(i), ZnO, 
and LiFx/Al at thermal equilibrium. A slight upward band 
bending is present around the interface between c-Si, a-Si:H(i) 
and ZnO (too small to be noticeable in the sketch). When 
applying a forward voltage (within a certain range, e.g., <1 V) 
to solar cells, because the top side is a p–n junction with a 
higher built-in potential, most of the applied voltage drops over 
the p–n junction and only a small voltage drop is seen over 
the c-Si(n)/a-Si:H(i)/ZnO/LiFx/Al contact stack. Therefore, the 
energy band alignment in the electron-selective contact is sim-
ilar to that at equilibrium, where there is no strong barrier, as 
shown in Figure 2h. Consequently, no S-shaped J–V curve is 
observed for the solar cell structure. However, when applying 
a forward voltage to the contact-resistance-test sample, because 
the top side [c-Si/a-Si:H(i)/a-Si:H(n)/ITO/Ag] is a good Ohmic 
contact, the applied voltage will mainly drop over the other con-
tact, namely the bottom side [c-Si(n)/a-Si:H(i)/ZnO/LiFx/Al], 
which shows slight Schottky behavior. As a result, the upward 
band bending in the c-Si(n) near this contact becomes much 
stronger, as shown in Figure 2i, leading to stronger (electron) 
depletion in the c-Si wafer close to the contact and a satura-
tion behavior in the J–V curve. Thus, depending on the studied 

device (contact-resistance-test structure or actual solar cell), the 
band bending on the electron-contact side is different, despite 
applying the same external voltage. A careful analysis of the 
J–V curves associated with the test-structure is hence required. 
Nevertheless, the contact resistance extracted around 0 V (see 
Figure 2e) can be used to evaluate the contact performance 
of the c-Si(n)/a-Si:H(i)/ZnO/LiFx/Al stack in solar cells, since 
the voltage drop in this contact is close to 0 V under solar cell 
operation in the active J–V quadrant. We confirmed such a heu-
ristic explanation by numerical simulation (see Figure S4, Sup-
porting Information). From our discussion, we conclude that 
in the design of novel carrier-selective contacts, it may actually 
be tolerable that contact structures display Schottky behavior, 
but their contact resistance around 0 V should be low. A suffi-
ciently low value (for instance, <0.2 Ω cm2) can enable a rather 
good FF (>80%) in single-junction devices, and likely an unno-
ticeable loss in multijunction devices (as they exhibit higher 
voltage and lower current density under standard operating 
conditions).

After confirming the good electron selectivity of our contact 
stack, we now turn our attention to the optical performance of 
the solar cells. Figure 3a shows that both the reflectance and 
external quantum efficiency (EQE) increase with the ZnO thick-
ness for wavelengths longer than 1000 nm. To acquire further 
insight, we carried out optical simulations using a wafer ray 
tracer, as shown in Figure 3b,c. The simulated structure is the 
same as our experimental solar cells (except that the 1.5 nm 
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Figure 3. a) Experimental EQE and reflectance of the solar cells using different-thickness ZnO layers. b) Simulated absorptance within the Si wafer, 
internal reflectance and c) absorptance in the rear Al of the solar cells varying with the thickness of ZnO. d) VOC, JSC, e) FF, Rs, and f) PCE of the solar 
cells varying with the thickness of ZnO. Note that the label “0 nm ZnO” refers to an electron-selective contact made of a-Si:H(i)/LiFx/Al.
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thick LiFx is not considered for the simulations). Both the 
simulated absorptance in the wafer and the escape reflectance 
increase in the infrared wavelength range with increasing  
the ZnO thickness, being in accordance with the increase of the 
experimental EQE and reflectance. Note that the escape reflec-
tance is comprised of light that first enters the Si wafer, which 
is then internally reflected at the rear surface, followed by an  
escape from the front surface. The experimental reflectance 
includes the escape reflectance and the external reflectance from 
the front surface. Figure 3c further shows that the absorptance 
in the rear Al decreases with increasing the thickness of ZnO, 
which is explained by the limited reach of the evanescent 
wave, and thus the reduced plasmonic absorption loss at the 
rear Al electrode.[29] Therefore, combining experimental and 
simulation results, we conclude that a thicker ZnO film is more 
beneficial for reducing the infrared light absorption in the rear 
Al layer and thus more light is reflected back into the Si wafer. 
This results in both enhanced absorption in the Si wafer and 
escaped light from the front surface, so the measured EQE and 
reflectance of solar cells are increased.

As a direct result, JSC notably increases with increasing the 
thickness of ZnO from 0 to 125 nm, as displayed in Figure 3d. 
It is also important to note that despite the increased thickness 
of ZnO, the VOC remains almost the same as long as the thick-
ness is below 100 nm; it even shows a slight increase. Figure 3e 
shows that the series resistance (Rs) of the solar cells at the 
maximum power point increases slightly with the ZnO thick-
ness when the thickness is below 100 nm, and hence there 
is only a little loss in FF. Consequently, the solar cells using 
50 nm thick or 75 nm thick ZnO as electron-selective film have 
the highest average efficiency, as shown in Figure 3f. The best 
solar cell of such a hybrid structure [a-Si:H(p) as HTL, ZnO/
LiFx/Al as electron-selective contact], whose ZnO thickness 
is 75 nm, has a PCE as high as 21.6% with VOC = 716 mV, 
JSC = 38.1 mA cm−2 and FF = 79.2%. The J–V curve is shown 
in Figure 2f. These results clearly demonstrate that the JSC can 
be improved by using a rather thick ZnO film (compared with 
most of other reported ETLs, usually of only a few nanometers 
thin) to reduce the infrared light absorption loss, while good 
electron selectivity is maintained. Also, this is beneficial for 
reducing the device fabrication cost, by replacing the rear ITO, 
commonly used in silicon heterojunction solar cells, with ZnO 
to alleviate the infrared-light absorption loss.

Following the implementation of our efficient electron-
selective contact with low infrared light absorption at the rear 
side, we replaced the front a-Si:H(p) HTL with MoOx, thereby 
forming solar cells featuring dopant-free contacts on both 
sides. Figure 4a shows the schematic diagram of such a solar 
cell. Here, 4 nm thick evaporated MoOx is used as HTL and 
75 nm ZnO/1.5 nm LiFx/Al as electron selective contact. As 
observed in Figure 4b, its VOC, JSC, FF are 706 mV, 39.2 mA 
cm−2 and 77.3%, respectively. The PCE reaches a value as high 
as 21.4%, which is the highest value for solar cells with fully 
dopant-free contacts on both device sides and is 0.7% (absolute 
value) higher than the previous record.[36] The “pseudo” J–V 
curve, obtained from Suns-VOC measurements, shows a VOC 
of 707 mV, similar to the value obtained from the 1 Sun J–V 
curve. Based on the EQE measurement between Ag grids, the 
calculated JSC according to AM 1.5G spectrum is 40.3 mA cm−2 

[Figure 4c]. Taking a metal shading fraction of 3% into account 
at the device front, the calculated JSC of the solar cell is 
39.1 mA cm−2, confirming the JSC value from the 1 Sun J–V 
measurement. We also show the EQE curve of a hybrid solar 
cell [a-Si:H(p) and ZnO/LiFx/Al as HTL and electron-selective 
contacts, respectively] in Figure 4c for comparison. The two-
side dopant-free-contact solar cell shows a striking improve-
ment in its short wavelength response compared to the hybrid 
solar cell because of the higher transparency of MoOx, com-
pared to a-Si:H(p).[8,22] Therefore, the good JSC comes now from 
the combined effects of the improved blue spectrum response 
due to the use of the thin MoOx and the reduced infrared par-
asitic light absorption owing to the thick ZnO film. We note 
that MoOx and ZnO have been used as carrier-selective con-
tacts in a single solar cell before, but the PCE was limited to 
16.6% with VOC, JSC, and FF values much lower than the ones 
reported here.[37] Indeed, one of the key enabling factors in our 
device is that a high electron selectivity and low optical loss are  
simultaneously realized by the combination of a thick ZnO layer 
in conjunction with LiFx/Al, rather than ZnO/Ag as in the ear-
lier report.[37]

Figure 4d–f shows the cross-sectional scanning transmis-
sion electron microscopy (STEM) high-angle annular dark-field 
(HAADF) images, energy-dispersive X-ray spectroscopy (EDX) 
maps and corresponding EDX line profiles after background 
subtraction across the hole-selective contact and electron-selec-
tive contact of the solar cell, respectively. These data confirm 
the elemental composition and microstructure of the dopant-
free contacts presented here. For the hole-selective contact, 
a slight intermixing between different layers seems to occur, 
which may partially result from a projection artifact linked to 
the small roughness of the MoOx/ITO interface. For the elec-
tron-selective contact, a more distinct interface between the 
different layers is present, indicating no obvious intermixing. 
Moreover, a thin SiOx film is seen at both the MoOx/a-Si:H(i) 
and ZnO/a-Si:H(i) interfaces, but without obvious detrimental 
effect on device performance. Such interfacial reaction has been 
observed in the past[38,39] and results from the higher affinity of 
O to Si compared to Zn or Mo. While Li could not be detected 
by STEM EDX, the F signal appears restricted to the ZnO/Al 
interface, in line with the deposition sequence. Future charac-
terization efforts should employ secondary ion mass spectro-
scopy to assess a potential migration of Li within the contact.

3. Conclusion

In summary, the ZnO (75 nm)/LiFx (1.5 nm)/Al stack has been 
demonstrated as an efficient electron-selective contact with 
parasitic low infrared light absorption. The contact resistance 
from wafer to Al electrode is 0.136 Ω cm2, and an FF of 79.2% 
and a VOC of 716 mV are reached, clearly demonstrating its effi-
cient electron-selective properties. This is found to stem at least 
partly from the low workfunction of the LiFx/Al bilayer, despite 
the fact that the ZnO is as thick as 75 nm. Through material 
characterization, we revealed that the ZnO is optically highly 
transparent for long wavelengths due to its low free carrier den-
sity. Increasing the thickness of the ZnO film can effectively 
decrease parasitic plasmonic light absorption within the rear 
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metal electrode. As a result, the internal reflection and light 
absorption in the Si wafer increase, resulting in a higher JSC. 
Good electron selectivity is maintained for thicknesses up to 

100 nm. Therefore, efficient electron selectivity and good optical 
performance are simultaneously realized. As a proof-of-concept 
demonstration, we fabricated a c-Si solar cell by using ZnO 
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Figure 4. Schematic of a solar cell with dopant-free contacts on both sides. MoOx and ZnO/LiFx/Al are the hole-selective and electron-selective con-
tacts, respectively. b) 1 Sun J–V curve and pseudo J–V curve of the two-side dopant-free-contact solar cell with an active area of 2 cm × 2 cm. The 
pseudo J–V is obtained from Suns-VOC measurements. c) EQE spectra of the fully dopant-free-contact solar cell and the hybrid solar cell. The hybrid 
solar cell features a front side that uses the traditional a-Si:H(p) as hole-selective contact, but the backside is the dopant free contact: ZnO/LiFx/Al. Cal. 
is short for calculated. d) Cross-sectional STEM HAADF image, EDX map, and corresponding line profile of the hole-selective contact of the solar cell. 
e) Cross-sectional STEM HAADF image, EDX map, and corresponding line profile of c-Si/a-Si/ZnO interface. f) EDX map of the full electron-selective 
contact of the solar cell in which the white rectangle indicates the characterization zone for (e).
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(75 nm)/LiFx (1.5 nm)/Al as its electron-selective contact, MoOx 
(4 nm) as HTL, while using a-Si:H(i) on both wafer sides as 
thin passivating interlayers. The PCE of the dopant-free hetero 
contact solar cell reaches 21.4%, which is remarkable for such 
novel-concept c-Si solar cells with dopant-free contacts on both 
sides. The results shown here are expected to contribute to the 
development of high-efficiency silicon solar cells with simple 
fabrication methods. Also, our work may help in understanding 
and designing new carrier-selective, carrier-transport, or carrier-
injection layers in other high performance photovoltaic or light-
emitting diode devices.

4. Experimental Section
For contact resistance measurement, n-type float zone (FZ) c-Si 
wafers were used as substrates. Their thickness was around 180 µm 
and resistivity was about 2.1 Ω cm. In the first group, both sides of 
a textured wafer were symmetrically covered with (≈7 nm) a-Si:H(i) 
and (≈10 nm) a-Si:H(n) films by plasma-enhanced chemical vapor 
deposition (PECVD), and further symmetrically capped with (≈150 nm) 
ITO and Ag by DC magnetron sputtering. With such structure, the 
contact resistance between c-Si(n) and a-Si:H(i)/a-Si:H(n)/ITO/Ag 
was obtained by subtracting the resistance of the Si wafer from the 
resistance of the whole structure, before dividing the result by 2. Note 
that the resistance of the wafer was estimated from the resistivity and 
the thickness. In the other groups, one side of the textured wafers were 
covered with a-Si:H(i)/a-Si:H(n)/ITO/Ag, and the other sides were 
covered with Al, ZnO/Al, ZnO/LiFx/Al, ZnO/LiFx/Au, or ZnO/LiFx/
Cu. Here, ZnO was deposited by LPCVD at 100 °C and its thickness 
was controlled to be 75 nm. The thickness was estimated from 
measuring the thickness of ZnO on glass and then being divided by 
a morphology ratio of 1.5. LiFx, Al, Au, and Cu were grown via thermal 
evaporation. The thickness of LiFx was 1.5 nm. The dark J–V curves 
of these structures were measured with Keithley 2601A source meter. 
Through subtracting the resistance within the Si wafer and the contact 
resistance between c-Si and a-Si:H(i)/a-Si:H(n)/ITO/Ag from the 
resistance of the whole structures, the contact resistance between c-Si 
and Al, ZnO/Al, ZnO/LiFx/Al, ZnO/LiFx/Au or ZnO/LiFx/Cu could be 
estimated.

For solar cell fabrication, the substrates were n-type FZ c-Si with 
a thickness of around 180 µm and resistivity of about 2.1 Ω cm. The 
wafers were anisotropically etched to form surfaces featuring random 
pyramids. After cleaning the wafers and removing the native SiOx, 
a-Si:H(i) film (≈7 nm) was deposited on both sides as passivation 
layer via PECVD. Then the front sides (illumination side) were capped 
with either a-Si:H(p) (≈10 nm) via PECVD or MoOx (≈4 nm) via 
thermal evaporation as hole-selective films. In the following, the front 
sides were further covered with a 75 nm thick ITO film by magnetron 
sputtering with using a shadow mask to define 2 cm × 2 cm area, and 
covered with Ag grids by screen printing, followed by curing at 210 °C 
(for hybrid cell) or 130 °C (for dopant-free-contact cell). Then the rear 
sides were coated with ZnO films by LPCVD at 100 °C. Its thickness 
was controlled by deposition time. Subsequently, the samples were 
annealed at 150 °C for 30 min in the air atmosphere, and finally, the 
rear sides of the samples were capped with 1.5 nm thick LiFx and Al via 
thermal evaporation.

Optical Simulations: The optical simulation was carried out by 
wafer ray tracer calculator in PV Lighthouse to obtain the absorptance 
in the wafer, absorptance in the rear films and internal reflection. The 
simulated structure was the same as the experimental solar cell except 
that LiFx was not included. Optically, it is acceptable to neglect the LiFx 
film because it was only 1.5 nm in the solar cells. The LPCVD ZnO with 
low k was used in the ZnO layer.

Material and Device Characterization: For all the following 
characterization, ZnO film was annealed at 150 °C for 30 min in 

air atmosphere as that for solar cells. For optical absorptance 
measurement, ZnO film was deposited on fused glass. Its reflectance 
and transmittance varying with wavelength were measured by a 
spectrophotometer (Lambda-950, Perkin Elmer). Absorptance was 
obtained through subtracting reflectance and transmittance from 1. 
The carrier concentration of the ZnO film was obtained by Hall-effect 
measurements, which were performed on Lake Shore analyzer at 
room temperature dark conditions. Samples (10 mm × 10 mm) were 
prepared in Van der Pauw geometry on soda-lime glass substrates. 
The contacts for the electrical measurements were made by conductive 
silver paste. The Ohmic behavior of the contacts was confirmed by 
the linear variation of the I–V characteristics, which was observed to 
be independent of the polarity of the applied current and the contact 
combinations for each sample. Measurements were done under 10 kG 
magnetic field. UPS measurements were performed in Kratos Axis 
Supra DLD spectrometer using a He I excitation (hν = 21.22 eV). A 
bias of −9 V was applied to the sample surface for UPS measurements. 
Samples were mounted in contact mode for the UPS measurements. For 
spectroscopic ellipsometry measurement, the ZnO film was grown on 
a polished wafer. The measurement was taken on Uvisel equipment of 
Horiba Jobin Yvon, and the fitting was done by combining Tauc-Lorentz, 
new amorphous and Drude models. The minority carrier lifetime of the 
Si wafers was obtained by transient photoconductance measurements 
(Sinton Instruments, WCT-120). The top view and cross-sectional view 
of the ZnO film coated on a textured Si wafer was characterized using 
a JEOL JSM-7500TFE SEM operated at 5 kV. For TEM characterization, 
all the films (ZnO, LiFx, Al, MoOx, ITO) were deposited on a polished 
Si wafer with <111> orientation. The sample went through the same 
process as the solar cells, except that no Ag was printed on its front. The 
samples were prepared for TEM observations using the conventional 
focused ion beam lift-out method and thinned to their final thickness 
with a final gallium ion voltage of 2 kV to reduce surface damage. The 
TEM samples were then transferred to an image and probe Cs-corrected 
FEI Titan Themis microscope equipped with four silicon drift detectors 
for fast EDX mapping. The microscope was operated at 200 kV with a 
STEM beam current of 200 pA. The EQE of the solar cells was measured 
in an in-house built setup. J–V characterization was performed using 
a Wacom WXS-90S-L2 solar simulator, at the standard test conditions  
(AM 1.5G, 100 mW cm−2 and 25 °C).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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[33] Z. C. Holman, M. Filipič, B. Lipovšek, S. De Wolf, F. Smole, 
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High efficiency perovskite solar cells with tailorable surface wettability 
by surfactant 
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H I G H L I G H T S  

� High PCE of 20.15% is achieved from SDBS-treated perovskite solar cells. 
� Surface wettability of NiOx films can be regulated by adjusting SDBS concentration. 
� SDBS boosts perovskite crystallization and reduces interfacial defects.  

A R T I C L E  I N F O   
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Hysteresis-free 

A B S T R A C T   

Perovskite solar cells based on nickel oxide (NiOx) attract tremendous attention and develop rapidly. Never-
theless, they are plagued by charge recombination and extraction loss at interfaces between the perovskite 
absorber and the charge transport layers. Herein, an ultrathin sodium dodecyl benzene sulfonate (SDBS) film is 
introduced between the perovskite absorber and the NiOx hole transport layer (HTL) to reduce interfacial and 
extraction losses. The modification on the NiOx HTL by SDBS surfactant can effectively tailor the quality of the 
perovskite film with larger grain size and better crystallinity by regulating the wettability of the NiOx surface 
with varied concentration of SDBS solution. Moreover, the charge separation and extraction in the perovskite/ 
HTL interface are enhanced after SDBS treatment on NiOx HTL characterized by electrochemical impedance 
characterization. As a consequence, these benefits contribute to high power conversion efficiency (PCE) of 
20.15%, in comparison with PCE of 16.26% for the reference device. It is hoped that this work will provide new 
perspectives for preparing perovskite solar cells with an unprecedented performance and the opportunity for 
commercialization.   

1. Introduction 

Hybrid organic-inorganic perovskite materials have attracted 
extensive attention in recent years due to a series of advantages, such as 
high light absorption coefficient [1], large carrier mobility and diffusion 
length [2,3], and adjustable bandgap [4], making it possible to 
commercially applied in photovoltaic field as a leading contender. Even 
though the power conversion efficiency (PCE) of champion perovskite 
solar cells (PSCs) has reached over 25% according to the latest reports 
[5,6], the short-circuit photocurrent density (JSC) and open-circuit 
voltage (VOC) are still far smaller than that of the theoretical limits 
(26 mA cm� 2 and 1.3 V, respectively) [7,8]. In view of this, various 

methods have been proposed to improve the light harvesting and film 
quality of perovskite layer, such as increasing crystallinity, reducing 
pinhole defects, and improving the contact interfaces between perov-
skite layer and other functional layers [9–11]. According to the previous 
publications, the photovoltaic parameters of solar cells are extremely 
related to the recombination of defects in the bulk or on the surface of 
the perovskite layer [12]. Benefiting from the enlarging grains and 
improving crystallinity of the perovskite films with recent rapid progress 
in morphology regulation, the carrier diffusion length can be much 
longer than the light penetration length in single crystals or even in 
polycrystalline perovskite thin films prepared by solution-derived pro-
cess, which leads to negligible charge recombination in the grain 
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interior [13]. Therefore, suppression of defects and minimizing charge 
recombination at the interfaces are critical for further enhancing the 
performance of PSCs towards their photovoltaic limits. 

Typically, interfacial passivation is one of the most important and 
effective approaches to inhibit charge recombination in defects, yielding 
both improved VOC and device stability [14]. For example, appropriate 
chlorine atoms on the surface of perovskite layer can suppress charge 
recombination by strong binding at the perovskite/charge transport 
layer interface [15]. Besides, excess PbI2 in the perovskite layer, on the 
surface or between grain boundaries can effectively reducing the pos-
sibility of recombination by forming appropriate matching energy levels 
and suppressing non-radiative losses [16,17]. Recently, insulating 
polymers such as polystyrene (PS), poly(methyl methacrylate) (PMMA) 
and Teflon have been extensively researched as tunneling passivation 
layer either before or after the perovskite film deposition [13,18]. The 
inserted passivation layer has contributed to improved crystallinity and 
morphology of perovskite film, filling of pinholes and grain boundaries, 
and unspecified passivation of surface traps [19,20]. Similarly, Jen et al. 
used a series of benzoic acid assembled monolayers to passivate the 
surface defects [21]. However, these materials need to be dissolved in 
toxic organic solvents such as chlorobenzene or dimethyl formamide to 
prepare the precursor solution and then spin-coated on substrate in a 
glovebox filled with nitrogen, which is environmentally harmful and 
costly. Even though a greener way of modification via 5-AVA aqueous 
solution for improving efficiency of PSCs has been proposed by Chen 
et al. [22], the time-consuming treatment (~12 h) is not a good option 
for real application. 

Herein, to address these drawbacks, we propose to passivate perov-
skite film by inserting ultrathin sodium dodecyl benzene sulfonate 
(SDBS) film between perovskite and hole transport layer (HTL). As an 
anionic surfactant, SDBS solution (dissolved in deionized water) can 
regulate the surface wettability of electrochemically deposited NiOx HTL 
as well as the morphology of the grown perovskite layer in the following 
process. The ultrathin passivation layer dramatically restrains interface 
recombination, as evidenced by enhanced VOC and JSC, and corroborated 
by photoluminescence (PL) imaging (steady and time-resolved), elec-
trochemical impedance spectroscopy, and dark current measurements. 
SDBS-passivated PSCs have been fabricated with a champion efficiency 
of 20.15% and infusive VOC of 1.124 V without hysteresis. We also find 
that the carrier recombination and efficiency loss are significantly 
dominated by the concentration of SDBS solution spin-coated on the 
NiOx HTL. Consequently, this work not only demonstrates a green, 
convenient and effective interface passivation approach to improve the 
performance of PSCs, but also provides new physical insights that sur-
factant could play a unique promoting role in device performance. 

2. Experimental section 

2.1. Device fabrication 

The etched fluorine-doped SnO2 (FTO) glass substrates were 
sequentially cleaned by acetone, isopropanol (IPA), ethanol and deion-
ized water with the assistance of ultrasonication for 15 min, respec-
tively. After being dried by nitrogen flow, the substrates were treated by 
ultraviolet/ozone for 20 min to remove the organic residues. The nickel 
oxide film as a hole transport layer was deposited on the FTO substrate 
by electrochemical deposition method and then annealed at 300 �C for 2 
h, which can be found in our previous work [23]. After that, sodium 
dodecyl benzene sulfonate (SDBS) solution (dissolved in deionized 
water) was spin-coated on the NiOx film and then the samples were 
heated at 80 �C for 10 min to remove the residual moisture. Subse-
quently, the samples were moved to the glovebox filled with high purity 
nitrogen to prepare perovskite layer. The perovskite film was prepared 
by the one-step method. The details can be seen in our previous publi-
cations [23,24]. Briefly, the perovskite precursor solution composed of 
1 M PbI2 and CH3NH3I (1:1/n:n) in γ-butyrolactone (GBL) and dimethyl 

sulfoxide (DMSO) (7:3/v:v) was spin-coated on the NiOx layer consec-
utively at 500 and 4000 rpm for 12 and 30 s, respectively. 150 μL 
chlorobenzene (CB) was rapidly dripped onto the perovskite precursor 
10 s before the end of the spin-coating process and then the samples 
were put into an airtight glass pot and annealed at 100 �C for 10 min. 
Thereafter, the phenyl-C61-butyric acid methyl ester (PCBM) solution 
(20 mg mL� 1 dissolved in CB) and bathocuproine (BCP) solution (0.5 
mg mL� 1 in IPA) were then sequentially spin-coated onto the perovskite 
layer at 2000 rpm for 30 s and 4000 rpm for 30 s, respectively. Finally, 
silver electrodes with thickness of ~120 nm were formed by thermal 
evaporation under high vacuum (lower than 1 � 10� 4 Pa). The active 
area of the PSC device is 5 mm*5 mm. 

2.2. Characterization and measurement 

The contact angle of the SDBS-treated NiOx film was measured by a 
contact angle analyzer (DSA100, KRUSS, Germany). The surface 
morphology of the samples has been characterized by scanning electron 
microscope (SEM, Carl Zeiss, Germany) and atomic force microscope 
(AFM, Nanoscope IIIa Multimode, USA). The crystallinity of the perov-
skite films has been characterized by X-ray diffraction (XRD, D8 
ADVANCE, Germany). The steady-state photoluminescence (PL) and 
time-resolved photoluminescence (TRPL) spectra of the samples have 
been tested by Steady-State & Time-Resolved Fluorescence Spectroflu-
orometer (QM/TM/IM, PTI, USA) with an excitation laser of 460 nm. 
The electrochemical impedance spectroscopy (EIS) has been carried out 
at potentials of 0.8 V in the dark with frequencies sweeping from 1 MHz 
to 10 Hz by an electrochemical workstation (CS350H, Corrtest, China) 
and the oscillation potential amplitude was 10 mV. The photocurrent 
density-voltage (J-V) curves of the prepared solar cells have been 
measured under standard 1 sun AM 1.5G with a solar simulator (New-
port, 2612A) calibrated with a Newport 91150 V reference silicon cell 
system in ambient air (at ~22 �C and relative humidity of ~60%). J� V 
curves were recorded by means of reverse (from 1.2 to � 0.2 V) or for-
ward (from � 0.2 to 1.2 V) scanning with scan rate of 0.1 V s� 1. The 
external quantum efficiency (EQE) spectra of PSCs have been measured 
using a quantum efficiency measurement system (QEX10, PV measure-
ments, USA). 

3. Results and discussion 

The mesoporous NiOx film was firstly deposited on the cleaned FTO 
substrate through electrochemical deposition process, the detailed in-
formation can be found in our previous works [23,24]. Then SDBS so-
lution with different concentrations (CSDBS ¼ 0.05, 0.20, 1 and 10 mg 
mL� 1) were spin-coated on the NiOx film in ambient air. The presence of 
the SDBS film was almost imperceptible on the NiOx film according to 
the scanning electron microscope (SEM) images (Fig. S1 in supporting 
information), but the surface wettability of the NiOx film was signifi-
cantly regulated by the concentration of SDBS solution (Fig. 1a–e). The 
contact angle of the pristine NiOx film is 41.1�, while that of the 
NiOx/SDBS sample is as high as 127.1� at CSDBS ¼ 0.2 mg mL� 1 and it 
rapidly decreases with the increasing concentration of SDBS solution. 
The increasing contact angle versus SDBS concentration in low con-
centration range (<0.2 mg mL� 1) should be ascribed to the interaction 
between polar benzenesulfonyl groups in SDBS anions and NiOx meso-
porous film via electrostatic force, leaving the hydrophobic long dodecyl 
groups pointing away from the substrate (Fig. S2 in supporting infor-
mation) [25]. But this situation could be reversed that the hydrophobic 
groups will turn to face the NiOx surface through a hydrophobic inter-
action at even higher SDBS concentration [26], leaving the polar groups 
exposed outside and therefore reducing the contact angle. The perov-
skite absorber was then grown on the SDBS-treated NiOx film by 
one-step method in a glovebox. Fig. 1f–j show the top-view SEM images 
of CH3NH3PbI3 (MAPbI3) films deposited on NiOx treated by SDBS so-
lution with different concentrations (0.05, 0.2, 1 and 10 mg mL� 1). It is 
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clear that the perovskite grain size can be significantly affected by the 
concentration of SDBS solution. The average grain size of the reference 
perovskite film deposited on the pristine NiOx film is only about 290 nm, 
it is dramatically increased to as large as 600 nm when the concentration 
of the SDBS solution is 0.2 mg mL� 1. However, further increasing the 
SDBS concentration leads to smaller perovskite grain size. This may be 
caused by the abnormally improved surface wettability of the NiOx film. 
According to previous literatures [27], the enhanced non-wetting 
property can significantly reduce the surface tension dragging force 
applying on the perovskite film, thus resulting in higher grain boundary 
mobility and larger grain size. The perovskite films with large grain size 
and invisible pinholes are crucial for suppressing charge recombination 
at interface and grain boundaries, which can guarantee the effective 
extraction and transport for photoinduced carriers form the perovskite 
absorber to the corresponding charge transport layer [28]. 

Moreover, the atomic force microscope (AFM) was also utilized to 
observe the surface morphologies of the perovskite films (Fig. 1k-o). 
Fig. 1p summarizes the statistics of the grain size and surface roughness 
of the representative perovskite films grown under different conditions. 
The root-mean-square (RMS) values of roughness were slightly affected 
by the varying concentration of SDBS solution and the perovskite film 
deposited on the NiOx/SDBS-0.2 film exhibits the smallest roughness of 
9.7 nm. The smoother surface will induce less defects and trap states at 
the perovskite/electron transport layer interface and thus cause less 
trap-assisted carrier recombination [29]. As illustrated in the 
cross-sectional SEM images in Fig. 1q–r, the uniform perovskite films 

with closely packed grain boundaries are stacked on the pristine NiOx 
(Fig. 1q) and SDBS-treated NiOx film (Fig. 1r). Unlike the reference 
perovskite film, the perovskite film grown on the SDBS-treated NiOx 
HTL is consisted of a monolithic MAPbI3 layer, leading to lower density 
of grain boundaries and defects [30]. 

The light-harvesting capacity of the perovskite film has been 
considered to be related to the JSC of the devices [31], therefore, 
ultraviolet–visible (UV–Vis) absorption spectra were characterized to 
evaluate the optical absorption property of the perovskite films grown 
on the NiOx film treated by SDBS surfactant. As can be seen from Fig. 2a, 
all the samples exhibit similar absorption curves in shape. The inset 
shows the enlarged absorption spectra at the wavelength range from 
450 nm to 480 nm, indicating that the absorption of perovskite grown on 
SDBS-treated NiOx film has been enhanced compared to the reference 
sample that directly deposited on NiOx film, though not significantly. It’s 
worth noting that the sample with 0.2 mg mL� 1 of SDBS represents the 
most obvious absorption enhancement, this could be attributed to the 
significantly increased perovskite grain size [32]. 

Furthermore, the crystallization of perovskite films has been 
confirmed by X-ray diffraction (XRD) analysis and the characteristic 
patterns of the perovskite films with different concentrations of SDBS 
are shown in Fig. 2b. The three distinct peaks at 14.2�, 28.5� and 31.9�

indicated by stars can be assigned to (110), (220) and (310) lattices 
planes of MAPbI3, respectively [33]. The intensity ratio between 
perovskite and FTO (14.2� and 37.8�, respectively) has been signifi-
cantly strengthened from 4.13 to 5.37 after SDBS-0.2 treatment on NiOx 

Fig. 1. The contact angle of water on the NiOx/SDBS film with different concentrations (mg mL� 1) of SDBS: (a) 0, (b) 0.05, (c) 0.20, (d) 1 and (e) 10. Top view SEM 
and AFM images of perovskite films deposited on NiOx/SDBS film with different concentrations (mg mL� 1) of SDBS: 0 (f and k), 0.05 (g and l), 0.20 (h and m), 1 (i 
and n) and 10 (j and o). (p) Statistics of grain size and surface roughness of perovskite films deposited on NiOx/SDBS film with different concentrations of SDBS 
solution. Cross-sectional SEM images of perovskite layers grown on NiOx film (q) without and (r) with SDBS layer. 
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film, together with the decreasing full width at half maximum (FWHM) 
of perovskite (110) peak from 0.27� to 0.19� (details can be seen in 
Fig. S3b), which demonstrates better crystallinity of the perovskite film 
grown on the SDBS-treated NiOx. Then we successively deposited PCBM, 
BCP and silver layers on the perovskite film as electron transport layer 
(ETL), hole blocking layer and top electrodes, respectively. The fabri-
cated PSCs exhibit an inverted heterojunction structure of FTO/-
NiOx/SDBS/CH3NH3PbI3/PCBM/BCP/Ag (Fig. 2c). The cross-sectional 
SEM image of a typical PSC device shown in Fig. 2d reveals that the 
perovskite layer is compactly composed of one grain and no pinholes 

exist at the interfaces between perovskite and charge transport layer, 
which effectively restricts charge recombination by preventing direct 
contact between the HTL and ETL, thus leading to lower shunt-current 
leakage in devices. The energy band diagram of our device is depicted 
in Fig. 2e. The ultrathin SDBS film could suppress electronic trans-
mission channel and ensure effective hole transport because of charge 
tunneling effect [29]. 

Considering the influenced crystallization of perovskite grown on 
SDBS-treated NiOx film, the thickness of the SDBS film could affect the 
hole-extraction property and thus the PCE. Fig. 3a shows the 

Fig. 2. (a) Optical absorbance and (b) XRD patterns of the perovskite films deposited on NiOx film treated by different concentrations of SDBS solution. (c) Three- 
dimensional schematic architecture of the inverted PSC device and the chemical structure of SDBS. (d) False color cross-sectional SEM image and (e) schematic 
representation of the energy band diagram of a typical solar cell. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 3. (a) J-V curves and (b) EQE spectra 
and the corresponding integrated current 
densities of PSCs with SDBS treatment at 
different concentrations. (c) J-V curves of the 
champion PSCs based on pristine and SDBS- 
treated NiOx. The blue and red curves 
represent the reverse and forward scanning 
directions, respectively. (d) Stable current 
density and PCE of the PSCs based on pris-
tine and SDBS-treated NiOx measured when 
the devices were applied bias potential at 
0.82 and 0.93 V, respectively. (For interpre-
tation of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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photocurrent density-voltage (J-V) curves of PSCs by inserting a thin 
SDBS layer with different thicknesses, which can be well regulated by 
varying the concentration of SDBS solution in the spin-coating process. 
The corresponding photovoltaic parameters are listed in the inset. It is 
observed that the reference device without SDBS treatment on NiOx film 
has a quite ordinary PCE of 16.26% (with a VOC of 1.060 V, a JSC of 
21.06 mA cm� 2 and a fill factor (FF) of 72.84%), which represent a 
typical performance of NiOx-based perovskite devices [34,35]. In a 
striking contrast, the devices with SDBS layer exhibit significantly 
enhanced photovoltaic parameters. With the concentration of the SDBS 
precursor solution varying from 0.05 to 0.2, 1 and 10 mg mL� 1, the 
devices showed higher VOC of 1.090, 1.124, 1.111, 1.077 V and higher 
JSC of 22.71, 22.94, 22.55, 21.39 mA cm� 2, respectively. At the mean-
time, the corresponding FF values of the devices were increased to 
75.67%, 78.19%, 77.24% and 73.83%, respectively. As a result, the 
champion device with SDBS-0.2 exhibits the highest PCE of 20.15%. 
Fig. 3b presents the external quantum efficiency (EQE) spectra of the 
corresponding solar cells. The EQE values of the SDBS-treated devices 
are much higher than that of the reference sample in the wavelengths 
from 350 to 450 nm and 600–750 nm. This could be attributed to the 
enhanced optical absorption of perovskite and reduced charge recom-
bination at the HTL/perovskite interface because of enlarged perovskite 
crystal size and improved crystallization [36,37]. The integrated JSC 
values from the EQE spectra are 20.73, 22.26, 22.65, 21.80 and 21.05 
mA cm� 2 for SDBS-treated NiOx film with the concentration of 0, 0.05, 
0.2, 1 and 10 mg mL� 1, respectively, which are highly agreement with 
the measured JSC. 

We also examined the hysteresis effect of our devices under forward 
and reverse scanning conditions. As shown in Fig. 3c, the overlapping J- 
V curves indicate negligible hysteresis for the both champion devices 
with or without SDBS treatment. Moreover, the corresponding photo-
voltaic parameters listed in Table 1 shows that the hysteresis of the 
SDBS-incorporated PSCs is slightly smaller than that of the reference 
PSCs. This may be attributed to the reduced overall bulk defect density 
and suppressed charge trapping after introducing the SDBS layer which 
can effectively enlarge the perovskite crystal size and improve the 
crystallization as shown in Figs. 1 and 2 [38]. As shown in Fig. 3d, the 
steady-state current density and PCE of the champion devices were 
recorded using maximum power point (MPP) tracking under simulated 
AM 1.5G sunlight of 100 mW cm� 2. The devices exhibit stable PCE 
outputs of 20.09% and 16.21% for the SDBS-treated and reference PSCs 
measured at bias potential 0.93 and 0.82 V, respectively. 

To evaluate the reproducibility of our devices, we then fabricated 
and measured 25 devices in each case and their statistical performance is 
summarized in Fig. 4. The reference devices have an average VOC of 
1.056 V, a JSC of 20.85 mA cm� 2, an FF of 71.50%, and a PCE of 15.73%. 
It is clear that the PSCs with SDBS film show higher average PCE than 
that of the reference samples, with the improvement from VOC, JSC and 
FF. The enhancement of VOC and JSC should be related to the effective 
charge transfer and the trap-state passivation by SDBS ultrathin film. 
High FF value (>75%) usually means the absence of large carrier 
extraction/injection barrier at the interface between the perovskite and 
HTL/ETL [39]. The best-performing cells modified with SDBS-0.2 ach-
ieve the highest average PCE of 19.41%, with remarkably enhanced 
average VOC of 1.118 V, JSC of 22.65 mA cm� 2 and FF of 76.69%. 

To understand the charge transfer efficiency from the perovskite 
absorber to the HTL, steady-state photoluminescence (PL) and time- 

resolved PL (TRPL) spectra were successively characterized. As shown 
in Fig. 5a, the PL intensity of perovskite deposited on the NiOx/SDBS 
film is remarkably quenched compared to that of the reference sample 
(the perovskite was directly grown on the NiOx film). The strong PL 
quenching demonstrates the efficient charge transfer form perovskite 
absorber to NiOx HTL [40]. Fig. 5b shows the normalized TRPL for 
perovskite films deposited on the NiOx HTL with or without SDBS 
treatment. The TRPL spectra have been typically used to evaluate the 
charge recombination at the perovskite/HTL interface and they can be 
fitted with a biexponential decay function I ¼ A1exp(-(t-t0)/τ1)þ A1exp 
(-(t-t0)/τ2)þI0, where τ1 and τ2 represent the first and second order 
decay times, A1 and A2 are the weighting coefficients of each decay 
channel [41]. The fitted parameters are summarized in Table S1. 
Generally, the non-radiative fast-decay lifetime (τ1) and radiative 
slow-decay lifetime (τ2) are attributed to the quenching and the radia-
tive recombination of free charge carriers at the HTL/perovskite inter-
face, respectively [42]. The pristine perovskite film has an average 
lifetime (τa) of 11.4 ns. After introducing the SDBS film between 
perovskite and NiOx HTL, the average decay time was decreased to 5.5 
ns, suggesting that photoinduced carriers are more efficiently extracted 
from the perovskite absorber to NiOx HTL [43]. 

The charge carrier transport and recombination properties of our 
solar cells were further examined using electrochemical impedance 
spectroscopy (EIS). Fig. 5c shows the Nyquist plots of the devices with or 
without SDBS layer in the frequency sweeping from 1 MHz to 10 Hz. The 
EIS plots can be well fitted using an equivalent circuit shown in the inset. 
The circuit includes a series resistance (Rs), and a contact resistance 
(Rco) and a recombination resistance (Rrec). Typically, the right end of 
the semicircle relates the recombination resistance in the device [44]. 
The SDBS-based deice shows a higher recombination resistance (2093 
Ω) as compared to that of the reference device (297 Ω), indicating a 
lower recombination rate in the SDBS-treated solar cells. These obser-
vations reveal SDBS surfactant indeed exhibiting positive passivation 
effect on the HTL/perovskite interface, which will be expected to yield 
higher short current density and fill factor [45]. 

To further understand the effect of the SDBS treatment on the NiOx 
HTL, the capacitance-voltage (C–V) characteristics were obtained from 
Mott-Schottky measurement. As shown in Fig. 5d, the built-in potential 
(Vbi) can be derived from the x-intercept of the fitting line in the Mott- 
Schottky plot. The Vbi of the SDBS-based device is 0.1 V higher than 
that of the reference sample, which will be beneficial for accelerating 
charge dissociation and avoid charge accumulation at HTL/perovskite 
interface, thereby attributing to higher VOC [46]. 

Moreover, the hole-only perovskite devices with FTO/NiOx(/SDBS)/ 
perovskite/Ag were fabricate to evaluate the charge trap state density at 
the HTL/perovskite interface by space-charge-limited current (SCLC) 
method. The J-V curves of the devices were measured under dark con-
dition and the results are shown in Fig. 6a. The defect density (ntrap) can 
be calculated from the equation ntrap ¼ 2εε0VTFL/(eL2), where ε is the 
relative dielectric constant of CH3NH3PbI3 and ε0 is the vacuum 
permittivity, VTFL represents the trap-filled limit voltage and can be 
derived from the intersection of the two fitting lines in ohmic and trap- 
filled limit regions, e and L are the electronic charge and the thickness of 
the perovskite layer [29]. The perovskite film deposited on NiOx/SDBS 
exhibits a defect density of ~4.29 � 1015 cm� 3, which is lower than that 
of the reference perovskite film directly grown on the NiOx HTL (~5.23 
� 1015 cm� 3). The reduced defect density is mainly due to the enlarged 
grains and the decreased boundaries and is well consistent with our J-V 
measurement results [47]. The lower defect density is beneficial to in-
crease the mean carrier diffusion length [48], which could ensure the 
charge transportation through the perovskite layer without too much 
obstacles and it also confirms that SDBS passivation is an effective 
procedure to improve the photovoltaic performance of PSCs. 

Finally, we compared long-term stability of the PSCs based on SDBS 
and reference devices. The unencapsulated solar cells were stored in a 
drying cabinet with the relatively humidity of ~2% and temperature of 

Table 1 
Photovoltaic parameters of the PSCs with or without SDBS treatment.  

Sample Scan direction VOC (V) JSC (mA cm� 2) FF (%) PCE (%) 

Reference Reverse 1.060 21.06 72.84 16.26 
Forward 1.057 21.06 72.44 16.13 

SDBS Reverse 1.124 22.94 78.19 20.15 
Forward 1.122 22.90 78.41 20.14  
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22 �C. The performance of the cells after different storage times is shown 
in Fig. 6b. Both devices exhibit similar stability patterns without obvious 
degradation in the first 3 weeks. After that, the PCE values slowly 
decrease, which is correlated to the degradation of the perovskite film 
[49]. The SDBS-based devices remained 96% of its initial value after 42 
days storage, while the reference PSCs degraded to 92%. The output 
efficiency of the solar cells by tracking the maximum power point under 

AM 1.5 simulated light also shows similar stability after 42 days storage 
(Fig. S4). Compared to our previous work on the UV-ozone treated NiOx 
solar cells with 84% of its original efficiency after 40 days storage [24], 
the SDBS-based solar cells exhibit much higher stability, which can be 
attributed to the improved perovskite film quality with larger grain size 
and less defects because of the passivation effect, which reduces the 
probability of water penetration and degradation of perovskite layer 

Fig. 4. Statistical distribution of the photovoltaic parameters for reference and SDBS-treated solar cells: (a) VOC, (b) JSC, (c) FF, and (d) PCE.  

Fig. 5. (a) Steady photoluminescence (PL) and (b) time-resolved PL spectra of the perovskite films deposited on NiOx film treated by different concentrations of SDBS 
solution. (c) Nyquist plots for the PSCs measured with a bias of 0.8 V under dark condition. (d) The Mott-Schottky curves of the devices with the frequency of 1 MHz 
under dark condition. 
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[30]. Our devices show comparable long-term stability with other re-
ported NiOx-based PSCs without encapsulation [50,51], the details are 
listed in Table S2. 

Besides, the UV-ozone treatment on NiOx film can only change the 
surface wettability from hydrophobic to hydrophilic, while this work 
shows a invertible strategy for controlling surface wettability from hy-
drophilic to hydrophobic and vice versa by simply controlling the con-
centration, which exhibits broader potential applications not just in 
solar cell fabrication, such as self-cleaning coating, flexible printed 
electronics, surface catalysis, etc. [52–54]. 

4. Conclusions 

In summary, we have developed a strategy to improve the photo-
voltaic efficiency and stability of PSCs by introducing SDBS surfactant 
between perovskite absorber and NiOx HTL. The SDBS surfactant could 
adjust the surface wettability of NiOx HTL, which results in fully covered 
perovskite films with improved crystallization and enhanced grain size 
through a single-step spin coating method. Furthermore, the ultrathin 
SDBS film can significantly suppress the charge recombination, and 
efficiently extract the holes to the NiOx HTL. A champion PSC achieves 
PCE up to 20.15% with a high VOC of 1.124 V, which is 24% higher than 
that of the pristine device (16.26%). These results indicate that SDBS 
surfactant is beneficial to suppress recombination loss at perovskite 
surfaces. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

This work was supported by the National Natural Science Foundation 
of China (11834011, 11674225, 11474201, and 11204176). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jpowsour.2019.227584. 

References 

[1] Q. Wang, N. Phung, D. Di Girolamo, P. Vivo, A. Abate, Energy Environ. Sci. 12 
(2019) 865–886. 

[2] S. Dong, A. Valerio, C. Riccardo, Y. Mingjian, A. Erkki, B. Andrei, C. Yin, H. Sjoerd, 
R. Alexander, K. Khabiboulakh, Science 347 (2015) 519–522. 

[3] Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao, J. Huang, Science 347 (2015) 
967–970. 

[4] A. Sadhanala, S. Ahmad, B. Zhao, N. Giesbrecht, P.M. Pearce, F. Deschler, R. 
L. Hoye, K.C. Godel, T. Bein, P. Docampo, S.E. Dutton, M.F. De Volder, R.H. Friend, 
Nano Lett. 15 (2015) 6095–6101. 

[5] M. Kim, G.-H. Kim, T.K. Lee, I.W. Choi, H.W. Choi, Y. Jo, Y.J. Yoon, J.W. Kim, 
J. Lee, D. Huh, Joule 3 (2019) 1–14. 

[6] NREL, Efficiency chart (accessed August 2019), https://www.nrel.gov/pv/assets/ 
pdfs/best-research-cell-efficiencies.20190802.pdf. 

[7] N. Ahn, D.Y. Son, I.H. Jang, S.M. Kang, M. Choi, N.G. Park, J. Am. Chem. Soc. 137 
(2015) 8696–8699. 

[8] W.E.I. Sha, X. Ren, L. Chen, W.C.H. Choy, Appl. Phys. Lett. 106 (2015) 221104. 
[9] Y. Wang, P. Wang, X. Zhou, C. Li, H. Li, X. Hu, F. Li, X. Liu, M. Li, Y. Song, Adv. 

Energy Mater. 8 (2018) 1702960. 
[10] R. Cheng, C.C. Chung, H. Zhang, Z. Zhou, P. Zhai, Y.T. Huang, H. Lee, S.P. Feng, 

Small 15 (2019) 1804465. 
[11] T. Singh, T. Miyasaka, Adv. Energy Mater. 8 (2018) 1700677. 
[12] Q. Jiang, Y. Zhao, X. Zhang, X. Yang, Y. Chen, Z. Chu, Q. Ye, X. Li, Z. Yin, J. You, 

Nat. Photonics 13 (2019) 460–466. 
[13] Q. Wang, Q. Dong, T. Li, A. Gruverman, J. Huang, Adv. Mater. 28 (2016) 

6734–6739. 
[14] P. Zhao, B.J. Kim, H.S. Jung, Mater. Today Energy 7 (2018) 267–286. 
[15] H. Tan, A. Jain, O. Voznyy, X. Lan, G.D.A. Fp, J.Z. Fan, R. Quintero-Bermudez, 

M. Yuan, B. Zhang, Y. Zhao, Science 355 (2017) 722–726. 
[16] Y. Zhao, Q. Li, W. Zhou, Y. Hou, Y. Zhao, R. Fu, D. Yu, X. Liu, Q. Zhao, Sol. RRL 3 

(2019) 1800296. 
[17] Q. Chen, H. Zhou, T.B. Song, S. Luo, Z. Hong, H.S. Duan, L. Dou, Y. Liu, Y. Yang, 

Nano Lett. 14 (2014) 4158–4163. 
[18] D. Bi, C. Yi, J. Luo, J.D. D�ecoppet, F. Zhang, S.M. Zakeeruddin, X. Li, A. Hagfeldt, 

M. Gr€atzel, Nat. Energy 1 (2016) 16142. 
[19] J. Peng, J.I. Khan, W. Liu, E. Ugur, T. Duong, Y. Wu, H. Shen, K. Wang, H. Dang, 

E. Aydin, X. Yang, Y. Wan, K.J. Weber, K.R. Catchpole, F. Laquai, S. De Wolf, T. 
P. White, Adv. Energy Mater. 8 (2018) 1801208. 

[20] T. Wang, Z. Cheng, Y. Zhou, H. Liu, W. Shen, J. Mater. Chem. 7 (2019) 
21730–21739. 

[21] Q. Wang, C.C. Chueh, T. Zhao, M. Eslamian, W. Choy, A.K. Jen, Chemsuschem 10 
(2017) 3794–3803. 

[22] Y. Zhang, S. Zhang, S. Wu, C. Chen, H. Zhu, Z. Xiong, W. Chen, R. Chen, S. Fang, 
W. Chen, Adv. Mater. Interfaces 5 (2018) 1800645. 

[23] T. Wang, D. Ding, X. Wang, R. Zeng, H. Liu, W. Shen, ACS Omega 3 (2018) 
18434–18443. 

[24] T. Wang, D. Ding, H. Zheng, X. Wang, J. Wang, H. Liu, W. Shen, Sol. RRL 3 (2019) 
1900045. 

[25] H. Fan, H. Wang, J. Guo, N. Zhao, J. Xu, J. Colloid Interface Sci. 414 (2014) 46–49. 
[26] T. Liu, J. Hao, B. Yang, B. Hu, Z. Cui, S. Li, AAPS PharmSciTech 19 (2018) 

1582–1591. 
[27] Y. Wang, W. Fu, J. Yan, J. Chen, W. Yang, H. Chen, J. Mater. Chem. 6 (2018) 

13090–13095. 
[28] J.C. Yu, S. Badgujar, E.D. Jung, V.K. Singh, D.W. Kim, J. Gierschner, E. Lee, Y. 

S. Kim, S. Cho, M.S. Kwon, M.H. Song, Adv. Mater. 31 (2019) 1805554. 
[29] F. Zhang, J. Song, R. Hu, Y. Xiang, J. He, Y. Hao, J. Lian, B. Zhang, P. Zeng, J. Qu, 

Small 14 (2018) 1704007. 
[30] N.D. Pham, V.T. Tiong, D. Yao, W. Martens, A. Guerrero, J. Bisquert, H. Wang, 

Nano Energy 41 (2017) 476–487. 
[31] J. Yun, J. Jun, H. Yu, K. Lee, J. Ryu, J. Lee, J. Jang, J. Mater. Chem. 5 (2017) 

21750–21756. 
[32] S. Wang, Z. Ma, B. Liu, W. Wu, Y. Zhu, R. Ma, C. Wang, Sol. RRL 2 (2018) 1800034. 
[33] F. Zhou, H. Liu, X.W. Wang, W.Z. Shen, Adv. Funct. Mater. 27 (2017) 1606156. 
[34] X. Yin, P. Chen, M. Que, Y. Xing, W. Que, C. Niu, J. Shao, ACS Nano 10 (2016) 

3630. 
[35] J. He, E. Bi, W. Tang, Y. Wang, Z. Zhou, X. Yang, H. Chen, L. Han, Sol. RRL 2 

(2018) 1800004. 
[36] S. Bag, M.F. Durstock, ACS Appl. Mater. Interfaces 8 (2016) 5053–5057. 

Fig. 6. (a) The representative dark J-V plots of the hole-only perovskite devices. Three regions can be distinguished according to different slope values: Ohmic (n ¼
1), Child region (n ¼ 2) and trap-filled limited (TFL) region (n > 2). (b) The stability measurement of bare PSCs without any encapsulation stored in a drying cabinet 
of ~2% humidity in the dark. The insets are the real device images at the start and end of the long-term storage. 

T. Wang et al.                                                                                                                                                                                                                                   

56

https://doi.org/10.1016/j.jpowsour.2019.227584
https://doi.org/10.1016/j.jpowsour.2019.227584
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref1
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref1
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref2
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref2
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref3
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref3
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref4
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref4
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref4
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref5
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref5
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20190802.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20190802.pdf
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref7
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref7
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref8
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref9
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref9
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref10
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref10
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref11
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref12
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref12
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref13
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref13
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref14
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref15
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref15
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref16
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref16
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref17
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref17
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref18
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref18
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref19
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref19
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref19
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref20
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref20
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref21
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref21
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref22
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref22
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref23
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref23
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref24
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref24
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref25
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref26
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref26
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref27
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref27
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref28
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref28
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref29
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref29
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref30
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref30
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref31
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref31
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref32
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref33
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref34
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref34
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref35
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref35
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref36


Journal of Power Sources 448 (2020) 227584

8

[37] L. Gao, S. Huang, L. Chen, X. Li, B. Ding, S. Huang, G. Yang, Sol. RRL 2 (2018) 
1800088. 

[38] X. Zhou, Y. Zhang, W. Kong, M. Hu, L. Zhang, C. Liu, X. Li, C. Pan, G. Yu, C. Cheng, 
B. Xu, J. Mater. Chem. 6 (2018) 3012–3021. 

[39] Y. Wu, P. Wang, S. Wang, Z. Wang, B. Cai, X. Zheng, Y. Chen, N. Yuan, J. Ding, W. 
H. Zhang, ChemSusChem 11 (2018) 837–842. 

[40] D. Yang, X. Zhang, K. Wang, C. Wu, R. Yang, Y. Hou, Y. Jiang, S. Liu, S. Priya, Nano 
Lett. 19 (2019) 3313–3320. 

[41] S.S. Mali, H. Kim, H.H. Kim, E.S. Sang, K.H. Chang, Mater. Today 21 (2018) 
483–500. 

[42] Y. Chen, Z. Yang, S. Wang, X. Zheng, Y. Wu, N. Yuan, W.H. Zhang, S.F. Liu, Adv. 
Mater. 30 (2018) 1805660. 

[43] K. Yao, F. Li, Q. He, X. Wang, Y. Jiang, H. Huang, A.K.Y. Jen, Nano Energy 40 
(2017) 155–162. 

[44] D. Yang, R. Yang, K. Wang, C. Wu, X. Zhu, J. Feng, X. Ren, G. Fang, S. Priya, S. 
F. Liu, Nat. Commun. 9 (2018) 3239. 

[45] Y. Cai, Z. Zhang, Y. Zhou, H. Liu, Q. Qin, X. Lu, X. Gao, L. Shui, S. Wu, J. Liu, 
Electrochim. Acta 261 (2018) 445–453. 

[46] L. Yang, M. Wu, F. Cai, P. Wang, R.S. Gurney, D. Liu, J. Xia, T. Wang, J. Mater. 
Chem. 6 (2018) 10379–10387. 

[47] J. Chen, L. Zuo, Y. Zhang, X. Lian, W. Fu, J. Yan, J. Li, G. Wu, C.-Z. Li, H. Chen, 
Adv. Energy Mater. 8 (2018) 1800438. 

[48] M.A. Mahmud, N.K. Elumalai, M.B. Upama, D. Wang, K.H. Chan, M. Wright, C. Xu, 
F. Haque, A. Uddin, Sol. Energy Mater. Sol. Cells 159 (2017) 251–264. 

[49] W.J. Scheideler, N. Rolston, O. Zhao, J. Zhang, R.H. Dauskardt, Adv. Energy Mater. 
9 (2019) 1803600. 

[50] J. Zheng, L. Hu, J.S. Yun, M. Zhang, C.F.J. Lau, J. Bing, X. Deng, Q. Ma, Y. Cho, W. 
F. Fu, ACS Appl. Energy Mater. 1 (2018) 561–570. 

[51] M. Li, X. Xu, Y. Xie, H.-W. Li, Y. Ma, Y. Cheng, S.-W. Tsang, J. Mater. Chem. 7 
(2019) 9578–9586. 

[52] R. Blossey, Nat. Mater. 2 (2003) 301–306. 
[53] P.Q.M. Nguyen, L.-P. Yeo, B.-K. Lok, Y.-C. Lam, ACS Appl. Mater. Interfaces 6 

(2014) 4011–4016. 
[54] X. Chen, P. Qian, T. Zhang, Z. Xu, C. Fang, X. Xu, W. Chen, P. Wu, Y. Shen, S. Li, 

Chem. Commun. 54 (2018) 3936–3939. 

T. Wang et al.                                                                                                                                                                                                                                   

57

http://refhub.elsevier.com/S0378-7753(19)31577-0/sref37
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref37
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref38
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref38
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref39
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref39
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref40
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref40
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref41
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref41
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref42
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref42
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref43
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref43
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref44
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref44
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref45
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref45
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref46
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref46
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref47
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref47
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref48
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref48
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref49
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref49
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref50
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref50
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref51
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref51
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref52
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref53
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref53
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref54
http://refhub.elsevier.com/S0378-7753(19)31577-0/sref54


Electrochemical Deposition of CsPbBr3 Perovskite for Photovoltaic
Devices with Robust Ambient Stability
Xin Wang, Sadeq Abbasi, Dezhao Zhang, Jiayuan Wang, Yangrunqian Wang, Zhendong Cheng,
Hong Liu,* and Wenzhong Shen*

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 50455−50463 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Alkali halide perovskites have emerged as representative candidates for
novel opto-electronic devices owing to their balanced efficiency and stability.
However, their fabrication method still remains a challenging topic with conflicts
among their effectiveness, complexity, and cost. Herein, a complete two-step
electrochemical method has been applied in the fabrication of inorganic perovskites
for the first time. The dimension and microstructure of CsPbBr3 can be easily
controlled by variation of simple physical parameters during the fabrication. By
optimizing the parameters, high-quality CsPbBr3 films are obtained, and the champion
device has achieved an efficiency of 7.86% with a high open-circuit voltage of 1.43 V.
More importantly, the as-fabricated materials have shown an extraordinary robust
stability against environmental conditions even after 150 days of exposure to air
without encapsulation. This has evidently proved the electrochemical methods as an
effective route for perovskite synthesis in its future development.

KEYWORDS: inorganic perovskite, electrochemical fabrication, controllability, long-term stability, photovoltaics

1. INTRODUCTION

In the past decade, novel hybrid halide perovskites have
attracted widespread attention because of their low cost, easy
fabrication,1,2 and excellent photovoltaic characteristics (tun-
able band gap,3−5 high absorption coefficient,6 and long carrier
diffusion length7−10). Until now, the efficiency of perovskite
solar cells (PSCs) has exceeded 25%, already comparable to
that of high-level commercial silicon cells.11−13 However,
despite their rapid development, the related research works
toward practical applications have been haunted by the
stability problem caused by the reactivity between unstable
contents such as methylammonium (MA+) and formamidi-
nium (FA+) ions versus alien ions and influence from other
environmental factors (heat, light, etc.).14−16 As one
alternation, inorganic halide perovskites have shown much
better stability against those factors by substituting the organic
groups with alkali metals, especially Cs.17−22 Furthermore, the
stability of inorganic perovskites has so far shown the highest
enhancement using Br as the halide component.23−27 This has
made cesium−lead bromide perovskite (e.g., CsPbBr3) a
suitable candidate for a short-wave absorber in novel high-
efficiency tandem solar cells as well as in other opto-electronic
devices.28−30

Generally, most fabrication methods for CsPbBr3 can be
categorized into two routes: solution-based chemical reactions
and vacuum-based gaseous evaporation, since the first
synthesis of CsPbBr3 PSCs by Kulbak et al. in 2015 (with η
∼ 5.95%).31 The mainstream solution-based methods are

one-12 or two-step24,32,33 spin-coatings, with alternations such
as multistep spin-coating by the Tang group (achieved up to
10.18% efficiency with modifications),34,35 or further mod-
ifications such as layer and interfacial engineering by Liu et al.
(up to 8.79% efficiency by solution-dipping, multistep spin-
coating, and layer passivation).27 The solution-based methods
normally require less instrument support; however, they
normally contain many steps that can bring more complexity
and thus deteriorate the reproducibility. Comparatively, the
vacuum-based evaporation methods can easily deposit higher
quality films and in the meantime have adequate production
rate. For instance, Liu et al. have achieved efficiencies of
CsPbBr3 PSCs up to 8.65% and 6.95% by single- and dual-
source evaporation, respectively.36,37 A higher 8.86% record
has been achieved by Cheng et al. using a multistep sequential
dual-source method.38 Finally, with the coexistence of
CsPb2Br5 and Cs4PbBr6 phases, a record efficiency of 10.91%
has been achieved by the Qi group, so far the best by the
evaporation method.39 Nevertheless, evaporation methods
have much more requirement on the fabrication criteria, for
example, good vacuum as the preliminary condition to ensure
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high quality of products. There are still other alternate
methods such as spray-assisted deposition, quantum dot-
based dissolution and recrystallization, pulsed laser deposition,
and so forth but can be more or less concluded to the above
two routes.40−42 In general, a more feasible method is expected
that combines the advantages of both routes while avoiding
their disadvantages, which calls up electrochemical (EC)
methods that have been proved as a route with good balance in
all the above manners with controllable motion of the reactive
species (normally ions) and their reactions and low
instrumental criteria.43−46

In this work, we have applied the unconventional EC
deposition strategy on the direct fabrication of inorganic alkali
halide perovskites for the first time. This method can be totally
carried out in air at room temperature, with highly controllable
grain size and thickness of the products and fast fabrication
within a few minutes. The grain size and thickness of CsPbBr3
films can be easily controlled by adjusting the Pb deposition
current and time; meanwhile, the crystallinity of the perovskite
layer can be controlled by regulating the CsPbBr3 conversion
voltage and time. By optimizing the CsPbBr3 film morphology
and thickness, an adequate efficiency of up to 7.86% has been
achieved so far in the as-prepared PSCs with the FTO/c-TiO2/
m-TiO2/CsPbBr3/spiro-MeOTAD/Au structure. What is
more, the as-fabricated device has shown quite robust stability
even after a long-time exposure of 150 days to natural light and
air (RH: 40−50%), which could have been favored by the
action of field-induced lattice contraction in the EC process.
Such feasibility of fabrication and impressive performance of
materials will hopefully give light to the future development of
applicable perovskite devices in general.

2. EXPERIMENTAL SECTION
2.1. Materials. The FTO-coated glasses (15 Ω·sq−1), compact-

TiO2 (c-TiO2) spin-coating pastes, mesoporous-TiO2 (m-TiO2) spin-
coating pastes, and spiro-MeOTAD were purchased from Shanghai
MaterWin New Materials Co., Ltd., China. Lead(II)iodide (PbI2,
99%) was bought from Sigma-Aldrich. Cesium bromide (CsBr) was
acquired from Xi’an Polymer Light Technology Corp.
2.2. Material and Device Fabrication. The FTO substrates

were ultrasonically cleaned in detergent, deionized water, acetone,
isopropanol, and ethanol bath sequentially for 20 min at each step,
followed by an ultraviolet ozone treatment of 20 min. The c-TiO2
layer has been prepared by sequential spin-coating with 0.15 and 0.30
M c-TiO2 pastes on clean FTO at 4000 rpm for 30 s at each step, with

postannealing at 500 °C for 30 min. The m-TiO2 layer has been
prepared by spin-coating m-TiO2 pastes (4 wt %) on FTO with
annealed c-TiO2 at 4000 rpm for 30 s and sintered at 500 °C for 45
min. The EC preparation of the CsPbBr3 perovskite layer was carried
out in two steps under atmospheric conditions with a Pt sheet of 4
cm2 as the counter electrode. The first step was the deposition of Pb
onto m-TiO2/c-TiO2/FTO with 0.02 M PbI2 isopropanol solution.
The second step was the conversion of Pb into CsPbBr3 perovskite
under a positive bias in a methanol solution of CsBr (15 mg·mL−1).
The as-fabricated samples were annealed in the muffle furnace at 250
°C for 10 min. The hole-transporting material (HTM) has been
prepared by spin-coating the precursor [prepared by dissolving 72.3
mg of spiro-MeOTAD, 28.8 μL of 4-tert-butylpyridine, and 17.5 μL of
acetonitrile solution of lithium bis(trifluoromethylsulfonyl)imide (520
mg·ml−1) in 1 mL chlorobenzene] onto the perovskite surface at 4000
rpm for 30 s. The as-fabricated samples were placed into a drying
cabinet overnight. Finally, the upper electrode of 80 nm thick gold
was deposited on top of the HTM by thermal evaporation.

2.3. Material and Device Characterization. The morphology
of the samples has been characterized by field-emission electron
scanning microscopy (Zeiss Ultra Plus). The absorption spectrum of
perovskite films was characterized using an ultraviolet−visible (UV−
vis) spectrophotometer (Lambda 35, PerkinElmer). The crystallinity
of the perovskite samples was investigated by X-ray diffraction (XRD)
using a polyfunctional X-ray diffractometer (D8 ADVANCE Da Vinci,
Bruker). The steady-state photoluminescence (PL) and time-resolved
PL (TRPL) spectra were measured using a steady-state and time-
resolved fluorescence spectrophotometer (QM/TM/IM, PTI) with
excitation lasers of 325 nm and 340 nm, respectively. The J−V curves
of CsPbBr3 solar cells were tested using a solar simulator (2612A,
Newport) under standard 1 sun (AM 1.5). EC impedance
spectroscopy (EIS) was measured using an EC workstation
(CS350H, Corrtest).

3. RESULTS AND DISCUSSION

3.1. Preliminary Results of EC Deposition of CsPbBr3.
As shown in Figure 1a, the two-step EC method is as follows:
1. deposition of lead, where Pb nanoparticles are formed by
reduction of Pb2+ on the surface of m-TiO2/c-TiO2/FTO
using the galvanostatic mode; 2. conversion of Pb into a yellow
CsPbBr3 thin film by the cooperation of field-induced drift and
thermal diffusion of Cs+ and Br− from the CsBr precursor
using the potentiostatic mode. Small islands are evenly formed
on the TiO2 surface after step 1 and much larger islands are
developed after step 2 that have fully covered the surface.
According to XRD patterns in Figure 1b, significant peaks
appear at 31.28 and 36.27° after step 1 and peaks at 15.22,

Figure 1. Overview of the EC fabrication of CsPbBr3: (a) schematic illustration of the EC method for the preparation of CsPbBr3 films and the
corresponding top-view SEM images of Pb and CsPbBr3; (b) XRD patterns of Pb and CsPbBr3 films; (c) UV−vis absorption spectrum and steady-
state PL spectrum of CsPbBr3 films; (d) structure of the integrated PSCs; and (e) energy-level diagram for the charge-transfer process.
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21.66, 30.72, and 34.54° are observed after step 2, which
correspond to (111) and (200) crystal planes of Pb (PDF#01-
0972) and (1̅00), (1̅10), (2̅00), and (2̅10) planes of CsPbBr3
(PDF#18-0364), respectively. This has clearly proved the
effective formation of Pb and CsPbBr3 after steps 1 and 2,
respectively. The UV−vis spectrum in Figure 1c indicates a
characteristic absorption peak at 520 nm [corresponding to Eg
∼ 2.33 eV from the fitted (Ahυ)2−hυ plot shown in the
inset].32,47 Figure 1c presents the PL peak of the as-fabricated
CsPbBr3 film located at 525 nm, which is comparable to its
optical band gap. Finally, a power conversion efficiency (PCE)
of 2.41% was obtained (exhibited in Figure S1) after
integrating the as-fabricated sample into a n-i-p-type PSC
(configuration and energetic diagram are shown in Figure
1d,e). Such a low performance compared to representative
results27,37−39,48 could be due to the large quantity of
recombination centers from the pinholes, which makes further
modulation necessary.
3.2. Influence of Pb Deposition Current and Time on

EC Perovskite. To solve this problem, the first study has been
carried out for the influence of physical parameters of the first
step on the final products. As shown in Figure 2a, the grain
sizes of both Pb and CsPbBr3 increase with increasing
deposition current (IPb). The statistical results indicate that
the average grain size of Pb (DPb) almost linearly increases
from ∼140 to ∼240 nm with the deposition current (Figure
2b,c). Correspondingly, the average grain size of CsPbBr3
(DPVSK) also increases from ∼450 to ∼510 nm. The thickness
of as-formed Pb and CsPbBr3 has also shown similar positive
dependence on the increase of Pb deposition current.
Moreover, the pinhole coverage of CsPbBr3 films (defined as

the pinhole area divided by the overall area) decreased with the
increase of IPb and then increased, reaching a minimum at −4
mA, less than 0.5%, as presented in Figure 2d.49,50 At IPb < −4
mA, the decrease of pinhole density at a lower current density
should be due to the higher coverage of Pb particles formed in
the first step that can facilitate the full coverage of CsPbBr3 in
the second step. At IPb > −4 mA, bubbles can occur at the
TiO2 surface by some side reaction (reduction of hydrogen),
which could significantly deteriorate the formation of a
complete film and enhance the pinhole formation again.51,52

The XRD patterns in Figure 2e have shown the significant
existence of characteristic peaks for CsPbBr3 at 15.22, 21.66,
30.72, and 34.54° with different current values. What is more,
the intensity peak at 21.66° (corresponding to the (1̅10)
crystal plane, the main content of CsPbBr3) varies with the
current, with the highest peak intensity and the smallest full-
width at half-maximum (fwhm) of 0.156 at −4 mA, indicating
the best crystallinity of the CsPbBr3 film under this condition
(details can be found in Table S1 in the Supporting
Information).39

As for the electro-optical behavior (Figure 2f), all the PL
peaks are located at ∼525 nm. The maximum PL intensity is
achieved at −4 mA, indicating the highest photoinduced
carrier yield and weak recombination.37 This is also supported
by TRPL curves in Figure 2g, which have been fitted by a
biexponential function: I(t) = I0 + A1 exp(−t/τ1) + A2 exp(−t/
τ2). The average carrier lifetime τavg can be calculated using the
formula τavg = (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2), where τ1 and τ2

are the fast and slow components of decay times, respectively,
and A1 and A2 are the fast and slow decay amplitudes,
respectively. In the case of insulated samples in this

Figure 2. Effects of EC deposition current (IPb) of Pb: SEM images (a) and statistics of grain sizes (b) for Pb and CsPbBr3 (Pb was deposited for
300 s and CsPbBr3 was converted at 3.0 V for 800 s); (c) average grain size (DPb and DPVSK) and thickness (dPb and dPVSK) of Pb and CsPbBr3 vs
IPb; (d) pinhole coverage vs IPb; (e) XRD patterns of CsPbBr3 films vs IPb; (f) PL and (g) TRPL spectra of CsPbBr3 fabricated at different IPb values;
and (h) characteristics of CsPbBr3 PSCs with different IPb values.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c14816
ACS Appl. Mater. Interfaces 2020, 12, 50455−50463

50457

60

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14816/suppl_file/am0c14816_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14816/suppl_file/am0c14816_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c14816/suppl_file/am0c14816_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c14816?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c14816?ref=pdf


experiment, the decay of PL should be mainly induced by the
bulk defects and interface recombination, so a longer lifetime
corresponds to a better photoelectric quality (details of fitting
can be found in Table S2 in the Supporting Informa-
tion).24,53,54 The longest carrier lifetime of 5.15 ns has been
obtained at −4 mA, matching well with the PL and XRD
results. In summary, with the increase of Pb deposition current,
the grain size of perovskite becomes larger, while the coverage
and crystal quality of the CsPbBr3 film are improved. This has
also been further represented by the J−V characteristics of
PSCs, as shown in Figure 2h (which can also be referred to
from Figure S2 and Table S3); the PCE first increases and then
decreases with the increase of the Pb deposition current. The
drop in the performance at currents larger than −4 mA could
be mainly due to the side reactions (e.g., formation of H2
bubbles at the cathode) in the first deposition that had reduced
the uniformity and enhanced the carrier recombination of the
film.
Second, the deposition time of the Pb layer (tPb) could also

be an important factor affecting the crystal formation. Figure
3a,b shows a positive and an almost linear dependence of the
Pb grain size and thickness on the deposition time, where the
grain size and thickness increase, respectively, from ∼220 to
∼290 nm and from ∼180 to ∼380 nm with the time increasing
from 350 to 500 s. Correspondingly, the variation of the grain
size of CsPbBr3 versus time (increases from ∼500 to ∼525
nm) appeared to be quite small compared to CsPbBr3
thickness (increases from ∼450 to ∼750 nm). This means
that the thickness other than the grain size of as-formed
perovskite is more strongly influenced by the grain size of Pb
precursors. This phenomenon could be due to the significant
volume expansion from Pb to CsPbBr3 in the whole procedure:
as also shown in Figure 1a, there has been a significant distance
among the Pb particles, but after step 2, the coverage of
CsPbBr3 has become almost 100% on the surface under all
conditions (also shown in Figure S3 in the Supporting
Information). Therefore, the significant size increase of Pb
particles will more likely result in much more significant
enhancement of CsPbBr3 formation along the vertical direction
due to the confinement of space in the horizontal direction.
Nevertheless, the increase of Pb particle size can still induce
other effects in the horizontal direction, that is, certain stress
can be generated and therefore more interfacial defects or even

certain film deformation could result (which can be referred to
from Figure S4 in the Supporting Information).55 Further-
more, some structural change also emerges with the deposition
time of Pb, as shown in the XRD pattern in Figure 3c. For tPb <
400 s, only pure CsPbBr3 phase is detected. After 400 s, new
peaks emerge at 11.6, 18.8, 29.4, and 33.4°, corresponding to
the (002), (112), (213), and (310) orientations of the
CsPb2Br5 phase (PDF#25-0211), respectively. The relative
intensity of those peaks increases with further increase of tPb in
the first step, which indicates the increase of the CsPb2Br5
content when tPb > 400 s. Considering the stoichiometry of
CsPb2Br5 and CsPbBr3, this phenomenon is likely to be due to
the overdosed Pb formed at too long tPb that could react with
more field-transported Br− anions in the solution and thus
enhance the formation of CsPb2Br5 with the relative shortage
of Cs+.46 As evidence, if more CsBr is added in step 2, all the
characteristic peaks of CsPb2Br5 will be significantly
attenuated, as shown in Figure S5 and Table S4.
As a consequence, the intensity of the steady-state PL of the

samples gradually increases with tPb when tPb < 400 s but drops
remarkably with tPb > 400 s (Figure 3d). This drastic change
should be mainly attributed to the emergence of CsPb2Br5,
which is a PL inactive component with an indirect band gap
due to the long-time reaction.39,56 Similar evidence can be
found in TRPL measurements in Figure 3e. The carrier
lifetime also first increases and then decreases with increasing
Pb deposition time, reaching a maximum of 10.80 ns at tPb =
400 s (detailed fitting results can be referred to from Table S5
in the Supporting Information). When tPb > 400 s, the
recombination is mainly caused by bulk defects, while the
interface recombination begins to increase with the appearance
of CsPb2Br5. The as-fabricated perovskites have been
integrated into PSCs with J−V characteristics shown in Figure
3f. When the time is shorter than 400 s, both JSC and PCE
show an increasing trend, which could be easily understood by
the facilitation of higher thickness on the photon absorption.42

However, the PCE has shown significant declination at tPb >
400 s. This behavior may be induced by the same origin for the
XRD, PL, and TRPL results. When the deposition time is 400
s, the average thickness of the perovskite film is 525 nm (close
to the theoretically calculated optimal value of 500 nm57),
showing the best performance (η ∼ 6.00%, VOC = 1.38 V, JSC =
6.93 mA cm−2, and FF = 0.63).

Figure 3. Effects of EC deposition time (tPb) of Pb: (a) statistics of average grain size (DPb and DPVSK) of Pb and CsPbBr3 vs tPb; (b) average
thickness (dPb and dPVSK) of Pb and CsPbBr3 vs tPb; (c) XRD patterns of CsPbBr3 films; (d) PL and (e) TRPL decay curves of the corresponding
CsPbBr3; and (f) J−V statistical graph of PSCs fabricated under increasing tPb. (IPb is −4 mA. CsPbBr3 is converted at 3.0 V for 800 s.)
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3.3. Effect of Conversion Voltage and Time on the
Perovskite. Furthermore, the voltage amplitude (UPVSK) in
step 2 can also significantly influence the as-formed perovskite.
As shown in Figure 4a,b, the average grain size of perovskite
has first shown a rising and then a descending trend with
increasing voltage, with the maximum value of ∼624 nm
achieved at ∼2.5 V. The surface of the product is quite uniform
when UPVSK is below 2.5 V. However, a significant etching
effect has appeared at some positions for voltages higher than
2.5 V (indicated by the circles in Figure 4a). This change in
uniformity can be possibly due to distortion of the electric field
induced by surface roughness that can magnify the variation of
local field intensity at higher voltages.58,59 When the local field
intensity is too high, certain EC etching effect will be generated
at certain sites with a higher curvature.46,60−62 As a result,
smaller grains and more boundaries can be generated at those
positions. Furthermore, the microstructures of samples have
also been investigated by XRD. As shown in Figure 4c, when
the UPVSK is small, typical characteristic peaks of CsPbBr3
(15.2, 21.7, and 30.8°) are detected in the perovskite films. As
the UPVSK gradually increases to 3.0 V, CsPb2Br5 diffraction
peaks (11.6, 29.2, and 33.2°) begin to appear. Noticeably, the
intensity of the diffraction peak with the (1̅10) crystal plane
(21.7°, main content in the perovskite) first rises with
increasing voltage, reaches maximum at 2.5 V, and then
decreases again, with the corresponding fwhm following the
opposite trend (detailed in Table S6). This indicates that the
perovskite film converted at 2.5 V has the best crystallinity.39

The emergence of CsPb2Br5 could be mainly due to the faster
reaction speed caused by the higher voltage, which enhances
the consumption of Cs+ and Br− near the substrate. The higher
field intensity accelerates the drift of Cs+ to the counter
electrode and leaves a Br−-enriched layer near the substrate.
Like the modulation on the Pb-deposition step, this effect can
also be diminished by the addition of CsBr in step 2 (see
Figure S6 in the Supporting Information). As another
interesting consequence of this operation, the peak width of
CsPbBr3 will also become narrower (see Table S7 in the

Supporting Information), corresponding to larger crystal
domains and better crystallinity.
Consequently, this evolution has induced significant

influence on the electro-optic properties of materials. The PL
spectrum also illustrates a curve that first rises and then
descends (in Figure 4d), which is mainly due to the
appearance of CsPb2Br5 phase.

41,56 The PL of the sample at
3.5 V has shown a blue shift from 525.3 nm (at 2.5 V) to 523.8
nm, mainly owing to the appearance of CsPb2Br5 with a wider
band gap of 3.45 eV,37,39,63 which also leads to a significant
quenching effect. Similar behavior is also indicated by TRPL.
The lifetime of the perovskite film increases from 12.06 ns at
2.0 V to 12.50 ns at 2.5 V and then drastically decreases to 1.5
ns at 3.5 V. The positive dependence of lifetime at lower
voltages could be due to the positive dependence of
crystallinity on the voltage under this condition. According
to previous discussion, when the voltage is too high (>2.5 V),
certain etching effect begins to appear and can lead to a
significant increase of the interfacial recombination and a
drastic decrease in the lifetime (detailed fitting results can be
found in Table S8). In addition, EIS has been performed in the
dark environment at a bias close to VOC to further study the
charge-interface transport. As shown in Figure 4f, only the
high-frequency region of the Nyquist plots can be observed,
which is mainly related to the recombination processes.64,65 As
is commonly known, the intercept on the horizontal axis and
the arc are related to the serial resistance Rs and the
recombination resistance Rrec, respectively. A smaller intercept
and a larger arc radius indicate the lower serial resistance and
higher recombination resistance, respectively, which lead to a
better performance of the material in devices. As demonstrated
in Figure 4f and Table S9, the recombination resistance Rrec
increases first and then decreases with the increase of voltage,
with the maximum achieved at 2.5 V. This indicated 2.5 V as
the more optimal condition for the as-fabricated product as
interfacial recombination is a more dominant factor that
influences the device performance than the serial resist-
ance.36,66,67 Furthermore, the time of conversion step also

Figure 4. Influence of CsPbBr3 perovskite conversion voltage (UPVSK) in step 2 (all Pb deposited at −4 mA for 400 s). (a) SEM images of CsPbBr3
converted at different UPVSK; (b) statistical graph of the average grain size of CsPbBr3; (c) XRD patterns of CsPbBr3 films; (d) PL and (e) TRPL
decay curves of the corresponding CsPbBr3; (f) EIS Nyquist plots; and (g) PCE statistic graph of PSCs prepared under different UPVSK.
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influences the formation of the final product. When the
conversion time is less than 400 s, there has been some
existence of CsPb2Br5, which will gradually vanish with
increasing time, until it completely disappears at 800 s (the
corresponding details can be found in Figure S7 and Table S10
in the Supporting Information). No significant change can be
observed for the reaction time longer than 800 s. Finally, the
perovskite thin films converted under different voltages are
integrated into PSCs. The optimal UPVSK appears to be around
2.5 V, according to photovoltaic characteristics exhibited in
Figure 4g (see details in Figure S8 and Table S11 in the
Supporting Information).
3.4. Performance and Stability of EC CsPbBr3 in Solar

Cells. Figure 5a exhibits the statistics of PCE of all PSCs with

CsPbBr3 fabricated under optimized conditions (step 1: −4
mA for 400 s; step 2: 2.5 V for 800 s), indicating quite good
reproducibility of the electrochemical fabrication for CsPbBr3.
The J−V curve of the champion device is presented in Figure
5b, showing η of 7.86% (with VOC = 1.43 V, JSC = 8.85 mA
cm−2, and FF = 0.62) by reverse scanning. To further study the
stability of the cells, the samples have been tested via the ISOS-
LC-1 protocol,68 which had been stored under natural light in
air (RH 40−50%, 25 °C) without encapsulation and tested
under AM 1.5 (1 sun) by a solar simulator. As shown in Figure
5c, the device had shown no significant degradation of PCE
during the storage of 150 days (the degradation is just about
0.3% against its original value). Such robust stability could be
due to significant lattice contraction compared to normal
CsPbBr3 (details can be found in Table S12 in the Supporting
Information) by certain field-induced annealing effect.46,69

According to the previous literature, as a ferroelectric material,
the crystal undergoes electrostriction under the action of an
external electric field and the corresponding lattice constant
and unit cell volume will change to reduce the electrical strain.
Therefore, the unit cell volume of the obtained CsPbBr3 film
will reduce.70,71 Compared to the standard sample, the unit cell
volume of EC CsPbBr3 (step 1: under −4 mA for 400 s; step 2:

at 2.5 V for 800 s) is reduced from 200 Å3 of the standard
sample to 197.47 Å3 in the EC sample, which is a reduction of
1.3%. In addition, the EC CsPbBr3 has shown a much more
hydrophobic surface than the traditional spin-coated ones,
which partly explains its tolerance to the ambient conditions
without encapsulation (Figure 5d).72

4. CONCLUSIONS
In summary, the direct EC synthesis method has been
successfully applied in all-inorganic CsPbBr3 perovskite films.
The thickness and grain size of the products can be well
controlled by simply tuning the physical parameters (current,
voltage, and time) during the process. Consequently, the opto-
electronic properties of the material can be effectively
influenced and optimized. The emergence of an additional
phase (CsPb2Br5) could also be formed by a side reaction or
too high voltage, which could be easily controlled by some
simple chemical operation. As a result, so far the highest PCE
of 7.86% has been achieved in typical n-i-p PSCs, with a VOC of
1.43 V, a JSC of 8.85 mA cm−2, and a FF of 0.62. Furthermore,
the unencapsulated perovskite cell still maintained ∼99.7% of
its original PCE even after 150 days of storage in air (40−50
RH % and RT) under natural light, showing quite impressive
tolerance to the environment and long-term stability. Hope-
fully, this work could offer some facilitative light in the
development toward more ideal and applicable devices with
high efficiency, robust stability, and low cost.
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A B S T R A C T   

The cast-grown monocrystalline-like silicon (mono-like Si) technology has been reactivated recently for the 
manufacture of high-efficiency solar cells at low cost. In this paper, we have provided a progressive research, 
both experimentally and theoretically, to improve the efficiency of mono-like Si passivated emitter and rear cells 
(PERCs) through production lines. By employing rear surface passivation of AlOx/triple-SiNx:H layers, the 
average efficiency has increased to 21.87% with a champion efficiency of 22.32% from the standard mono-like Si 
PERCs of 21.72% efficiency with AlOx capped with double-SiNx:H layers. We have further optimized the rear 
electrode contact patterns and introduced the selective emitter (SE) technology, yielding an absolute efficiency 
improvement of 0.19% and 0.26%, respectively. Integrating all approaches of the triple-SiNx:H, rear contact 
pattern optimization and SE technology, we have demonstrated that the mono-like Si PERCs can reach the 
average efficiency of 22.2% with a maximum efficiency of 22.5%, similar to the current Czochralski mono-
crystalline Si counterparts.   

1. Introduction 

For the recent five years, there is a growing tendency of crystalline 
silicon solar cells that the conventional aluminum back surface field (Al- 
BSF) design is in a transition to passivated emitter and rear cells 
(PERCs). It is expected that the production capacity of PERCs will be 
over 100GWp in China by the end of 2019, and nowadays PERCs have 
become the mainstream of the highly competitive photovoltaic (PV) 
market. The concept of PERCs was first proposed by Blakers et al. [1], in 
1989. In the past 30 years, a significant subsequent motivation for the 
shift from conception to mass production is associated with the rapid 
development of manufacturing technologies [2,3], e.g., rear dielectric 
coating [4,5], wet chemical polishing etch [6] and laser-based selective 
emitter (SE) [7] and contact ablation [8]. An aluminium oxide/silicon 
nitride (Al2O3/SiNx:H) structure was proposed for the rear passivation in 
2009 [9,10], which has long been adopted in the industry until now. In 
our previous work, a feasible silicon oxide (SiO2) passivation technique 
for industry-related PERCs was also investigated [11] as a way of 
improving the long-wavelength response and reducing rear surface 
recombination. In 2011, a 19.5% cell efficiency of multicrystalline sili-
con (mc-Si) PERCs was achieved by Q-Cells [12]. Next year, Suntech 

Power successfully manufactured advanced PERCs with a laser-based SE 
[13], instead of other complicated approaches such as ion implantation 
[14] and printable dopant [15]. While LONGi Solar has declared the 
realization of world-record PERC efficiency of 24.06% in 2019 [16], the 
average efficiency for Czochralski monocrystalline silicon (Cz mono-Si) 
PERCs in current mass production is in the range of 22.2 � 0.2%. 

It should be noted that the PV industry as a whole is dominated by Cz 
mono-Si PERCs due to in principle the reduced cell efficiency of mc-Si 
PERCs as well as their limited space to improve the efficiency [17]. 
Nevertheless, another challenge is indispensable, originating from the 
fact that the cost of Cz mono-Si wafers is still 30–40% higher than that of 
mc-Si ones at the present stage [18], causing a significant influence on 
the price of high-efficiency PERCs. This is unfavorable for the levelized 
cost of electricity (LCOE) and resolutely enhancing PERC efficiency 
without increasing the cost should be a decisive strategy. In this situa-
tion, the ever popular cast-grown monocrystalline-like silicon (mono--
like Si) technology in 2010 has been reactivated [19], which was first 
proposed by Ciszek et al. [20], in 1979. The rapid development of 
mono-like Si wafers provides the possibility to fabricate high-efficiency 
PERCs at a relatively low cost. Since 2017, a great variety of works has 
been carried out to investigate the growth and material features of 
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mono-like Si, e.g., impact of impurities [21], defect-related recombi-
nation [22] and dislocations [23]. Liu et al. [24], proposed a phospho-
rous diffusion process to improve the electronic quality of highly 
defective mono-like Si. Lan et al. [25], introduced a simple approach to 
control the ingot quality and cell appearance of mono-like Si. Particu-
larly, GCL Poly has played a significant role in the research and devel-
opment of mono-like Si material, which is strongly supported by several 
solar cell manufacturing companies. In 2019, Canadian Solar has re-
ported the world-record efficiency of 22.28% for the mono-like Si PERCs 
[26]. As a promising alternative to the conventional Cz mono-Si PERCs, 
the production capacity of mono-like Si PERCs is expected to reach 
6GWp in 2019 with an average efficiency of 21.8 � 0.2% in mass pro-
duction currently [27]. 

In contrast to the quick pushing in the PV industry, there is almost no 
relative report on the mono-like Si PERCs in academia, except three 
proceedings papers by Xu et al. [28], by Dullweber et al. [29], in 2013 
and by Chang et al., in 2014 [30], respectively. We notice that the record 
cells achieved by either LONGi Solar or Canadian Solar were only 
certified by the third-party laboratory without any technical analysis. 
This paper is aimed at providing a progressive research, both experi-
mentally and theoretically, to extend the overall efficiency of mono-like 
Si PERCs through the production lines. Based on the standard PERCs 
with AlOx capped by double-SiNx:H layers at the rear surface with the 
average efficiency of 21.72%, we have integrated the optimized rear 
AlOx/triple-SiNx:H passivation and contact patterns with front 
laser-based SE technology. With our choice of these feasible technolo-
gies, the average efficiency of mono-like Si PERCs has reached 22.2%, 
with a champion efficiency of 22.5%, which is almost the same as the Cz 
mono-Si counterparts. 

2. Experimental and simulation 

We fabricated three types of PERC structures, i.e., standard PERC 
(baseline with conventional double-SiNx:H passivation layers), PERC 
with triple-SiNx:H passivation layers (shortened as triple-SiNx:H) and 
PERC with integration of the SE technology (shortened as SE). The 
wafers used for this work were p-type mono-like Si wafers with a <100>
grain orientation, a size of 157.75 � 157.75 mm2, a thickness of 
180 � 20 μm and a resistivity of about 0.8 Ω cm. Fig. 1 illustrates the 

PERC structures and the corresponding fabrication processes, together 
with the details of rear AlOx and SiNx:H layers as well as the front SiNx:H 
antireflection coating (ARC) layer. 

2.1. Standard baseline PERCs 

The wafers underwent the following production line treatments: 1) 
standard damage etching, wet-chemical alkaline texturing like Cz wafers 
to achieve the random pyramid texture with a lower reflectance 
compared to acidic texturing, which is considered to be more advisable 
for mc-Si wafers with random grain orientations [31], and RCA clean 
(InOxSide, RENA); 2) diffusion using POCl3 as precursor gas to form nþ

emitter with the sheet resistance (Rsh) of approximately 70Ω/□ 
(M5111-4WL/UM, CETC 48th Research Institute); 3) edge isolation, rear 
side polishing and removal of phosphorous silicate glass (PSG) in 
HF/HNO3 solution (InOxSide, RENA); 4) thermal oxidation (AS-300E) at 
the temperature of 680 �C for 20min; 5) the 6 nm-thick AlOx film by 
thermal atomic layer deposition (ALD) on the rear side (ALD, Ideal 
Energy); 6) double-SiNx:H layers deposition with thickness of 80 nm on 
the nþ emitter surface by plasma enhanced chemical vapor deposition 
(PECVD) system (M82200-6/UM, CETC 48th Research Institute); 7) 
capped with double-SiNx:H passivation layers through the same PECVD 
system with thickness of 120 nm on the rear side after ALD-AlOx depo-
sition; 8) laser ablation with a line pattern to form a local contact 
opening line width of 40�2 μm (DR-LA-Y40, DR Laser), screen printing 
(PV 1200, DEK) and co-firing technique (CFSeries, Despatch) to ensure 
front and rear side metallization. 

2.2. Triple-SiNx:H PERCs 

The fabrication of triple-SiNx:H PERCs was similar to that of the 
baseline ones, except for the step 7 in Section 2.1. Note that the initial 
overlapping 120 nm SiNx:H films on the rear surface of baseline PERCs 
can be divided into the inner SiNx:H layer with a thickness of 30 nm and 
a refractive index of 2.37 (at λ ¼ 632 nm) while the outer SiNx:H layer 
with a thickness of 90 nm and a refractive index of 2.09. The different 
procedures during rear SiNx:H deposition of triple-SiNx:H PERCs are as 
follows: 1) keep the inner SiNx:H layer fixed; 2) reduce the thickness of 
initial outer SiNx:H layer from 90 nm to 40 nm, as a new middle layer 

Fig. 1. Schematic of the standard PERC structure (left) and the process flow for the PERC baseline, PERC þ Triple-SiNx:H (passivated with triple layers of SiNx:H at 
the rear side), PERC þ SE (combined with SE in the emitter) fabricated in our study together with details of rear AlOx and SiNx:H layers as well as the front SiNx:H 
ARC layer (right). 
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with a refractive index of 2.15; 3) add another SiNx:H layer as a new 
outer layer with a thickness of 50 nm and a refractive index of 1.92. The 
thickness and refractive index of the overlapping SiNx:H films were 
optimized by Wafer Ray Tracer software (PV Lighthouse) [32]. 

2.3. SE PERCs 

The manufacturing processes of SE PERCs were identical to those of 
the baseline ones, except for the emitter formation procedure, which 
involved an additional step: laser doping (DR-LA-Y40, DR Laser) per-
formed on wafers after POCl3 diffusion and followed by the removal of 
PSG. Laser doping was included to achieve so-called highly doped 
emitters (nþþ emitters) and lightly doped emitters (nþ emitters), leading 
to the formation of emitters selectively. Among them, PSG produced 
during POCl3 diffusion served as a doping source. The Rsh of the nþþ

emitter was 60�5Ω/□, while the Rsh of the nþ emitter was 120 � 10Ω/ 
□. 

2.4. Symmetrical samples for passivation characteristics 

Both saturation current density (J0e) and effective minority carrier 
lifetime (τeff) effectively investigate the passivation quality of solar cells 
in the form of symmetrical structures. For baseline PERCs, the J0e 
experiment was divided into two parts: the passivation zone and the 
metal zone. Regarding the passivation zone, SiNx:H passivation layers 
were deposited on both the textured and phosphorus-diffused surfaces of 
wafers, with Rsh of 70Ω/□, which forms the symmetrical SiNx:H/Si/ 
SiNx:H structure. Prior to SiNx:H deposition, textured and diffused wa-
fers underwent the conventional HF cleaning and thermal oxidation 
processes. The wafers were further treated with sintering process 
without metallization. Regarding the metal zone, prior to sintering 
process, the textured and diffused wafers underwent the similar pro-
cessing sequence as mentioned above, together with Ag printing on both 
full-area surfaces verse sintering process, with the symmetrical Ag/SiNx: 
H/Si/SiNx:H/Ag structure. After that, the wafers were soaked in aqua 
regia solution (HCl:HNO3 ¼ 3:1) to remove the Ag paste. As for the τeff 
measurement, the sequence is the same as the J0e experiment for the 
passivation zone with a symmetrical SiNx:H/Si/SiNx:H structure. 

For SE PERCs, the J0e experiment was divided into three parts: the nþ

emitter zone, the nþþ emitter zone and the metal zone. Regarding the nþ

emitter zone, the fabrication of symmetrically structured samples was 
similar to that of the samples tested for the passivation zone of baseline 
PERCs, except for the Rsh of about 125Ω/□. Regarding the nþþ emitter 
zone, prior to SiNx:H deposition, full-area laser doping was added to the 
fabrication process on both surfaces of textured and phosphorus- 
diffused wafers as mentioned above, with Rsh of 65Ω/□, the other 
steps were exactly the same. Regarding the metal zone, the samples just 
used to test for the nþþ emitter zone underwent the similar treatments as 
the metal zone of baseline. For the measurement of τeff, SiNx:H films 
were deposited on both surfaces of the textured and phosphorus-diffused 
wafers, with Rsh of 125Ω/□, similar to the process as mentioned above. 

2.5. Characterization 

The thickness and refractive index of AlOx and SiNx:H films were 
measured by spectroscopic ellipsometry (SE400adv-PV). The microgram 
of different rear contact patterns were obtained by a 3D microscope 
(Zeta-20, ZETA Instruments). Dopant concentration profiles of the 
emitters were determined by electrochemical capacitance voltage (ECV) 
profiling (CVP21, WEP). Sheet resisitance Rsh and resistivity of the 
wafers were investigated by four-point probes (280I Series, Four Di-
mensions Inc.). The interstitial oxygen (Oi) of the mono-like Si wafers 
was investigated by FTIR (Bruker IFS-113v). τeff, J0e and implied open 
circuit voltage (Voc) of the emitters were measured by a quasi-steady- 
state photoconductance (QSSPC) tester (WCT-120, Sinton In-
struments). The reflectance and quantum efficiency of solar cells were 
measured by QEX10 (PV Measurements) system. Finally, the efficiency 
of the solar cells was tested under AM1.5 spectrum at 25 �C by Halm 
3600 in the production line. 

2.6. Simulation of optical absorption and reflection 

To understand the effect of rear triple-SiNx:H layers on the optical 
absorption and reflection, the online Wafer Ray Tracer software was 
employed to optimize thickness and refractive index distribution. Both 
the baseline PERCs and triple-SiNx:H PERCs were set coated with dou-
ble-SiNx:H layers on the front surfaces, with thickness of 55 nm and 
refractive index of 2.03 for outer layer as well as thickness of 25 nm and 

Table 1 
The main parameter values for the Quokka 2 simulations.  

Quokka2 Parameters Rear electrode contact ratio 23.3% 34.4% 43.4% 53.8% 86.6% 

Main Cell thickness (μm) 170  
Front width (μm) 1500  
Rear width (μm) 600  
Cell depth (μm) 1054 1037 1054 1051 1082 

Front (Emitter) Contact shape Line  
Half width (μm) 28.75 

Emitter 1 Sheet resistance (Ω/□) 70  
Junction depth (μm) 0.32 

Contact J0e (A/cm2) 1.2E-12  
J02 (A/cm2) 0  
Contact resistivity (Ω�cm2) 1.33E-3 

Non-contact J0e (A/cm2) 4.7E-14  
J02 (A/cm2) 0 

Bulk Doping type P-type  
Resistivity (Ω�cm) 0.83  
Background lifetime (μs) 150 

Rear (Base) Contact shape Rectangle  
Number of contacts 1&3  
Half width X (μm) 34  
Half width Y (μm) 246 337 457 566 938 

BSF 1 Sheet resistance (Ω/□) 15  
Junction depth (μm) 0.8 

Contact J0BSF (A/cm2) 7.24E-13  
J02 (A/cm2) 0  
Contact resistivity (Ω�cm2) 2.20E-3 

Non-contact J0-AlOx/SiNx (A/cm2) 7.15E-15  
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refractive index of 2.37 for inner layer, respectively. With regard to the 
rear surfaces, fix the total SiNx:H layer thickness of 120 nm and the inner 
film thickness of 30 nm, change the thickness distribution of the other 
two layers. The refractive index of outer SiNx:H layer varied from 1.91 to 
2.03 while the inner and middle layers remained 2.37 and 2.15, 
respectively. 

2.7. Simulation of electrical performance and free energy loss analysis 

Quokka 2 was used to study and verify the performance of three 
types of PERCs with different real ratios of rear electrode contact pat-
terns. Table 1 lists the simulation parameters of the solar cells. 

3. Results and discussion 

3.1. Baseline mono-like Si PERCs 

Before presenting the results of baseline mono-like Si PERCs, the 
intrinsic properties of Cz mono-Si and mono-like Si wafers were 
compared, both experimentally and simulatively. We show in Fig. 2(a) 
the resistivity distribution of these two types of wafers. There is an 
evident fluctuation found in the resistivity of Cz mono-Si wafers ranging 
from 0.5 Ω cm to 1.3 Ω cm, while the concentrated resistivity of mono- 
like Si wafers with a stable value of 0.80 � 0.1 Ω cm is more preferable 
for the PERC production process. As illustrated in Fig. 2(b), we make a 
comparison between Cz mono-Si PERCs and mono-like Si PERCs with 
the same cell structure in efficiency and free energy loss analysis (FELA) 
by Quokka 2 simulation. It is worthy to mention that the measured bulk 
lifetime was used for the simulation, with a real value of 150μs for mono- 
like Si wafers and 200μs for Cz mono-Si wafers. According to the 
simulation results, it is found that the energy loss of Cz mono-Si PERCs is 
lower than that of mono-like Si PERCs, leading to a cell efficiency 
improvement of 0.03%. The main reason lies in the higher bulk 
recombination of mono-like Si PERCs. However, mono-like Si wafers 
exhibit much lower Oi with the value of 6.34ppma, while the Oi of Cz 
mono-Si wafers is 15.43ppma as listed in the left graph of Fig. 2(c). The 
lower Oi in mono-like Si wafers is instrumental in reducing the light- 
induced degradation (LID) [29] of PERC modules. The right graph of 
Fig. 2(c) depicts the mass production efficiency distribution of the 
baseline mono-like Si PERCs with the manufacturing process flow listed 
in Fig. 1. It is found that the cell efficiency (η) is mainly concentrated at 
21.80% with a share of 25%, the efficiency of 21.9% second, yielding an 
average η of 21.72%. There is only 12.6% share with the η of more than 
22.0%, indicating the large improvement room for the mono-like Si 

PERCs as compared with the Cz mono-Si counterparts. 
It is well known that the loss of solar cells could be categorized as 

optical and electrical losses. Fig. 2(d) shows the related losses from a 
series of simulations to straightforwardly clarify the direction of 
improvement. On the one hand, the optical losses by Wafer Ray Tracer 
software indicate that the reflection loss is the dominating factor to limit 
the carrier collection of solar cells, and the improvement of spectral 
response is restricted unless the rear films are optimized with an alter-
native routine for a long optical transmission length. The absorption loss 
from rear cell is also higher than that of front cell, causing a negative 
influence on the long-wavelength response. On the other hand, electrical 
losses with the help of Quokka 2 simulation reveal the serious front 
emitter loss, which could be effectively reduced by the SE technology. 
Apart from the Shockley-Read-Hall (SRH) loss, the loss from contact at 
BSF also accounts for a considerable proportion, which can be reduced 
by optimal rear laser cut groove to achieve a low resistive and recom-
bination loss. The above simulation results guide us to investigate the 
influence of emitter and rear structure on cell performance below. 

3.2. Effect of rear triple-SiNx:H passivation films 

It is well known that the optical loss in the long wavelength is mainly 
caused by the reflection and absorption losses from the rear metal layer 
[33], leading to the reduction of short circuit current (Isc). To further 
improve the long-wavelength response of cells, it is necessary for rear 
passivation films to obtain a higher reflection when light arrives at the 
rear, leading more long-wavelength photons to be reflected into the Si 
wafers to be fully utilized again. According to the reflection theory, 
triple-SiNx:H instead of conventional double-SiNx:H in the industry (i.e., 
the baseline) can effectively increase the reflection because of their 
multiple surfaces, so that the light fraction has another chance to enter 
the wafers [34]. Prior to the experiments, it is essential to figure out the 
optimal thickness and refractive index for triple-SiNx:H PERCs by means 
of simulation. Here, the thickness distribution of each SiNx:H layer from 
the inner to the outer was categorized as two types: 30nm/30nm/60 nm 
and 30nm/40nm/50 nm, while the thickness distribution of baseline is 
30nm/90 nm. We used the Wafer Ray Tracer software to calculate the 
optically generated current density (JG) with different refractive index of 
triple-SiNx:H PERCs (see section 2.6 for details). It’s worth to mention 
that the passivation of SiNx:H films enhances with an increase in 
refractive index [35]. This is due to the higher density of Si:H bond 
determined by the ratio of SiH4 to NH3 gas flow in the PECVD system 
[36,37]. The larger the ratio of SiH4 to NH3 gas flow, the more the Si:H 
bond density and thereby the higher the refractive index of SiNx:H. 

Fig. 2. (a) Resistivity distribution curve of Cz 
mono-Si and mono-like Si wafers. (b) FELA simu-
lation results of Cz mono-Si and mono-like Si PERCs 
with the same structure, the measured bulk lifetime 
was used for the simulation, with a real value of 
150μs for mono-like Si wafers and 200μs for Cz 
mono-Si wafers. (c) Comparison of interstitial oxy-
gen of the mc-Si, Cz mono-Si and mono-like Si 
wafers (left) and efficiency distribution of our 
baseline PERCs fabricated in mono-like Si wafers in 
the range of 21.4–22.1% (right). (d) Simulated op-
tical loss in baseline PERCs (left) and electrical loss 
in baseline PERCs (right).   
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However, the lower refractive index of SiNx:H results in improving the 
reflection, thereby increasing the long-wavelength response of PERCs. 
This explains our choice of refractive index for triple-SiNx:H PERCs. 

Fig. 3(a) illustrates the calculated JG characteristics, where there is 
an obvious change after triple-SiNx:H replacing the double-SiNx:H 
baseline (the JG value for the baseline is 41.34 mA/cm2). The JGs for the 
30nm/30nm/60 nm type are 41.34, 41.36, 41.36 and 41.35 mA/cm2, 
while for the 30nm/40nm/50 nm type, the corresponding JGs are 41.33, 
41.38, 41.43 and 41.42 mA/cm2 with refractive index of 2.03, 1.96, 1.92 
and 1.91 for outer SiNx:H layer, respectively. This result clearly indicates 
that the triple-SiNx:H PERCs exhibit higher JGs overall compared with 
those of baseline. The maximum JG of 41.43 mA/cm2 is achieved at the 
refractive index of 1.92 in terms of the 30nm/40nm/50 nm type, thereby 
considered to be the best case for triple-SiNx:H designs. In other words, 
the following discussion with respect to the triple-SiNx:H PERCs is based 
on the 30nm/40nm/50 nm type with refractive index for outer SiNx:H 
layer of 1.92. Although big difference of the refractive indices (2.37 and 
1.92) in double-SiNx layers (30 nm and 90 nm) can yield the similar 
optical effect, the introduction of intermediate refractive index of 2.15 
in the triple-SiNx scheme can save the industrial cost of rear SiNx 

fabrication in the PECVD system. 
Obvious differences could be observed in Fig. 3(b) between triple- 

SiNx:H and baseline PERCs from the absorption and reflection in the 
long wavelength from 900 nm to 1200 nm by Wafer Ray Tracer soft-
ware. The surface of light propagation has increased for triple-SiNx:H 
PERCs, leading to a slight increase in reflection and thereby a lower 
absorption. Another explanation for the improvement might be that 
there is an increase in extinction coefficient with increasing ratio of SiH4 
to NH3 gas flow [38], resulting in a reduced absorption in the long 
wavelength of triple-SiNx:H PERCs with a lower refractive index of 1.92 
for outer SiNx:H layer, in contrast to the baseline with a refractive index 
of 2.09 for outer SiNx:H layer. The above argument reveals that the 
reflection and absorption of long-wavelength photons are significantly 
modified when the rear surfaces are passivated by triple-SiNx:H films. 

Fig. 3(c) depicts the experimental EQE and reflectance spectra of 
triple-SiNx:H PERCs against the baseline ones. It is almost the same in 
the short wavelength of both EQE and reflectance for the reason that 
short-wavelength spectral response mainly shows the recombination 
and loss from the front cell, which is identical between triple-SiNx:H and 
baseline PERCs. However, in the long wavelength, triple-SiNx:H PERCs 

Fig. 3. (a) Simulated values of JG for triple- 
SiNx:H samples. 30nm/30nm/60 nm and 
30nm/40nm/50 nm types represent the 
thickness of each layer from inner to outer. 
The refractive index of outer layer for each 
type varied from 1.91 to 2.03. The dotted 
line represents the JG value of baseline. (b) 
Simulated optical absorption and reflection 
from rear films. (c) EQE and reflectance 
spectra measured with a mono-chromatic 
approach. (d) Measured I–V parameters (Isc, 
Voc, FF and η) with 400 pieces of solar cells.   

Fig. 4. Different rear contact patterns (LR/L ¼ 23.3%, 34.4%, 43.4%, 53.8% and 86.6%): (a) 3D microgram, (b) measured and simulated I–V parameters (relative 
value of Isc, Voc, FF and η compared with baseline), (c) EQE spectra and (d) simulated FELA results. 
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achieves a better performance on EQE and reflectance than the baseline 
ones, demonstrating superior light utilization and carrier collection ef-
ficiency at the rear side. As a result, the yielded short circuit current 
density (Jsc) from EQE spectra rises from 40.2 mA/cm2 to 40.5 mA/cm2. 

Fig. 3(d) shows the comparison of electrical parameters between the 
two types of PERCs. Obviously, the average Isc and fill factor (FF) of 
triple-SiNx:H PERCs exceed the baseline ones, leading to higher η. The 
average η reaches 21.87% for triple-SiNx:H PERCs, accompanied by a 
corresponding increase of 0.15% over baseline ones with an average η of 
21.72%. The increase in the Isc of 50 mA is consistent with the 
improvement of EQE and reflectance in Fig. 3(c). It is also worth to 
mention that the value of series resistance (Rs) is 0.86  mΩ and 0.92  mΩ 
for triple-SiNx:H and baseline cases, respectively. We assume that the 
higher FF in triple-SiNx:H PERCs is due to a nitrogen-rich film at the Al/ 
SiNx:H interface because of a lower refractive index [39], resulting in 
attenuating the corrosion penetration of Al paste and thereby a lower Rs. 
However, no obvious change occurs in Voc as a result of the equivalent 
total thickness of SiNx:H films, meaning that the passivation effect is 
hardly influenced by the triple-layer films. Therefore, it could be 
concluded that the increased η is practically attributed to the improve-
ment of Isc and FF, which is mainly affected by the lower refractive index 
at outer layer, enhanced reflection and reduced absorption in the long 
wavelength. In summary, the rear triple-SiNx:H film structure is 
confirmed to be a promising solution to enhance the long-wavelength 
spectral response for PERCs. 

3.3. Influence of rear electrode contact patterns 

Since the AlOx/SiNx:H stack is considered as an insulating layer, laser 
ablation is necessarily required for electrode formation at the rear side, 
that is, aluminum-silicon contact can be realized in the ablation portion 
[40,41]. There is no doubt that the electrode contact patterns should be 
well designed. Note that the contact patterns in production lines for 
baseline PERCs are dotted lines with length of 938 μm and lateral 
spacing of 145 μm, respectively, as shown in Fig. 4(a). Here, we define a 
new quantity, real ratio (LR/L, where L ¼ LR þ LI, LR is the length, and LI 

is the lateral spacing), to simplify the line patterns description, fixing the 
values of longitudinal spacing 600 μm and width 40 μm. To investigate 
the influence of rear contact patterns, a series of PERCs with different 
real ratios LR/L were fabricated in mono-like Si wafers. Fig. 4(a) shows 
the image of rear contact patterns with LR/L ranging from 23.3% to 
53.8%, and the pattern of baseline (LR/L ¼ 86.6%) is also displayed for 
comparison. The corresponding ratio of electrode contact area to the 
total area of rear surface is about 1.1%, 1.8%, 2.3%, 2.9% and 4.7%, 
respectively. We aim at obtaining the optimal LR/L, which can provide 
the highest output performance compared with baseline PERCs. 

The relative values of experimental parameters (ΔVoc, ΔIsc, ΔFF and 
Δη) between four set samples (LR/L ¼ 23.3%, 34.4%, 43.4% and 53.8%) 
and baseline are illustrated in Fig. 4(b). It is easy to find that with the 
increase of LR/L, the Voc diminished progressively. By contrast, obvious 
improvement in FF is observed with increasing LR/L. The Rs of every set 
sample (23.3%, 34.4%, 43.4%, 53.8% and 86.6%) is 0.92, 0.78, 0.69, 
0.66 and 0.60  mΩ, respectively. The lower the Rs, the larger the FF, thus 
the decline of FF is a result of the increasing Rs, which is mainly affected 
by contact resistance and lateral transport resistance [42,43]. The above 
trends can be adequately explained by the dependence of lateral trans-
port resistance on LR/L, which follows the adverse tendency as FF. 
However, an increase in the contact area means a reduction in the 
passivation area [44], causing the Voc to drop clearly. Hence, it is not 
preferable to improve the performance by increasing the laser cut 
groove area. One can see that the Isc of the four set samples exceed the 
baseline significantly. There is a nearly 47, 81, 59 and 41 mA 
improvement with LR/L of 23.3%, 34.4%, 43.4% and 53.8%, respec-
tively, and this could be attributed to differences between current 
transmission channels and current collection at the rear surface. Also, a 
homologous trend can be observed in η that the conversion efficiency of 

four set samples is greatly better than the baseline absolutely increased 
by 0.09%, 0.19%, 0.08% and 0.08%, respectively. It indicates that the 
higher Voc and greater Isc would compensate the FF loss accounting for 
the fact that the sample with LR/L of 34.4% exhibits the best electrical 
performance in comparison with other set samples. 

Fig. 4(b) also shows the simulated electrical parameters by Quokka 2 
software for verification. In order to ensure an effective and feasible 
simulation, the experimental data was adopted in the calculation, such 
as sheet resistance, junction depth, contact resistance, J0e and so on. 
Note that trends of ΔVoc, ΔIsc, ΔFF and Δη depicted by Quokka 2 with 
LR/L varied from 23.3% to 53.8% are in good agreement with those 
through experiments. Simulation results reveal that Isc of the 23.3% set 
samples is better than that of the 34.4% set ones. This may be due to the 
identical contact resistivity of rear side selected for each set samples 
during the simulations. Indeed, the smaller the LR/L, the lower the 
contact resistivity [45]. Overall, compared with the simulated baseline 
counterparts, the optimal results of the electrical performance are ob-
tained by Quokka 2 at LR/L ¼ 34.4% with an absolute increase in effi-
ciency η of 0.23%, while the maximum improvement η of 0.19% has 
been achieved experimentally for the PERCs with real ratio LR/L of 
34.4%. 

In order to evaluate the improvements of Isc more convincingly, 
Fig. 4(c) depicts EQE spectra of all these set samples. One can clearly 
observe that the set samples with LR/L ¼ 34.4% exhibit a stronger 
spectral response in the long wavelength but nearly no difference in the 
short and middle wavelength compared with other set samples. This 
could be associated with the sufficiently high quality of rear surface 
passivation and good ability of rear current collection, rather than the 
influence of the emitter and the base. What’s more, the EQE tendency of 
these five set samples is in accordance with the corresponding experi-
mental Isc listed in Fig. 4(b). 

To straightforwardly analyze the influence of real ratio LR/L on 
electrical losses, the FELA was also carried out by Quokka 2, as illus-
trated in Fig. 4(d). According to the FELA, these five set samples are 
obviously different in two items, the recombination loss and the re-
sistivity loss of contact in BSF. This is because the higher LR/L of rear 
contact area indicates that the wafer is subject to higher surface 
recombination velocity as well as greater laser damage, leading to more 
serious recombination losses of contact in BSF. However, the smaller LR/ 
L of rear contact area possesses a higher transverse resistance, resulting 
in much more losses. It is required to make a trade-off between the 
reduction of resistivity loss and combination loss [42], and 
LR/L ¼ 34.4% is confirmed to satisfy above requirements commendably. 
In conclusion, optimal rear electrode contact pattern should not only 
have high quality passivation, but also low transverse resistance. Too 
large and too small LR/L are not advisable to improve the performance of 
the PERCs with the following two reasons: (i) the decrease of Voc and Isc 
is inevitable owing to the loss of passivation regions and enhanced ab-
sorption of photons by the electrode contact when LR/L is too large; (ii) 
the decline of FF resulting from the excessive Rs appears as well as the 
deterioration of aluminum-silicon contact performance when LR/L is too 
small. 

From the FELA in Fig. 4(d), one can also note that the top-three 
energy losses for PERCs are the emitter resistance loss, the SRH bulk 
recombination loss and the emitter recombination loss. Therefore, the 
SE technology is a necessary and cost-effective strategy to further opti-
mize the performance of PERC cells, which will be discussed in Section 
3.4. 

3.4. Analysis of SE technology 

Great efforts have been made on optimizing the manufacturing 
process through production lines with regard to rear sides of the PERCs 
in our previous sections. Here we will investigate the gains from the 
front sides combined with SE technology. SE is a structure in which an 
nþþ emitter is formed at the front metal finger, together with an nþ
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emitter to remain high quality passivation. On the one hand, the nþ

emitter has a completely lower dopant concentration and junction 
depth, which contributes to less serious recombination in the non- 
metallized areas, i.e., the Auger recombination and SRH recombina-
tion [46]. On the other hand, the higher dopant concentration of the nþþ

emitter form high-performance Ohmic contact among the emitter and 
metal electrodes to reduce the contact resistance [47]. 

Fig. 5(a) shows the phosphorous dopant concentration profiles of the 
emitter with two types of solar cells, baseline and SE technology, 
respectively. For the baseline, the value of Rsh is 73Ω/□, with a phos-
phorous surface concentration of about 6.8 � 1020cm-3 versus a junction 
depth of 0.28 μm. For the case of SE technology, the Rsh of the nþ emitter 
is 127Ω/□, with a phosphorous surface concentration of about 
4.25 � 1020cm-3 and a junction depth of 0.24 μm. A strong thermal effect 
due to the laser doping not only causes the phosphorous atoms to 
quickly penetrate into silicon wafers, but also melts the PSG so that the 
phosphorous atoms in the PSG precursor layer are almost completely 
utilized and penetrate into the deeper of the wafers [48]. Therefore, the 
nþþ emitter was obtained with Rsh of 60Ω/□, based on the nþ emitter 
with Rsh of 127Ω/□. It is expected that the SE technology possesses 
advantageous quality for emitters. 

Fig. 5(b) displays the τeff and implied Voc with and without SE. For a 
convenient and rapid comparison, the τeff was extracted at an injection 
level of 1015cm-3 as well as the implied Voc. Here, we just consider the 
passivation regions of SE for comparison, namely the nþ emitter. It can 
be observed that the average value of τeff increases from approximately 
127μs–154μs and the implied Voc raises from 683 mV to 690 mV after SE 
process, respectively. Reasons for the improvement can be evaluated as 
the follows: a notable reduction of surface Auger recombination and 
defect density from the associated low level of dopant concentration of 
the nþ emitter. This supports the importance of SE technology as a result 
of good chemical passivation. To estimate whether or not the passivation 
quality of emitters could be further enhanced in combination with the SE 
structure, Quokka 2 software was implemented to achieve a deep insight 
to the recombination loss of the cell front, as schematically shown in 
Fig. 5(c). The loss from the cell front was mainly attributed to two 
components: dielectric and contact areas. It’s clear that recombination 
from the contact between baseline and SE technology is almost the same, 
which means that recombination from the dielectric areas might be the 
primary determinant of the emitter quality. 

As illustrated in Fig. 5(d), the experimental results of SE technology 
show an increase in the Voc of 7.98 mV, and an increase in the Isc of 
28 mA, accompanied by a corresponding drop in the FF of 0.17% 

compared to the homogeneous emitter baseline cells. There is now a 
general consensus that the improvement in Voc is significantly correlated 
with the rewarding chemical passivation [49]. The higher Isc is due to 
the reduced emitter recombination to the profitable impact of the 
short-wavelength spectral response. The maximum η improvement of 
0.26% has been obtained on the PERCs combined with SE technology. 

In order to further quantitatively explore front emitter quality of 
both cells, we constituted a valid comparison of recombination current 
density J0e to evaluate with different regions, i.e., the metal zone, the 
nþþ emitter zone, the nþ emitter zone for the SE case, and the metal 
zone, the non-metal zone for the baseline one, respectively. It is worth to 
mention that J0e of different regions were measured with the symmet-
rical structures (see section 2.4 for details). Here, the proportion of each 
region to the total area of cells is also displayed for the purpose of 
calculating the total recombination current density of cells, as given in 
Fig. 5(e) (the left graph). Note that the J0e of the SE case in three regions 
(including nþ emitter, nþþ emitter and metal) is 48, 130 and 907 fA/ 
cm2, whose area accounts for 90.6%, 5.4% and 4.0%, respectively, while 
the J0e of the baseline case in two regions (including non-metal and 
metal) is 101 fA/cm2 and 796 fA/cm2, accounting for 96% and 4%, 
respectively. The presence of SE technology results in a higher level of 
J0e in the metal regions. This may be understood by the fact that metal 
contact of the SE case is performed in the nþþ emitter region, that is to 
say the dopant concentration of SE metal regions is higher in comparison 
with that of the baseline. Another explanation might be that the SE front 
surface would suffer unavoidable damage caused by the laser doping, 
thereby resulting in the increase of the Auger recombination in the 
emitter. 

The total J0e of both cells was calculated as a function of J0e of 
different regions as well as the corresponding area ratios. In other words, 
the total J0e of the SE case is the sum of the J0e of three areas (nþ emitter, 
nþþ emitter and metal) multiplied by the respective area ratio, while the 
calculation of the baseline case was similar to that of the SE. Fig. 5(e) 
(the right graph) summarizes the values of the total J0e for the baseline 
case of 128.8 fA/cm2 and for the SE one of 86.8 fA/cm2, suggesting a 
good enough front surface passivation. In conclusion, through the 
integration of SE technology, we have achieved good quality emitter, 
which is an essential prerequisite for high performance PERCs. 

To verify the feasibility and superiority of our roadmap, we have 
further combined the efficiency enhancements of triple-SiNx:H, rear 
contact pattern of LR/L ¼ 34.4% and SE technology for mono-like Si 
PERCs. As displayed in Fig. 6, the average results of the electrical pa-
rameters (Voc~668.5 mV, Isc~10.2A, FF~81.6% and η~22.2%) are 

Fig. 5. (a) Phosphorous dopant concentra-
tion profiles of the emitters for baseline and 
SE samples. (b) Measured τeff and implied 
Voc for baseline and the nþ emitter of SE at 
an injection level of 1015cm-3 with a sym-
metric structure. (c) Simulated efficiency 
loss in the emitter for baseline and SE. (d) 
Measured I–V parameters (relative value of 
Isc, Voc, FF and η compared with baseline). 
(e) Measured J0e of different regions (metal 
and non-metal for baseline and nþ emitter, 
nþþ emitter and metal for SE) together with 
the area ratio of the corresponding regions 
(left), the calculated total J0e as a function of 
J0e of each region and the corresponding 
area ratio (right).   
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obtained with a maximum efficiency of 22.5%. It is obvious that the η is 
mostly concentrated at 22.2%, 22.3% and 22.4%, which is almost the 
same as the Cz mono-Si counterparts. 

4. Conclusions 

In summary, we have investigated both experimentally and theo-
retically the application of mono-like Si wafers in the mass production of 
mainstream PERCs. By employing triple-SiNx:H in combination with 
AlOx at the rear surface to replace the standard AlOx/double-SiNx:H 
stacks, more long-wavelength photons can be reflected into the Si wafers 
to be utilized again, resulting in an increase in the Isc of 50 mA. The rear 
triple-SiNx:H also performs a high FF attributed to a nitrogen-rich film at 
the Al/SiNx:H interface. Consequently, the average η of our mono-like Si 
PERCs has been increased to 21.87% from the existing baseline η of 
21.72%. We have further demonstrated the effect and role of rear con-
tact patterns, highlighting the necessity of keeping the balance between 
the passivation and series resistance. The optimal contact pattern of LR/ 
L ¼ 34.4% exhibits a higher performance in both Voc and Isc, and the 
average η increases by more than 0.19% absolutely, compared to the 
standard PERCs with LR/L ¼ 86.6%. Finally, the emitter saturation 
current density J0e has been dramatically reduced from 128.8 fA/cm3 to 
86.8 fA/cm3 by the implementation of SE technology, yielding an ab-
solute average η improvement of 0.26%. Finally, we have combined 
these feasible technologies in the process of baseline mono-like Si 
PERCs. An average η of 22.2% accompanied by a maximum η of 22.5% 
was obtained, which is almost the same as their Cz mono-Si 
counterparts. 
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A B S T R A C T   

The bifacial p-type silicon (p-Si) passivated emitter and rear cells (PERCs) are predicted to dominate the in-
dustrial bifacial solar cells. In this work, we have investigated the impact of different rear surface morphologies 
on the electrical performance of bifacial PERCs with both five-busbar (5BB) and nine-busbar (9BB) grid design. 
The passivation and optical properties with differing rear surfaces are evaluated on semi-device structures. The 
depth of local aluminum back surface field is hardly affected by the rear surface morphology. The calculated 
efficiency loss analysis indicates that the negative electrical impact with enlarged rear surface area is more 
serious for rear side than that of front side. The batch conversion efficiency of 9BB bifacial PERCs increases by 
0.2%–0.3% comparing to 5BB ones depending on the rear surface roughness. Consequently, a highest front-side 
average efficiency of 22.57%, with a champion efficiency of 22.75%, has been achieved for 9BB bifacial p-Si 
PERCs with a nearly planar rear surface. A highest bifaciality of 78.7% is realized for both 5BB and 9BB bifacial 
PERCs with the roughest rear surface. We have further simulated the relative enhancement of electric generation 
to compare the performance of bifacial PERCs in practical application.   

1. Introduction 

Recently, the crystalline silicon (c-Si) passivated emitter and rear 
cells (PERCs) have dominated the highly competitive photovoltaic 
market due to low industrial cost, simple manufacturing process and 
high power conversion efficiency (η) [1–3]. The average efficiency for 
mass produced Czochralski (Cz) p-type Si based PERCs has stepped into 
the stage of 22.5% and LONGi solar declared the world-record efficiency 
of PERCs to be 24.06% in 2019 [4]. The annual production capacity of 
p-Si PERCs has already reached over 100 GWp in 2019 in China. Another 
advantage of the p-Si PERCs is the easy processing sequence and the 
fabrication of bifacial solar cells are fully compatible with existing PERC 
production lines only by replacing full area aluminum back surface field 
(Al-BSF) with Al finger grids on the rear side [5,6]. The amount of 
consumed Al paste has been proved to be dramatically reduced by 90% 
and deeper pþ-doped Al-BSF can be yielded for higher open-circuit 
voltage (Voc) [7]. 

As we know, bifacial solar cells have received extensive attention [8, 

9] because of their potential to absorb sunlight from the front side and 
rear side simultaneously, which was predicted to increase the annual 
produced electricity by up to 30% [10,11], thus causing the reduction of 
the levelized cost of electricity. Such a concept was first proposed by 
Mori in 1960s [12], but bifacial solar cells were transferred into mass 
production in recent years driven by mature passivation technology [13, 
14], high conductive metal paste [15,16] and advanced laser ablation 
technology [17]. According to the International Technology Roadmap 
for Photovoltaic (ITRPV) 2020 [18], the market share of bifacial solar 
cells in 2019 was about 20% and predicted to increase to 70% in 2030. 
However, the typical n-type silicon bifacial solar cells, such as n-PERT 
(passivated emitter, rear totally diffused) [19,20] and HIT (hetero-
junction with intrinsic thin layer) [21,22], still encounter the challenge 
of low market share (only ~5 GWp in 2019) and significant high amount 
of silver paste due to the bifacial screen-printed silver finger grids, 
despite the bifaciality factor can be higher than 90%. 

Dullweber et al. [7], pioneered the bifacial p-Si PERCs (PERC þ
concept) with front-side and rear-side efficiency of 20.8% and 16.5%, 
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respectively, i.e., a bifaciality of 79.3%. By application of selective 
emitter and double-printed rear Al electrode, Wu et al. [23], reported in 
the literature the best front-side efficiency of 22.0% in bifacial p-Si 
PERCs so far, but with a low rear-side efficiency of 15.3%, a corre-
sponding bifaciality of 69.5%. The lower bifaciality in bifacial p-PERCs 
comparing to that of bifacial n-PERT or HIT is mainly attributed to the 
nearly one fourth lower short-circuit current density (Jsc) value of 
rear-side [7,23], which is further limited by the inferior light-trapping 
property of polished rear surface in combination with high metalliza-
tion shading fraction of rear Al grids [7]. A planar rear surface was 
favorable in case of monofacial PERCs [24,25] due to improved internal 
long-wavelength reflection and superior passivation property, while a 
planar surface was detrimental for light trapping when light comes from 
the rear side in bifacial PERCs. The impact of rear surface morphology 
on the performance of bifacial PERCs has not been investigated in detail. 

On the other hand, numerous researches have put focus on the 
optimization of rear Al finger grids, including laser contact opening 
(LCO) width, finger printing width and pitch of fingers. Kranz et al. [26], 
demonstrated that narrower rear Al contact width would lead to deeper 
Al-BSF, thus lowered contact recombination loss and improved Voc 
values in bifacial PERCs. Dullweber et al. [27], also showed that nar-
rower LCO width had advantage in enhancing long wavelength reflec-
tance and reducing the rear contact recombination due to reduced 
contact area. A contact width of 32 � 2 μm, a finger opening width of 
100 μm and a finger pitch of 1 mm were suggested considering the 
trade-off between the series resistance loss and rear shading area [6,28]. 
Meanwhile, the above works all adopted five-busbar (5BB) design for 
metal grid, the busbars also account for large shading fraction and series 
resistance loss. The market share of 5BB was predicted to decrease in the 
following ten years and replaced by multiple-busbar (MBB) technology 
[18,29,30]. The MBB technology was also confirmed to have a larger 
tolerance of Al finger width in order to keep the Al finger series resis-
tance below 0.05 Ω cm2 [29]. 

In this study, we have investigated the impact of rear surface 
morphology on the performance of bifacial p-type PERCs both experi-
mentally and theoretically. The electrical and optical characteristics 
with variable rear surface textures were evaluated systematically. By 

integrating these rear surfaces into bifacial PERCs, cells with both 5BB 
and nine-busbar (9BB) configuration for rear Al grids were successfully 
fabricated with suggested design [6,28]. Finally, a calculation of the 
relative enhancement of energy generation was conducted to compare 
the performance of bifacial PERCs with differing rear surface morphol-
ogies in practical application. 

2. Experimental and simulation 

2.1. Fabrication of bifacial PERCs 

The p-type Cz-grown silicon wafers with a size of 158.75 mm �
158.75 mm, a thickness of 180 � 20 μm and a resistivity of 0.8–2.0 Ω cm 
were used in this work. Fig. 1(a) shows the industrial process to fabricate 
the bifacial PERCs. First, the wafers were treated with RCA cleaning and 
alkaline texturing. After that, the samples underwent a diffusion (DS- 
300C, S.C.) back to back with POCl3 as diffusion source to form a ho-
mogeneous nþ emitter with the sheet resistance of nearly 130 Ω/□. The 
highly doped nþþ area with a sheet resistance of 80 Ω/□ was formed 
with driving the P atoms originated from phosphorous silicate glass 
(PSG) layer into Si by a laser-doping process (DR-AL-Y40, DR Laser). 
Then, the single-sided chemical etching was performed on the textured 
pyramids with mixed HF/HNO3 solution by an inline industrial system 
(InOxSide, RENA). The detailed etching process started with the 
oxidation of Si to SiO2 by HNO3, followed by the dissolution of SiO2 as a 
result of reacting with HF. The mass fraction of used HF and HNO3 so-
lutions is 49% and 45%, respectively. To obtain different rear surface 
morphologies, the volume ratio of HF to HNO3 solution was changed to 
adjust the tilt angle of pyramids. After etching, PSG layer was removed 
in HF solution, and the thermal oxidation process was carried out on the 
samples with O3 to form the SiO2 layer. The AlOx layer prepared by the 
atomic layer deposition (ALD, Ideal Energy) was capped by triple SiNx: 
Hs to passivate the rear surface of the p-type wafers. Here, the SiNx:Hs 
with a thickness of 85 nm were deposited by plasma-enhanced chemical 
vapor deposition (PECVD, PD-405C, S.C.) with the precursor gases: 
silane and ammonia. Next, the rear passivation layers were patterned 
with laser (DR-AL-Y40, DR Laser) to obtain a line width of about 32 μm, 

Fig. 1. (a) The industrial process for bifacial PERCs. Schematic structure of the fabricated bifacial p-Si PERCs with a (b) planar and (c) rough rear surface.  
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thus Al paste can diffuse into Si to form the local Al-BSF. Al screen- 
printing (Softline-DL-SP, Maxwell) was used to form the front and rear 
electrodes. Instead of the full area Al-BSF used in PERCs, the rear-side of 
bifacial PERCs applied an Al metal grid with a 5BB or 9BB design. With 
regard to the rear-side finger design, for both 5BB and 9BB, a printing 
width of 100 μm and a finger pitch of 1 mm were adopted as other re-
searchers suggested [6,28], while the busbar width drops from 900 μm 
(5BB) to 400 μm (9BB). Finally, the fast sintering (~800 �C at peak 
temperature) was conducted in an infrared industrial belt-furnace 
(CFSeries, Despatch) to form the metal contacts and activate H atoms 
originated from SiNx:H/AlOx layers. Fig. 1(b) and (c) show the sche-
matic illustrations of fabricated bifacial PERCs with planar and rough 
rear surface, respectively. 

2.2. Characterization 

The three dimensional (3D) morphologies and roughness parameters 
of the etched samples were characterized by atomic force microscope 
(AFM, Nanonavi E-Sweep). The morphologies were also investigated by 
field emission scanning electron microscopy (FE-SEM, Zeiss Ultra Plus) 
to measure the pyramid facet angle. The resistivity of wafers and sheet 
resistance (Rsh) were tested by four-point probes (280I Series, Four Di-
mensions Inc.). The refractive index and thickness of AlOx and SiNx 
layers were determined by spectroscopic ellipsometry (SE400adv-PV) at 
λ ¼ 632 nm. The reflectance and external quantum efficiency (EQE) of 
the solar cells were measured by PV Measurements system (QEX10). The 
transmittance spectra of the wafers were detected by Fourier transform 
infrared spectroscopy (FTIR, VERTEX 70, Bruker). Finally, the electrical 
parameters were measured under standard test conditions (AM 1.5G 

spectrum, 25 �C) by Halm 3600. 
To investigate the influence of rear surface morphology on the 

passivation property, the effective minority carrier lifetime (τeff), 
implied open circuit voltage (iVoc) and dark saturation current density 
(J0e) of symmetrical structures were measured by a quasi-steady-state 
photoconductance method (WCT-120, Sinton Instruments) at an injec-
tion density of 1 � 1015 cm� 3. After texturization, both sides of the 
wafers were polished with a similar single-sided etching process using 
mixed HF/HNO3 solution. Then stack of SiNx:H/AlOx passivation layers 
were deposited symmetrically on both sides of the wafers with a SiNx:H/ 
AlOx/Si/AlOx/SiNx:H structure, followed by a high temperature 
annealing process in an industrial firing furnace. 

2.3. Simulation 

The impact of rear surface morphology on electrical performance of 
the bifacial PERC unit cell was simulated by PV Lighthouse software 
Quokka 2 [3,31,32], and free energy loss analysis (FELA) was extracted 
to understand the recombination loss and resistive loss of cells. Here, the 
electrical impact of different rear surface morphologies was represented 
by the varied value of rear passivated dark saturation current density J0, 

passivated when light comes from front side or rear side. The optical 
generation file applied in Quokka 2 was extracted from ray tracing 
simulator OPAL 2. It should be noted that the rear surface morphology 
also has a significant influence on optical characteristic. Meanwhile, it is 
difficult to accurately describe the morphology due to the rounding at 
peaks and valleys of etched pyramids (see Fig. 2). Therefore, when 
carrying out the OPAL 2 simulation, only the pyramid facet angle was 
changed without considering the rounding effect. The main simulation 

Fig. 2. (a–d) AFM images of the rear surface etched in four different acid solutions. (a1–d1) Height distribution and the root mean square Rq along a line on the 
surface. (a2–d2) Cross-sectional SEM images of the processed rear surface. (a3–d3) SEM images of the local aluminum silicon contacts. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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parameters were listed in Table 1. 
To evaluate the performance of bifacial PERCs with different rear 

surface structures in practical application, the electric energy generation 
on, as an example, June 22nd was calculated based on the measured 
EQE spectra and the photon flux of solar irradiance spectra [33,34]. The 
solar irradiance spectra were extracted from solar spectrum calculator 
on online PV lighthouse software. The modules were assumed to locate 
in Shanghai (121�, 31�), with a tilt angle of 30� and azimuth angle of 
180� (face due south). 

3. Results and discussion 

3.1. Morphology 

After wet chemical etching, the morphologies and roughness pa-
rameters of the wafers were analyzed by AFM. Fig. 2(a–d) show the 3D 
topography of the rear surface prepared in etching solution with 
different volume ratios of HF/HNO3/H2O, all the images were scanned 
in a region with the scale of 15 μm � 15 μm. After etching in HF/HNO3/ 
H2O solution at a volume ratio of 30/150/140 (Fig. 2(a)), the silicon 
surface is covered by uniformly distributed random pyramids. The 
height of pyramids decreases with increasing the concentration of HF 
and HNO3 in Fig. 2(b), while the pyramid structure is still obviously 
visible. Further increasing the concentration of HF and HNO3, smoothed 
pyramid peaks and troughs are observed in Fig. 2(c), this is ascribed to 

the higher etching rate of pyramid peaks than that of pyramid valleys 
[35]. The smoothing effect is enhanced with higher proportion of HF 
solution, thus the nano-pyramids tend to disappear and combine to form 
the larger pyramids in Fig. 2(d), leading to the decreased vertical 
roughness and larger horizontal structure expansion as illustrated in 
Fig. 2(d1). 

To characterize the height distribution, two dimensional (2D) pro-
files corresponding to each AFM image were generated by taking a linear 
measurement on the surface, as shown in Fig. 2(a1–d1). The height of 
biggest pyramid in Fig. 2(a1) is about 2 μm. The root mean square Rq of 
profiles was used to represent vertical roughness [36]. The Rq value 
drops from 342.7 nm to 187.5 nm in Fig. 2(a1–d1). The surface 
enlargement factor was also applied to characterize the surface rough-
ness, defined by AF ¼ AeS/ApS, where AeS is the effective surface area 
with all valleys and peaks, ApS is the macroscopic base area corre-
sponding to the rectangle area in the AFM observation. The value of AF is 
summarized in Table 2. 

The cross-sectional FE-SEM images of the prepared rear surface 
during different etching processes are displayed in Fig. 2(a2–d2), and 
the measured pyramid facet angle is recorded on each image. Appar-
ently, the random pyramids textured rear surface becomes smoother 
with increasing the concentration of HF and HNO3 gradually. In addi-
tion, the height of pyramids gets flattened and the pyramid facet angle 
becomes narrower. The approximate pyramid facet angle α of these 
samples is fitted to 51.1�, 35.3�, 25.8� and 16.8� from rough to planar. 
The α values are mainly used to represent different rear surface struc-
tures in the OPAL 2 simulations. 

The local Al-BSF SEM images of fabricated bifacial PERCs with four 
different rear surfaces are presented in Fig. 2(a3–d3). It is observed that 
the Al–Si eutectic layer is uniformly established and few voids are 
formed, indicating the formation of favorable Al–Si contacts [37,38]. 
The depth of all the Al-BSFs is around 5 μm, considering that the height 
of largest pyramids in Fig. 2(a1–d1) is only about 2 μm, thus the rear 
surface morphology of cells hardly influences the thickness of Al-BSF. 

3.2. Impact of rear surface morphology on passivation and optical 
characteristics 

The passivation quality is an extremely important factor for high 
efficiency solar cells. In order to evaluate the effects of rear surface 
morphology on passivation property, the τeff and iVoc of 100 symmetric 
samples (shown in the inset of Fig. 3(a) with the same morphology and 
passivation layers on both sides) were measured. It is necessary to 
explain that the different samples are represented by corresponding AF 
values in the following measurements and experimental results. The 
decreased AF values indicate that the rear surface structures become 
smoother. Fig. 3(a) plots the τeff and iVoc as a function of AF, both 
exhibiting a strong correlation of the rear surface morphology. The τeff 
increases gradually with decreasing AF value. The τeff (166 μs) of sam-
ples with an AF value of 1.068 is almost twice that of 1.621 (92 μs), 
which is attributed to decreased surface recombination rate and more 
uniformly deposited passivation films. A similar trend is observed for the 
iVoc. The iVoc represents the maximal Voc that a completed cell can 
potentially achieve. Decreasing AF value from 1.621 to 1.068, the mean 
iVoc increases from 679.2 mV to 683.8 mV, a gain of up to 4.6 mV could 
be yielded. The above analysis demonstrates the positive influence of 
flattend surface on passivation owing to changed crystal orientation, 
decreased surface area, rounded peaks and troughs, more uniform 
passivation films. An AF value below 1.1 is recommended to achieve a 
good passivation quality of rear surface. 

Light trapping has a fundamental impact on the capacity of gener-
ating current and greatly depends on the front and rear surface struc-
tures of solar cells. Generally, the front surface applies random upright 
pyramids to absorb light, thus the structures of rear surface will be 
emphatically studied. To quantify how the rear surface morphology 
affects the optical characteristics in the targeted bifacial PERCs when 

Table 1 
The main input parameters for the Quokka 2 simulations.  

Region Quokka 2 parameters Unit Value 

Main Cell thickness μm 170 
Front width μm 1500 
Rear width μm 600 
Cell depth μm 1037 

Front (Emitter) Contact shape  Line 
Half width μm 18 

Emitter 1 Shape  Full area 
Sheet resistance Ω/□ 130 
Junction depth μm 0.28 

Contact J0e A/cm2 7.13E-13 
J02 A/cm2 0 
Contact resistivity Ω⋅cm2 1.33E-03 

Non-contact J0e A/cm2 6.50E-14 
J02 A/cm2 0 

Emitter 2 Shape  Line 
Half width μm 75 
Sheet resistance Ω/□ 80 
Junction depth μm 0.35 

Contact J0e A/cm2 7.13E-13 
J02 A/cm2 0 
Contact resistivity Ω⋅cm2 1.33E-03 

Non-contact J0e A/cm2 1.20E-13 
J02 A/cm2 0 

Bulk Doping type  p-type 
Resistivity Ω⋅cm 1.0 
Background lifetime μs 250 

Rear (Base) Contact shape  Rectangle 
Number of contacts  1&3 
Half width X μm 16 
Half width Y μm 250 

BSF 1 Shape  Rectangle 
Half width X μm 16 
Half width Y μm 250 
Sheet resistance Ω/□ 15 
Junction depth μm 0.8 

Contact J0BSF A/cm2 7.33E-13 
J02 A/cm2 0 
Contact resistivity Ω⋅cm2 2.10E-3 

Remaining area 
Non-contact J0, passivated A/cm2 1.041E-13 

7.347E-14 
3.968E-14 
2.315E-14  
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illuminated from the front side, reflectance and transmittance spectra 
were measured on semi-device structures (non-metallized and non- 
passivated of Fig. 1(b) or (c)) in a wavelength range of 300–1100 nm. 
Fig. 3(b) plots the reflection curve against wavelength for four different 
AF values (i.e. different rear surface morphologies). The impact of rear 
surface is distinct in the wavelength range from 900 nm to 1100 nm. 
Meanwhile, the performance in short wavelength range is identical, 
since its reflection is mainly determined by the structures and antire-
flection coatings of front surface, which is the same for these samples. 
Obviously, the reflection of nearly planar samples (AF ¼ 1.068) exceeds 
that of the other samples significantly in the long wavelength range, 
indicating a higher reabsorption of long wavelength photons. Reflection 
decreases with increasing AF value. The lowest long wavelength 

reflection can be observed for the case of highest value of AF, and the 
corresponding surface displays the highest transmission loss in Fig. 3(c), 
which are detrimental for the re-utilization of long wavelength photons, 
despite the transmission losses are two orders of magnitude lower than 
the reflection losses. The two sets with AF values of 1.108 and 1.068 
show similar lower transmittance. The reflection performance when 
illuminated from rear side was also assessed, as shown in Fig. 3(d). 
Reflection decreases significantly with increasing AF value, indicating 
more trapped photons and higher Jsc value. 

The above results demonstrate that superior optical performance is 
achieved on a planar rear surface when light comes from the front side, 
while worst light trapping ability is also performed on a planar surface 
when illuminated from the rear side. The optimal rear surface 

Table 2 
Average experimental electrical parameters.  

HF/HNO3/H2O 30/150/140 45/240/60 45/240/30 65/240/30 
AF 1.621 1.243 1.108 1.068 
J0,passivated (E-15 A/cm2) 104.12 73.47 39.68 23.15 
Average electrical parameters 5BB Voc (mV) Front 677.3 678.6 679.0 680.6 

Rear 668.9 670.6 671.3 673.1 
Jsc (mA/cm2) Front 40.29 40.37 40.39 40.51 

Rear 31.82 31.08 30.69 30.38 
FF (%) Front 80.69 80.76 80.88 80.74 

Rear 81.42 81.53 81.68 81.45 
Efficiency (%) Front 22.02 22.13 22.18 22.26 

Rear 17.33 16.99 16.83 16.66 
Bifaciality (%) 78.70 76.77 75.88 74.84 

9BB Voc (mV) Front 677.5 678.8 679.4 680.8 
Rear 669.3 671.2 672.1 673.6 

Jsc (mA/cm2) Front 40.66 40.74 40.79 40.95 
Rear 32.14 31.37 30.94 30.67 

FF (%) Front 80.83 80.86 80.93 80.96 
Rear 81.46 81.59 81.71 81.56 

Efficiency (%) Front 22.27 22.36 22.43 22.57 
Rear 17.52 17.18 16.99 16.85 

Bifaciality (%) 78.67 76.83 75.75 74.66  

Fig. 3. (a) The τeff and iVoc determined from symmetric samples shown in the inset. (b) Reflectance and (c) transmittance spectra when illuminated from front side 
with the enlarged parts shown in the inset. (d) Reflectance spectrum when illuminated from rear side. 
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morphology is uncertain just considering the optical property of semi- 
device. Hence, the four rear surface morphologies were further inte-
grated into bifacial PERCs to evaluate which rear surface morphology is 
optimal for bifacial application. 

3.3. Characteristics of 5BB bifacial PERCs 

The bifacial PERCs featuring different rear surface structures were 
developed to assess the impact of rear surface on their electrical per-
formance. The bifacial PERCs were measured using a non-reflective 
black cloth on rear side when light came from front side, the same test 
method when illuminated from back side. Fig. 4(a) presents the 
measured front-side and rear-side current density-voltage (J-V) param-
eters. The Voc steadily increases with the decreased AF values when 
illuminated from front side and rear side, as predicted by the trend of 
iVoc shown in Fig. 3(a). The average Voc of nearly planar samples (AF ¼

1.068) reaches 680.6 mV, an absolute increment of 3.3 mV compared to 
the cells with an AF value of 1.621. The thicker the Al-BSF, the lower the 
contact recombination, thus higher Voc value of cells [39]. While the 
thickness of Al-BSF shown in Fig. 2(a3–d3) is independent of rear sur-
face morphology, thus the increased Voc for cells with a lower AF value 
can be attributed to the decreased surface area and surface recombina-
tion velocity. The difference of 7–8 mV in the observed Voc between 
front side and rear side will be illustrated by analyzing electrical losses 
in the following Sec. 3.5. Meanwhile, the Jsc exhibits an opposite ten-
dency when illuminated from front side and rear side, improving from 
40.29 mA/cm2 to 40.51 mA/cm2 and decreasing from 31.82 mA/cm2 to 

30.38 mA/cm2 with reducing AF from 1.621 to 1.068, respectively, 
which is consistent with preceding reflectance and transmittance spectra 
analysis in Fig. 3(b–d). The FF values remain a high level of about 81%. 
For nearly planar samples (AF ¼ 1.068), an average front-side η of 
22.26% is achieved, which is 0.24% higher than the cells with an AF 
value of 1.621 due to superior passivation quality and improved 
long-wavelength response. In contrast, the rear-side η value decreases 
from 17.33% to 16.66% when AF drops from 1.621 to 1.068, which is 
ascribed to the sharply decreased Jsc values. The relatively lower 
rear-side η is mainly limited by lower Jsc values compared to that of 
front-side. Under the premise of ensuring excellent rear surface passiv-
ation, the Jsc value can be further improved by optimizing antireflection 
property of rear passivation layers. The bifacial PERCs with an AF value 
of 1.621 exhibit the highest bifaciality of 78.70%, with a front-side and 
rear-side η of 22.02% and 17.33%, respectively. The lowest bifaciality of 
74.84% is obtained for bifacial PERCs with an AF value of 1.068. The 
average electrical parameters of bifacial PERCs with different rear sur-
faces are summarized in Table 2. 

In order to investigate the different electrical performances of the 
bifacial PERCs with various rear surface morphologies, Fig. 4(b) and (c) 
show the EQE spectra when the bifacial PERCs are irradiated from front 
side and rear side, respectively. It can be seen from Fig. 4(b) that the EQE 
spectra exist difference mainly in the long wavelength range (850–1100 
nm) (shown in the inset) but little change in the middle and short 
wavelength range. This suggests that the different front-side electrical 
results (Fig. 4(a)) are derived from the rear passivation quality and rear 
current generation ability, rather than the bulk and emitter region. 

Fig. 4. (a) Experimental J-V parameters including Voc, Jsc, FF and η of the fabricated bifacial PERCs with a 5BB design for metal grid (about 800 cells for each group). 
Measured EQE spectra when illuminated from (b) front-side and (c) rear-side. 
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Additionally, the trend of EQE spectra in the long wavelength range is in 
accordance with the experimental Voc and Jsc variation in Fig. 4(a). The 
EQE spectra when illuminated from rear side were also measured as 
shown in Fig. 4(c). The short-wavelength EQE performance is obviously 
inferior to that of Fig. 4(b), where the value of EQE approaches 100% in 
a wide wavelength range. This can be used to illustrate the nearly one 
fourth lower rear-side Jsc values than those of front side. The EQE per-
formance improves significantly with the increased AF (i.e. increased 
roughness of rear surface and light trapping ability), which is consistent 
with the observed rear-side Jsc values in Fig. 4(a). 

3.4. Electrical results of 9BB bifacial PERCs 

MBB technology has attracted considerable attention because of the 
decreased series resistance and metal shading area [30]. The bifacial 
PERCs with different rear surface morphologies were also implemented 
by applying a 9BB design of metal grid. The tested J-V electrical pa-
rameters were shown in Fig. 5, the tendency of which is consistent with 
the results shown in Fig. 4(a), here no further analysis is presented. The 
increased Jsc is observed for 9BB design compared to 5BB one due to 
shallower shading area and improved carrier collection ability. The se-
ries resistance decreases from 2.00 mΩ (5BB) to 1.86 mΩ (9BB), leading 
to the increase of FF. The bifacial PERCs with an AF value of 1.068 
achieve the highest front-side average efficiency of 22.57% (Voc ¼ 680.8 
mV, Jsc ¼ 40.95 mA/cm2, FF ¼ 80.96%). A highest bifaciality of 78.67% 
is obtained for cells with an AF value of 1.621, with a front-side and 
rear-side average efficiency of 22.27% and 17.52%, respectively. The 
electrical results are also summarized in Table 2. 

3.5. Electrical loss analysis 

The Quokka 2 simulation was performed to theoretically analyze the 
impact of rear surface structures on electrical losses, and FELA at 
maximum power point was illustrated. In order to carry out an accurate 
simulation, the experimental parameters in Table 1, such as junction 
depth, Rsh, J0,emitter, J0,contact and so on, were adopted in the simulations. 
The J0,passivated values extracted from WCT-120 measurements as listed 
in Table 2 are 104.12, 73.47, 39.68 and 23.15 fA/cm2 for cells with an 
AF value of 1.621, 1.243, 1.108 and 1.068, respectively. FELA results 
comprise of recombination losses and resistive losses. According to 
Fig. 6(a), when light comes from the front side, the recombination loss of 

rear passivated area decreases sharply with declined AF value. When the 
AF value is 1.621, the proportion of recombination loss resulted from 
rear passivated area ranks the third only behind the emitter resistive loss 
and Shockley-Read-Hall (SRH) recombination loss, while it is negligible 
as AF value decreases to 1.068, leading to a decrease of the total effi-
ciency loss. 

When the cells are illuminated from rear side, the resistive loss of 
electron bulk, the recombination losses of SRH and contact at BSF in 
Fig. 6(b) increase significantly compared to that in Fig. 6(a). Together 
with the measured EQE spectra in Fig. 4(c), these can be used to explain 
the 7–8 mV lower rear-side Voc values compared to that of front side. As 
a result, the efficiency losses of rear side become worse. Moreover, the 
negative impact of enlarged surface area is more distinct for rear side 
than front side. When comparing the cells with an AF value of 1.621 and 
1.068, a difference of 1.25 mW/cm2 can be deduced for the rear side, 
while the front side only have a difference of 0.47 mW/cm2. 

The front-side and rear-side relative η values are also shown for both 
the 5BB and 9BB design in Fig. 6(c) and (d), respectively, with regarding 
the cells with an AF value of 1.621 as the reference. The experimental 
and simulated front-side conversion efficiency increases gradually as the 
AF value decreases, which is consistent with the trend of simulated ef-
ficiency loss. In contrast, although a decreased AF value indicates the 
better passivation quality, the rear-side conversion efficiency still de-
creases sharply, this is mainly ascribed to the drastically reduced Jsc 
values. The slight difference between experimental and simulated rela-
tive efficiency value can be attributed to several reasons. The thickness 
of silicon substrate was kept constant in simulations, while it may be 
influenced by the different etching behaviors. Moreover, the rounding 
effect in pyramid peaks was ignored, and only the pyramid facet angle 
was used to represent different rear surface structures. 

3.6. Electric energy production simulation 

The J-V parameters shown in Fig. 4(a) and Fig. 5 were tested under 
the standard conditions, with a temperature of 25 �C and irradiance 
intensity of 1000 W/m2, while the irradiance intensity can be varying 
since the sun goes from east to west over a day. Fig. 7(a) presents the 
solar spectrum irradiance varying with time on June 22nd in Shanghai. 
Moreover, the electric energy production of module is strongly associ-
ated with the ratio of direct and diffuse light, the albedo of ground and 
the mounting heights [29], thus simulations of energy yield were 

Fig. 5. Experimental J-V parameters of the fabricated bifacial PERCs with a 9BB design for metal grid (about 800 cells for each group).  
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indispensable for above fabricated bifacial PERCs to compare their 
performances in practical applications. Since the bifacial PERCs collect 
extra diffuse light reflected from the ground, the different ground albedo 
values depending on module installation surroundings have a significant 
influence on electric energy generation. Fig. 7(b) shows the calculated 
relative enhancement of energy production over a day for bifacial PERCs 
with different AF values, with regarding the set with an AF value of 1.621 
as reference. When the albedo is 10%, for example, asphalt floor, the 
lower the AF value is, the more output energy can be generated. The 
maximum relative enhancement can reach 0.73% for the solar cells with 
an AF value of 1.068. When the modules are located in normal grassland, 
an albedo of around 20%, the tendency of relative enhancement is 
similar to the situation of an albedo value of 10%, while the gap among 
different bifacial PERCs becomes narrower. The solar cells with an AF 
value of 1.621, 1.243, 1.108 own comparable electric energy production 
if the albedo is 30%. When the albedo value further increases to 40% (e. 
g., sand), the energy generation performance is enhanced with 
increasing the AF value. An albedo higher than 40% can be obtained on 

white roofing metal, light-gray roofing membrane and white-painted 
concrete. An albedo of up to 60%–80% is even possible on aluminum 
foil and snowfield, under this condition an increase in electric energy 
production of 0.50%–0.81% was predicted for bifacial PERCs with an AF 
value of 1.621 compared to that of 1.068. 

In summary, the bifacial PERCs with a nearly planar rear surface (AF 
¼ 1.068) is recommended if the ground albedo is lower than 30%. The 
bifacial PERCs with four different rear surfaces can generate compara-
tive electric energy if the albedo is between 30% and 40%. Under the 
case of albedo higher than 40%, solar cells with rougher rear surface (AF 
¼ 1.621) is preferable to apply in such conditions. 

4. Conclusions 

In conclusion, we have investigated the impact of rear surface 
morphology on the performance of bifacial p-Si PERCs both experi-
mentally and theoretically. By adjusting the concentration of etching 
acid solution, the bifacial PERCs with four different rear surface 

Fig. 6. Simulated FELA results for (a) front-side and (b) rear-side. Simulated and experimental relative efficiency for (c) front-side and (d) rear-side.  

Fig. 7. (a) Solar spectral irradiance at different times in a day. (b) Calculated relative enhancement of energy yield at different ground albedo values, with an AF 
value of 1.621 as reference. 
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morphologies were firstly fabricated with a 5BB metal grid. A smoother 
rear surface has been proved to be advantageous in passivation property, 
and an increment in front-side Voc of 3.3 mV was achieved with reducing 
AF value from 1.621 to 1.068. The invariable thickness of Al-BSF 
demonstrated that the difference of Voc was independent of rear Al–Si 
contact. A more flattend rear surface possesses superior optical charac-
teristic due to improved long-wavelength response when illuminated 
from front side. Meanwhile, a rougher surface is more beneficial when 
light comes from the rear side attributed to improved light trapping 
ability. Further integrating these rear surface structures into 9BB bifacial 
p-Si PERCs, a similar trend was observed. Attributed to the reduced 
metal shadowing and series resistance, the increased Jsc and FF values 
were obtained for 9BB design compared to 5BB one. Consequently, the 
cells with an AF value of 1.068 achieved the highest front-side average 
efficiency of 22.57%, with a champion efficiency of 22.75% (Voc ¼

683.0 mV, Jsc ¼ 41.03 mA/cm2, FF ¼ 81.19%). The highest bifaciality of 
78.67% was achieved for cells with an AF value of 1.621, with an 
average front-side and rear-side efficiency of 22.27% and 17.52%, 
respectively. Simulated electrical loss analysis indicated that the nega-
tive influence of increased J0,passivated values was more serious for rear- 
side electrical performance than that of front-side. Finally, by calcu-
lating the relative enhancement of energy generation in practical 
application, the bifacial p-Si PERCs with an AF value of 1.068 was rec-
ommended to install in surroundings with ground albedo lower than 
30%. Nevertheless, cells with an AF value of 1.621 were preferable if the 
albedo value was higher than 40%. 
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A B S T R A C T   

In this work, we investigate an efficient electron-selective passivating contact with TiOx/LiF/Al contact structure, 
which offers both low surface recombination and specific contact resistance. Optimized TiOx layer thickness of 4 
nm provides high quality surface passivation, achieving minority carrier lifetime of 3.03 ms on 5 Ω cm n-type 
wafers, with a saturated current density J0 of 23 fA/cm2. In addition, inserting a 1 nm LiF between the 4 nm TiOx 
and Al reduces the contact resistivity to 18 mΩ cm2. The low contact resistivity of TiOx/LiF/Al contact is 
attributed to barrier reduction from the low work function of LiF/Al stack. A champion solar cell efficiency of 
21.3% has been achieved for an n-type crystalline silicon device with a full-area rear TiOx/LiF/Al contact, 
demonstrating the excellent potential of this passivating contact for fabricating high-efficiency silicon solar cells.   

1. Introduction 

N-type crystalline silicon (n-c-Si) shows a higher tolerance to com-
mon metal impurities and no light-induced degradation, which results in 
higher bulk quality and greater stability compared to p-type crystalline 
silicon (p-c-Si) [1,2]. As such, many high efficiency silicon solar cells are 
fabricated on high-quality n-c-Si wafers. Two efficiency recorded n-c-Si 
solar cells of particular prominence are the 25.7% efficiency solar cell 
with tunneling oxide passivating contact [3], and 26.7%-efficient silicon 
heterojunction solar cells (SHJ) with the intrinsic and doped hydroge-
nated amorphous silicon layers [4]. One of the key factors in obtaining 
high efficiency is the application of carrier-selective contacts (CSC), 
which introduces excellent surface passivation and low contact re-
sistivity. In recent years, metal oxide layers have been widely used in 
c-Si solar cells as CSCs on account of their appropriate band gap and 
suitable work function, which are able to transmit one type of carriers 
while blocking the other. For example, thin layers of high work function 
MoOx (~5.7 eV) have been used to substitute p-type hydrogenated 
amorphous silicon layers (p-a-Si:H) as hole selective layers on SHJ solar 
cells, achieving 22.5% efficiency [5]. Similarly, TiOx with relatively low 

work function (~4 eV) have been used as electron-selective layers on 
conventional silicon solar cells with tunneling oxides, achieving an ef-
ficiency of 22.1% [6]. These indicate that metal oxide layers show a 
great potential for achieving high performance c-Si solar cells. 

A large part of the success of TiOx comes from its ability to provide 
high carrier selectivity, as shown in the work presented by Yang et al. in 
2016 [7], obtaining the efficiency of 19.6% with TiOx/Al 
electron-selective contact. However, the TiOx/Al electron-selective 
contact behaves poorly in terms of contact resistivity. This limits the 
efficiency of solar cells, commonly attributed to a large barrier height. 
Allen et al. [8] investigated the research of replacing the Al with a 
relatively lower work function metal Ca (~2.9 eV) to acquire lower 
contact resistivity and realized an efficiency of 21.8% with a partial rear 
contact structure. As an alternative, a LiF/Al stack with a low work 
function (~2.8 eV) are widely used in organic photovoltaics to form 
effective electron transport layers and has recently attracted interest in 
silicon photovoltaics. It has been shown that the LiF/Al stack performs 
well in dopant-free asymmetric hetero-contact silicon solar cells, which 
achieved an efficiency of 19.4% [9]. Moreover, inserting a TiOx ultrathin 
layer between an i-a-Si:H passivating layer and LiF significantly 
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enhanced the efficiency by 1.3% [10]. The latest work shows the 
TiOx/LiF/Al stack enhances the efficiency of cells, enabling over 23% 
with the partial rear contact structure, demonstrating the great potential 
of the TiOx/LiF/Al stack as electron-selective passivating contacts [11]. 

In this work, we investigated the combination of low work function 
LiF/Al stack with passivating TiOx layer to obtain both good surface 
passivation and low contact resistivity. The optimized electron-selective 
passivating contact was applied as full-area rear contact in c-Si solar cell, 
resulting in efficiency of 21.3%. 

2. Experimental 

N-type (100)-oriented Fz silicon wafers (400 μm, 5 Ω cm) were used 
for passivation measurement while n-type (100)-oriented Cz silicon 
wafers (290 μm, 0.1 Ω cm) were utilized for contact resistivity mea-
surements. For surface passivation measurements, the wafers were 
damaged etched, RCA cleaned and dipped in dilute HF solution, prior to 
deposition of TiOx layers. Different thicknesses by atomic layer deposi-
tion (ALD, TFS 200, BENEQ, Finland) at 230 �C were deposited on both 
sides of wafers. The deposition precursors Titanium Tetrakis Isoprop-
oxide (TTIP) and H2O were used. The excess carrier lifetimes were 
measured via quasi-steady-state photoconductance (QSSPC) using a 
Sinton Instruments WCT120 photoconductance tester and the lifetimes 
were recorded at excess minority carrier density of 1 � 1015 cm� 3. For 

the contact resistivity measurement, LiF/Al stacks (~1 nm/100 nm) 
were thermally evaporated on wafers with a single side TiOx deposition. 
The contact resistivity was extracted using the Cox and Strack method 
[12]. After deposition, the effect of annealing in N2 ambient was 
investigated by varying the annealing time at 250 �C and also by varying 
the annealing temperature for fixed annealing time of 5 min. Samples 
with TiOx/LiF/Al contacts (~5 nm/1 nm/100 nm) where TiOx has been 
annealed in N2-gas ambient at 250 �C for 5 min were prepared for 
transmission electron microscopy (TEM) and X-ray photoelectron 
spectra (XPS). 

The solar cells were fabricated on 1 Ω cm n-type Cz silicon wafers, 
with random pyramid texturing on the front side. Boron diffusion was 
used to form the p þ layers on the front side, which were then coated by 
an Al2O3/SiNx stack for surface passivation and anti-reflection coating. 
The front electrodes were deposited by thermal evaporation of Cr/Pd/ 
Ag and following silver electroplating was used to further thicken the 
front electrodes. On the rear side, the electrode was fully covered by 
TiOx/LiF/Al. The final size of the solar cells is 2 � 2 cm2. The light J-V 
measurement was taken under a solar simulator providing standard 
AM1.5 g illumination and external quantum efficiency (EQE), internal 
quantum efficiency (IQE) and reflection was extracted from a quantum 
efficiency measurement system (QEX10, PV measurements, USA) in air 
without bias light. 

Fig. 1. (a) Cross-sectional TEM images of TiOx/LiF/Al contact. Normalized X-ray photoelectron spectra of (b) Si (2p) (c) O (1s) and (d) Ti (2p) for Si/TiOx interfaces 
with the TiOx/LiF/Al contact. 
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3. Result and discussion 

The interfacial layer features of TiOx/LiF/Al contact were charac-
terized by TEM and XPS, as depicted in Fig. 1. In Fig. 1(a), different 
layers with measured thickness are visualized clearly by TEM due to 
different material structure. An interfacial layer with a thickness of 
about 0.25 nm could be observed between silicon substrate and TiOx, 
which has an impact on surface passivation and the corresponding 
contact resistance. In order to further study the interfacial layer between 
Si and TiOx, XPS measurement was applied to this contact structure. 
Fig. 1(b), (c) and (d) present the binding energy of Ti, Si and O elements 
respectively. According to the XPS analysis as shown in Fig. 2(b), there 
are the typical binding energies for Ti (4þ) with the splitting spin-orbit 
energy of 5.7 eV, which indicates that there is no discernible signal for 
any lower valent Ti species [8,13,14]. The binding energy of 102.2 eV 
was observed in the Si spectrum at the interfacial region, as shown in 
Fig. 2(c), which is different from conventional O–Si–O binding energy of 
102.9 eV [13–15]. A peak with 531.7 eV is found in O (1s) spectrum in 
Fig. 2(c), other than the Si–O–Si binding energy of 532.2 eV as shown in 
Refs. [13,14]. These signals indicate that the bonds Si–O–Ti should exist 
in the interfacial layer between silicon and TiOx [15]. Moreover, the 
ratio of the relative atomic percentage of the Ti and O is calculated as 
1:2.2 by XPS analysis, which is not in agreement with the stoichiometry 
ratio of 1:2. It is speculated that the O is not only combined with Ti to 
form the stoichiometry TiOx but also forms bonds with Si in the inter-
facial layer. Thus, it is concluded that the interfacial layer is an alloy of 
SiOx and TiOx [14]. The alloy might be either formed in the first cycles of 
ALD process or in the annealing process. The formation of a 
sub-stoichiometric SiOx layer is standard for ALD deposited metal oxides 
e.g., AlOx. 

The measured minority carrier lifetimes and contact resistivity 
values as a function of TiOx thickness are shown in Fig. 2(a). It can be 

observed that both the best passivation quality and the lowest contact 
resistivity are achieved for TiOx with 4 nm thickness, effective lifetime of 
3.03 ms and contact resistivity of 18 mΩ cm2 were obtained. The surface 
recombination current density J0 is extracted to be 23 fA/cm2. On the 
other hand, a thin TiOx layers, e.g. 3 nm TiOx, is too thin to provide 
stable passivation while the phase transition of TiOx from amorphous 
phase to anatase phase could be caused by increased crystallization for 
thicker films, as suggested by Ref. [16]. As a result, degradation of 
surface passivation was observed, as shown in Fig. 2(a). In addition, the 
contact resistivity increases significantly with the increasing thickness 
due to the bulk resistivity of amorphous TiOx. 

The critical parameters in the post annealing process in N2 ambient 
of as-deposited ALD-TiO2 are annealing time and annealing tempera-
ture, as shown in Fig. 2(b) and (c). Fig. 2(b) exhibits that at the same 
annealing temperature of 250 �C, increasing the annealing time to 30 
min has a negative influence on passivation, reducing the minority 
carrier lifetime from 3.03 ms to 1.20 ms. On the other hand, the contact 
resistivity is not sensitive to the annealing time. Although annealing of 
amorphous TiOx at 250 �C does not cause phase transition to anatase 
phase [17], intermixing at the interface between Si and TiOx might play 
an important role in surface passivation, and may lead to a greater 
density of interface states with annealing time. 

The dependence of surface passivation qualities and contact re-
sistivity of TiOx values on the annealing temperature within the same 
time of 5 min is shown in Fig. 2(c). The high annealing temperature 
(>300 �C) induces the phase transition of TiOx which leads to a sharp 
degradation of passivation from 3.03 ms to 0.463 ms at 400 �C [6,16, 
17]. The results also show an increase in contact resistivity with 
increasing annealing temperature. However, the increase in contact 
resistivity values is not expected because the bulk conductivity of TiOx is 
increased after the phase transition. The possible explanation of this 
effect is the increasing thickness of the mixed material region with the 

Fig. 2. Variation of the minority carrier lifetime and contact resistance as a function of (a) thickness as deposited (b) annealing time at the temperature of 250 �C (c) 
annealing temperature for 5 min. 

Fig. 3. (a) Schematic of n-c-Si cell with a full-area rear passivating, electron-selective TiOx/LiF/Al contact. (b) Light J–V curves under a standard AM1.5 g illu-
mination and electrical parameters of cells with full area rear TiOx/LiF/Al contact. (c) EQE, IQE and reflection of the cell. 
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annealing temperature rising, which increases insulating property, thus 
impeding the electron transport. 

Finally, the TiOx with an optimized thickness of 4 nm has been 
applied on the solar cell structure as shown in Fig. 3(a). An efficiency of 
21.3% has been achieved with Voc (open-circuit voltage) ¼ 659.6 mV, Jsc 
(short-circuit current density) ¼ 40.8 mA/cm2 and FF (fill factor) ¼
79.2%, as shown in the inset table of Fig. 3(b). Compared to the cells 
with a full area rear TiOx/Al contact fabricated by Yang et al. [7], the 
efficiency is 1.7% higher, which proves the high performance of 
TiOx/LiF/Al contact. The 27 mV higher Voc and 1.5 mA/cm2 higher Jsc 
show the better passivation. The corresponding EQE, IQE and reflection 
spectra are presented in Fig. 3(c). The uniform texturing and excellent 
anti-reflection layers contribute to the low reflection and enhanced 
absorption of the cell in the range of the solar spectrum. For wavelength 
between 400 nm to 900 nm, the EQE value remains higher than 90%, 
which indicates that most of phonons in this wavelength range are 
absorbed and extracted to external circuit, improving the current den-
sity. The integration of the EQE and the solar spectrum product shows 
the value of Jsc up to 40.25 mA/cm2, in agreement with Jsc given by the 
efficiency measurement. 

4. Conclusion 

This paper describes an electron-selective passivating contact TiOx/ 
LiF/Al structure with both good passivation and low contact resistivity. 
Characterization of the interfacial layer of Si/TiOx shows high density of 
the mixture of SiOx and TiOx, which has a critical effect on the passiv-
ation and contact resistivity. The impact of the TiOx layer thickness, 
annealing times and annealing temperatures was investigated. It is clear 
that as-deposited 4 nm TiOx is the optimized thickness that results in an 
effective lifetime of 3.03 ms with a low saturated current density J0 of 
23 mA/cm2 and a contact resistivity of 18 mΩ cm2. The high efficiency 
of 21.3% has been achieved in Si solar cell with a full area TiOx/LiF/Al 
rear contact, which shows a great potential for fabrication of high effi-
ciency solar cell. 
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Solution-Processed Electron-Selective Contacts Enabling
21.8% Efficiency Crystalline Silicon Solar Cells

Wenjie Wang, Jian He,* Lun Cai, Zilei Wang, Siva Krishna Karuturi, Pingqi Gao,
and Wenzhong Shen*

1. Introduction

Great breakthroughs have already beenmade in the power conver-
sion efficiency (PCE) of conventional crystalline silicon (c-Si) solar
cells in recent years, and the record PCE is getting close to the
theoretical efficiency limit.[1] However, either high-temperature
diffused p–n homojunction solar cells or doped amorphous
silicon-based heterojunction solar cells cannot avoid the Auger
recombination and free carrier recombination loss in the heavily
doped layer, which restricts the theoretical efficiency limit of
the c-Si solar cells.[1–4] The amorphous silicon layers in the
heterojunction solar cells also face serious parasitic optical

absorption.[5] In addition, from the per-
spective of device manufacturing, the com-
plex fabrication processes, toxic dopants,
high-temperature energy consumption, as
well as the expensive equipment limit the
further development of the process
technology of c-Si solar cells. Therefore,
developing simpler device structure and
eliminating the use of heavily doping layer
have an important impact on the further
improvement of device efficiency. One of
the potential candidates to overcome these
drawbacks is the dopant-free carrier-selective
contacted c-Si heterojunction solar cells.[6,7]

Taking n-type c-Si for example, the typi-
cal dopant-free carrier-selective c-Si hetero-
junction solar cells should contain the
following layers: the holes and electrons

transporting layers with high and low work functions matching
the valence band and conduction band of the n-type c-Si, c-Si
absorption layer, passivating layers, and the conductive electro-
des.[8,9] On the hole contact side, when the hole transporting layer
(HTL) is contacted with n-type c-Si, the large mismatch of work
function between HTL and c-Si will induce a large upward band
bend (built-in potential) on the c-Si surface, forming a strong
inversion layer and driving the hole to HTL and the electron
to the c-Si. Transition metal oxides (e.g., molybdenum oxide,
tungsten oxide, and vanadium oxide), organic polymer
(e.g., poly(3,4-ethylene dioxythiophene): poly(styrenesulfonate), and
poly(3-hexylthiphene)), low-dimensional carbon materials
(e.g., carbon nanotube and graphene) have been used as HTL.[10–21]

On the electron contact side, the main function of the
electron transporting layer (ETL) is to eliminate the Schottky
barrier caused by directly metal–semiconductor contact. Two
approaches are generally used, and have already been success-
fully demonstrated in c-Si solar cells. One is to insert a thin
ETL with very low work function (lower than metal electrode,
e.g., Al) between the c-Si and metal electrode. This low work
functional ETL will be able to make a downward band bend at
c-Si side, and thus allow the transport of electrons from c-Si side
to metal electrode side. Metal fluorides (e.g., lithium fluoride and
magnesium fluoride), metal carbonates (e.g., cesium carbonate,
potassium carbonate, and calcium carbonate), low work function
metals (e.g., calcium and magnesium), and organic polymers
(e.g., quinhydrone, poly(ethylene oxide), C60 pyrrolidine tris-acid,
and phenyl-C61-butyric acid methyl ester) have been proven to be
effective ETLs.[22–29] The other approach to realize effective
electron-selective contact is to passivate the surface state density
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conversion efficiencies of about 21.8% are finally demonstrated for n-type c-Si
solar cells, showing a simple approach to realize high-efficiency c-Si solar cells.
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at c-Si/metal interface. For example, some metal oxides
(e.g., titanium oxide, magnesium oxide, and tantalum oxide)
and metal nitrides (e.g., titanium nitride, titanium oxynitride,
and tantalum nitride) can form effective electron-selective
contacts with n-type c-Si even if they do not have low work
function.[30–38] This is mainly attributed to the thin silicon oxide
(SiOx) layers formed during the deposition processes, which can
produce effective passivation on c-Si surface. Although high
PCEs about 20% have been reported using these ETLs in c-Si
solar cells, there is still room for further improvement. For exam-
ple, low contact resistivity ρc can be easily achieved using low
work functional ETLs, however, these ETLs always have poor pas-
sivation to the c-Si surface, which limits the further improvement
on the open-circuit voltage (VOC) of the c-Si solar cells. As to the
metal oxides or metal nitrides that can support good passivation
to c-Si surface, the low conductivity, as well as their poor work
functions make it difficult to achieve low contact resistivity, and
thus limit the fill factor (FF) of the c-Si solar cells. Cesium
salts, e.g., CsCO3, and metal fluorides, e.g., LiFx, have been
proven to be effective electron-selective materials, even with
well-passivated c-Si architecture (e.g., a-Si:H(i)/c-Si).[23,39] In this
article, solution-processed cesium halides (CsX, X represents
fluorine (F), chlorine (Cl), bromine (Br), and iodine (I)) are inves-
tigated as effective electron-selective contacts on well-passivated
intrinsic amorphous silicon/c-Si (a-Si:H(i)/c-Si) architecture.
A low contact resistivity ρc of about 10mΩ cm2 is realized for
n-type c-Si/a-Si:H(i)/CsF/Al contact, combined with a satisfied
surface passivation (effective surface recombination velocity

Seff about 5.7 cm s�1). Using this electron-selective passivating
contact, a satisfied PCE of 21.8% is finally realized for n-type
c-Si solar cell, demonstrating an effective approach to fabricate
high-efficiency c-Si solar cells with simplified fabrication
processes.

2. Results and Discussion

The contact property of the CsX film on slightly doped n-type c-Si
substrate was evaluated by measuring the contact resistivity ρc of
n-type c-Si/CsX/Al contact. Figure 1a shows the current–voltage
(I–V ) curves of n-type c-Si/Al contacts with and without CsX
interlayers. For direct c-Si/Al contact, a typical rectification curve
was shown in Figure 1a (black dotted line), which is resulted by
the Fermi-level pinning of c-Si/Al contact. While spin-coating a
thin CsX layer between c-Si and Al, the contact property is well
improved, leading to a linear Ohmic contact. Figure 1b shows the
CsX thickness (defined by the concentration of CsX from 0.5 to
20mgmL�1) dependent contact resistivity ρc for c-Si/CsX/Al
contacts. With the increase in the CsX concentration, a reduced
contact resistivity ρc can be observed for all of the CsX layers,
which is likely attributed to the reduced work function and effec-
tive electron tunneling of CsX films. Further increasing the con-
centration of CsX films will lead to a higher contact resistivity ρc,
possibly due to the bulk resistivity of CsX films. For all of the CsX
films explored in this work, the incorporation of the CsX layers
can effectively reduce the contact resistivity ρc to the magnitude

Figure 1. a) Current–voltage curves of n-type c-Si/Al contact with and without CsX interlayer. b) Contact resistivity ρc of n-Si/CsX/Al contacts as a
function of CsX concentration. c) Effective minority carrier lifetime of symmetrically passivated a-Si:H(i)/c-Si/a-Si:H(i) and CsX/a-Si:H(i)/c-Si/a-Si:
H(i)/CsX. The effective surface recombination velocity Seff of these contacts were noted in panel (c) with the same color. d) Contact resistivity
ρc of n-Si/a-Si:H(i)/CsX/Al contacts as a function of CsX concentration.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2020, 4, 2000569 2000569 (2 of 6) © 2020 Wiley-VCH GmbH

91

http://www.advancedsciencenews.com
http://www.solar-rrl.com


of about 10mΩ cm2. Especially, a minimized contact resistivity
ρc down to about 1mΩ cm2 is realized for c-Si/CsF/Al contact.

A satisfied carrier-selective passivating contact requires
not only low contact resistivity but also high-quality surface
passivation. To achieve high-performance surface passivation,
a-Si:H(i) passivating layer with optimized thickness of about
6 nm is deposited on the c-Si surface.[6,10,38] Figure 1c shows
the effective minority carrier lifetime of symmetrically structured
a-Si:H(i)/c-Si/a-Si:H(i) and CsX/a-Si:H(i)/c-Si/a-Si:H(i)/CsX
contacts. After depositing thin a-Si:H(i) passivating layers
(�6 nm) on the both sides, well-passivated interface with a low
effective surface recombination velocity (Seff ) of about 3.9 cm s�1

is achieved. However, after spin-coating CsX films on c-Si/a-Si:
H(i) surface, the c-Si surface passivation is slightly degraded,
showing the Seff values reduced from 3.9 to 5.7, 6.4, 10.5, and
18.0 cm s�1 after spin-coating CsF, CsCl, CsBr, and CsI films,
respectively. The best passivation quality is achieved by c-Si/
a-Si:H(i)/CsF stack structure. The CsX thickness related to contact
resistivity ρc on c-Si/a-Si:H(i) surface is also shown in Figure 1d.
Similar trend can be found compared with c-Si/CsX/Al contact.
Eventually, an optimized contact resistivity of about 10mΩ cm2

can be extracted for the c-Si/a-Si:H(i)/CsF/Al contact, showing
that this kind of spin-coated CsF film will be effective electron-
selective material for the application of c-Si solar cells.

The ultraviolet photoelectron spectroscopy (UPS) spectrum
was used to analyze the optoelectronic properties of the CsX
films. Figure 2a shows the UPS secondary electron cutoff of
the CsX films, showing low work function values of 2.96,
3.10, 3.30, and 3.52 eV for the CsF/Al, CsCl/Al, CsBr/Al, and
CsI/Al interface, respectively. Compared with the work function
of directly Al contact (about 4.2 eV), these low work function
values of CsX films play a crucial role in forming Ohmic contact
between n-type c-Si substrate and Al electrode. Figure 2b shows
the UPS valence band spectrum of the CsX films. For the CsF

films, the valence band is measured to be about 5.10 eV from the
Fermi energy. However, for CsCl, CsBr, and CsI films, narrower
gaps were measured, showing worse hole-blocking performance
of these films. The X-ray photoelectron spectroscopy (XPS) core-
level spectrum of Cs 3d is shown in Figure S1, Supporting
Information, for all of the CsX films. Doublet peaks located close
to�724 eV (3d 5/2) and�739 eV (3d 3/2) can be found for all the
four halides.[40] However, gentle peak shift can be observed for
these CsX films. The Cs element in CsCl film is measured
to have the highest binding energy of about 727.1 eV, whereas
the CsF film shows the lowest binding energy of about
725.1 eV. The slight shift of the binding energy is likely attributed
to the difference of halogen anions.[40]

Figure 2c presents the energy band alignments of c-Si/Al
contact with and without CsF electron-selective layer. As for
the c-Si/Al contact, a Schottky barrier could be found at the
interface according to Mott–Schottky theory and Fermi pinning
effect, which blocks the electrons transport from c-Si to metal
electrode.[33] After inserting a low work function CsF film
between the c-Si and Al, a downward energy-band bending
appears at the c-Si interface which enables electrons to easily
transport from c-Si to Al. However, there are still large numbers
of density of states at the contact interface due to the lack of pas-
sivation of CsF film, which results in serious carrier recombina-
tion at the interface. After further inserting a thin a-Si:H(i)
passivating layer between the c-Si and CsF film, the carrier
recombination at the interface can be well suppressed.

Thermal evaporation deposited CsF film has been proven to be
effective electron-selective contact material in c-Si solar cells.[6]

Compared with the CsF film deposited by thermal evaporation,
the solution-processed CsF film shows better contact property to
c-Si, as well as better long-term stability, as shown in Figure 3a.
Even after about 1000 h storage, the contact resistivity ρc still
keeps a low value of about 5mΩ cm2 for the spin-coated samples

Figure 2. a) Work function value of CsX films extracted by UPS secondary electron cutoff spectrum. b) Valence band spectrum of the CsX films.
c) Energy band diagrams of the direct n-type c-Si/Al contact, n-type c-Si/CsX/Al contact, and n-type c-Si/a-Si:H(i)/CsF/Al contact.
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while the contact resistivity ρc degraded to about 35mΩ cm2 for
the thermal-deposited CsF film. Figure 3b shows the UPS spectra
of the spin-coated CsF film and thermal-deposited CsF film,
displaying the work function values of 2.90 and 3.10 eV for
the spin-coated CsF film and thermal-deposited CsF film, respec-
tively. The valence band is measured to be about 5.10 eV from
the Fermi energy for the spin-coated CsF film while that is
about 4.40 eV for the thermal-deposited one, showing that the
spin-coated CsF film has much better performance in electron
collection as well as hole-blocking property. To explore the differ-
ence in these two films, the XPS spectra are shown in Figure 3c
and Figure S2, Supporting Information. For Cs 3d spectra, the
results seem almost the same as shown in Figure S2a,b,
Supporting Information. However, for F 1s core-level spectra,
a weaker peak can be found for the thermal-deposited CsF film
at the binding energy of about 683 eV.[40] Based on core level
peak areas shown in Figure 3c,d, the stoichiometry of the CsF
films can be extracted. For spin-coated CsF film, stoichiometric
film with F to Cs atomic fraction close to 1 can be found. How-
ever, the thermal-deposited CsF film shows nonstoichiometric
with F to Cs atomic fraction less than 1.

To demonstrate the electron-selective properties of the spin-
coated CsF film on the device level, full-area rear-side contacted
proof-of-concept n-type c-Si solar cells were fabricated. Figure 4a
shows the schematic structure of the n-type c-Si solar cell with a
full-area rear a-Si:H(i)/CsF/Al electron-selective contact. On the
front side, conventional diffused pþn junction is used for the
separation of photogenerated carriers. On the rear side, an
a-Si:H(i) passivation layer combined with CsF ETL are used
for the collection of electrons. Cross-sectional high-resolution

transmission electron microscopy (HR-TEM) was used to
characterize the c-Si/a-Si:H(i)/CsF/Al interface, as shown in
Figure 4b, showing a clear hierarchical interface.

Figure 4c shows the characteristic I–V curves of the c-Si solar
cells using directly c-Si/Al contact, c-Si/CsF/Al contact, and c-Si/
a-Si:H(i)/CsF/Al contact under one-sun standard illumination.
Corresponding electrical output parameters are summarized
in Table 1. For direct c-Si/Al contact, due to the poor rear contact,
the c-Si solar cell shows an unsatisfied photovoltaic performance
with PCE of about 16.2%, VOC of 0.588 V, short-circuit current
density (JSC) of 38.3 mA cm�2, and FF of 0.717. After spin-
coating a thin CsF interlayer between c-Si and Al, the c-Si/Al
contact interface is well improved, regarding to a well-improved
photovoltaic performance with the PCE increased to 19.4%, VOC

to 0.621 V, JSC to 38.9 mA cm�2, and FF of 0.803. The internal
quantum efficiency (IQE) measurements are also utilized
to characterize the rear-side contact property, as shown in
Figure 4d. Compared with direct c-Si/Al contact, a significantly
improvement in the quantum efficiency can be found in the near
infrared range (800–1200 nm) for the c-Si solar cell using CsF/Al
electron-selective contact, indicating that the electron collection
efficiency is well improved at rear side. To further improve the
interface passivation, a thin a-Si:H(i) passivating layer was depos-
ited between c-Si and CsF by plasma-enhanced chemical vapor
deposition (PECVD), demonstrating a record PCE of 21.8%,
with a VOC of 0.688 V, JSC of 40.1 mA cm�2, and FF of 0.789.
The IQE results in Figure 4d also indicate that the quantum
efficiency can be further improved in the infrared range by apply-
ing a-Si:H(i)/CsF/Al electron-selective contact, reflecting that the
carrier recombination at rear side is significantly suppressed.

Figure 3. a) Contact resistivity stability of thermal-deposited CsF and spin-coated CsF film with test structure of c-Si/CsF/Al contact. b) The UPS spectra
of thermal-deposited CsF film and spin-coated CsF film. The XPS of the F 1s core-level spectra of c) the thermal-deposited CsF film and d) the spin-coated
CsF film.
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3. Conclusion

In summary, we have investigated solution-processed CsX
(X represents F, Cl, Br, I) films together with high-quality
a-Si:H(i) passivating layer as an effective electron-selective
passivating contacts. Among these candidates, CsF is found
to be the best choice for c-Si solar cells. Optimized n-type
c-Si/a-Si:H(i)/CsF/Al electron-selective passivating contact
provides a low contact resistivity ρc of about 10mΩ cm2 and
an excellent surface passivation with Seff of about 5.7 cm s�1.
A satisfied PCE of 21.8% is finally realized for n-type c-Si solar
cell with a full-area a-Si:H(i)/CsF/Al contact, demonstrating
an effective approach to fabricate high-efficiency c-Si solar cells
with simplified fabrication processes.

4. Experimental Section

Contact and Passivation Measurement: The contact resistivities were
extracted by fitting the resistance with the electrode diameters using
the method devised by Cox and Strack. Single-side polished n-type
c-Si wafers with resistivity of 1–3Ω cm were used. After removing the

natural oxide layer by dilute hydrofluoric acid (HF, �2% concentration),
c-Si wafers were spin-coated with CsX (X represents F, Cl, Br,
I) solution with different concentration from 0.5 to 20mgmL�1 at spin
speed of 3000 rpm. After that, Al electrodes with different diameters were
thermally evaporated on the CsX films with thickness of 200 nm through
a shadow mask. For a-Si:H(i) passivated samples, a-Si:H(i) layers with
thickness of 6 nm were deposited by PECVD before CsX spin-coating.
Double-side polished n-type c-Si wafers with resistivity of 1–5Ω cm
and thickness of 300 μm were used for passivation characterization.
Following standard RCA cleaning and dilute HF dipping, a-Si:H(i) layers
with thickness of about 6 nm were deposited symmetrically on the both
sides of the wafers by PEVCD. CsX films were then symmetrically
spin-coated on both sides of the wafer.

Solar Cell Fabrication: Standard c-Si solar cells were fabricated to
evaluate the electron-selective properties of the CsF film. N-type
(100)-oriented c-Si wafers (Cz, 180 μm thickness, and 1.0Ω cm resistivity)
were used here. Before front-side emitter diffusion, the wafers were
immersed in tetrmethylammonium hydroxide (TMAH), isopropyl alcohol
(IPA), and deionized (DI) water mixed solution at 85 �C for 60min to
fabricate random pyramidic structure for light-trapping. After texturing,
the wafers were cleaned with standard RCA process and boron diffusion
in tube furnace to form the front-side pþ emitter (�120Ω sq�1). Atomic
layer deposition Al2O3 passivation layer (20 nm) and PECVD SiNx (65 nm)
antireflection layer were then deposited on the top of the emitter.
Front-side metal grid electrode were patterned by photolithography and
thermally evaporated with Cr (�10 nm)/Pd (�10 nm)/Ag (�100 nm) stack
and then thickened by Ag electroplating. For the rear undiffused side,
a-Si:H(i) passivating layer (6 nm) was deposited by PECVD and followed
by spin-coating of CsF film. Full-area Al rear contact with thickness of
300 nm was finally deposited by thermal evaporation.

Characterization: Keithley 2400 source-meter was used to measure the
contact resistivity. The effective excess carrier lifetimes of samples were
characterized by photoconductance decay (Sinton WCT 120). XPS
measurements were performed with a Thermo Scientific Escalab 250Xi
spectrometer using the Al Kα X-ray source (hν¼ 1486.6 eV). HR-TEM
was used to characterize the rear-side contact interface. The photovoltaic

Figure 4. a) Schematic of n-type c-Si solar cell with a full-area rear a-Si:H(i)/CsF/Al electron-selective contact. b) Cross-sectional HR-TEM of the
n-Si/a-Si:H(i)/CsF/Al contact. c) Light I–V curves of c-Si solar cells with direct c-Si/Al contact, c-Si/CsF/Al contact, and c-Si/a-Si:H(i)/CsF/Al contact
under AM 1.5G and d) corresponding IQE curves.

Table 1. The photovoltaic performance parameters of the c-Si solar cells
with different rear contacts under AM1.5G one-sun illumination.

Samples Voc [V] Jsc [mA/cm2] FF PCE [%]

c-Si/Al 0.588 38.3 0.717 16.2

c-Si/CsF/Al 0.621 38.9 0.803 19.4

c-Si/a-Si:H(i)/CsF/Al 0.688 40.1 0.789 21.8
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performance of the c-Si solar cells was characterized by solar simulator
(Sinton Instruments) with an Xe arc lamp under standard test conditions
(Air-mass 1.5 illumination, 1000Wm�2, 25 �C) with a 4 cm2 shadow
mask. An encapsulated standard reference c-Si solar cells certified
by Fraunhofer CalLab was used to calibrate the illumination intensity.
The quantum efficiency of the solar cells was measured by Protoflex
Corporation QE measurement system.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Abstract

Surface texturing is one of the most important techniques for improving the performance of photovoltaic (PV)
device. As an appealing front texture, inverted pyramid (IP) has attracted lots of research interests due to its
superior antireflection effect and structural characteristics. In this paper, we prepare high-uniform silicon (Si) IPs
structures on a commercial monocrystalline silicon wafer with a standard size of 156 × 156 mm2 employing the
metal-assisted chemical etching (MACE) and alkali anisotropic etching technique. Combining the front IPs textures
with the rear surface passivation of Al2O3/SiNx, we fabricate a novel Si IP-based passivated emitter and rear cell
(PERC). Benefiting from the optical superiority of the optimized IPs and the improvement of electrical performance
of the device, we achieve a high efficiency of 21.4% of the Si IP-based PERC, which is comparable with the average
efficiency of the commercial PERC solar cells. The optimizing morphology of IP textures is the key to the
improvement of the short circuit current Isc from 9.51 A to 9.63 A; meanwhile, simultaneous stack SiO2/SiNx

passivation for the Si IP-based n+ emitter and stack Al2O3/SiNx passivation for rear surface guarantees a high open-
circuit voltage Voc of 0.677 V. The achievement of this high-performance PV device demonstrates a competitive
texturing technique and a promising prospect for the mass production of the Si IP-based PERC.

Keywords: Si solar cell, MACE, Inverted pyramids, PERC, High-efficiency

Introduction
Improving efficiency is the eternal theme of the solar cell
industry, which mainly focuses on two aspects: the op-
tical performance and electrical performance. The front
texturing technique is of importance for prompting the
optical performance of the device. Inverted pyramid (IP)
as an attractive light-trapping structure has attracted
considerable attention due to its superior antireflection
effect and structural characteristics [1–7]. To be specific,
the incoming short-wavelength light in silicon (Si) IP
undergoes triple or more bounces before being reflected
away, possessing one or more bounces than that in trad-
itional upright pyramids [7–9]. Meanwhile, this inverted
pyramid-structured Si will avoid severe recombination

losses faced by the nanostructured black Si [10–16] be-
cause of its big and open structural characteristic.
By employing the lithography inverted pyramid tex-

tures on the front surface and SiO2 passivation of the
rear surface, Green’s group [17] has successfully fabri-
cated a 25.0% efficient passivated emitter and rear
local-diffused solar cell (PERL) with an area of 4 cm2.
However, the lithography technique is not suitable for
mass production because of its expense, low
production-capacity, and incompatibility. Recently,
many research interests turn to the metal-assisted
chemical etching (MACE) large-area inverted pyra-
mids since the MACE technique is simple, low-cost,
large-area, and compatible with the current produc-
tion line [14, 18–21]. For example, Jiang et al. [7]
have reported inverted-pyramids nanostructure pre-
pared by the MACE process followed by a post nano-
structure rebuilding solution treatment and the
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conversion efficiency of IPs based multi-crystalline sil-
icon (mc-Si) solar cells in large size of 156 × 156
mm2 wafers reached up to 18.62%. By utilizing Cu
nanoparticles to catalyze chemical etching of Si, Yang
et al. [8] have achieved 18.87% efficient IP-structured
Si solar cells with a large area. Zhang et al. [9] have
fabricated sc-Si solar cell with IP microstructure by
modulated alkaline texturing combined with an opti-
mized MACE method and have achieved a 20.19% ef-
ficient 1-μm-sized IP-textured device with a large
area. So far, the performances of Si IP solar cell with
a large area are not yet satisfied suffering from the
large-area uniformity of IP morphology, the control of
the IP feature size, and the passivation of the device.
As a result, the front-optimized Si IP textures to-
gether with the rear passivation are expected to im-
prove cell performance further.
In this paper, we successfully fabricated 21.4% effi-

ciency Si IP-based passivated emitter and rear cells
(PERC) with a standard solar wafer size of 156 × 156
mm2 by combining the front optimized MACE IP tex-
tures with the simultaneous stack SiO2/SiNx passivation
for the Si IP-based n+ emitter and stack Al2O3/SiNx pas-
sivation for the rear surface. The key to high perform-
ance lies in the optical superiority of the IP textures and
the reduced electrical losses by the simultaneous passiv-
ation of Si IP-based n+ emitter and rear surface. This
novel Si IP-based PERC device structure and technique
show a great potential in mass production of high-
efficiency silicon-based solar cell.

Methods
The device structure of Si IP-based PERC is designed
as follows: (i) The Si IP-based PERC n+ emitter is
passivated by stack SiO2/SiNx (PECVD) layers as
shown in Fig. 1a. The Si IP structures have a good

short-wavelength antireflection effect due to more op-
portunities of three or more bounces; meanwhile, the
stack SiO2/SiNx layer provides a further reduced re-
flectance and an excellent passivation effect for the Si
IPs n+ emitter. (ii) The rear reflector is composed of
stack Al2O3 (ALD)/SiNx (PECVD) layers and screen-
printed Al as shown in Fig. 1a. Stack dielectric layers
are designed to optimize the optical properties of
long-wavelength by increasing inner rear reflectance
while maintaining a good electrical passivation effect,
which is attributed to the field- effect passivation of
the fixed negative charges in Al2O3 layer and the
chemical passivation of hydrogen atoms in SiNx film.
In a word, both optical and electrical properties in
this design are simultaneously considered to ensure a
high performance of Si IP-based PERC.
Commercial 180-μm-thick 156mm × 156mm (100)-

oriented crystalline silicon (c-Si), boron-doped (1–
3Ω·cm) p-type wafers were used as substrates. After the
standard cleaning process, inverted pyramid textures
were prepared on the surface of Si wafers as follows: (1)
The cleaned Si wafers were immersed in the mixed solu-
tions of AgNO3(0.0001M)/HF (4M)/H2O2 (1M) for
300 s, resulting in porous Si. (2) Si wafers with porous Si
were etched in an NH4OH:H2O2:H2O = 1:1:6 (volume)
solutions for 200 s to remove the residual Ag nanoparti-
cles. (3) The wafers with porous Si were modified in an
HNO3:H2O:HF = 4:2:1 (volume) solution to prepare
nanoholes. (4) Inverted-pyramids textures were fabri-
cated on the surface of Si wafer by anisotropic etching of
60 °C-NaOH solutions for 30, 60, and 90 s, respectively.
POCl3 diffuses for 40 min at 800 °C in the quartz tube

furnace and then n+ emitter forms on the front of the
wafer (M5111-4WL/UM, CETC 48th Research Insti-
tute). The sheet resistance of Si IP-based n+ emitter is
105-110Ω·sq−1. The selective emitter was fabricated on

Fig. 1 Design and process of the Si IP-based PERC. a Three-dimensional diagram of Si IP-based PERC. b Process flow of the Si IP-based PERC
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the front surface of the wafer by laser doping (DR-SE-
DY70, DR Laser). After the rear surface polished, SiO2

passivation films were prepared by thermal oxidation on
the front of silicon wafers. The Al2O3 passivation layers
were deposited on the rear surface of wafer by ALD
(PEALD-156, HUGUANG Scientific Instruments of
Beijing) for ≈ 30min at 150 °C. The PECVD-SiNx layers
were formed by the reaction of NH4/SiH4 (SC-TD-
450C). Subsequently, the rear stack passivation layers of
Si IP-based wafer were locally ablated by a 532-nm
wavelength and 10-ps pulse length laser (DR-AL-Y60,
DR Laser), in order to form the 50-μm width and 1-mm
pitch local line openings. Finally, the Si IP-based PERC
underwent the commercial screen-printing (PV1200,
DEK) and co-firing process (CF-Series, Despatch), to
form well Ohmic contacts and local BSFs.
The morphologies and structures of the samples were

characterized with a JEOL JSM-6390LA scanning elec-
tron microscope. The lifetime of the minority carriers
was measured by using a Sinton WCT-120. The absorp-
tion spectra were determined by FTIR (Tensor 27, BRU-
KER). The C-V curve is measured by an impedance

analyzer (E4900A, KEYSIGHT). The photoluminescence
and electroluminescence photos were taken by PL/EL
imaging analysis system (LIS-R2, BTimaging). The re-
flectance spectra, as well as the IQEs and EQEs, were
measured on the platform of quantum efficiency meas-
urement (QEX10, PV Measurements). The electrical
parameters of the solar cells were investigated by
current-voltage (I–V) measurement under the illumin-
ation of AM1.5 (Crown Tech IVTest Station 2000). The
cell efficiency was measured by using a BERGER Licht-
technik Single Cell Tester.

Results and Discussion
Figure 2a–e shows the top-view SEM images of the dif-
ferent process steps for the silicon surface texturing. Fig-
ure 2a shows the 50–80 nm porous Si on the surface of
Si wafer etched by MACE method in the mixed solu-
tions of AgNO3/HF/H2O2. Subsequently, the porous Si
is modified by the isotropic etching in the mixed aque-
ous solutions containing HF/HNO3 and turns to be
nanohole structures with a diameter of 800 nm as shown
in Fig. 2b. Finally, the micron inverted pyramids (IPs)

Fig. 2 Morphology of the prepared Si inverted pyramid structures (Si IPs-strus). a SEM image of porous silicon obtained by MACE. b SEM image
of nanoholes by the following modifications in the HF/HNO3 mixed solutions. c–e SEM images of inverted pyramids (cross section in inset) by
the etching in aqueous NaOH solution at 60 °C for 30, 60, and 90 s, respectively. f Compared photos for different surface structures corresponding
to a–e
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with different sizes (Fig. 2c–e) are obtained by sodium
hydroxide in aqueous solution at 60 °C for 30, 60, and
90 s, respectively. From Fig. 2c–e, we can see that after
alkali treatment, the IPs structure sizes for three etching
time of 30, 60, and 90 s are ~ 1, 1.3, and 1.8 μm, respect-
ively, meaning an increasing size of IP with the increase
of alkali treatment time. Also, we notice that the IPs
tend to collapse and transit to be the upright pyramids
with the increase of the etching time. As known, the
inverted pyramids have the advantage of light trapping
over upright ones because light will undergo extra one
or two bounces in inverted pyramids than that in up-
right pyramids. Therefore, the structures with shorter
etching time are suitable for the light-trapping textures
of PV devices because of the advantage in the short-
wavelength antireflection. Figure 2f is the compared
photos for different surface structures corresponding to
Fig. 2a–e.
Now we turn to the optical properties of Si IP-strus.

From the reflectance over the whole wavelength range of
300–1100 nm (Fig. 3a), we observe that the porous Si
has a low reflection because of the excellent light-

trapping performance of nanostructures [22–24]. For
nanohole structures, the reflectance in the whole wave-
length range has an obvious increase, which is attributed
to the decrease of density and increase of feature size of
nanoholes. After NaOH treatment for 30 s, benefiting
from 3–4 bounces between the (111) planes of the IP,
the IPs structures display lower reflection over the 300–
1100 nm wavelength range, especially in the short-
wavelength range of 300–500 nm. With the alkali etch-
ing time increasing, the IPs become larger and tend to
be the upright pyramids, resulting in an increasing re-
flectance. When all samples were covered with the same
stack SiO2/SiNx coating, the reflectance drop sharply by
more than 10%, which is attributed to the combined re-
flectance from the optical interference of the stack SiO2/
SiNx thin films and the surface structures. In this case,
the reflection spectra of samples from different processes
are mainly different in the wavelength range of 300–600
nm, which is caused by the difference of feature size of
IPs. In particular, Si IP-strus covered by the stack SiO2/
SiNx layers displays better short-wavelength antireflec-
tion ability than the others, indicating the excellent ex-
ternal quantum efficiencies (EQEs) in the short-
wavelength range.
Furthermore, we calculate the average solar reflectivity

Rave (see Fig. 3b) over the wavelength range of 300–
1100 nm and compare the reflectivity of Si IP-strus with
other structures corresponding to different intermediate
processes shown in Fig. 2a–c. Rave can be calculated by
the expression of

Rave ¼
R 1100 nm
300 nm R λð Þ�S λð Þ�dλ
R 1100 nm
300 nm S λð Þ�dλ

ð1Þ

where R(λ) and S(λ) denote the measured reflectance
and AM1.5 solar photon spectral distribution, respect-
ively. As shown in Fig. 3b, the Raves of porous Si, nano-
holes, IPs, and IPs with SiO2/SiNx coating are 8.22,
17.96, 15.18 (group 1—30 s)/17.35% (group 2—60 s)/
20.3% (group 3—90 s), and 3.91% (group 1—30 s)/4.48%
(group 2—60 s)/5.60% (group 3—90 s), respectively. The
Raves show that the IP-strus have a better antireflection
ability than nanoholes and show a decreasing trend with
the increase of feature size. When IP-Strus are coated by
the stack SiO2/SiNx layers, the lowest Rave is 3.91%, re-
vealing an ideal light-trapping structure for the PV
device.
The stack SiO2 (~ 2 nm)/SiNx (~ 75 nm) passivation

for the Si IP-based n+ emitter is an effective way for
achieving well electrical performance of IP-based PERC
and their passivation effect [1] and mechanism have
been systematically studied in our previous work [14].
To show the electrical superiority of the stack Al2O3/
SiNx passivation layers at the rear of our device, we

Fig. 3 Optical properties of the prepared Si IP-strus. a The measured
reflectance of different surface morphology and b the solar
averaged reflectance Rave over the 300–1100 nm wavelength range
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investigate the influence of the different annealing and
light-soaking conditions on the effective minority carrier
lifetime (τeff) with respect to the injection level (Δn), as
shown in Fig. 4a. Notice that the polished Si wafers have
the bulk minority carrier lifetime of ~ 350 μs, and the
stack Al2O3/SiNx layers are symmetrically deposited on
both sides of polished Si wafers. The thickness of inner
Al2O3 and the outer SiNx layer is estimated as ~ 3 and ~
125 nm, respectively. Two annealing conditions are per-
formed in the air atmosphere: 300 °C and 800 °C for 15
min. Then the wafers are illuminated at 25 °C under the
full-wave ranged halogen lamp with a power intensity of
50 mW cm−2 for 100 s. As can be seen from Fig. 4a, the
48 μs τeff (300 °C) and 126 μs τeff (800 °C) after annealing
are much higher than the 22 μs τeff of the as-deposited
Al2O3/SiNx passivated samples at the injection level of
1.2 × 1015 cm−3.
Importantly, the effective minority lifetime of

annealed samples after 100 s of illumination are
230 μs and 150 μs, respectively, much higher than

126 μs and 48 μs before illumination, demonstrating a
very clear light-enhanced c-Si surface passivation of
Al2O3/SiNx layers. The charge trapping effect during
light soaking [25–28] could be one of the main mech-
anisms for the light-enhanced c-Si surface passivation
of Al2O3/SiNx films. As Al2O3 films are reported to
have a negative fixed charge density [29–32], some of
the excess electrons generated by light were likely to
be injected or tunneled into trap states in the inner
Al2O3 film, resulting in an increased level of field-
effect passivation. Interestingly, the light-enhanced
passivation effect at 300 °C annealing is better than
that at 800 °C, meaning that light-soaking at a lower
temperature annealing is a more effective way to the
application of PV device.
To study the effect of the annealing process on the

surface modification, we compare the Fourier transform
infrared spectroscopic (FTIR) absorption spectra of the
annealed samples with that of the as-deposition sample.
Figure 4b manifests that the Si–N, Si–O, Si–H, and N–

Fig. 4 a τeff with respect to the injection level Δn at different annealing temperatures for Al2O3/SiNx passivated wafers. The dashed line denotes
one sun injection level. b The FTIR spectra of the samples. c C–V curves for the Au/Al2O3-SiNx/Si structure. d Photoluminescence and
electroluminescence photos of devices
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H bonds correspond to the stretching absorption peaks
at the wavenumbers of ~ 840, 1070, 2200, and 3340
cm−1, respectively. We see that the densities of both the
Si–N and Si–O bonds show an obvious increase after
annealing; meanwhile, the density of the Si–H bonds in-
creases slightly. The increases of the Si–O and Si–H
bond density implies the decrease of the dangling bonds
at the interface of Si/SiO2, resulting in a better passiv-
ation effect [33]. Also, the annealing process promotes
the density of Si–N bonds, indicating a more dense
structure which can effectively prevent the out diffusion
of H from entering into the environment instead of into
Si bulk. However, for excessively high annealing
temperature, the H in Si–H and N–H groups can escape
from the bulk Si and the dielectric layers to the environ-
ment, which causes the decline of the passivation effect.
The result of FTIR is consistent with that of the effective
minority lifetime.
To further understand the difference of passivation

mechanism between thermal annealing and light-soaking
treatment, we analysis the density of fixed charges (Nf)
and the density of interface traps (Nit) at the interface of
Si and Al2O3 (ALD)/SiNx (PECVD) stack layers by using
capacitance–voltage (C-V) measurements from a rigor-
ous metal–oxide– semiconductor (MOS) model.
Nf can be obtained from the following equation:

Nf ¼ Qf

S� e
¼ COX � VMS −VFBð Þ

S� e
ð2Þ

where the following expression can calculate VFB

V FB ¼ VMS −
Qf

COX
ð3Þ

Note that S is the area of metal electrode, e is elec-
tronic charge, COX is the capacitance of dielectric film
layer, VMS is the difference of the work function between
the metal electrode and p-type Si, and VFB is flat band
voltage.
Using the Lehovec method [34], we can obtain Nit

from the C-V curve:

Nit ¼ COX − CFBð ÞCFB

3 δC=δVð ÞFBekTS
−

C2
OX

COX − CFBð ÞSe2 ð4Þ

where (δC/δV)FB is the slope near-flat band and is
taken as the absolute value. CFB, e, and k are capacitance
of MOS structure in a flat band, electronic charge, and
Boltzmann constant, respectively.
It can be seen from Fig. 4c that the measured C-V

curve of the Al2O3/SiNx stack layers shows obvious ac-
cumulation region, depletion region, and inversion re-
gion. According to the C-V curves and Eq. (2–4), we
obtain the interface properties of the prepared MOS
structures, as shown in Table 1.

The fixed negative charge densities show a significant
increase by an order of magnitude after thermal anneal-
ing meanwhile the interfacial states densities significantly
decrease, indicating that annealing enhanced the chem-
ical passivation and field-effect passivation of dielectric
films. By further light-soaking treatment, the densities of
interfacial states keep the same level, while the densities
of fixed negative charges increase further. As mentioned
above, some of the excess electrons generated by light
were likely to be injected or tunneled into trap states in
the inner Al2O3 film, which means that light soaking can
enhance the field-effect passivation of the dielectric film.
Although the value of Nit is high, the sample by 300 °C
annealing and 100 s light-soaking has the highest τeff of
230 μs due to the highest Nf of − 2.87 × 1012 cm−2,
meaning that field-effect passivation has an advantage
over chemical passivation in this case.
Figure 4d shows the photoluminescence and electro-

luminescence photos of 1, 1.3, and 1.8 μm IP solar cells
with the same passivation process. The brightness of the
three groups of photos for both photoluminescence and
electroluminescence keeps basically the same level,
meaning that the three groups of solar cell devices per-
form equally well in the passivation of defects. That is to
say, the passivation process determines the electrical
performance of the solar cell instead of the feature size
of IPs, which will be confirmed by the following output
parameters of the fabricated solar cells.
Based on the excellent optical and electrical perform-

ance of the simultaneous SiO2/SiNx stack layers passiv-
ated front Si IP-based n+ emitter and Al2O3/SiNx stack
layers passivated rear reflector, we fabricated the Si IPs-
based PERC.
Figure 5a shows the internal quantum efficiencies

(IQEs) and front surface reflections of the fabricated Si
IP-based PERCs. We can observe that 30-s alkali-etching
IP-based device (group 1—30 s) shows the lowest reflect-
ance in the short wavelength of 300–600 nm due to its
smaller feature size of IPs. Importantly, group 1—30 s
has the highest IQEs in this wavelength range, and thus
yields the highest external quantum efficiencies (EQEs)
as shown in Fig. 5b. Also, the fabricated devices display
almost the same EQEs in the long-wavelength range be-
cause of the same level of reflectance and IQEs in this

Table 1 Nf and Nit at the interface between Al2O3/SiNx stack
layers and Si

Sample Nf/cm
−2 Nit/cm

−2 eV−1

As-deposited − 4.3 × 1011 3.89 × 1012

300 °C annealing − 2.26 × 1012 8.59 × 1011

300 °C annealing and light soaking − 2.87 × 1012 8.68 × 1011

800 °C annealing − 1.04 × 1012 4.32 × 1011

800 °C annealing and light soaking − 1.65 × 1012 4.65 × 1011
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range. Therefore, group 1—30 s with smaller feature size
possesses better output performance than the other two
groups, which is further confirmed by the I-V and P-V
curves of devices (see Fig. 5c). Figure 5d shows the η of
our champion device reached 21.41%, as well as the Voc

of 0.677 V, Isc of 9.63 A, and FF of 80.30%. By our know-
ledge, it is the highest η among MACE-IP-based solar
cells. The inset of Fig. 5d is a photograph of the front
and rear surface of the champion device.
Furthermore, Table 2 shows the detailed parameters of

the fabricated devices. Obviously, the average Isc (9.63
A) of the group 30 s device is higher than that of the

other two groups, which lies in its best anti-reflection
ability of front surface as mentioned above. The differ-
ence of Iscs mainly determines the output performances
of the devices. Besides, the higher FF and the lower
series resistance Rs guarantees the higher η of group 30
s. It is worth to note that all the average Vocs of the Si
IP-based PERCs are in the range of 674–676 mV, dem-
onstrating that the same excellent passivation for the
front and rear surface of all groups. Finally, benefiting
from the gain of optical and electrical performance, we
have successfully achieved the highest η of 21.4% of Si
IP-based PERC solar cell.

Conclusions
In conclusion, we optimize the morphologies of the
MACE Si IPs structures and fabricate the novel Si IPs-
based PERC solar cell with a standard size of 156 × 156
mm2 by combining the stack SiO2/SiNx layers coated IPs
textures with the stack Al2O3/SiNx passivation of the
rear surface. The optical properties show that the solar
averaged Rave of IPs textures coated by the stack SiO2/
SiNx layers can be up to 3.91%, revealing IPs an ideal

Fig. 5 High-performance Si IP-based PERC. a The IQE and reflectance of the Si IP-based PREC with different alkaline etching times. b The EQE of
the Si IP-based PERC with different alkaline etching time. c The I–V and P-V curve of the Si IP-based PERC with different alkaline etching time. d I–
V and P-V curve of the champion device

Table 2 Detailed output parameters of Si IPs-based PERC

Group Voc/mV Isc/A Rs/Ω cm2 FF/% η/%

1—30 s Best 677 9.63 0.002429 80.30 21.4

Average 676 9.62 0.002497 80.15 21.3

2—60 s Best 676 9.60 0.002521 80.14 21.3

Average 674 9.57 0.002499 80.01 21.1

3—90 s Best 679 9.51 0.002576 80.26 21.2

Average 676 9.49 0.002603 79.94 21.0
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light-trapping structure for PV device. Also, the elec-
trical analysis shows that the polished rear surface pas-
sivated by the stack Al2O3/SiNx layers possess very high
τeff of 230 μs due to the thermal and light-soaking treat-
ment, demonstrating well light-enhanced c-Si surface
passivation of Al2O3/SiNx layers. FTIR measurements
provide a further explanation for the high τeffs of the
rear surface passivated by the stack Al2O3/SiNx layers.
Importantly, a high fixed charge density Nf of − 2.87 ×
1012 cm−2 is obtained by means of the C-V measure-
ments, which reveals strong field-effect passivation of
Al2O3/SiNx layers. Finally, benefiting from the excellent
optical and electrical performance at the front Si IP-
based n+ emitter and rear reflector, we achieve the high-
est η of 21.4%, as well as Voc of 0.677 V, Isc of 9.63 A,
and FF of 80.30%. The achievement of high-efficiency Si
IP-based PERC provides IPs with an effective way to
mass production of Si-based high-efficiency solar cells.
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摘  要：多晶硅太阳电池以其价格低廉的优势成为低成本太阳电池的首选，但其光电转换效率提升空间有限。钝化

发射极和背面电池（PERC）技术是当前晶硅太阳电池提效的主要途径。多晶 PERC 电池结合了多晶硅电池的低成

本和 PERC 电池的高效，是当前多晶硅电池的研究热点。本文研究了多晶 PERC 电池的背面和正面结构优化与设计，

提出了提高多晶 PERC 电池效率的产业化技术方法。通过在硅片背面用三层 SiNx:H 薄膜来代替常规双层 SiNx:H 薄

膜，在保证优良的背面钝化的同时，使电池长波响应得到改善，电池光电转换效率由 20.19% 提升至 20.26%。优化

多晶 PERC 电池的背面激光开窗工艺，使多晶电池效率较常规工艺提升 0.11%。而在多晶 PERC 电池的正面叠加选

择性发射极技术，可较常规工艺提升电池效率 0.10%。综合运用多种提效手段有利于保持多晶 PERC 电池的竞争力。 

关键词：太阳电池；多晶硅电池；长波响应；SiNx:H 薄膜；选择性发射极；激光开窗 
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Optimization of the Structure and Performance of Back and Front of 
Multicrystalline Si PERC Solar Cells 

ZHAO Ke-wei1, ZHANG Bo1, LÜ Yi2, ZHUANG Yu-feng2, LI Zheng-ping2,                   
LU Gui-lin1, SHEN Wen-zhong2 

(1. Shanxi Lu’an Solar Energy Science and Technology Co., Ltd., Changzhi 046000, Shanxi, China;                                   
2. Institute of Solar Energy, and Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education),                   

School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China) 

Abstract: The multicrystalline silicon (mc-Si) solar cells have become the first choice of low-cost solar cells due to their 
low price, while the room for improving their photoelectric conversion efficiency is limited. Passivated emitter and rear 
cell (PERC) is the main technology for improving the efficiency of Si solar cells. Combing the low cost of mc-Si solar cells 
and high efficiency of PERC, the mc-Si PERC is paid more attention recently. A series of technologies based on the back 
and front structures optimization of mc-Si PERCs were studied for high efficiency and mass production in the present work. 
By employing layers of AlOx/triple-SiNx:H on the rear of mc-Si wafers, the long wavelength spectral response was 
strengthened while the rear surface passivation was keeping, and the average efficiency of PERC with AlOx/triple-SiNx:H 
layers was increased to 20.26% from the standard mc-Si PERC of 20.19%. The efficiency of the battery was improved by 
0.11% through optimizing the rear electrode contacting patterns by laser ablation, compared with the standard mc-Si PERC. 
The efficiency increased by 0.10% when introducing selective emitter technology on the front of mc-Si PERC. The 
comprehensive applications of different methods for improving efficiency benefit to the competitiveness of mc-Si PERC. 
Key words: solar cells; multicrystalline solar cells; long wavelength spectral response; SiNx:H thin film; selective emitter; laser 

ablation 

0  引  言 

近几年，传统铝背场太阳电池（aluminum 

backsurface field, Al-BSF）逐渐被钝化发射极和背面

电池（passivated emitter and rear cell, PERC）所取代，

至 2019 年底全国 PERC 电池产能超过 100 GWp，其

中 p 型 PERC 电池在未来一段时间内仍将是光伏电

池的主流产品。PERC 概念率先由 BLAKERS 等[1]
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在 1989 年提出，电池生产技术[2-3]的快速发展推动

了 PERC 在这三十年由概念提出到大规模量产，例

如背介质涂层[4-5]、湿化学抛光刻蚀[6]、激光选择性

发射极[7]和激光电极消融[8]。2009 年，一种氧化铝/

氮化硅结构[9]被提出可用作 PERC 背钝化膜，至今

仍被工业界采用[10]。2012 年，无锡尚德电力成功利

用激光技术[11]生产出选择性发射极 PERC 电池。

2019 年，西安隆基发布了单晶 PERC 电池效率 高

为 24.06%的世界纪录[12]，而目前单晶 PERC 电池量

产效率在 22%以上[13]。值得注意的是，现今单晶硅

片的单价要比多晶硅片高一倍左右[14]，不可避免地

影响了光伏度电成本，因此，利用好多晶硅的成本

优势，提高多晶硅 PERC 电池的量产效率，增强多

晶硅太阳电池的市场竞争力，是目前晶体硅太阳电

池降本提效的重要途径。 

提高光伏电池效率的重点是要把光学损失和电

学损失降到 低，因此，晶体硅电池的结构与工艺

改进对提高效率是至关重要的。本文通过改进多晶

PERC 电池的背面和正面结构，研究和优化提高多

晶 PERC 电池效率的产业化技术方法和方案。通过

在硅片背面采用三层氢化氮化硅（SiNx:H）薄膜来

代替常规双层 SiNx:H 薄膜，保证优良的背钝化的同

时，电池长波响应得到改善，多晶电池效率由20.19%

提升至 20.26%。优化多晶 PERC 电池的背面激光开

窗工艺，使多晶电池效率较常规工艺提升 0.11%。

在多晶 PERC 电池的正面叠加选择性发射极

（selected emitter, SE）技术，使得多晶电池效率较常

规工艺提升 0.1%。若同时在多晶 PERC 电池背面和

正面叠加以上三项工艺的两项或三项，预计还将进

一步提高多晶 PERC 电池效率。 

1  实验部分 

图 1 为常规 PERC 电池结构示意图。实验中使

用的 p 型多晶硅片尺寸为 156.75 mm × 156.75 mm，

厚度为 200 ± 20 μm，电阻率为 0.8 ~ 2 Ω·cm。本文

研究并制备了四种结构的多晶 PERC 电池，即常规

PERC（基准组）、背面三层 SiNx:H 钝化膜 PERC

（实验组 1）、背面不同激光开槽图形的 PERC 电池

（实验组 3、4、5、6）和正面叠加选择性发射极 PERC

电池（实验组 2）。每组实验电池样品的数量均为

400 片。图 2 为电池的工艺流程示意图。 

 
图 1  PERC 电池结构示意图 
Fig. 1  Structure of standard PERC 

 
图 2  不同结构的 PERC 电池工艺流程图 
Fig. 2  Process flows for the PERC with different structures 

1.1  常规 PERC 电池制备 

常规 PERC 电池在多晶硅太阳电池标准的生产

线上进行，步骤如下：①去损伤层、酸制绒和 RCA

湿式化学清洗；②POCl3 扩散形成 n+发射极，方

阻为 130 Ω/□；③刻蚀、背抛及去磷硅玻璃层（PSG）；

④680℃下进行热氧化 20 min；⑤背面原子层沉积

（理想能源 ALD 原子层沉积设备）约 6 nm 厚的

AlOx；⑥正面等离子增强化学气相沉积（plasma 

enhanced chemical vapor deposition, PECVD，中国

电科四十八所 M82200-6/UM 型 PECVD）沉积约

80 nm厚的 SiNx:H薄膜；⑦背面 PECVD沉积 120 nm

厚的 SiNx:H 薄膜，具体分成两步：先在里层沉积厚

度为 30 nm、折射率为 2.37 的 SiNx:H 薄膜，再在外

层沉积厚度为 90 nm、折射率为 2.09 的 SiNx:H 薄膜；

⑧背面激光开槽（武汉帝尔激光设备 DR-LA-Y40）
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为形成局部接触做准备，激光开槽的线宽为 40±2 μm；

⑨丝网印刷电极、高温烧结、测试分选。 

1.2  背面三层 SiNx:H 钝化膜 

背面三层 SiNx:H 钝化膜 PERC 电池在步骤⑦背

面 PECVD 沉积中改变了 SiNx:H 膜层分布：（1）第

一层 SiNx:H 薄膜保持不变，厚度仍为 30 nm，折射

率仍为 2.37；（2）减少第二层 SiNx:H 薄膜的厚度，

由 90 nm 减至 40 nm，折射率为 2.15；（3）增加第

三层 SiNx:H 薄膜，厚度为 50 nm，折射率为 1.92。

其他步骤保持不变。 

1.3  背面不同激光开槽图形 

针对不同激光开槽图形的电池，在步骤⑧的激

光开槽部分采用四种不同的开槽实线与虚线图形，

具体实验方案列于表 1。 

表 1  激光开槽实验方案 
Table 1  Experimental scheme of laser ablation 

实验分组 实线长 / μm 虚线长 / μm 实虚比 / %

基准组 938 145 86.6 

实验组 3 246 808 23.3 

实验组 4 367 700 34.4 

实验组 5 457 597 43.4 

实验组 6 566 486 53.8 

 

1.4  选择性发射极 

选择性发射极 PERC 电池在步骤②扩散后增加

了激光掺杂（武汉帝尔激光设备 DR-LA-Y40），在硅

片正面形成轻掺区（n+发射极），方阻为 180±10 Ω/□；

重掺区（n++发射极）的方阻为 70±5 Ω/□。 

1.5  表征 

实验中 AlOx 和 SiNx:H 的膜厚和折射率由椭偏

仪（SE400adv-PV）测定。发射极掺杂浓度分布由

电化学电容电压（德国 WEP 公司的 ECV 设备，型

号 CVP21）测量。电池效率在 25℃、AM1.5、1 个

标准太阳的条件下用 Halm 3600 效率仪测试。 

2  结果与讨论 

2.1  背面三层 SiNx:H 钝化膜的影响 

由于 SiNx:H 膜层中 Si 含量增高，折射率和消

光系数均相应增高，使得折射率更高的 SiNx:H 薄膜

具有更高的 Si—H 键密度，即更好的钝化效果[15]，

但是SiNx:H薄膜的折射率过高会导致严重的吸收损

失。为了兼顾 SiNx:H 的钝化和减吸收效果，目前工

业上采用背面双层 SiNx:H 膜层，即先沉积一层高折

射率的 SiNx:H，然后生长低折射率的 SiNx:H。一方

面，里层的高折射率 SiNx:H 膜层可增加钝化效果，

减少表面缺陷态，降低载流子复合的几率。另一方

面，外层的低折射率 SiNx:H 膜层可以有效减少背铝

的光学吸收[16]。 

常规双层SiNx:H结构虽然可以达到光学效果和

钝化效果的平衡，但是背面的反射损失和吸收损失

仍然损害着 PERC 电池的长波响应。根据光反射原

理，采用三层 SiNx:H 薄膜通过不断降低折射率，能

在保证 SiNx:H 钝化效果的前提下，提高长波响应，

这是由于从硅片表层向外的三层SiNx:H薄膜的折射

率逐渐递减，能使入射的长波光子在内部多次反射

和干涉，更大程度地增加了长波光子的利用率。本

文中，实验组 1 即为三层 SiNx:H 结构，其中第一层

SiNx:H 薄膜的折射率为 2.37，保证了硅片的表面钝

化效果。 外层 SiNx:H 薄膜（与铝接触的那一层）

的折射率为 1.92，相比于常规双层 SiNx:H 中 外层

的折射率 2.03，其更低的折射率使得在 Al/SiNx:H 界

面处形成“富氮层”，有效地减弱了铝浆的渗透，降低

铝浆烧穿SiNx:H形成Al-Si合金高复合层的几率 [17]。

传统铝背场电池由于受到背电极对长波光子的吸

收，严重影响了电池效率的提升，因为一旦光子到

达背面，会被金属层捕获而对电流没有贡献。传统

铝背场电池背面金属层对光吸收的这一负面作用，

在 PERC 电池中得到解决，主要得益于 PERC 电池

背钝化膜对长波光子的反射，使光子利用率大大提

高。而 PERC 电池背面三层 SiNx:H 膜设计进一步减

少光子在背面金属层被捕获的几率。 

图 3a为用Wafer Ray Tracer软件（PV Lighthouse

公司）模拟的双层 SiNx:H（基准组，模拟结构为 80 nm 
SiNx:H/200 μm p-Si/6 nm Al2O3/30 nm SiNx:H/90 nm 
SiNx:H/1000 nm Al）、三层 SiNx:H（实验组 1，模拟

结构为 80 nm SiNx:H/200 μm p-Si/6 nm Al2O3/30 nm 

SiNx:H/40 nm SiNx:H/50 nm SiNx:H/1000 nm Al）在

长波段的反射率与吸收率数据对比图。很明显，实

验组 1 对光的吸收更少，反射回衬底的光也更多，

长波响应更好，符合实验预期。图 3b 为基准组与实

验组 1 的电池电性能对比图，其中 Voc 是开路电压、

Isc 是短路电流、FF 是填充因子，η是效率。从图中

可见，相较于基准组，实验组 1 的 Isc 和 Voc 均有小

幅度提升，而 FF 保持不变（但明显可见实验组 1
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的 FF 分布更为集中），即 Isc 和 Voc 是效率提升的主

要因素。基准组的效率为 20.19%，实验组 1 的效率

显著地提升了 0.07%，可达 20.26%。其中，Isc 的提

高是因为三层背膜具有更高的反射率，验证了图 3a

的模拟结论。此外，实验发现，基准组的串联电阻

Rs 为 1.9 mΩ，而实验组 1 的 Rs 为 1.7 mΩ，这也是

实验组 1 的 Isc 更高的原因，实验结果与理论相符。

Voc 稍有提升，这意味着背面采用三层 SiNx:H 膜结

构，钝化效果没有受到影响。 
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图 3 （a）背膜的光吸收率和光反射率的模拟；（b）基准组

与实验组 1 的电性能对比 
Fig. 3  (a) Simulated optical absorption and reflection from 
rear films; (b) measured I-V parameters of group 1 

2.2  背面不同激光开槽图形的比较 

相对于传统 Al-BSF 电池，PERC 电池增加的工

序之一就是背面激光开槽，优化激光开槽图形将改

善 PERC 电池性能。对于 PERC 电池，背面金属电

极的开槽设计在一定程度上决定了电池的光电性

能，需要同时兼顾钝化区域的损失和背电极对光子

的吸收。常规 PERC 电池的激光开窗工艺采用虚线

图形，线段长 938 μm、线段间距 145 μm、线宽 40 μm、

线距 600 μm。在保持线宽、线距不变后，进行虚线

线段图形的优化，仅改变实虚比（即 LR/L，L = LR + 

LI，其中 LR 为线段长，LI 为线段间距），设计了 4

种实虚比图形（实验组 3 中 LR/L = 23.3%，金属占

比 1.1%；实验组 4 中 LR/L = 34.4%，金属占比 1.8%；

实验组 5 中 LR/L = 43.4%，金属占比 3%；实验组 6

中 LR/L = 53.8%，金属占比 4.7%），如图 4a 所示。 
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图 4  基准组与实验组 3、4、5、6 的激光开槽图形（a）及

电性能对比（b） 
Fig. 4  Rear contacting patterns (a) and measured I-V parameters 
comparison (b) of groups 3, 4, 5, 6 and baseline (relative value 
to baseline) 

图 4b 是 4 个实验组与基准组的电性能对比图。

从图中可见，随着实虚比的增加，Voc 明显降低，而

FF 显著提高，这是由于串联电阻主要受横向传输电

阻和接触电阻的影响[18-19]，而实虚比越大，金属占

比越大，横向传输电阻会减小，使得串联电阻降低，

FF 提高。但是金属占比变大，意味着非金属区域（即

钝化区域）减少[20]，这是 Voc 明显降低的原因。因

此，通过增加激光开槽面积来提高电池效率不可取。

除此以外，可以发现 4 组实验组的 Isc 均超过了基准

组，分别有 10 mA（实验组 3）、11 mA（实验组 4）、

6.3 mA（实验组 5）、2.6 mA（实验组 6）的增益，

这可能是背表面电流传输机制和电流收集的差异引

起的。相较于基准组，实验组 3 ~ 实验组 6 的平均

转换效率分别有 0.10%、0.11%、0.085%、0.098%的

提升，表明高Voc和 Isc补偿了低FF导致的效率损失。

结果显示，实验组 4 具有 优的电池性能，是激光

开窗的 佳工艺。这说明设计激光开槽图形要同时

考虑表面钝化和填充因子。若实虚比太大，钝化区

域的损失和背电极对光子的吸收会导致 Voc 和 Isc 的
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降低；若实虚比太小，串联电阻的增加和铝硅接触

性能的下降会导致 FF 的降低。 

2.3  正面选择性发射极的结合 

选择性发射极结构是在金属栅线下方形成重掺

杂深扩散区（n++发射极），在其他钝化区域形成轻

掺杂浅扩散区（n+发射极），这样一方面可以减少

光生载流子复合，例如俄歇复合、Shockley-Read-Hall

（SRH）复合等[21-22]，提高钝化效果；另一方面可以提

高金属电极区域的欧姆接触以减少接触电阻[23-24]。 
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图 5  基准组与实验组 2 的磷掺杂浓度分布（a）及电性能对

比（b） 
Fig. 5  Phosphorous dopant concentration profiles (a) and 
measured I-V parameters comparison (b) of the emitters for 
baseline and group 2 

电化学电容−电压法（electrochemical capacitance- 

voltage, ECV）测量扩散后的载流子浓度分布，可以

获得电池的掺杂元素表面浓度、浓度变化曲线和结

深等信息。图 5a 为常规太阳电池（基准组）与选择

性发射极结构太阳电池（实验组 2）的磷掺杂浓度

分布图。对于基准组，方阻 R□ = 135 Ω/□，磷表面浓

度为 2.97 × 1020 cm−3，结深 0.14 μm。对于实验组 2，

n+ 发射极 R□ = 175 Ω/□，磷表面浓度 1.96 × 1020 cm−3，

结深 0.12 μm。通过激光掺杂，n++ 发射极 R□降低至

65 Ω/□，这是由于高能量密度的激光能瞬间熔融磷

硅玻璃，使磷原子扩散进入硅片表面，从而增加激

光覆盖区的磷原子浓度，降低方阻[25]。 

从图 5b 可以看出，实验组 2 的 Voc 和 Isc 均有明

显提高，其中 Voc 提高了 3.8 mV，这主要受益于 SE

结构的场效应钝化作用。Isc 提高了 4.3 mA，这是由

于减少的发射极复合可以改善电池的短波光谱响

应，从而提高电池的 Isc。在此基础上，电池平均转

换效率比基准组提高 0.1%左右。 

3  结  论 

研究了多晶 PERC 电池的背面和正面结构对电

池性能的影响，结果显示背面钝化膜、背面激光开

槽图形和正面选择性发射极等因素对多晶 PERC 电

池的性能均有较大的影响。首先，在电池背面，通

过采用三层 SiNx:H 薄膜代替传统的双层 SiNx:H 薄

膜，能使更多的长波光子被反射到硅衬底而被再次

利用，成功地将 Isc 提高了 13 mA，效率达到 20.26%，

绝对值较常规工艺提升 0.07%。其次，通过优化电

池背面的激光开窗工艺，在保持线宽、线距不变，

仅改变实虚比，发现实虚比为 34.4%的激光开槽图

形，能维持表面钝化和串联电阻之间的平衡，使得

电池的 Voc 和 Isc 均表现出了优异的性能，效率较常

规工艺提升 0.11%。 后，在电池正面叠加选择性

发射极后，Voc 和 Isc 均有提高，电池效率较常规工

艺提升 0.1%。若同时在多晶 PERC 电池背面和正面

叠加以上三项工艺中的两项或三项一起叠加，预计

还将进一步提高多晶 PERC 电池效率。 
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ABSTRACT: Polaritons in two-dimensional (2D) materials have
shown their unique capabilities to concentrate light into deep
subwavelength scales. Precise control of the excitation and
propagation of 2D polaritons has remained a central challenge
for future on-chip nanophotonic devices and circuits. To solve this
issue, we exploit Cherenkov radiation, a classic physical
phenomenon that occurs when a charged particle moves at a
velocity greater than the phase velocity of light in that medium, in
low-dimensional material heterostructures. Here, we report an
experimental observation of Cherenkov phonon polariton wakes
emitted by superluminal one-dimensional plasmon polaritons in a
silver nanowire and hexagonal boron nitride heterostructure using near-field infrared nanoscopy. The observed Cherenkov radiation
direction and radiation rate exhibit large tunability through varying the excitation frequency. Such tunable Cherenkov phonon
polaritons provide opportunities for novel deep subwavelength-scale manipulation of light and nanoscale control of energy flow in
low-dimensional material heterostructures.

KEYWORDS: Cherenkov radiation, 2D materials, infrared nanoscopy, phonon polaritons

Low-dimensional material heterostructures assembled from
graphene, hexagonal boron nitride (hBN), nanowires and

other nanoscale components are an emergent class of material
building blocks that have attracted much research interest.1−11

These heterostructures can exhibit completely new electronic
and optical phenomena, such as the emergence of superlattice
Dirac points,1−5 Hofstadter’s butterfly,2−4 tunable Mott
insulator,6,7 unconventional superconductor8 and moire ́
excitons,9−11 which demonstrate that low-dimensional material
heterostructures are ideal platforms for exploring novel physics
phenomena.
Specifically, in low-dimensional materials, the light−matter

interactions endow polaritons with largely reduced phase
velocities and strong coupling,12−19 both of which are key
characteristics for Cherenkov radiation. Classic Cherenkov
radiation describes the emission of light wakes by a charged
particle moving with a speed exceeding the phase velocity of
light in that medium. This phenomenon was first exper-
imentally discovered more than 80 years ago by Cherenkov20

and later theoretically explained by Tamm and Frank,21 who
showed that both the energy and the momentum can be
conserved simultaneously in a radiation process for a particle
moving at a superluminal speed. Even today, interest in
Cherenkov radiation continues, especially in the study of how
moving charged particles interact with sophisticated meta-

materials and photonic crystals.22−26 However, generating
Cherenkov radiation at the nanometer scale with large
tunability remains an outstanding challenge. Realizing
Cherenkov radiation in a simple heterostructure of low-
dimensional materials, where highly confined polaritons mimic
the interaction between a charged particle and dielectric
medium, may resolve this issue and provide precise control of
polariton launching and propagation as well.
Here, we report experimental observation of Cherenkov

radiation of phonon polariton wakes emitted by propagating
one-dimensional (1D) plasmon polaritons in a silver nanowire
(SNW)/hBN heterostructure using scanning near-field optical
microscopy (SNOM). Cherenkov radiation can be switched on
and off by tuning the polarization of the excitation laser, which
controls the plasmon modes in the SNW. In addition, the
Cherenkov angle between the wavefront of phonon polaritons
and the SNW is adjustable through varying the excitation
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wavelength or the thickness of hBN. The observed Cherenkov
radiation angle and wavelength agree quantitatively with
Cherenkov physics. Moreover, the radiation rate also shows
a strong dependence on the excitation wavelength. Thus,
Cherenkov radiation with high controllability holds great
potential for novel nanophotonic devices requiring polar-
ization- and wavelength-controlled directionality and intensity
of light. Furthermore, the observed Cherenkov launching of
phonon polaritons offers fundamental insight into the coupling
between polaritons of different dimensionalities.
SNWs with diameters ranging from 100 to 150 nm and

lengths over 30 μm in ethanol solutions were spin-coated onto
thin hBN flakes on SiO2/Si substrates to create SNW/hBN
heterostructures. Direct experimental probe of the Cherenkov

phonon polaritons in the SNW/hBN system was provided by
infrared nanoimaging via a home-built SNOM setup (see
Methods for more details). As shown in Figure 1B, an s-
polarized single-wavelength laser beam with tunable wave-
length from 6.3 to 7.0 μm was focused onto the end of an
SNW. The laser beam direction was perpendicular to the
nanowire, and the polarization of the light was parallel to the
nanowire. Such illumination excites plasmons at the end of the
nanowire, where momentum matching can be fulfilled by the
abrupt change of the structure. The excited plasmons
propagate longitudinally along the nanowire and couple to
the phonon polariton modes in hBN. The plasmon wavelength
in SNW is typically much longer than the phonon polariton
wavelength in hBN, meaning that the plasmons propagate

Figure 1. Infrared nanoimaging of Cherenkov phonon polaritons in a silver nanowire (SNW) and hexagonal boron nitride (hBN) heterostructure.
(A) A schematic diagram of Cherenkov radiation of phonon polaritons from 1D plasmons. (B) Illustration of near-field infrared nanoimaging. The
SNW is illuminated by a laser beam with electric field E0 parallel to the nanowire. Such illumination excites longitudinal plasmons at the end of the
nanowire. The propagating 1D plasmon generates Cherenkov phonon polariton wakes in hBN. (C) An infrared nanoimage of Cherenkov phonon
polaritons at excitation of 6.55 μm in a typical SNW/hBN heterostructure. The plasmon-launched phonon polariton wavefronts form a nonzero
angle relative to the SNW. Inset, AFM topography image of the heterostructure. Scale bars: 2 μm.

Figure 2. Dependence of Cherenkov phonon polaritons on excitation polarization. (A,D) Near-field infrared images of phonon polaritons in an
SNW/hBN heterostructure with 6.55 μm excitation at two representative polarization angles α ≈ 0° (A) and 90° (D). The orientations of the
phonon polariton wavefronts show large distinctions for the two excitation polarizations. (B,E) Numerical simulations of the near-field distribution
of phonon polaritons in the SNW/hBN heterostructure with the excitation light polarized along (B) and perpendicular to (E) the nanowire. (C,F)
Simulated corresponding longitudinal (C) and transverse (F) plasmon modes on the SNW. Scale bars: 2 μm.
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much faster than the phonon polaritons. Therefore, the
propagating 1D plasmon, a dynamic charge density wave,
excites the Cherenkov radiation of phonon polariton wake in
hBN, which is analogous to a superluminal charged particle
that generates Cherenkov radiation of light.20,21 A schematic
diagram of plasmons launching Cherenkov phonon polaritons
is shown in Figure 1A. The emitted phonon polaritons are then
probed and mapped by a scanning metallic atomic force
microscope (AFM) tip. Note that the period of phonon
polariton fringes extracted near the nanowire is twice that of
the period extracted near the hBN edge (see Supporting
Information S3) and is equal to the phonon polariton
wavelength λph. Figure 1C presents a representative infrared
nanoimage of an SNW/hBN heterostructure at 6.55 μm
excitation, and prominent phonon polaritons are observed.
Interestingly, a nonzero angle between the phonon polariton
wavefronts and the SNW shows up, and consequently the
phonon polariton wavefronts form wakes. This can be

understood quantitatively using Cherenkov physics, which is
discussed later in more detail.
To confirm that the Cherenkov phonon polariton wakes are

indeed launched by propagating longitudinal plasmons, we
systematically investigated phonon polariton generation under
different excitation polarizations. Previous studies have shown
that plasmons of different modes in SNW can be excited by
light with different polarization directions:18 parallel polar-
ization can excite longitudinal plasmon modes with periodi-
cally distributed charges along the nanowire, whereas
perpendicular polarization will produce transverse plasmon
modes with local charges distributed uniformly on the two
sides of the nanowire. If the Cherenkov phonon polariton
wakes are indeed launched by longitudinal plasmons, one
should observe the wakes only when parallel-polarized light is
illuminated on the nanowire. Experimentally, we rotated the
laser polarization from near parallel (α ≈ 0°, Figure 2A) to
perpendicular (α = 90°, Figure 2D) relative to the nanowire
while keeping the incident laser beam always normal to the

Figure 3. Steering of Cherenkov phonon polaritons by varying the excitation wavelength. (A−D) Experimental Cherenkov radiation of phonon
polaritons with excitation wavelengths λ0 of 6.45 μm (A), 6.51 μm (B), 6.55 μm (C) and 6.60 μm (D). The Cherenkov angle θ increases with
increasing excitation wavelength λ0, as predicted by eq 1. (E−H) Simulated near-field distribution images of the corresponding excitation
wavelengths. Scale bars: 2 μm. (I−N) Plasmon oscillations along the SNW at different excitation wavelengths: 6.30 μm (I), 6.40 μm (J), 6.45 μm
(K), 6.51 μm (L), 6.55 μm (M), and 6.60 μm (N). Scale bars: 1 μm. (O) Experimentally (red circles) and numerically (blue line) obtained
dependence of the phonon polariton wavelength on the excitation wavelength. (P) The extracted value of the plasmon wavelength λp as a function
of the excitation wavelength. λp can sometimes even exceed the free-space photon wavelength λ0. (Q) The relation between the Cherenkov angles
and the excitation wavelengths. The Cherenkov angle and the phonon polariton wavelength have similar increasing dependence on the excitation
wavelength. (R) The value of sin θ/(λph/λp) for different excitation wavelengths. All the data collapse toward the constant line sin θ/(λph/λp) = 1.
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nanowire and investigated the excitation of phonon polaritons.
As expected, the orientation of the excited wavefronts shows a
large distinction for the two polarizations: for polarization
parallel to the nanowire, the excited phonon polariton
wavefronts feature a hallmark V-shaped pattern of Cherenkov
radiation, whereas for perpendicular polarization, the excited
wavefronts are simply parallel to the nanowire and much
weaker. The numerical simulation results in Figure 2B (α = 0°)
and Figure 2E (α = 90°) illustrate this phenomenon more
clearly.
The polarization-dependent Cherenkov radiation of phonon

polaritons can be well understood by considering different
plasmon modes in the nanowire. For polarization parallel to
the nanowire (α = 0°), plasmons are excited at the end of the
nanowire and propagate longitudinally along the nanowire with
a delayed phase at position away from the end. Because their
phase velocity is faster than the phase velocity of phonon
polaritons in hBN, such plasmons are always ahead of the
phonon polaritons that they emit, generating Cherenkov V-
shaped wave patterns around the nanowire. For polarization
perpendicular to the nanowire (α = 90°), transverse local
plasmons with uniform phase along the nanowire are excited.
These local plasmons act as trivial launchers and produce
phonon polariton wavefronts parallel to the nanowire. Figure
2C,F presents the simulated corresponding longitudinal and
transverse plasmon modes on the SNW. For parallel
polarization, the phase evolution of plasmons and phonon
polaritons along the nanowire displays the same speed. The
coexistence of phonon polariton wakes and propagating
longitudinal plasmons as well as the consistency in their
phase evolution unambiguously confirms that Cherenkov
wakes are emitted by propagating longitudinal plasmons.
Experimental results for more excitation polarizations can be
found in Supporting Information S4, showing that the
Cherenkov radiation of phonon polaritons can be gradually
turned on or off by continuously rotating the excitation
polarization angle.
The Cherenkov radiation direction is controlled by the ratio

of the phase velocities between the 2D phonon polaritons and
the 1D plasmons. A longitudinal 1D plasmon is a running wave
along the nanowire with a phase velocity vp = λpω0/2π and a
phase profile ϕ = 2πx/λp − ω0t, where ω0 is the excitation
frequency. As shown in Figure 2A−C, the plasmons excite
coherent phonon polaritons, which constructively interfere and
create wakes with an angle θ. The angle of the wakes can be
derived by imposing the condition that the propagation phase
shift (2πΔx/λp) between two points on the nanowire separated
by a distance Δx is exactly compensated by the phase shift
(2πΔx sin θ/λph) between phonon polariton wakes propagat-
ing out of those points. This condition yields

θ
λ
λ

= =
v

v
sin ph

p

ph

p (1)

where vph = λph ω0/2π is the phase velocity of the phonon
polaritons. Note that to generate Cherenkov phonon polar-
itons, the condition vp > vph needs to be satisfied.
We would like to point out that hBN provides a particularly

suitable platform to study Cherenkov physics. First, it holds
high-quality and long-lifetime phonon polaritons due to the
absence of electronic losses.13 Second, the phase velocity of the
phonon polaritons is tunable in a wide range by changing the
excitation in the spectral range from transverse optical (TO) to

longitudinal optical (LO) phonon frequencies;13,15 on the
other hand, the phase velocity of the plasmons in the SNW
varies very slowly with the excitation wavelength. Thus,
according to eq 1, the angle θ of the wakes is excitation-
dependent, leading to in situ tunable Cherenkov radiation.
Next, we illustrate that the Cherenkov radiation direction is

tunable by varying the excitation wavelengths. Figure 3A−D
shows the experimental Cherenkov radiation of phonon
polaritons in a 63 nm-thick hBN flake with excitation
wavelength λ0 changing from 6.45 to 6.60 μm (more data on
a wider range of excitation wavelengths can be found in
Supporting Information S5). The fringe period of phonon
polaritons increases significantly from Figure 3A to Figure 3D.
Additionally, the orientation of the phonon polariton fringes
also varies, indicating a change in the Cherenkov radiation
angle. The Cherenkov radiation at different excitations is also
simulated using finite element analysis, the results of which are
shown in Figure 3E−H. The simulated Cherenkov profiles
match quite well with the experimental observations. Both the
experiment and the simulation clearly reveal that the emission
direction of the Cherenkov phonon polaritons can be
controlled by varying the excitation wavelength. Figure 3I−N
shows the plasmon oscillations along the SNW with excitation
wavelength changing from 6.30 to 6.60 μm. Plasmon
wavelength λp is equal to twice the period of plasmon fringes
along the SNW.
To quantitatively examine the Cherenkov radiation, we

extracted the phonon polariton wavelengths λph, plasmon
wavelengths λp, and Cherenkov angle θ (see Supporting
Information S9 for the determination of θ) both exper-
imentally and numerically for a series of excitation wave-
lengths. Figure 3O presents the experimental (red circles) and
numerical (blue line) results for phonon polariton wavelengths.
In the spectral region from 6.40 to 6.75 μm, a small variation in
the excitation wavelength leads to a significant change in the
phonon polariton wavelength from 0.2 to 1.0 μm. On the other
hand, the change in the plasmon wavelength λp is relatively
small within 15%, as shown in Figure 3P. We note that the
plasmon wavelength λp can sometimes even exceed the free-
space photon wavelength λ0 (gray dashed line), implying a
plasmon phase velocity faster than the speed of light c.19 Figure
3Q displays the evolution of the Cherenkov angle θ from 2° at
6.40 μm excitation to 8° at 6.75 μm excitation. The Cherenkov
angle and the phonon polariton wavelength have similar
dependence on the excitation wavelength, which implies the
dominant role of the phonon polariton wavelength in
determining the Cherenkov angle θ in SNW/hBN hetero-
structures.
Continuing with verifying the Cherenkov angle predicted by

eq 1, we compared the sine value of the angle θ with the ratio
of the two wavelengths λph/λp. Figure 3R plots sin θ/(λph/λp)
for different excitation wavelengths. We found that all data
collapse toward the constant line sin θ/(λph/λp) = 1. In other
words, sin θ is exactly equal to the phase velocity of phonon
polaritons vph divided by the phase velocity of plasmons vp,
indicating that the observed emission direction of phonon
polaritons is well described by Cherenkov physics.
We further show that the Cherenkov radiation angle is also

tunable by changing the hBN flake thickness. Owing to the
unique properties of 2D hyperbolic phonon polaritons, the
phase velocity and wavelength of phonon polariton scale
linearly with the hBN thickness d.13,15 Therefore, we can
deduce a simple relation between the Cherenkov angle and the
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hBN thickness for a given excitation, sin θ ∝ d (details in
Supporting Information S10). Figure 4A−C shows the
simulation results for hBN with a thickness range from 63 to
150 nm at 6.60 μm excitation. Both the experimental and
numerical results match well with this relation, as shown in
Figure 4D.
The emission direction can also be understood from the

view of momentum matching. Along the nanowire, transla-
tional symmetry protects the conservation of momentum. The
steering of the radiated phonon polaritons is ruled by such
momentum conservation, that is, kp = kph sin θ, where k is the
wave vector. Note that this is a special case of Snell’s law at
grazing incidence.
Momentum matching also controls the radiation rate of

Cherenkov phonon polaritons. Plasmons excite and transfer
energy and momentum to Cherenkov phonon polaritons. As a
result, the plasmons lose energy, leading to a prominent decay
in plasmon amplitude along the nanowire. Accordingly, the
plasmon-excited phonon polaritons also show a decay along
the nanowire with the same rate. The decay rate is largely
determined by the Cherenkov radiation rate, considering that
the Cherenkov radiation is the main decay channel of
plasmons in the strong coupling region. Figure 4E,F presents
the decay of the simulated plasmons and phonon polaritons at
two representative excitation wavelengths λ0 = 6.55 and 6.80
μm for a 63 nm thick hBN. The phonon polaritons show a
lower decay rate at the excitation of 6.55 μm and a higher
decay rate at 6.80 μm, reflecting a higher radiation rate at 6.80
μm than that at 6.55 μm. Figure 4G shows a representative
plasmon damping profile along the SNW at excitation
wavelength λ0 = 6.55 μm. The quantitative decay rate can be
extracted by fitting the oscillating profile of plasmons along the
nanowire with an exponential decay form e−2πγpx/λp sin(2πx/λp),
where x is the distance to the terminal of the nanowire and γp
is the damping ratio of plasmons. Figure 4H shows a dramatic

growth of γp with increasing wavelength. We attribute the
growth of γp to the increase of coupling strength between the
1D plasmons and the phonon polaritons. When the excitation
wavelength increases, both the magnitude and the direction of
the phonon polariton momentum approach those of the
plasmon momentum. Therefore, the coupling between
plasmons and phonon polaritons increases, which makes it
easier for plasmons to transfer energy and momentum to
phonon polaritons and leads to a higher Cherenkov radiation
rate. A phenomenological relation between the relative
momentum mismatch (kph − kp)/kp and the plasmon damping
ratio γp is found over a spectral range from 6.55 to 6.90 μm

γ ∝
−

k

k kp
p

ph p (2)

The damping ratio is inversely proportional to the relative
momentum mismatch (inset of Figure 4H), which reveals a
unique Cherenkov coupling between 1D plasmon polaritons
and 2D phonon polaritons. This relation makes intuitive sense
in terms of that the energy conversion from plasmons to
phonon polaritons becomes more difficult and the plasmon
damping ratio decreases accordingly when the momentum
mismatch increases. Further theoretical studies need to be
carried out to quantitatively describe the radiation rate of the
Cherenkov phonon polaritons.
To conclude, we report the observation of Cherenkov

radiation of phonon polaritons in a heterostructure of SNW/
hBN, where phonon polariton wakes are emitted by 1D
propagating plasmons with a phase velocity greater than that of
phonon polaritons. Moreover, the observed Cherenkov
radiation of phonon polaritons is tunable in both the radiation
direction and radiation rate by varying the excitation frequency
or changing the hBN thickness. Our observation represents the
first example of Cherenkov-type coupling between 1D plasmon

Figure 4. Thickness-dependent Cherenkov radiation and Cherenkov radiation-induced damping of 1D plasmons. (A−C) Numerical simulations of
Cherenkov phonon polaritons in hBN with thickness of 63 nm (A), 100 nm (B), and 150 nm (C) at 6.60 μm excitation. (D) Experimentally (red
circles) and numerically (blue crosses) obtained dependence of the Cherenkov angle on the hBN thickness. All the data match well with sin θ ∝ d
(gray line). (E,F) The decay of the simulated plasmons and phonon polaritons at two representative excitation wavelengths λ0 = 6.55 μm (E) and
6.80 μm (F). Scale bars: 5 μm. (G) Line profile of damping of plasmon oscillations along the silver nanowire extracted from (E); the damping of
plasmons is due to the Cherenkov radiation loss and a damping ratio γp = 0.105 is extracted. (H) The extracted values of the plasmon damping
ratio γp and kp/(kph − kp) as a function of the excitation wavelength. The inset shows γp ∝ kp/(kph − kp).
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polaritons and 2D phonon polaritons in low-dimensional
material heterostructures and provides a new avenue to launch
2D phonon polaritons and control their propagation at a deep
subwavelength scale. The results provide deep insight into the
interactions between polaritons of different dimensionality and
hold great potential for novel polaritonic and nanophotonic
devices and circuits based on low-dimensional material
heterostructures.

■ METHODS
Near-Field Infrared Nanoimaging. A home-built SNOM

composed of a Bruker Innova AFM and a Daylight Solution
quantum cascade laser (QCL) was used for near-field infrared
nanoimaging. A mid-infrared light (1370−1610 cm−1)
generated by the QCL laser was focused onto the apex of a
conductive AFM tip. The enhanced optical field at the tip apex
interacted with the sample underneath the tip. The scattered
light, carrying the local optical information of the sample, was
collected by an MCT detector (KLD-0.1-J1, Kolmar) placed in
the far field. Near-field optical images with spatial resolution
better than 20 nm can be achieved with sharp AFM tips. Such
near-field infrared images were recorded simultaneously with
the topography information during our measurements. The
polarization of infrared light was tuned using wire grid
polarizers.
Numerical Simulation. Numerical simulations were

conducted using the 3D wave optics module of the commercial
software package COMSOL. In all simulations, the electric
field component normal to the surface of the sample (Ez) was
monitored. For Figure 2C,F and Figure 4E,F, to detect the
plasmon electric field distribution on the SNW the electric field
monitor was 100 nm above the hBN slab, whereas the distance
was equal to 50 nm for all the other simulations. More
simulation details can be found in Supporting Information S1
and S2.
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(1) Numerical simulation, (2) infrared permittivity of
hBN, (3) edge-reflected phonon polaritons and nano-
wire-launched phonon polaritons, (4) detailed depend-
ence of Cherenkov phonon polaritons on excitation
polarization, (5) detailed steering of Cherenkov phonon
polaritons by varying the excitation wavelength, (6)
excitation wavelength dependence of Cherenkov pho-
non polaritons in sample 2, (7) quantitative analysis of
the Cherenkov behavior in sample 2, (8) simulated
Cherenkov phonon polaritons in sample 2, (9) precise
measurement of Cherenkov angle θ by 2D fast Fourier
transform filtering, (10) derivation of linear relationship
between Cherenkov angle θ and thickness of hBN
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Abstract
High performance infrared light emitting diodes (LEDs) have drawn wide attention because of
their significant applications in biomedicine, agriculture, aquaculture, night vision security
systems and scientific researches. Due to the rapid development of infrared up-conversion
devices, especially in the terahertz region, the studies on the GaAs-based infrared LEDs
operating at low temperature (<20 K) are quite needed. In this paper, two representative GaAs-
based LEDs (GaAs/AlGaAs double heterostructure LED (DH-LED) and GaAs (InGaAs)/
AlGaAs quantum well infrared LED (QW-LED)) are fabricated and characterized with
electroluminescence (EL) spectroscopy and electroluminescence efficiency (ELE) at different
temperatures. The ELE of the QW-LED is about 70% higher at low temperatures (<150 K) but
lower at high temperatures (>150 K) than that of the DH-LED. A developed rate equation
method is used to analyze the ELE superiority of the QW-LED. Finally, the surface EL
uniformity of the two LEDs is studied by using the charge coupled devices imaging. This study
provides a guidance to choose and design LED structures for different operation temperatures.

Keywords: cryogenic LED, infrared LED, quantum well, hot spot, ABC model

1. Introduction

Light emitting diodes (LEDs), unlike conventional light
sources, generate high light level with less heat, compact
structure, low-cost and save on electricity. After nearly one
century development, the LEDs have been widely used in
optical-fiber-based communication, medical services, status
indicator lamps, LED displays and general illumination [1–3].
For the applications in the range from the ultraviolet to the
near-infrared, where there needs the light, there is the LED.

As the oldest LED device, the infrared LED plays an
important role in the applications of biomedicine fields,
agriculture, aquaculture, night vision security systems and
scientific researches [4]. In addition, infrared LED has been
extensively used in the semiconductor up-conversion tech-
nology which is driven by the potential application of pixel-
less imaging and single photon detection [5–10].

The semiconductor up-conversion technology relies on the
epitaxial growth integration of a photodetector and a LED. The
two devices are serially connected. With two decades of
development, the pixelless imaging devices based on the
semiconductor up-conversion technique have made tremendous
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progress at near-infrared [7, 8], mid-infrared [5, 6], as well as
terahertz region [10]. This imaging scheme simplifies the device
fabrication process significantly and reduces the cost greatly.
Beyond that, it solves the mismatch problem between the
readout integrated circuit with array detection pixels in many
situations [10, 11]. In addition to the pixelless imaging, the
semiconductor up-conversion technique has also been proposed
for a novel idea of single photon detector [9]. It provides a new
single photon detection scheme for telecom band and attracts
much attention. Recently, the up-conversion technique has been
extended to the terahertz (THz) region [10]. Unlike the near-
infrared or mid-infrared application, the THz up-conversion
devices usually work at lower temperatures (<20 K).

As the essential part of the semiconductor up-conversion
device, the performances of the LED directly determine the up-
conversion efficiency and therefore affect the imaging quality
and single photon detection efficiency. GaAs-based infrared
LEDs have been widely used in various infrared up-conversion
devices. The two most commonly used LED structures in the
infrared up-conversion devices are GaAs/AlGaAs double het-
erostructure LED (DH-LED) and GaAs(InGaAs)/AlGaAs
quantum well infrared LED (QW-LED). The DH-LED has been
systematically investigated and optimized for the room temper-
ature and liquid nitrogen temperature operation [12, 13]. The
only difference of the QW-LED is that there is an In0.1Ga0.9As
quantum well in the center of the GaAs active region. The
greatest advantage of this structure is that the reabsorption of the
emitted photons could be restricted greatly, which is good to the
imaging quality [14].

In light of the important application in the THz upcon-
verter, with the continuous development of technology,
infrared LEDs are increasingly possible to be used under the
cryogentic temperatures. Other potential cryogenic applica-
tion, e.g. electroluminescence cooling and quantum comput-
ing [15–18], call for the investigation on the performance of
infrared LED at low temperatures either. Imangholi et al
investigated the photoluminescence properties in GaAs/
GaInP heterojunction structure from 7 K–300 K [19]. How-
ever, there is few systematic investigation on the cryogenic
characteristic of the present two types of LED. The lowest
temperature for such two types of LED in previous study is
just as low as 65 K [13]. What is the performance of these
LEDs at cryogenic temperatures and how to choose or design
proper LED at such low temperatures are still open questions.
Therefore, it is necessary and meaningful to carry out an
investigation for the LED working in low temperatures.

In this work, we systematically investigate the temper-
ature dependent properties of the two typical GaAs-based
LEDs, which were widely used in the infrared up-conversion
technology. Both the DH-LED and QW-LED are fabricated.
Temperature dependent electroluminescence spectrum and
efficiency are measured and compared from 4 K to room
temperature. The reason of high electroluminescence effi-
ciency of QW-LED at low temperature is discussed. The
detailed recombination mechanism at different temperatures
of the QW-LED is studied using a developed rate equation
analytical model. Finally, the electroluminescence hotspots at

low temperatures with low injection level are also studied and
discussed.

2. Device structure

The device structures of the DH-LED and QW-LED are shown
in figures 1(a) and (b). The p-GaAs active region is sandwiched
by a pair of AlxGa1−xAs. The major difference between the two
LEDs is that there is a 9 nm In0.1Ga0.9As quantum well at the
center of the active region of the GaAs QW-LED. The Al (In)
composition distribution and the band diagram of DH-LED and
QW-LED are shown in figures 1(c) and (d) respectively. Both of
the LED structures adopted the graded hetero-interfaces between
the active layer and the barrier layer, which caused the minor
band offset at the interfaces. The Al component grading layer
and the grading doping concentration is aim to improve the
current injection efficiency and the carrier confinement effi-
ciency. On the one hand, barriers caused resistance at the het-
erointerfaces could be effectively reduced or completely
eliminated by Al composition grading layer just shown in the
band diagram in figures 1(c), (d) [20]. On the other hand, the
thermal power produced by the interface resistances leads to
heating of the active region would be reduced, thereby
increasing the radiative recombination efficiency.

Both of the DH-LED and QW-LED were grown on the
Si-doped GaAs(100) substrate to realize high material quality.
The wafer growth started with a lattice matched 250 nm
Al0.45Ga0.55As blocking layer followed by 50 nm buffer layer.
Then the wafer growth continued with the LED layers. The
doping concentration in GaAs area of the active region are
´ -7 10 cm17 3 and ´ -1 10 cm17 3 for the DH-LED and QW-

LED respectively. The minor thickness difference of the
active region (400 nm for DH-LED and 399 nm for QW-
LED) has no influence on the luminescence, considering the
total thickness of the active region. Detailed LED structures
of the DH-LED and QW-LED were shown in table 1.

The samples were processed using standard photolitho-
graphic techniques. Square mesas of various sizes
( m´400 400 m ,2 m´600 600 m2 and m´1000 1000 m2)
were patterned and dry etched. After mesa etching, the top ring
p-contact metals Ti/Pt/Au and bottom n-contact metals PdGe/
Ti/Pt/Au were deposited separately using the standard lift-off
process. The devices were mounted on 14 pin packages for
electrical and optical measurements. The measurements were
carried out in a cryostat at different temperatures. The emission
spectrum of LED was measured using a fiber spectrometer
(Ocean optics QE65PRO). The optical fiber probe was close to
the glass window of the cryostat to acquire the emission spec-
trum. The external quantum efficiency of LED was calculated
from the driving current and emission light power. The emission
light power was measured with Thorlabs S130C large area Si
slim photodiode placed close enough to the LED. At low tem-
peratures, the emission power had to be measured with Thorlabs
S130C outside of the cryostat. The actual emission power should
compensate with a calibration coefficient, which is the emission
power ratio when LED is put outside and inside of the cryostat.
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3. Electroluminescence (EL) spectrum

The temperature dependent electroluminescence spectra of the
DH-LED and QW-LED were displayed in figures 2(a) and (b)
respectively. To make the data strictly comparable, the emission
spectra at different applied current and temperatures were
measured with the same integral time. Figure 2(a) shows only
one electroluminescence peak for the DH-LED at all measured

temperatures. It originates from the radiation recombination of
the GaAs active region. As the temperature increases, the peak
positon of the EL spectrum shows an evident redshift because
of the energy gap decreases due to the Varshni effect.

In contrast to the DH- LED, the QW-LED shows different
EL spectra. The main EL peak shows red-shift from 870 nm to
930 nm from 4K to room temperature either. It is clear that at
the temperatures below 100K the dominant luminescence peaks

Figure 1. (a) Device structure of the DH-LED. (b) Device structure of the QW-LED. (c) Composition distribution and the band diagram of
GaAs/AlGaAs double heterostructure LED. (d) Composition distribution and the band diagram of GaAs (InGaAs)/AlGaAs quantum
well LED.

Table 1. The detailed wafer structures of the DH-LED and QW-LED. The structure difference of the two LEDs is the active layer (seventh
layer). The active layer of DH-LED is 400 nm GaAs and p-doped with Be acceptor. For the QW-LED, there is a 9 nm In0.1Ga0.9As quantum
well at the center of the active region.

Layer ID Material Composition Thickness(Å) Dopant Doping type Concentration(cm−3)

12 GaAs — 500 Be p 2.00E+19
11 AlxGa1-xAs x=0.10 3500 Be p 2.00E+19
10 AlxGa1-xAs x=0.30=>0.10 500 Be p 2.00E+19
9 AlxGa1-xAs x=0.30 1000 Be p 2.00E+18=>2.00E19
8 AlxGa1-xAs x=0.15=>0.30 400 — — —

7(DH-LED) GaAs — 4000 Be p 7.00E+17
7(QW-LED) GaAs — 1950 Be p 1.00E+17
7(QW-LED) InyGa1-yAs y=0.10 90 — — —

7(QW-LED) GaAs — 1950 Be p 1.00E+17
6 AlxGa1-xAs x=0.30=>0.15 400 — — —

5 AlxGa1-xAs x=0.30 1000 Si n 1.00E+18
4 AlxGa1-xAs x=0.10=>0.30 500 Si n 2.50E+18
3 AlxGa1-xAs x=0.10 3500 Si n 2.50E+18
2 GaAs — 500 Si n 2.50E+18
1 AlxGa1-xAs x=0.45 2500 Si n 2.50E+18

Si-doped GaAs(100) substrate
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of QW-LED indeed differ by 60 nm compare with DH-LED.
This is resulted from the structure difference of such two LEDs,
i.e. there is an 9 nm In0.1Ga0.9As quantum well in the QW-LED.
When the temperature falls in the range of 100–295 K, an extra
EL peak appears and shifts from 830 nm to 870 nm and the
corresponding EL intensity increases first and then decreases
(presented in figure 2(c)). As the temperature goes down to
50K, another small EL peak around 833 nm occurs, as shown in
figures 2(b) and (d).

To better understand the origin of the QW-LED electro-
luminescence, the band structure of the In0.1Ga0.9As/GaAs
quantum well was calculated by self-consistent solving the
Schrodinger equation [21, 22]. The plane wave expansion method
was used for accurate calculation and the lattice mismatch caused
strain and bias caused Stark shift were neglected. The band-gaps
of GaAs and In0.1Ga0.9As are taken as 1.518959 eV and
1.36495 eV at 4K respectively [10]. The ratio of conduction and
valence band offsets is set as 6:4. The effective masses of the well
(mw*) and barrier (mb*) are ( =m m0.05873 ,w 0* =m m0.063b 0* )
for electron, ( =m m0.5 ,w 0* =m m0.51b 0* ) for heavy hole
respectively with m0 the electron mass7. The self-consistent

solutions of the calculation agree well with experiment
results. The main EL peaks existing at all temperatures are
related to the first conduction-subband to the first heavy hole
subband transition ( C HH1 1) of the InGaAs quantum well,
corresponding to the calculated transition energy of
1.3999 eV (885.7 nm). The peaks existing only in the range of
100–295 K are from the spontaneous recombination of the
GaAs barrier. The peak at 833 nm below 50 K originates from
the second conduction-subband to the second heavy hole
subband transition ( C HH2 2) of the InGaAs quantum well
(the calculated transition energy is 1.4807 eV (837.4 nm)). As
the temperature increases from 4 K to 50 K, the intensity of
the main EL peak from the C HH1 1 transition remains
almost unchanged. However, the C HH2 2 transition
induced luminescence peak gradually fade away. We attribute
this to the decrease of the radiation recombination rate
because of the carrier loss caused by the thermal excitation. It
should be noted that there is only luminescence from InGaAs
quantum well below 100 K. No detectable light emitting
signal from GaAs is observed. This is because low doping
concentration and low effective ionization rate in GaAs,
leading to low carrier concentration and thereby low radiative
recombination. From 50 K to 100 K, the luminescence is
dominated by C HH1 1 transition in the In0.1Ga0.9As

Figure 2. (a) Temperature dependent EL spectra of the DH-LED with 1 mA driving current. (b) Temperature dependent EL spectra of the
QW-LED with 1 mA driving current. (c) Mapping result of the EL intensity of QW-LED as a function of temperatures (100–295 K) and
wavelength (810–870 nm) with 1 mA driving current. (d) Mapping result of the EL intensity of QW-LED as a function of temperatures
(4–90 K) and wavelength (810–850 nm) with 1 mA driving current.

7 The parameters of semiconductors are from http://ioffe.ru/SVA/NSM/
Semicond/.
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quantum well. When temperature is higher than 100 K, the
spontaneous recombination peak of the GaAs appears because
of two possible reasons. Firstly, as shown in figure 3(b), the
doping acceptors (Be) are well ionized at this high temperature,
which are calculated using the partial ionization theory of the
acceptors in semiconductor [23]. Secondly, the effect of carrier
confinement for the quantum well is greatly reduced at such
‘high’ temperatures. Figure 3(a) shows the calculated band
structures of the quantum well in QW-LED at 4 K, 150 K and
300 K with a same electron injection level. The reference point
(zero energy) for En is chosen at the conduction bandedge of
the well without taking the manybody effect into consideration.
We can find that the barrier confinement effect vanishes and
the fermi level reduces with the temperature increasing. The
temperature dependent fermi levels are presented in figure 3(d).
The fermi level droops significantly when the temperature is
higher than 100 K. Meanwhile, the escape rate (defined as

( ( ) )/= - -R E E kTexpescape B F [24], where EB is the barrier
energy of the quantum well, EF is the fermi level, k is the
Boltzmann constant and T is temperature.) of the electron in
quantum well increases obviously. Such collective effect from
the carrier varation in the GaAs active layer and the InGaAs
quantum well explain the relative changes of EL peaks from
100 K to room temperature.

4. Temperature dependent EL efficiency

The electroluminescence efficiency (ELE) was used to eval-
uate the performance of the LED, which is defined as output
EL power divided by driving current and is proportional to
the EL external quantum efficiency. The mapping results of
the ELE as a function of driving current density and temp-
erature for the two LEDs were presented in the figure 4(a)
(QW-LED) and figure 4(b) (DH-LED) respectively. Because
of the the total reflection at the air/semiconductor interface,
the direct photon escape probability is only 1.33%, corresp-
onding to the ELE is 0.0189WA−1. Thanks to the photon
recycing effect, the peak ELE for the two LEDs could reach as
high as 0.05WA−1 (QW-LED) and 0.025WA−1 (DH-LED)
respectively.

The figures reveal that the two LEDs show an evident
efficiency droop with the temperature increasing from 4 K to
room temperature at any driving current density. At a certain
temperature, the ELE increases first and then decreases with
the driving current density increasing. The injection current
dependent efficiency droop is a common phenomenon in LED
[25], which is mainly caused by the increase of the non-
radiative recombination. The efficiency peak point shifts to
higher current densities as temperature increases because the

Figure 3. (a) Calculated band structures of the quantum well in QW-LED at 4 K, 150 K and 300 K. The dashed lines are the Fermi levels.
(b) Temperature dependent concentration of the ionized acceptor in the active area of the two LEDs (DH-LED with ´7 1017 cm−3 and
QW-LED with ´1 1017 cm−3). (c) Calculated temperature dependent Fermi level and escape rate.
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Shockley–Reed–Hall (SRH) recombination increases with
temperature increasing. It should be noted that at low tem-
peratures (<200 K), the efficiency of the QW-LED is higher
than that of the DH-LED. But at the high temperature
(>200 K), the result is opposite. This change is particularly
evident in figures 5(g)–(i).

The ELE comparisons of the two LEDs at the tempera-
tures of 4 K, 50 K, 100 K, 150 K, 200 K and 250 K are pre-
sented in figures 5(a)–(f). It is obvious that the ELE of the
QW-LED is higher than that of the DH-LED when temper-
ature is lower than 200 K. At 200 K, the ELE of the DH-LED
exceeds that of the QW-LED at low injection current density
(as shown in figure 4(e)). As the temperature continue to rise,
the ELE of the DH-LED becomes higher than that of QW-
LED at all current densities gradually. The comparison results
also reveal that the current density dependent efficiency droop
is more evident at high temperatures, which is due to the
relative high nonradiative recombination probability at high
temperatures. The temperature dependent ELE comparisons of
the two LEDs at the driving current of 0.0125 A cm−2,
0.125 A cm−2 and 1.25 A cm−2 were shown in figures 5(g)–(i).
With three different driving current densities, the results show
the same trends. If the temperature was higher than about
200 K, the ELE of the DH-LED will be higher than QW-LED.
When the operation temperature is lower than about 200 K, the
performance of the QW-LED is much better than DH-LED.
This result provides us a guidance to choose the LED for
different operation temperatures. The temperature dependent
difference between the two LEDs will be discussed in detail
below.

To better understand the superiority of the QW-LED at
low temperatures and the severe efficiency droop at high
temperatures, we should make clear the recombination
mechanism at different temperatures. The non-radiative SRH
recombination, radiative recombination, and Auger recombi-
nation together determine the luminescence property of the
LED. The ABC model is a simple and widely used approach
to study these three principal channels of recombination in
LED [26, 27]. The temperature dependent recombination
mechanism of the LED will be much clearer if the SRH (A),
radiative (B), and Auger recombination (C) coefficients at all

temperatures were given. Thus the most direct way to study
the LED performance is to measure the three coefficients at
different temperatures. However, it is impractical and difficult
to realize the measurement at such an extreme low temper-
ature directly (∼4 K).

A developed ABC model by Ryu et al provides an
alternative way to analyze the LED performance with a single
fit parameter, the maximum internal quantum efficiency [28].
The advantage of this method is that the internal quantum
efficiency and each recombination current at arbitrary current
density and temperatures can be unambiguously determined
without any knowledge of A, B, and C coefficients. The
internal quantum efficiency (IQE) ηi depends on the injection
current explicitly by numerically solving the equation:
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where ηi is the internal quantum efficiency, J is the injection
current density and ηmax and Jmax are the maximum value of
IQE and the corresponding injection current density. Jmax is
exactly known by the measurement of the current density
dependent ELE and ηmax can be fitted in terms of the mea-
surement results. This method points out that there exists only
one IQE curve for given Jmax and ηmax regardless of A, B, and
C coefficients.

The fitted Jmax and ηmax at different temperatures are
displayed in figure 6. Moreover, each recombination current
density can be deduced if the Jmax and ηmax were given:
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Using equation (2), the recombination current distribu-
tion at any temperatures can be fitted and analyzed.

The fitted recombination current density distribution of
QW-LED and DH-LED at different temperatures with the
injection current level of 0.0125 A cm−2, 0.125 A cm−2 and
1.25 A cm−2 were presented in figures 7(a)–(f). Due to the
relative low injection level, the Auger recombination in the

Figure 4. (a) Mapping result of the ELE for QW-LED as a function of temperatures and injection current densities. (b) Mapping result of the
ELE for DH-LED as a function of temperatures and injection current densities.
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QW-LED is extreme low at nearly all temperatures. There-
fore, the luminescence of the QW-LED is determined by the
radiative recombination and the SRH recombination. It is
obvious that the radiative recombination dominates the
luminescence when the temperature is lower than 200 K.

When the temperature increases, the proportion of the SRH
and radiative recombination current changes and the SRH
recombination dominates at room temperatures [12]. The
balance temperature of the SRH and radiative recombination
increases with the increasing of the injection current density.

Figure 6. (a) Temperature dependent ηmax and Jmax of DH-LED. (b) Temperature dependent ηmax and Jmax of QW-LED.

Figure 5. The driving current density dependent ELE comparisons of the two LEDs at the temperatures of (a) 4 K, (b) 50 K, (c) 100 K,
(d) 150 K, (e) 200 K and (f) 250 K. The temperature dependent ELE comparisons of the two LEDs at the driving current of (g) 0.0125 A cm−2,
(h) 0.125 A cm−2 and (i) 1.25 A cm−2.

7

Semicond. Sci. Technol. 35 (2020) 035021 P Bai et al

125



Additionally, the SRH recombination in the QW-LED is
higher than that in DH-LED, especially at high temperatures
with large driving current. This could exactly explain the
efficiency change in figures 5(g)–(i). The efficiency droop is
mainly caused by two reasons. Firstly, the carrier confinement
in the quantum well weakened at higher temperatures, which
causes the decreases of the radiative recombination rate.
Secondly, as shown in figure 7, the SRH recombination rate
increases significently as the temperature increases.

Based on the above analysis, the difference between the
two LEDs in the figures 5(a)–(i) is easy to understand. At low
temperatures, the carrier confinement is more effective in the
In0.1Ga0.9As quantum well of the QW-LED. Additionally, the
emission photon energy of the QW-LED is lower than the
band gap of any other material in the QW-LED. Therefore the
reabsorption of the emitted photons is greatly reduced in QW-
LED. Owing to the higher carrier confinement efficiency and
lower photon reabsorption, the ELE of the QW-LED is about
70% higher than that of DH-LED at low temperatures
(<150 K). As for high temperatures condition, the lumines-
cence of the QW-LED is resulted from the quantum well
luminescence and the GaAs barrier luminescence. The carrier
confinement of In0.1Ga0.9As quantum well goes weak, leading
to the relative low luminescence intensity from QW for the
same total injection current. Besides, the doping concentra-
tion of the GaAs barrier of the QW-LED is lower than that of
the DH-LED, which results in lower radiative recombination
from GaAs barrier luminescence in contrast to the case of
DH-LED [12]. Due to the low injection level and low doping
concentration, the ELE of the QW-LED is lower than that of
DH-LED at high temperatures (>150 K).

5. Hot spots

The surface EL uniformity for the two LEDs is important
when it was used in infrared up-conversion devices, espe-
cially imaging devices. The localized bright EL spots called
hot spots have been observed in the integrated (QWP-LED)
up-conversion devices. Wasilewski et al have systematically
investigated the hot spots with reliable experiment [29]. The
formation mechanism of the hot spots was explained as the
low resistance path caused by a local alloy separation in
ternary layers, induced by floating organic molecules or
molecular contamination clusters caused nanowire-like
defects [29]. This could also explain the origin of the hot
spots in the single DH-LED and QW-LED studied in this
work. The hot spots can be readily observed only at low
temperatures (<100 K).

The temperature of previous studies is around liquid
nitrogen temperature, which is the operation temperature of
the mid-infrared QWPs. If the LED was used in the THz up-
conversion devices, the operation temperature will be much
lower and even close to liquid helium temperature [22]. Here,
we observed and studied the hot spots characteristics at low
temperatures (4–80 K) of the DH-LED and QW-LED
respectively.

The injection current dependent charge coupled devices
(CCD) mapping image of DH-LED, temperature dependent
CCD mapping image of DH-LED and QW-LED were dis-
played in figures 8(a)–(c). The luminescence of the hot spots
are extremely evident with low injection level (as shown in
figure 8(a)), which is caused by the nanowire defects resulted
in the low resistance path below the hot spot. Because the low

Figure 7. The fitted recombination current density distribution of QW-LED at different temperatures with the injection current level of
(a) 0.0125 A cm−2, (b) 0.125 A cm−2 and (c) 1.25 A cm−2, respectively. The fitted recombination current density distribution of DH-LED at
different temperatures with the injection current level of (d) 0.0125 A cm−2, (e) 0.125 A cm−2 and (f) 1.25 A cm−2, respectively.
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resistance paths are capable of shunting currents by several
orders of magnitude higher than the neighbouring material,
the injection carriers first choose the low resistance path to
pass the barrier region and then inject to the active layer for
recombination.

The luminescence intensity of the uniform background
increases with the current increasing. When the driving cur-
rent increased to 5 μA ( ´ -3.125 10 3 A cm−2), the hot spots
could not be recognized from the uniform background. For a
certain driving current, the luminescence intensity of the
uniform background also increases as the temperature
increases (as shown in figures 8(b) and (c)), which is due to
the increase of the ionization rate of the impurity in the active
layer as temperature increases (shown in figure 3(b)). Com-
paring figures 8(b) and (c), we can find that the hot spots
density of QW-LED is about one order of magnitude higher
than DH-LED at the same temperature with the same driving
current. It could be caused by the extra mismatch between the
In0.1Ga0.9As and the GaAs interface, which may lead to more
low resistance paths inside the LED devices. Therefore, the
issue of the hotspots in the DH-LED should be carefully
suppressed as possible by improve the epitaxial growth
quality and special settlement should be carried out for large
scale up-conversion pixelless imaging [30].

6. Conclusion

In conclusion, we systematically investigated the temperature
dependent properties of the two typical GaAs-based LEDs
(GaAs/AlGaAs double heterostructure LED (DH-LED)
and GaAs(InGaAs)/AlGaAs quantum well infrared LED
(QW-LED)). Both the DH-LED and QW-LED were fabricated

and characterized with temperature dependent EL spectroscopy
and electroluminescence efficiency (ELE). The DH-LED
showed only one EL peak at any temperatures. Instead, the
QW-LED showed different EL peaks at different temperatures.
The extra EL peaks of the QW-LED at specific temperatures
were due to the complexity of the introduced quantum well.
The ELE of the QW-LED is about 70% higher than that of the
DH-LED at low temperatures (<150 K) but lower than the
DH-LED at high temperatures (>150 K). A developed rate
equation method was used to analyze the ELE properties of
the two LEDs at different temperatures. Finally, the temper-
ature and current dependent surface EL uniformities of the two
LEDs were observed and studied by using the charge coupled
devices (CCD) imaging.
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Hierarchical Hollow Bimetal Oxide Microspheres
Synthesized through a Recrystallization Mechanism for
High-Performance Lithium-Ion Batteries
Fanggang Li,[a] Maojun Zheng,*[a, b] Yuxiu You,[a] Dongkai Jiang,[a] Hao Yuan,[a] Zhihao Zhai,[a]

Wenlan Zhang,[a] Li Ma,[c] and Wenzhong Shen[a, b]

Bimetal oxide with its intricate nanostructure holds great
potential for high-performance electrode materials in lithium-
ion batteries (LIBs). Herein, a facile strategy for the fabrication of
hierarchical hollow Co3O4/ZnCo2O4 microspheres is developed,
involving a simple solvothermal synthesis and subsequent
thermal annealing in air. An aggregation-dissolution-in situ
recrystallization structure evolution and growth mechanism is
proposed. Benefiting from the unique hierarchical hollow
structure with rational porosity, synergistic effect of bimetal

components, and better electrical conductivity, the as-synthe-
sized Co3O4/ZnCo2O4 hierarchical hollow microstructure shows
outstanding lithium storage properties. As a result, a superior
rate capability (842 mAhg� 1 at a current density of 4 Ag� 1) and
an excellent cycle life (754 mAhg� 1 after 800 cycles at a current
density of 2 Ag� 1) are obtained. The presented strategy could
be applicable to the synthesis of mixed metal oxide hierarchical
hollow structures with rational porosity for high-performance
LIBs.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are widely used in
portable electronic devices, electric vehicles, and have great
application prospects in the large-scale storage of renewable
energy.[1–2] However, the existing commercial graphite anodes
provide a theoretical capacity of 372 mAhg� 1, which restricts
the demand for large-scale use of LIBs. Therefore, it is highly
desirable to develop suitable anode materials with high rate
performance and long cycle life. Among the investigated
materials, transition metal oxides are considered as the
preferred substitution materials owing to their high reversible
theoretical capacity, especially the cobalt oxide (Co3O4),

[3–4]

which possesses a high theoretical capacity of 890 mAhg� 1.
Nonetheless, the low rate performance and poor cycle stability
caused by low electrical conductivity and severe volume
expansion hinder their applications. Several mixed bimetal
oxides have been proposed to solve these problems owing to
their synergy and complementary behavior, such as

CoMo2O4,
[5–6] NiCo2O4,

[7] and MnCo2O4.
[8] In particular, ZnCo2O4

has been considered as a competitive option because of its
unique crystal structure (isostructural to Co3O4) and a special
individual component that contributes to the electrochemical
reaction mechanism (alloying-dealloying process: Zn+Li+ +e�

$LiZn).[9]

In addition to the chemical components of the material, a
rational-designed structure is another key factor to achieve a
high energy storage performance. Hierarchical nanostructures
consisting of nanoparticles,[10–11] nanorods,[12] and
nanosheets[13–14] can shorten the diffusion path of Li-ions and
increase the interface area between the electrode and electro-
lyte, favoring a capacity improvement. Mainly, interconnected
nanoparticle subunits promote the generation of voids, which
can alleviate the structural stress and buffer the volume
variation.[13,15] Besides, constructing hollow structures are anoth-
er effective strategy,[16–19] providing sufficient contact between
the inner part of the electrode and electrolyte, and extra free
volume. For example, Guo’s group reported the synthesis of
hierarchical hollow ZnCo2O4 nanocages assembled from nano-
sheets by the etching of Cu2O templates. The as-prepared
hierarchical hollow nanocages exhibit a better cycle perform-
ance compared with conventional ZnCo2O4 nanoparticles.

[18]

Also, as demonstrated by Ru’s group, one-dimensional (1D)
porous ZnCo2O4 cuboids exhibit enhanced lithium storage
properties of 724 mAhg� 1 at a current density of 4 Ag� 1 using a
micro-emulsion stratagem, which is considered to be a
favorable morphology.[17] Despite the described advances, it is
still highly necessary and quite challenging to develop facile
and effective strategies for preparing hierarchical hollow
bimetal oxides microspheres with rational porosity.
Herein, we report the synthesis of hierarchical hollow

microspheres composed of Co3O4/ZnCo2O4 (ZCO) nanoparticles
via a facile solvothermal method followed by a thermal
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decomposition process. As schematically illustrated in Figure 1,
initially, in step 1, ZnCo-carbonate microspheres are synthesized
via a solvothermal method using urea as the precipitant, as well
as different molar ratios of CoCl2 and ZnCl2 as metal sources.
Later, in step 2, the precursors are calcined at different heating
rates under an air atmosphere to form the final products. When
investigated as anode materials for LIBs, the as-synthesized
ZCO-0.5 hierarchical hollow microspheres exhibit superior rate
capability and ultralong cycle life.

2. Results and Discussion

The crystallographic structures were first characterized by XRD
to identify their chemical composition. As shown in Figure 2a,
all of the diffraction peaks of the ZCO-0.5-carbonate can be
indexed to ZnCO3 and CoCO3 (JCPDS card no. 83–1765 and
no.78-0209). After annealing, the identified peaks of ZCO-0
(Figure 2b) are consistent with Co3O4 (JCPDS card No.74-2120).
The schematic crystal structure of ZnCo2O4 is demonstrated in
Figure 2d. It has a normal spinel structure with oxygen anions
stacked in closed cubic patterns, Zn2+ located in one-eighth of
the tetrahedral sites and the Co3+ sitting in half of the
octahedral sites.[3] This crystal structure is isostructural to Co3O4

Figure 1. Schematic illustration of the synthesis procedure for hierarchical hollow ZCO microspheres.

Figure 2. a) XRD diffraction pattern of ZnCo-0.5-carbonate. b) XRD diffraction patterns and c) (110), (002) and (101) diffraction peaks of ZnO for ZCO-x. d)
Crystal structure of ZnCo2O4. e) TGA curves under air atmosphere of ZCO-0.5. f) N2 adsorption-desorption isotherms and corresponding pore size distribution
(inset) of ZCO-0.5.
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(Figure S1). The diffraction peaks of ZCO-0.5 (Figure 2b) can be
well indexed to a mixed phase of Co3O4 (JCPDS card No.74-
2120) and ZnCo2O4 (JCPDS card No.23-1390), without additional
impurity diffraction peaks from ZnO. Meanwhile, as the ratio of
Zn/Co increases, ZnO peaks start emerging (Figure 2c ZCO-1)
and become obvious (Figure 2c ZCO-2). ICP-OES was used to
further verify the ratio of Co3O4 and ZnCo2O4 in ZCO-0.5, and
the molar ratio of Co to Zn is 5.94. According to the XRD data,
no ZnO is found in ZCO-0.5, indicating that all of the Zn ions
are derived from ZnCo2O4. Therefore, ZCO-0.5 is composed of
56.5% Co3O4 and 43.5% ZnCo2O4. TGA was used to characterize
the thermal behavior of the ZnCo-carbonate. As exhibited in
Figure 2e two distinct processes of mass reduction were
observed. The one before 300 °C is mainly caused by the
evaporation of moisture adsorbed on the surface, while the
main weight loss between 300 and 400 °C is due to the
decomposition reactions of ZCO-carbonate to ZnCo2O4 and
Co3O4.

[20] As shown in Figure 2f and S2, the pore structure of
ZCO-x was further investigated by N2 adsorption-desorption
measurements. The sorption isotherm is a type IV isotherm at
the relative pressure range of 0.9–1.0 P/P0.

[11] ZCO-0.5 possesses
the largest surface area (17.96 m2g� 1) and the smallest pore
diameter (2.10 nm) compared with others using the BET

method and BJH model. More detailed BET and Langmuir
specific surface area and pore size data are given in Table 1. As
the Zn/Co ratio gradually increases from 0.5 to 2, the pore size
also gradually increases, which is consistent with the SEM image
below.
SEM images of the ZnCo-carbonate precursors in Figure 3a

exhibit a solid and uniform sphere structure. Radially smooth
cubic sub-micro-particles can be found by the higher magnifica-
tion SEM image in Figure S3a. Notably, these structures are
thermally stable so that after calcination, the original frame-
works were still maintained (Figure 3b-h). A hollow structure
with a wall thickness of about 1 μm, providing efficient space to
reduce the volume variation during the electrochemical reac-
tion, can also be observed from Figure 3c. The higher magnifi-
cation image in Figure 3d shows the numerous nano-porous
and primary nanoparticles with a diameter of about 50 nm. This
mainly results from the CO2 evolution during the decomposition
of the precursor component, as well as crystallization during
the annealing process. Additionally, this nano-microstructure
with a high surface area providing full contact between the
electrode and electrolyte offers more active sites for Li storage.
The formation of such a hierarchical structure during the
calcination process is due to the heterogeneous shrinkage by
non-equilibrium heat treatment. With the heating rate of 4 °C
min� 1, a temperature gradient (ΔT) along the radial direction of
the carbonate spheres is expected. Due to the presence of ΔT,
the outermost of the carbonate spheres decompose first,
forming ZnCo2O4/Co3O4 shell structure. This structure can
prevent the further shrinking of the outer diameter. The internal
carbonate sphere continues to shrink, so the heterogeneous
shrinkage occurs. Therefore, two forces in opposite directions
are encountered between the inner core and the outer shell:
cohesive force (σc) form the inner core and the adhesive force

Table 1. Specific surface area and pore size data for ZCO-x.

ZCO-x Surface Area Pore Size
Multi BET
[m2g� 1]

Langmuir
[m2g� 1]

Average
[nm]

BJH
[nm]

0 8.44 13.64 13.16 2.18
0.5 17.96 28.57 45.11 2.10
1 11.13 18.08 44.06 3.41
2 11.60 18.38 56.94 3.42

Figure 3. a) SEM images of ZnCo-0.5-carbonate, b–d) ZCO-0.5, e, f) ZCO-1 and g,h) ZCO-2. i–k) TEM and HRTEM images and l) SAED pattern of ZCO-0.5.
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(σa) from the rigid shell. The former promotes the continued
contraction of the core, while the latter prevents inward
contraction. When σc<σa, the core gradually shrinks outward to
the shell, thus forming this hollow structure.[16,21] As the Zn/Co
ratio gradually increases from 0 to 2, the spheres turn into
smaller ellipsoids, while the nanoparticles unit becomes larger
(Figure 3e-h and S4). Because of the relatively easy nucleation
of the zinc-based matrix during the bimetal coprecipitation
process, as the content of Zn increases, the probability of zinc
nucleation becomes larger, and the nucleation speed of zinc
becomes faster.[22–23] Thus, the spheres turn into ellipsoids and
become smaller, while the nanoparticles unit becomes larger.
These hollow and porous structures are favorable for not only
improving the interfacial contact between the electrode and
electrolyte but also alleviating the volume expansion of the
electrode during the charge and discharge process. Meanwhile,
the nanosized particles can provide shorter paths for electron
transportation and Li+ diffusion. The detailed structural features
of ZCO-0.5 were further characterized by TEM. Figure 3(i and j)
presents the images of the hollow structure, which has a
diameter of about 6 μm and consists of many discrete nano-
particles with a size of around 50 nm. This result is in
accordance with the result calculated using the Scherrer
equation[24–27] (Table S1). Besides, the diffraction spots displayed
by the SAED patterns in Figure 3l prove that the microspheres
consist of crystalline nanoparticles. The HRTEM image in
Figure 3k shows interplane spacings of 0.24 and 0.27 nm,

corresponding to the (311) and (220) planes of ZnCo2O4,
respectively.
To more deeply understand the formation mechanism of

the uniform spheres created by the smooth cubic sub-micro-
particle structures, a series of experiments with different
reaction times were also performed. Figure 4 shows the TEM
images under different reaction time conditions (40, 45, 50, 55
and 60 min), revealing an evolutionary process. At first, nano-
sheets form (Figure 4a and b) and aggregate to flower-like
spheres (Figure 4c and d), which then become more significant
(Figure 4e). Subsequently, the nanosheets expand (Figure 4f
and g), cubic particles are generated and grow in-situ (Figure 4h
and i), and, finally, stack into a uniform sphere. The crystal
structure changes during this evolution process were analyzed
by XRD (Figure S5). The nanosheets and nanoflower-like spheres
have strong diffraction peaks around 10°, which is the
characteristic peak of metal glycerol carbonate.[28] The reaction
of glycerol with urea proceeds slowly under low temperature
and without the catalyst. As the reaction proceeds, polymeric
monoglycerolate complexes of zinc and cobalt can act as
homogeneous catalysts to promote the synthesis of glycerol
carbonate.[29–31] Thus, the nanosheets gradually expand and
become porous. As the reaction time increases, ZnCO3 and
CoCO3 peaks appear with the appearance of the cubic particles.
This result means that as the reaction temperature increases,
the carbon dioxide produced by the decomposition of urea
forms more carbonates, which can continue growing in situ in

Figure 4. TEM images of the ZnCo-carbonate precursors under different reaction time conditions: 40 min (a,b); 45 min (c,d); 50 min (e); 55 min (f,g); 60 min
(h, i). Schematic illustration of the proposed aggregation-dissolution-in situ recrystallization growth mechanism (j).
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the nucleated part. This morphological evolution and phase
structure transformation process are different from those of
other works previously reported.[15,32–33] Thus, we propose a
growth process mechanism of aggregation-dissolution-in-situ
recrystallization for conveniently understanding the formation
of such microspheres. At the beginning of the reaction, the
metal glycerol carbonate nanosheets are formed and then
nucleated by oriented growth in order to achieve minimum
interfacial energies. As the orientation growth continues, the
initial nucleated structures self-assemble to form flower-like
spheres. Afterward, the nanosheets gradually expand and
become porous, followed by in-situ recrystallization of the metal
carbonate cubic particles. Finally, a microsphere consisting of
metal carbonate compound cubes with a smooth surface is
formed. This new formation mechanism, including the aggrega-
tion-dissolution-in-situ recrystallization process, is schematically
illustrated in Figure 4j.
The XPS spectra were obtained to investigate the surface

electronic states and compositions. The survey spectra, as
shown in Figure 5a, displays the peaks of Zn, Co, and O
elements as well as C from the reference. The Zn 2p spectra
contain two major peaks at ~1020.6 and ~1043.6 eV (Fig-
ure S6a), assigned to Zn 2p3/2 and Zn 2p1/2 of Zn2+,
respectively.[34] In the case of Co 2p spectra, Figure S6b shows
two main peaks at ~779.1 and ~794.1 eV, corresponding to the
orbits of Co 2p3/2 and Co 2p1/2 peaks, respectively. And a spin-
orbit splitting of around 15.0 eV, confirming the existence of
mixed Co2+ and Co3+.[35] Two additional weak satellite peaks are
also observed at ~789 eV and ~804 eV, and the energy gap is
around 10 eV between the main peak and the satellite peaks,
further indicating the existence of Co3+.[36] In terms of the fitting
peak of Co2p3/2 peaks in Figure 5c, the relative atomic ratio of
Co3+/Co2+ increase significantly from 2.04, 3.47, 4.55 to 5.21.
The ratio of 3.47 indicates that ZCO-0.5 comprises ZnCo2O4

(42.7%) and Co3O4 (57.3%), coinciding with ICP-AES result
(Detailed calculation results are in the Supporting Information
on the bottom of Figure S6). The O 2p spectrum (Figure 5d) is
deconvoluted into three peaks at 533.57, 530.78 and 529.71 eV,
which are denoted as Oa (caused by the physically adsorbed
oxygen), Od (mainly assigned to the defect sites), and Ol
(associated with the lattice oxygen in the spinel ZnCo2O4 phase
and Co3O4 phase), respectively.

[9,37] It is worthwhile mentioning
that the relative percentages of Od are about 27.59%, 35.82%,
32.68%, and 30.67%, respectively. Thus, ZCO-0.5 has much
more defect sites than others, which would provide more active
sites to promote the transport of lithium ions.[13]

The electrochemical performances of the as-synthesized
samples were first evaluated by the CV test. Figure 6a gives the
first CV curve of ZCO-0, 0.5, 1and 2. The first cathodic cycle of
ZCO-0.5, 1 and 2 show the significant irreversible reduction
peaks at ~0.87 V, consistent with the decomposition process of
the ZnCo2O4 and Co3O4 to metallic Zn and Co (Eq. 1, 2),

[34] while
the peak moves to ~1.1 V in the next cycle, manifesting a
different reaction pathway has occurred (Eq. 5, and 6). As the
Zn content increases, a weak cathode peak locating at 0.46 V
(ZCO-1) starts to appear and moves to 0.40 V (ZCO-2). This peak
has not been detected in the later cycles under all conditions,
indicating the reaction of Eq. 4 has occurred for the first cycle.
Besides, the anode peak recorded at 2.07 V can be ascribed to
the reaction of Eq. 5 and 6, while another peak recorded at
~1.70 V, attributed to the reversible reaction of Eq. 3, began to
appear and strengthen as the content of Zn increases.[38]

Figure 6b, c and S7 show the first three CV curves of ZCO, which
are almost overlapped starting from the second cycle, implying
the excellent cyclic stability and reversibility of the electro-
chemical reactions. Reaction kinetics can be obtained from CV
curves by analyzing the functional relationship between the
peak current and the scan rate, i=avb, where a and b are both

Figure 5. XPS spectra and fitting results of ZCO-x: a) survey spectra, b) Zn 2p, c) Co 2p3/2 and d) O 1s.
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constants. While b=0.5 means a diffusion-controlled redox
reaction is involved, and b=1 indicates that a surface
capacitive-controlled (pseudocapacitance) redox reaction is
achieved. As shown in Figure 6g and S8, the linear fitted b value
for the oxidation peaks are 0.679, 0.745, and 0.691, while for the
reduction peaks are 0.611, 0.686, and 0.633, respectively. ZCO-
0.5 possesses the maximum slope, suggesting a tendency for a
surface capacitive-controlled mechanism. This result is consis-
tent with the BET, SEM, and TEM analysis results, the small
particles can provide more specific surface areas and thus
increase the contribution of pseudocapacitance.
The electrochemical reactions can be clarified as follows in

Equations (1)–(6):

ZnCo2O4 þ 8Liþ þ 8e� ! Znþ 2Coþ 4Li2O (1)

Co3O4 þ 8Li
þ þ 8e� ! 3Coþ 4Li2O (2)

Znþ Liþ þ e� $ LiZn (3)

ZnOþ 2Liþ þ e� ! Znþ Li2O (4)

Coþ Li2O$ CoOþ 2Liþ þ 2e� (5)

3CoOþ Li2O$ Co3O4 þ 2Li
þ þ 2e� (6)

The galvanostatic charge/discharge performance of ZCO-x
electrode at 1 Ag� 1 are displayed in Figure 6d-f and S9. The first
discharge profile shows a sudden decrease to 1.06 V followed
by a plateau region “a” and finally a sloping region “b” in the
voltage region from 0.90 to 0.01 V,[38] However, in the subse-
quent cycles, the plateau disappears, and a single slop is
observed. The region “a” is the result of structure destruction or
amorphization (Eq 1, 2), and region “b” is mainly caused by the
inactivation of the inserted lithium-ion and the generation of
SEI layer.[39] ZCO-0 and ZCO-0.5 are consisting of only one
plateau region “a” at ~1.0 V, while ZCO-2 consisting a plateau
region at ~1.0 V and a small plateau region at ~0.5 V, which
can be ascribed to Eq. 4. This result is consistent with the CV
analysis. The initial discharge and charge capacities of ZCO-0.5
are 1567 and 1173 mAhg� 1, respectively, with a low initial
Coulombic Efficiency (CE) of 75%. Furthermore, the discharge
and charge capacities of the 2nd, 10th, 50th, and 100th cycles are
1108/994, 1034/1007, 1037/1023, 1021/1008 mAhg� 1, respec-

Figure 6. CV curves of a) 1st cycle plots of ZCO-x, b) the first three cycles of ZCO-0.5 and c) the first three cycles of ZCO-2 at a scan rate of 0.025 mVs� 1 in the
voltage window of 0.01–3.0 V. Galvanostatic discharge/charge cycling curves of d) ZCO-0, e) ZCO-0.5 and f) ZCO-2 at a current density of 1 Ag� 1. g) CV curves
of ZCO-0.5 at scan rates from 0.2 to 1.0 mVs� 1, h–i) relationship between the peak current and the scan rate.
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tively, demonstrating the super stability of ZCO-0.5. Notably, all
of them are higher than the theoretical capacities of ZnCo2O4
(903 mAhg� 1) and Co3O4 (890 mAhg

� 1), and this phenomenon
also occurs in other transition metal oxides, which is mainly
ascribed to the synergistic effects of these reasons mentioned
below: the formation of polymeric gel-like film on account of
electrolyte degradation, the lithium-ion storage process at the
interface and the presence of mesoporous structures.[21,40–41] It
must also be mentioned that the initial CE for ZCO-0.5, 1, and 2
is 75%, 73%, and 72%, respectively. This decrease mainly
results from the formation of SEI film caused by the existence of
Zn. This phenomenon is in accordance with CV discussion.
The cycling performance of ZCO-0, 0.5, and 2 (Figure 7a)

were firstly tested at a current of 1 Ag� 1 for 100 cycles. For the
first cycle, all of the batteries are running at the current density
of 100 mAg� 1 to activate the electrode,[42–43] and the initial
discharge capacities are 1535, 1568, and 1537 mAhg� 1, respec-
tively. The second cycle discharge capacities are 985, 1105, and
927 mAhg� 1, respectively. After 100 cycles, ZCO-0.5 possesses
the highest specific capacity of 1153 mAhg� 1 (104.3% reten-
tion), while ZCO-0 and ZCO-2 only remain 398 mAhg� 1 (40.4%
retention) and 523 mAhg� 1 (56.4% retention), respectively.
Consequently, proper doping of Zn can significantly improve
cycle stability.
The rate capability was evaluated at various current

densities ranging from 0.2 to 4 Ag� 1 (Figure 7b). As expected,
ZCO-0.5 reveals the best rate performance with the discharge
capacity of 1042, 1045, 1014, 946, 842 mAhg� 1 at current
densities of 0.2, 0.5, 1, 2 and 4 Ag� 1, respectively. Moreover,
after the current density returns to 0.5 Ag� 1, the specific
capacity of ZCO-0.5 and 1 (recovers to1190 and 969 mAhg� 1) is

even larger than before (1042 and 928 mAhg� 1), which is
mainly due to the activation of the electrode.[44] It should be
pointed out that as the ratio of Zn increases (from 0 to 2), the
performance first gets better and then worsens. The reason for
the better performance is that stable ZnCo2O4 significantly
improves rate capability.[13,45] However, as the ratio further
increases, the size of nanoparticles becomes larger, resulting in
significant volume expansion and further deteriorating the rate
performance.
To further prove the performance advantage of this sample,

a high-rate and long-term cycle was carried out. Figure 7c
shows that ZCO-0.5 still owns the highest retained capacity of
754 mAhg� 1 after 800 cycles at current densities of 2 Ag� 1 than
others. The coulombic efficiency is very close to 100% all over
800 cycles, which demonstrates good reversibility of the
electrode. In comparison, the retained capacity of ZCO-0 and 2
are only 294 and 390 mAhg� 1, respectively. Another interesting
finding is that the discharge capacity of ZCO-0.5 gradually
decreases to 660 mAhg� 1 in the first 200 cycles, and increases
in the next 300 cycles step by step and maintain about
754 mAhg� 1 after 800 cycles. Such phenomenon often occurs
in some transition metal oxides as reported in previous
literature.[15,46] Thus, this hierarchical hollow ZCO microsphere
possesses excellent cycle performance and stability. To further
confirm that ZCO-0.5 is the best choice, the cycling perform-
ance of ZCO-0.2 was tested at a current of 1 Ag� 1 and shown in
Figure S10. After 100 cycles, ZCO-0.2 only possesses
762 mAhg� 1. This result further proves that ZCO-0.5 is the best
choice. Besides, the SEM images of ZCO-x after 100 cycles at
current density of 1 Ag� 1 are showed in Figure S11. The SEM
images clearly illustrate that most of ZCO-0.5 retained the

Figure 7. a) Cycling performance of ZCO-x at a current of 1 Ag� 1 accompanied with corresponding CEs. b) Rate performance of ZCO-x at various rates. c)
Cycling performance of ZCO-x at a current of 2 Ag� 1 accompanied with corresponding CEs.
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spherical structure so that it can maintain high stability during
cycling. Only some of ZCO-0 and 1 kept the spherical structure,
while ZCO-2 has completely collapsed without any spherical
structure.
EIS was used to study the kinetic parameters, which consist

of the mass transfer process in two phases and the charge
transfer process in a two-phase interval. Figure 8(a) shows the
equivalent circuit diagram, in which R represents the internal
resistance caused by the electrode and electrolyte, Rct and CPE
are the faradic charge transfer resistance and the double-layer
capacitance, respectively, and W is the Warburg resistance.[47]

The Nyquist plots of different samples before cycling are shown
in Figure 8b, consisting of a semicircular segment at high
frequency caused by Rct and CPE, and a slope segment at low
frequency attributed to the existence of Warburg resistance.
ZCO-0.5 has the smallest semicircle diameter compared with
the others, indicating that it possesses a more stable surface
film and faster charge transfer.[32] Meanwhile, Table S2 shows
that ZCO-0.5 has a smaller Rct compared with ZCO-0, suggest-
ing that the size of the nanoparticles and the synergism of the
bimetals can simultaneously enhance conductivity. Nyquist
plots of ZCO-0.5 with different cycle numbers were also tested
and are shown in Figure 8c, and their fitting data are in
Table S3. As the number of cycles increases, the internal
resistance gradually increases (from 6.34 to 11.04 Ohm), which
causes a decay in the capacity. In Figure 8d, σ is also calculated,
which is inversely proportional to the square root of the
diffusion coefficient. Impressively, there is no significant differ-
ence between the data of 100 cycles and 200 cycles, which
means that the sample has excellent cyclic stability.[48]

Overall, the ZCO-0.5 exhibits outstanding lithium storage
properties compared with the ZCO-0, 1, and 2, and many
previously reported cobalt-based nanostructures (Table S4). The
improved lithium storage performance of the hierarchical
hollow microstructure ZCO could be attributed to the following
reasons: first, the nanosized structural subunits and the
synergism of the bimetal can simultaneously promote charge
transfer at the electrode and electrolyte interface, ensuring

excellent electrochemical activity. Second, the ZCO hybrid can
integrate the high stability of ZnCo2O4 and high capacity of
Co3O4 and improve the lithium storage performance. Further-
more, the unique hollow architecture with high porosity can
increase the contact area between the electrode and electro-
lyte, as well as relieve volume expansion during cycles,
exhibiting enhanced rate capability and cycling stability.

3. Conclusions

We fabricated a hierarchical hollow Co3O4/ZnCo2O4 microsphere
with rational porosity, superior rate capability, and ultralong
cycle life. Based on the morphology evolution and phase
transformation process, we proposed an aggregation-dissolu-
tion-in-situ recrystallization growth mechanism. The nanopar-
ticle subunits and the synergism of the bimetal simultaneously
promote the electrical conductivity, which is verified by EIS
analysis; the unique hierarchical hollow structure with high
porosity relieves the volume expansion and increases the
contact area between the electrode and electrolyte. Moreover,
the mixture of Co3O4 and ZnCo2O4 inherits their advantages of
higher capacity and higher stability, respectively. The as-
prepared hierarchical hollow Co3O4/ZnCo2O4 microsphere exhib-
its outstanding lithium storage properties with a high capacity
of 754 mAhg� 1 at a current density of 2 Ag� 1 after 800 cycles as
the anode materials for LIBs. This strategy can be easily applied
to synthesize mixed metal oxides with hierarchical hollow
structures.

Experimental Section

Material Preparation

ZnCo-carbonate precursors were synthesized through a modified
solvothermal method. In brief, 8 g of urea, 0.875 g of CoCl2 · 6H2O,
and different masses of ZnCl2 · 6H2O (0, 0.251, 0.502, and 1.004 g)
were dissolved into a solution with 17.5 mL of H2O and 52.5 mL of

Figure 8. a) Equivalent circuit model. b) Nyquist plots of ZCO-x before cycling. c) Nyquist plot of Zn� Co-0.5 after different cycles. d) The linear relationship
between Zre and ω� 1/2.
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glycerol at room temperature under stirring. After being stirred for
1 h, the solution was transferred into a 100 mL Teflon-lined
stainless-steel autoclave, which was sealed and gradually heated to
180 °C for 12 h. After cooling to room temperature, the obtained
precursors were washed with DI water and ethanol several times
and dried at 80 °C overnight. Finally, the obtained composites, after
being calcined in air at 600 °C for 3 h with a heating rate of 4 °C/
min, were labeled as ZCO-0, ZCO-0.5, ZCO-1, and ZCO-2. Experi-
ments using different molar ratios of Zn/Co (0, 1, and 2) were also
synthesized with the same method.

Material Characterization

Scanning electron microscopy (SEM) images were obtained using a
Sirion 200. Transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and selected area
electron diffraction (SAED) measurements were collected on a JEOL
JEM-2100F with an acceleration voltage of 200 kV. X-ray diffraction
(XRD) patterns were recorded on a Rigaku Ultima IV X-ray
diffractometer with a Cu� Kα radiation source (10°/min from 10 to
80°). X-ray photoelectron spectroscopy (XPS) spectra were tested
with an AXIS ULTRA DLD. Thermal gravimetric analyses (TGA) were
measured using a Pyris 1 TGA under air atmosphere with a heating
rate of 10 °C/min. Inductively coupled plasma optical emission
spectrometry (ICP-OES) analyses were performed on an iCAP7600.
The Brunauer-Emmett-Teller (BET) specific surface area and the
analysis of the porosity were performed through measuring N2
adsorption-desorption isotherms at 77 K using an Autosorb-IQ3.

Electrochemical Measurements

All of the cells were assembled using CR2016 coin-type half-cells in
a glovebox with water/oxygen content lower than 0.5 ppm, and all
of the electrochemical experiments were carried out at room
temperature. The working electrodes were prepared by coating a
paste containing 70 wt.% of the active material, 20 wt.% of
acetylene black, and 10 wt.% of polyvinylidene difluoride (PVDF)
onto a Cu foil and drying in a vacuum oven at 100 °C overnight.
The average mass loading of the active material was about 0.8 mg.
The electrolyte was 1 M LiPF6 dissolved in an EC/DMC/EDC
(1 :1 :1 wt.) solution. Lithium foil was used as the counter electrode.
The galvanostatic charge/discharge tests were conducted on a
LAND cycler in a voltage range of 0.01–3.0 V. Cyclic voltammetry
(CV) measurements were performed at a scan rate of 0.025 mVs� 1

with a voltage window of 0.01–3.0 V on a CHI 660D electrochemical
workstation. Electrochemical impedance spectroscopy (EIS) data
were recorded on a PARSTAT 4000 electrochemical workstation at a
frequency range from 100 kHz to 0.01 Hz with an amplitude of
5 mV.
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We developed a facile, rapid, scalable, and environmentally friendly route to synchronously achieve 

ultrathin, high-quality graphene and MnO2 nanosheets, which spontaneously migrated and coassembled 

on a cathodic 3D Ni foam. The resultant 3D MnO2/graphene electrodes exhibited excellent performance 

for a supercapacitor in terms of capacitance, rate capability and cycle life. 

 

 

Keywords: Two-dimensional Nanosheet; Self-assembly; Graphene; MnO2; Superconductors 

 

 

 

1. INTRODUCTION 

Currently, supercapacitors as a promising energy source have been extensively studied [1-6]. 

Their performance depends to a large extent on the type and microstructure of the electrode materials, 

including power density and energy density. As a supercapacitor electrode material, MnO2 exhibited 

exceptional competitiveness due to its abundance, environmental friendliness and very high theoretical 

capacitance (1232 F g-1) [7, 8]. However, drawbacks in the conductivity and stability of MnO2 limit its 

practical applications for supercapacitors.  
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The hybridization of MnO2 electrodes with conducting carbon materials has been demonstrated 

to be a good strategy to address its problems. In this way, carbon nanotubes[9], activated carbon[10] and 

graphene[11-15], have been explored for the fabrication of MnO2-based supercapacitors. For instance, 

Qian fabricated 3D porous graphene-MnO2 composites by depositing MnO2 particles on graphene by 

freeze-drying, and these composites achieved a high capacitance of 258 F g-1[16]. Peng developed quasi-

2D MnO2/graphene nanosheets used for in-plane supercapacitors with a capacitance of 267 F g-1[17]. 

Despite great progress, the fabrication of MnO2/graphene electrodes often suffer from a multistep, 

complicated and costly procedure; thus, the development of new fabrication approaches for high-

performance MnO2-based hybrid electrode materials is urgently needed. 

Herein, we propose a facile strategy to prepare a MnO2/graphene composite electrode via an 

electrochemically assisted route. High-quality conductive graphene was exfoliated from anodic graphite 

and accompanied with the growth of ultrathin MnO2 nanosheets from an electrolyte solution. Following 

that, the electrochemically exfoliated graphene and ultrathin MnO2 nanosheets simultaneously rapidly 

migrated and spontaneously assembled on the cathodic 3D Ni foam. The resultant 3D MnO2/graphene 

electrodes achieved excellent capacitance (607 F g-1 at 1 A g-1), high rate capability and super cycling 

stability (94.1 % after 10000 charge-discharge cycles). 

 

2. EXPERIMENTAL 

2.1 Synthesis of MnO2/graphene composites.  

 

The MnO2/graphene composites were synthesized using a unique electrochemical technique that 

is simple, green and inexpensive. In a typical synthesis, we performed a two-electrode system using 

graphite flakes as the anode and Ni foam as the cathode (both with a working area of approximately 

2.0*1.0 cm2), and the electrolyte was a mixed aqueous solution containing 20 mg KMnO4 and 100 mL 

0.1 M Na2SO4. When a direct current voltage of 10 V was applied to the two-electrode setup, vigorous 

bubbles were produced at the electrodes, and anodic graphite began to dissociate into graphene sheets, 

which were dispersed into the electrolyte. Meanwhile, MnO4
- was reduced to MnO2 on the surface of 

the cathodic Ni foam. The reaction took place at 25 °C for 30 min. Then, the MnO2/graphene composites 

were washed three times with H2O and dried at 60 °C for 12 h. 

 

2.2 Electrochemical Measurements.  

 

The electrochemical properties were performed using a PARSTAT 4000 workstation (Princeton 

Applied Research, Ametek, USA) with a standard three-electrode system. Using the prepared samples 

as the working electrodes with a Pt clamp, a Pt gauze as the counter electrode, and a saturated calomel 

reference electrode. Cyclic voltammetry with various scan rates between 0.0 and 0.8 V was conducted 

in 1 M Na2SO4. The galvanostatic charge-discharge measurements (GCD) and cycle stability were 

performed on a LAND CT-2001A. 
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2.3 Characterization 

 

The morphology of the MnO2/graphene composite was observed by SEM (JEOL JSM-7401F) 

with an accelerating voltage of 1.0 kV. To understand the surface information of the as-synthesized 

samples, XPS (AXIS ULTRA DLD, Kratos, Japan) was conducted to analyze the composition of the 

sample surface. The Raman spectra were obtained using a laser micro-Raman spectrometer (Renishaw 

inVia) employing an argon-ion laser with an incident wavelength of 532 nm. 

 

 

3. RESULTS AND DISCUSSION 

Our previous study demonstrated that high-quality graphene can be directly exfoliated from 

graphite and self-assembled on a cathodic Ni foam with the assistance of an electric field, which makes 

it possible for one-step growth and coassembly of electrochemical exfoliated graphene and ultrathin 

MnO2 nanosheets on the cathodic surfaces. [18] As shown in Figure 1, electrochemical exfoliation of 

graphite was conducted in a two-electrode reaction system in which graphite flakes and Ni foam worked 

as an anode and cathode, respectively. Electrolyte was prepared by mixing 100 ml of 0.1 M Na2SO4 and 

20 mg KMnO4. Under a direct current voltage of 10 V, the graphite gradually dissociated and dispersed 

into the electrolyte. The exfoliated graphene sheets were investigated by SEM and TEM (Fig. 2), which 

clearly demonstrates the formation of high-quality, few-layer graphene nanosheets. Despite the high 

quality of the graphene, the resulting graphene derived from an electrochemical-assisted exfoliation still 

possessed negative charges at their edges, which would prompt their assembly on the Ni foam surfaces 

due to electrostatic interactions. Meanwhile, MnO4
- was reduced to MnO2 nanosheets by the following 

reaction (1), and these sheets spontaneously assembled on the Ni foam surface under an electric field. 

Therefore, the hybrid MnO2/graphene composites on 3D Ni foam can be obtained via one-step growth 

and coassembly resulting in high-quality EG and ultrathin MnO2 nanosheets. 

MnO4
- + 2H2O + 3 e-            MnO2 + 4OH-            (1) 

 

 
 

Figure 1. Schematic illustration of one-step electrochemical preparation of exfoliated graphene and 

ultrathin MnO2 nanosheets with their coassembly on 3D Ni foam electrodes. 
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Figure 2. SEM (a) and TEM (b) images of the exfoliated graphene nanosheets. 

 

The structure of the MnO2/graphene composites was characterized by Raman spectroscopy (Fig. 

3a). The Raman spectrum of the MnO2/graphene composites presents three obvious, characteristic 

vibration bands at 1350 cm-1, 1583 cm-1 and 2700 cm-1, corresponding to the D, G and 2D bands of 

graphene, respectively. In addition, the Raman peak located at 640 cm-1 can be attributed to Mn-O 

vibrations, revealing the presence of MnO2. X-ray photoelectron spectroscopy (XPS) was used to 

estimate the various chemical states of the bonded elements. As shown in Figs. 3b-d, the Mn 2p XPS 

spectrum shows two major peaks centered at approximately 654.2 eV and 642.6 eV, corresponding to 

Mn 2p1/2 and Mn 2p3/2, respectively. The characteristic of the MnO2 phase with a spin-energy 

separation of 11.6 eV coincides with a previous report. [19] Additionally, the XPS spectrum of C 1s 

shows three signals of C-C (284.6 eV), C-O (286.7 eV) and O-C=O (288.6 eV), which are possibly from 

the covalent oxygen groups on the graphene (Fig. 3d). 

 

 

Figure 3. (a) Raman pattern and (b-d) XPS spectra of the MnO2/graphene samples. 

. 
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The morphologies of the MnO2/graphene composites were further examined by scanning electron 

microscopy (SEM). Figs. 4a and b show representative SEM images of MnO2/graphene with a highly 

porous nanostructure, which is composed of dense MnO2 nanosheets with a thickness of ~10 nm. The 

MnO2 nanosheets are homogeneously and tightly anchored onto the graphene surfaces. There is no 

collapse of the Ni foam struts or obstruction of the pores, indicating the strong mechanical strength of 

the MnO2/graphene and the uniform dispersion of the MnO2 nanosheets.  

 

 
 

Figure 4. (a, b) SEM images of the MnO2/graphene composites; (c) SEM images and corresponding 

EDS elemental mapping images of (d) C, (e) O and (f) Mn. 

 

Table 1. Element composition of the MnO2/graphene composites. 

 

Element Wt.% Atom % 

C 5.12 7.91 

O 24.16 50.00 

Mn 57.14 34.44 

Ni 13.57 7.65 

Total 100.00 100.00 
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Figure 5. X-ray diffraction (XRD) measurement of the MnO2/graphene composites. 

 

Furthermore, the elemental mappings of C, O and Mn were investigated from a square region on 

the foam (Figs. 4c-f), suggesting a continuous, uniform distribution of MnO2 and graphene on the 3D Ni 

foam surfaces. The corresponding EDS mapping also revealed that the C element content of the 

MnO2/graphene composites is approximately 7.91 % (atomic ratio, Table 1). In addition, except for the 

peaks associated with the Ni foam substrate, no other peaks are present in the X-ray diffraction pattern 

of the MnO2/graphene (Fig. 5), which further confirms its amorphous structure.  

 

 

Table 2 Specific capacitance and retention of the supercapacitors based on MnO2/graphene at a current 

density of 1 A/g 

 
 

Samples 

Specific 

capacitance 

(F g-1) 

Capacitance retention 

(%- cycles) 

 

Reference 

MnO2/graphene 158 83.4-5,000 [21] 

MnO2/graphene 280 99-1,0000 [22] 

MnO2/graphene 306 95.2-5,000 [23] 

MnO2/graphene 324 96.8-1,000 [24] 

MnO2/graphene 350 93-5,000 [25] 

MnO2/graphene 358 80-1,000 [26] 

MnO2/graphene 476 - [27] 

MnO2/graphene 607  94-1,0000 This work 

MnO2/graphene         607          94-1,0000 This work 
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In view of its unique structure and morphology, the as-prepared MnO2/graphene composites were 

expected to possess excellent electrochemical performance for a supercapacitor. The performance of 

MnO2/graphene composites was further evaluated in a three-electrode test cell. Figure 6a presents 

current-voltage (CV) curves of the MnO2/graphene composites in a 1 M Na2SO4 electrolyte at different 

scan rates from 0.0 to 0.8 V. The CV scans exhibited rectangular shapes and symmetry, indicating their 

ideal pseudocapacitive behavior. The specific capacitances were 607, 482, 214, and 171 F g−1 at current 

densities of 1, 2, 4 and 8 A g-1, respectively, calculated by the formula of C = IΔt/(ΔVm)[20]. Here, I, Δt, 

m and ΔV correspond to the discharge current, time, the mass of the active materials and the potential 

change during discharge, respectively.  

As shown in Figure 6a, the specific capacitance gradually decreased with increasing current 

density. Notably, the specific capacitance of the samples reached 607 F g−1 at 1 A g−1, exceeding the 

common MnO2/graphene-based materials (Table 2). The uniform hybridization and coassembly between 

MnO2 and high-quality graphene would ensure their high conductivity and good pseudocapacitive 

properties thus contributing to their remarkable capacitance. The Nyquist plot in Figure 6c shows a 

resistance of 3.2 Ω of the device, revealing the high conductivity of the samples. Moreover, the 3D 

porous structure of MnO2/graphene can effectively facilitate electrolyte diffusion and propagation of 

electrons, enabling the high specific capacitance of the MnO2/graphene composites. 

 

 

 
 

Figure 6. Electrochemical performance of the MnO2/graphene composite. (a) CV curves at different 

scan rates; (b) Gravimetric specific capacitance of MnO2/graphene composite as a function of 

the current densities (the inset illustrates galvanostatic charging/discharging curves at various 

current densities); (c) Nyquist plot of the MnO2/graphene composite; and (d) Cycling 

performance of MnO2/graphene composite at 1 A g-1. 
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Figure 6d shows that the 3D MnO2/graphene composite supercapacitor exhibited outstanding 

cycling stability at a current density of 1 A g-1. The retention can reach 94 % of the initial capacitance 

even after 10000 cycles. By comparison, the MnO2 film without graphene only retained 24.4 % of the 

initial capacitance after 2000 cycles (Figure 7). These results highlighted the significant role of the 

hybrid interface between MnO2/graphene in electron transport. 

 

 

 

Figure 7. Cycling performance of MnO2 without graphene at 1 A/g. 

 

 

4. CONCLUSIONS  

In conclusion, we demonstrate a one-step electrochemical approach to cooperatively grow and 

assemble MnO2 and graphene on 3D Ni foam. The electrochemical-assisted hybridization of MnO2 

nanosheets with high-quality graphene as well as the unique architecture of the 3D skeleton provided 

MnO2/graphene composites with high conductivity, ion diffusivity and capability to accommodate 

volume changes during faradaic reactions. As a result, the as-prepared 3D MnO2/graphene composites 

possess high specific capacitance (607 F g-1), remarkable rate capability and superlong cycle life (94 %, 

after 10,000 continuous charge-discharge cycles) when used as electrode materials for supercapacitors. 

Our study provides new insight into the facile fabrication of multicomponent hybrids towards high-

performance energy storage devices. 
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To solve the problems related to the re-stacking of reduced graphene oxides (rGO) and further improve their surface
chemical behaviors to satisfy supercapacitor demands. The rGO decorated with graphene quantum dots has been suc-
cessfully prepared via a facile low-power ultrasonic method. It is demonstrated the graphene quantum dots/reduced
graphene oxide electrode has a high specific capacitance of 312 F g−1, which is nearly three times higher than that
of the reduced graphene oxide (132 F g−1). The enhanced super-capacitive performances of graphene quantum
dots/reduced graphene oxide have been attributed to the introduction of graphene quantum dots, which effectively
prevent the aggregation and restacking of reduced graphene oxide sheets, promoting its surface exposed to the electro-
lyte for sufficient mass transfer. Meanwhile, these features provide more pathways for the transportation of electrons
between the interlayer of reduced graphene oxide sheets. Afterward, a detailed energy storage mechanism was
analyzed.
Keywords:
Graphene quantum dots
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Synergistic effect
Asymmetric supercapacitors
1. Introduction

In recent years, with the increasing demands for portable electronics
and different micro-isilpower systems, supercapacitors have received tre-
mendous attention owing to its fast charge/discharge, high power density,
and long cycle life [1,2]. Moreover, to satisfy the increasing energy de-
mands, researchers are exploiting the advanced electrode materials.
Graphene has been proposed as one of the most promising candidates,
due to its exceptionally electrochemical stability and good electronic con-
ductivity [3,4]. However, the agglomeration and re-stacking inevitably ap-
pear as a result of π-π interactions of graphene, which decreases the
surfaces that required for the electrochemical charge storage, leading to a
low specific capacitance (Cs) [5]. To address this problem, multiple
graphene composites have been prepared for supercapacitors, such as re-
duced graphene oxide (rGO)/Au [6], rGO/MnOx [7], rGO/MoS2 [8], and
N, S and P co-doped rGO composite electrodes [9]. Although these attempts
obtained enhanced specific capacitance compared with pure graphene, the
highly tortuous structures that endowed by the morphological effect on the
ao314@gmail.com, (W. Li), ghe@linco
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scalability of graphene are destroyed, which weakens their rate capability
and cycling stability.

Recently, it has been reported that graphene combined with other dif-
ferent dimensional carbon materials can efficiently improve the Cs

through their synergistic effects [10,11]. Among these carbon structures,
the graphene quantum dots (GQDs) have become a spotlight in the funda-
mental research due to their good electrical conductivity and large spe-
cific surface area [12–15]. Moreover, GQDs employed as electrode
materials usually exhibit strong hydrophilicity, which can improve the
wettability of the surface, leading to a fast electron transfer [16,17]. Al-
though GQDs exhibit high specific capacitance when used alone as an
electrode material [17], the materials synthesis and electrode fabrication
process needs to be further improved. Therefore, the composites of rGO
and GQDs are investigated accordingly, that can exploit both advantages
of GQDs and rGO [18]. Recently, Samantara et al. have reported that
rGO/CQDs-HP for supercapacitors with a Cs of 156 F g−1 at 0.13 A g−1

[19], Dang et al. have reported that the CD/rGO has been prepared by
the hydrogen dielectric barrier discharge plasma technique with a Cs of
ln.ac.uk. (G. He).
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211.9 F g−1 at 0.5 A g−1 [20]. Although they successfully prepared the
rGO/GQDs composites and applied them as supercapacitor electrode ma-
terials, the synergistic effect between GQDs and rGO for the enhanced
electrochemical performances needs to be further understood.

In this work, a low-power ultrasonic method has been employed to pre-
pare rGO with GQDs on the surface; the ultrasonic process promotes uni-
form in situ adsorption of GQDs on the surface of rGO, which effectively
prevents aggregation and restacking of rGO nanosheets. The rGO/GQDs
(3:3) electrode for supercapacitor shows a Cs of 312 F g−1 and a high Cs re-
tention of 93% after 10,000 cycles. Meanwhile, the electrode exhibits good
rate capability when the current densities increased from 0.5 to 10 A g−1

(81.4% Cs retention with 20 times increase of current density). The rGO/
GQDs//active carbon (AC) asymmetric supercapacitors (ACS) displays the
energy density of 22.2 W h kg−1 at 500 W kg−1 with Cs retention of
91.6% after 10,000 cycles. Synergistic effect between GQDs and rGO for
the enhanced electrochemical performances has been studied thoroughly
by quantifying the relative contributions from capacitive behaviors (Cdl)
and diffusion-controlled (Cd) processes. With the increase of rGO/GQDs
mass ratio from 3:0 to 3:3, the Cd contribution maintains a ratio of about
30%, but the Cdl increase significantly, which demonstrates that surface-
modified GQDs can provide more active sites for rGO and optimize the
structure of the rGO.
2. Experimental section

2.1. Chemicals

Glucose, graphite powder, sulfuric acid, sodium hydroxide, AC, and hy-
drazine hydratewere purchased fromAladdin reagent. These reagentswere
used without further purification.
2.2. Preparation of GQDs

The GQDs were synthesized by a hydrothermal approach. In the proce-
dure of GQDs preparation, 1.2 g of glucose and 8 mL of H2SO4 were added
into 12mL of deionizedwater. Themixture was treated in reaction kettle at
200 °C for 3 h. The glucosemoleculeswere dehydrated under hydrothermal
conditions and then converted to GQDs, as shown in Scheme 1. Then, the
sample was neutralized with sodium hydroxide and purified by a dialysis
tube (1000 Da).
Scheme 1. Synthetic m

2
149
2.3. Preparation of rGO and rGO/GQDs

Graphene oxide was synthesized by a modified Hummers approach
[21]. The rGO was prepared by using the reductant of hydrazine hydrate
[22]. 100mg of graphene oxide, 100ml of deionizedwater, and 1ml of hy-
drazine hydrate were added in a 250 mL round-bottom flask. This disper-
sion was sonicated in an ultrasonic bath cleaner (100 W), and then
heated in a water bath at 95 °C for 10 h. These products werewashed by de-
ionized water and methanol. Finally, rGO powder was obtained by freeze-
drying the as-prepared samples.

The rGO with the surface modification of GQDs was prepared by a
low-power ultrasonic method. 30 mg of rGO was added to 30 mL of
GQDs solution, the mixture was sonicated for 3 h and filtrated through a
20 nm anodic aluminum oxidemembrane. The free GQDs were removed
by re-dispersing and filtering the product. The rGO/GQDs composite was
obtained by freeze-drying the above product. Four rGO/GQDs composite
powders were prepared by changing the mass ratio of rGO and GQDs
from 3:0 to 3:3.

2.4. Characterization

Scanning electron microscope (SEM, S-4800), Transmission electron
microscope (TEM, JEM2100F) and atomic force microscope (AFM, NT-
MDT Prima) were measured to characterize the structure of GQDs, rGO,
and rGO/GQDs samples. Fourier transform infrared spectra (FTIR) were
measured to find the chemical bonds of GQDs, rGO, and rGO/GQDs at Ni-
colet Nexus 870 FTIR spectrometer within 1000–4000 cm−1 range.
Raman scattering spectra were performed to monitor the degree of struc-
tural order of GQDs on a Jobin Yvon Lab RAM HR spectrometer using
325 nm line of Ar ion laser. UV–visible spectra were performed by a
Perkin-Elmer Lambda 20 spectrometer. Photoluminescence (PL) spectra
were performed by Hitachi F-7000. X-ray photoelectron spectroscopy
(XPS) spectra (ThermoFisher, ESCALAB 250 XI) was employed to analyze
the contents of oxygen and carbon in rGO and rGO/GQDs. Nitrogen sorp-
tion measurements were carried out using an automatic volumetric sorp-
tion analyzer (ASAP 2020). Contact angle (CA) measurements were
carried out by a JC2000D2A water contact angle tester.

2.5. Electrochemical measurements

Electrodes were assembled by mixing rGO/GQDs, carbon black and
polytetrafluoroethylene in a mass ratio of 8:1:1. It was coated on a flexible
echanism of GQDs.
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graphite foil (1.0 cm × 1.0 cm) and dried at 60 °C for 6 h; nearly 2 mg of
electroactivematerial was loaded on the current collectors. TheASCwas as-
sembled by coordinating rGO/GQDs and AC as the positive and negative
electrode, respectively. Galvanostatic charge/discharge (GCD), cyclic volt-
ammetry (CV), and electrochemical impedance spectroscopy (EIS) were
measured by the CHI-660E electrochemical workstation.
3. Results and discussion

3.1. Microstructure characterization

Fig. 1a shows the TEM image of the synthesized GQDs. It can be ob-
served that GQDs with a lateral size distribution of 2.5–5.2 nm are well
monodispersed. Statistical analysis of the GQDs in TEM image shows the
average size of GQDs is ~3.6 nm, as shown in the inset of Fig. 1a. Fig. 1b
presents the FTIR spectrum of GQDs, the absorption peaks at 1103, 1654,
1702, 3430 and 1432 cm−1 can be ascribed to the modes of CO, CC, CO,
OH stretching vibrations and CH bending vibration, respectively. The pres-
ence of CC bonds indicates that the ordered carbon backbone structure is
formed in GQDs. The existence of CO, CO and OH demonstrates that
GQDs contain the oxygen-containing groups and are incompletely carbon-
ized [23–25]. Meanwhile, the presence of oxygen-containing groups facili-
tates electron transfer of GQDs electrode material for energy storage
applications [16]. Fig. S1 (Supporting Information) displays the Raman
spectrum of GQDs. It can be seen that the D band at 1360 cm−1 is ascribed
to structural defects, and G band at 1590 cm−1 is associated with the sp2

carbon structure. The ID/IG ratio of band intensities is ca. 0.71, indicating
that GQDs are crystalline and graphitic.
Fig. 1. (a) TEM image of the GQDs, inset: size distribution of GQDs with the Gaussian fi

(d) PL spectra of GQDs.
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Fig. 1c shows the UV–vis spectrum of GQDs. It can be observed that
there is a dominant absorption peak centered at 220 nm together with a
shoulder at 350 nm, which can be attributed to π-π* transition of CC and
n-π* transition of CO, respectively. Meanwhile, it can be seen that a long
tail extends into a visible range. These features are similar to those of
UV–vis behaviors of GQDs [26,27]. Fig. 1d presents the room temperature
PL spectra of GQDs. The emission peaks centered at 540 nm are indepen-
dent of excitation wavelengths in the 300–440 nm range, indicating that
the surfaces of those sp2 clusters contained in GQDs are uniform [28].

Fig. 2a and b display the typical SEM images of rGO and rGO/GQDs, re-
spectively. Compared with rGO, the composite of rGO/GQDs shows a fluffy
structure with more folded edges. In Fig. 2c, the crumpled rGO sheets are
transparent as thin films and show the typical two-dimensional structure
with folded edges. For rGO/GQDs, the rGO sheets are uniformly decorated
by GQDs (red circles) as shown in Fig. 2d, demonstrating that GQDs are
well dispersed and combined with rGO sheets. The insertion of GQDs be-
tween the rGO sheets layers forms a sandwich-like structure. Fig. 2e and f
show the AFM images of rGO and rGO/GQDs, respectively. The AFM
image of rGO exhibits that the rGO sheets have a thickness distribution of
~0.3–1.5 nm, indicating that the rGO consists of 1–4 layers of graphene.
In Fig. 2f, the rGO/GQDs have a thickness distribution of ~1–2.5 nm, the
GQDs are well dispersed and combined with rGO sheets. These results fur-
ther confirm that the rGO sheets are uniformly decorated by GQDs. The
GQDs serving as spacer insertion between the rGO sheets can reduce the ag-
glomeration of the rGO and provide more access for the electron transfer
within the interlayer of rGO sheets.

Fig. 3a displays the photographs of GQDs, rGO and rGO/GQDs aqueous
solution, respectively. The GQDs exhibit prominent solubility in deionized
water. Nevertheless, the dispersibility of rGO powder in deionized water is
tting (red curve). (b) FTIR spectrum of GQDs. (c) UV–vis absorption spectrum and



Fig. 2. Characterization of rGO and rGO/GQDs: SEM images (a, b) and TEM images (c, d). AFM images of rGO (e) and rGO/GQDs (f). Insets: the height profile of the blue
line section.

H. Hao et al. Journal of Electroanalytical Chemistry 878 (2020) 114679
quite low due to its relatively high hydrophobic nature, the obvious precip-
itation and flotage can be observed for rGO aqueous solution. In contrast,
the rGO/GQDs composite forms a homogeneous and stable suspension in
Fig. 3. (a) Photographs of GQDs, rGO and rGO/GQDs aqueous solutions from left to ri
isotherms (d) of the rGO and rGO/GQDs. CA test images of rGO (e) and rGO/GQDs com
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aqueous solution without agglomeration, suggesting that the introduction
of GQDs significantly reduces the hydrophobic rGO surface exposed to
water [29]. Therefore, the rGO/GQDs can be stably dissolved in water.
ght. UV–vis absorption spectra (b), FTIR spectra (c) and N2 adsorption-desorption
posite (f).
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The reduction degree of rGO and composition change of rGO/GQDs
dispersion can be monitored by UV–vis absorbance spectroscopy. In
Fig. 3b, rGO exhibits a dominant absorption peak at 271 nm, suggesting
that graphene oxide has been reduced by hydrazine hydrate and rGO
sheets maintain the sp2 carbon structure during dispersing processes.
There is a prominent absorption peak centered at 266 nm for the
rGO/GQDs dispersion, which is an indication of the adsorption of
GQDs on rGO sheets [30].

Fig. 3c presents the FTIR spectra of rGO and rGO/GQDs, which can di-
rectly reveal the chemical bonds of rGO and rGO/GQDs. The absorption
peaks at 1080, 1640, 3440 and1429 cm−1 can be attributed to the
modes of CO, CC, OH stretching vibrations and CH bending vibration, re-
spectively. For rGO, the presence of CC bonds indicates that graphene
oxide is reduced by hydrazine hydrate. Meanwhile, the presence of CO
and OH bonds suggests that the oxygen-containing groups have been in-
completely removed from the carbon backbone of rGO. Compared with
rGO, the intensities of rGO/GQDs absorption peaks keep almost un-
changed, indicating that the sp2 carbon structure of rGO maintains un-
changed during the GQDs adsorption processes. XPS measurements
have been employed to further study the contents of carbon and oxygen
in the rGO and rGO/GQDs quantitatively. As shown in Fig. S2
(Supporting Information), two peaks at 285 and 535 eV correspond to
the C1s and O1s, respectively. The content of oxygen for rGO and rGO/
GQDs is ca. 7.03% and 17.01%, respectively. And the ratio of O/C of
rGO and rGO/GQDs is 0.08 and 0.20, respectively. Compared with rGO,
the increase of O/C ratio for rGO/GQDs may be derived from the
oxygen-containing functional groups of GQDs, which is beneficial to ef-
fectively increase the wettability between electrolyte ions and the rGO
as electrode materials. As shown in Fig. S3 (Supporting Information),
the C1s spectra of the rGO and rGO/GQDs can be well fitted with C-
C/C=C (284.76 eV), CO (285.45 eV), and CO (287.12 eV) [18]. The
O1s spectra can be fitted into two peaks at 531.42 and 533.16 eV, corre-
sponding to CO and C-OH/C-O-C, respectively [18]. Compared with rGO,
the contents of CO and C-OH/C-O-C of rGO/GQDs comparatively in-
crease, which are considered to make a contribution to the diffusion-
controlled behaviors.

Fig. S4 (Supporting Information) displays the Raman spectra of GO,
rGO, and rGO/GQD composites. It can be seen that the D band at
1360 cm−1 is ascribed to structural defects, and G band at 1600 cm−1 is as-
sociatedwith the sp2 carbon structure. The ID/IG ratio of GO and rGOare ca.
0.94 and 0.91, indicating that the reduction of GO sheets. Compared with
that of rGO, the values of ID/IG for rGO/GQD (3:3) is ca. 0.86, suggesting
the increase of the graphitic degree and themaintain of sp2 carbon structure
during the adsorption of GQDs.

Fig. 3d shows the N2 adsorption-desorption isotherms of the rGO and
rGO/GQDs. As shown in Fig. 3d, the rGO and rGO/GQDs exhibit specific
surface area of 133.6m2 g−1 and 155.0 m2 g−1, respectively. The specific
surface area of rGO/GQDs is enhanced due to the anchoring of GQDs.
The typical IV isotherm characteristics with a wide hysteresis loop can be
observed. It should be noted that the rGO/GQDs composite has strong ad-
sorption below the relative pressure of P/P0 = 0.5, suggesting a feature
of micropore filling of rGO/GQDs. Fig. S5 (Supporting Information) dis-
plays the pore size distribution of rGO and rGO/GQDs, these pores with a
narrow distribution range from 2 to 4 nm, and the microspores of rGO/
GQDs increases significantly after the decoration with GQDs, which can fa-
cilitate the electron transfer in the rGO/GQDs electrode.

To evaluate the wettability, the CA tests of rGO and rGO/GQDs compos-
ite are implemented, as shown in Fig. 3e and f. The CAof awater droplet on
the rGO and rGO/GQDs composite is 51.23 and 20.02 degrees, respec-
tively. These results demonstrate that the rGO/GQDs composite exhibits
the improved wettability compared with rGO.

3.2. Electrochemical behaviors

In order to study electrochemical behaviors of rGO/GQDs composite,
the electrodes are prepared by changing the mass ratio of GQDs to rGO
5
152
from 3:0 to 3:3. Fig. 4a displays the CV curves of rGO/GQDs electrodes at
80 mV s−1. A relatively ideal rectangular shape without obvious redox
peaks can be observed, demonstrating that rGO/GQDs electrodes exhibit
ideal electric double-layer capacitive behaviors [19]. With the increase of
the mass ratio of rGO/GQDs from 3:0 to 3:3, the area enclosed by the CV
curves enhances nearly two times, suggesting that the high specific capaci-
tance can be obtained from the composites with highmass ratio. This result
demonstrates that the GQDs play an important role in improving Cs of rGO.
The enhanced electrochemical performance of the composite can be ex-
plained as the following: (i) The GQDs can increase the contact interface
of rGO/GQDs, resulting in fast ion transport for the electrochemical charge
storage [31]. (ii) After the introduction of GQDs, the sandwich-like struc-
ture of rGO/GQDs reduces the internal resistance of the composite, leading
to the enhanced specific capacitance of rGO/GQDs electrode.

Fig. 4b showsGCD curves of rGO/GQDs electrodes at 0.5 A g−1. The tri-
angle type shape without obvious potential drop can be obtained from all
GCD curves, indicating that these electrodes have low internal resistance
and good reversibility during the charge/discharge process [32]. The calcu-
lated specific capacitance is 132, 181, 226, and 312 F g−1 for the rGO/
GQDs electrodes with the mass ratio of 3:0, 3:1, 3:2, and 3:3, respectively.
The calculated specific capacitance at different current densities is shown
in Table S1 (Supporting Information). The higher ratios than 3:3 were
also prepared by changing mass ratios of GQDs to rGO from 3:4 to 3:5.
The CV curves at different scan rates and GCD curves at different current
densities of rGO/GQDs (3:4) and rGO/GQDs (3:5) are displayed in
Fig. S8. From the GCD curves, the calculated Cs of rGO/GQDs (3:4) and
rGO/GQDs (3:5) electrode is 264 and 205 F g−1 at 0.5 A g−1, respectively.
With the increase of rGO/GQDsmass ratio from 3:0 to 3: 5, a significant im-
provement of the specific capacitance can be obtained, and the maximum
specific capacitance is obtained from rGO/GQDs (3:3) (312 F g−1), which
is due to that more GQDs acting as spacers provide more access for the
transportation of electrons into the interlayer of rGO sheets. More GQDs
will result in the reduction of Cs, which may be attributed to the lower ex-
posed active surface of GQDs than rGO. Compared to the reported results
of Cs based on rGO/GQDs composite, this work shows higher Cs [19,20].
And the electrochemical performance of the rGO/GQDs composite has
been also compared with other graphene-based carbon composites re-
ported recently, the results are shown in Table S2 (Supporting Informa-
tion). The enhanced supercapacitive performance of rGO/GQDs is mainly
attributed to the sandwich-like structure of rGO/GQDs composite, which
can not only increase the electron conductivity of the electrode, but also
overcome the resistance of the charge storage, and thus greatly facilitates
electron transfer of the rGO/GQDs electrodes. Fig. S6 (Supporting Informa-
tion) displays the CV curves at different scan rates and GCD curves at differ-
ent current densities of GQDs. From the GCD curves, the calculated Cs of
GQDs electrode is 41.1 F g−1 at 0.5 A g−1. These specific capacitance
values are lower than those of rGO without the GQDs.

To further study the electrochemical properties of rGO/GQDs elec-
trode in detail, the CV and GCD curves are measured as in Fig. 4c,
Fig. 4d, Fig. S7, and Fig. S8 (Supporting Information). Fig. 4c presents
the representative CV curves of rGO/GQDs composite with a mass ratio
of 3:3 in 1 M H2SO4 solution at different scan rates. With the increase
of scan rate, CV curves remain a rectangular shape without obvious devi-
ation, indicating excellent reversibility and fast charge transfer capability
of rGO/GQDs electrode [33]. Fig. 4d gives the GCD curves of rGO/GQDs
with mass ratio of 3:3 at different current densities, the triangle type
shape without obvious potential drop can be observed from all the GCD
curves, suggesting that the rGO/GQDs electrode has ideal capacitor be-
haviors and high coulombic efficiency [34]. Meanwhile, the GCD curves
are symmetric during the charge and discharge cycles at different current
densities, indicating the high reversibility and excellent capacitive charac-
teristic of rGO/GQDs electrode [35]. The calculated Cs of rGO/GQDs elec-
trode is 312, 296, 284, 267, and 254 F g−1 at 0.5, 1, 2, 5, and 10 A g−1,
respectively. Cs of 254 F g−1 (81.4% retention) is preserved when the
current density is increased 20-fold, demonstrating the good rate capabil-
ity of rGO/GQDs electrode. The excellent rate performance of rGO/GQDs



Fig. 4. (a) CV and (b) GCD curves of rGO/GQDs electrodes with mass ratio = 3:0, 3:1, 3:2, and 3:3 at 80 mV s−1 and 0.5 A g−1, respectively. (c) CV and (d) GCD curves of
rGO/GQDs (3:3) electrode. (e) Nyquist plots of rGO/GQDs electrodes. Inset: an expanded view in the region of high frequencies and an equivalent circuit model. (f) Plot of the
impedance phase angle versus the frequency for rGO/GQDs. (g) Preserved Cs of rGO/GQDs electrode after 10,000 charge/discharge cycles. Plot for the dependence of q−1

on v 1/2 (h) and q on v −1/2 (i) for rGO/GQDs at different mass ratios.

H. Hao et al. Journal of Electroanalytical Chemistry 878 (2020) 114679
composite can be ascribed to its unique sandwich-like structure, which
provides more spaces for the rapid charge/ion transfer.

Electrochemical impedance spectrometry is an informative technique to
evaluate the internal resistance of the electrodes system. Themeasurements
of rGO/GQDs electrodes with different mass ratios are performed from
100 kHz to 0.01 Hz. Fig. 4e displays the Nyquist plots of rGO/GQDs elec-
trode with mass ratios of 3:0 and 3:3. It can be observed that all the plots
of rGO/GQDs electrode present the straight lines in the low-frequency re-
gion. Moreover, for rGO/GQDs (3:3) electrode, it is nearly paralleled to
the imaginary impedance axis, which indicates that the rGO/GQDs elec-
trode with high mass ratio (3:3) exhibits good capacitive behavior
[22,36]. The inset is an equivalent circuit model of the experimental data,
whereRs,Rct, Zw andC1 is equivalent series, charge transfer resistance,War-
burg impedance, and capacitance, respectively [37]. In the high-frequency
region, the intersections with the real axis represent Rs. Rs values of rGO/
GQDs electrodes with mass ratios of 3:0 and 3:3 is ~0.80 and 0.89 Ω, re-
spectively, which indicates the good contact between the graphite foil
and rGO/GQDs. Rct value of the rGO/GQDs 3:0 and 3:3 corresponds to
1.62 and 0.76 Ω, respectively, suggesting the excellent electrons mobility
of rGO/GQDs (3:3), which can be attributed to the reduction of agglomer-
ation among the rGO after the introduction of enough GQDs. In the Bode
plot, it is well-known that the closer the phase angle approaches 90° at
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low frequencies, the more excellent capacitor behavior of electrode mate-
rial can be obtained. From the bode phase diagrams (Fig. 4f), the phase an-
gles of rGO/GQDs (3:0) and rGO/GQDs (3:3) are 79.85 and 80.10 degrees
at 0.01 Hz, respectively, which indicates an almost full double layer capac-
itor behavior. A further comparison of the frequency response of the rGO/
GQDs (3:0) and rGO/GQDs (3:3) can be made by analyzing the relaxation
time constant (τ0), which is calculated by the equation of τ0 = 1/ f0, in
which f0 is the frequency at the angle of 45°. The calculated τ0 of rGO/
GQDs (3:0) and rGO/GQDs (3:3) are 1.35 s and 0.90 s, respectively. The
small relaxation time constant of the rGO/GQDs (3:3) reveals the high-
power response of the electrode material, which further confirms the fast
diffusion of electrolyte ions on the surface of rGO/GQDs electrode.

Fig. 4g displays the preserved Cs of rGO/GQDs electrodes after
10,000 cycles at 1 A g−1. The Cs retention is 75%, 80%, 92% and 93%
for the rGO/GQDs electrodes with mass ratio of 3:0, 3:1, 3:2, and 3:3, re-
spectively. This result indicates that the rGO/GQDs electrode shows very
stable energy-storage performance in repetitive charge-enhanced
supercapacitive performances.

In order to study the synergistic effect between rGO and GQDs for
the enhanced electrochemical performances of rGO/GQDs, it is necessary
to quantify the relative contributions from double-layer capacitive beha-
vior (Cdl) and diffusion-controlled capacitance (Cd). The total specific



Fig. 5. (a) CV curves of AC and rGO/GQDs (3:3) electrode performed in three-electrode systemat 60mV s−1. (b) CV curves of rGO/GQDs//ACASC performed under different
potentialwindows at 100mV s−1. (c) GCD curves of rGO/GQDs//ACASC at different current densities. (d) CV curves of rGO/GQD//ACASC. (e) PreservedCs of rGO/GQDs//
AC ASC at 5 A g−1. (f) Ragone plots of rGO/GQDs//AC ASC. The inset: photograph of light-emitting diode powered by two rGO/GQDs//AC ASCs.
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capacitance (CS, T) is the combination of Cdl and Cd, which can be evaluated
by varying the scan rates. Fig. 4h and i present the point diagrams of q−1 vs
v 1/2 and q1 vs v −1/2, which are obtained by linear fitting the data point of
rGO/GQDs at different scan rates. The total voltammetric charge (qT) is cal-
culated by extrapolation of qT to v= 0 from the plot of q−1 vs v 1/2, the qdl
can be obtained from the extrapolation of v=∞ from the plot of q vs v−1/2.
qp is calculated from the difference between qT and qdl. Furthermore, the
values of CS, T, Cdl, and Cd can be obtained through charge divided by the
potential window of CV. All the values are shown in Table S3. The Cd con-
tribution is mainly attributed to the slight oxygen-containing functional
groups in the rGO and GQDs, and the Cdl contribution is related to rGO it-
self. With the increase of rGO/GQDs mass ratio from 3:0 to 3:3, all the elec-
trodes show a low Cd contribution ratio of about 30%, indicating that the
number of GQDs does not significantly change the Cd contribution. By com-
parison, with the increase of rGO/GQDsmass ratio, the Cdl increases signif-
icantly from 97.3 to 249.1 F g−1

, suggesting that the number of GQDs
effectively improves the capacitance contribution of rGO. The rGO sheets
provide spaces for the adsorption of GQDs, and the adsorbed GQDs can im-
prove the space utilization of rGO interlayer. Therefore, the introduction of
GQDs effectively prevents aggregation and restack of rGO sheets, promot-
ing the rGO surface exposure for sufficient contact with the electrolyte,
which can provide more access for the transportation of electrons in the in-
terlayer of rGO sheets. Consequently, the rGO/GQDs electrodes exhibit ex-
cellent supercapacitor performances by the effective synergistic effect
between rGO and GQDs.

To further investigate the supercapacitor properties of the rGO/GQDs
composite in practical applications, the rGO/GQDs//AC ASC is fabricated.
Fig. 5a presents the CV curves of AC and rGO/GQDs (3:3) electrode at
60 mV s−1. AC and rGO/GQDs electrodes work in the potential range
from−0.8 to 0 V and from−0.2 to 0.8 V, respectively. It can be concluded
that the ASC potential extends up to 1.6 V. Fig. 5b shows CV curves of rGO/
GQDs//AC ASC performed with diverse working potential at 100 mV s−1.
The ideal rectangular shapewithout obvious peaks can be obtained from all
the CV curves, suggesting a wide potential window and good reversibility.
Fig. 5c displays the GCD curves of the ASC at various current densities. The
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linear slope and triangle shape can be observed for all the GCD curves,
suggesting the good reversibility and good rate capability of the
supercapacitor. Fig. S9 (Supporting Information) displays the GCD curves
of the ASC with the potential window increasing from 0.8 to 1.6 V. The
GCD curves are symmetric at work potential as high as 0–1.6 V at 2 A g−1,
demonstrating the ideal capacitive behavior and high reversibility of the
rGO/GQDs//AC ASC. Fig. 5d displays the typical CV curves of the ASC.
All CV curves show an ideal rectangular shape, indicating the fast charge
transport and good capacitive characteristics of the supercapacitor. Fig. 5e
shows the cycling performance of the ASC. It can be seen that 91.6% of Cs

retention at 5A g−1 can be obtained after 10,000 cycles. The good cycling
stability can be attributed to the reduction of agglomeration among the
rGO after the introduction of GQDs. Fig. S10 (supporting information)
shows the Nyquist plots for rGO/GQD//AC ASC, the inset is an expanded
view in the region of high frequencies. It can be observed that the plots of
rGO/GQD//AC ASC present the straight lines in the low-frequency region,
which indicates that the rGO/GQD//AC ASC exhibits good capacitive be-
havior. Fig. 5f displays the Ragone plots of rGO/GQDs//AC ASC, together
with the illuminated light-emitting diodes powered by two rGO/GQDs//
AC ASCs, as shown in the inset of Fig. 5f. Two rGO/GQD//AC ASC can
light up light-emitting diodes for 20 s. The energy and power density of
rGO/GQDs//AC ASC are 22.2 W h kg−1 and 500 W kg−1, respectively.
These results are higher than the previous reports, such as PVA-GQD-
Co3O4/PEDOT composite(16.6 W h kg−1 at 2396.99 W kg−1) [38], 3D
graphene/polymer composite (16.5 W h kg−1 at 401.2 W kg−1) [39],
MnO2/MnCO3/rGO composite (13.57 W h kg−1 at 3200 W kg−1) [40],
PVA-GQD/PEDOT composite (15.62 W h kg−1 at 495 W kg−1) [41], and
G-PNF composite (16.7Wh kg−1 at 1100Wkg−1) [42]. Thus, these results
of our work demonstrate that the rGO/GQDs composite could be a promis-
ing material in electrochemical capacitors for energy storage applications.

4. Conclusions

In summary, the rGO sheets decorated with GQDs with an average size
of ~3.6 nm have been fabricated by a facile low-power ultrasonic method.
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The surface engineering strategy proposed here contributes to a higher spe-
cific capacity, an excellent rate capability and stability for both electrode
and whole device evaluation. It also suggests that the Cdl of rGO materials
can be improved effectively through the synergistic effect between rGO
and GQDs, as GQDs effectively prevent the aggregation of rGO sheets,
and improve thewettability of rGO surface. These changes providemore ef-
ficient pathway for the transportation of electron among the interlayers of
rGO sheets. This work highlights the importance of surface engineering
strategies not only for supercapacitor electrodes but also a general optimi-
zation process for other energy storage materials.
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We present an interesting dynamical temporal localization of a strongly driven two-level system (TLS), a
plateau with quantized oscillation, by an analytical and transparent method, the counter-rotating-hybridized
rotating-wave (CHRW) method. This approach, which is based on unitary transformations with a single parame-
ter, treats the rotating and counter-rotating terms on equal footing. In the unitarily transformed representation, we
find that it is the multiple-harmonic terms shown in the transformed Hamiltonian that make a crucial contribution
to the generation of the exotic plateau phenomenon. By comparing the results of the numerically exact calculation
and several other methods, we show that the CHRW results obtained by analytical formalism involving the
collective effects of multiple harmonics are in good agreement with the numerical results, which illustrates
not only the general tendency of the dynamical evolution of strongly driven TLS, but also the interesting
phenomena of plateaus. The developed CHRW method reveals two kinds of plateau patterns: zigzag plateau
and armchair plateau, and quantitative analysis is given to comprehensively describe the features of the plateau
phenomenon. The plateau phenomenon has a periodical pattern whose frequency is double the driving frequency,
and possesses quantized oscillations, the number of which has a certain, precise value. Also, fast oscillation is
produced on every plateau that is determined by the relevant driving parameters of the TLS. Our main results
are as follows: (i) in the large-amplitude oscillatory case, it turns out that the collective effects of all even
harmonics contribute to the generation of zigzag plateau with quantized oscillation, and the general tendency
of evolution coincides with the result of the original CHRW method because of a linear trend of the phase
function; (ii) in the small-amplitude oscillatory case, the dynamics of the coherent destruction of tunneling under
strong driving is exactly exhibited by including the odd-harmonic effect, which offers an attractive dynamical
pattern, namely, armchair plateau possessing a two-stair structure rather than the complete destruction. Besides,
the characteristics of the plateau (position, frequency, the envelope, and number of quantized oscillations) are
revealed by our analytical formalism. Both of the dynamical patterns are of great interest to strongly driven
physics in the ongoing research on driven TLS systems.

DOI: 10.1103/PhysRevA.102.053703

I. INTRODUCTION

The dynamics of driven quantum systems is an intriguing
component of quantum physics, which enjoys a long history
of both experimental and theoretical research [1–3]. Among
these numerous investigations, two-level systems (TLSs),
which attract the researchers in nearly every field for its sim-
plicity, have been widely used to explore and demonstrate the
fantastic phenomena of quantum physics. With the progress of
experimental technology, many TLSs and some variants have
received much attention in recent decades, such as TLSs with
relaxation [4–10], TLSs coupled to bosons [2,11–15], driven
dissipative TLSs [16,17], periodically driven qutrit [18–21],
etc. Of these systems, the simplest and widely investigated one
is the Rabi model [22], which in the localized representation

*zglv@sjtu.edu.cn; hzheng@sjtu.edu.cn

is written as (h̄ = 1)

H (t ) = −�

2
σx − A

2
cos(ωt )σz

= −�

2
σx − A

4
(e−iωtσ+ + eiωtσ−)

− A

4
(eiωtσ+ + e−iωtσ−), (1)

where σx,(y,z) is Pauli matrix, σ± = (σz ± iσy)/2, � is tun-
neling frequency independent of time, and A cos(ωt ) is a
harmonic driving field with amplitude A and frequency ω. The
last two terms in Eq. (1) represent the counter-rotating (CR)
couplings. On the other hand, the Rabi model has been utilized
and illustrated by experiments [23–25]. These experimental
progresses substantiate the effectiveness of the TLS models,
and inspire the further development of theoretical techniques
to give reasonable exposition for novel dynamics in a broader
parameter regime. Especially, when the driving amplitude A
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is comparable to or even larger than the tunneling frequency
�, i.e., the driving parameter is in strongly or ultrastrongly
driving regimes, the driven systems that have been realized
in flux and spin qubits, generate novel dynamical phenomena
[26–29].

A lot of methods have been introduced to study the dy-
namics of the Rabi model and improved for the past 80 years
[22,30–34], aiming to give a valid approximate analytical
solution to depict major dynamical characteristics and phe-
nomena of interest. The Rabi rotating-wave approximation
(RWA) method [22], which is regarded as the initial method
to analytically solve the dynamical evolution of the TLS, has
been applied and developed for many years. However, it is
a basic fact that the Rabi-RWA method breaks down in the
strong driving regime or off-resonant situation since the CR
terms can not be neglected in comparison with the rotating
one. Actually, many interesting phenomena are attributed to
the contribution of CR terms, such as coherent destruction of
tunneling (CDT) [35–37], Bloch-Siegert (BS) shift [38–40],
quantum Zeno effect [41], etc. Therefore, various methods
sprang up in order to improve the analytical results in some
parameter regime and offer perspectives to discover the in-
sight of these significant phenomena, such as the ad hoc
RWA treatment [42], Floquet theory [43,44], transfer-matrix
approach [42,45], etc.

Over all of the advanced approaches, it is worth em-
phasizing the efficacy of the counter-rotating-hybridized
rotating-wave method (CHRW method) [46], which has been
extensively utilized in many researches [47–54]. In compari-
son with the classical Rabi-RWA method, it takes the effects
of the CR terms into consideration by a unitary transfor-
mation, which results in the RWA mathematical formalism
applicable to both the far off-resonant situation (� � ω or
� � ω) and the intermediate-strong driving strength case.
Although, in the strong driving case, the original CHRW
method demonstrates the accurate frequency of the overall
oscillatory evolution, it cannot give a detailed local pattern of
the dynamical evolution, such as a dynamical phenomenon,
termed as “plateau with quantized oscillation”.

Plateaus with quantized oscillation, named in this work, are
an intriguing dynamical pattern and its intrinsic mechanism
is not clearly demonstrated until now though it was noticed in
previous work [55,56]. This stunning phenomenon happens
under the strong driving condition. The particular dynamical
pattern consists of plateaus periodically occurring with the
double frequency of the driving field, and fast oscillation with
a certain period number in each plateau. Although the original
CHRW method could predict the accurate frequency of the
overall oscillatory evolution, it ignores some local oscillatory
property that strongly driven TLSs possess. A possible reason
for the failure to account for this phenomenon is that the
original CHRW Hamiltonian does not take into account
higher order harmonics, as shown in the harmonic expansion
of Hamiltonian in the interaction picture. Therefore, an
improved method needs to be introduced to serve as a bridge
between the multiple-harmonic effect and the intriguing
plateau phenomenon.

The aim of our work is to reveal the relation of this plateau
phenomenon to the multiple harmonics. Based on the sim-
plest form of the TLSs shown in Eq. (1), we develop the

CHRW method, which is realized by applying another unitary
transformation to the modified Hamiltonian of the original
CHRW method in Ref. [46]. The improved method, named
as the CHRW2 method in this work, has an extraordinary
performance in a much wider parameter regime than before,
especially on the strong driving condition. From the view-
point of the formalism of the CHRW2 method, the plateau
phenomenon of large-amplitude oscillatory dynamics is de-
termined by the even-harmonic effect naturally. Besides, the
concise form of the analytical solution provides further quan-
titative discussion about dynamical structures of the plateau,
and emphasizes the important collective role of all the even-
harmonic terms on the evolution of strongly driven TLS.

On the other hand, the CDT phenomenon, which points
out the magical destruction of the TLS dynamics under the
control of specific driving parameters, is presented by an al-
ternative and general explanation in this work. Instead of the
traditional recognition, completely frozen dynamics without
any deviation from the initial state, the CDT exhibits actually a
complex structure. The occupation probability oscillates peri-
odically between two kinds of plateaus close to each other, and
quantized oscillation with small amplitude is also shown on
each plateau. From the CHRW method, it would be clear for
us to illustrate that the even-harmonic effect diminishes under
the CDT condition and the odd-harmonic effect establishes
dominance over the dynamics. Additionally, analogous anal-
ysis offers the quantitative features of the plateau structure,
which presents the advantage of this analytical method.

The structure of the paper is organized as follows: In
Sec. II, we improve the original CHRW method in Ref. [46]
by applying two unitary transformations successively to the
Hamiltonian of the Rabi model, and derive analytical results
of 〈σx(t )〉, 〈σy(t )〉 and 〈σz(t )〉, which exhibit the even-
harmonic effect in the strong driving regime. Then in Sec. III,
we demonstrate the effectiveness of the CHRW2 method by
comparing with the results of the numerically exact method,
the original CHRW and Rabi-RWA methods, and illustrate the
intriguing phenomenon of plateau with quantized oscillation
in the time evolution. Finally, we give quantitative results
of some physical quantities describing the plateau dynamics.
In Sec. IV, we obtain an effective Hamiltonian by utilizing
the CDT condition under strong driving condition. Then we
present another kind of plateau phenomenon that exhibits the
odd-harmonic effect and provide detailed quantitative analysis
of the plateau. In Sec. V we give the conclusion of this paper.

II. COUNTER-ROTATING-HYBRIDIZED
ROTATING-WAVE METHOD

To give a more complete physics on strong driving, in
this section we attempt to improve the CHRW method with
unitary transformations. We illustrate an important dynamical
phenomenon, i.e., a plateau structure with quantized oscilla-
tion. Meanwhile, we demonstrate the significant underlying
reasons, the effect of the even-harmonic processes, on this
kind of dynamical pattern.

A. CHRW Hamiltonian

In order to investigate the effect of the multiharmonic pro-
cess on the dynamics, we apply the unitary transformations to

053703-2
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the Rabi model and obtain an effective Hamiltonian. More im-
portantly, the even-harmonic processes are taken into account
to analytically resolve the dynamics under strong driving con-
dition. �(t ) is defined as the corresponding wave function
of the TLS satisfying the Schrödinger equation i d

dt �(t ) =
H�(t ). By the unitary transformation with a generator S [46],
the Schrödinger equation becomes i d

dt �
′(t ) = H ′�′(t ), where

�′(t ) = eS�(t ) and

H ′(t ) = eSH (t )e−S − ieS de−S

dt
. (2)

Now we apply two unitary transformations to the Rabi model
in succession, and the generators are

S1 = −i
A

2ω
ξ sin(ωt )σz, (3)

S2 = −i
∞∑

k=1

�J2k
(

A
ω
ξ
)

2kω
sin(2kωt )σx, (4)

where ξ is a parameter determined later and J2k ( A
ω
ξ ) is the

2k-order Bessel function of the first kind. Then we can get the
transformed Hamiltonian as follows:

H1(t ) = eS1 H (t )e−S1 − ieS1
de−S1

dt

= −�

2
J0(�)σx − �

∞∑
n=1

J2n(�) cos(2nωt )σx

−�

∞∑
n=1

J2n−1(�) sin[(2n − 1)ωt]σy

− A

2
(1 − ξ ) cos(ωt )σz, (5)

H2(t ) = eS2 H1(t )e−S2 − ieS2
de−S2

dt

= −�

2
J0(�)σx − �

∞∑
n=1

J2n−1(�) sin [(2n − 1)ωt]

×
{

cos

[ ∞∑
k=1

Xk sin(2kωt )

]
σy

+ sin

[ ∞∑
k=1

Xk sin(2kωt )

]
σz

}

−A

2
(1 − ξ ) cos(ωt )

{
cos

[ ∞∑
k=1

Xk sin(2kωt )

]
σz

− sin

[ ∞∑
k=1

Xk sin(2kωt )

]
σy

}
, (6)

where Xk = �J2k (�)/kω and � = Aξ/ω. It is obvious to see
the expansion of Eq. (5) according to the orders of the har-
monics: zeroth harmonic (zero-ω term), even harmonics (2nω

terms, n = 1, 2, · · ·) and odd harmonics ((2n − 1)ω terms,
n = 1, 2, · · ·). In Eq. (5), the second term consists of all even
harmonics, while the last two terms includes all odd harmon-
ics. Since the product of odd harmonics and even harmonics of

the cos or sin factor happens in the last two terms of Eq. (6),
it leads to odd harmonics in H2. Thus, after the successive
two unitary transformations, H2(t ) is composed of zeroth and
all odd harmonics. In other words, we have removed all even
harmonics (n � 2). This is a key point of this work. Until
now, no approximation has been made, the information of all
harmonics are complete.

In the following treatment, we divide the Hamiltonian H2

into two parts H2 = HCHRW2 + H ′, HCHRW2 keeps the zeroth
and first harmonics of the transformed Hamiltonian (nω, n =
0, 1).

HCHRW2 = −�

2
J0(�)σx − �J1(�)

∞∏
k=1

J0(Xk ) sin(ωt )σy

− A

2
(1 − ξ )

∞∏
k=1

J0(Xk ) cos(ωt )σz, (7)

and H ′ = H2 − HCHRW2. Apparently, H ′ includes all higher-
order odd harmonics (3ω, 5ω, ...) generally accompanying the
higher-order Bessel functions.

All higher-order odd harmonic terms in H ′ that correspond
to multi-harmonic processes in the unitarily transformed pre-
sentation are neglected since they cause little variation during
the integral with regard to a long period, which is numerically
proved in the next section. Then we choose a proper param-
eter ξ so that the coefficients of the counter-rotating terms
σ+ exp(iωt ) and σ− exp(−iωt ) in Eq. (7) become zero, which
gives

A

2
(1 − ξ ) − �J1(�) = 0. (8)

Thus we obtain the reformulated rotating-wave Hamiltonian,

HCHRW2 = −�̃

2
σx − Ã

4
(e−iωtσ+ + eiωtσ−). (9)

Here, �̃ and Ã are renormalized tunneling strength and renor-
malized driving strength, which read

�̃ = �J0

(A

ω
ξ
)
, (10)

Ã = 2A(1 − ξ )
∞∏

k=1

J0(Xk ), (11)

respectively. This is called the counter-rotating-hybridized
rotating-wave method. It is obvious that the CHRW Hamilto-
nian possesses the same mathematical structure as the RWA
one except for those modified physical quantities. In order
to calculate dynamical quantities of the CHRW Hamiltonian
shown in Eq. (9), we acquire the well-known RWA results. To
distinguish the present CHRW Hamiltonian in Eq. (9) from
that introduced in the CHRW method [46], we denote the
original CHRW Hamiltonian in Ref. [46] as CHRW1, and
the present Hamiltonian in Eq. (9) as CHRW2 in the follow-
ing. Actually, when Xk = 0, the CHRW2 immediately returns
to the CHRW1, which indicates that the CHRW2 method
works well in the valid parameter region of the CHRW1 [46].
More importantly, by applying the second transformation to
H1 in Eq. (5), we have taken into account the effect of all
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FIG. 1. The value of ξ as functions of ω/� and A/ω, which is
determined by Eq. (8).

even-harmonic terms. Therefore, the CHRW2 method can be
used to investigate the physics of strong driving and may
reveal the “even-harmonic” collective effect.

For the parameter regime of interest A � ω and � ∼ ω,
one immediately obtains ξ ∼ 1 which is illustrated in Fig. 1.
Then, one gets

Xk = �J2k (�)

kω
−→ �

kω

√
2ω

πAξ
cos

(
A

ω
ξ − kπ − π

4

)
� 1.

(12)

Thus, Jn(Xk ) � 1 (n 
= 0). Consequently, it is reasonable to
simplify Eq. (6) with the drop of H ′ to Eq. (7). We ignore
all higher harmonics in the sums of coefficients of σz and σy

involved in the product of multiple higher order Bessel func-
tions, because the value of Bessel function decreases rapidly
when its order increases.

B. Physical quantities

Similar to the mathematical formalism of the RWA
method, one can find an exact solution of the Schrödinger
equation with the Hamiltonian in Eq. (9). Supposing �(t =
0) = (1

0) without loss of generality, one obtains �(t = 0) =
�′(t = 0) because of the generator S(t ) proportional to sinu-
soidal function sin(ωt ), and

�′(t ) = 1√
2

c1(t )

(
1
1

)
+ 1√

2
c2(t )

(
1

−1

)
, (13)

c1(t ) = e
iωt
2

[
1√
2

cos

(
	̃Rt

2

)
+ i

Ã
2 − δ̃√

2	̃R

sin

(
	̃Rt

2

)]
, (14)

c2(t ) = e− iωt
2

[
1√
2

cos

(
	̃Rt

2

)
+ i

Ã
2 + δ̃√

2	̃R

sin

(
	̃Rt

2

)]
,

(15)

where δ̃ = ω − �̃, 	̃R =
√

δ̃2 + Ã2/4. In this representation,
one can easily calculate the average values of σx, σy, and σz,

X ′ = 〈�′(t )|σx|�′(t )〉 = − Ãδ̃

	̃2
R

sin2

(
	̃Rt

2

)
, (16)

Y ′ = 〈φ′(t )|σy|�′(t )〉

= sin(ωt )

[
cos2

(
	̃Rt

2

)
+

(
Ã
2

)2 − δ̃2

	̃2
R

sin2

(
	̃Rt

2

)]

− δ̃

	̃R
cos(ωt ) sin (	̃Rt ), (17)

Z ′ = 〈�′(t )|σz|�′(t )〉

= 1 − 2

{[
Ã

2	̃R
sin

(
	̃Rt

2

)
sin

(
ωt

2

)]2

+
[

cos

(
	̃Rt

2

)
sin

(
ωt

2

)

− δ̃

	̃R
sin

(
	̃Rt

2

)
cos

(ωt

2

)]2
}

, (18)

respectively. To acquire the average values of the physical
quantities in the laboratory representation, one obtains

X = 〈�(t )|σx|�(t )〉 = 〈�′(t )|eS2 eS1σxe−S1 e−S2 |�′(t )〉, (19)

Y = 〈�(t )|σy|�(t )〉 = 〈�′(t )|eS2 eS1σye−S1 e−S2 |�′(t )〉, (20)

Z = 〈�(t )|σz|�(t )〉 = 〈�′(t )|eS2 eS1σze
−S1 e−S2 |�′(t )〉. (21)

One can see that the average values in the laboratory represen-
tation can be expressed by those in the unitarily transformed
representations under a linear transformation,

⎛
⎝X

Y
Z

⎞
⎠ = T ′

⎛
⎝X ′

Y ′
Z ′

⎞
⎠, (22)

T ′ =

⎛
⎜⎝

cos[� sin(ωt )] sin[� sin(ωt )] cos[S je(ωt )] sin[� sin(ωt )] sin[S je(ωt )]

− sin[� sin(ωt )] cos[� sin(ωt )] cos[Sje(ωt )] cos[� sin(ωt )] sin[S je(ωt )]

0 − sin[S je(ωt )] cos[S je(ωt )]

⎞
⎟⎠, (23)

where

S je(ωt ) =
∞∑

k=1

�J2k (�)

kω
sin(2kωt ). (24)
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Assuming S je → 0, one obtains the transformation matrix in the CHRW1 method,

T =
⎛
⎝ cos[� sin(ωt )] sin[� sin(ωt )] 0

− sin[� sin(ωt )] cos[� sin(ωt )] 0
0 0 1

⎞
⎠. (25)

The physical quantities of the three methods (RWA,
CHRW1, and CHRW2) are shown in Table I. It is obvious to
see that both the CHRW1 and CHRW2 methods have modi-
fied the bare physical quantities into effective ones because of
the unitary transformations. In comparison with the CHRW1
method, the CHRW2 method, which takes the even-harmonic
effect into consideration, has different effective physical quan-
tities because of the unitary transformation Eq. (6). Moreover,
the dynamical quantities of interest are subject to linear trans-
formations in both the CHRW methods, and exhibits the
sophisticated physical picture of the driven TLS. Combining
modified physical parameters with transformations for the
observable physical quantities, we turn out that the CHRW
methods are superior to the RWA one because of their accurate
dynamics in a much broader parameter regime [46].

Although the CHRW2 method has the same parameter
equation as that of the CHRW1, it has an important reduced
factor

∏∞
k=1 J0(Xk ) in Ã, which makes adjustments towards

the general tendency in the time evolution. Furthermore, the
CHRW2 method, whose transformation matrix is equipped
with dressed factors resulting from the unitary transformation
S2, exhibits the even-harmonic effect that the CHRW1 does
not show. We will investigate this effect in the next section. It
is just the transformation of the CHRW2 method that reveals
an interesting plateau structure in the evolution of 〈σz(t )〉
under strong driving.

From Eqs. (21)–(23), one obtains the population dynamics
Z = 〈σz(t )〉,

Z = cos [S je(ωt )]

{
1 − 2

{[
Ã

2	̃R
sin

(
	̃Rt

2

)
sin

(
ωt

2

)]2

+
[

cos

(
	̃Rt

2

)
sin

(
ωt

2

)

− δ̃

	̃R
sin

(
	̃Rt

2

)
cos

(
ωt

2

)]2
}}

− sin[S je(ωt )]

{
sin(ωt )

[
cos2

(
	̃Rt

2

)
+

(
Ã
2

)2 − δ̃2

	̃2
R

× sin2

(
	̃Rt

2

)]
− δ̃

	̃R
cos(ωt ) sin

(
	̃Rt

)}
. (26)

TABLE I. The comparison of quantities for different methods.

Method RWA CHRW1 CHRW2

diving strength A 2A(1 − ξ ) 2A(1 − ξ )
∏

k J0(Xk )
Tunneling frequency � �J0

(
A
ω
ξ
)

�J0

(
A
ω
ξ
)

Transformation matrix Ia T T ′

aI denotes the identity matrix and T defined in Eq. (25) represents
the transformation matrix derived from the original CHRW method.

When S je(ωt ) → 0, one gets the 〈σz(t )〉CHRW1 of the CHRW1
method. The CHRW1 result shares the same form as that
of the RWA method, except for some renormalized physical
quantities. In contrast, the explicit expression of the CHRW2
method has taken into account the multiple even harmonics
with the key dressed factors cos(Sje) and sin(S je). As a result,
it leads to some interesting characters of driving dynamics.
The precise condition for the validity of the CHRW1 method
has been reported in Ref. [46]. Moreover, the CHRW2 method
can work in the parameter regime of the strong driving (A �
ω) as well as in the valid parameters of the CHRW1 method,
which is demonstrated in the next section.

III. EVEN-HARMONIC PROCESSES UNDER
STRONG DRIVING

In this section, the strongly driven dynamics of the
CHRW2 method by Eq. (26) are given in comparison with
those of other methods (the CHRW1, RWA, numerically exact
methods) to demonstrate the even-harmonics effects on dy-
namics. Meanwhile, we will explain the interesting characters
of the population dynamics 〈σz(t )〉.

A. Population dynamics

In strong driving cases an interesting dynamical pattern,
i.e., plateau dynamics with quantized oscillations happens. We
show the time evolution 〈σz(t )〉 of the CHRW2 method in the
resonance case (� = ω) for different strong driving strengths
in Figs. 2(a) and 2(b), and also give the results of other
methods for comparison. It is obvious to see that the CHRW2
method considering the even harmonic effect gives a zigzag
type plateau with small-amplitude quantized oscillation on
short time scale, which is a pronounced character of strong
driven dynamics. It not only shows a slow large-amplitude
oscillation but also illustrates periodic plateaus with an oscil-
latory frequency 2ω, which is exactly the same as that of the
numerical calculation. The agreement applies to all explored
cases. In the comparison of the CHRW1 result, we demon-
strate that the phenomenon periodic plateau of the TLS results
from the even-harmonic effect. It is clear to see that the RWA
method breaks down, of which the result deviates largely
from the numerically exact one. Actually, the dynamics of
the RWA always oscillates with an amplitude 〈σz〉Max = 1 and
a constant frequency nearly equal to ω. In contrast to the
numerically exact result, both the CHRW methods show a
correct general tendency of the 〈σz(t )〉 on a longer time scale.
Besides, quantized oscillations mean that the number of the
fast periodic oscillations on each plateau is a certain, precise
integer value. This kind of quantization is characterized by an
integer number corresponding to the fast periodic oscillation
on each plateau, which is discussed in the next subsection.

Moreover, we show the off-resonance case of 〈σz(t )〉 with
different tunneling frequencies for A/ω = 10 in Figs. 2(c) and
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FIG. 2. 〈σz(t )〉 as a function of dimensionless time ωt for A/ω = 10 and 13 in the on-resonance case (� = ω) shown in (a) and (b), and
the off-resonance case with A/ω = 10 for �/ω = 0.3, and 1.2 in (c) and (d), respectively. In each graph, the black line is the result of the
CHRW2 method obtained by Eq. (26).

2(d). When � = 0.3ω shown in Fig. 2(c), the results of the
CHRW2 demonstrate that 〈σz(t )〉 exhibits slower oscillation
as � decreases. The RWA method fails to give the correct
evolution while both of the two CHRW methods do accurately
provide the general tendency of the dynamics. Besides, the
plateaus illustrated by the CHRW2 result possess a certain
periodical pattern for the off-resonance condition. Hence, the
dynamical pattern of the plateaus turns out the improvement
of the CHRW2 beyond the CHRW1 method in the strong driv-
ing case. Likewise, when � is a bit larger than ω [� = 1.2ω

in Fig. 2(d)], it is obvious to see that the CHRW2 method still
performs well, demonstrating the profound efficiency of the
CHRW2 method in much wider parameter region.

Further, in order to examine the validity of the CHRW2
method, we also show the Fourier transform (FT) of the
〈σz(t )〉 of Fig. 2,

F (ν) =
∣∣∣∣
∫ ∞

−∞
dt〈σz(t )〉eiνt

∣∣∣∣, (27)

which is shown in Fig. 3. From the FT results, it is clear that
the values of discrete frequencies obtained by the CHRW2
method are in good agreement with the exactly numerical
results for all the peaks in each case. As the ratio of �/ω

increases, the frequency of the highest peak, which is corre-
sponding to the frequency |	̃R − ω|, increases, too. On the
other hand, as the driving strength increases, the frequency
of the main peak decreases. In order to explicate the in-

formation given in frequency domain, let us take Fig. 3(a)
(A = 10ω,� = ω) as an example. As expected, the RWA
method shows only a single peak at ν = ω, in other words,
the resonance frequency results from the rotating-wave inter-
actions. In contrast, the CHRW1 method accurately shows a
main peak at ν = |	̃R − ω| since it considers the effect of
counter-rotating coupling. Nevertheless, the CHRW2 method
exhibits all the peaks perfectly in accordance with the exact
solution. Moreover, the frequency component corresponding
to 〈σz(t )〉 occurs at ν = 2kω ± (ω − 	̃R), or approximately
ν = 2kω ± �̃ for A � ω, which can be easily obtained in
Eq. (26) by expanding the multiharmonic factor, S je, in Taylor
series and retaining sum frequency terms. Furthermore, the
multiple even harmonic factors cos(Sje) and sin(S je) deter-
mine the split pairs of peaks at ν = 2kω ± (ω − 	̃R), which
is an important character of the qubit response away from
the CDT condition. As a result, the even-harmonic effect is
presented in a more explicit way in the frequency domain,
where we can see the split pairs of the peaks resulting in
the important plateau phenomenon in the dynamical picture.
The splitting between each pair of peaks is described by
2|ω − 	̃R|. From Figs. 3(c) and 3(d), we find that the splitting
becomes larger as the tunneling frequency � goes up. It also
manifests the validity of the CHRW method in extracting
major frequency information of the population dynamics.

In summary, the dynamics 〈σz(t )〉 under strong driving
exhibits an intriguing mode of time evolution, which generally
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FIG. 3. Fourier spectrum of 〈σz〉 with the same parameters as in Fig. 2. The insets of (a), (c), and (d) show detailed comparison of the
CHRW1 and CHRW2 methods.

oscillates harmonically with a large amplitude near to 1 in a
long-time evolution and locally presents a plateau structure
during a certain interval. Furthermore, it is worth noting that
these plateaus consist of fast oscillations with a much smaller
amplitude, of which the relevant properties are dependent on
the relative values of �/ω and A/ω. In the next subsection
we will analyze how the even-harmonic terms have effects on
the occurrence of this phenomenon and derive concise expres-
sions of some quantities comprehensively characterizing the
fast oscillations of the plateau with a small amplitude.

B. Sudden jumps and plateaus phenomena

We explain the interesting feature of the time evolu-
tion 〈σz(t )〉 consisting of zigzag plateaus: sudden jump
and plateau. To validate the efficiency and accuracy of the
CHRW2 method introduced in Sec. II, we give a simple ap-
proximate expression of Eq. (26) for certain parameters. On
the physical condition of interest, where A � ω and � is
comparable to ω, it is easy to check that the parameter ξ is
close to 1. Therefore, we can explicitly verify that Ã � ω and
	̃R ≈ δ̃ by Eqs. (10) and (11). Then, we rewrite Eqs. (17) and
(18) as

Y ′ ≈ sin[(ω − 	̃R)t], (28)

Z ′ ≈ cos[(ω − 	̃R)t], (29)

respectively. By Eq. (26), we obtain

Z = cos[(ω − 	̃R)t + S je(ωt )]. (30)

Since Ã and �̃ are quite smaller compared with ω, thus we get
ω − 	̃R ≈ �̃. By means of a mathematical equality

cos(x sin α) =
∞∑

n=−∞
Jn(x) cos(nα), (31)

we readily obtain

Z = cos

{
�

∫ t

0
dτ cos[� sin(ωτ )]

}
. (32)

This analytical result can give accurate dynamics under
the condition above. For example, in comparison with the
result in Fig. 2(a) for A/ω = 10 and � = ω, we show the
result of 〈σz(t )〉 calculated by Eq. (32) with ξ = 1 in Fig. 4.
Definitely, the result of Eq. (32) is in perfect agreement with
the CHRW2 and numerically exact results. Furthermore, the
value of Eq. (32) is determined by its phase function defined
as φ1(t ) = �

∫ t
0 dτ cos [� sin(ωτ )] which includes all even

harmonics. We illustrate φ1(t ) with A = 10ω and � = ω in
Fig. 4(b).

The key dynamical characters of 〈σz(t )〉 are attributed to
the properties of the phase function φ1(t ). When t = tn =
nπ/ω, it is clear to see that the values of the phase function
φ1(t ) satisfy a linear function f (t ) = �̃t and, hence Z ≈
cos(�̃tn) at the same time, which signifies the efficiency of
the CHRW1 and CHRW2 methods by correctly illustrating
the general tendency of time evolution. Moreover, the phase
function φ1(t ) involving all even harmonics presents fast os-
cillation with a small amplitude around the average value
�̃nπ/ω when t is during the interval ( nπ

ω
− π

2ω
, nπ

ω
+ π

2ω
).
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FIG. 4. (a) 〈σz(t )〉 as a function of ωt for A/ω = 10 and � = ω. The result of the CHRW2 method is plotted by the black line, the result of
Eq. (32) with ξ = 1 by blue dots, the result of the CHRW1 method by the black dotted line, the result of numerically exact method by the red
dash-dotted line. (b) The phase function φ1(t ) = �

∫ t
0 cos [ A

ω
sin(ωτ )]dτ shown in Eq. (32), as a function of ωt . The linear function f (t ) = �̃t

shows the general tendency of φ1(t ).

What is more, it also exhibits a sharp variation only when
t is very close to (2n−1)π

2ω
. The behaviors of φ1(t ) lead to

the dynamical features of 〈σz(t )〉. That is why the dynamical
pattern of 〈σz〉 is called the plateau phenomenon with sudden
jump, i.e., zigzag plateau. Furthermore, the zigzag plateau
comes from the collective effect of all even harmonics because
of the explicit phase function φ1(t ). From detailed analysis in
the Appendix, we can see that the oscillations of these plateaus
satisfy a quasiperiodic structure illustrated by � sin(ωt ) =
mπ + π

2 , and accordingly the period number of any plateau is
obtained as N =  2A

ωπ
� −  A

ωπ
�, where •� is a floor function.

It is really notable that the period number is independent of �

in the parameter region of interest. The corresponding precise
values of the period number N in Figs. 2(a) and 2(b), are 3
and 4, respectively, in good agreement with the rule above.
The periodic oscillation of each plateau is called quantized
oscillation. It is clear to see in Fig. 2 that the number N
increases as the driving strength A increases. For example,
N increases from 3 to 6 when A/ω raises from 10 to 19.
However, the number N of Fig. 2 for the fixed A/ω = 10 does
not change with the increase of �.

Another remarkable feature of the plateau structure is the
amplitude of the oscillation, i.e., the deviation from the aver-
age value of a plateau. The envelope of the amplitude of the
plateau satisfies

|g1(t )| < q1(t ) = 2�

A cos(ωt )
. (33)

which is derived in the Appendix [see Eq. (A8)]. It is obvi-
ous to see that the amplitude of this quantized oscillation is
proportional to �/A. Subsequently, the oscillation is much
suppressed as A increases or � decreases, which is clearly
seen in Fig. 2.

IV. ODD-HARMONIC PROCESSES
UNDER STRONG DRIVING

The CDT is a fascinating phenomenon in the tunneling
dynamics of a driven quantum system, which corresponds
to the situation that tunneling is much suppressed and even
frozen for certain driving parameters. From the viewpoint of

〈σz(t )〉, its average value is almost constant and its amplitude
is extremely small, namely the system stays in the initial state.

It is known that the CDT phenomenon occurs when ω � �

and A/ω is one of the zeros of J0(x), the zero-order Bessel
function of the first kind [1,46]. Note that the shift of the
CDT condition due to the key parameter ξ in Eq. (10) has
been reported in Ref. [46]. It seems that the traditional CDT
condition, which corresponds to zeros of J0(A/ω) has no
relation with ω/�. However, in the discussion of Ref. [46],
as ω/� increases from 2 to 20, the driving-induced suppres-
sion of tunneling emerges clearly only for ω/� � 6. For an
intermediate large driving frequency, for example, ω/� = 6
and A/ω = 2.3976, 〈σz(t )〉 exhibits an oscillation with small
amplitude. In contrast, the amplitude of 〈σz(t )〉 for A/ω =
2.4048, which is a zero of J0(x), increases. This shift of the
CDT condition becomes vanishing for ω/� � 1 because of
ξ → 1. In this section we investigate the general CDT for a
resonant or near resonant driving with an extremely strong
amplitude driving corresponding to the zeros of J0. By the uni-
tary transformation similar to the CHRW method, we predict
an interesting dynamics with peculiar plateau structures under
the condition above, which is called the odd-harmonic effect.
We explain the quantized oscillation with a small amplitude
by the odd-harmonic effect.

A. The odd-harmonic effect

To begin with, let us come back to Eq. (1) and take the
same unitary transformation as Eq. (3) with ξ = 1. Therefore,
we get the Hamiltonian in the unitarily transformed picture as

H3(t ) = −�

2

∞∑
n=−∞

Jn

(
A

ω

)
[cos(nωt )σx + sin(nωt )σy].

(34)

We denote the mth zero of J0 by αm. According to asymptotic
behavior of the Bessel function

Jn

(
A

ω

)
−→

√
2ω

πA
cos

(
A

ω
− nπ

2
− π

4

)
, (35)
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(where A � ω), we obtain an approximate expression of αm

as

αm = A

ω
= mπ − π

4
, (m ∈ Z+). (36)

For A
ω

= αm, i.e., the CDT condition, it is explicit to check
that Jn( A

ω
) ≈ 0 when n is even and n � A/ω by Eq. (35).

When n � A/ω, it is clear that Jn( A
ω

) ≈ 0 because of the
properties of the Bessel function for a large driving strength
A/ω � 1. Therefore, it is reasonable to omit all terms with
even harmonics and an effective Hamiltonian reads

H4 = −�

∞∑
n=1

J2n−1

(
A

ω

)
sin[(2n − 1)ωt]σy, (37)

by using J−n(x) = (−1)nJn(x) [57]. Because all the terms
remained in Eq. (37) correspond to odd harmonics, their effect
are the so-called “odd-harmonic” effect. We obtain an exact
wave function by solving Eq. (37),

�′(t ) = 1

2
ei �

2

∫ t
0 sin[ A

ω
sin(ωτ )]dτ

(
1
i

)

− i

2
e−i �

2

∫ t
0 sin[ A

ω
sin(ωτ )]dτ

(
i
1

)
, (38)

where we have supposed �(0) = (1
0) without loss of general-

ity and the initial state is the same as that in the transformed
frame, i.e., �(0) = �′(0). In comparison with the CHRW1
method, it has a different form of wave function, suggesting
physical quantities, such as 〈σz(t )〉, will not be simply frozen
at initial values but possess sophisticated dynamics.

In order to calculate some physical quantities of interest,
we find that the average values 〈σi(t )〉 (i = x, y, z), in the
unitarily transformed frame are described as

X ′ = − sin

{
�

∫ t

0
dτ sin

[
A

ω
sin(ωτ )

]}
, (39)

Y ′ = 0, (40)

Z ′ = cos

{
�

∫ t

0
dτ sin

[
A

ω
sin(ωτ )

]}
. (41)

Similar to the CHRW1 method, we acquire the transformation
matrix with ξ = 1,

T ′′ =

⎛
⎜⎝

cos
[

A
ω

sin(ωt )
]

sin
[

A
ω

sin(ωt )
]

0

− sin
[

A
ω

sin(ωt )
]

cos
[

A
ω

sin(ωt )
]

0

0 0 1

⎞
⎟⎠. (42)

We investigate the CDT phenomenon of the TLS under
strong driving. When the driving strength is extremely larger
(A � ω), the CDT condition J0( A

ω
) = 0 leads to an effective

Hamiltonian including only odd harmonics. In Ref. [46], we
have demonstrated A/ω = 2.4048 is not a sufficient condi-
tion of the CDT, because of the effects of higher-order even
harmonics (n � 2) and odd harmonics. In fact, for A/ω =
mπ − π/4 (m ∈ Z+), we can obtain a simpler analytical
solution under the CDT condition (in a proper approxima-
tion). In the case m � 1, the effect of even-harmonic terms,
which plays a significant role in the Sec. III, diminishes in
the Eq. (41). Therefore, the odd-harmonic effects dominate

the CDT dynamics. Furthermore, since the unitary operator
exp(S1) commutes with σz, we obtain the dynamics of 〈σz(t )〉,

Z = cos

{
�

∫ t

0
dτ sin

[
A

ω
sin(ωτ )

]}
, (43)

which is in contrast with the ad-hoc RWA treatment [34,42],

Zad−hoc RWA = cos

[
�J0

(
A

ω

)
t

]
. (44)

It is obvious that instead of freezing in the initial state, the
time evolution of 〈σz(t )〉 possessing a time-dependent oscil-
latory integral similar to Eq. (32), might exhibit an analogous
“plateau” structure on the CDT condition. While the prevalent
use of Eq. (44), which completely obliterates such a dynami-
cal structure, can be seriously inappropriate. In the following
subsection we will illustrate the dynamics of 〈σz(t )〉 under the
CDT condition by several methods, and give analytical results
to account for this kind of plateau structure.

B. Population dynamics and armchair plateaus

To illustrate the validity of the simple expression Eq. (43),
we compare its calculated results with those of the previous
methods, the RWA, CHRW, and numerically exact calcula-
tions. Figures 5(a) and 5(b) show the 〈σz(t )〉 in the resonance
case (� = ω) for various driving strengths A/ω = 6.75π and
15.75π , respectively. It is obvious to see that both the CHRW1
method and Eq. (43) show much suppressed evolutions which
are well consistent with the numerically exact result, in con-
trast to a periodic oscillation with a large amplitude of the
RWA result. However, from the viewpoint of the detailed
structure of the dynamics, it is noticeable that only Eq. (43)
gains the exact fast oscillating structure well coinciding with
the numerical one, which is considered to be a joint con-
tribution of all the odd-harmonic terms, while the CHRW1
shows the main evolution without fast oscillating structure.
On the CDT condition, the effects of the even harmonic terms
disappear but those of odd harmonics predominate in the time
evolution. Since the CHRW1 method has taken into account
the zeroth and first harmonics in its Hamiltonian, it could
predict the main dynamical tendency corresponding to the
first harmonic. In contrast, Eq. (43) demonstrates the accurate
evolution with a fast oscillating structure because it includes
all odd harmonics. In other words, the collective effects of all
odd harmonics give rise to the pronounced character of the
oscillation: the armchair plateau.

In the off-resonance case, the armchair-plateau phe-
nomenon with an oscillating structure also happens. In Fig. 5,
we also show 〈σz(t )〉 for A/ω = 30.75π with various driv-
ing frequencies. When ω > � [see Fig. 5(c), �/ω = 0.6], or
ω < � [see Fig. 5(d), �/ω = 1.75], the results of Eq. (43)
exhibit a perfect agreement with the numerical ones from the
viewpoint of the fast oscillating structure of plateaus.

We will discuss how the odd-harmonic effect leads to
the armchair plateau and analyze the feature of the os-
cillating structure on the CDT condition. For the sake
of further analysis, we denote the phase function φ2(t ) =
�

∫ t
0 sin [ A

ω
sin(ωτ )]dτ . The φ2 phase temporal evolution de-

termines totally the oscillations presented in Fig. 5. In contrast
to the phase function φ1(t ) in Sec. III B, which has a linear
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FIG. 5. 〈σz(t )〉 as a function of ωt on CDT conditions with A/ω = 6.75π and 15.75π in the on-resonance case (� = ω), shown in (a) and
(b), and A/ω = 30.75π in off-resonance cases (�/ω = 0.6 and �/ω = 1.75) shown in (c) and (d), respectively. The insets show the detailed
comparison of Eq. (43), the CHRW1 and numerical methods in the aspect of the structure of short-time dynamics.

tendency as a function of time, the function φ2(t ) consisting
purely of odd harmonic terms exhibits a two-stair dynamical
structure (See the Appendix). In other words, the evolution of
φ2(t ) has two kinds of plateaus alternately occurring and each
kind shares the same average value. To verify it, we choose
φ2(t = nπ

ω
) to estimate the average value of every plateau,

φ2

(
nπ

ω

)
= �

∫ nπ
ω

0
sin

[
A

ω
sin(ωτ )

]
dτ

= 2�

∞∑
k=1

∫ nπ
ω

0
J2k−1

(
A

ω

)
sin[(2k − 1)ωτ ]dτ

= 2�[(−1)n+1 + 1]
∞∑

k=1

1

(2k − 1)ω
J2k−1

(
A

ω

)
.

(45)

Therefore, it is obvious to classify these values into two
groups, each of which has an average value denoted by L1

and L2,

L1 = 0(n mod 2 = 0),

L2 = 4�

∞∑
k=1

1

(2k − 1)ω
J2k−1

(
A

ω

)
(n mod 2 = 1), (46)

respectively. In the case of the CDT, where the driving
strength can be simplified approximately as A/ω = mπ −
π/4, we utilize Eq. (35) to reduce the sum in Eq. (46). As

a result, we have

L2 ≈ 4�

∞∑
k=1

1

(2k − 1)ω

√
2ω

πA
(−1)m−k

= (−1)m+1�

√
2π

Aω
. (47)

It is remarkable that we demonstrate the CDT phe-
nomenon, which is commonly regarded as a complete
suppression frozen in the initial state in the previous liter-
ature [35,36], and actually processes a stair structure. The
general tendency of 〈σz(t )〉 changes alternately between the
two values shown in Eq. (46), with the frequency ω, which is
clearly seen from Fig. 5. By Eq. (47), we find that the height

of the stair is quantified as 1 − cos(L2), or 1 − cos (�
√

2π
Aω

),

which is proportional to �2/Aω for strong driving strength.
Therefore, Eq. (47) explicitly demonstrates the effect of A and
� on the “freezing” extent of the initial state. When � � ω

and A � ω, the relative height of the armchair plateau is so
small that the stair structure cannot be distinguished. Strictly
speaking, the CDT phenomenon should be regarded as a two-
stair dynamical structure, and the totally frozen situation is
just a limit case. This does contribute to the understanding
of the common CDT phenomena under the strong driving
condition (A > ω and ω � �).

It is found that the phase function φ2(t ) determines the dy-
namics of the plateau. φ2(t ) not only presents fast oscillations
with small amplitude around a certain average value when t
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is during the interval [ nπ
ω

− π
2ω

, nπ
ω

+ π
2ω

], but also shows a
rapid variation near the boundary of each plateau. According
to the Appendix, the oscillations of these plateaus satisfy a
quasiperiodic structure illustrated by A sin(ωt )/ω = nπ , and
the number of periods for each plateau is N =  2A

ωπ
� −  A

ωπ
�,

which is notably independent of �. Besides, the deviation
from the average value of φ2(t ) corresponding to every plateau
satisfies the condition of Eq. (A18):

|g2(t )| <
2�

A cos(ωt )
. (48)

It indicates that the envelop of the small-amplitude oscillation
are tightly dependent on A and �. For instance, for A/ω =
6.75π in Fig. 5(a), it is readily seen that the bottom plateau
of this armchair structure nearly lies at 〈σz〉 = 0.82. As the
driving strength increases, such as A/ω = 15.75π in Fig. 5(b),
the depth of armchair structure is much suppressed, where the
bottom plateau is around 〈σz〉 = 0.94. In contrast, when the
tunneling frequency � goes up from � = 0.6ω to � = 1.75ω

[see Figs. 5(c) and 5(d)], the location of the bottom plateau
is varied from the mean value 〈σz〉 = 0.997 to 〈σz〉 = 0.9. It
shows clearly that the depth of armchair structure increases
greatly as � increases. Consequently, the quasiperiodicity is
determined uniquely by A/ω, and �/A controls the amplitude
of the oscillation. Notice that even if the driving Hamiltonian
of Eq. (37) contains only odd harmonics, we have verified that
the Fourier expansion of the Z (t ) temporal dependence con-
tains both even and odd harmonics. The phase accumulated
φ2 produces this result.

From the above, we can see that the different qubit re-
sponse happens as the driving parameter changes. Especially,
the temporal evolution of Fig. 5 illustrates that the first har-
monic plays an important role on the evolution under the CDT
condition. In contrast, it is all of the even harmonic terms that
lead to a nontrivial armchair plateau phenomenon. As we can
see in Fig. 5, the CHRW1 method, which takes the first har-
monic into account, explicitly gives an oscillating structure in
comparison with the numerically exact result. Under the CDT
condition, the renormalized tunneling frequency �̃ vanishes
since J0( A

ω
) = 0. As a result, the first harmonic determines

the general tendency in armchair plateau, which is agreement
with the numerically exact result. Furthermore, we discuss the
collective effect of all the odd harmonic terms in Eq. (43),
which eventually shows the exact plateau structure that the
CHRW1 method cannot predict. Therefore, the higher-order
odd-harmonic terms also play important roles in the construc-
tion of the armchair plateau phenomenon.

V. CONCLUSION

In summary, we have studied the dynamics of a strongly
harmonically driven TLS in a systematic way by the improved
CHRW method. To provide a comprehensive solution in the
strong driving case, we divide the situation into two parts:
the even-harmonic situation and odd-harmonic one (CDT con-
dition). Both of them exhibit the specific phenomenon of a
plateau with quantized oscillation resulting from the collec-
tive effects of the multiple harmonics. We demonstrate two
kinds of plateau, one is the zigzag plateau corresponding to
the even-harmonic situation, the other is armchair plateau

corresponding to the odd-harmonic situation. It turns out that
the plateau seems to be the universal dynamical character of a
strongly driven TLS.

In the present work, after the first unitary transformation
with the generator S1, we obtain the transformed Hamilto-
nian Eq. (5). It is composed of different harmonics: zeroth
harmonic, even harmonics, and odd harmonics (nω terms,
n = 0, 1, 2, ...). Therefore, the even and odd harmonic effects
result from the even and odd harmonic terms, respectively.
In the paper, the CHRW2 Hamiltonian is realized by the
second unitary transformation with the generator S2 to explore
the strongly driven dynamics, especially, the large-amplitude
oscillatory case. It turns out that the collective effects of
all even harmonics contribute to the generation of zigzag
plateau with quantized oscillation and the general tendency
of evolution coincides with the result of the CHRW1 method,
which exhibits the even-harmonic effect in this situation. On
the other hand, under the CDT condition, we find that the
even-harmonic terms vanishes as proven in Sec. IV, which
indicates a simplification of the Hamiltonian in Eq. (5), only
the odd-harmonic terms determine the CDT dynamics of the
strongly driven system. In this case, we reveal an armchair
plateau structure that is not a complete destruction in the
dynamical evolution. As a result, we obtain different patterns
of evolution in these two situations. All in all, the effects of
different multiple harmonics are treated by various methods,
and under different conditions, and analytical simple formulas
are derived for even harmonic effects and odd harmonic ones,
which are illustrated by the large amplitude and the small am-
plitude (CDT) oscillatory dynamics, respectively. Equations
(32) and (43) are two important simplified analytical results
for discussing zigzag and armchair plateaus, respectively. It
is clear that the valid condition of Eq. (43) for the ratio A/ω

is indicated as (m − 1/4)π and J0(A/ω) = 0, while that of
Eq. (32) is away from (m − 1/4)π and at ξ → 1.

Although the CHRW2 Hamiltonian has taken into account
the effects of even-harmonic terms, which are not considered
in the CHRW1 Hamiltonian [46], both the CHRW Hamil-
tonians hold a RWA mathematical form. As a result, the
analytical expressions of the physical quantities given by the
CHRW2 method, such as 〈σx(t )〉, possess the renormalized
framework similar to those of the CHRW1 method because
of their mutual form of the effective Hamiltonian, which im-
plies the simplicity for potential experimental applications.
Of greater significance is the transformation matrix due to
the representation transformation shown in Eq. (23), explic-
itly suggesting the multiharmonic effect by the trigonometric
functions. Therefore the CHRW2 method could work well in
a much broader parameter regime.

The superiority of the CHRW2 method is embodied with
the strong driving cases of the TLS. Frankly speaking, an
extremely strong driving amplitude A would lead to possible
multiharmonic processes in the procedure of tunneling phe-
nomenon. By the comparisons of several analytical methods
and numerical calculation about 〈σz(t )〉, we prove that the
intriguing phenomenon, plateau with quantized oscillation,
predicted by the numerically exact calculation, can be well
illustrated and explicitly explained by the CHRW2 method.
Significant dynamical features of 〈σz(t )〉 are found as fol-
lows: (i) This stunning plateau phenomenon has a periodical
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structure with the frequency 2ω; (ii) 〈σz(t )〉 oscillates around
a certain mean value with a relatively tiny amplitude in each
plateau except near the boundary where dramatic jumps of
the evolution occur; (iii) With Eq. (32), we demonstrate the
detailed description about the oscillatory plateau, such as the
quasiperiodical structure, and the quantized property of the
oscillation whose number of periods is N =  2A

ωπ
� −  A

ωπ
�.

Interestingly, the number of periodic oscillation is indepen-
dent of the tunneling frequency �. However, the amplitude
of quantized oscillation is determined by �/A, which has
been shown in Eq. (A8). Moveover, the mean values of
these plateaus globally exhibit a harmonic oscillation with
the amplitude equal to 1, which corresponds to constructive
tunneling. It can be derived directly from the generally linear
evolution of the phase function f (t ) = �̃t , which coincides
with the result of the ad hoc RWA method [42], a useful
method handling the strong driving dynamics of the TLS.
Therefore, the overall characteristics of the dynamics, both
the general evolution and the detailed quantized oscillation on
each plateau, can be elucidated by the CHRW2 method.

On the other hand, the CDT phenomenon, which is de-
scribed as the situation where totally frozen tunneling occurs,
also presents another quantized plateau phenomenon (arm-
chair plateau) under the strong driving. In comparison with
the even-harmonic cases, the CDT phenomenon means the
diminishment of the linear evolution of the phase function
because of J0(A/ω) = 0, which is widely considered as the
necessary and sufficient condition of this phenomenon. Nev-
ertheless, the CDT possesses a two-stair structure beyond
the general understanding, especially in the cases of ex-
tremely strong driving and near resonance. In order to give a
comprehensive demonstration of this phenomenon, we apply
the CHRW1 method to calculate the CDT dynamics. Note
that the CDT condition signifies the vanishing of not only
the zero-harmonic term J0σx, but also all the even-harmonic
terms J2nσx(n � 1) in the CHRW1 Hamiltonian [Eq. (5)].
Therefore, when the even-harmonic effect disappears, the
odd-harmonic effect dominates. 〈σz(t )〉 exhibits the armchair
structure with quantized oscillations rather than the totally
destructive tunneling. When A/ω = mπ − π

4 for a large m
and �/ω → 0, the dynamical pattern is undistinguishable for
the diminishing difference between the two stairs. However,
this kind of plateau results from the multiharmonic effect
involving only the odd-harmonic terms. As a result, there are
also some significant differences between the CDT and the
even-harmonic cases.

This paper sheds some light on the dynamical pattern of a
TLS under the strong harmonic driving, where the multihar-
monic effect reveals a physical phenomenon, a plateau with
quantized oscillation. By the analysis of zigzag and armchair
plateaus, we prove the profound merit of the CHRW method
and believe that the dynamical patterns may illuminate the
experiment to understand the stunning dynamics in different
kinds of strongly driven systems [58,59].
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APPENDIX: THE EVEN-HARMONIC AND
ODD-HARMONIC EFFECTS

In this Appendix, we give a quantitative analysis for the
plateau structures: zigzag plateau and armchair plateau re-
sulting from the even-harmonic terms and the odd-harmonic
terms, respectively. We demonstrate these dynamical struc-
tures are determined by their intrinsic phase functions
consisting of multiple harmonics.

In terms of the phase function φ1(t ) in Sec. III B,
we define a function g1(t ) = φ1(t + nπ

ω
) − φ1( nπ

ω
), (t ∈

[− π
2ω

, π
2ω

]). Then we get

g1(t ) = �

∫ t

0
cos

[
A

ω
ξ sin(ωτ )

]
dτ. (A1)

Substituting sin(ωτ ) with x, we rewrite g1(t ) as

g1(t ) = h1(X ) = �

ω

∫ X

0

cos
(

A
ω
ξx

)
√

1 − x2
dx, (A2)

where X = sin(ωt ).
We analyze the distribution of extrema of h1(X ), in which

X satisfies d (h1(X ))
dX = 0, or A

ω
ξx = nπ + π

2 , (n ∈ Z ). Consid-

ering the sign of d2h1(X )
dX 2 we find that g1(t ) reaches a maximum

for A
ω
ξ sin(ωt ) = (2k + 1

2 )π , and obtains a minimum for
A
ω
ξ sin(ωt ) = (2k + 3

2 )π . We denote these extrema by xn =
ωπ
Aξ

(n + 3
2 ), and divide the integral in Eq. (A2) into pieces as

An = h1

(
ω(n + 1)π

2Aξ

)
− h1

(
ωnπ

2Aξ

)

= �

ω

∫ ω(n+1)π
2Aξ

ωnπ
2Aξ

cos
(

A
ω
ξx

)
√

1 − x2
dx. (A3)

It is easy to obtain that |An+1| > |An| and the signs of An are

sgn(An) =
{+ (n mod 4 = 0, 3)
− (n mod 4 = 1, 2). (A4)

Because h1(X ) is an odd function, we just take h1(xn)(n � 0)
into consideration. After some mathematical calculations, we
get

A2n + A2n−1 − A0 > h(xn) =
2n∑

i=0

Ai > A0 > 0,

(n mod 2 = 0), (A5)

A2n + A2n−1 + A0 < h(xn) =
2n∑

i=0

Ai < A0 + A1 + A2 < 0,

(n mod 2 = 1). (A6)

Thus, we find that all the maxima of h1(X ) are positive while
all the minima are negative. Returning to the phase func-
tion φ1(t ), we obtain that the value of the phase function
oscillates around the average value φ1(t = nπ

ω
) = �̃nπ

ω
, which

the maxima and minima are distributed above and below the
mean value alternately during time evolution. It is remark-
able that the oscillating structure of φ1(t ) is like a harmonic
function. Even if the distribution of the extremum does not
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FIG. 6. (a) g1(t ) shown in Eq. (A1), as a function of ωt for A = 100ω and � = 0.3ω. q1(t ) and −q1(t ) are depicted as the upper bound
and lower bound of g1(t ), respectively. (b) g2(t ) shown in Eq. (A9), as a function of ωt , where A = 30.75πω and � = 0.5ω. q2(t ) and −q2(t )
are depicted as the upper bound and lower bound of g2(t ), respectively.

satisfy a strictly periodical relationship, φ1(t ) is quasiperiod-
ically expressed as Aξ

ω
sin(ωt ) = nπ + π

2 . An oscillation with
a quasiperiod is defined as the process during which the phase
function evolves from a maximum to a minimum and back to
a maximum again. Accordingly, the number of the oscillation
in a single plateau is calculated by N =  2A

ωπ
� −  A

ωπ
�. To

estimate the amplitude of the oscillation, from Eqs. (A5) and
(A6) we can find the bounds of these extrema

|h1(xn)| <

∣∣∣∣∣�ω
∫ (2n+1)ωπ

2Aξ

(2n−1)ωπ

2Aξ

cos
(

A
ω
ξx

)
√

1 − x2
dx

∣∣∣∣∣
<

2�

Aξ

[
1 −

(
(2n + 1)ωπ

2Aξ

)2]− 1
2

<
2�

Aξ

(
1 − x2

n

)− 1
2 . (A7)

The inequality Eq. (A7) is also valid when xn is substituted
with any x ∈ [−1, 1]. Subsequently, g1(t )(t ∈ [− π

2ω
, π

2ω
]) has

|g1(t )| < q1(t ) = 2�

Aξ cos(ωt )
. (A8)

To validate Eq. (A8), we illustrate the results of q1(t ), −q1(t )
and g1(t ) in Fig. 6. In the majority part of a plateau, the
results of q1(t ) and −q1(t ) show the best estimation of the
upper bound and lower bound, respectively. Moreover, we
find that the amplitude of g(t ) fulfills a function proportional
to 1/ cos(ωt ) in the main part of the plateau. Since q1(t ) is
proportional to �/Aξ , the amplitude of the oscillation of the
plateau could be suppressed with the increase of A or the
decrease of �. Therefore, the plateau structure coming from
even-harmonic effects can be attributed to the properties of
φ1(t ).

Similarly, we would analyze the stair structure resulting
from the odd-harmonic effects by the phase function φ2(t ) in
Sec. IV B, which oscillates around the average value 0. We de-
fine a function g2(t ) = φ2(t + nπ

ω
) − φ2( nπ

ω
) (t ∈ [− π

2ω
, π

2ω
]),

and get

g2(t ) = �

∫ t

0
sin

[
A

ω
sin(ωτ )

]
dτ. (A9)

Substituting sin(ωτ ) with y we rewrite g2(t ) as

g2(t ) ≡ h2(Y ) = �

ω

∫ Y

0

sin
(

A
ω

y
)

√
1 − y2

dy, (A10)

where Y = sin(ωt ).
Analogously, we first solve the distribution of maxima

and minima of Y satisfying d (h2(Y ))
dY = 0, or A

ω
Y = nπ (n ∈ Z ).

Considering the sign of d2h2(Y )
dY 2 we know that g2(t ) gets a

minimum for A
ω

sin(ωt ) = 2kπ and g2(t ) reaches a maximum
for A

ω
sin(ωt ) = (2k + 1)π . We denote these extrema by yn =

nωπ
A , and divide the integral in Eq. (A10) into pieces as

Bn = h

(
ω(n + 1)π

2A

)
− h

(ωnπ

2A

)

= �

ω

∫ ω(n+1)π
2A

ωnπ
2A

sin
(

A
ω

x
)

√
1 − x2

dx. (A11)

It is easy to obtain that |Bn+1| > |Bn| and the sign of Bn is

sgn(Bn) =
{+ (n mod 4 = 0, 3)
− (n mod 4 = 1, 2). (A12)

Since h2(Y ) is an even function, we just take h2(yn) (n � 0)
into consideration. We get

B2n−1 + B2n−2 + B0 + B1

2
� h2(yn) − B0 + B1

2

=
2n−1∑
i=0

Bi − B0 + B1

2
� −B0 + B1

2
< 0

(n mod 2 = 0), (A13)

B2n−1 + B2n−2 − B0 + B1

2
� h2(yn) − B0 + B1

2

=
2n−1∑
i=0

Bi − B0 + B1

2
� B0 + B1

2
> 0

(n mod 2 = 1). (A14)

It is clear to see that all the maxima are positive while all
the minima are negative in terms of h2(yn). Returning to the
phase function φ2(t ), we obtain that the value of φ2(t ) oscil-
lates around a certain nonzero value, which is modified from
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FIG. 7. The phase function, φ2(t ) = �
∫ t

0 sin [ A
ω

sin(ωτ )]dτ

shown in Eq. (43), as a function of ωt for A = 9.75πω and � = ω.
The phase function is plotted by the red line with a two-stair plateau
structure. The mean values of the plateaus are shown as a two-value
function consisting of L′

1 and L′
2 given by Eqs. (A15) and (A16),

respectively, which is plotted by the black dashed line.

φ2(t = nπ
ω

) to φ2(t = nπ
ω

) + B0+B1
2 . By L1 and L2 in Eq. (46),

the average value of the plateaus can be obtained as

L′
1 = L1 + B0 + B1

2
≈ �

2

∫ π
A

0
sin

[
A

ω
sin(ωτ )

]
dτ

= �

∞∑
k=1

1

(2k − 1)ω
J2k−1

(
A

ω

)

×
{

1 − cos

[
(2k − 1)

πω

A

]}
, (A15)

L′
2 = L2 + B0 + B1

2
≈ �

∞∑
k=1

1

(2k − 1)ω
J2k−1

(
A

ω

)

×
{

3 + cos

[
(2k − 1)

πω

A

]}
. (A16)

The maxima and minima are distributed above and below the
average value alternately as a function of time (see Fig. 7).
It is remarkable that the oscillating structure of φ2(t ) also
satisfies a quasiperiodic condition, which can be written as
Aξ

ω
sin(ωt ) = nπ . Accordingly, the number of the oscillation

in a single plateau is calculated as 2 A
ωπ

� −  A
ωπ

�. To estimate
the amplitude of the oscillation, from Eqs. (A13) and (A14),
we can find reasonable bounds of these extrema as

∣∣∣∣h2(yn) − B0 + B1

2

∣∣∣∣ <

∣∣∣∣�ω
∫ (n−1)ωπ

A

nωπ
A

sin

(
A
ω

x

)
√

1 − x2
dx

∣∣∣∣
<

2�

A

[
1 −

(
nωπ

A

)2]− 1
2

<
2�

A

(
1 − y2

n

)− 1
2 . (A17)

The inequality Eq. (A17) is also valid when yn is substituted
with any y ∈ [−1, 1]. Subsequently, g2(t ) (t ∈ [− π

2ω
, π

2ω
])

holds

|g2(t )| < q2 ≡ 2�

A cos(ωt )
. (A18)

To illustrate the validity of Eq. (A18), we show the results of
g2(t ), q2(t ), and −q2(t ) in Fig. 6. It is obvious to see that the
q2(t ) and −q2(t ) are the best estimation of the upper bound
and lower bound, respectively. Moreover, the envelope of
g2(t ) fulfills a function proportional to 1/ cos(ωt ) over time
in most part of the plateau. Since the coefficient of q2(t ) is
proportional to �/A, it indicates that the increase of A or the
decrease of � can suppress the amplitude of the oscillation
on the plateau.
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