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ABSTRACT
High power  conversion efficiency (PCE)  flexible  perovskite  solar  cells  (FPSCs)  are  highly  desired power  sources for  aerospace
crafts and flexible electronics. However, their PCEs still lag far behind their rigid counterparts. Herein, we report a high PCE FPSC
by controllable growth of a SnO2 electron transport layer through constant pH chemical bath deposition (CBD). The application of
SnSO4 as tin  source enables us to perform CBD without  strong acid,  which in  turn makes it  applicable to  acid-sensitive flexible
indium tin oxide. Furthermore, a mild and controllable growth environment leads to uniform particle growth and dense SnO2 deposition
with full coverage and reproducibility, resulting in a record PCE of up to 25.09% (certified 24.90%) for FPSCs to date. The as-fabricated
FPSCs exhibited high durability, maintaining over 90% of their initial PCE after 10000 bending cycles.
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Flexible  perovskite  solar  cells  (FPSCs)  have  attracted  great
attention because  of  their  unique advantages  in  lightweight
and  portable  electronics  applications[1–9].  The  champion

power  conversion  efficiency  (PCE)  increased  dramatically  from
2.6%  in  2013  to  24.0%  in  2023[10–12],  outperforming  other  flexible
solar  cell  counterparts  and  showing  a  promising  future  in  the
abundant  application  scenario.  However,  the  efficiency  of  FPSCs
is significantly lower than that of rigid devices, which has surpassed
26%[13].  Due to the soft and inhomogeneous nature of the flexible
PET  substrate  utilized  in  FPSCs,  coating  perovskite  films  onto
large-area flexible  substrates  poses  significant  challenges.  Addi-
tionally, the low glass transition temperature of PET material ren-
ders  it  susceptible  to  curling  during  the  perovskite  preparation
process.  Unlike  rigid  PSCs,  which  utilize  glass  substrates,  flexible
substrates  possess  pores  that  act  as  potential  invasion  sites  for
water  and  oxygen,  leading  to  the  undesirable  decomposition  of
perovskite materials[14]. Effective measures need to be implemented
to further improve the performance of FPSCs.

The  quality  of  the  electron  transport  layer  (ETL)  is  a  crucial
factor that affects the efficiency in both rigid and flexible devices[15].
SnO2 has  been  considered  a  promising  ETL  material  due  to  its
high  bulk  charge  mobility(≈250  cm2∙V−1∙s−1),  wide  bandgap,  and
good energy band alignment with perovskite[16–19]. Low-temperature
processed amorphous SnO2 was first used in planar PSCs in 2015,
and achieved an efficiency of over 16%[20].  Since then, a variety of
optimizations  of  SnO2 to  enhance  the  electron  mobility  and
reduce  the  surface  trap  states  have  been  performed,  leading  to
PCEs  of  more  than  25% [21–23].  A  variety  of  SnO2 deposition tech-
niques  have  been  reported,  namely  spin-coating[24,25],  atomic-layer
deposition[26], and magnetron sputtering[27], among which chemical
bath deposition[28,29] (CBD) is an attractive option due to its simple
fabrication process  and  coating  homogeneity  at  lower  costs.  Dif-
ferent from the spin-coating method, the CBD approach is suitable

for  depositing  dense  and  uniform  SnO2 films  without  area
limits[17,30],  which  is  favorable  for  the  future  commercialization
of  perovskite  solar  cells[31].  The  low-temperature  processibility
(< 200  °C)  makes  it  compatible  with  fabrication  of  flexible  per-
ovskite solar cells.

In the CBD process,  urea, hydrochloric acid (HCl),  water,  and
tin chloride (II)  (SnCl2)  are commonly utilized with the addition
of thioglycolic acid (TGA) as a complexing agent[21], and an excellent
certified  PCE of  25.5% has  been achieved under  optimized CBD
conditions[21]. However, uncontrollable nanocrystal growth during
CBD process leads to a narrow deposition window for high quality
SnO2 film[21], which  in  turn  results  in  a  unsatisfactory  repro-
ducibility. Some methods such as multiple depositions[32] and pre-
aging[33] have  been  reported  to  alleviate  reproducibility  problems,
however,  the  new  experimental  variables  make  deposition  more
complicated.  Furthermore,  the  low  pH  caused  by  strong  acid
(HCl)  in  the  chemical  bath  restricted  the  application  of  CBD on
the  acid-sensitive substrates  such  as  metal  foil  and  flexible  trans-
parent  conductive  oxide  (TCO),  which  are  substrates  for  FPSCs
and  flexible  optoelectronics.  Hence,  it  is  highly  desirable  to
develop a controllable SnO2 deposition process under mild pH to
fulfill  the  requirements  for  both  the  deposition  of  ETL  on  acid-
sensitive flexible  substrates  for  efficient  FPSCs  and  the  repro-
ducibility for large-scale applications.

Herein, we report a facile and effective method for SnO2 CBD
by  introducing  a  low-cost  tin  precursor  SnSO4,  which  not  only
enables  controllable  growth  and  uniform  coverage  of  the  high-
quality  SnO2 thin  film  deposition,  but  also  protects  the  flexible
PET/indium tin oxide (ITO) substrate from acid corrosion, facili-
tating  high-performance  FPSC  fabrication.  The  FPSCs  (Figures
1(a) and 1(b)) were fabricated with the novel CBD-SnO2 based on
SnSO4,  achieving  a  champion  PCE  of  25.09%  (certified  24.90%), 
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which is the record PCE for FPSCs to date (Figure 1(c)). In addi-
tion,  SnSO4-based FPSCs  exhibited  high  durability  while  main-
taining  over  90% of  their  initial  PCE after 10000 bending  cycles.
Furthermore,  the  controllable  growth  of  SnO2 not  only  ensures
excellent reproducibility  of  the  CBD,  but  also  enables  the  reuti-
lization of the chemical bath, holding great promise for large-scale
applications.

1    Results

1.1    CBD SnO2 electron transport layer growth
The CBD process shows the ability for facile large area film depo-
sition and high-performance device fabrication, but the commonly
used SnCl2-based process cannot be applied directly on the flexible
substrates. As vividly shown in Figure 1(e), the PET/ITO substrate
suffers  serious acid corrosion after  3 h of  CBD. The solution pH
was  monitored  during  the  prolonged  process  as  shown  in
Figure  1(f).  Freshly  created  CBD  solution  for  typical  deposition
procedures  utilizing  SnCl2 has  a  pH<1.5.  Such  a  low  pH  value
provides a very hostile environment for flexible substrates,  which
can lead to damaged TCO electrodes with high resistance. There-
fore, we employed SnSO4 to substitute SnCl2 as the tin source and
removed  the  strong  acid  HCl.  The  SnSO4-based  process  has  a
considerably  higher  and  constant  pH  during  the  CBD  process,
which  causes  no  damage  to  the  vulnerable  TCO  electrode
(Figure 1(d)).

During the CBD process, the microstructure of the SnO2 film is
closely  related to  the reactivity  of  the  transitional  species  and the
crystal particle deposition process[26]. To understand the mechanism
of the CBD strategy and its influence on the SnO2 film morphol-
ogy,  the  whole  process  was  analyzed.  Basically,  the  CBD  process
begins as the tin source (SnCl2 or SnSO4) hydrolyzes and Sn ions
in the solution are bonded together to form crystal nuclei. For the
SnCl2 case,  the  crystal  nucleus  continuously  enlarges  into
nanocrystals,  which  are  suspended  in  the  solution  and  turn  the
solution color into milky white (Figure S1 which is in the Electronic

Supplementary  Material  (ESM)  in  the  online  version  of  this
paper). As shown in Figure 2(b), after 3 h of CBD, the SnCl2 solution
becomes  milky,  while  the  SnSO4 solution  only  changes  slightly.
The  appearance  changes  of  the  solution  should  be  related  to  the
light scattering and the size of  SnO2 nanoparticles.  Therefore,  we
determined the  nanoparticle  size  in  the  CBD  solution  via  trans-
mission electron  microscopy  (TEM)  at  different  times  to  under-
stand the growth process. In the SnSO4-based deposition process,
the  nanoparticles  in  the  solution  were  all  composed  of  uniform
and small particles at different times from 3 h to 9 h (Figure 2(d).
In  the  SnCl2 situation  at  3  h,  the  size  of  the  nanoparticles  in  the
solution varies, and 100 nm nanoparticles start to germinate (Figure
2(c)) which continues to enlarge in size as the growth proceeds to
9 h (Figure S2 in the ESM). The optical transmittance of the solution
at  9  h  further  confirms  this  result  (Figure  S3  in  the  ESM).
Dynamic light scattering (DLS) measurements also confirmed the
particle  size  distribution  in  liquid  SnO2 solution.  Clearly,  the
SnSO4-solution showed  smaller  particle  size,  concentrated  distri-
bution and smaller time-variation compared to the SnCl2 solution,
indicating  that  the  SnSO4 environment  could  prevent  disordered
agglomeration of SnO2 nanoparticles (Figure S4 in the ESM). The
different growth behaviors can be attributed to the pH environment
and  transitional  species  of  the  different  solutions. Figure  2(a)
shows a schematic illustration of SnO2 films fabricated by chemical
bath  deposition  with  two  different  tin  raw  materials.  In  solution
with SnCl2,  urea, thioglycolic acid, and hydrochloric acid, the pH
value increases with longer reaction time due to the decomposition
of  urea  and  volatilization  of  HCl[26].  In  the  SnSO4 situation,  no
volatile component is released and the transitional species reactivity
is effectively reduced through SO4

2– bonding with Sn2+ and forming
the assembled complex, which stabilizes the solution pH value and
retards  the  generation  of  particle  agglomeration  and  oxygen
vacancies.

Particle  sizes  and  distribution  have  great  influences  on  the
obtained thin film morphology. To check the applicability of CBD
on  rough  surfaces,  we  applied  fluorine-doped  tin  oxide  (FTO)-
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Figure 1    Progress  of  the  highest  efficiency  of  FPSCs  and  differences  in  the  preparation  of  SnO2 films  on  flexible  substrates  using  SnCl2 and  SnSO4.
(a) Schematic of the structure of the flexible perovskite solar cells. (b) Photograph of the FPSCs. (c) The progress of reported highest efficiencies for FPSCs in the liter-
ature. (d) Optical picture and microscope image of the PET/CBD-SnO2 based on SnSO4. (e) Optical picture and microscope image of the PET/CBD-SnO2 based on
SnCl2. (f) The variation of pH for two chemical bath solutions with time at 70 °C.
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covered  glass  for  better  observation.  The  magnified  top-right
insets highlight the roughness and surface morphology of the film,
with  the  SnO2 layer  clearly  sighted  on  top  of  a  pyramid-shaped
FTO domain. The SnO2 layers are conformal with the underlying
FTO layer at 3 h in both situations, except for the SnCl2-substrate,
which exhibits a slightly rougher surface (Figures S5 and S6 in the
ESM). However,  as the reaction time increases to 9 h,  the SnCl2-
based  SnO2 layer  becomes  much  rougher  with  oversized  SnO2
clusters coagulating on the FTO surface[21]. Interestingly, the SnSO4-
based  layer  still  possesses  dense  and  compact  coverage  without
obvious  changes.  This  means  that  the  SnSO4-based  deposition
process  is  more  uniform  and  steadier,  which  is  enabled  by  the
constant pH environment as discussed before. The irregular SnO2
particle  size  and  morphology  resulting  from  the  SnCl2-based
method should account  for  the  poor  repeatability  of  CBD in  the
literature[34,35], while a controllable ETL deposition process enabled
by the SnSO4-based method will greatly benefit device fabrication
and  optimization.  As  an  ETL  in  PSCs,  the  optical  properties  of
SnO2 should also be considered carefully.  As shown in Figure S7
in the ESM, both films exhibit a high transmittance in the range of
300–800 nm, which ensures a high current density of planar PSCs.

X-ray  photoelectron  spectroscopy  (XPS)  provides  the  surface
elements and chemical bonding configurations of the two kinds of
CBD-SnO2 films. The peak of S emerges at 163 eV, which belongs
to the symmetric stretching movement of the S-Sn bond. The new
peak  appearing  at  168  eV  in  the  SnSO4-sample  is  a  symmetric
stretching vibration belonging to the S-O bond (Figure S8 in the
ESM), in that the SO4

2– moiety can coordinate strongly with Pb2+,
which  is  beneficial  for  the  stability  of  the  devices[36].  When SnCl2
was  used  as  the  tin  source,  a  large  number  of  oxygen  vacancies

were  observed  (Figure  S9  in  the  ESM),  which  is  harmful  to  the
PSC  performance[37].  The  oxygen  vacancies  might  be  due  to  the
fast growth of SnO2–x and insufficient supply of oxygen dissolved
in the solution[26].  In contrast,  much fewer oxygen vacancies were
found  when  SnSO4 was  used,  which  is  consistent  with  steady
growth  rate  of  SnO2 film.  This  is  consistent  with  the  improved
film quality of the latter, which is beneficial for device performance
and stability.

The scanning electron microscopy (SEM) images exhibit  a flat
surface of SnO2 films on the flexible substrate by the SnSO4-based
method (Figure 2(e)). This is in good agreement with Figure 3(a),
which  displays  the  cross-sectional  SEM  image  of  the  device
(PET/ITO/CBD-SnO2/perovskite/Spiro-OMeTAD/Au),  where  a
compact thin layer of SnO2 sits between perovskite and ITO. The
influences  of  the  flexible  SnO2 layer  on  perovskite  growth  were
further  investigated.  SEM  images  exhibit  enlarged  perovskite
grains with SnSO4 as the material for the top surface (Figure 2(f)),
showing  grain  sizes  ranging  from  1~2  μm.  The  perovskite  film
fabricated  on  SnSO4-ETL  shows  a  simple  FAPbI3 phase  as
demonstrated  in Figure  2(g),  with  the  two  strongest  diffraction
peaks at 14.04° and 28.02° corresponding to the structure of per-
ovskite crystal (1 0 0) and (2 0 0) crystal planes. The wide diffraction
peak at approximately 26° is a typical feature of the polymer PET
substrate.  The  UV-vis  spectra  show  that  the  CBD-SnO2 based
perovskite  film  exhibits  high  absorbance  with  a  bandgap  of  1.53
eV (Figure S10 in the ESM).

1.2    Device performance and durability
Furthermore, the performances of the FPSCs based on CBD-SnO2
were investigated by J-V characterization, which is not achievable
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for the SnCl2 counterpart because of the corrosion problem. The J-
V curves of the champion PSC based on SnSO4-ETL are shown in
Figure 3(b). An outstanding efficiency up to 25.09% was achieved,
with ashort-circuit current density (JSC) of 25.29 mA/cm2, a open-
circuit  voltage (VOC)  of  1.188 V,  and an fill  factor  (FF)  of  83.5%.
We sent one of our FPSCs for certification, and obtained a certifi-
cated PCE of 24.90% (reverse scan, 24.67% in forward scan) (Figure
S11  in  the  ESM),  which  ranks  as  the  highest  PCE  of  FPSCs
reported to date (Table S1 in the ESM). The statistics of the pho-
tovoltaic metrics for forty FPSCs are summarized in Figure S12 in
the  ESM,  confirming  the  overall  outstanding  performance
brought by SnSO4-ETL with a uniform distribution and an average
PCE  of  23.18%.  The  incident  photon-to-current conversion  effi-
ciency (IPCE) result is shown in Figure 3(c). An integrated JSC of
25.34 mA/cm2 indicates a good match with the measured JSC.  To
evaluate the suitability of the CBD-SnO2 for fabricating large-area
FPSCs, we prepared large-area devices with an aperture area of 1
cm2,  based on the same structure, and achieved a PCE of 21.93%
(Figure  S13  in  the  ESM).  It  demonstrates  the  scalability  of  our
CBD-SnO2 protocol. Furthermore, we investigated the mechanical
durability of the device by performing continuous bending with a
curvature  radius  of  6  mm.  As  shown  in Figure  3(d),
after10000bending cycles, the flexible device based on SnSO4-ETL
preserved  90%  of  the  initial  efficiency,  indicating  excellent
mechanical  stability  of  our  FPSCs.  The  flexible  device  based  on
SnSO4-ETL  also  demonstrated  excellent  shelf  stability,  which
maintained 99% of the initial PCE in N2-filled glove box for 1000
h (Figure S14 in the ESM).

For further comparison, we also checked the performance vari-
ation  of  rigid  PSCs  with  the  CBD-SnO2 optimization  strategy.
SnO2-ETL films manufactured using two CBD processes with dif-
ferent  tin  sources  demonstrated  similar  results  in  terms  of  the
highest  efficiency  of  rigid  devices  (FTO  substrates  were  used  to

prevent  the  corrosion  effects  on  ITO  for  the  SnCl2-CBD  SnO2).
The SnCl2-ETL based device shows a comparable champion PCE
of 25.56% (24.48%) with a larger hysteresis  (Figure 4(a)).  SnSO4-
ETL device shows a champion PCE of 25.65% (25.35%), a VOC of
1.190 (1.184) V, a JSC of 25.90 (25.85) mA/cm2, and an FF of 83.4%
(82.6%) under a reverse (forward) voltage scan (Figure 4(b)). The
mild  growth  environment  of  the  SnSO4 precursor  with  constant
pH also benefits the reproducibility and solution reusability of the
CBD process. We fabricated a series of PSCs from every 3 h of the
total  9  h  CBD  process  using  two  different  precursors  (without
change solution) to evaluate device performance. All three batches
SnSO4-ETL  devices  exhibited  excellent  PCEs  of  more  than  24%
(Figure  4(c)). We attribute  this  to  the  constant  solution environ-
ment and steady SnO2 deposition process (Figure S5 in the ESM).
Despite  the  SnCl2-ETL  devices  showing  a  comparable  average
efficiency of approximately 24% in the first 0–3 h batch, the PCE
distribution is obviously wider, revealing inferior uniformity. Fur-
thermore, we observed a sharp drop in device performance for the
latter  two  batches  (Figure  4(c)).  The  device  performance  agreed
perfectly with the different morphologies of the two kinds of ETLs
(Figure 2(c), Figures S2 and S5 in the ESM). The reusability of raw
materials is beneficial for significantly reducing the manufacturing
costs of CBD-SnO2.  In addition, the relatively more concentrated
distribution of device performance is beneficial for improving the
yield of device preparation. Moreover, the CBD method based on
SnSO4 exhibits good controllability and reproducibility, making it
a promising candidate for large-scale production in the future.

Apart  from  the  improved  reproducibility,  we  found  that  the
SnSO4-ETL  devices  primarily  showed  improved  thermal  stability
at 85 °C in a nitrogen environment. The SnSO4-ETL device main-
tained 85% of its initial performance (Figure 4(d)), after 500 h of
continuous  heating.  In  comparison,  the  SnCl2-ETL  device
dropped quickly to 23% of its initial PCE after 200 h of continuous
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heating. In addition, SnSO4-ETL devices also exhibited better light
stability  at  maximum  power-point  tracking  (MPPT),  under  100
mW/cm2 illumination  in  N2.  The  PCE  of  the  SnCl2-ETL  device
gradually  decayed  to  80%  after  aging  for  800  h.  In  comparison,
SnSO4-based  devices  maintained  90%  of  their  initial  PCE  under
the  same  conditions  (Figure  4(e)).  To  understand  this  result,  we
exposed  the  buried  interface  of  perovskite  films  and  performed
XPS measurements to carefully probe the interaction between the
SnO2 layers and the perovskite active layer (Figure 4(f)). The per-
ovskite  thin  film  prepared  on  the  SnCl2-ETL  substrate  has  more
oxygen  absorption  species  at  the  bottom  interface,  implying  a
more  seriously  decomposed  interface.  We  also  directly  subjected
the perovskite films on these two different ETLs to a high temper-
ature treatment of 150 °C to further assess their thermal stability.
After  being  heated  for  1  hour,  the  perovskite  film on SnCl2-ETL
showed a prominent peak of PbI2 while that on SnSO4-ETL only
decomposed partly and maintained the black feature (Figure S15
in the ESM). We speculate that the enhanced thermal stability to
the reduced oxygen vacancy on the ETL and the strong interfacial
interaction between the SO4

2– moiety of SnSO4-ETL and Pb2+[36].

2    Conclusions
In summary, an effective CBD method was proposed for preparing
SnO2 ETLs by utilizing SnSO4 as the tin source. Compared to the
SnCl2 counterpart  with  volatile  HCl  addition,  the  nonvolatile
nature  of  the  SnSO4 precursor  provided  a  mild  and  controllable
environment  for  thin  film  deposition,  which  ensured  uniform
SnO2 nanoparticle growth and a dense film with full coverage. The
constant  pH  of  the  chemical  bath  solution  without  strong  acid
enabled  quality  SnO2 ETL  deposited  on  the  flexible  substrates
without  corrosion  and  the  reusability  of  the  CBD  solution.  As  a
result, a record PCE of 25.09% (certified 24.90%) was achieved for
FPSCs with excellent  mechanical  durability,  retaining 90% of  the
initial  PCE  after 10000 bending  cycles  (bending  radius:  6  mm).

The  excellent  performance,  wide  applicability  and  reusability  of
this novel CDB SnO2 holds great promise for large-scale application
of PSCs.
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