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Homogenizing the Electron Extraction via Eliminating
Low-Conductive Contacts Enables Efficient Perovskite Solar
Cells with Reduced Up-Scaling Losses

Zhineng Lan, Hao Huang, Yi Lu, Shujie Qu, Min Wang, Shuxian Du, Yingying Yang,
Changxu Sun, Qiang Zhang, Yi Suo, Xinxin Wang, Luyao Yan, Peng Cui, Zhiguo Zhao,*
and Meicheng Li*

Maintaining the power conversion efficiency (PCE) of perovskite solar cells
(PSCs) while enlarging the active area is necessary for their industrialization,
where the key part is the uniform carrier extraction. Here, a conformal
electron transport layer (ETL) is reported with eliminated low-conductive
contacts through a tailored deposition that combines chemical bath
deposition and modified spin-coating on a light-managing textured substrate.
The KPFM and C-AFM are utilized to prove the uniform and optimized
electrical properties. This study further employs the 2D measurements of PL
and TRPL mapping to focus on revealing the enhanced uniformity of electron
extraction. The uniform ETL conductivity and electron extraction contribute to
a substantial decrease in device up-scaling losses, making the 𝜹PCE

( PCE0.08−PCE1

PCE0.08
) between 0.08 cm2-device and 1 cm2-device decrease from 5.02%

to 2.97%, while the perovskite film is deposited using two-step method. When
using one-step method to deposit perovskite film, PCEs of 25.13% and
23.93% for the active area of 0.08 cm2 and 1 cm2 are achieved, and the 𝜹PCE

decreases from 7.89% to 4.77%, validating the significant effects on reducing
up-scaling losses. This work provides a new perspective to maintain high
efficiency while device up-scaling, providing more opportunities to push
forward the PSCs industrialization.

1. Introduction

Metal halide perovskite solar cells (PSCs) have been consid-
ered to be the most potential photovoltaic technology, due to its
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remarkable advantages like low-cost solu-
tion preparation, high efficiency, flexible
and semi-transparent preparation, and so
on.[1–6] Although significant improvements
have been achieved in both power conver-
sion efficiency (PCE) and stability, a chal-
lenge limiting their industrialization is the
trade-off between the high efficiency and
large active area, an issue determined not
only by perovskite film but also the car-
rier transport layer.[7–12] Currently, massive
literature related to perovskite regulation
has been reported to enhance the photo-
voltaic performance of PSCs with an ac-
tive area >1 cm2.[13–17] Besides, as the re-
search progresses, it is observed that the
fill factor (FF) of the PSCs obviously de-
clines as the active area increases. The de-
clined FF is supposed to closely relate to
the non-uniform interfacial electron extrac-
tion, an issue mainly determined by the
electron transport layer (ETL), especially in
planar n-i-p PSCs.[18–20] Proposing a tai-
lored deposition to achieve a high-quality
ETL with uniform electrical properties at
the lateral aspect is expected to enhance

the uniform electron extraction, leading to a decrease in the up-
scaling loss of PSCs.

In planar PSCs, the fluorine-doped tin oxide (FTO) is the most
popular substrate, its textured surface as the front contact that
scatters the incoming radiation can destroy the coherence of the
incoming light and afford light trapping by increasing the opti-
cal path length.[21,22] The enhanced light absorption is beneficial
to the improvement of the short-circuit current density (JSC) of
PSCs. This similar strategy that uses the textured surface to en-
hance light absorption has been utilized in traditional silicon so-
lar cells and emerging silicon/perovskite tandem solar cells.[23,24]

Although the textured surface of FTO exhibits a positive effect
on the JSC, it is a challenge for the deposition of thin and uni-
form ETL.[25] Such a challenge is much more severe when the
PSCs up-scaling to a large-area device. Therefore, it is necessary
to develop a deposition strategy to obtain a conformal ETL on the
textured substrate for efficient and scalable planar PSCs.
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To obtain high-quality ETL, several techniques, such as spin-
coating, atom layer deposition, magnetron sputtering, and chem-
ical bath deposition have been proposed.[26–28] Among them,
spin-coating has been proven to be an available method to de-
posit high-quality ETL. However, this method is prone to pro-
duce a non-uniform film on the light-managing textured sub-
strate, which is more suitable to be applied on a substrate like
indium-doped tin oxide that exhibits a smooth surface.[29] Chem-
ical bath deposition enables uniform and complete coverage on
the underlying substrate, which is more suitable for depositing
ETL on FTO substrate.[30,31] Recently, Yoo et al. achieved high-
quality SnO2 on FTO via chemical bath deposition by finely con-
trolling the deposition process, resulting in a certified PCE of
25.2%.[32] However, the chemical reaction during the SnO2 chem-
ical bath deposition is complex and the property of deposited
SnO2 is particularly sensitive to the condition, which makes the
technology of SnO2 chemical bath deposition hard to be repeated.
In comparison, the chemical bath deposition of TiO2 has been
extensively investigated and well-established much earlier, rep-
resenting a mature technology with excellent reproducibility.[33]

In 2022, Huang et al. proposed a ligand-engineered deposition
strategy to precisely regulate the TiO2 chemical bath deposition
process, and simultaneously optimize the TiO2 and its interfa-
cial contact property, achieving a PCE of 24.8% with FF exceed-
ing 83.1%.[25] Although the TiO2 chemical bath deposition has
been broadly used to deposit high-quality TiO2 on FTO, the rela-
tively low electron mobility (≈10−5 cm2 V−1 s−1) and easily gener-
ated structural defects limit the efficient and uniform interfacial
electron extraction, especially when applied to large-area devices.
Hence, combining the advantage of different deposition meth-
ods and different ETL materials should be a feasible approach to
fabricating ETL with excellent and uniform electronic properties
on texture FTO for efficient PSCs.[34–36]

Here, we proposed a tailored deposition by combining the
chemical bath deposition and spin-coating to achieve a conformal
ETL of TiO2/SnO2 on texture FTO substrate. Furthermore, the
deposition of the SnO2 capping layer is further modified by the
ammonium hypophosphite (AH), which homogenizes the SnO2
distribution. The conformal ETL with eliminated low-conductive
contacts enhanced the uniformity of electronic conductivity and
interfacial electron extraction. The resulting PSCs where the per-
ovskite films are fabricated by one-step method achieve PCEs of
25.13% and 23.93% for the active area of 0.08 and 1 cm2

, respec-
tively, and the 𝛿PCE ( PCE0.08−PCE1

PCE0.08
) between 0.08 cm2-device and

1 cm2-device decrease from 7.89% to 4.77%. The PSCs where
the perovskite films are fabricated by two-step method achieve a
small 𝛿PCE of 2.97%, validating the significant effects on reducing
the up-scaling losses. This work can provide a technical reference
for preparing the ETL on a textured substrate and a new insight
into the reduction of up-scaling losses of PSCs.

2. Results and Discussion

2.1. The Fabrication and Characterization of ETLs

Considering the textured surface of FTO, we first deposited a
TiO2 layer by utilizing the chemical bath method, because this
method can ensure a conformal and uniform deposition. Then,

to optimize and homogenize the electronic property and allevi-
ate the diverse impact of the TiO2 on perovskite, we deposited
a SnO2 capping layer on the surface of TiO2. When depositing
the SnO2 capping layer, the AH (the molecular structure shown
in Figure S1, Supporting Information) was incorporated to as-
sist the deposition by enhancing the adhesion of SnO2 on TiO2,
which is explained and supported by Figures S2 and S3 (Sup-
porting Information). Notably, the SnO2 with AH is named as
AH-SnO2. For characterizing the morphology of different ETLs,
we prepared TiO2, TiO2/SnO2, and TiO2/AH-SnO2, respectively
(Figure 1a). The scanning electron microscope (SEM) measure-
ment was performed to observe the surface morphology of ETLs
with the results shown in Figure 1b-d. We can clearly observe the
compact and continuous TiO2 film on FTO. The topography of
FTO is obviously observed, which indicates that TiO2 film is de-
posited conformably. The cross-sectional SEM image exhibited in
the inset also validates the conformal deposition of TiO2. In ad-
dition, there are many coral-like clusters and protrusions located
on the surface of TiO2, which may result from the violent hydrol-
ysis reaction and active intermediate products during the chem-
ical bath process. This phenomenon has also been observed and
reported in our previous work.[25] After depositing TiO2 film on
the textured FTO, the SnO2 capping layer was deposited by spin-
coating method. From the surface and cross-sectional SEM im-
age, the SnO2 capping layer has negligible influence on the over-
all surface morphology of TiO2. However, in detail, we can find
that the coral-like clusters are mitigated, such a phenomenon is
also observed in TiO2/AH-SnO2 after incorporating the AH into
the SnO2 capping layer. The mitigated clusters may come from
the SnO2 wrapping, which softens the outline of the nanocluster
and destroys the weak nanostructure.[37–39]

To quantify the surface differences of TiO2, TiO2/SnO2, and
TiO2/AH-SnO2, atomic force microscopy (AFM) was used to fur-
ther characterize surface morphology and roughness. As shown
in Figure S4 (Supporting Information), the AFM images remain
consistent with the above SEM images, where we can clearly ob-
serve the FTO topography, demonstrating the conformal deposi-
tion of ETLs. The clusters and protrusions can also be observed,
which is supposed to influence the surface roughness. The root
mean square (RMS) of TiO2, TiO2/SnO2, and TiO2/AH-SnO2 is
17, 16, and 14 nm, respectively. The RMS is reduced after deposit-
ing the SnO2 capping layer and further AH incorporation, which
validates the mitigation of surface clusters. The results of SEM
and AFM prove that the tailored deposition including chemical
bath and spin-coating can ensure a conformal ETL on the tex-
tured FTO, and the SnO2 capping layer and further AH incorpo-
ration possess a positive effect on reducing the surface roughness
and increasing the surface uniformity.

Except for the surface morphology, we characterize properties
of ETLs such as surface potential, conductivity, and energy lev-
els. First, X-ray photoelectron spectroscopy (XPS) was carried
out to confirm the successful deposition of the SnO2 capping
layer. As shown in Figure 1e and Figure S5 (Supporting Informa-
tion), compared to the XPS spectrum of TiO2, there is an obvious
peak of Sn 3d and Sn 4s in the spectrum of TiO2/SnO2, demon-
strating that SnO2 is spin-coated on TiO2. As for the TiO2/AH-
SnO2, it is observed a new peak located at 133.20 eV that de-
notes the hypophosphite group of AH in the P 2p spectrum
(Figure 1e), confirming the incorporation of AH in AH-SnO2.[9]
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Figure 1. The preparation process and morphology of ETLs. a) The schematic diagram of the preparation process of ETLs. b–d) Surface SEM images of
ETLs, the corresponding cross-sectional SEM image is illustrated as inset. e) XPS spectra of P 2p for ETLS. f) FTIR spectra of AH, SnO2, and AH-SnO2,
all the sample is powder, and the SnO2 and AH-SnO2 powder are obtained by drying the corresponding solution. g) J–V curves of devices including
different ETLs under dark.

Meanwhile, the peak shift of Sn 3d3/2 and Sn 3d5/2 is observed
in the high-resolution Sn 3d spectrum in TiO2/AH-SnO2 com-
pared to that of TiO2/SnO2 (Figure S6, Supporting Informa-
tion), indicating the chemical interaction between AH and Sn
atom. The successful incorporation of AH in SnO2 was also val-
idated by Fourier transform infrared spectrometer (FTIR) mea-
surement (Figure 1f; Figure S7, Supporting Information). The
SnO2 capping layer and its modification by incorporating AH
possess a positive effect on the conductivity of ETL. We compared
the conductivity among these ETLs by fabricating devices struc-
tured as FTO/ETLs/Au. Figure 1g shows that the conductivity of
TiO2/SnO2 is higher than that of TiO2, which agrees with the pre-
vious reports.[26,40] Moreover, the conductivity of TiO2/SnO2 has
further been increased with the incorporation of AH, which can
be attributed to the enhanced contact between SnO2 and TiO2.

The energy level structure of ETLs was also characterized by
Kelvin probe force microscopy (KPFM) and ultraviolet photoelec-
tron spectroscopy (UPS). First, The KPFM was performed to char-
acterize the surface potential of these ETLs (Figure 2a-c). The
distribution of surface potential and average value have been ex-

hibited. The average surface potential of TiO2/AH-SnO2 (9 mV)
is lower than that of TiO2 (61 mV) and TiO2/SnO2 (33 mV),
indicating an upshift of the Fermi level (EF). The correspond-
ing RMS values of TiO2, TiO2/SnO2, and TiO2/AH-SnO2 are
3.9, 2.3, and 1.9 mV, respectively. The reduced RMS indicates
that the uniformity of surface potential is enhanced. The de-
tailed energy level structure was determined by UPS (Figure
S8, Supporting Information). The EF of TiO2/AH-SnO2 film
(−4.01 eV) is higher than that of TiO2/SnO2 (−4.09 eV) and
TiO2 (−4.48 eV), which is consistent with the KPFM results. Be-
sides, combining the Fermi edges, we further calculate the va-
lence band maximum energy (EVBM) of TiO2 to be −7.51 eV, and
the EVBM of SnO2 to be −8.11 eV, and the EVBM of AH-SnO2 to
be −7.96 eV. The band gap values of TiO2, SnO2, and AH-SnO2
can be obtained through tauc plots (Figure S9, Supporting In-
formation). Based on the results of USP and tauc plots, the con-
duction band minimum energy (ECBM) is calculated to be −4.36,
−3.79, and −3.61 eV for TiO2, SnO2, and AH-SnO2, respectively.
The optimized energy level and constructed gradient level struc-
ture are supposed to enhance the interfacial electron extraction,
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Figure 2. Characterization of ETLs. a–c) KPFM images and corresponding surface potential distribution of ETLs. d) Schematic diagram of the energy level
structure. e) The surface potential curve of FTO/ETLs/perovskite cross-section. f) Mott–Schottky plots of PSCs with different ETL under dark conditions.

contributing to the photovoltaic performance improvement of
PSCs (Figure 2d; Figures S10 and S11, Supporting Informa-
tion). We proposed a schematic diagram of the band bend-
ing shown in Figure S12 (Supporting Information). The energy
level offset (ΔE = ECBM (Perovskite)−ECBM (ETLs)) can be effectively
reduced by introducing a capping layer. We also characterized
the cross-sectional KPFM image of FTO/ETLs/perovskite to di-
rectly show the interfacial potential changes.[41] As shown in
Figure 2e and Figure S13 (Supporting Information), The po-
tential slope can be mitigated by SnO2 and AH-SnO2, indicat-
ing that the capping layer can effectively optimize the interface
energy level matching, which is consistent with the UPS re-
sults. We measured Mott–Schottky plots of PSCs with differ-
ent ETLs to evaluate the interface and charge transport prop-
erties with the results shown in Figure 2f. It can be seen that
the PSCs based on TiO2, TiO2/SnO2, and TiO2/AH-SnO2 show
a built-in field (Vbi) of 1.01, 1.09, and 1.12 V, respectively. The
higher Vbi mainly resulted from the optimized interfacial energy
level matching is beneficial for the separation of photogenerated
electron–hole pairs and further promotes carrier transport. We
preliminary fabricated planar PSCs with different ETLs and col-
lects their photovoltaic parameters. Due to the poor carrier trans-
port characteristics of TiO2 ETL, TiO2-based PSCs possess a less-
than-ideal PCE (Figure S14 and Table S1, Supporting Informa-
tion).

2.2. The Enhanced Electron Extraction and Photovoltaic
Performance of PSCs

The SnO2 capping layer can effectively improve the PCE
of TiO2-based PSCs, which is consistent with the reported
works.[42,43] Thereafter, we focus on the investigation of the
AH-SnO2 capping layer and its influence on the PSCs per-
formance. To investigate the interfacial electron transport dy-
namic and the device physics, various measurements were per-
formed on PSCs with TiO2/SnO2 and TiO2/AH-SnO2. The
steady-state photoluminescence (PL) was carried out to in-
vestigate the influence of AH on interfacial electron trans-
port (Figure 3a). Compared to the spectrum of perovskite film
on TiO2/SnO2, the spectrum of perovskite film on TiO2/AH-
SnO2 shows tremendous quenching of PL intensity, indicat-
ing more effective electron extraction. Based on the curve
fitting of time-resolved photoluminescence (TRPL) spectra
(Figure 3b), the average carrier lifetimes (𝜏avg) can be cal-
culated. The 𝜏avg of perovskite deposited on TiO2/AH-SnO2
is 616.53 ns, which is much lower than that (903.13 ns)
of perovskite deposited on TiO2/SnO2. These results tes-
tify that TiO2/AH-SnO2 has an enhanced electron extrac-
tion ability. Furthermore, to gain an insight into the trap-
assisted charge recombination in the device, the dependence
of open-circuit voltage on the light intensity was investigated

Adv. Funct. Mater. 2024, 2316591 © 2024 Wiley-VCH GmbH2316591 (4 of 10)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202316591 by N
orth C

hina E
lectric Pow

er U
niversity B

eijing, W
iley O

nline L
ibrary on [16/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. Performance of PSCs with different ETLs. a) PL spectra of perovskite films deposited on different ETLs. b) TRPL spectra of perovskite films
deposited on different ETLs. c) VOC of PSCs with various ETLs plotted against the logarithm of light intensity. d) Reverse J–V curves of champion PSCs
with different ETLs, the active area is 0.08 cm2. e) Reverse J–V curves of champion PSCs with different ETLs, the active area is 1 cm2. f) Statistical results
of PCEs, each group has 40 devices for 0.08 cm2-PSCs, and each group has 35 devices for 1 cm2-PSCs. g) The PCE evolution of unencapsulated PSCs
with different ETLs aged in ambient air. h) Steady-state efficiency at the maximum power point for PSCs with different ETLs. i) Operational stability
tracking of PSCs under steady-state light illumination and bias voltage for 180 h (N2 atmosphere, white LED).

(Figure 3c). The ideal factor (nID) is obtained through the
equation of VOC = nkBTln(I)/q, where kB is the Boltzmann
constant, T is the absolute temperature, and q is the electron
charge.[44] The PSCs with TiO2/AH-SnO2 exhibit a smaller nID,
suggesting that the non-radiative carrier recombination has been
reduced, which is consistent with the dark current curves re-
sult (Figure S15 and Note S1, Supporting Information). The
reduced non-radiative carrier recombination may result from
enhanced interfacial electron extraction and passivated inter-
face defects (Figures S16–S18 and Notes S2 and S3, Supporting
Information).[45–47]

To explore the influence of the AH-SnO2 capping layer on
the PSCs photovoltaic performance, we fabricated PSCs with
TiO2/SnO2 and TiO2/AH-SnO2 as ETL, where the perovskite
film was deposited using the one-step method. Figure 3d dis-

plays the reverse J–V curves of the champion PSCs where the
active area is 0.08 cm2. The PSC with TiO2/AH-SnO2 obtained a
PCE of 25.13%, with a VOC of 1.174 V, a JSC of 25.80 mA cm−2,
and an FF of 82.99%. In comparison, the PSC with TiO2/SnO2
obtains a lower PCE of 24.33%, with a VOC of 1.161 V, a JSC
of 25.68 mA cm−2, and an FF of 81.62% (Table S2, Support-
ing Information). The PSC with TiO2/AH-SnO2 also shows a
reduced hysteresis, which should result from enhanced interfa-
cial electron extraction and reduced interfacial carriers accumu-
lation (Figure S19 and Table S2, Supporting Information).[48–50]

The external quantum efficiency (EQE) spectra of correspond-
ing PSCs are shown in Figure S20 (Supporting Information),
where the integrated JSC values possess a small variation from
the values obtained from J–V curves. Besides, we also fabri-
cated the PSCs with an active area of 1 cm2 to investigate the
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applicability of TiO2/AH-SnO2 on the scalable device. We are
pleasantly surprised to find that the 1 cm2-PSCs with TiO2/AH-
SnO2 show a high PCE of 23.93% with a reduced hysteresis, while
the 1 cm2-PSCs with TiO2/SnO2 only have a PCE of 22.40%
(Figure 3e; Figure S21 and Table S3, Supporting Information).
To verify the reproducibility, we further fabricated a batch of
0.08 cm2-PSCs with TiO2/SnO2 and TiO2/AH-SnO2, respectively,
and 40 devices were included in this batch. The statistics of
photovoltaic parameters are shown in Figure 3f and Figure S22
(Supporting Information). Both the PSCs possess good repro-
ducibility and the average PCE of PSCs with TiO2/AH-SnO2 is
24.52%, higher than that of 23.80% of PSCs with TiO2/SnO2.
A batch of 1 cm2-PSCs with different ETLs was also fabricated,
each type of PSCs includes 35 devices (Figure 3f; Figure S23,
Supporting Information). It is obvious that the 1 cm2-PSCs with
TiO2/AH-SnO2 not only exhibit an improved reproducibility but
also an improved average PCE, compared to the 1 cm2-PSCs
with TiO2/SnO2. In detail, we can also find that the PCE in-
crement after incorporating AH in the SnO2 capping layer is
much bigger in the 1 cm2-PSCs compared to that in the 0.08
cm2-PSCs. With the active area of PSCs changing from 0.08
to 1 cm2, the average PCE of PSCs with TiO2/SnO2 decreases
from 23.80% to 21.30%. As a comparison, the average PCE of
PSCs with TiO2/AH-SnO2 decreases from 24.52% to 22.94%.
The smaller PCE reduction demonstrates that the TiO2/AH-
SnO2 exhibits huge potential for scalable manufacturing of ef-
ficient PSCs.

Besides the photovoltaic performance, the stability of PSCs is
also characterized by continuous monitoring of the PCE evolu-
tion after long-term storage and output. For the stability mea-
surement, the structure of PSCs is also FTO/TiO2/SnO2 (AH-
SnO2)/PVK/Spiro-OMeTAD/Au. The PCEs of unencapsulated
PSCs with TiO2/SnO2 layer and TiO2/AH-SnO2 stored in ambi-
ent air with 25 °C and 30% relative humidity for 2500 h were
monitored (Figure 3g). The PSCs with TiO2/AH-SnO2 layer can
maintain 85% of their initial PCE after 2500 h, while PSCs with
TiO2/SnO2 drop to 80% of its initial PCE after ≈500 h. The corre-
sponding J–V curves are shown in Figure S24 (Supporting Infor-
mation). Moreover, the stabilized PCE and its continuous evolu-
tion were also measured. Figure 3h shows the stabilized current
density and PCE under one-sun illumination. The stabilized PCE
of PSC with TiO2/AH-SnO2 is 24.88%, which is higher than that
(23.89%) of PSCs with TiO2/SnO2. The results of operational sta-
bility are shown in Figure 3i, the PSCs with TiO2/AH-SnO2 can
maintain ≈90% of the initial PCE after operating for 180 h, while
the PSCs with TiO2/AH-SnO2 only maintained 70% of the initial
value. The enhanced device stability can also be reflected from
the enhanced interface stability through the measurements of
EIS, open-circuit photovoltage decay, and transient ion-migration
currents (Figures S25–S27, Tables S4 and S5, and Notes S4–S6,
Supporting Information).[51,52] These results indicate that the of
electron accumulation at the TiO2/SnO2/perovskite interface in-
creases as the aging time prolongs, accompanied by the intensifi-
cation of interfacial recombination and ion migration. As a com-
parison, these phenomena are effectively mitigated at TiO2/AH-
SnO2/perovskite interface. The above results demonstrate that
the modification of the SnO2 capping layer can effectively im-
prove the PSCs photovoltaic performance and also possess a pos-
itive effect on stability.

2.3. The Uniform Electron Extraction and Reduced
Upscaling-Loss

TiO2/AH-SnO2 exhibits excellent application in large-area PSCs,
which is supposed to be ascribed to its homogeneous electron
extraction. To accurately characterize the electrical properties of
TiO2/SnO2 and TiO2/AH-SnO2 in a wider landscape, we have car-
ried out various characterization methods that can display 2D in-
formation. First, conducting atomic force microscope (C-AFM)
was utilized to evaluate the surface conductivity and its distribu-
tion. As shown in Figure 4a,b, it is found that the average sur-
face current of TiO2/AH-SnO2 is 716 pA, which is higher than
that (660 pA) of TiO2/SnO2. The validated increased conductivity
agrees with the results of J–V tests with the results in Figure 1g.
We can further observe the surface current distribution from
the C-AFM measurement (Figure 4c). The surface current of
TiO2/SnO2 distributes within a range from 500 to 800 pA, and
the corresponding RMS is 55 pA. As a comparison, the surface
current of TiO2/AH-SnO2 distributes within a range from 600 to
800 pA, and the corresponding RMS is 30 pA. The increased av-
erage surface current and decreased RMS value demonstrate that
the incorporation of AH eliminates low-conductive contacts and
optimizes the uniformity of surface conductivity, which may re-
sult from the AH assisting the homogeneous deposition of SnO2
capping layer.

The above results of PL and TRPL have proved that the
TiO2/AH-SnO2 possesses a stronger electron extraction than
TiO2/SnO2. Now, the PL and TRPL mapping were performed
to focus on the lateral homogenous. From Figure 4d,e, we can
find that the average PL intensity of perovskite on TiO2/SnO2
is lower than that of perovskite on TiO2/AH-SnO2, which veri-
fies the enhanced electron extraction after the incorporation of
AH. More importantly, the distribution of PL intensity has been
effectively optimized. The PL intensity range of perovskite film
on TiO2/SnO2 is from 250 to 1800, resulting in the mass of the
local region with ultra-high intensity in the image (Figure 4f).
As a comparison, the PL intensity range of perovskite film on
TiO2/AH-SnO2 is from 250 to 800 with negligible high-intensity
point distributing in a range from 1000 to 1200. The results of
PL mapping demonstrated that the AH-SnO2 capping layer ef-
fectively eliminates the local region with inefficient electron ex-
traction, leading to a homogeneous interfacial electron trans-
fer. The enhanced electron extraction of the AH-SnO2 capping
layer has also been proved by TRPL mapping measurement with
the results shown in Figure 4g,h. From the lifetime distribution
(Figure 4i), we can also find that the AH-SnO2 capping obviously
optimizes the uniformity of electron extraction, which is consis-
tent with the results of PL mapping.

The schematic diagram was proposed to directly show the
comparison of lateral uniform electron extraction and non-
uniform electron extraction, which is demonstrated by PL map-
ping and TRPL mapping. As shown in Figure 5a, the AH-
SnO2 capping layer effectively decreases the local region of in-
efficient electron extraction, because the AH assists the deposi-
tion of SnO2 on TiO2, even in the TiO2 cluster, which reduces
the low-conductive location. The uniform deposition of the AH-
SnO2 capping layer reduces the variance of electrical proper-
ties at the lateral aspect, leading to uniform electron extraction.
When the active area of PSCs is enlarged, this uniform electron

Adv. Funct. Mater. 2024, 2316591 © 2024 Wiley-VCH GmbH2316591 (6 of 10)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202316591 by N
orth C

hina E
lectric Pow

er U
niversity B

eijing, W
iley O

nline L
ibrary on [16/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. Uniform electron extraction. a,b) C-AFM images of ETLs. c) The corresponding surface current distribution of ETLs. d,e) PL mapping of
perovskite films deposited on different ETLs. f) The corresponding PL intensity distribution. g,h) TRPL mapping of perovskite films deposited on different
ETLs. i) The corresponding lifetime distribution.

extraction can be beneficial to reduce the efficiency decrease,
which is proved by the PCE comparison of 0.08 cm2-PSCs and 1
cm2-PSCs in the above discussion. To further validate this point,
we utilize a different method, two-step method, to deposit per-
ovskite film on TiO2/AH-SnO2 and TiO2/AH-SnO2, respectively.
Notably, in the later part of this paragraph, the PSCs are based
on perovskite thin films prepared by a two-step method unless
otherwise specified.

The PCE of champion 0.08 cm2-PSC with TiO2/AH-SnO2
is 24.57%, which is higher than that (23.85%) of PSC with
TiO2/SnO2 (Figure 5b; Figure S28 and Table S6, Supporting In-
formation). As for the large-area devices, the 1 cm2-PSCs with
TiO2/AH-SnO2 obtain a PCE of 23.84%, JSC is 25.89 mA cm−2,
VOC is 1.147 V and FF is 80.27%. In contrast, the 1 cm2-PSC with
TiO2/SnO2 only obtain a PCE of 22.33%, JSC is 25.83 mA cm−2,
VOC is 1.121 V and FF is 77.08% (Figure 5c; Figure S29 and Table

S7, Supporting Information). The reproducibility of both PSCs
with different areas was characterized by fabricating a batch of
devices and collecting their photovoltaic parameters. As shown
in Figure 5d and Figures S30 and S31 (Supporting Information),
all the PSCs possess good reproducibility and we can also find
that the average PCE has been effectively improved after modify-
ing the SnO2 capping layer.

We use 𝛿PCE which can be calculated from the equation of
PCE0.08−PCE1

PCE0.08
to define the efficiency loss when the active area is

enlarged from 0.08 to 1 cm2. As shown in Figure 5e, when prepar-
ing the perovskite film using one-step method, the 𝛿PCE is 7.89%
for the PSCs with TiO2/SnO2, and the 𝛿PCE is 4.77% for the PSCs
with TiO2/AH-SnO2. When preparing the perovskite film using
two-step method, for PSCs with TiO2/SnO2, the 𝛿PCE is 5.02%.
As a comparison, the 𝛿PCE of PSCs with TiO2/AH-SnO2 is 2.97%,
which is one of the minimum values among the previous works

Adv. Funct. Mater. 2024, 2316591 © 2024 Wiley-VCH GmbH2316591 (7 of 10)
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Figure 5. Application of ETLs on scalable PSCs where the perovskite film is prepared by two-step method. a) Schematic diagram of lateral uniform
electron extraction. b) Reverse J–V curves of the champion PSCs, the active area is 0.08 cm2. c) Reverse J–V curves of the champion PSCs, the active
area is 1 cm2. d) Statistical results of PCEs, each group has 40 devices for 0.08 cm2-PSCs, and each group has 35 devices for 1 cm2-PSCs. e) The average
PCEs of PSCs, prepared by one-step and two-step with different active areas.

which reported the 0.08 cm2-PSCs and 1 cm2-PSCs (Figure S32
and Table S8, Supporting Information). Due to the enhanced
uniformity of electron extraction, the novel ETL of TiO2/AH-
SnO2 can effectively decrease the PCE loss during the device up-
scaling, showing the great potential of promoting PSCs industri-
alization.

3. Conclusion

In this work, we have achieved high-efficiency PSCs with re-
duced up-scaling losses by depositing a conformal ETL on light-

managing textured substrates. The tailored deposition com-
bining chemical bath deposition and modified spin-coating
eliminates the low-conductive contacts at ETL/perovskite inter-
face, which improves the uniformity of electron extraction. We
achieved a PCE of 25.13% for 0.08 cm2-PSCs and 23.93% for
1 cm2-PSCs, showing an effective reduction of the PCE loss be-
tween 0.08 cm2-PSCs and 1 cm2-PSCs with the 𝛿PCE decrease
from 7.89% to 4.77%. Moreover, as for different perovskite films,
the novel ETL of TiO2/AH-SnO2 also can effectively decrease the
PCE loss with a small 𝛿PCE of 2.97%, which is one of the mini-
mum values among the previous works, validating the significant
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effects on reducing up-scaling losses. In addition, these resulting
PSCs also possess excellent long-term storage stability and op-
erating stability. This work provides more opportunities for the
preparation of high-efficiency PSCs and a feasible approach for
realizing their large-scale production with low energy loss.

4. Experimental Section
The experimental section/methods are shown in the Supporting
Information.

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