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ABSTRACT: Carbon-based inorganic perovskite solar cells (C-
IPSCs) with promising efficiency, good thermal stability, and low
cost have emerged as important candidates for photovoltaic device
commercialization. However, the relatively poor phase stability of
CsPbI3 perovskite in humid conditions and the mismatched energy
level at the perovskite/carbon interface hinder the efficiency and
stability of CsPbI3 C-IPSCs. Herein, a facile molecular
modification strategy is employed to solve the current issues
using a multifunctional molecule, ethyl thioacetate (ES). Post-
treatment enhances the hydrophobicity of CsPbI3 films due to the
relatively small polarity of ES molecules. The C�O and C−S
groups in ES form Lewis acid−base coordination interactions with uncoordinated Pb2+ in perovskite, effectively passivating surface
defects in perovskite films. In addition, ES treatment optimizes the energy level arrangement, facilitating hole extraction at the
perovskite/carbon interface. Thus, ES post-treatment yields a champion PCE of 17.07% for carbon-based CsPbI3 solar cells. The ES-
treated C-IPSCs also show enhanced stability, which retains 80% of the initial PCE after 1360 h at 20% RH, surpassing the untreated
counterparts by 19%.
KEYWORDS: inorganic perovskite, CsPbI3, carbon electrode, molecular modification, high stability

1. INTRODUCTION
As promising candidates for the next-generation photovoltaic
devices, perovskite solar cells (PSCs) have a certified
photovoltaic conversion efficiency (PCE) of over 27%.1 The
stability of PSCs is the main obstacle to their commercial
application. This instability is mainly caused by organic cations
including methylammonium (MA+) and formamidine (FA+),
as well as the use of organic hole transport layers.2 To address
this issue, researchers have developed all inorganic perovskite
by using Cs+ to replace organic cations.3−5 Meanwhile, to
further reduce manufacturing costs and improve the stability of
PSCs, many research works have used printable carbon
electrodes to replace both hole transport layers and metal
electrodes, which has led to higher device efficiency.6

Therefore, inorganic PSCs based on carbon electrodes (C-
IPSCs) with a device structure of FTO/electron transport
layer/perovskite/carbon have attracted widespread attention in
recent years.7−9

With relatively suitable bandgaps, CsPbI3 C-IPSCs exhibit
theoretically high PCE.10−13 Xiang et al. developed a facile
method to fabricate CsPbI3 perovskite films with a broadened
optical spectrum by replacing PbI2 with HPbI3 in dry air and
achieved a PCE of 9.5% for C-IPSCs.14 Wang et al. improved
the crystal quality of the CsPbI3 film by tuning the
crystallization processes in dimethylammonium iodide

(DMAI)-assisted CsPbI3 perovskite films, thereby boosting
the PCE of CsPbI3 C-IPSCs to 14.6%.15 Zhang et al. combined
wet film treatment and dry film treatment to fabricate CsPbI3
films with an in situ formed low-dimensional perovskite
structure, which simultaneously passivated bulk and surface
defects and achieved a PCE of 19.65% in C-IPSCs.16

Despite significant improvements in device efficiency, two
major challenges persist for C-IPSCs: (1) the relatively poor
phase stability of inorganic CsPbI3 perovskite under a humid
environment and (2) insufficient hole extraction at the
inorganic perovskite/carbon interface. These factors continue
to limit further advancements in both efficiency and stability.
Various strategies have been proposed to solve the above-
mentioned issues, including interface engineering,17−19 com-
ponent engineering,20−22 and carbon electrode modifica-
tion.23−25 Interface engineering is a facile method to enhance
the phase stability of inorganic perovskites and improve the
energy level alignment between inorganic perovskites and
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carbon electrodes. Zhang et al. constructed a 1D/3D
heterostructure to passivate the defects of CsPbI3 perovskite
films and enhance its phase stability, thus achieving a new
certified record of 17.8% for CsPbI3 C-IPSCs.26 Zhang et al.
employed 4-trifluoromethyl-phenylammonium iodide at the
perovskite/carbon interface to manipulate the dipole electric
field. This strategy enhanced hole selectivity and charge
separation at the interface, which in turn increased the PCE to
18.33%.7 However, the above strategies have strict require-
ments for processing conditions and atmosphere, which
undoubtedly increase the uncontrollability of the process.
Therefore, developing simple postprocessing strategies with
high process tolerance and a wide operational window is
crucial for advancing the technology toward practical
applications.

In this work, a facile molecular modification strategy using
ethyl thioacetate (ES) is employed to simultaneously improve
the phase stability of perovskites and the energy level
alignment between perovskites and carbon electrodes. It is
demonstrated that the carbonyl groups (C�O) and C−S in
ES can form Lewis acid−base coordination interactions with
uncoordinated Pb2+ in perovskite, passivating surface defects of
CsPbI3 perovskite films. In addition, ES treatment optimizes
the energy level arrangement between inorganic perovskite and
carbon electrodes, accelerating the hole extraction from
inorganic perovskite to carbon electrodes. Thus, ES post-
treatment yields a champion PCE of 17.07% for carbon-based
CsPbI3 solar cells with enhanced stability.

2. EXPERIMENTAL SECTION

2.1. Materials
S-Ethyl thioacetate (ES) was purchased from Aladdin. PbI2 (99.99%)
and CsI (99.99%) were from Xi’an Polymer Light Technology
Corporation (China); PbBr2 (99.999%) and isopropanol (IPA,
99.5%) were from J&K. Dimethylammonium iodide (DMAI,
99.9%) was from Advanced Election Technology Co., Ltd. Titanium
diisopropoxide bis(acetylacetonate) (75 wt % in isopropanol), 2-butyl
alcohol, and N,N-dimethylformamide (DMF, ≥99.9%) were from
Sigma-Aldrich. Carbon paste was from Shanghai Materwin New
Materials Co., Ltd.

2.2. Device Fabrication
FTO glass (7 Ω sq−1) was cleaned with deionized water, ethanol, and
IPA. Titanium diisopropoxide bis(acetylacetonate) was diluted by 2-
butyl alcohol before deposition on the UV−ozone-treated FTO
substrate by spin-coating at 3000 rpm for 30 s. The fabricated
substrates were annealed at 125 °C for 10 min in air. Subsequently, a
mesoporous TiO2 layer was deposited by spin-coating a commercial
TiO2 paste (Dyesol 30NRD), which was dispersed in ethanol (150
mg/mL), at 4000 rpm for 10 s. The films were subjected to a two-step
thermal treatment: first drying at 120 °C for 10 min, followed by
annealing at 500 °C for 30 min. The CsPbI3 precursor solution (1.0
M) was prepared by dissolving 259.71 mg of CsI, 694.5 mg of PbI2,
and 259.9 mg of DMAI in 1000 μL of DMF and was spin-coated on
TiO2 at 2000 rpm for 20 s. The film was quickly placed on a hot plate
at a temperature of 230 °C for 5 min. For ES modification, 0, 0.5, 1,
and 1.5 mg/mL ES were dissolved in IPA. The film was spin-coated at
2000 rpm for 20 s and subsequently annealed at 100 °C for 5 min.
The carbon electrode was prepared by depositing carbon paste
through a doctor-blade coating, followed by drying at 120 °C for 15
min.

3. RESULTS AND DISCUSSION
To construct efficient and stable CsPbI3 C-IPSCs, ES is
introduced as an effective passivator onto the perovskite

surface. The corresponding preparation process of the ES-
treated CsPbI3 perovskite film is displayed in Figure 1a. After

annealing the perovskite film, ES solutions of different
concentrations (dissolved in IPA) were spin-coated onto the
perovskite surface, followed by annealing at 120 °C for 5 min
to achieve efficient surface passivation. The detailed prepara-
tion process is depicted in the Supporting Information. We
first characterized the water contact angle (CA) of CsPbI3
perovskite films with and without ES treatment, as shown in
Figure 1b,c. The measured CA for the control perovskite film
was 42.6°. As the contact time extended to 10 min, the CA
rapidly decreased to 25.1°, representing a reduction of ∼41%.
In contrast, the initial CA of the target perovskite film increases
to 65.6° and remains around 52° after 10 min, only decreasing
by 21%. At the same time, in subsequent observations, the
contact angle of the control film continued to decrease over
time. In contrast, the contact angle of the ES-modified film
remained stable between 10 and 20 min, with no significant
changes observed (Figure S1). These results indicate that ES
treatment can enhance the hydrophobicity of the CsPbI3
perovskite films. High hydrophobicity can inhibit hydrolysis
by creating a physical barrier at the source. At the same time,
this hydrophobic molecule can also anchor itself to the defect
sites of perovskite materials through coordination, effectively
inhibiting ion migration, which is beneficial for improving their
phase stability and enhancing the stability of C-IPSCs.27−29

Meanwhile, we also characterize the CA of the CsPbI3
perovskite films treated with ethyl acetate (EA) (Figure S2,
Supporting Information). The value is slightly larger than that
of the control film and still far behind that of the target
perovskite film. We attribute this phenomenon to the hydrogen
bonding ability and molecular polarity differences between EA
and ES. The oxygen atom in the ester group of EA molecules
has high electronegativity and contains lone-pair electrons,
which can form weak but effective hydrogen bonds with
hydrogen atoms in water molecules, enhancing their ability to
interact with water. Meanwhile, the oxygen in the ester group
of ES molecules is replaced by sulfur atoms, which significantly

Figure 1. (a) Preparation process of an ES-treated CsPbI3 perovskite
film. Temporal evolution of CA for the (b) control and (c) target
perovskite films. SEM (d) and AFM (e) images of the control and
target perovskite films.
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weakens the interaction with water. Also, the molecular
polarity of EA is slightly higher than that of ES, resulting in
the varied hydrophobicity.30

Focusing on the morphology of CsPbI3 perovskite, scanning
electron microscope (SEM) and atomic force microscope
(AFM) measurements are conducted, as shown in Figure 1d,e.
ES treatment increases the grain size from 1.09 to 1.34 μm and
reduces their surface roughness to 24.3 nm, indicating its
enhanced crystallinity and improved interface contact with
carbon electrodes.31−33 The SEM morphology of the sample
after EA modification did not show significant changes
compared to the standard sample (Figure S3). The X-ray
diffraction (XRD) patterns are shown in Figure S4. The target
perovskite film shows a more pronounced (110) diffraction
peak at 14.28°, with a full width at half-maximum (fwhm) of
0.183. This value is smaller than the fwhm of the control film
(0.197), indicating enhanced crystallinity in the target sample.
Additionally, Figure S5 presents the ultraviolet−visible (UV−
vis) absorption spectra of ES-modified films at various
concentrations alongside the control film. The results show
that the absorption intensities of the films remain largely
unchanged. Tauc plots derived from the absorption data
(Figure S6) indicate an optical band gap (Eg) of 1.72 eV both
before and after ES modification, suggesting that ES treatment
does not significantly alter the Eg of the inorganic perovskite.

Then, in order to study the chemical interaction between ES
and CsPbI3 perovskite films, the electrostatic potential (ESP)

of the ES molecule is shown in Figure 2a; detailed
computational methods are listed in the experimental section.
The negative charge center mainly located near the C�O and
S atoms, indicating that both sites tend to interact with the
uncoordinated Pb2+ during surface defect passivation of the
perovskite film.34−36 Fourier transform infrared spectroscopy
(FTIR) characterization is performed to further demonstrate
the interaction conditions under ES treatment, as displayed in
Figure 2b. For the ES molecule, the peaks at 1690 and 1104
cm−1 could be assigned to the C�O and C−S bond stretching
vibration peaks, respectively. For the ES-treated perovskite
film, the characteristic peaks shift to 1652 and 1067 cm−1,
indicating that C�O and C−S in the ES molecules interact
with the inorganic perovskite, mainly coordinating with
uncoordinated Pb2+.

X-ray photoelectron spectroscopy (XPS) is conducted to
characterize the Cs 3d, Pb 4f, and I 3d signal for the perovskite
films with and without ES treatment, as shown in Figure 2c−e.
Cs 3d, Pb 4f, and I 3d signal peaks shift to lower binding
energies after ES passivation, indicating an increase in electron
cloud density, which is caused by electron-rich C�O and C−S
groups of ES that would interact with uncoordinated
Pb2+.37−39 Based on the above analysis, Figure 2f illustrates
that under ES molecular modification for inorganic perovskite
films, the lone-pair electrons of C�O and C−S groups would
interact with the uncoordinated Pb2+ on the surface of the
CsPbI3 perovskite and passivate the corresponding defects.

Figure 2. (a) Electrostatic potential of the ES. (b) FTIR spectra of ES and target perovskite films. XPS spectra of (c) Cs 3d, (d) Pb 4f, and (e) I 3d
for the control and target perovskite films. (f) Proposed mechanism of the ES treatment for the CsPbI3 perovskite film.
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Focusing on the defect density of CsPbI3 perovskite films
with and without ES treatment, steady-state photolumines-
cence (PL) spectroscopy is conducted, as displayed in Figure
3a. Both films show an emission peak at around 725 nm,
corresponding to the intrinsic emission of CsPbI3 perovskite.
The enhanced intensity of the ES-treated perovskite film
indicates the effectively reduced defect density of CsPbI3
perovskite films.40 Meanwhile, PL mapping is performed
with a scanning range of 10 × 10 μm, as depicted in Figure

3b,c, demonstrating the overall enhanced PL intensity as well
as reduced defect density for the ES-treated perovskite films.
Subjecting the films on conductive substrates to ES
modification resulted in a decrease in PL intensity (Figure
S7), which suggests enhanced charge transfer efficiency. Time-
resolved PL (TRPL) curves of the perovskite films on glass are
compared, as shown in Figure 3d. From TRPL curves and
corresponding fitting parameters of both samples (Table S1),
we can see that the target perovskite film shows a greatly

Figure 3. (a) PL spectra of the control and target perovskite films. PL mapping of (b) control and (c) target perovskite films. (d) TRPL curves of
the control and target perovskite films. SCLC curves of electron-only devices: FTO/TiO2/perovskite/PCBM/Ag based on (e) control and (f)
target perovskite films.

Figure 4. (a) UPS curves of the control and target perovskite films. (b) Schematic energy level arrangement. KPFM images of (c) control and (d)
target perovskite films. (e) Horizontal distribution of surface potential along the marked lines in KPFM images.
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enhanced PL lifetime (τave) from 681.45 to 916.86 ns, further
demonstrating the effective defect passivation ability of the ES
molecule.

Furthermore, space charge limited current (SCLC) curves of
both samples using electron-only devices (FTO/TiO2/perov-
skite/PCBM/Ag) are depicted in Figure 3e,f. The estimated
trap-filled limit voltage (VTFL) declines from 0.40 to 0.34 V.
According to the equation Nt = 2εε0VTFL/eL2, where Nt
represents defect density, ε and L are the relative dielectric
constant and thickness of perovskite film, respectively, ε0 is the
vacuum dielectric constant, and e is the electron charge, the
target perovskite film shows decreased Nt values from 4.13 ×
1014 to 3.31 × 1014 cm−3 after ES treatment, which is
consistent with the PL and TRPL results.41−43

Apart from the reduced defect density for the ES post-
treatment, ES modification could optimize the energy level
arrangement at the perovskite/carbon interface as well.
Ultraviolet photoelectron spectroscopy (UPS) is employed as
shown in Figure 4a, from which the energy levels are
calculated.44 The target sample exhibits elevated Fermi levels
(from −4.93 to −3.78 eV) as well as VBM values (from −5.50
to −5.05 eV) that are close to the energy level of the carbon
electrode in Figure 4b and Figure S8, which could accelerate
the hole extraction at the interface.45 In addition, the tuned

conduction band minimum of the target perovskite could
further block the electron pass through perovskite to the
carbon electrode, which can effectively reduce the leakage
current, thereby enhancing device performance.46−48

Figure 4c,d corresponds to Kelvin probe force microscopy
(KPFM) characterizations with surface potential distribution
along the marked lines shown in Figure 4e. From the results,
we can see that the average contact potential difference (CPD)
of the target perovskite film exhibits a higher value (995.72
mV) than that of the control (667.95 mV), which is consistent
with the UPS result. At the same time, as shown in the Figure
S9 distribution map, the CPD of the control film fluctuates,
with a scattered distribution, showing notable inhomogeneity.
In contrast, the CPD distribution of the target film is more
concentrated and uniform, suggesting that the ES treatment
can effectively passivate defects of the perovskite surface and
improve the uniformity of perovskite films.

Photovoltaic performances of FTO/TiO2/CsPbI3/carbon
devices were evaluated, as illustrated in Figure 5a. The J−V
curves of the CsPbI3 C-IPSCs treated with different ES
concentrations (0.5, 1.0, and 1.5 mg/mL) are depicted in
Figure 5b, and the detailed device performance parameters are
listed in Table S2. As can be seen, the control C-IPSC obtains
a PCE of 15.61% with a short-circuit current density (JSC) of

Figure 5. (a) Device structure of CsPbI3 C-IPSCs. (b) J−V curves of the C-IPSCs treated with different ES concentrations. (c) J−V curves of the
control and target C-IPSCs measured under RS and FS. (d) SPO curves, (e) statistical PCE distribution, (f) EQE curves, (g) dark I−V curves, (h)
M−S analysis, and (i) Nyquist plots of the control and target C-IPSCs.
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19.97 mA/cm2, an open-circuit voltage (VOC) of 1.03 V, and a
fill factor (FF) of 75.86%. Under a 0.5 mg/mL ES
concentration, the PCE of the corresponding device increases
to 16.56%. The value further increases to 17.07% when the ES
concentration increases to 1 mg/mL, with JSC, VOC, and FF of
20.42 mA/cm2, 1.07 V, and 78.24%, respectively. While for 1.5
mg/mL ES treatment, a slightly decreased PCE of 16.81% is
obtained, mainly due to the fact that excessively passivated
molecules deposited on perovskite films inhibit hole transport
in C-IPSCs. Thus, the 1 mg/mL ES concentration is selected
as the optimal condition for CsPbI3 C-IPSCs. Considering the
hysteresis effect of C-IPSCs, Figure 5c depicts the J−V curves
measured under a reverse scan (RS) and a forward scan (FS),
and the corresponding device performance parameters are
listed in Table 1. According to the formula of the hysteresis

index (HI) = (PCERS − PCEFS)/PCERS, the HI value of the
target C-IPSC decreases from 0.15 to 0.09, further proving the
effective defect passivation ability of the ES molecules.49 This

passivation strategy also performs effectively in devices
prepared with Ag electrodes (Figure S10). Subsequently, we
applied EA for film passivation in a carbon-based device
architecture. The resulting optoelectronic performance param-
eters were largely comparable to those of the control group,
with no significant differences observed (Figure S11).

Figure 5d displays the stable power output (SPO) curves for
the control and target C-IPSCs. We can see that the target
device achieves a stable efficiency within 300 s. To
demonstrate the reproducibility of the device performance,
we collected a batch of control and target C-IPSCs (30
devices), and Figure 5e shows the statistical distribution of the
PCE values, which further demonstrates the effectiveness of ES
treatment for defect passivation. In addition, Figure 5f depicts
the external quantum efficiency (EQE) spectrum and the
integrated JSC is estimated to be 19.00 and 19.42 mA/cm2 for
the control and target C-IPSCs, in accordance with the above
J−V results.50−52

Dark I−V measurements are conducted for the control and
target C-IPSCs and are shown in Figure 5g. The target device
shows a reduced leakage current, indicating the inhibited
photogenerated carrier shunting along the defect-assisted
channels.53 Mott−Schottky analysis is performed, and the
built-in potential (Vbi) is estimated using the following
equation: 1/C2 = 2(Vbi − V)/A2eε0εNA, where C is the
capacitance under applied voltage; ε0 and ε are the vacuum
dielectric constant and relative dielectric constant of the
perovskite, respectively; and A, e, and NA are the device area,

Table 1. Device Performance Parameters of the Control and
Target C-IPSCs Measured under RS and FS

sample JSC (mA/cm2) VOC (V) FF (%) PCE (%) HI

control-RS 19.97 1.03 75.86 15.61 0.15
control-FS 19.97 0.99 66.56 13.29
with ES-RS 20.42 1.07 78.24 17.07 0.09
with ES-FS 20.41 1.03 74.36 15.62

Figure 6. (a) Temporal evolution of control and target perovskite films under an ambient environment with an RH of 40−50%. (b) Humidity
stability of devices under 25 °C with an RH of 60%. (c) Thermal stability of C-IPCSs under 85 °C in a N2 atmosphere. (d) Long-term storage
stability of C-IPSCs in ambient air with an RH of 20%.
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elementary charge, and carrier concentration, respectively.54

Figure 5h indicates that the ES treatment increases the Vbi of
the corresponding devices from 0.86 to 0.94 V, consistent with
the increased Voc values. The charge transfer and recombina-
tion process in C-IPSCs is investigated via electrochemical
impedance spectroscopy (EIS) measurement with the typical
Nyquist plots shown in Figure 5i. Figure S12 illustrates the
corresponding equivalent circuit, and Table S3 lists the fitted
results. The series resistance (Rs) decreased from 45.93 to
36.86 Ω for the target C-IPSCs, suggesting enhanced carrier
transportation. The recombination resistance (Rrec) increases
from 412.2 to 637.9 Ω for the target C-IPSCs. This increase in
Rrec results from the suppressed carrier recombination and
leads to an improved VOC and FF.55

Long-term humidity and thermal and storage stabilities of
the ES-modified CsPbI3 C-PSCs have been measured, as
shown in Figure 6. First, we trace the color change of the
perovskite films under an RH of 40−50%, as displayed in
Figure 6a. The color of the control perovskite film turns yellow
after 24 h, and the target perovskite film remains black even
after 52 h, indicating that ES modification can improve the
humidity stability of the inorganic perovskite film, consistent
with the CA measurement mentioned above. The humidity
stability of the control and target C-IPSCs is shown in Figure
6b. The target C-IPSCs can maintain 72% of their initial
efficiency after 300 h of storage under 25 °C with an RH of
60%, compared with 46% for the control C-IPSCs, further
demonstrating that ES treatment can improve the humidity
stability of CsPbI3 perovskite films. Then, we also tested the
thermal stability of C-IPSCs at 85 °C under a N2 atmosphere,
as displayed in Figure 6c. After 400 h of storage under 85 °C in
N2 conditions, the target PSCs maintain 87% of the initial
PCE, mainly due to the improved phase stability and reduced
defect density of the perovskite films. In addition, the long-
term storage stability of C-IPSCs in air with an RH of 20% is
also monitored, as shown in Figure 6d. After 1360 h of storage,
the ES-treated device maintains 80% of the initial PCE,
whereas the control device drops to 61%. ES post-treatment
facilitates the formation of a hydrophobic surface to resist the
external water damage. The C�O bond and S atoms in the ES
could form effective coordination with the uncoordinated Pb2+

of the perovskite film, effectively passivating the defects and
suppressing the degradation of the device during long-term
operation.

4. CONCLUSIONS
In this work, a facile molecular modification strategy is
proposed to fabricate CsPbI3 C-IPSCs with high efficiency and
stability. Post-treatment effectively improves the hydro-
phobicity of CsPbI3 films due to the relatively small polarity
of the ES molecules. Meanwhile, C�O and C−S in ES can
form Lewis acid−base coordination interactions with un-
coordinated Pb2+ in perovskite, effectively passivating surface
defects in perovskite films. In addition, ES treatment optimizes
energy level arrangement between inorganic perovskite and
carbon electrodes, accelerating the hole extraction at the
perovskite/carbon interface. Thus, ES post-treatment yields a
champion PCE of 17.07%, which is among the high values for
carbon-based CsPbI3 cells. The ES-treated C-IPSCs also show
enhanced stability, and the treated devices retain 80% of their
initial PCE after 1360 h of storage at 20% RH, surpassing the
untreated counterparts by 19%.
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