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ABSTRACT: Perovskite solar cells (PSCs) have garnered significant
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attention due to their exceptional photovoltaic performances. However, "oy . "
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their power conversion efficiency and stability are significantly hindered by i b6 S P-inmi.
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lattice defects and nonradiative recombination losses at the interface P e A e A8 e P
between the perovskite film and electron transport layer (ETL). Herein, we Irregular arrangement Ideal Condition
report the incorporation of multifunctional potassium acetate (KAc) into *d @
SnO, ETL. Through thermal diffusion of K* and CH;COO™ during PR © *  Hydrogen bond
annealing, these ions electrostatically penetrate the surface and grain «  Electrostatic Coupling
boundary, effectively passivating the formation of bulk defects. The Sno, KAc-SnO, el ootdinabon

resulting KAc-SnO, ETL exhibited uniformity, low defect density, and high

conductivity, providing an ideal ETL film for the subsequent deposition of

perovskite films, thereby enhancing interfacial charge transfer and device efficiency. The optimized device achieved a PCE of 21.76%,
a 14% increase over the control device (19.16%), and retained 88.9% of its initial PCE after 1000 b, offering a promising approach
for scalable manufacturing in the perovskite industry.

KEYWORDS: organic—inorganic hybrid perovskite solar cells, crystalline and interfacial engineering, SnO, electron transport layer,
multifunctional potassium acetate (KAc) additive, highly conductive buffer layer

rganic—inorganic metal halide perovskites solar cells cantly enhance the performance and stability of PSCs."*™** For

(PSCs) have garnered significant attention due to their example, potassium iodide (KI) has demonstrated its efficacy
cost-efficiency and versatility in solar energy conversion in minimizing hysteresis, increasing open-circuit voltage (Vo(),
applications,l_3 However, grain boundary impurities and and inhibiting the formation of iodine-induced Frenkel defects
interface defects inevitably form during the manufacturing of by occupying the interstitial sites within the perovskite lattice
sandwich-structured PSCs, intensifying trap-assisted recombi- with K* ions.”” Additionally, acetate salts have been reported
nation and consequently degrading overall device perform- to facilitate the formation of an intermediate phase in Pbl,-
ance.*”® Beyond the perovskite absorber layer, the electron DMSO, promoting recrystallization of the perovskite layer,
transport layer (ETL), which is crucial for efficient electron lowering the work function, and enhancing electron transfer
extraction, excitation, and transport, also plays a vital role in and extraction eﬂiczigncy through coordination with oxygen
determining the photovoltaic efficiency and operational atoms on lead ions.
stability of the devices.”® Among various ETL materials, Herein, we present the incorporation of a multifaceted

potassium acetate (KAc) additive pre-embedded within the
SnO, electron transport layer (ETL), which effectively
stabilizes the underlying interface of perovskite films via the
synergistic action of potassium cation (K*) and acetate anion
(CH3COO7, Ac™). Our results reveal that Ac”™ anions
coordinate with free Pb** ions at the bottom interface of the
perovskite layer, thereby enhancing the crystallinity and charge

SnO, has gained attention due to its high electron mobility,
deep conduction band, excellent ultraviolet (UV) stability, and
suitability for low-temperature fabrication, positioning it as a
promising alternative to the conventional high-temperature
TiO,-based ETLs.””"" Nevertheless, significant challenges
remain at the SnO,/perovskite interface, including mismatched
energy level alignment, inadequate energy offsets, and
additional defect states, all of which exacerbate charge

recombination losses.'” ™" Received: February 11, 2025
To overcome these issues, numerous researchers have Revised:  April 12, 2025
explored various interface modification buffer layers, incorpo- Accepted:  April 14, 2025

Published: April 17, 2025

rating materials such as fullerene (Cg), polyelectrolytes,
inorganic salts, and metal oxides at the SnO,/perovskite
interface to effectively mitigate interface defects and signifi-
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transport efficiency of both the ETL and perovskite layer.
Meanwhile, free K* diffuses from the substrate into the
perovskite layer, facilitating improved band alignment and
reducing defect states at the buried interface. Through KAc
modification, a significant enhancement in power conversion
efficiency (PCE) is achieved, reaching 21.76% compared to
19.16% for the control devices, indicating optimized quality of
both ETL and perovskite layer, as well as improved
photovoltaic performance and stability of PSCs.

The KAc mediator, consisting of K" and Ac”, was
preincorporated into SnO, ETL by directly adding it into
the SnO, colloid precursor, as illustrated in Figure S1. The K*
cation doping has been identified as an efficient approach to
modulate the lattice strain within perovskite films.”> The
pseudohalide Ac™ anion is known to efficiently mitigate the
anion-vacancy defects.”® Therefore, the synergistic optimiza-
tion of both lattice strain and defect passivation is anticipated
to facilitate the formation of an enhanced perovskite film
interface when the preincorporated KAc additive diffuses into
the lower region of the perovskite film during the annealing
process, as depicted in Figure la. For clarity, the pristine SnO,
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Figure 1. Pre-embedded KAc-SnO, ETL for mitigating surficial and
interfacial defects. (a) Schematic illustration of KAc diffusion
dynamics during the crystallization process. (b, c) Top-view SEM
images and particle size distribution histograms of CsFAMA
perovskite films deposited on the (b) pristine SnO, ETL and (c)
KAc-SnO, ETL. (d, e) Contact angle measurements of deionized
water droplets on perovskite films derived from different ETLs.

ETL is named SnO, ETL, and the KAc-treated SnO, ETL is
denoted as KAc-SnO, ETL. Accordingly, the
Cs0.05(FAg.ssMAg 15)09sPb(IossBro.1s); (CSFAMA, where FA =
formamidinium, MA = methylammonium) perovskite films/
PSCs based on pristine SnO, ETLs are termed pristine SnO,/
CsFAMA perovskite films/PSCs, while those prepared on
KAc-SnO, ETLs are labeled as KAc-SnO,/CsFAMA perov-
skite films/PSCs.

To comprehensively investigate the influence of KAc
additive on the surface morphology of perovskite and ETL,
we employed scanning electron microscopy (SEM) and atomic
force microscopy (AFM), as illustrated in Figures S2—S3. The
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untreated pristine SnO, ETL exhibited rough surface features
with pronounced particle aggregation, owing to the heteroge-
neous dispersion of SnO, colloidal nanoparticles. By pre-
embedding KAc additive into the SnO, ETL, the morphology
of the film underwent a remarkable transformation, becoming
notably more uniform, dense, and smooth. The SnO,/
CsFAMA perovskite film (Figure 1b) has a smaller grain size
distribution compared to KAc-SnO,/CsFAMA perovskite film
(Figure 1c), with observable accumulations of unreacted Pbl,
particles presenting sharp ridges on its surface. Upon the
introduction of KAc additive, the perovskite film exhibited an
increase in average grain size, accompanied by a smoother
texture and enhanced grain-to-grain cohesion. This trans-
formation underscores the substantial role of KAc in
promoting the nucleation and growth of both the SnO,
substrate and the subsequent perovskite film. Notably, grain
boundaries on the perovskite surface are identified as key sites
for degradation.”” The increase in water contact angle further
indicates improved hydrophobicity of the film, correlating with
a more uniform and higher-quality perovskite morphology in
Figure 1d-e.”° Furthermore, the optical photos also revealed
that the KAc-SnO,/CsFAMA perovskite film displayed a
darker perovskite phase, which is directly associated with
enhanced device performance (Figure S4).

To investigate the influence of KAc on ETL film (Figure
2a—d), X-ray diffraction (XRD) analysis (Figure 2a) reveals
that the KAc-SnO, ETL exhibits the characteristic crystal
phases of both KAc and SnO,. Fourier-transform infrared
spectroscopy (FTIR) of the KAc-SnO, film (Figure SS)
displays distinct peaks corresponding to C—H, C=0, and
Sn—O bonds, indicating the successful integration of KAc
within SnO, matrix. This interaction suggests that the
chelation of KAc with under-coordinated Sn*" ions aids in
mitigating surface 7pinholes and intrinsic defects in the SnO,
crystal structure.”” As shown by the X-ray photoelectron
spectroscopy (XPS) analysis at O 1s level (Figure 2b), the
content increase of saturated oxygen (Sn—O-—Sn) and the
content decrease of the hydroxyl group (Sn—O—H) in the
KAc-SnO, ETL can be observed.” Through KAc treatment, a
slight shift (0.15 eV, from 529.99 to 529.84 eV) and reduction
in the intensity of the O 1s —OH peaks are observed,
attributed to the dehydration reaction between KAc and the
surface OH groups, as well as hydrogen bond formation
(—OH:+N and/or —OH:-I) involving residual OH groups and
KAc.'””" Additionally, the C 1s XPS result (Figure 2c)
demonstrates a reduction in its characteristic peak intensity,
with the emergence of two new peaks, while the Sn 3ds/, and
Sn 3d;,, peaks (Figure 2d) shift to higher binding energies,
suggesting enhanced electron cloud density sharing between
tin ions and oxygen.”® The decreased water contact angle
(Figure S3c¢, d) of KAc-SnO, ETL is likely associated with the
presence of hydrophilic acetate groups on the surface of SnO,
ETL. In brief, these findings indicate that KAc effectively
passivates surface defects in the KAc-SnO, ETL, thereby
facilitating more efficient electron transfer in subsequent device
operations.

To elucidate the impact of KAc on the subsequent growth of
CsFAMA perovskite layer, X-ray diffraction (XRD) spectra of
Sn0O,/CsFAMA and KAc-SnO,/CsFAMA films were collected
(Figure 2e). The intensification of the (110) and (220)
diffraction peaks at 14.1° and 28.3° indicates enhanced
crystallinity, likely attributed to hydrogen bonding or electro-
static interactions between KAc and the perovskite lattice that
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Figure 2. Structural and compositional characterizations. (a) XRD
patterns and (b—d) corresponding XPS spectra at (b) O 1s, (c) C 1s,
and (d) Sn 4d levels of pristine SnO, ETL and KAc-SnO, ETL films,
respectively. (e) XRD patterns and (f, g) corresponding XPS spectra
at (f) O 1s, (g) Pb 4f, and (h) I 3d levels of SnO,/CsFAMA and KAc-
SnO,/CsFAMA perovskite films, respectively.

promoted nucleation.” In Figure 2f, following the deposition of
CsFAMA perovskite onto the KAc-modified SnO, ETL, the O
Is spectrum reveals a pronounced increase in peak areas
associated with oxygen vacancies and adsorbed oxygen species.
This indicates that KAc acts as a guiding agent, inducing partial
dissolution and recrystallization of the SnO, surface, thereby
altering the binding and coordination dynamics between KAc
and $n0,.”” Consequently, the deposited CsSFAMA perovskite
layer interacts with the modified SnO, surface, influencing the
distribution of surface oxygen species and resulting in the
discernible changes observed in the O 1s peak areas. The
diffraction peak at 12.7° corresponds to Pbl,, suggesting
residual Pbl, on the surface of perovskite layer. The infiltration
of KAc from the underlying interface into the vacancies of
perovskite lattice facilitates interaction with unreacted Pb**,
promoting the complete conversion of Pbl, into the perovskite
phase, as evidenced by the diminished intensity of the Pbl,
peak”® To further understand the synergistic interaction
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between the substrate and the deposited perovskite films, a
detailed analysis was performed on the primary perovskite
components, specifically Pbl,, FAI, and MAL A shift in the 'H
nuclear magnetic resonance (‘H NMR) spectrum from 1.54 to
1.66 ppm (ASH — KAc + Pbl, = 0.12 ppm) (Figure S7),
suggests a specific interaction between KAc and Pbl,
corroborated by the infrared spectrum (Figure S7a). Similar
chemical shift variations were also observed in MAI (Figure
S7b) and FAI (Figure S7c). The Pb 4f XPS spectra (Figure 2g)
of SnO,/CsFAMA and KAc-SnO,/CsFAMA perovskite films
exhibited shifts in the Pb 4f;,, and Pb 4f,/, peaks to higher
binding energies, indicative of a stronger interaction between
Pb** and Ac. Furthermore, the I 3d XPS spectrum (Figure
2h) shows the I 3ds), (617.67 eV) and I 3d;,, (629.12 eV)
peaks of the Pbl, film shifted to higher binding energies at
618.79 and 630.42 eV in the KAc-modified perovskite sample,
respectively. This shift suggests the potential chemical
interaction between PbI, and KAc, along with possible n-
type doping at the interface.”” These findings confirm that KAc
chemically interacts with both the SnO, substrate and the
perovskite layer through mechanisms involving coordination,
electrostatic coupling, and hydrogen bonding. This interaction
facilitates enhanced crystal growth, defect passivation, and
improved charge extraction, which are crucial for optimizing
the photovoltaic performance of the resulting device.

Due to the strong coordination between KAc and SnO,, the
electronic structures of SnO, and KAc-SnO, ETL films exhibit
noticeable differences. The ultraviolet—visible (UV—vis)
absorption spectra (Figure 3a) revealed that the treatment
with KAc has minimal impact on the bandgap of the perovskite
film (E ~ 1.61 eV), but slightly enhances its ultraviolet
absorptlon intensity (Figure 3b). However, excessive deposi-
tion of KAc at higher concentrations could degrade the
crystalline quality of the ETL, and lead to a decline in the
subsequent quality of perovskite film. Moreover, a series of
KAc-SnO, ETL samples were prepared with varying
concentrations of KAc, and it was observed that the influence
of KAc on the bandgap is relatively minor (Figure S9), with
the maximum absorption intensity achieved at a concentration
of 20 mg mL™". Thus, the optimal concentration of KAc was
chosen to be 20 mg mL™" for in-depth mechanistic studies.

Photovoltaic devices were fabricated with the architecture of
glass/FTO/KAc-SnO, (or SnO,)/CsFAMA perovskite/Spiro-
OMeTAD/Au, and their photovoltaic conversion efficiencies
(PCE) were evaluated under simulated AM 1.5G 1 sun
illumination conditions. To elucidate the enhancement in
optoelectronic performance, ultraviolet photoelectron spec-
troscopy (UPS) (Figure 3c, d) and UV—vis analyses were
employed to determine the work functions (WFs), valence
band maximums (Eypy;), conduction band minimums (Ecgy,),
and bandgaps (E,) of ETL films. The compared UPS spectra
(Figure 3c) of SnOZ and KAc-SnO, films using the equation
Eyp = 2122 — By revealmg calculated WFs are —4.74 eV
and —4.42 eV, respectively.”’ The Eypy were derived from
Fermi level (E) (see Figure 3d) and the cutoff energy (Ecutoff),
calculated with Eyp)y, = 21.22 — (Emmff Ef) = Eygp + Ef
The E, of the two samples, as determined from the UV—vis
spectra (refer to Figure 3e), were approximately 3.84 and 3.92
eV, respectively. Utilizing these bandgap values, the Ecpy
positions of SnO, and KAc-SnO, films were calculated to be
—8.11 eV and —8.03 eV (Figure 3f), respectively. After KAc
modification, both the VBM and CBM of KAc-SnO, film
experienced an upward shift, thereby enhancing the band
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Figure 3. Photoresponse property measurements. (a) UV—vis
absorption spectra of SnO,/CsFAMA and KAc-SnO,/CsFAMA
perovskite films. (b) Corresponding Tauc plots of (Ahv)® versus
hv. (c) The electron cutoff regions of the UPS spectra for SnO,/
CsFAMA and KAc-SnO,/CsFAMA perovskite films. (d) The valence
band region of the UPS spectra. (e) Tauc plot derived from UV—vis
absorption spectra of SnO, and KAc-SnO, ETL films. (f) Energy
band diagram of SnO, and KAc-SnO, ETL films. (g) Steady PL
spectra and (h) TRPL spectra of SnO,/CsFAMA and KAc-SnO,/
CsFAMA perovskite films.

alignment between the ETL and perovskite layer, thereby
reducing the energy barrier for electron transfer and enabling
more efficient charge extraction. To further explore charge
extraction and transfer dynamics, steady-state photolumines-
cence (PL) and time-resolved photoluminescence (TRPL)
spectra of SnO,/CsFAMA and KAc-SnO,/CsFAMA perov-
skite samples (Figure 3g, h) were investigated. The TRPL
spectra were fitted with a biexponential decay function, f(t) =
Aexp(—t/7,) + Aexp(—t/z,), where A, and A, denote the
decay amplitudes, 7, and 7, are the decay time constants. The
average carrier extraction lifetime, 7, was calculated with
Az + A/ (A, + Azrz).32 The carrier extraction
lifetimes increased from 145.09 ns (for SnO,/CsFAMA
sample) to 252.14 ns (for KAc-SnO,/CsFAMA sample),
representing a significant enhancement of approximately 1.7
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times compared to the unmodified film (Table SI).
Furthermore, the steady-state luminescence intensity of the
perovskite film showed a substantial increase after KAc
modification compared to the original sample (with light
incident on the perovskite side). These results collectively
indicate that the KAc modification strategy effectively
suppresses nonradiative recombination, reduces defect density,
and enhances electron extraction and transport, leading to
higher open-circuit voltage (V) and fill factor (FF) in PSCs.

As shown in Figure 4a, Figure S10, and Table S2, the
optimal PCEs of SnO,/CsFAMA and KAc-SnO,/CsFAMA
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Figure 4. Optoelectronic performance and stability measurements.
(a) J-V curves of SnO,/CsFAMA and KAc-SnO,/CsFAMA PSCs
measured under both forward and reverse voltage scan directions. (b)
Illumination intensity dependent Vo plots. (c) Nyquist plots for
Sn0O,/CsFAMA and KAc-SnO,/CsFAMA PSCs measured under dark
state. The inset is magnified from the light green area, showing the
expanded view of R,. (d) Electrical conductivity measured in a
vertical orientation. (e) I—V curves of the electron-only devices. The
inset depicts the device architecture. (f) EQE spectra and the
corresponding integrated Jsc. (g) Normalized long-term stability of
the SnO,/CsFAMA and KAc-SnO,/CsFAMA PSCs under ambient
conditions (25 + § °C).

PSCs were measured to be 19.16% and 21.76%, respectively.
The Vi increased from its initial value of 1.12 to 1.20 V, while
the fill factor (FF) improved from 63.78% to 76.24%. Reverse
scan (RS) and forward scan (FS) data, were utilized to
calculate the hysteresis index (HI), as defined by HI = (PCEgg
— PCEpg)/PCEys, where PCEgg and PCEgg represent the PCE
values obtained from reverse and forward scans, respectively.”’
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The addition of KAc led to a reduction in the HI from 6.94%
to 2.89%, indicating that KAc effectively minimized non-
radiative recombination losses at the interface between KAc-
SnO, ETL and perovskite layer, facilitated charge extraction,
lowered the energy barrier for electron transport, and
enhanced the alignment between electron and hole extraction.
To demonstrate the improvement in FF, we analyzed trap-
assisted charge carrier recombination. The relationship
between Voc and light intensity is illustrated in Figure 4b.
According to the equation V¢ = n,kgT/eln(Iy/I), where kg is
the Boltzmann constant, T is the ambient temperature, I,/I
represents the relative light intensity, E, is the perovskite
bandgap, and e is the elementary charge.”* The slope of the
fitted line decreases from 1.78 kT/q for the original device to
1.27 kT/q for the KAc-SnO,/CsFAMA PSCs, indicating a
significant suppression of trap-assisted surface recombination.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed under dark conditions to evaluate
interface charge transfer and recombination dynamics (Figure
4c), with the fitted parameters summarized in Table S3.
Typically, the series resistance (R;) reflects the intrinsic series
resistance within the device, excluding the contributions from
layers like the FTO electrode.”® The high-frequency response
is predominantly associated with charge transport resistance
(R,) and transport chemical capacitance (C,,) characteristics
between the cathode and anode of the PSC, while the low-
frequency response corresponds to the recombination
resistance (R,.) and recombination chemical capacitance
(C,..) within the PSC.>> The R, value at the interface of the
KAc-SnO,/CsFAMA decreases, while the R, value increases,
indicating a decrease in nonrecombination resistance and
diminished internal recombination losses. This behavior is
attributed to Lewis acid—base interactions between
CH;COO™ and Sn*', which enhance the electron charge
density on the surface of KAc-SnO, layer, thereby improving
charge transport, as corroborated by the observed peak shift in
the Sn 3d XPS spectrum. Additionally, vertical conductivity
measurements further substantiate these findings (Figure 4d).

The monochromatic incident photon-to-electron conversion
efficiencies (IPCEs) of both devices are presented in Figure 4f.
The slight increase in the IPCE of the KAc-SnO,/CsFAMA
device in the wavelength range from 300 to 800 nm is
attributed to the enhanced absorbance of the perovskite layer.
The corresponding integrated current densities are 22.93 mA
cm™ and 23.65 mA cm™ for the Sn0O,/CsFAMA and KAc-
SnO,/CsFAMA PSCs, respectively, which is consistent with
the experimental results. Table S2 and Figure S11 reveals the
variation in Voc, short-circuit current density (Jsc), FF, and
power conversion efficiency (PCE) for different concentrations
of the KAc additive, showing consistently higher values for the
KAc-modified devices compared to the pristine ones,
indicating improved device reproducibility. Furthermore,
space-charge-limited current (SCLC) measurements validate
the enhanced electron extraction at the KAc-SnO,/CsFAMA
perovskite interface through KAc modification. Figure 4e
shows the dark I-V characteristics of the electron-only device
with the configuration of FTO/SnO,/perovskite/[6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) (20 mg/mL CB)/
Ag.19 The I-V curve exhibits three regions: the ohmic region
at low bias, where the current increases linearly with the
electric field; the trap-filled limited region at intermediate bias,
characterized by a sharp increase in current; and the trap-free
SCLC region at high bias. Extracted from fitting of the dark I—-
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V curve, the trap density was determined to increase with the
applied bias voltage in the trap-filling limited region until
reaching saturation at the trap-filling limit voltage (Vip),
calculated with the equation N, = 2(eeoViyg)/(eL?), where € is
the dielectric constant of perovskite (~26), &, is the vacuum
permittivity (8.85 X 107'* F/m), e is the elementary charge
(1.6023 x 107" ¢), and L is the thickness of the perovskite
film (2600 nm).”® The Vg of the electron-only device based
on pristine CsFAMA perovskite is 0.46 V, with a
corresponding N, of 4.63 X 10" cm™. After modifying the
SnO, with KAc, the Vyp decreased to 0.37 V, resulting in a
lower trap density of 2.59 X 10" cm™.

The long-term stability of both the SnO,/CsFAMA and
KAc-SnO,/CsFAMA devices was systematically analyzed, as
shown in Figure 4g. After KAc modification, the stability of the
device has been significantly improved. After 1000 h of storage
under an ambient environment, the PCE of the SnO,/
CsFAMA device markedly decreased to 68.3% of the initial
value, while the KAc-SnO,/CsFAMA device decreased 88.9%
of the initial PCE. This enhancement underscores the efficacy
of the robust interactions between K* and —CH;COO~ with
MA*/FA*/Pb** (and Sn**/Sn>*), which facilitates the
formation of a denser and more uniform perovskite film.
These interactions effectively hinder moisture penetration,
decelerate the degradation of perovskite materials, and
significantly improve the long-term stability of PSCs. Upon
exposing both the SnO,/CsFAMA and KAc-SnO,/CsFAMA
devices to a hot and humid summer environment for 30 days,
the XRD and linear voltammetry test results (Figures S12 and
S13) revealed that the SnO,/CsFAMA device completely lost
film conductivity and exhibited pronounced decomposition
peaks. In contrast, the KAc-SnO,/CsFAMA perovskite device
demonstrated markedly enhanced stability, with a notably
reduced Pbl, peak intensity.

In summary, we have developed a convenient and versatile
strategy to introduce a multifunctional potassium acetate
(KAc) into the SnO, ETL. This strategy significantly reduces
the energy barrier for electron extraction, thereby leading to
favorable band alignment. Moreover, it mitigates interface-
related and intrinsic defects within the perovskite structure
while suppressing nonradiative recombination losses of photo-
generated charge carriers. The optimized KAc-SnO, ETL
exhibits superior electrical conductivity, delivering high V. and
excellent stability, maintaining approximately 89.3% of its
initial PCE after 1000 h of continuous illumination. This study
provides valuable insights and a potential pathway for
advancing the industrial-scale production of high-performance
electron transport materials.
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