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ABSTRACT: Bifacial perovskite solar cells (PSCs) require micron-thick perovskite e
layers to compensate for optical loss from transparent electrodes, but high defect ! & &’ %ﬁ
densities limit efficiency. Here, we introduce a potassium acetate (KAc) post-treatment Conrol k oo
on microthick Pbl, films to form an amorphous KAc-Pbl, intermediate, which facilitates Lo B
ammonium salt incorporation and promotes perovskite crystallization. During the “'&' & & &
second step, released Ac™ and K* ions selectively adsorb onto (111) and (001) facets, " on W d
respectively, directing vertical crystal growth with (001) orientation. This strategy orectight
reduces defect density and improves film quality in thick perovskite layers. As a result, —} e
the bifacial PSC achieves a power conversion efficiency (PCE) of 21.33%, bifaciality - baoesars mon]
exceeding 80%, and a record power generation density (PGD) of 24.72 mW cm > under e
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0.2 albedo, representing the highest reported PGD for n-i-p bifacial PSCs. After 500 h of
continuous illumination at the maximum power point, the KAc-treated bifacial device
retained its initial PCE.
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materials as light-absorbing layers, have demonstrated
remarkable progress, with power conversion efliciencies
(PCEs) increasing from an initial value of 3.8% to a record
high of 27%."” These advancements underscore the significant
commercial potential of PSCs. To further enhance the power
output per unit area, bifacial configurations capable of
harnessing both direct and diffuse sunlight from both sides
of the PSC have been explored.*” Compared to conventional
single-sided PSCs, bifacial devices utilize reflected sunlight
from the environment on the rear side, thereby requiring
thicker perovskite films to compensate for the light loss caused
by transparent electrodes.” There exists a strong correlation
between film thickness, light absorption, and device perform-
ance, with photocurrent density peaking at the micrometer
scale.” Although increasing the perovskite layer thickness to
the micron level enhances light harvesting and results in higher
photocurrent density, it also introduces challenges such as
unfavorable solubility of high-concentration precursor sol-
utions and grain boundaries in both vertical and lateral
directions.'”"? These issues often lead to poor crystallization
and increased defect density losses, thereby limiting efliciency
and resulting in power outputs that only approach approx-
imately 24 mW cm™ under 0.2 albedo."”
The intermediate phase has been extensively investigated for
its role in regulating the crystallization of perovskite films.'*~"

P erovskite solar cells (PSCs), which employ these
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For example, the PbL,(DMSO) and Pbl,-(DMSO)-MAI
intermediate phases are formed through strong coordination
interactions, which effectively retard the rapid reaction
between FAI and Pbl,, thereby improving film quality.'”
However, the fabrication of thick perovskite films often
necessitates high concentrations of Pbl, and DMSO in the
precursor solution, resulting in the aggregation of intermediate
phases and consequently inferior film quality."®"” To date,
limited strategies have been developed to address this
challenge. The high viscosity of the MAAc ionic liquid enables
a greater volume of precursor solution to remain during spin-
coating at low concentrations, while a multistep annealing
process facilitates uniform crystallization of thick films.”’
Halide rubidium additives have been demonstrated to enhance
the solubility of intermediate phases and passivate defects in
perovskite films." Through a strain regulation strategy (SRS)
based on layer-by-layer deposition to lock compressive strain,
the PCE of thick-film devices was enhanced to 22.9%.>" Recent
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Figure 1. SEM top-view images of (a) Pbl, and (b) Pbl, -KAc film. (c) XRD of Pbl, films and standard PDF cards for Pb(Ac), and KAc. (d)
FTIR spectra of KAc powder and PbI,—KAc powder. (e-f) XPS of 4f and I 3d in Pbl, and PbI, -KAc film. (g) Raman spectroscopy of Pbl,
film. (h) Schematic diagram of the mechanism of action of KAc solution treatment on Pbl,.

studies have indicated that coherent grain boundaries formed
by high Miller index grains (e.g., (211) facets) and low Miller
index grains (e.g, (001) facets) reduce defects and non-
radiative recombination, enabling the preparation of high-
quality micron-scale thick-film perovskites.” The fabricated p-i-
n structured perovskite solar cells achieved an efliciency of
26.1% for small-area devices. Therefore, controlling the
orientation of facets at grain boundaries represents an effective
approach to minimize defects and improve the performance of
microscale thick-film devices.

The (001) facet, well-known for its low defect density,
facilitates a high photocurrent output.”””’ In contrast, the
(111) facet exhibits superior thermal, photonic, and moisture
stability.”*** However, in micron-thick perovskite films, high
defect concentrations may offset the optical advantages
associated with increased thickness, even though structural
stability is preserved. Therefore, guiding the formation of high-
quality crystals with a specific (001) facet orientation emerges
as a critical strategy to simultaneously enhance device
performance, based on our understanding. In this study, we
present a crystal facet engineering strategy based on potassium
acetate (KAc) surface treatment (KAc-ST), which simulta-
neously addresses the issues of incomplete Pbl, conversion and
uncontrolled crystal orientation in thick perovskite films. The
interaction between Ac™ and Pbl, reduces the crystallinity of
Pbl,, facilitating its complete conversion to perovskite. More
importantly, the differential adsorption energies of K" and Ac™
on various a-FAPDI; crystal facets inhibit the growth of the
(111) facet while preferentially promoting the formation of the
(001) orientation, thereby reducing the generation of defect
sites. This strategy, which controls defect density through the
modulation of crystal facet orientation, not only significantly
improves crystal quality, but also mitigates carrier recombina-
tion in thicker films. As a result, the resulting thick-film PSCs
achieved an efficiency of 24.29%, while the bifacial PSCs
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demonstrated 21.33% efficiency with ~80% bifaciality and
24.72 mW cm™> power generation density (PGD) under an
albedo of 0.2. This represents the highest PGD reported for n-
i-p bifacial PSCs to date. After S00 h of continuous
illumination at the maximum power point, the KAc-treated
bifacial device retained its initial PCE.

The process for preparing perovskite films from Pbl, films is
shown in Figure S1. For convenience, we refer to the untreated
Pbl, films as “Control” and the Pbl, films treated with KAc
solution as “KAc-ST”. We first investigated the effect of KAc
solution surface treatment on the morphology of Pbl, films. As
shown in Figures lab, the grain boundaries of Pbl, films
became blurred after KAc treatment, compared to the
untreated films. The AFM morphology of Pbl, films (Figure
S2) exhibited a similar trend, with the surface roughness of the
Pbl, films decreasing after KAc treatment. These results
suggest that Pbl, films undergo a transition to an amorphous
state upon treatment with KAc solution. Furthermore, we used
X-ray diffraction (XRD) to study the effect of KAc treatment
on the crystallinity of Pbl, films (Figure S3). With the increase
in KAc solution concentration, the crystallinity of Pbl,
gradually decreases. Notably, when the KAc concentration
exceeds 2 mg/mL, a broad diffraction peak appears at 20 =
11.4° accompanied by reduced crystallinity. To address the
concern that the formation of the intermediate phase might be
caused by the solvent itself, we treated Pbl, films with pure
isopropanol (IPA) without KAc (Figure S4). XRD analysis of
the treated films showed no significant change in crystallinity
compared to the untreated films. No peak shifts or new
diffraction peaks were observed, thereby ruling out the
possibility that the new peak originates from the solvent. To
further investigate the nature of the intermediate phase, we
directly synthesized it by reacting KAc with Pbl, and
performed XRD analysis on the resulting material (Figure
SS). Interestingly, upon addition of KAc, the characteristic
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Figure 2. (a) XRD of perovskite films prepared with different concentrations of KAc solution. (b) The ratio of different diffraction peak
intensities. XRD of (c) control and (d) KAc-ST perovskite films at different annealing times. GIWAXS of (e) control and (f) KAc-ST

perovskite films. (g) Calculation model for adsorption energy of K* and Ac™

to obtain (001) preferred crystal facet orientation.

. (h) Schematic diagram of the mechanism for KAc-ST strategy

Pbl, diffraction peak at 26 = 12.6° disappeared, and no new
peaks were observed. Further comparison of the standard PDF
cards for Pb(Ac), (#43—0743) and KAc (#14—0739) with the
XRD patterns reveals that the Pbl, film treated with KAc-ST
exhibits a new peak at 260 = 11.4°, which is absent in pure
Pb(Ac), or KAc, indicating the formation of a new
intermediate phase in the treated Pbl, film, preliminarily
identified as Pbl,-(KAc),. To further explore the composition
of this intermediate phase, Pbl, films were prepared using pure
DMEF as the solvent and treated with KAc solution (to ensure
solubility, the Pbl, concentration was reduced to 0.5M). The
XRD pattern (Figure 1c) also revealed a diffraction peak at 26
= 11.4°, indicating that the intermediate phase resulted from
the interaction between Pbl, and KAc rather than the solvent
(DMSO). Fourier transform infrared (FT-IR) spectra of the
KAc-treated Pbl, films and KAc powder (Figure 1d) revealed a
shift in the C=0 absorption peak from 1570 cm™" (in KAc)
to 1578 cm™, further confirming the interaction between Ac™
and Pbl,. X-ray photoelectron spectroscopy (XPS) analysis of
Pb and I elements in Pbl, films (Figures le,f) revealed that the
binding energy of the Pb 4f core level decreased from 143.21
and 138.33 eV (untreated film) to 143.10 and 13824 eV
(KAc-treated film). In contrast, the binding energy of the I 3d
core level increased slightly, from 630.57 and 619.09 eV to
630.66 and 619.14 eV. The greater change in Pb 4f binding
energy suggests that the interaction between Pbl, and KAc is
primarily governed by Pb** and Ac”. Typically, core-level
binding energy decreases when an atom gains higher electron
density. Ac™, as an electron donor, forms coordination bonds
with Pb**, reducing the Pb 4f binding energy. In addition, the
XPS spectrum of the control perovskite exhibits significant Pb°
signals, which arise from the decomposition of Pbl, films under
X-rays (Figurel e). As nonradiative recombination centers, Pb°
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leads to the introduction of extra deep defect levels and a
reduction in trap activation energy, thereby enhancing
nonradiative recombination and accelerating perovskite
degradation. In the KAc-treated films, the Pb° signals are
suppressed, indicating that KAc effectively enhances the
stability of Pbl, films.

Raman spectroscopy (Figure 1 g) provided further evidence
of this interaction. The characteristic peaks of Pbl, at 69 cm™
(Ezg), 94 cm™ (Alg), and 109 cm™ (2LA(M)) were
significantly suppressed after KAc treatment. These peaks
correspond to shearing motion between iodine layers (E,,) and
symmetric stretching of Pb—1 bonds (A,y). Their suppression
suggests that the one-dimensional layered structure of Pbl, was
disrupted, leading to reduced crystallinity. UV—vis absorption
spectra (Figure S6) confirmed that the absorbance of Pbl,
films did not decrease after KAc treatment, excluding the
possibility of partial Pbl, removal during treatment. Based on
the Raman and XPS results, a plausible interaction mechanism
between KAc and Pbl, is proposed (Figure 1h). Ac™ partially
substitutes I” in the lattice, forming coordination bonds with
Pb** and disrupting the layered structure of Pbl,, thereby
reducing its crystallinity. This interaction also weakens the
bonding between I and Pb*', slightly increasing the binding
energy of the I 3d core level. Meanwhile, K" ions are attracted
to the periphery of the Pbl,-(KAc), complex through
electrostatic interactions, further increasing the spacing
between iodine layers, consistent with the suppression of E,,
and A, peaks in Raman spectra.

To investigate the effects of KAc-ST on the crystallization of
perovskite films after annealing, we characterized perovskite
films coated on SnO, substrates. X-ray diffraction (XRD)
results of perovskite films treated with different KAc
concentrations are shown in Figure 2a. The control perovskite
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film exhibited a strong signal at 26 = 12.6°, corresponding to
Pbl,, with an intensity even higher than that of the perovskite
(001) facet at 20 = 13.9°. This indicates incomplete Pbl,
conversion in conventional two-step perovskite films.*’
Furthermore, the diffraction peak of the (111) facet (20 =
24.3°) in control films was stronger than that of the (001)
facet, consistent with previous reports. In contrast, perovskite
films prepared using the KAc-ST strategy exhibited signifi-
cantly enhanced diffraction intensity for the (001) facet, with
the (111) facet suppressed. Optimizing the KAc concentration
to 2 mg/mL resulted in the highest intensity and smallest full
width at half-maximum (fwhm) for the (001) peak (Figure
S7), indicating superior crystal quality. The intensity ratios of
(001)/Pbl, and (001)/(111) were also maximized at this
concentration (Figure 2b). The stacking orientation of crystal
facets in perovskite films plays a crucial role in carrier
transport.””** Figure 2e,f display the grazing-incidence wide-
angle X-ray scattering (GIWAXS) results for the perovskite
films. The Pbl, signal in the KAc-ST films was significantly
reduced, consistent with conventional XRD results. Further-
more, the stacking orientation of the perovskite (001) facet
shifted. In control films, the (001) facet was inclined toward
the substrate, whereas in KAc-ST films, the stacking
orientation of the (001) facet aligned perpendicular to the
substrate. Integration of the GIWAXS signal in the vertical
direction (85—95°) shows enhanced diffraction intensity of the
(001) facet in the KAc-ST film compared to the control
(Figure S8), indicating that the perovskite grows preferentially
along the vertical direction.

To explore the potential mechanism behind the preferential
(001) facet orientation observed in KAc-ST films, we
conducted XRD measurements on Pbl, films treated with
LiAc, NaAc, and KAc, as shown in Figure S9. The results
indicate that only KAc induces the formation of an
intermediate phase. Furthermore, perovskite films fabricated
from these alkali acetate-treated Pbl, layers show that only the
KAc-treated film exhibits a clear transformation in crystal facet
orientation. We attribute this to the smaller ionic radii of Li*
and Na’, which may allow them to migrate into the bulk phase
during surface treatment. Moreover, compared with K, Na*
and Li" possess lower polarizability or electrostatic interaction
strength due to their smaller ionic sizes or higher charge
densities, which prevents them from forming intermediate
phases that facilitate perovskite formation and thus fail to
induce similar crystal orientation transformations. To further
validate this mechanism, we fabricated perovskite films using a
Kl-treated Pbl, precursor for comparison. XRD results (Figure
$10) and the intensity ratio of (001)/(111) planes (Table S1)
show that K" alone does not significantly enhance crystal
orientation. This confirms the existence of a synergistic effect
between K* and Ac™ in directing crystal facet formation. As
shown in Figures 2¢,d, both the control and KAc-ST perovskite
films initially exhibit dominant (111) facets before annealing.
Notably, the characteristic peak of the Pbl,—KAc intermediate
phase at 26 = 11.4° disappears (Figures 2d and S11). While the
control film continues to grow along the (111) facet, the KAc-
ST film transitions from (111) to (001) as the primary facet
orientation. Importantly, no XRD peak shifts are observed for
FA-based perovskites after annealing, indicating that K" and
Ac™ do not incorporate into the final perovskite lattice, likely
due to their ionic radii and incompatibility with the a-FAPbI,
crystal structure. Based on these findings, we hypothesize that
the transition in facet orientation is driven by differences in the
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adsorption energies of K" and Ac™ on different crystal facets.
During crystal growth, preferential adsorption due to annealing
suppresses growth along the (111) facet and promotes growth
along the (001) facet.

To investigate the role of K* and Ac™ in determining the
crystal growth orientation, we first performed density func-
tional theory (DFT) calculations to evaluate the adsorption
energy (Eads) of Ac™ on the (001) and (111) surfaces of a-
FAPDI;, as shown in Figure 2g. The adsorption energy of Ac™
on the (111) surface was 3.65 eV, significantly higher than that
on the (001) surface (2.28 eV), indicating preferential
adsorption on the (111) facet. This selective adsorption
stabilizes the (111) facet and kinetically retards its growth,
thereby promoting crystal growth along the (001) direction,
which is consistent with the XRD results of the KAc-ST-
treated perovskite. During crystal growth, K* jons are present
on the crystal surface and grain boundaries. Moreover, we
calculated the adsorption energies of K* on the (001) and
(111) surfaces of a-FAPbI,;, Figure 2g. K' ions showed
stronger adsorption on the (001) surface, with an Eads of 1.41
eV, compared to 0.67 €V on the (111) surface, indicating a
higher affinity for the (001) facet. Electrostatic repulsion
between adjacent K* ions suppresses lateral grain coalescence,
effectively inhibiting horizontal growth. According to the top-
down nucleation mechanism, these effects synergistically
promote vertical growth while suppressing disordered lateral
crystallization (Figure 2h). This transformation is consistent
with the GIWAXS results, which reveal enhanced vertical
stacking (Figure 2e,f). Ultimately, during annealing, the small
ionic radius of K* prevents its incorporation into the a-FAPbI,
lattice, allowing it to be replaced by FAY, thereby improving
crystal packing. Cross-sectional SEM images further demon-
strate that, compared to the control film, the KAc-ST-treated
perovskite film exhibits vertically aligned grains, which may
result from the change in crystal orientation (Figure S12).
Therefore, the preferential adsorption of K™ and Ac™ alters the
facet orientation of the perovskite crystals. This ultimately
drives vertical growth along the (001) plane, significantly
reducing defect density and enhancing device performance.

Furthermore, we directly introduced KAc into the Pbl,
precursor to investigate whether a similar effect could be
achieved. To explore this, composite films were prepared by
incorporating KAc into the Pbl, precursor solution (denoted
as the KAc additive). SEM analysis of the Pbl, films revealed
that the KAc additive film (Figure S13a) retained distinguish-
able crystalline grains but exhibited surface voids, which may
facilitate subsequent reaction with ammonium salts. However,
XRD analysis confirmed the absence of new diffraction peaks
at 20 = 11.4° in contrast to the KAc-ST Pbl, films (Figure
S13c). This suggests that the homogeneous dispersion of K*/
Ac” ions in the bulk phase may inhibit the formation of the
intermediate phase (Pbl,-(KAc),). XRD and SEM character-
ization of the corresponding perovskite films showed reduced
residual Pbl, on the surface of the KAc additive films (Figure
S13b,d). However, no apparent crystal facet transformation or
preferential orientation was observed (Figure S13d). Although
bulk doping with KAc additives moderately reduces the
crystallinity of Pbl,, the uniform ion distribution results in
random facet evolution and leaves residual unreacted Pbl, on
the surface. Therefore, although both methods reduce the
crystallinity of Pbl,, only the KAc-ST method can precisely
control the crystal orientation of the resulting perovskite. This
differs from the mechanisms reported in previous literature.”
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Figure 3. SEM top-view images of (a) Control and (b) KAc-ST perovskite films. (c) W—H plots of the control and KAc-ST perovskite films.
(d) PL of the control and KAc-ST perovskite films deposited on a glass substrate. PL mapping of (e) the control and (f) KAc-ST perovskite
films. (g) TRPL of the control and KAc-ST perovskite films deposited on a glass substrate. (h) Logarithm of absorption coefficient versus
photo energy of the perovskite films without and with KAc-ST. (i) The space-charge-limited current versus voltage curves of the device with

the control and KAc-ST perovskite films.

Based on these findings, we selected the surface treatment
strategy for further investigation.

To investigate the universality of the KAc-ST strategy in
thick films, we further examined perovskite films with a
thickness of 1500 nm. As shown in Figure S14a, the untreated
film exhibits abundant white, flaky Pbl, residues on the surface,
which become more prominent with increased thickness. This
is attributed to the limited diffusion and reactivity of the
ammonium salt (FAI), making it difficult to fully convert the
thick Pbl, layer into perovskite. Upon applying the KAc-ST
treatment, SEM images (Figure S14b,d) reveal a significant
reduction in surface Pbl, residues and improved grain
connectivity in the cross-section. In comparison, the treated
films display reduced Pbl, signals and a dominant (001)
orientation (Figure S15), consistent with the crystal
orientation evolution observed in 1 pm-thick films (Figure
2a). A perovskite thickness of approximately 1 pm is sufficient
to meet the light absorption requirements for bifacial solar
cells. Therefore, considering both optical absorption efficiency
and film quality, our study focuses on further investigation of
micron-thick perovskite films.

Previous studies have reported significant differences in
grain morphology between FAPbI; perovskite films with (001)
and (111) crystal facet orientations. Perovskite single crystals
with different facet orientations exhibit distinct grain
structures.”” Based on the SEM top-view morphology of
perovskite films (Figure 3a,b), the KAc-ST strategy effectively
altered the grain morphology. The control perovskite films
showed pyramid-like grains, likely due to the dominant (111)
facet orientation. In contrast, the KAc-ST films exhibited flatter
grains as the crystal facet orientation shifted from (111) to
(001). Statistical analysis of grain sizes in the regions shown in
Figure S16 revealed an increase in average grain size from 0.87
um (control films) to 1.00 ym (KAc-ST films). The enlarged
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grains reduced the number of grain boundaries, which are
typically associated with defects such as dislocations, impurity
defects, and vacancies.*”*" Thus, larger grains help to minimize
defects in perovskite films.

As shown in Figures S17a,b, we supplemented the film
morphology by AFM with the root-mean-square roughness
(Rq) decreasing from 39.92 to 31.56 nm, favoring better
contact between the perovskite layer and the HTL layer,
thereby reducing carrier recombination at the interface. The
Kelvin probe force microscopy (KPFM) can measure the
contact potential difference (CPD) between the tip and the
sample surface, and the CPD can be used to obtain the work
function information on the sample surface. As shown, the
CPD of the Control film is —0.148 V, significantly lower than
that of the KAc-ST film (0.106 V). The increase in CPD
means a decrease in the work function of the sample surface
under the same test conditions. Figures S17¢,d show that the
KAc-ST strategy increases the average CPD value of the
perovskite film, indicating that the surface Wy, of the perovskite
film decreases, which is consistent with the conclusion
reported that the (001) crystal facet has a lower work
function.”” Reducing the Wy, of the perovskite film is beneficial
to improving the open-circuit voltage (V,.) of the device. The
residual lattice strain in mixed halide perovskite films was
calculated using the Williamson-Hall (W—H) method from
XRD spectra® (Figure 3c; see Supplementary Note 1 for
details). The residual strain, determined from the slope of the
fitted line, decreased from 0.0029 in control films to 0.0025 in
KAc-ST films. This strain release helps to mitigate defect
formation associated with lattice expansion stress. Steady-state
and time-resolved photoluminescence (PL and TRPL) spectra
of perovskite/Glass films corroborated these observations. The
KAc-ST perovskite films exhibited significantly enhanced PL
intensity (Figure 3d), and PL mapping images (Figure 4b)
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Figure 4. (a) SEM of the thick film device. (b) J—V curve of the champion thick film device. (c) J-V curve of the champion bifacial PSC
device, the inset is a schematic diagram of the structure of a bifacial PSC. (d) EQE and integrated current of the bifacial PSC device. (e)
Statistical diagram of the efficiency and PGD of formal structure bifacial PSCs. (f) Statistical charts of the most effective rates and PGD of
control and KAc-ST device. (g) Bifacial PSC device stability of unencapsulated devices stored at 25 °C and ~25% RH under continuous 1

Sun illumination in air.

further confirmed the improvements in peak intensity and
uniformity. The carrier lifetime of KAc-ST films was longer
(Figure 3g and Table S3), indicating reduced nonradiative
recombination losses.'** The reduced losses can be attributed
to the lower defect density in the (001) facets and the larger
grain sizes. We plotted the logarithmic absorption coeflicient
(a) as a function of photon energy to study the Urbach energy
(Eu) (Figure 3h). It is well-known that a lower Eu reflects
higher structural quality of the perovskite film and reduced
energetic disorder. In this study, Eu was calculated from the
UV—vis absorption spectra of the perovskite films (Figure $17)
using the relation « agexp(hv/Bu), where a is the
absorption coefficient, @ is a constant, h is Planck’s constant,
and v is the frequency of light (with hv representing the
photon energy).” The Eu value decreased from 16.52 to 19.27
meV, indicating that the band tail states are reduced by the
KAc-ST, which may help minimize the V. deficit. UV—vis
absorption spectra (Figure S18) revealed no significant
changes in the spectral absorption range of KAc-ST perovskite
films compared to control films. However, in the $50—800 nm
wavelength range, the KAc-ST films exhibited enhanced
absorbance at constant film thickness. This improvement can
be attributed to reduced PbI, residues and enhanced
perovskite crystallinity, promoting increased absorption of
effective wavelengths and enhancing photocurrent density. We
fabricated pure electron devices with an ITO/SnO,/perov-
skite/Cgo/Au structure to quantify defect density using the
space-charge-limited current (SCLC) method. The trap-filled
limit voltage (Vrp,) was proportional to the defect state
density (N,).*® Control devices showed a Vg of 0.36 V
(Figure 3h), which decreased to 0.20 V in KAc-ST devices
(Figure 3i). Correspondingly, the N, value decreased from 8.26
X 10" em™ to 325 X 10" em™.
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To systematically evaluate the impact of the KAc-ST strategy
on the device performance of micron-scale perovskite films
(thickness ~ 1 ym, SEM cross-section shown in Figure 4a), we
constructed a n-i-p-type perovskite solar cell with the structure
of glass/ITO/Sn0O,/perovskite/Spiro-OMeTAD/Ag. The J-V
testing under AM 1.5G standard solar illumination (100 mW
cm™?) demonstrated a significant performance improvement
for devices based on the KAc-ST strategy (Figure 4b). The
optimized device achieved a V. of 1.15V, a ], of 26.09 mA
cm™ a FF of 80.97%, and a PCE of 24.29% (Table S4),
demonstrating a significant increase compared to the control
device (PCE = 21.64%). This represents one of the highest
efficiencies reported for perovskite devices fabricated with
micron-thick films to date (Table S7). As shown in Figure 4d,
the external quantum efficiency (EQE) spectra of devices with
and without the KAc-ST strategy exhibit integrated current
densities of 25.05 and 24.18 mA cm™? respectively,
demonstrating a mismatch of less than 5% compared to the
Ji values obtained from J—V curves (Figure S19). Figure 4c
depicts the schematic diagram of the bifacial PSC prepared for
our study, with the device structure being ITO/SnO,/
perovskite/Spiro-OMeTAD/MoO;/IZO/Ag. To ensure effi-
cient light capture on both sides of the bifacial PSC, we used a
thicker perovskite film with KAc-ST. As a result, the average
visible light transmittance of our FA-based perovskite device in
the wavelength range of 400—850 nm is only 4.9% (Figure
$20), which is significantly lower than the reported semi-
transparent perovskite solar cells (ST-PSC) used in tandem
configurations.”” We compared the performance of perovskite
devices with the KAc-ST strategy to that of the control devices
without modification. Figure 4d shows the best PCE for the
control and KAc-ST strategies, with the conversion efliciency
for glass-side incident light reaching 21.33%, V. of 1.14 V, J
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of 23.44 mA cm™2, and 79.67%. For electrode-side incident
light, the conversion efficiency is 16.93%, with V. of 1.13 'V, ]
of 18.83 mA cm™, and FF of 79.59% (Tables SS and S6). The
PGD of KAc-ST exceeds 24.72 mW/cm? (Figure 4f), which is
the highest record achieved by n-i-p bifacial PSCs (Figure 4e).
Table S8 summarizes the research achievements of formal
structured bifacial perovskite solar cells in recent years. This
indicates a significant improvement in the performance of the
devices fabricated using the KAc-ST strategy. The EQE
measurements were performed on the devices (Figure 4d),
showing higher quantum efficiency in the visible light range for
devices treated with KAc-ST. This improvement is partially
attributed to the increased light absorption difference due to
the larger grain size, as well as the impact of defect-induced
nonradiative recombination on carrier transport within the
device. Figure 4d shows the integration of EQE over the 300—
850 nm wavelength range, resulting in front and back current
densities of 22.75 and 18.69 mA cm™?, respectively, which
closely match the J—V test results (Figure S21). The decrease
in J,. of approximately 20% is mainly attributed to parasitic
absorption in the Spiro-OMeTAD layer, as there is
considerable parasitic absorption between the front and back
electrodes.®® To evaluate the efficiency gain under bifacial
illumination, under one sun illumination, the simulated PGDs
of bifacial KAc-ST devices are 23.02, 24.72, 26.41, and 28.10
mW cm™? respectively, and the albedos are 0.1, 0.2, 0.3, and
0.4 respectively. For control (Figure 4f), the device perform-
ance is significantly improved. To better understand the
physical reasons behind the device performance improvement,
a comparison of dark-state J—V curves shows a significant
reduction in the saturation current density for the KAc-ST
devices, further confirming the reduction in trap density
(Figure S22). Furthermore, electrochemical impedance spec-
troscopy (EIS) in dark was used to assess carrier transport and
recombination behavior.*” In the Nyquist plot, semicircles of
varying sizes are observed over different frequency ranges. The
charge recombination resistance (R,..) at the interface is
determined by the low-frequency region. The fitted R, values
are shown in Figure S23. Based on the equivalent circuit model
(Figure S24), the R, value of the bifacial perovskite film
(1683 Q) is higher than the R, value of the control perovskite
device (1288 Q) (Figure S23). The higher recombination
resistance contributes to enhanced photovoltaic performance
of the bifacial perovskite films by effectively separating charges
in the corresponding collection layers. To further investigate
the intrinsic transport mechanisms of the control and KAc-ST
devices, a Mott—Schottky (M-S) analysis was performed using
capacitance—voltage (C—V) measurements to directly describe
the built-in potential (V) of the devices (Figure S25). In the
linear M-S plot, the KAc-ST device shows the largest slope,
with the V; value of the control device being 0.84 V, and the
Vy; value of the KAc-ST device being 0.88 V. The enhanced Vy;
indicates an increase in the internal driving force for carrier
transport to the device’s energy, which also contributes to
improved photovoltaic performance. Additionally, we plotted
the relationship between V. and light intensity (Figure S26).
The slope for the control device is 1.63 KzT/gq, while the slope
for the bifacial device is much smaller (1.43 KzT/q), where Kj
is the Boltzmann constant, T is the temperature, and q is the
charge.”” Previous studies have shown that deviations from the
slope of KzT/q reflect defect recombination in the device. This
result confirms that harmful defect recombination in the
perovskite layer has been significantly alleviated, thereby
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reasonably improving the device performance. Further aging
tests were conducted on the bifacial PSC. As shown in Figure
S24, the KAc-ST-based packaged devices demonstrated
excellent stability under continuous sunlight exposure in a
nitrogen glovebox at 40 + S °C, with no significant
degradation observed even after 1000 h (Figure S27). In
contrast, the PCE of the control group dropped to 60% of their
initial efficiency (Figure S28, Table S7) after 1000 h. To
evaluate the effectiveness of the KAc-ST strategy under
ambient conditions, we conducted maximum power point
(MPP) tracking tests on unencapsulated bifacial PSCs under
continuous 1 Sun (100 mW/cm?) illumination in air. After 500
h, the KAc-ST devices maintained nearly unchanged power
conversion efliciency, while the control devices degraded to
below 90% of their initial efficiency (Figure 4g). The
improvement in light stability can be attributed to the
modification of the perovskite film morphology and crystal-
linity by KAc-ST, as well as the reduction in both bulk and
surface defects in the perovskite.

This study presents the KAc-ST strategy, where surface
treatment of Pbl, films with KAc solution disrupts the one-
dimensional structure of Pbl, through the interaction between
Ac- and Pb*. The presence of K' expands the interlayer
spacing, forming the Pbl,-(KAc), intermediate phase, which
reduces Pbl, crystallinity and promotes a more complete
conversion to perovskite while improving crystallinity. DFT
calculations show that Ac™ preferentially adsorbs on the (111)
surface, inhibiting growth along the (111) direction. K ions
preferentially adsorb at the crystal surface and grain boundaries
during the growth process. Moreover, K* exhibits a stronger
affinity for the (001) facet, as indicated by its higher adsorption
energy compared to the (111) facet. The electrostatic
repulsion between adjacent K ions effectively inhibits lateral
grain merging, thereby suppressing horizontal growth and
promoting vertical crystallization along the (001) direction.
This results in perovskite films with (001)-preferred
orientation. This leads to perovskite films with a vertically
aligned (001) orientation. These improvements enhance light
absorption, produce smoother film morphology, and reduce
defect density. Using a KAC-st strategy, the thick-film PSC
achieved an efficiency of 24.29%. The fabricated bifacial PSC
reached 21.33% efficiency, exhibiting ~80% bifaciality and
24.72 mW cm™* PGD under an albedo of 0.2. After 500 h of
continuous illumination at the maximum power point, the
KAc-treated bifacial device retained its initial PCE. This study
provides a foundation for improving the efficiency and stability
of bifacial PSCs.
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