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ABSTRACT: Tin halide perovskite (THP) possesses p-type semiconducting properties
owing to innate Sn oxidative defect states. These defect states create imbalance in charge
collection at the interfaces, which hinders overall solar cell efficiency. To effectively harness
THP’s potential, we introduced a strategic n-type commonly used material, [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM), as a dopant, which has rarely been discussed. The
coupling of PCBM and THP, validated through experimental and density functional theory
methods, effectively targeted Sn defect states and transformed the THP semiconducting
nature from p-type to intrinsic. Furthermore, strategically positioned PCBM at the grain
boundaries offered multiple benefits, including improved adhesion between grains, leading
to reduced lattice strain, enhanced energetic matching, and efficient charge transfer. This 00 02 04 06 08
positing effectively harnessed electron collection due to PCBM’s n-type electronic Voltage [V]
properties, leading to an enhanced PCE. This blend strategy, broadly followed in organic

solar cells, led to the development of PCBM-THP heterojunction solar cells, achieving a record efficiency of 12.68%.

Current density [mA/cmz]

T he rapid advancement of Pb-perovskite solar cells has compensate Sn vacancies.” Simultaneously, thin SnS formed

positioned them as one of the fastest-growing over PEDOT:PSS acted as a protective layer to reduce charge

technologies within the solar cell industry. However, recombination.'’ Since then, various strategies have been
concerns regarding the toxicity of Pb have driven extensive explored to enhance THP solar cell performance, including
exploration into Pb-free alternatives.' Among these alter- solvent engineering,' ~"* surface passivation,'*™'® substitu-
natives, Sn-halide perovskite (THP) solar cells have shown tion/additive engineering,”_m and heterogeneous engineer-
remarkable progress in photoconversion efficiency (PCE) and ing.zz_24 These strategies collectively mitigate tin vacancies
stability over the years.2 This advancement can be attributed to and background current density by controlling the crystal-
the exceptional optoelectronic properties of THPs, which lization process. The oxidative effects of cosolvent dimethyl

include a suitable narrow band gap, strong light absorption sulfoxide (DMSO)*® were mitigated by adjusting the THP
coefficient, low exciton binding energy, high carrier mobility, precursor stirring protocol and incorporating Gel, as an
efficient photoluminescence, and suppressed ion migration.'™ additive."" This resulted in the formation of a protective GeO,

Initially, THP solar cel})s designed with a regular structure layer, further shielding the surface against moisture intrusion.”®
achieved around 6% PCE.” However, performance was limited Interfacial defects were successfully passivated using guanidium
by electron extraction at the defect-prone metal-oxide electron with a cocation strategy.”” Further improvements came from a

transp 0r7t81ayer,. leaflin.g to the formation of SI.I vacancies and triple cation strategy involving cesium and imidazolium which
defects.”” This limitation became a barrier to further

advancements.” Subsequently, attention shifted to an inverted
structure, wherein THP inks were coated onto an organic Received: June 17, 2024
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE- Revised:  July 19, 2024
DOT:PSS) layer. Despite this change, challenges in THP solar AccePted: July 24, 2024
cell performance remained due to rapid THP crystallization Published: July 29, 2024
and vulnerability to oxidation. To address these issues, SnF,

was used as a dopant to slow down the crystallization and
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Figure 1. (a) UV—vis absorption spectra of control and PCBM-doped THP films. (b) Tauc plot of control and PCBM-doped THP films. (c)
Photoyield spectroscopy of control and PCBM-doped THP films. (d) Urbach energy plot of control and PCBM-doped heterojunction THP
films. (e) Energy diagram of the THP-PCBM active layer based fabricated solar cell. (f) XRD pattern of control and target films.

stabilized crystals, reduced trap densities, and suppressed
defect states at grains. Concomitantly, surface defect states
were effectively managed through the utilization of sulfamic
acid.”® Another study involved a Cul-DMSO complex as a
dopant, wherein copper filled tin vacancies and iodine-
controlled halide deficiency within the bulk perovskite.”” In
an alternative approach, a thin layer of thermally deposited Sn
metal underwent plasma treatment to form SnOx. This
effectively suppressed interfacial Sn*" formation and further
improved PCE.***'

These efforts were focused on controlling the crystallization
process to curb Sn defect formation within the bulk or at the
interfaces of the THP solar cells. It is important to note that
Pb-perovskite solar cells have shown significant advancement
in the bulk-heterojunction solar cell fabrication, incorporating
n-type [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as
an additive.”*® The strategic electronic coupling of PCBM
within Pb-perovskite resulted in a hybrid active layer,
exhibiting larger grains, minimized hysteresis effect, increased
photovoltage, enhanced charge extraction capabilities, and
suppressed ion migration. The widespread distribution of
PCBM within the bulk perovskite targeted grain boundaries,
leading to the passivation of Pb defects. This passivation
produced a shallower shift in the Fermi level, ultimately
enhancing the photoelectric performance of the solar cells.

THPs are inherently p-type semiconductors and offer
excellent hole mobility.” Abate et al. inserted an n-type
indacenodithieno-[3,2-b]thiophene interlayer between Sn-per-
ovskite and C60 layers, which effectively enhanced electron
transport.”® To effectively harness THP’s potential in solar
cells, a postsurface treatment involving the Lewis base 6-
maleimidohexanehydrazide trifluoroacetate was employed.
This treatment transformed the surface nature from p-type
to n-type.14 Furthermore, an edamine treatment coordinated
unsaturated bonds, donated electrons, and effectively con-
verted the THP surface from p-type to n-type.”> These surface
transformations promote electron transfer and facilitate
enhanced PCE. It is important to note that such surface
treatment results in a p—n gradient within the film.* Inspired
by these surface transformations, we explore the n-type
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electronic properties of PCBM as a dopant within p-type
THP solar cells. This strategy involved a blend concept broadly
used in organic solar cells. Strategically positioned PCBM at
the grain boundaries offers multiple benefits of enhanced
adhesion between grains, improved energetic matching at the
interfaces, and enhanced charge transfer. The combination of
these effects enhanced the photoelectric performance of the
THP solar cells.

A simple one-step method utilizing conventional polar
solvents DMF and DMSO was chosen to fabricate THP
(control) and PCBM-doped THP (target) films. Character-
ization of PCBM dissolved in a DMF:DMSO solvent mixture
followed by film fabrication using the spin coating method was
performed. Figure S1 (a) illustrates the UV—vis spectra of
PCBM film, displaying a strong peak at 347 nm of the UV
region. Additionally, the Tauc plot, PYS spectra, and energy
diagram of PCBM film are depicted in Figure S1 (b), S1 (c),
and S1 (d). These data showed that PCBM electronic
properties are maintained under a DMF:DMSO polar solvent
system.37

The UV—vis absorption plot of the THP film with PCBM as
an additive exhibited characteristic spectra without any notable
shift in onset, maintaining an unchanged band gap energy
(Figure la, 1b). The electronic structures of the films were
characterized using photoyield spectra (PYS) where the
valence band maximum (VBM) energy was determined by
measuring photoelectron currents corresponding to incident
photon energy. The control film exhibited a VBM of —5.30 eV,
while the 1, 3, and 10 mM PCBM-based target films displayed
VBM values of —5.35 eV, —5.40 eV, and —5.30 eV, respectively
(Figure 1c). The 3 mM PCBM-based target film exhibited a
deeper conduction band minimum (CBM), calculated
following band gap energy values. Such deeper CBM facilitated
improved energetic matching at the n-contact, leading to better
charge collection. It can be emphasized that PCBM, serving as
a dopant, significantly impacts charge transport and collection
at the charge selective layers and interfaces. This influence is
attributed to the shifted aligned energetic matching levels,
indicating a potential collaboration between THP and PCBM.
Specifically, the VBM is determined by Sn(Ss) and I(Sp)
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Figure 2. (a) Efficiency box plot of control and PCBM-doped heterojunction solar cells. (b) Champion J—V curves of control and target solar
cells. (c) IPCE spectra and calculated Jsc of control and champion solar cells. (d) Voc vs light intensity curves of control and target solar
cells. (e) TRPL PL spectra of the control film and PCBM-THP heterojunction target films. (f) Steady state PL spectra of control and PCBM-

THP heterojunction target films.

antibonding orbitals, while the CBM is determined by I(Sp)
orbitals.” The degree of energetic disorder of THP films at the
band edges within the band gap was analyzed by using Urbach
energy (Figure 1d). The Urbach energy values obtained from
fitted curves were 47.6 meV, 47.2 meV, 40.8 meV, and 53.1
meV for the control film and 1 mM, 3 mM, and 10 mM
PCBM-doped THP films, respectively. The low degree of
energetic disorder following PCBM doping indicates reduced
trap densities, which will be discussed with DFT results. The
energy diagram depicting different layers of fabricated THP
solar cells is illustrated in Figure le, and the THP layer
exhibited a Fermi energy level (E;) of —4.78 eV, deeper than
the mid energy level (E;) of 4.60 eV, suggesting the p-type
semiconducting nature. Upon addition of optimal 3 mM
PCBM to the THP, both CBM and VBM shifted to deeper
energy states, indicating a reduction in self-doping. Interest-
ingly, E; shifted to —4.68 eV & E; (—4.70 eV), indicating the
marginal n-type semiconducting nature of the THP layer.
Similar behavior of shallower Fermi level has been observed in
Pb-perovskite/PCBM heterojunction films.”* Such a modifi-
cation in semiconducting properties suggests the effective
suppression of defect states, resulting in an increased electron
concentration.

To assess the influence of PCBM as an additive on the
crystal structure properties of THP films, X-ray diffraction
(XRD) measurements were conducted (Figure 1f). The
obtained characteristic diffraction patterns at 26 = 13.97°,
24.37°,28.18°, 31.58°, 40.34°, and 42.92° corresponded to the
respective crystallographic planes (100), (120), (200), (211),
(222), and (300), indicating the orthorhombic pattern of THP
films. Notably, the XRD pattern of the PCBM-doped THP film
exhibited a similar pattern without any shift, demonstrating the
absence of any secondary phase. This confirmed that PCBM
predominantly resides on the perovskite film, notably at the
grain boundaries, which is similar to Pb-perovskite/PCBM
heterojunction solar cells.**** Furthermore, THP film doped
with 3 mM PCBM exhibited a 1.2 times amplified peak,
indicating reduced and filling up of grain boundaries. Such
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improved crystallization can be explained by the interaction
between PCBM and THP, where additional nucleation sites of
PCBM retard the crystallization rate. THP semiconducting
layers grown by solution-processing methods inevitably form
polycrystalline films. In such polycrystalline films, crystal
imperfections or grain boundary contacts are the sources of
lattice strain. Williamson—Hall analysis is a measure of relative
lattice strain component, which is defined as the slope of fit
from B Cos € = 2 Sin 0 + kA/D. Here S is full width half-
maximum; 6 is Bragg angle; A is the wavelength of X-ray used;
k is shape factor; and D is the crystal size. A reduction in strain
component observed following PCBM addition suggests a
relaxed THP crystal with reduced self-doping pertaining to less
exposed grain boundaries and furthers its usefulness in THP
perovskite photon-harvesting applications (Figure S2 a).
Comparison of Fourier-transform infrared spectra (FTIR)
revealed that the stretching vibration of C=0 (1735.6 nm)
shifted to a lower wavenumber when PCBM was mixed with
Snl, (Figure S2 b). Such a peak shift suggests the result of an
interaction between PCBM and SnL,.***” This interaction also
implies that PCBM-doped THP had additional nucleation
sites, which would suppress the crystallization rates, leading to
passivation of undercoordinated Sn®" states at grain
boundaries.” Surface morphology measurements were con-
ducted to confirm the crystal growth phenomenon and grain
size estimation (Figure S2 ¢, S2 d). The grain size of control
films was distributed to 2200 nm. The target heterojunction
film had a larger grain size of £200—300 nm with relatively
homogeneous distribution. This emphasized the reduced grain
boundaries in the PCBM-THP film, which is as expected per
UV-spectra inspired Tauc plot calculations and XRD measure-
ment results. Atomic force microscopy (AFM) images were
conducted to evaluate the effect of PCBM inclusion on the
THP films (Figure S2 e, S2 f). The target film showed a flat
surface with a low surface roughness (Rq = 15 nm) relative to
the control film (Rq = 20 nm). This further validated the role
of PCBM in reducing the surface inhomogeneity, notably
arising at the exposed grain boundary contacts and relatively
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Figure 3. (a) IMVS plot of control and target devices (b) IMPS plot of control and target devices. (c) Transient photovoltage decay curves of
control and target devices. (d) Transient photocurrent decay curves of control and target devices. (e) XPS spectra of control film. (f) XPS
spectra of target film. (g) Nyquist plot of EIS spectra measured under the dark at open circuit conditions along with fitted electronic

parameters. (h) MPPT test measured inside the glovebox.

bigger grain size. Additionally, assessment of the water contact
angle (Figure S2 g and h) indicated an enhanced hydrophobic
surface behavior of THP film after integration of PCBM,
affirming the incorporation of PCBM onto THP films.
Improved hydrophobic properties of THP films are supposed
to have more repelling behavior toward ambient humidity or
water.

The schematic of the solar cell fabrication process is
displayed in Figure S3. The JV performance of the solar cells,
fabricated in an inverted structure, was assessed under 1 sun
condition inside a N,-filled glovebox. A box plot of J—V
performance exhibiting PCE (Figure 2a), Voc, FF, and Jsc
variation is shown in Figure S4. Notably, the PCE values
demonstrated an increase with the rise in PCBM additive
concentration, a maximum at 3 mM PCBM, beyond which the
values declined. This pattern of PCE variation coincides with
Jsc and FF, thus explaining the improved charge collection at
the interfaces. Figure 2b depicts the best JV characteristics of
the solar cells fabricated. The J—V characteristics of a 3 mM
PCBM based champion device showed an impressive 12.68%
PCE under forward bias (short circuit current (Jsc) = 23.85
mA/cm?, open circuit voltage (Voc) = 0.73 V, fill factor (FF) =
0.72). Under reverse bias, 12.49% efficiency was obtained (Jsc
= 23.13 mA/cm?, Voc = 0.72 V, FE = 0.75). The control
device displayed the best PCE of 10.25% (Jsc = 20.47 mA/
cm?, Voc = 0.72 V, FF = 0.69) in forward bias and 10.07%
PCE (Jsc = 21.77 mA/cm?, Voc = 0.72, FF = 0.64) in reverse
bias. Control and target devices showed inverted hysteresis
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indexes of 1.75% and 1.50%, respectively. Such inverted
hysteresis is presumed to originate under reverse scan due to
the screening of electrons by slow mobile I" ions.** The
PCBM residing at the grain boundaries’””’ effectively
coordinates with these I mobile ions, suppressing the
hysteresis. The incident photon to collected electron (IPCE)
and calculated Jsc are represented in Figure 2c. The IPCE
spectra notably enlarged in the 780—820 nm range signify
increased electron carrier transport and collection. Con-
sequently, an expectation of improved electron collection in
the modified THP-PCBM heterojunction film was validated.
Furthermore, Voc measurement under varying light intensity
provided insights into the recombination dynamics. Figure 2d
displays the relationship between the Voc and log plot of light
intensity, revealing details about the recombination process. In
line with conventional photovoltaic cell equations, Voc
(nkT.q ")In(Jsc/J, + 1), where Voc is a function of diode
factor (n), Boltzmann constant (k), temperature (T.),
elementary charge (q), and dark current density (j;). A linear
equation depicting the influence of n on light intensity is
shown. Since Jsc > J, and Jsc o light intensity, the
dependence of light intensity is represented by a linear
equation showing the relationship between (nkT.q™") and Voc,
which dictates the value of n. The value of n becomes unity
when recombination loss is absent. A low value of n = 1.5
suggests a reduced nonradiative recombination loss in the
PCBM-based THP solar cells. The incorporation of PCBM
into THP films resulted in notable alterations in photo-
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Figure 4. (a) Electronic coupling between C60 and Snl, considering a perfect Sn—1I surface. (b) Charge interaction between C60 and Snl,
considering a perfect Sn—I surface. (c) Electronic coupling between O-facing PCBM and the Sn—I surface considering a perfect Sn—I
surface. (d) Charge interaction between O-facing PCBM and the Sn—1I surface considering the perfect Sn—I surface. (e) Electronic coupling
between C60 and the Sn—I surface with I defect states. (f) Charge interaction between C60 and the Sn—I surface with I defect states. (g)
Electronic coupling between O-facing PCBM and the Sn—I surface with I defect states. (h) Charge interaction between O-facing PCBM and
the Sn—I surface with I defect states. (i) Electronic coupling between C60 and the Sn—I surface having Sn defect states. (j) Charge
interaction between C60 and the Sn—I surface having Sn defect states. (k) Electronic coupling between O-facing PCBM and the Sn—1
surface having Sn defect states. (1) Charge interaction between O-facing PCBM and the Sn—1I surface having Sn defect states.

luminescence (PL) spectroscopy and carrier dynamics as
depicted in Figure 2e and 2f. Fabricated on FTO glass, these
films underwent PL analysis to calculate the average lifetime
through biexponential spectra fitting. 7,, 7,, A}, and A,
corresponded to faster and slower decay rates, respectively,
while A; and A, represent their respective contributions. THP
films doped with 1 and 3 mM PCBM exhibited lower
photoluminescence intensity compared to undoped and 10
mM doped films, indicating suppressed defect states and
enhanced charge transport efficiency. The time-resolved
photoluminescence (TRPL) decay curve indicated a reduced
7, value in PCBM-doped films, suggesting that grain boundary
trap assisted recombination is mitigated, leading to accelerated
charge transport. Additionally, in 1 mM and 3 mM films, a
faster 7, decay rate suggests suppressed bimolecular radiative
electron—hole recombination within the grains, supported by
an increased value of the (A;/A,) ration (Table S I). This
highlights that the PCBM sitting at the grain contact
suppressed nonradiative recombination within the film near
the grain boundary and surface. Conversely, the 10 mM
PCBM-THP film displayed an increased faster decay time, 7,,
likely explaining the diminished PCE observed in such solar
cells. Further, the PCBM doping effect on electron transfer rate
was evaluated following Apyx = (1/71pyk/rro) — 1/T10vK/Glass)
and Apereropve = (1/ (TlHeteroPVK/FTO -1 TZPVK/FTO)' Apvk
represents the electron transfer rate from the perovskite to the
FTO layer, while Ay ,opvk denotes the electron transfer rate
from heterojunction PVK to the FTO layer. The electron
transfer rate was 0.94 X 10°/s in the pristine perovskite layer.
Interestingly, an enhanced electron transfer rate of 2.1 X 10° /s
was observed in the PCBM-based heterojunction film.

To investigate the charge transport and recombination
mechanisms, we conducted intensity-modulated photocurrent
spectra (IMPS) and intensity-modulated photovoltage spectra
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(IMVS) measurements (Figure 3a, 3b). During IMPS
measurement, the solar cell was held at 0 V, while current
values were measured. IMPS enables the characterization of
charge transport time (tiypsy,) defined as fyypg = 1/27f 1yps,
where peak represents the intensity at which IMPS reaches its
peak.*” # In the PCBM-modified heterojunction THP film as
an active layer based solar cell, the tps,, decreased from 1.86
to 1 us. For the IMVS measurement, the solar cell was
maintained at an open circuit voltage, and the voltage was
measured upon light illumination to calculate the electron
recombination lifetime (fyysye) defined as tppygee = 1/
27f vs " The fabricated THP solar cell exhibited a MV rec
of 2.52 pus, which improved to 3.43 us with the THP-PCBM
heterojunction film as an active layer. Moreover, the carrier’s
diffusion constant (D) was determined to support the role of
PCBM, calculated using D = L%/ 2'35tIMPS,tr'44 Additionally,
electron diffusion length (L) was estimated as

Lp = \/Dtpyys,re.- The control film displayed D and Ly, values
of 9.1 X 107 m?/s and 151 nm, respectively, while the PCBM-
doped heterojunction THP film demonstrated higher values of
17 X 107 m*/s and 241 nm. The increased diffusion constant
and electron diffusion length support the reduction in trap
density, contributing to the enhanced PCE mainly originating
from the better electron movement. Further validation of these
results was conducted through transient photovoltage decay
(TPV) and transient photocurrent decay (TCV) analyses
(Figure 3c, 3d). The fabricated solar cells were operated in
open circuit conditions in TPV measurements and under short
circuit conditions in TCV measurements.”> The charge,
recombination time (frpy ), and transport time (trcy,,) are
defined as the time interval passed during which transport or
recombination time decayed to 1/e of the initial values. The
observed fitting data align with previous findings, indicating
prolonged trpy .. and reduced trcy,, in PCBM clubbed THP
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film based solar cells. The control film showed trpy . = 1.42
us, and it was improved for control devices for 9.60 us. trcyy,
of target devices was faster (1.06 us) than the control devices
(2.43 ps). This observation proved the PCBM as an effective
dopant for THP films, which reduced the interfacial
recombination and defect states.

To elucidate the surface electronic states, X-ray photo-
electron spectroscopy (XPS) was carried out. XPS spectra of
Sn 3d states elucidated in Figure S5 clearly illustrated that the
full width at half-maximum (fwhm) of target film was reduced,
validating the previous observation of suppressed defect states
amid the interaction between PCBM and THP. The
deconvolution of the Sn 3d;;, peak displayed in Figure 3e
and 3f showed the relative amount of Sn** and Sn** species.
The ratio of Sn*" species in PCBM mixed THP film was
suppressed from 36.25% to 24.81%. Hence, XPS observation
validated that the PCBM coordination with THP resulted in
improved film quality and photovoltaic performance. In the
next step, to elucidate the charge-transfer mechanism,
electrochemical impedance spectroscopy (EIS) measurements
were conducted under dark conditions. Figure 3g presents EIS
spectra, which were fitted with an equivalent circuit model, and
the inset displays series resistance (R,), recombination
resistance (R,.), and recombination capacitance (Cﬂ). The
obtained fitted R, value for THP-PCBM (3.65 Q) was notably
lower than that of THP solar cell (840 Q), elucidating the
higher Jsc and FF observed in the control solar cell. In
comparison to the control solar cell [R,. (0.017 MQ)], the
PCBM-THP based solar cell exhibited a higher R of 0.028
MQ, resulting in a reduced recombination and improved
charge collection. Moreover, the PCBM-THP based cell
demonstrated an enhanced recombination capacitance of
48.47 nF, significantly improved in contrast to the control
solar cell (5.20 nF). A stabilized PCE was observed at the
maximum power point measurements inside a N, glovebox for
200 s (Figure 3h).

Density functional theory (DFT) has been performed to
interpret a possible interaction between PCBM and THP
(FASnI; (FA = CH(NH,),)) cubic crystals, as shown in Figure
4.*%*7 The charge difference was calculated to analyze the
interaction between PCBM and THP, considering the perfect
Sn—1I surface, Sn—I surface with V|, and Sn—1I surface with V.
Yellow and cyan colors depict regions where electrons are
gained and lost. Figure 4a and 4c presents the perfectly
optimized configurations for the most suitable attachment of
the C60-facing and the O-facing PCBM—tin halide perovskite
configuration. Obvious charge transfer is evident in the defect-
free perfect contact of PCBM and THP, as depicted in Figure
4b and 4d. This implies a robust interaction between C60 and
the C=O group of PCBM with the perfect Sn—I surface.
Furthermore, this interaction is anticipated to enhance the
interaction of the Sn—I surface, reducing defects/vacancies and
preventing the migration of Sn, thereby mitigating the Sn**
formation. As reported, THP inherently possesses V; and Vi,
Considering this, we explore the interaction between PCBM
and THP with a vacancy of I, as depicted in Figure 4e, 4f, 4g,
and 4h. Notably, in Figure 4e and 4g, significant charge transfer
occurs upon PCBM (either C60 or C=0) contact with THP.
This outcome indicates that PCBM can effectively passivate
iodine defects, leading to an improvement in perovskite quality
and an expected reduction in nonradiative recombination.
Continuing our valuation, we examined the interaction
between THP and PCBM with Vg, and the results are
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illustrated in Figure 4i, 4j, and 4k. In comparison with a perfect
Sn—1I surface contact, surfaces with Sn vacancies demonstrate a
pronounced chemical interaction with PCBM, particularly
evident in Figure 4k and 4l. Consequently, PCBM whether
C60 or C=O effectively passivates undercoordinated Sn**
sites. The DFT calculations confirm a substantial interaction
between PCBM and THP. This theoretical demonstration
shows the potential of the PCBM—THP interaction to mitigate
THP defects, improving THP quality and reducing non-
radiative recombination, an aspect we discussed subsequently.

We have demonstrated that doping of n-type material
PCBM into the p-type semiconductor Sn-halide perovskite
improves the film quality. The PCBM provided additional
nucleation sites and slowed the THP crystallization rate. As a
result, the THP-PCBM film exhibited reduced self-doping and
intrinsic semiconducting characteristics, facilitating enhanced
electron collection. The deeper energetics of the THP film
supported easy charge conduction and suppressed charge
accumulation. Consequently, we successfully fabricated
PCBM—Sn-perovskite heterojunction solar cells with a record
12.68% efliciency.
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