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ABSTRACT: Advancing inverted perovskite solar cells requires
effective strategies to mitigate nonradiative recombination at
the perovskite/Cg, interface. Here, we report a volatile material
that forms a thin, dense interlayer that essentially eliminates the
Ceo-induced nonradiative interfacial recombination loss despite
not directly passivating the perovskite surface. Ultraviolet
photoelectron spectroscopy highlights that the molecule
forms a positive dipole layer on the surface that aligns the
perovskite and Cg, energy levels for electron conduction.
Furthermore, the molecule’s volatile nature allows the use of a
high-concentration solution that enables a high surface
coverage (likely >99%) without increasing the thickness. The
combination of these two effects yields an effective approach to
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suppressing interface recombination. The resulting triple cation perovskite solar cells achieved a power conversion efficiency
of >25% and the devices maintain >90% of their initial efficiency after 1200 h of operation. Furthermore, the molecule is
broadly applicable to various perovskite compositions and bandgaps.

ver the past decade, perovskite-based photovoltaics
have emerged as promising PV technology due to
their exceptional optoelectronic properties. Single
junction perovskite solar cells have demonstrated remarkable
progress, with power conversion efficiencies surpassing 26% in
both traditional (n-i-p) and inverted (p-i-n) configurations.'*
The latter structure has received a lot of attention due to its
high commercialization potential, as a result of low-temper-
ature processing, ease of fabrication and upscaling, and high
compatibility with perovskite-based tandem devices, which
have achieved a remarkable power conversion efficiency (PCE)
of over 34%.° To realize the full potential of inverted
perovskite solar cells, which has been predicted to be around
29% for 1.5 eV perovskite cells and 26% for 1.68 eV cells used
for tandem applications,”” it is crucial to delicately manage the
perovskite/transport layer interface to minimize nonradiative
recombination.
At the buried p-interface, the development of self-assembled
hole transport layers has led to suppressed nonradiative
recombination and prolonged carrier lifetimes. However, the n-
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interface remains a limiting factor for further performance
improvements. This stems primarily from the predominant use
of fullerene-based electron transport layers (e.g, Cq and
PCBM), which have been extensively documented to induce
nonradiative interfacial recombination. The underlying causes
have been widely investigated and are predominantly
attributed to interfacial defects or imperfect energy alignment.
For example, Warby et al. identified the most substantial loss
occurring at the initial monolayer of Cg,. This suggests that
recombination across the interface via Cg, trap states is the
prevailing mechanism, with traps stemming from either charge
transfer states or density of states (DOS) broadening at the
interface, pinning the lowest unoccupied molecular orbital
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Figure 1. (a) Scanning electron microscope (SEM) image of the cross-section of the complete device with BA-8FH treatment, all layers are
labeled on the left. (b) Performance statistics for control and BA-8FH treated devices for increasing concentrations, based on 10 devices per
group. (c) Schematic presentation of the possible molecular assembly on the perovskite top surface.

(LUMO) below the conduction band of perovskite.® The
dominant contribution of Cyy-induced traps was also suggested
by many other authors.”” "' However, by performing ultra-
sensitive UPS measurements, Menzel et al. revealed an energy
offset of 0.26 eV between the LUMO-edge of C4, and the
conduction band minimum (CBM) of a 1.64 eV triple cation
perovskite (Csoo5(FAgs3MAg.17)0.9sPb(Los3Bo.17)3) which could
significantly limit the device open-circuit voltage (Vo).
Importantly, if the interface with the energy offset is limiting
the overall device recombination, the energy level misalign-
ment of majority carriers (Emaj) will reduce the V¢ directly,
while the trap state density (N,) reduces the Vi only
logarithmically in the case of Shockley-Read-Hall (SRH)
recombination'?

where respectively, Vy, the thermal voltage, G, is the
generation rate of electron—hole pairs due to external
illumination, »; the intrinsic carrier density, and C, the capture
rate coefficient for charge trapping. We note, an equal electron
and hole carrier lifetime (z, /p) and high-level injection
conditions (carrier density at V¢ > intrinsic carrier density,
n > ny) have been assumed for simplicity. In other words, this
suggests that minimizing the energy level offset is exponentially
more important than reducing trap states at the interface.
Therefore, aligning energy levels is a pivotal strategy in
eliminating the loss pathway at the perovskite/Cg, interface.
To improve the energy level alignment and optimize the
perovskite/Cy, interface, various interfacial engineering strat-
egies have been incorporated, such as 2D perovskite layers,
reactive capping layers, ionic liquids, and insulating polymer
layers. However, due to the mostly insulating properties of the
materials, which will cause transport loss, the implementation
of those strategies generally faces the significant challenge of
finding the optimal balance between maximizing the V¢ and
maintaining a high fill factor (FF). This commonly results in a
narrow window for optimization, necessitating precise control
of interlayer deposition and thickness, leading to inconsistent

v 2V, 1 2Ge
= n———
¢ . "i(NtCt)

(1)
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reproducibility and increased trial-and-error. Moreover, as we
will further discuss in the manuscript, given the long charge
carrier diffusion length of perovskite in the pm-range, the
interlayer must cover the surface uniformly with a high packing
density. To address these issues, a multifunctional interlayer
with broad compatibility that can reduce the energy offset of
the perovskite/Cg, interface, while being largely insensitive to
the preparation condition (e.g, solution concentration) is
needed.

In this work, we introduce 1,6-bis(acryloyloxy)-
2,2,3,3,4,4,5,5-octafluorohexane (BA-8FH in short) as a
multifunction interlayer at the perovskite/Cg, interface,
which enables a large deposition window from 1 mg/mL to
200 mg/mL with high reproducibility. BA-8FH features a low
boiling point (~90 °C), lower than the annealing temperature
of perovskite (100 °C). Thus, most deposited material will
evaporate during the annealing process, leaving an approximate
monolayer whose functional groups (F and acryloyloxy) have
strong interactions with perovskite. Therefore, the molecule
remains strongly bound to the perovskite surface despite its
volatility. Ultraviolet photoelectron spectroscopy (UPS)
reveals that BA-8FH improves the energy band alignment at
the perovskite/Cg, interface, resulting in substantially reduced
nonradiative recombination with a longer carrier lifetime.
Moreover, p-i-n structured devices with 1.58 eV perovskite
bandgap delivered a PCE of 24.7% with a V¢ of 1.21 Vand a
FF of 84%. Encapsulated devices under an ambient atmosphere
exhibited a T90 lifetime of over 1200 h after continuous MPP
tracking. As such, this work provides a new strategy to solve
the long-standing challenge of recombination losses at the
perovskite/Cy, interface, paving the way to eliminate the
critical recombination losses of state-of-art perovskites.

To assess the overall effect of BA-8FH on photovoltaic
performance, we first fabricated devices using the following
stack: Glass/ITO/MeO-2PACz/Csgy5(MAg 0sFAg 95)0.95sPb-
(Ty9sBroos); perovskite treated with BA-8FH/Cq,/BCP/Cu
(Figure 1a). Further details are provided in the Supplementary
Methods section. The PCE results of devices treated with
different concentrations of BA-8FH are presented in Figure 1b,
while the other performance parameters are presented in
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Figure 2. (a) PLQY results for quartz/perovskite, HTL/perovskite, HTL/perovskite/ETL films, and full devices with/without BA-8FH
treatment, samples are labeled as Pero, HTL, p-i-n, and device, respectively. (b) Contributions to the overall voltage loss for control and BA-
8FH treated samples. (c) Intensity-dependent quasi-Fermi level splitting (QFLS) measurements for control and BA-8FH devices, the ideality
factors are listed. (d) Pseudo J—V curves from intensity-dependent QFLS measurements for control and BA-8FH treated devices with the
parameters are listed as inset. (e) EL mapping for control and BA-8FH treated samples, the scale bar represents 1 mm. The average
luminous intensity is calculated as a unitless value shown on the right.

Figure S1. Notably, the gradual improvement in PCE from 0 to
~30 mg/mL stems from a gradual improvement in V¢ and
FE. Above this concentration, these parameters remain almost
constant until 200 mg/mL. The short-circuit current density
(Jsc) shows negligible fluctuations across various BA-8FH
concentrations. This behavior is uncommon because, typically
for solution-based coating processes, the solution concen-
tration correlates positively with the resulting film thickness.
For most passivation layers with poor conductivity, excessive
thickness often leads to a significant increase in series
resistance in solar cells, resulting in serious losses in FF and
also Vo, often accompanied by a QFLS-Vyc mis-
match.”'”"*~'® Hence, precise and narrow concentration
windows are usually necessary to guarantee the effective
operation of most passivation layers, balancing their intended
effects with the introduction of series resistance. Notably,
Figure la also shows that the cross-section of the BA-8FH
layer processed from a 60 mg/mL solution is too thin (less
than S nm) to be visible, while Figure S2 shows the
comparison with the control sample. Considering BA-8FH’s
boiling point of only 90 °C, it is inferred that during spin-
coating of BA-8FH layer and subsequent annealing, only the
first BA-8FH monomolecular layer interacting directly with the
perovskite surface remains stably adsorbed, while unadsorbed
BA-8FH overlayers evaporate during annealing. Consequently,
with the increase in BA-8FH concentration, an improvement in
layer density is achieved while maintaining an ultrathin layer,
thereby breaking the traditional dilemma of balancing density
and keeping the passivation layer as thin as possible. We term
this unique phenomenon, where the “passivation” effect of BA-
8FH on device performance tends to saturate with increasing
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concentration, as depicted in Figure 1c, “saturated passivation”.
This saturation effect significantly widens the concentration
window for the passivation layers, avoiding losses in fill factor
or open-circuit voltage due to overly thick films. Moreover, this
process, which involves the interaction of low-boiling-point
substances with perovskites to adsorb monolayers of
molecules, offers a new strategy to prepare ultrathin functional
layers. We note that to achieve the best performance with
minimum usage, the medium concentration (30 mg/mL) was
selected for in-depth studies in the following and compared
with a control sample.

To better understand the performance increase with
increasing BA-8FH concentration, we performed photo-
luminescence quantum yield (PLQY) measurements and
calculated the corresponding quasi-Fermi level splitting

(QFLS) using

QFLS = eV, X In| PLQY X ]]—G
0,rad

)

where ¢, Jg and Jj .4, are the elementary charge, the generated
light and dark current, respectively (see Figure S3). To this
end, we fabricated four configurations with either BA-8FH
treatment or control: (1) perovskite films deposited on quartz
glass, denoted as “pero”; (2) half stack samples with a
configuration of glass/ITO/MeO-2PACz/perovskite, denoted
as “HTL”; (3) Cg incorporated in “HTL” samples to form “p-
i-n” samples (glass/ITO/MeO-2PACz/perovskite/Cq,); and
(4) full cells denoted as “device”. As shown in Figure 2a and
tabulated in Supplementary Table S1, “pero” samples exhibit
similar PLQY values for control (13.6%) and BA-8FH (15.7%)
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Figure 3. (a) High-resolution XPS spectra of F 1s, C 1s, and Pb 4f for control and BA-8FH-treated perovskite. (b) Energy level diagram at
the perovskite/Cg, interface for the control sample and BA-8FH treated sample upon aligning the vacuum level. (c) Schematic of 2D
simulation. (d) Simulated V¢ as a function of distance (L) between areas without BA-8FH interlayer (pin-holes).

treated samples, with corresponding QFLS values of 1.235 and
1.239 eV, suggesting negligible surface passivation effects of
BA-8FH on perovskite surface defects. PLQY and QFLS values
of control (5.2%) and BA-8FH treated (6.9%) “HTL” samples
closely follow the trend of those of “pero” samples, showing
only a 7 meV difference for control and BA-8FH samples. In
contrast, the PLQY and QFLS gap became significant after the
incorporation of Cg, in “p-i-n” samples and “devices” for the
control samples. In particular, the PLQY of control “p-i-n”
samples (0.19%) was reduced by approximately 27 times
compared to its “HTL” counterpart, resulting in a QFLS loss of
86 mV, which indicates severe and predominant nonradiative
recombination losses at the perovskite/Cgy, interface, con-
sistent with previous observations and reports in the perovskite
community.”'”**'* However, for BA-8FH-treated “p-i-n”
samples, the PLQY after Cg, deposition (5.3%) is essentially
unchanged compared to control “HTL” samples (5.2%),
suggesting that the nonradiative recombination induced by
Cgo is eliminated. Plotting the QFLS of all tested samples, as
depicted in Figure 2b further illustrates the contributions to
the overall voltage loss in the devices. Finally, we note that
compared with the widely used interlayers such as LiF or PEA],
the PLQY loss upon Cg, deposition is substantially reduced for
BA-8FH interlayer (Figure S4).

We also measured the QFLS for different light intensities
from 0.001 suns to >1 suns. As shown in Figure 2c, the ideality
factors of the control and BA-8FH-treated devices are 1.61 and
1.45, respectively. Furthermore, pseudo-JV curves of the
devices were constructed to estimate the device performance
potential under conditions neglecting transport losses. As
depicted in Figure 2d, BA-8FH-treated devices exhibited a
larger implied FF and V, aligning with the FF improvement
observed in the JV results. After eliminating transport losses,
the efficiency potential of BA-8FH-treated devices reaches
25.52%. In order to gain a more intuitive and visual
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understanding of the suppressed nonradiative recombination
processes at the perovskite/Cgy, interface, we performed
electroluminescence (EL) mapping on a full device with/
without BA-8FH. By injecting a current equivalent to the
short-circuit current density, we recorded 2D luminescence
images using a CCD camera. As shown in Figure 2e, after
background subtraction, the average relative luminescence
intensity of the control devices was 0.6 units per pixel, while
that of the BA-8FH-treated devices was 19 units per pixel,
which is almost 30 times higher than the control sample. This
is consistent with the improved Vi of the device (i.e., 80 mV,
Figure la).

To understand the underlying reasons for the reduced
recombination at the interface upon implementation of BA-
8FH layer, we recorded SEM top-view images of perovskite
films with and without BA-8FH treatment. As shown in Figure
SS, similar grain size and morphologies between the two
samples indicate that the BA-8FH layer was too thin to be
visualized and had no apparent effect on the crystallization of
perovskite films. To investigate the interaction between
perovskite and BA-8FH, X-ray photoelectron spectroscopy
(XPS) measurements were performed on control and BA-8FH-
treated perovskite samples, as shown in the survey spectra
(Figure S6a) and the detailed core level spectra (Figures 3a
and Figure S6b). The prominent new peaks at 688.3 eV and
emergent C signals at 287—292 eV in the BA-8FH sample,
attributed to the F 1s, C=0, COOR, and F—C-F signals,
respectively,”” confirm the presence of BA-8FH on the
perovskite surface. Considering the high vacuum conditions
of XPS measurements, the detection of BA-8FH signals
suggests it is stably adsorbed on the perovskite surface.
Moreover, a significant 0.44 eV shift was observed for the Pb 4f
core level and I 3d signals in the BA-8FH-treated sample
compared to the control sample (Figure 3a and Figures S6),
indicating a strong interaction between BA-8FH and the
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perovskite. We note that clear perovskite signals are also
detected in BA-8FH sample, which is consistent with a very
thin layer of BA-8FH considering the very shallow information
depth of XPS. By analyzing the intensity changes of the XPS
signals using the methodology in refs.,” the thickness of BA-
8FH (30 mg/mL) was estimated to be 8 A, almost
approaching a monolayer, which is consistent with our
expectations.

We then performed He-1 Ultraviolet photoelectron spec-
troscopy (UPS) to investigate the band alignment at the
perovskite/Cg, interface with BA-8FH. The obtained spectra,
including the fits, are shown in Figures S7 and S8. As observed
for the core levels (Pb and I), we observe a 0.44 eV shift of the
valence band maximum with respect to the substrate Fermi
level. However, the work function shifts by 0.62 eV upon the
introduction of BA-8FH. We interpret the core and energy
level shift to an apparent reduced n-doping effect and the
remaining 0.18 eV to a positive surface dipole (with the
positive end next to the perovskite). The latter contributes to
the overall shift of the work function and changes the energy
alignment between the perovskite and Cg, energy levels. To
highlight the effect of the dipole on the energy level alignment,
we align the vacuum levels and deduce the band diagram
shown in Figure 3b. For the control sample, we observe that
the conduction band edge of the perovskite is 210 meV higher
than the LUMO level of Cg, consistent with previous studies.
However, with the introduction of the BA-8FH layer, this
mismatch decreases to 130 meV. Therefore, BA-8FH reduces
the energy level difference at the perovskite/Cy, interface by
approximately 80 meV. We note this value is somewhat less
than the interface dipole (180 meV) because we observed a
small change in the Cg, ionization potential (100 meV).
Overall, this result is consistent with recent work on high-
performance Si/perovskite tandem solar cells, where it was
found that the molecular interlayer piperazinium iodide (PI)
introduces a positive surface dipole of 350 meV, which
compensates the energy offset between the perovskite and Cq,
of —310 meV for a 1.68 eV triple cation perovskite.'"” We note
that although the energetic realignment appears to be small, it
correlates quantitatively with the observed enhancements in
Voc and QFLS (~80 mV/meV). Moreover, this is consistent
with device simulations, which were based on our previous
model of high-performance p-i-n-type cells (Figure S9),
leading us to believe that the reduction of the energy level
difference by BA-8FH is the primary reason for the improved
open-circuit voltage. Notably, our simulations also show that
the FF improves with better energy alignment due to the
reduced interfacial recombination shown in Figure S9. We
note the latter is explained by the reduced minority carrier
density at the interface with better energy alignment as
discussed in ref 8. Nevertheless, the simulated FF improvement
energy level alignment is rather small (~1%) compared to the
FF improvement observed in the experiment (~5%), which
indicates that the molecule also suppresses interfacial
recombination. The latter is consistent with TRPL as noted
below.

Therefore, we attribute a key effect of BA-8FH to a surface
dipole, which reduces the perovskite/Cq, energy level
mismatch. Furthermore, we speculate that BA-8FH forms a
very dense layer with increasing concentration (up to 30 mg/
mL). To illustrate this point and to investigate the energy
losses in the case of insufficient molecular coverage, we
performed 2D point contact simulations using Sentaurus
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TCAD following Campa et al.** Specifically, we consider the
voltage losses when small pinholes with a diameter of 1 nm
exist with a variable pinhole distance (Ly), as illustrated in
Figure 3c. The simulation parameters can be found in Table
S2. These hypothetical pin-holes are areas where the perovskite
is exposed to the energetically mismatched Cg, layer with an
energy level offset of 200 meV, ie., not covered by the
molecule. Figure 3d and Figure S10 show the calculated V¢
and FF as a function of Ly between areas without BA-8FH
interlayer (pin-holes), for a high perovskite SRH lifetime of 1.1
us (measured value, see below). The recombination properties
at the Perovskite/Cy, interface in the simulation were chosen
to roughly match the Vo with Cg fully exposed (1.1 V).
Upon reducing the pinhole density, the V¢ reaches the
experimental value of the BA-8FH treated device (1.2 V).
Overall, the simulations show that the V¢ is not compromised
for a pinhole spacing of 20 nm (regardless of the perovskite
mobility being 1 cm*/(V s) or 10 cm?/(V s)). We note that
the 2D simulations include mobile ions; moreover, they
highlight that negative ions accumulate below the B8-FH
covered area, Figure S11. While this simulation is a
simplification, it highlights 2 important points: (1) the energy
levels must be well aligned and (2) the surface must be very
well covered, which is likely achieved by the volatile nature of
the molecule, which allows for using a high solvent
concentration without increasing the thickness.

To gain deeper insight into the carrier dynamics across the
perovskite/Cgy, interface, we conducted complementary
transient surface photovoltage (tr-SPV) and transient photo-
luminescence (tr-PL), which allowed us to investigate the
charge transfer kinetics. Tr-SPV measurements track the
variation of the surface potential over a wide time domain,
while tr-PL visualizes the charge carrier recombination kinetics.
Therefore, they give complementary information on charge
transfer, trapping, and recombination processes. The fast initial
rise of the SPV signal usually yields information on the charge
extraction processes, and the following decay of the signal is
attributed to recombination processes. Moreover, insufficient
charge extraction from the perovskite, poor selectivity, or
recombination would slow down the rise time.*

Figure 4a shows the tr-SPV result for all samples with a
repetition rate of excitation laser pulses of 125 kHz (which is
the same rate as for TRPL measurements) and 1 kHz, which
can avoid the reinjection of carriers from the transport layers to
the perovskite during the pulse duration, and hence better
assess extraction only (rise of negative signal). The result was
further normalized to enable a visual comparison, as shown in
Figure 4b. For the glass/pero sample, no significant tr-SPV
signal was detected without any contact, which is expected as
there is no carrier extraction. For the HTL/Pero sample
control sample, the initial positive SPV signal at an early time
scale of 1 X 1077 s (shown in Figure S12 in more detail)
indicates hole accumulation or trapping near the surface. In
addition, the HTL/Pero sample shows a typical slow signal
build-up, indicating typical slow hole extraction as reported in
previous work. In contrast, the faster rise of the negative signal
for the BA-8FH treated HTL/Pero sample likely corresponds
to the faster flow of electrons to the perovskite surface (i.e., in
the direction of the photocurrent), indicating electron
extraction into the BA-8FH.'®*® Moreover, the larger SPV
amplitude for the BA-8FH treated sample indicates that fewer
charge carriers are lost in the sample due to nonradiative
recombination (Figure S12). After coating with Cg, the HTL/

https://doi.org/10.1021/acsenergylett.5c00615
ACS Energy Lett. 2025, 10, 2942—-2951


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c00615/suppl_file/nz5c00615_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.5c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

a b

———
K]
2r >
L { a
1k 1 @
= L | o
5 N
= 0 S
H £
A I—_|_T~E/f?ro 125kHz S
- I Glass/Pero TkHz |
P R R T RO T N SR T
-1000 0 1000 2000 3000 4000 5000 6000 7000 8000

t (ns)

o} d

100 E
B L 3
S £ |
S0 ]
T F —— HTL/Pero 1
ik HTL/Pero/BA-8FH
HTL/Pero/Cg, E
[ HTL/Pero/BA-8FH/Cyg ]
L § /B I | n
017 1000

2000
t (ns)

Normalized tr-SPV

0.2 T
0.0 —" N\ \yorme 1kHz -
0.2 4
-0.4[ .
0.6 .

| —— HTL/Pero _—
08" HTUPero/BA-8FH \. ]
a0k HTL/Pero/Cg,

L HTL/Pero/BA-8FH/C60 }
131 1 10 100 1000

t (ns)

e S S IR B
0.8 401
06 3001

[ 3 o
0.4¢ 0001
02FTRPL 1ies o

1E4 3
0.0F 3 N
02 [tr-SPV 4 1E5 'z
_0.4} ; 1E-6 g
0.6 HTL/Pero/Cy, 1187
-08 HTL/Pero/BA-8FH/Cq, 4 1E8
A0 Ll vl vl il B
0.1 1 10 100 1000

t (ns)

Figure 4. tr-SPV and TRPL results. (a) tr-SPV result for glass/pero, HTL/pero, HTL/pero/BA-8FH, HTL/pero/Cg, HTL/pero/BA-8FH/
Cgo samples, using a 515 nm laser at a frequency of 125 kHz (solid) and 1 kHz (dashed), respectively. The different traces were shifted
vertically for better visibility (b) Normalized SPV for HTL/pero, HTL/pero/BA-8FH, HTL/pero/Cg, HTL/pero/BA-8FH/C, samples at
an excitation frequency of 1 kHz. (c¢) TRPL for HTL/ pero, HTL/pero/BA-8FH, HTL/pero/Cg, HTL/pero/BA-8FH/Cg, samples using a
515 nm laser at a frequency of 125 kHz. (d) Comparison of TRPL and tr-SPV for HTL/pero/Cg, and HTL/pero/BA-8FH/C¢, on the same
time scale at an excitation frequency of 125 kHz and 1 kHz for TRPL and tr-SPV, respectively. Note all samples are on ITO/MeO-2PACz

unless otherwise stated.

Pero/Cg, sample leads to a fast electron extraction from the
perovskite to the Cg,. Surprisingly, the HTL/Pero/BA-8FH/
Cgo sample shows a much slower carrier extraction as
compared with the direct Cg, contact, even though Cgy-only
substantially increases the photocurrent extraction without BA-
8FH. Therefore, with BA-8FH, the kinetic behavior of the
electron extraction is very similar to the dynamics shown in the
HTL/Pero sample, indicating balanced hole and electron
transfer rates with BA-8FH treatment. Furthermore, we
conduct resistance-dependent photovoltage (RPV) measure-
ments on devices, which reveal the arrival time of both carriers
at the device electrodes. As shown in Figure S13, BA-8FH
samples demonstrate again a slower carrier extraction (transit)
time at different pulse intensities, which is consistent with the
tr-SPV result. Therefore, to our surprise, the introduction of
BA-8FH slows the electron transfer rate. This result is
unexpected considering that a faster electron transfer rate is
generally beneficial, as there is less chance for recombination.

To better understand this, we turn our attention to the tr-PL
analysis. As can be seen in Figure 4c, the neat perovskite on the
HTL shows a long SRH decay time of 2100 ns (which is likely
limited by the HTL layer, considering the PLQY results). We
note that the decay time is half of the total carrier lifetime in
case of high injection conditions, i.e., Tyecay = (7, + 7,)/2, and
thus 74, can be seen as the average carrier lifetime. ® After it
is coated with Cgy, significant nonradiative recombination leads
to a 22X lower SRH lifetime of 95 ns. Consistently, with the
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above results, the Cg, sample with BA-8FH shows a much
smaller decrease of the SRH lifetime to 1100 ns, further
confirming that a large reduction of nonradiative recombina-
tion is achieved. By merging the TRPL and tr-SPV data
together in Figure 4d, we draw the conclusion that although
the electron extraction into the C is slowed in the presence of
BA-8FH, the extraction time is much longer than the average
lifetime in the case of Cg, but roughly similar in the case of BA-
8FH/Cg,. The slower electron transfer speed with BA-8FH
treatment is likely associated with the isolating property of the
BA-8FH layer, thus, a tunneling barrier may have formed.
Overall, we conclude that suppressing interfacial recombina-
tion, thus realizing a longer carrier lifetime, plays a more crucial
role than accelerating the electron transfer speed as long as it is
not the limiting factor. In other words, the slower electron
transit time will not impact the FF as long as it is still faster
than the charge carrier lifetime, as well as the hole extraction
time. Lastly, we note that we also performed a transient
absorption spectrum (TAS) (2 uJ/cm?) in a very narrow time
domain of 0.1 to 7000 ps. Within this time window, we observe
a more rapid decay in the perovskite/C60 sample compared to
perovskite/BA-8FH/C60 and the HTL samples, which we
attribute to faster interfacial recombination in the presence of
C60, also considering that the transient SPV shows a slightly
slower transfer of electrons to Cg,. Detailed TAS results and
kinetics and a comparison to TRPL are shown in Figures S14—
S16 and Supplementary Note S1.
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and J,,,, data are also listed for reference. The initial PCEs of the cells are 21.17% and 23.57%

We then focus on the optimization of the devices based on
the 30 mg/mL BA-8FH treatment using the following
configuration: ITO/MeO-2PACz/perovskite/BA-8FH/Cqy/
BCP/Cu. Shown in Figure Sa—c and Figure S17 are the
Voo Jsoo FF, and PCE distribution of control and BA-8FH
treated solar cells. The surface treatment with BA-8FH
improved V¢ (~80 mV) and FF (~3.5%), thus enhancing
the PCE as compared with control cells by approximately
3.5%. The JV curves in reverse and forward scans obtained
from the champion solar cells under standard AM 1.5G
illumination (100 mW/cm?) at a scan speed of 20 mV/s are
shown in Figure 5d, and the corresponding photovoltaic
parameters are summarized in Table 1. The device with BA-

Table 1. JV Parameters of the Champion Control and BA-
8FH-Treated Samples under Reverse and Forward Scan

scan Voc (V) Jsc (mA/cm?)  FF (%) PCE (%)
control reverse 1.126 24.36 80.05 21.96
forward 1.121 24.38 78.03 21.33
BA-8FH reverse 1.206 24.69 83.14 24.68
forward 1.203 24.69 82.12 24.40

8FH treatment showed negligible hysteresis and reached a
PCE of 24.7% in the reverse scan direction (mask area of 0.09
cm?), with a Ve of 1.21V, Jc of 24.7 mA/cm?, FF of 83.1%.
In comparison, the control device reached a PCE of 22.0% in
reverse scan direction, with Ve = 1.126 V, Jic = 24.6 mA/cm?,
and FF = 80.1%. The best-performing BA-8FH-based cell also
delivered a certified PCE of 24.1%, with a V5 of 1.22 'V, J¢ of
23.4 mA/cm? FF of 84.4% (Figure Se and Figure S18). We
note that these performances are somewhat below state-of-the-
art values, with 27% reported recently in the NREL chart
(unpublished). This high V¢ value enables us to reach a low
nonradiative voltage loss of 87 mV for a 1.58 eV bandgap
perovskite absorber, representing ~ 94% of the thermody-
namic limit (1.304 V). Moreover, the integrated current
density of the BA-8FH treated and control cells from the
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incident photon-to-current (IPCE) is 23.7 and 23.5 mAcm ™2,
respectively, which matches the JV curves within a 5% error
(Figure S19). We also measured the stabilized PCE at the
maximum power point (MPP) over 600 s. As shown in Figure
S20, the BA-8FH treated and control devices delivered
stabilized PCE of 24.4% and 21.7%, respectively. The current
drop in the initial 10s leads to a PCE drop for both devices,
which can be associated with the ion movement in the
perovskite layer.”*"*° To evaluate the impact of ionic loss of
control and BA-8FH treated samples, scan-rate-dependent JV
measurements were performed. This measurement allows us to
estimate the efficiency loss due to the redistribution of mobile
ions. At a very fast scan speed, the ion movement is essentially
frozen, therefore, the ion-freeze PCE is obtained. As shown in
Figure S21, a larger mismatch of PCE in high frequency
indicates more ionic loss in control samples. This result can be
attributed to the better interface q7uality in the BA-8FH sample
which alleviates the ionic losses.”

Moreover, to demonstrate the broad applicability of BA-
8FH, we have studied additional perovskite systems with low-
and wide-bandgaps for the potential implementation in tandem
cells. For all perovskite systems, we observed similar trends of
boosting Ve and FF in device performance with BA-8FH
treatment. For FA( ¢5CsosPbl; (Figure S22, 1.54 eV), the PCE
increases from 22.1% to 25.0%, for CsgosFAygeMA,sPb-
(Ip75Broas); (Figure S23, 1.68 €V), the PCE increases from
18.6% to 21.9%, for FA(4Csy,Pb(Iy¢Bro4); (Figure S24, 1.77
eV), the PCE increases from 17.9% to 19.6%. We also repeated
the measurements on a Csgs(MAgosFAg05)0.95sPb(Lo.osBroos)s
triple cation perovskite with a lower MACI and PbX, content,
resulting in a slightly smaller bandgap (Figure S25, 1.56 eV)
compared to the composition in the main text. Again, the PCE
increases from 22.7% to 25.5%. All values are given in reverse
scan direction and shown in Figure Sf.

Finally, we evaluated the operational stability of the
encapsulated devices under continuous AM 1.5 illumination
in an ambient atmosphere with ~ 40% relative humidity at
~40 °C (Figure Sg). The BA-8FH-treated cells retain ~90% of
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their initial performance after 1200 h while the control cells
retain ~80% after the same time, consistent with the overall
trend that reduced nonradiative correlates with better
operational stability in perovskite cells.”® Moreover, to
investigate the device stability under high BA-8FH concen-
trations, we tracked the maximum power point of 3 different
BA-8FH concentrations, 100, 60, and 30 mg/mL. We note, the
result suggests no significant stability differences between the
different BA-8FH concentrations (Figure S$26). This is
consistent with our above analysis, that the volatile nature of
BA-FH leads to nonsignificant morphological differentiation
across high-concentration regimes (60—100 mg/mL).

By introducing the volatile interlayer BA-8FH, we developed
an effective “saturated passivation” method to reduce the
nonradiative recombination at the perovskite/Cy, interface,
which is a long-standing challenge for inverted PSCs. When
employed as an interfacial layer, it forms a functional
monolayer, thus enabling a wide deposition window with
regard to the solution concentration. We attribute the working
mechanism of the BA-8FH layer to 2 main effects, 1) it
decreases the energy misalignment between the perovskite and
Ceo layer without passivating the surface of perovskite, 2) it
forms a dense interlayer that likely covers the perovskite
surfaces very well (>99%), thereby preventing charge carrier
funneling into the Cg, with a lower energy level and associated
interfacial losses. This allowed maintaining the high PLQY of
the HTL/perovskite >5% upon the addition of the ETL. UPS
and XPS measurements revealed that the reason for the
improved energy alignment is a molecular dipole layer
consistent with recent successful interlayers. Moreover, by
performing tr-SPV, TRPL, as well as TAS measurements, we
found that the electron extraction time is not limiting the
performance as long as it is not shorter than the charge carrier
lifetime. Overall, BA-8FH improves the triple cation device
performance from 21% to 24.7% (certified 24.0%) as well as
the Ty, operational stability from 500 to 1200 h. Furthermore,
the molecule is applicable to various perovskite compositions
and bandgaps. Our study provides guidance for eliminating the
interface recombination loss and provides a deeper under-
standing of the carrier dynamics, contributing toward the
commercialization of inverted PSCs.
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