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Inhibiting Interfacial Nonradiative Recombination in
Inverted Perovskite Solar Cells with a Multifunctional

Molecule

Jiaxin Wu, Rui Zhu, Guixiang Li,* Zuhong Zhang, Jorge Pascual, Hongzhuo Wu,
Mahmoud H. Aldamasy, Luyao Wang, Zhenhuang Su, Silver-Hamill Turren-Cruz,
Rajarshi Roy, Fahad A Alharthi, Ali Alsalme, Junhan Zhang, Xingyu Gao, Michael Saliba,

Antonio Abate, and Meng Li*

Interface-induced nonradiative recombination losses at the perovskite/electron
transport layer (ETL) are an impediment to improving the efficiency and stability
of inverted (p-i-n) perovskite solar cells (PSCs). Tridecafluorohexane-1-sulfonic
acid potassium (TFHSP) is employed as a multifunctional dipole molecule to
modify the perovskite surface. The solid coordination and hydrogen bonding
efficiently passivate the surface defects, thereby reducing nonradiative recom-
bination. The induced positive dipole layer between the perovskite and ETLs
improves the energy band alignment, enhancing interface charge extraction.
Additionally, the strong interaction between TFHSP and the perovskite stabi-
lizes the perovskite surface, while the hydrophobic fluorinated moieties prevent
the ingress of water and oxygen, enhancing the device stability. The resultant
devices achieve a power conversion efficiency (PCE) of 24.6%. The unencapsu-
lated devices retain 91% of their initial efficiency after 1000 h in air with 60%

1. Introduction

Metal halide perovskites have emerged
as promising materials for solar cells due
to their high absorption coefficient, low
exciton binding energy, long charge car-
rier diffusion length, tunable bandgap,
and cost-effective solution processing.'-!
Over the past decade, the power con-
version efficiency (PCE) of perovskite
solar cells (PSCs) has increased from an
initial 3.8% to a certified 26.1% on par
with silicon.¥! However, interface-induced
nonradiative = recombination  hampers
the further development of PSCs, which
have two critical interfacial junctions, i.e.,

relative humidity, and 95% after 500 h under maximum power point (MPP)
tracking at 35 °C. The utilization of multifunctional dipole molecules opens
new avenues for high-performance and long-term stable perovskite devices.

the perovskite/electron transport layer
(ETL) and perovskite/hole transport layer
(HTL) interfaces.’’ The adverse impact
of buried perovskite/HTL interface in
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Figure 1. Interactions between TFHSP and perovskites. a) The molecular structure of TFHSP, along with FTIR spectra of TFHSP, and perovskite films
with/without TFHSP treatment. XPS peaks of b) Pb 4f and c) | 3d of control and TFHSP-modified perovskite films. d) Absorption energies of single
molecule in three different packing modes. e) Average absorption energies of six molecules in three different packing modes.

p-i-n devices losses has been significantly suppressed through
the utilization of self-assembled monolayers.[*#] Meanwhile the
upper surface of perovskite still suffers from interface-induced
nonradiative recombination due to high defect density and the
unfavorable energy level alignment between perovskite and
ETLs.>10]

Surface defects are well-known to cause nonradiative recombi-
nation centers, leading to losses in open-circuit voltage (V) and
fill factor (FF), ultimately impacting device performance. Mean-
while, these defects also serve as entry points for moisture, oxy-
gen, and light-induced degradation,!'] negatively affecting de-
vice stability. Various strategies have been explored to reduce the
number of defects and inhibit nonradiative recombination.[!2%]
In addition to reduce defect density, strong chemical coordina-
tion at perovskite surfaces can form a physical barrier, decreas-
ing the sensitivity to external environmental factors and thereby
slowing down or even suppress the degradation of solar cells
during operation.'*'® Moreover, the unfavorable energy level
alignment between perovskite surface and ETL (e.g., Cg) re-
sults in the accumulation of charges at the interface, affecting
charge carriers transport. As stated by Chen et al., the driving
force for charge carrier separation and extraction originates from
the intrinsic electric field of the perovskite.'] Inducing a stable
dipole layer on the perovskite surface can optimize the energy
level alignment, effectively enhancing the intrinsic electric field
to aid charge extraction, and reducing charge accumulation.[2%21]
Therefore, it is crucial to develop a multifunctional approach
that both minimizes the detrimental impact of defects and
optimizes interface energetics to achieve efficient and stable
PSCs.

In this work, we report an effective strategy of “inter-
facial dipole engineering” by introducing a multifunctional
tridecafluorohexane-1-sulfonic acid potassium salt dipole inter-
layer between perovskite and ETL to reduce interface-induced
nonradiative recombination for high-performance p-i-n PSCs.

Adv. Mater. 2024, 36, 2407433 2407433 (2 of 8)

We reveal a significant performance improvement in the device,
originating from a more favorable energy level arrangement, re-
duced carrier recombination, and passivated interface defects for
efficient carrier extraction. With the assistance of density func-
tional theory (DFT) calculations, TFHSP exhibited an orderly
vertical arrangement on the surface of perovskites and reacted
with different terminated perovskite surfaces to passive the de-
fects through coordination and hydrogen bonding interactions.
Additionally, charge density difference analysis revealed a signif-
icantly reduced interfacial charge accumulation. The modified
devices achieved 24.6% efficiency, negligible hysteresis, and ex-
cellent stability under operation and against atmospheric agents.
Thus, dipole interface engineering is demonstrated as a viable
technique with great potential for the development of high-
performance perovskite devices.

2. Result and Discussion

TFHSP, illustrated in Figure 1a, contains multiple functional
groups. The terminal sulfonate group (SO;~) can anchor the un-
dercoordinated Pb?** ions in the perovskite structure. The hy-
drophobic -CF; groups effectively inhibit the ingress of water
and oxygen.[??] Additionally, K* ions can passivate interstitial de-
fects by binding with halogen ions, thus inhibiting halide ion
migration.[?’] We applied TFHSP onto the surface of the per-
ovskite through a simple post-processing approach (Figure S1,
Supporting Information). Figure S2 (Supporting Information)
shows the EDS element profile of the treated perovskite film,
indicating that TFHSP is evenly distributed on the surface. In
Figure S3 (Supporting Information), the scanning electron mi-
croscope (SEM) image of the control perovskite film reveals
some voids, which create potential shunting paths and nonra-
diative recombination centers that would accelerate the device
degradation.[*%] Conversely, the surface of the TFHSP-treated
film showed a compact surface, indicating that TFHSP has the
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Figure 2. Electronic Properties and Interfacial Interaction. KPFM images of a) control and b) TFSHP perovskite films. (The concentration of TFHSP is
1 mg mL™"). ¢) Potential distribution of control and TFHSP perovskite films. d) UV-vis and Tauc plot of control and TFHSP perovskite films. e) Energy
level alignment of perovskite film and Cqq layer. f) The charge density difference of TFHSP adsorbed on Pbl,-terminated perovskite (001) surface. g)
Planar-averaged Ap and h) enlarged Planar-averaged Ap for perovskite-TFHSP on Pbl,-terminated surface. The Y-axis represents the accumulation (+)
and depletion (-) of charges, while the X-axis represents the position corresponding to the perovskite-TFHSP interface. The gray line represents a perfect
interface, and the red line represents an interface with Pb-I anti-site defects.

potential to reconstruct and improve the film morphology due to
its ability to bind perovskite components. In Figure S4 (Support-
ing Information), the treated film displayed a root-mean-square
(RMS) roughness of 17.2 nm, corresponding to a flatter surface,
lower than 19.1 nm of the initial film. A smoother, less defective
surface can improve the contact between the perovskite and the
charge selective layer, facilitating charge transport.['22%] To more
accurately investigate the crystal structure and orientation of per-
ovskites, we conducted X-ray diffraction (Figure S5, Supporting
Information) and two-dimensional (2D) grazing-incidence wide-
angle X-ray scattering (GIWAXS). As shown in Figures S6 and
S7 (Supporting Information), the treated film shows stronger
diffraction peaks and narrower full width at half maxima
(FWHM), indicating improved perovskite crystallinity by TFHSP
treatment.!’]

We further investigated the interaction between the TFHSP
molecule and perovskite. From the Fourier transform infrared
spectroscopy (FTIR) shown in Figure 1la, we observed S=O
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stretching vibration at 1039 cm™ in the TFHSP molecule. When
TFHSP was combined with perovskite, the S=O stretching vi-
bration peak shifted to 1025 cm™, indicating the coordination
between TFHSP and the perovskite components. In particu-
lar, S=O groups have the potential to donate electrons to the
empty orbital of undercoordinated Pb?*, thus chelating Pb**
ions.[282] The interaction between TFHSP and perovskite was
further confirmed by X-ray photoelectron spectroscopy (XPS).
The XPS spectra of F 1s shown in Figure S8 (Supporting In-
formation) indicate the presence of passivator molecules on the
surface of perovskite films. In Figure 1b, the Pb 4f;, and Pb
4f;,, XPS peaks for the treated perovskite film appear at 143.5
and 138.6 eV, respectively, which means a shift of 0.3 eV to-
ward lower binding energy compared with the control perovskite.
In Figure lc, the binding energy of I 3d exhibits a similar
trend. We attribute the decreased binding energy to defect pas-
sivation and electron donation by oxygen atoms in the SO;~
group.!?!
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Figure 3. Optoelectronic Properties of Perovskite Films/Devices. a) Trap density of states (tDOS) spectra of devices with/without TFHSP treatment. b)
TPV of devices with/without TFHSP treatment, 7, and 7, represent the charge carrier recombination lifetime of the control and TFHSP-treated devices.
¢) The trap densities of electron-only devices with/without TFHSP treatment, along the ohmic, trap-filled limit (TFL) and Child regions. d) Light intensity-
dependence V¢ of devices with/without TFHSP treatment. e) Dark J-V curves of PSCs with/without TFHSP treatment. f) EIS characteristics of devices

with/without TFHSP treatment.

To clarify the interaction mechanism between the TFHSP
molecule and perovskite, we conducted DFT calculations. We
constructed three types of molecular packing modes (Figure S9,
Supporting Information): Mode 1 involves a vertical arrangement
with the SO,K group oriented toward the perovskite, Mode 2
involves a vertical with the CF, group oriented toward the per-
ovskite, and Mode 3 involves a parallel arrangement. The de-
tailed adsorption energy statistics are shown in Figure 1d. For
FAl-terminated surface, the absorption energies of three pack-
ing modes are —3.18, —1.81, and —2.95 eV respectively. In the
case of the Pbl,-terminated surface, the adsorption energies of
three packing modes are —2.47, —0.08, and —2.15 eV, respectively,
with Mode 1 exhibiting the lowest adsorption energy, indicating
that TFHSP tends to bind with perovskite through the terminal
SO;K group. As shown in Figure S10 (Supporting Information),
to further optimize the stacking configuration, we stacked six
molecules onto the perovskite surface, and the average adsorp-
tion energies statistics are presented in Figure le. By comparing
adsorption energies, we found that adsorption Model 1 is more
stable in terms of energy, consistent with the adsorption results of
a single molecule on the perovskite surface. Therefore, TFHSP
exhibits an orderly vertical arrangement on the perovskite sur-
face, with the SO,K facing toward the perovskite surface. For the
FAl-terminated surface, TFHSP establishes hydrogen bonding
interactions between FAI via SO,...H, with an O-H distance of
1.796 A, consistent with NMR measurements (Figure S11, Sup-
porting Information). For the Pbl,-terminated surface, TFHSP
forms coordination bonds with undercoordinated Pb?* ions.
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We used a Kelvin probe microscope (KPFM) to measure
the potential distribution of TFHSP-treated films, as shown in
Figure 2a,b. After the TFHSP treatment, the surface poten-
tial decreased by approximately 0.4 eV and became more uni-
form (Figure 2c). Figure S12 (Supporting Information) shows
the potential distribution of perovskite films treated with dif-
ferent concentrations of TFHSP, allowing for the statistical cal-
culation of the shift in the surface work function (WF). We
observed that TFHSP treatment improves the surface WF of
the perovskites, which increases with TFHSP concentration
(Figure S13, Supporting Information). When the concentration
reaches 2 mg mL~}, the surface WF shift reaches its highest
value of ~0.42 eV. Due to the strong electronegativity of F atoms,
TFHSP molecules can induce the formation of interfacial dipoles
on the perovskite surface, shifting the surface WF of the per-
ovskite (Figure S14, Supporting Information).['821] We further
carried out the UV-vis absorption measurements to examine the
effect of interface modification on optical absorbance, displayed
in Figure 2d. The optical absorption and bandgap of the treated
sample remained unchanged, maintaining bandgap of 1.55 eV.
To investigate the conduction band offset (CBO) between per-
ovskite and Cy, layers, we determined the energy level alignment
of perovskite films before and after TFHSP treatment by ultra-
violet photoelectron spectroscopy (UPS). The secondary electron
cutoff and valence band spectra are shown in Figure S15 (Sup-
porting Information), and the obtained energy level alignment is
depicted in Figure 2e. Under open-circuit conditions, a higher
CBO leads to the accumulation of a higher concentration of
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Figure 4. Device PV performances. a) Schematic of device structure and the interaction of TFHSP with perovskites. J-V curves of the champion PSCs for
b) control and c) TFHSP. d) EQE spectra and integrated Js¢ of the champion PSCs for control and TFHSP. e) Impact of charge transport and nonradiative

recombination losses on FF for control and TFHSP devices.

electrons and holes near the interface after charge separation, re-
sulting in severe charge recombination at the interface.’! The
shift between the conduction band minimum (CBM) offset of
control perovskite and the lowest unoccupied molecular orbital
(LUMO) of Cy is 0.18 eV. After TFHSP treatment, the CBO shift
decreases to 0.08 eV, indicating less charge loss. The ionization
energy (I*), which reflects the difference between the valence
band maximum (VBM) of perovskite and the vacuum level, is
used to indicate the degree of surface polarization. A higher I*
implies more positive dipole moments, which is beneficial for the
perovskite/Cg, interface.3%3! The I* of the control perovskite was
5.69 eV, and after TFHSP treatment, it increased by 0.35 eV. The
reduction in interface losses after TFHSP treatment is attributed
to the WF shift caused by the induced positive dipoles. This re-
duction in CBO decreases the accumulation of charge carriers at
the interface, which would lead to an improvement in the V. of
devices.l?!l

To investigate the interface charge transfer characteristics, we
calculated the charge distribution and differential charge density
of Mode 1: six-molecule stacked perovskite surface structure. Ad-
ditionally, we constructed a common deep-level defect, the Pb-I
anti-site defect,’®”) in the perovskite to evaluate the passivation
effect of TFHSP. This approach allowed us to analyze the effec-
tiveness of TFHSP in mitigating interface defects and improving
charge transfer properties. Figure 2f and Figure S16 (Support-
ing Information) reveal the electron cloud localization in Pb-I
anti-site defect structures before and after TFHSP passivation.
After TFHSP passivation, the electron cloud becomes delocal-
ized across the entire interface, indicating that the introduction
of TFHSP eliminates the electronic states caused by Pb-I anti-
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site defect and achieves effective defect passivation. The charge
distribution analysis indicates that for the FAI-terminated sur-
face, the charge transfer numbers for the Pb-I anti-site defect and
the defect-free interface with TFHSP are 5.26 e and 6.36 e, re-
spectively. For the PbI,-terminated surface, the charge transfer
numbers are 4.03 e and 3.92 e, respectively. These values sug-
gest that TFHSP treatment possesses high charge extraction ef-
ficiency. Subsequently, as shown in Figure 2g and Figure S17a
(Supporting Information), the region with the most significant
charge density variation is concentrated at the interface, with de-
creased charges in the region away from the interface. The charge
integration at the interface shown in Figure 2h, highlights the
reduced charge accumulation after TFHSP modification on the
PbI,-terminated surface, indicating the excellent passivation ca-
pability of this dipole molecule. Similarly, the reduction of charge
accumulation by TFHSP is observed for the FAI-terminated sur-
face with Pb-I anti-site defects (Figure S17b, Supporting Infor-
mation). Lower charge accumulation is highly preferred, as it can
lead to reduced device hysteresis.[*3]

We performed thermal admittance spectroscopy to investigate
the defect distribution in PSCs.[**] As shown in Figure 3a, the
tDOS was plotted as a function of energy level depth. Compared
to the control device, the TFHSP-modified device exhibited a sig-
nificantly reduced defect density, particularly for deep-level de-
fects at grain boundaries and surfaces. This suggests that TFHSP
has a strong passivating ability of undercoordinated Pb** and Pb-
I anti-site defects, consistent with DFT computational results.

The transient photovoltage (ITPV) and transient photocurrent
(TPC) were conducted to comprehensively analyze the charge
carrier lifetime and charge carrier extraction properties.**l As
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Figure 5. Long-term stability assessment of PSCs under different conditions. XRD patterns of perovskite films of a) control and b) TFHSP. ¢) Humidity
stability of PSCs under high humidity conditions (60 + 5% RH, 25 °C) inserted with water contact angles. d) Operational stability of PSCs under one-sun

MPP tracking at 35 °C.

shown in Figure 3D, the charge carrier recombination life-
time for the TFHSP-modified device was 66.66 ps, higher than
the control device’s 47.04 ps, indicating that TFHSP treatment
passivated the defects in the perovskite, efficiently suppress-
ing nonradiative recombination. TPC is performed under short-
circuit conditions (Figure S18, Supporting Information), show-
ing that the charge transfer time for the TFHSP-modified de-
vice sample decreased from 2.98 to 1.48 ps, demonstrating faster
charge transfer. As illustrated in Figure 3c, the defect state den-
sity of the device was investigated by the space charge lim-
ited current (SCLC) method, employing an electron-only de-
vice structure of ITO/TiO, /Perovskite/C¢,/Ag prepared for this
analysis. The TFHSP-treated device shows lower electron trap
density (1.12 x 10" cm™) than that of the control device
(1.42 x 10" cm™®), further verifying less nonradiative recombi-
nation and more efficient charge transport.*’]

To gain deeper insight into charge transport and carrier recom-
bination dynamics, we investigated the dependence of V,, and
Jsc on the light intensity. As shown in Figure 3d, the slope of
the Vi versus the natural logarithm of light intensity for the
control device is 1.58 K;T/q, whereas for the TFHSP-modified
device is 1.34 K;T/q, indicating that the defect-induced SRH-
recombination is inhibited.[*?%3¢] A plot of J. versus illumina-
tion intensity in Figure S19 (Supporting Information) presents
an exponential factor closer to 1 for the TFHSP-modified de-
vice, illustrating an improved interface charge drift and reduced
charge recombination.[*’-*! Figure 3e exhibited a reduction in re-
verse Jsc by an order of magnitude in the TFHSP-modified device
compared to the control device. The lower dark current indicates
fewer interface charge recombination and better interface con-
tact. Additionally, the TFHSP-modified device exhibited a higher
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recombination resistance, as shown in Figure 3f, which is ben-
eficial for reducing carrier recombination and improving charge
transport.[?]

To verify the effect of the TFHSP treatment on device
performance, the p-i-n devices with the structure ITO/MeO-
2PACz/perovskite/C,,/BCP/Ag were prepared. As shown in
Figure 4a, TFHSP can form coordination bonds with underco-
ordinated Pb** and facilitate charge extraction. The J-V curves of
the champion TFHSP-treated and control PSCs, along with their
corresponding photovoltaic parameters are shown in Figure 4b,c;
Figures S20-S23 and Table S1 (Supporting Information). The
control device exhibited a PCE of 22.86% with a V,c of 1.10 V,
while the TFHSP-treated device achieved PCE of 24.56% with
Voc of 1.15 V and FF of 83.46%. The improved PCE can be at-
tributed to the inhibition of nonradiative recombination and the
promotion of interfacial charge transport by TFHSP. The hys-
teresis index (HI) of the control device is 5.7%, while that of
the modified device is only 0.2%, a remarkably low value seldom
achieved among reports. The elimination of hysteresis can be at-
tributed to a reduction in charge accumulation at the interface
between the perovskite and TFHSP.[**] The external quantum
efficiency (EQE) in Figure 4d shows that the integrated current
density is consistent with the current density of the J-V curve.
In Figure 4e, we calculated the impact of charge transport losses
and nonradiative recombination losses on the FF. The maximum
FF (FF,,) is estimated without considering charge transport
losses.[1=431 The FF, . values of control and TFHSP-modified de-
vices were 0.845 and 0.868, respectively, with differences of 0.074
and 0.033 from their actual FF values. The differences between
the FF,,,. and SQ-limited (FFq ., were 0.069 and 0.036 for the

max

control and TFHSP-modified devices, respectively. The smaller
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difference for the TFHSP devices indicates significantly sup-
pressed nonradiative recombination and reduced carrier trans-
port losses, contributing to the improvement of efficiency and
stability.

As a crucial factor for commercialization, we investigated the
operational stability of perovskite films and devices under dif-
ferent conditions. Figure 5a,b depicts the XRD changes of per-
ovskite films placed in air with a relative humidity of 60% for
30 days. The untreated film underwent a noticeable phase tran-
sition, with decomposition after 15 days, showing a significant
reduction in the (001) crystal plane and the formation of the §
phase and abundant Pbl,. After 30 days, decomposition becomes
more severe. In contrast samples modified with TFHSP exhibit
excellent moisture resistance. The control perovskite films were
decomposed, showing Pbl, even in an N,-filled glovebox envi-
ronment, while the TFHSP-modified films kept stable, indicat-
ing that the post-treatment with TFHSP effectively blocks in-
trinsic decomposition processes even in an inert atmosphere
(Figure S24, Supporting Information). In the inset of Figure 5c,
the treated film exhibits a contact angle of 75°, significantly
higher than the untreated 27°. Additionally, we investigated the
stability of the unencapsulated device in air with a 60% relative
humidity. The TFHSP-modified devices maintained 91% of their
initial efficiency for 1080 h, while the control devices decreased
to 56% of their original PCE. We also observed a significantly
higher storage stability for the treated devices when stored in
the dark in an N, environment (Figure S25, Supporting Infor-
mation). Furthermore, we evaluated the operational stability of
the devices at the maximum power point (MPP). As shown in
Figure 5d, the devices optimized with TFHSP maintained 95%
of the initial efficiency after continuous illumination for 500 h at
35 °C, in contrast to the instability in the control device. There-
fore, the stability of the device processed with TFHSP is greatly
enhanced.

3. Conclusion

In summary, we reported an effective interfacial dipole engi-
neering strategy by introducing a multifunctional dipole inter-
layer of TFHSP between perovskite and ETL. The treatment re-
duces interface-induced nonradiative recombination loss, achiev-
ing high-performance p-i-n PSCs. Through experimental in-
vestigation and theoretical analysis, we demonstrated that the
introduction of TFHSP significantly reduces interface charge
accumulation by inducing a stable positive layer and passi-
vates surface defects via coordination and hydrogen bond-
ing interactions. The TFHSP-treated device achieved a PCE
of 24.6% and negligible hysteresis. Moreover, the devices ex-
hibited outstanding humidity and operational stability. This
work provides insights into understanding the interface charge
behavior and offers a promising direction for achieving effi-
cient and stable perovskite devices through dipole interface
engineering.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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