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Constructing orderly crystal orientation with a
bidirectional coordinator for high efficiency and
stable perovskite solar cells†
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A well-developed perovskite crystal at the beginning of a crystal lattice facilitates favourable growth

orientation for efficient charge transport and the elimination of buried interfaces. However, rapid and

uncontrollable crystallization of perovskites poses significant challenges in achieving desired growth

orientations and controlling the growth direction during crystallization, necessitating the establishment

of optimal substrate conditions. In this study, we propose a bidirectional coordination strategy involving

the introduction of cesium trifluoroacetate (CsTFA) onto a tin dioxide (SnO2) surface. Treatment with

CsTFA facilitates the passivation of SnO2 vacancies via COOH–Sn while concurrently forming intermole-

cular interactions with overlying perovskite crystals, manifested as CF3� � �H–N for formamidinium (FA+)

and CF3� � �I–Pb, respectively. These interactions initiate the well-established beginning of the perovskite

crystals and promote their vertical growth. Consequently, vertically grown perovskite crystals exhibit

reduced tensile strain and fewer crystalline defects. Furthermore, a benign buried interface between the

perovskite and underlying SnO2 mitigates detrimental damage, thereby suppressing non-radiative

recombination losses. This synergetic bidirectional coordination contributes to the fabrication of

perovskite solar cells with a maximum power conversion efficiency of 25.60% (certified at 25.39%) and

long-term stability under light illumination.

Broader context
The detrimental buried interface, stemming from discrepancies in thermal expansion coefficients of the substrate or the erratic formation of perovskite
crystals, poses a significant barrier to achieving further enhancements in both efficiency and stability. Presently, various methodologies have been investigated
to improve such buried interfaces, with a significant emphasis on additive engineering. Trifluoroacetate (TFA�) pseudo-halide anions have been specifically
introduced into the perovskite or at the interface, leveraging their elevated binding affinity for iodide vacancies and carboxylate functionality (–COO�). In this
study, we have unveiled that TFA� anions serve not only as passivation agents at the buried interface but also as bidirectional coordinators, considering the
hydrogen bonding capabilities of fluorine-organic head groups. The simultaneous coordination of the anchoring group (–COO�) and the organic head group
(–CF3) with tin dioxide (SnO2) and the perovskite lattice (formamidinium and lead cations), respectively, facilitates orderly initiation of crystals with a
favourable growth orientation, thereby promoting their vertical growth. The resulting perovskite films, devoid of the buried interface and residual tensile strain,
attain a champion power conversion efficiency (PCE) of 25.60%. Furthermore, the unencapsulated device maintains over 80% of its initial PCE after 1000 hours
under prolonged light illumination.

Introduction

Organic–inorganic lead halide perovskite solar cells (PSCs) have
demonstrated significant commercial potential, surpassing 26%
in power conversion efficiencies (PCEs) for small-area single-
junction cells and achieving over 33% for perovskite-silicon
tandem cells.1–3 Ensuring stability is essential for the rapid
commercialization of PSCs, necessitating the efficient mitigation
of degradation at defect sites within both the upper perovskite

a School of Energy and Chemical Engineering, Ulsan National Institute of Science

and Technology (UNIST), Ulsan 44919, Republic of Korea.

E-mail: jykim@unist.ac.kr
b Graduate School of Carbon Neutrality, Ulsan National Institute of Science and

Technology (UNIST), Ulsan 44919, Republic of Korea. E-mail: kimds@unist.ac.kr
c Center for Superfunctional Materials, Department of Chemistry, Ulsan National

Institute of Science and Technology (UNIST), Ulsan 44919, Republic of Korea.

E-mail: gslee@unist.ac.kr

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ee02017k

‡ These authors equally contributed to this work.

Received 8th May 2024,
Accepted 9th July 2024

DOI: 10.1039/d4ee02017k

rsc.li/ees

Energy &
Environmental
Science

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

4 
1:

25
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0009-0000-2827-1273
https://orcid.org/0000-0002-5374-7904
https://orcid.org/0000-0002-8552-6823
https://orcid.org/0000-0002-2477-9990
https://orcid.org/0000-0002-6595-4468
https://orcid.org/0000-0002-1230-340X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ee02017k&domain=pdf&date_stamp=2024-07-22
https://doi.org/10.1039/d4ee02017k
https://doi.org/10.1039/d4ee02017k
https://rsc.li/ees
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee02017k
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE017016


6004 |  Energy Environ. Sci., 2024, 17, 6003–6012 This journal is © The Royal Society of Chemistry 2024

interface and the bulk region. Therefore, extensive research has
been conducted on surface passivation, additive engineering, or
post-treatment methods to stabilize both the interface and the
bulk region of perovskites.4–7

Recently, there has been a pronounced surge in research
concerning buried interfaces between perovskite films and the
underlying electron transport layers (ETLs) for n–i–p structured
devices.8–10 The buried interface, where defects are prone to
form compared to the bulk of perovskites, instigates losses in
carrier recombination, thereby constraining further enhancements
in efficiency and stability.11,12 Although several commitments to
addressing problematic issues have ultimately resulted in achieving
a PCE exceeding 26%, the stability concerns stemming from buried
interfaces continue to be a paramount focus of attention.13,14

Textured fluorine-doped tin oxide (FTO) substrates are
primarily employed, leveraging their capability to enhance light
absorption.15 However, on the textured FTO substrates, inevitable
distortion or imperfections in perovskite crystals arise during rapid
and uncontrollable crystallization processes, predisposing the
formation of buried interfaces.16,17 Furthermore, beyond the tex-
turing of substrates, the disordered growth of periodic perovskite
crystals, induced by mismatches in thermal expansion coefficients
or lattice discrepancies, further augments the formation of buried
interfaces.18–20 The presence of the buried interface entails
several adverse effects, including unfavourable lattice strain,
poor crystallinity, high defect density, and compromised inter-
facial adhesion.11,21 Among these effects, particularly, induced
lattice strain within the perovskite lattice impedes the behaviour
of charge carriers and even alters its electrical properties
through band gap shifting.22

Several methodologies have been demonstrated to refine the
buried interface. For instance, Luo et al. introduced a novel
conductive perovskite, SrSnO3, to serve as the ETL, offering more
ordered starting points for the epitaxial growth of perovskite
crystals.8 Besides, Wang et al. employed a 4-chloro-3-sulfamoyl-
benzoic acid additive to construct an oriented molecular bridge.23

This bridge enables multiple coordination with both the ETL and
perovskite, thereby enhancing the energy order at the hetero-
interface.24,25 Their common strategy involves aligning the
arrangement of perovskite crystals growing at the interface of
the ETL. Periodic perovskite crystals commence their growth at
the surface of underlying ETLs, culminating in the termination of
this growth at the upper surface, where numerous interfacial
defects are present.26,27 Moreover, the initial disorder in perovs-
kite crystals at the beginning directly reflects the orientation of
their upper surface, thus potentially triggering severe interfacial
defects.28,29 It is feasible to readily passivate these defects
through post-treatment procedures, whereas controlling such
bottom surface remains challenging due to its lack of exposure
compared to the upper surface.4,6 Accordingly, the construction
of ordered perovskite crystals on the bottom surface can repre-
sent a realistic approach to mitigating the adverse effects of the
buried interface. This underscores the importance of establishing
an optimal ETL substrate to address this issue.

In this study, we have demonstrated that the insertion of
trifluoroacetate (TFA�) pseudo-halide anions into the buried

interface between the SnO2 ETL and perovskite layer plays a
vital role in the efficiency and stability of PSCs. TFA� pseudo-
halide anions have been extensively employed in PSCs as either
interface passivation agents or additives within the perovskite
layer,30–32 leveraging their elevated binding affinity toward iodide
vacancies.33–36 Our findings reveal another pivotal role of TFA�

pseudo-halide anions; they could serve as bidirectional coordi-
nators, facilitating the organized nucleation of periodic perovs-
kite crystals. For a comprehensive exploration of the interplay at
the buried interface, we deliberately selected diverse molecules,
including cesium formate (CsFo), cesium acetate (CsAc), and
CsTFA, meticulously scrutinizing their impact on the interaction.
Each molecule possesses a carboxylate group (–COO�), serving as
an anchoring moiety on the SnO2 ETL, while the head groups of
–H (Fo�), –CH3 (Ac�), and –CF3 (TFA�) undergo chemical inter-
actions with the overlying perovskite layer. Compared to the bare
SnO2 ETL, the incorporation of these pseudo-halide anions
demonstrates superior electrical and morphological properties,
particularly with TFA�, showcasing the strongest interactions
attributed to potential hydrogen and halogen bonding interac-
tions of the –CF3 head group with the formamidinium (FA+)
cation and Pb–I, respectively. This bidirectional coordination
enables the orderly initiation of periodic perovskite crystals,
thereby leading to their vertical growth. The resultant perovskite
crystals exhibit diminished residual tensile strain and monolithic
grains with fewer crystalline defects. Additionally, the attenuated
energetic disorder hinders the formation of non-radiative path-
ways, thereby exemplifying the presence of long-lived charge
carriers. In consequence, highly crystalline perovskite films
devoid of the buried interface achieve a champion PCE of
25.60% (certified at 25.39%) and sustain over 80% of its initial
PCE under prolonged light illumination after 1000 hours.

Results and discussion

We prepared a bilayer substrate comprising compact titanium
dioxide (c-TiO2)/tin dioxide (SnO2) to function as an electron
transport layer (ETL), utilizing the methods previously reported
in the literature (referred to as control-SnO2).15 Then, we imple-
mented a procedure involving the treatment of CsX with varying
pseudo-halide anions (X = Fo�, Ac�, and TFA�) on the ETL
substrate prior to depositing the perovskite films (referred to as
CsX-treated SnO2) (Fig. 1a). The embedded Cs+ ions, treated with
CsX, have the capability to integrate into the perovskite lattice
near the buried interface during the spin-coating of the perovs-
kite solution.9 This integration serves to stabilize the FA-based
perovskite structure by ensuring an optimal tolerance factor
conducive to sustaining the cubic phase.37,38 To evaluate the
bidirectional interactions of pseudo-halide anions with both the
underlying SnO2 substrate and the overlying perovskite films, we
carried out Fourier transform infrared spectroscopy (FTIR) mea-
surements (Fig. 1b–d).

First, we observed stretching vibration peaks correspon-
ding to a carbonyl functional group (CQO) at 1729, 1728, and
1726 cm�1 for CsFo, CsAc, and CsTFA precursors, respectively.
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However, after treating CsX onto the SnO2 ETLs, these distinctive
peaks exhibited notable shifts to 1659, 1677, and 1690 cm�1,
respectively, indicative of the existence of COOH–Sn groups on
the surface of SnO2.23,39 Further evidence of the chemical inter-
action between the CQO groups and SnO2 is discernible in the X-
ray photoelectron spectroscopy (XPS) spectra (Fig. S1a, ESI†). As
shown in Fig. S1a (ESI†), control-SnO2 films showed an XPS
spectrum featuring two prominent peaks at 487.46 and 495.93 eV,
assigned to Sn 3d5/2 and Sn 3d3/2, respectively. Conversely, XPS
spectra of all CsX-treated SnO2 films revealed a shift of the Sn 3d
peaks to lower binding energies. This observed peak shift towards
lower binding energies provides further support for the afore-
mentioned chemical interaction between the CQO groups and
underlying SnO2, elucidating the effect of CsX treatment in
passivating oxygen vacancies on the SnO2 surface. Other studies
have also reported similar shifts when the carbonyl group
coordinates with SnO2.23,39,40

Following the adsorption of CsX (anchoring group) on the
SnO2 surface, the potential for additional chemical interactions
between the opposing sites (organic head group) of CsX

molecules and the perovskite lattices becomes apparent (Fig. 1a).
As shown in Fig. 1e–g, we conducted FTIR measurements on the
mixture of CsX with FAI and PbI2, respectively, to investigate the
possible coordination of pseudo-halide anions with overlying
perovskite films at the buried interface.36,41 Meanwhile, the posi-
tion of stretching vibration peaks associated with the opposing
sites, C–H groups in CsFo and CsAc, remains unchanged following
the addition of FAI and PbI2 into CsX, respectively. It implies less
pronounced interactions of pseudo-halide anions, Fo� and Ac�,
with the perovskite lattice in the thin film states. However, in the
case of TFA�, the stretching vibration peaks corresponding to the
C–F groups, which are the head group sites of TFA�, notably shift
towards lower wavenumbers upon addition of both FAI and PbI2,
respectively (Fig. 1g). The fluorine-containing pseudo-halide, TFA�,
facilitates the formation of hydrogen bonding with organic
cations, FA+,42–44 as well as halogen bonding with Pb–I36,45,46 as
illustrated in Fig. 1a. To confirm these interactions at the buried
interface, XPS measurements were performed on perovskite films
peeled off from the SnO2 ETLs. It is evidenced by the shift of
characteristic N 1s and Pb 4f peaks for FAI and PbI2, respectively,

Fig. 1 (a) Schematic illustration of the CsX (X = Fo�, Ac�, and TFA�) treatment process applied to the SnO2 ETL. FTIR spectra of CsX, CsX–SnO2, CsX–FAI,
and CsX–PbI2, (b) and (e) CsFo, (c) and (f) CsAc, and (d) and (g) CsTFA.
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along with the disappearance of the peak for uncoordinated Pb2+,
in the measured XPS spectra (Fig. S1b and c, ESI†). Considering
these results, the TFA� anions introduced can serve as bidirec-
tional coordinators between the SnO2 ETL and the perovskite
crystals, which would foster the orientation and crystalline proper-
ties of perovskite films.

Based on the above results, cross-sectional scanning electron
microscopy (SEM) measurements were conducted to gain
insights into the orientation of perovskite crystals (Fig. 2a). The
perovskite film on the CsTFA-treated SnO2 ETL exhibits a con-
formal growth pattern featuring monolithic grains, in contrast to
that observed on the control-SnO2 ETL. The bidirectional coordi-
nation of TFA� with both SnO2 and the perovskite crystal may
initiate the vertical growth of the bulk perovskite film, resulting
in the distinctive crystallinity observed in the perovskite films, as
revealed in the X-ray diffraction (XRD) patterns (Fig. S2a, ESI†).
The XRD patterns revealed two prominent diffraction peaks at
14.01 and 28.21, assigned to the (001) and (002) planes of the
FAPbI3 perovskite crystal, respectively. The enhanced crystallinity
of perovskite films can be further corroborated by both the
heightened intensities of two prominent diffraction peaks and

the narrowed full width at half maximum (FWHM) observed in
the XRD patterns (Fig. S2b, ESI†). Furthermore, top-view SEM
images reveal compact and pinhole-free perovskite films on the
CsTFA-treated SnO2 ETL (Fig. S3, ESI†). Meanwhile, as a conse-
quence of increased hydrophobicity resulting from the exposed
fluorine-containing TFA� pseudo-halides through CsTFA treat-
ment (Fig. S4, ESI†),47,48 the perovskite film deposited on the ETL
substrate under such treatment displays the enlarged grains
(average grain size: 1.49 mm) compared to that on the control-
SnO2 ETL (average grain size: 1.03 mm) (Fig. S5, ESI†). The
exposed Fo� and Ac� also affected the overlying perovskite films
by enlarging the grains. The perovskite film formed in this
manner on the CsTFA-treated SnO2 also exhibits a smooth sur-
face morphology. As observed in the atomic force microscopy
(AFM) image (Fig. S6, ESI†), the root-mean-square (Rq) of 47.8 nm
for the perovskite film on the control-SnO2 decreased to 36.1 nm
on the CsTFA-treated SnO2.

Alongside crystallinity, the manifestation of residual strain
emerges as another pivotal determinant impacting the over-
lying perovskite film, influenced by the altered substrate char-
acteristics. To investigate the residual strain present within the

Fig. 2 (a) Cross-sectional SEM images of the perovskite films deposited on the control- and CsX-treated SnO2, configured as FTO/control- and CsX-
treated SnO2/Perovskite/Spiro-OMeTAD. (the scale bar is 200 nm). (b) GIXRD spectra of the perovskite films deposited on the control- and CsX-treated
SnO2 upon varying the grazing incidence angle from 0.21 to 101. (c) Normalized PL spectra upon varying the thickness of the perovskite films deposited
on the control- and CsX-treated SnO2. (The thickness ranges from 0 to 600 nm.) (d) XRD rocking curves of the perovskite films (with a concentration of
1.9 M) deposited on the control- and CsX-treated SnO2 (left). FWHM values of XRD rocking curves of perovskite films with different concentrations, 0.4 M
and 1.9 M, deposited on the control- and CsX-treated SnO2 (right).
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perovskite films, depth-resolved grazing incidence X-ray diffrac-
tion (GIXRD) measurements were performed by varying the
grazing incidence angle (o) from 0.21 to 101 (Fig. 2b). As the
grazing incidence angle increases, the diffraction peaks corres-
ponding to the (001) plane of the perovskite film on the control-
SnO2 ETL gradually shift towards lower angles, from 14.021 to
13.931. In contrast, the variation of diffraction peaks with respect
to the grazing incidence angle was found to be less pronounced
in the perovskite film on the CsTFA-treated SnO2 ETL. These
outcomes imply the presence of residual strain within the
perovskite film deposited on the control-SnO2 ETL, whereas both
the upper and bottom surfaces of the perovskite film exhibit
strain-relieved conditions on the CsTFA-treated SnO2 ETL.8,49

Based on the results of GIXRD spectra, we calculated the tensile
strain present within the perovskite films (Fig. S7, ESI†). The
calculated tensile strain of 0.017 for the perovskite film on the
control-SnO2 diminished to 0.012 on the CsTFA-treated SnO2,
indicating that the perovskite film deposited on the CsTFA-
treated SnO2 experiences less stress.21

Interface-induced tensile strain is well-known to expand the
optical bandgap of the perovskite film, attributed to the increased
lattice constant, which shifts the valence band at the bottom
surface of the perovskite film.11,22 Hence, we conducted an
investigation on the thickness-dependent photoluminescence
(PL) measurements to demonstrate the graded bandgap distribu-
tion induced by strain within the perovskite film (Fig. 2c). The
thickness of the perovskite film is contingent upon its concen-
tration (the concentration ranges from 0.1 M to 1.9 M). For the
perovskite films on the control-SnO2, under conditions where the
thickness of the perovskite film exceeds 150 nm (indicated by a
white dashed line), the PL exhibits independence from the thick-
ness of the perovskite film. Conversely, when the conditions are
below 150 nm, there is a noticeable progressive blue shift in PL
with B50 meV. This shift in PL manifests as a bandgap expansion
from 1.52 (for a thickness of 500 nm) to 1.57 eV (for a thickness of
50 nm) (Fig. S8 and S9, ESI†). However, the bandgap expansion
observed for the perovskite films on the CsTFA-treated SnO2 is less
pronounced, increasing from 1.52 (for a thickness of 500 nm) to
1.54 eV (for a thickness of 50 nm). This result distinctly suggests
that residual strain near the buried interface, initiated by mis-
matches in the thermal expansion coefficient or crystal lattice with
the underlying ETL, has been instigated on the control-SnO2

substrate.18,20

To further explore the origin of released residual strain on the
CsTFA-treated SnO2 ETL, XRD rocking curve measurements were
conducted on the (001) crystal plane in perovskite films with
varying thicknesses (100 nm and 500 nm) (Fig. 2d, left).50 Under
the thick film condition of 500 nm, the FWHM of the rocking
curve for the control-SnO2 is 5.511, which decreased to 3.421 for
the CsTFA-treated SnO2, indicating an enhancement in the (001)
orientation of perovskite crystals, characteristic of vertical growth
on the CsTFA-treated SnO2.51 Furthermore, the same tendency
can be observed for the thin film condition of 100 nm as revealed
in Fig. S10 (ESI†). Meanwhile, higher FWHM values of 5.961 and
3.651 were recorded for the thin perovskite films deposited on the
control- and CsTFA-treated SnO2, respectively, in comparison to

those observed under the thick perovskite film condition (5.511
and 3.421 for the control- and CsTFA-treated SnO2, respectively)
(Fig. 2d, right). This difference substantiates that the disordered
growth of periodic perovskite crystals at the buried interface
ultimately triggers the misalignment of upper perovskite crystals,
thus leading to the presence of residual tensile strain within the
perovskite films. The dependency of FWHM values on the thick-
ness was found to be less pronounced under the CsTFA-treated
SnO2 condition, while under the control-SnO2 condition, the
FWHM value augmented as the thickness decreased. Conse-
quently, the bidirectional coordination facilitated by TFA� initi-
ates a well-ordered commencement for the growth of periodic
perovskite crystals at the buried interface, yielding monolithically
grained and strain-free perovskite films on the CsTFA-treated
SnO2 ETL.

To validate the bidirectional coordination and passivating
effects of CsX molecules on the perovskite, the Vienna ab initio
simulation package (VASP) was utilized for density functional
theory (DFT) calculations (Fig. 3 and Fig. S11, ESI†).52 First, we
computed molecular adsorption energies of head groups includ-
ing –H (CsFo), –CH3 (CsAc), and –CF3 (CsTFA) molecules on I top
(Itop), Pb top (Pbtop), hollow site on top of surface FA ions, and
bridge position between the Pb and I atoms of the PbI2-
terminated FAPbI3 perovskite surface (Fig. S12–S14, ESI†). The
adsorption energy (Ead) values for –CF3 molecules on the Itop,
Pbtop, hollow, and Pb–I bridge sites of the FAPbI3 perovskite were
determined to be �0.42, �0.46, �0.44 and �0.47 eV, respectively
(Fig. 3a). These values are higher compared to those of –H and
–CH3 molecules (Table S1, ESI†), indicating a stronger chemical
interaction of TFA� anions with the overlying perovskite crystals,
as elucidated by FTIR and XPS results (Fig. 1). In the case of the
FAI-terminated FAPbI3 perovskite surface, the computed adsorp-
tion energies exhibit a comparable trend to those observed in the
former case (Fig. 3b, Fig. S15–S17 and Table S2, ESI†). Among
adsorption sites, particularly on hollow sites, the Ead value is not
only comparable to those of other adsorption sites but also
demonstrates a higher affinity for –CF3 molecules compared to
others. These results further corroborate the aforementioned
interactions, encompassing hydrogen bonding with FA+ and
halogen bonding with Pb–I. The interactions observed between
–CF3 molecules and the perovskite crystal result in a notable
reduction in trap state density. Hence, we calculated the electro-
nic structures of both the bare defective surface and the passi-
vated surface with each of the three head group molecules (–H,
–CH3, and –CF3) on a PbI2-terminated (001) surface, which
includes iodine vacancies (VI) (Fig. S18, ESI†). As depicted in
the density of states (DOS) of the bare defective surface on a PbI2-
terminated (001) perovskite, the presence of VI generates a
partially occupied defect state below the conduction band mini-
mum (CBM), potentially serving as interfacial non-radiative
recombination pathways (Fig. 3c). Following the adsorption of
–CF3 molecules at the Vi sites, the Pb–F bonding, as illustrated
in the insets, induces a significant upward shift of the defect
states above the CBM. Although a comparable shift in defect
states is observed for –H and –CH3 molecules, a more pro-
nounced shift is evident for –CF3 molecules, attributed to the
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higher electronegativity of fluorine than hydrogen. There exist
some occupied defect states close to the CBM for –H and –CH3

molecules, suggesting that –CF3 molecules exhibit a greater bind-
ing affinity toward interfacial defect states compared to others.
This, in turn, contributes to the minimization of interfacial VOC

losses in PSCs. To further elucidate the interfacial orbital cou-
pling between the –CF3 molecule and the FAPbI3 perovskite, we
also calculated the electronic band structure of the CF3CO2/
FAPbI3 interface. In Fig. 3d, the states driven by the CF3CO2

molecule are denoted by red circles, and the CF3CO2/FAPbI3

interface exhibits substantial orbital mixing through interfacial
orbital hybridization, which manifests as energy level splitting
(magnified in the inset). Furthermore, this interfacial orbital
hybridization is evident from the isosurfaces of the associated
Bloch orbitals (Fig. 3d, left), validating that it enables the strong
interfacial interaction between TFA� pseudo-halide anions and
perovskite crystals.

To quantitatively estimate the trap state density (Nt) within
the perovskite films, space-charge-limited charge (SCLC) mea-
surements were carried out on the electron-only devices (EOD)
with a configuration of ITO/control- and CsX-treated SnO2/
Perovskite/PCPM/Ag, where ITO denotes indium tin oxide and

PCBM represents [6,6]-phenyl C61 butyric acid methyl ester
(Fig. 4a).53 The trap-filled limiting voltage (VTFL) was decreased
from 0.254 to 0.137 V in the EOD employing the CsTFA-treated
SnO2 ETL. Besides, based on these VTFL values, the Nt in the
perovskite films decreased from 6.81 � 1015 cm�3 for the EOD
with the control-SnO2 to 4.86 � 1015 cm�3 for the EOD with the
CsTFA-treated SnO2 as corroborated by the DFT results (Fig. S19,
ESI†). The reduction in trap density can be attributed to the
suppression of crystalline defects and robustly crafted buried
interface of the perovskite films, courtesy of the bidirectional
coordination. Moreover, the aligned growth of the perovskite
crystal serves to mitigate the energetic disorder inherent within
the perovskite films.23 Urbach energy (Eu) measurements, con-
ducted through ultraviolet-visible (UV-vis) absorption spectra
analysis for the perovskite films (Fig. S20, ESI†),54 were utilized
to explore the energetic disorder under varying ETL conditions,
control- and CsX-treated SnO2. A decreased Eu value of 32 meV is
observed for the perovskite films deposited on the CsTFA-
treated SnO2, compared to 59 meV for that on the control-
SnO2, implying the suppression of several shallow trap states
within the perovskite films deposited on the CsTFA-treated
SnO2 (Fig. 4b and Fig. S21, ESI†). Regarding the surface of the

Fig. 3 Density functional theory calculation results. (a) Calculated molecular adsorption energies of HCO2 (CsFo), CH3CO2 (CsAc), and CF3CO2 (CsTFA)
molecules on I top, Pb top, hollow, and Pb–I bridge sites of the PbI2-terminated FAPbI3 perovskite. (b) Calculated molecular adsorption energies of
HCO2, CH3CO2, and CF3CO2 molecules on I top, hollow, and I–I bridge sites of the FAI-terminated FAPbI3 perovskite. (c) Local density of states (LDOS) of
the defective FAPbI3 top surface layer before (red) and after HCO2 adsorption (orange), CH3CO2 adsorption (green), and CF3CO2 adsorption (blue). Insets
show the top view of the perovskite surface before and after molecular adsorption and under coordinated surface Pb atoms are highlighted by dotted
circles. (d) Band structure of the CF3CO2/FAPbI3 interface. The contribution from CF3CO2 is shown by red circles. The inset shows the isosurfaces for an
orbital indicated by the arrow, whose positive and negative parts are colored yellow and blue, respectively. Atomic color scheme: Pb (gray), I (violet), N
(blue), O (red), H (pink), C (brown), and F (blue).
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SnO2 substrate, the contribution of interfacial defect passivation
through the formation of COOH–Sn groups to the enhancement
in electrical properties of the perovskite films cannot be
overlooked,55,56 as evidenced by the increased electrical con-
ductivities from 1.37 � 10�4 S m�1 for the control-SnO2 to 1.78
� 10�4 S m�1 for the CsTFA-treated SnO2 (Fig. 4c). Following
CsTFA treatment, the defect-curtailed heterointerface further
facilitates effective electron transport from the perovskite film
to the SnO2 ETL.

We performed steady-state PL and time-resolved PL (TRPL)
measurements for the perovskite films deposited on the ETL
substrates, aiming to confirm the efficient electron transporting
behaviour between the SnO2 ETL and perovskite. A notably
diminished PL intensity, coupled with a slight blue shift from
815 to 813 nm, is noted for the perovskite films deposited on the
CsTFA-treated SnO2, compared to that on the control-SnO2,
which suggests the efficient charge separation at the interface
between the SnO2 and perovskite (Fig. 4d and Table S3, ESI†). As
shown in Fig. 4e, such efficient electron extraction at the interface
is also evidenced by the shortened PL decay for the perovskite
films deposited on the CsTFA-treated SnO2 ETL. Combining the
two results suggests that CsTFA treatment on the SnO2 also
effectively reduces the non-radiative recombination pathways at
the heterointerface. Although PL decay could be shortened due to
interfacial defects, this effect is negligible as CsX treatment has
reduced these defects. To obtain further insight into the inter-
facial electron transport/recombination behaviour, we performed
electrochemical impedance spectroscopy (EIS) measurements

(Fig. 4f). As summarized in Fig. S22 (ESI†), devices employing
the CsTFA-treated SnO2 ETL manifest an augmented recombina-
tion resistance (Rrec, from 7.21 kO to 15.75 kO) and a decreased
series resistance (Rs, from 14.16 O to 12.69 O), in comparison to
those utilizing the control-SnO2 ETL. These results corroborate
the aforementioned lower trap state density and higher conduc-
tivity of the CsTFA-treated SnO2 ETL. Additionally, ultraviolet
photoelectron spectroscopy (UPS) measurements were conducted
to evaluate the modified energy alignment of the SnO2 with
adjoining perovskite films following CsX treatment (Fig. S23
and S24, ESI†). As a result of CsTFA treatment on SnO2, the
lowest unoccupied molecular orbitals shift from �4.22 eV (for
control-SnO2) to �4.11 eV, thereby decreasing the band offset
between the SnO2 ETL and perovskite from 0.12 eV to 0.01 eV.
Consequently, the reduced difference in band offset between the
CsTFA-treated SnO2 ETL and perovskite further enhances the
efficient extraction of electrons from the perovskite layer, which
contributes to the improvement of VOC and fill factor (FF).57

We assessed the performance of PSCs with a structure of
FTO/c-TiO2/control-SnO2 and CsX-treated SnO2/perovskite/Spiro-
OMeTAD/Au (Fig. 5a). PSCs using control- and CsX-treated SnO2

ETL are denoted as control- and CsX-PSCs, respectively. The
optimized concentration of CsX is 1 mg mL�1, achieving
25.13%, 25.46%, and 25.60% (certified at 25.39%) of champion
PCEs in CsFo, CsAc, and CsTFA-PSCs, respectively, compared to
23.77% of control-PSCs (Fig. 5b and Fig. S25 and S26, ESI†). In
particular, it is worth noting that the synergetic effects of
bidirectional coordination subsequent to CsTFA treatment result

Fig. 4 (a) SCLC curves for electron-only devices with a configuration of ITO/SnO2/Perovskite/PCBM/Au. (b) Urbach energy (Eu) of the perovskite films
deposited on the control- and CsX-treated SnO2. (c) J–V curves of the devices with the structure FTO/control- and CsX-treated SnO2/Au. (d) Steady-
state PL spectra and (e) TRPL curves of the perovskite films deposited on the control- and CsX-treated SnO2. (f) Nyquist plots of the devices using the
control- and CsX-treated SnO2.
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in a substantial enhancement across all photovoltaic parameters
including the open circuit voltage (VOC), short circuit current
density (JSC), and FF (Table S4, ESI†). The integrated current
density obtained from the external quantum efficiency (EQE)
spectra is consistent with the JSC values measured under 1-sun
(100 mW cm�2) illumination (Fig. 5c). In terms of efficiency, they
also display remarkable reliability under all conditions (Fig. 5d).
We measured J–V curves in both forward and reverse scanning
directions to assess the hysteresis in PSCs (Fig. S27, ESI†). The
control-PSCs demonstrate PCEs of 23.22% and 21.66% in the
reverse and forward scanning directions, respectively, with a
hysteresis index (HI) of 0.067. In contrast, the CsTFA-PSCs exhibit
reduced dependence of PCEs on scanning directions (25.38%
and 24.98% in the reverse and forward scanning directions,
respectively), evident in a lower HI of 0.015 (Table S5, ESI†).

To substantiate the enhancement of photovoltaic parameters,
we examine the dependence of the JSC and VOC, illustrating the
carrier recombination mechanism, across a range of incident light
intensities ranging from 1.5 to 100 mW cm�2 (Fig. S28, ESI†). The
JSC values are plotted against the natural logarithmic light intensity
(JSC p Ia). The a value for the control-PSCs is 0.956, whereas for the
CsTFA-PSCs, it is determined to be 0.990, denoting the suppressed
bimolecular recombination of charge carriers in the CsTFA-PSCs
(Fig. S28a, ESI†).58 It also suggests that the increased transfer of
photogenerated charge carriers into the CsTFA-treated SnO2 ETL
contributes to the increased JSC observed in the CsTFA-PSCs.
Furthermore, the ideality factor (nid), derived from the slope of
VOC–light intensity curves (Fig. S28b, ESI†), is found to be 1.300 for
the control-PSCs. Conversely, the CsTFA-PSCs exhibit a diminished
value of 1.117, signifying effective mitigation of non-radiative
recombination losses within the device upon treatment of

CsTFA.49 The improvement of VOC and FF can be ascribed to the
advantageous charge extraction/transportation behaviours, along-
side the attenuation of non-radiative recombination. We measured
the built-in potential (Vbi) by analysing the Mott–Schottky curves
(Fig. S29, ESI†). The higher Vbi value ensures the facile extraction of
photogenerated charge carriers within the device, facilitated by the
built-in electric field. Hence, further evidence of the enhanced VOC

in the CsTFA-PSCs is demonstrated by the elevated Vbi value of
1.13 V observed in the CsTFA-PSCs, contrasting with the 1.06 V
recorded for the control-PSCs.

During light exposure, the excess or residual PbI2 present at
the buried interface readily undergoes photodecomposition
into metallic (Pb0) and iodine (I2), thereby resulting in the
compromised long-term stability of PSCs under light soaking
conditions.8,59,60 The presence of the residual PbI2, identified
by its bright flaky structure, is evident on the underside of the
control perovskite film, as revealed in the SEM images (Fig. S30,
ESI†). Thus, we conducted an assessment of long-term stability
under light illumination to discern the impact of CsTFA treatment
on the stability of the PSCs (Fig. 5e). This measurement was
conducted under ambient conditions without encapsulation. A rapid
decline in PCEs of 73.6% is observed for the control-PSCs after only
100 hours of prolonged light exposure. In contrast, the CsTFA-PSCs
maintained over 80% of their initial PCEs after 1000 hours. As
evidenced by the XPS results, extended light exposure caused severe
photodecomposition in the control-PSCs, attributed to residual PbI2

(Fig. S31, ESI†), thereby exacerbating their light soaking stability.
Consequently, the robust perovskite film deposited on the CsTFA-
treated SnO2 substrate, characterized by its monolithic grains,
absence of strain, and a benign buried interface, ensures a boost
in light soaking stability as well as photovoltaic performance.

Fig. 5 (a) The configuration of a typical FAPbI3 PSC device. (b) J–V curves of the control- and CsX-PSCs under reverse voltage scans. (c) EQE and the
integrated JSC of the control and CsX-PSCs. (d) Statistic distribution of PCE of the PSCs with an optimized concentration of CsX. (e) The light-soaking
stability of the PSCs under prolonged light exposure under ambient conditions (25 1C, 25% RH).
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Conclusions

In summary, we have proposed an advanced bidirectional
coordination strategy entailing the deposition of CsTFA onto
the SnO2 surface. The dual functionality of the TFA� anion
molecule fosters interactions with both the SnO2 substrate and
the perovskite lattice, thereby not only promoting orderly
crystal initiation with a favourable growth orientation but also
supporting their vertical growth. The well-developed three-
dimensional perovskite crystal manifests as devoid of residual
lattice strain and exhibiting fewer crystalline defects. Moreover,
in parallel, a benign buried interface prevents non-radiative
recombination losses at the interface, ensuring higher VOC and
FF values in the PSCs. As a result, this synergy of advantages
yielded a peak PCE of 25.60%, showcasing sustained resilience
even under prolonged light exposure after 1000 hours. This
groundbreaking bidirectional coordination strategy reveals a
promising pathway to enhance high efficiency and confront the
persistent challenge of addressing long-term stability concerns.
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