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assivation with a designer ionic
molecule for high-efficiency vapour-deposited
inorganic phase-pure CsPbBr3 perovskite solar
cells†

Ruxin Guo, ‡ad Junmin Xia,‡b Hao Gu,‡b Xuke Chu,a Yan Zhao,a Xianghuan Meng,a

Zhiheng Wu,ad Jiangning Li,a Yanyan Duan, a Zhenzhen Li,a Zhaorui Wen,b

Shi Chen,b Yongqing Cai, b Chao Liang,*c Yonglong Shen, *ad

Guichuan Xing, *b Wei Zhange and Guosheng Shao *ad

While caesium lead bromide (CsPbBr3) is promising for highly stable perovskite solar cells (PSCs), the usual

solution-basedmethods require tediousmultistep spin coating processes, which imposes a practical barrier

against scaling up to large areas for industrial exploitation. Although sequential vapour deposition (SVD) can

meet commercial requirements, these films are limited by high trap density and impure phases, resulting in

poor performance of PSCs. Here, we obtained low-trap density and effectively phase-pure CsPbBr3 films

(grain size > 3 mm, trap density < 4 × 1015 cm−3) by systematic defect and phase management. With the

identification of a molecular ionic liquid from theoretical simulation, we find that such a designer

molecule can form multiple bonding interactions with the perovskite phase. This results in significantly

enhanced crystallization of the CsPbBr3 phase, and more importantly, effective passivation of well

recognized Cs- and Br-vacancy defects. CsPbBr3 PSCs with simplified architecture using carbon as

electrodes without hole transport layer (HTL) achieved highest power conversion efficiency (PCE) of up

to 11.21% for small area devices (0.04 cm2) and 9.18% for large area devices (1 cm2). The unencapsulated

devices exhibited excellent long-term stability, maintaining over 91% of the initial PCE after 100 days in

ambient air at a humidity of ∼55%. This work also provides a valuable approach to process phase-pure,

low-defect, and large-area inorganic CsPbBr3 perovskite films for efficient and stable optoelectronic

devices.
Introduction

The power conversion efficiency (PCE) of organic–inorganic
hybrid perovskite solar cells (PSCs) has rapidly increased from
on Designer Low-carbon & Environmental

s Science and Engineering, Zhengzhou

ina. E-mail: shenyonglong@zzu.edu.cn;

ucation, Institute of Applied Physics and

Avenida da Universidade, Taipa, Macau

u.mo

Synthesis and Modulation of Condensed

University, Xi'an 710049, P. R. China.

(ZMGI), Building 2, Zhongyuanzhigu,

niversity of Surrey, Guildford, Surrey,

tion (ESI) available. See DOI:

8–418
3.8% in 2009 to the latest certied 25.7%, which is comparable
to that of silicon-based solar cells.1,2 However, the organic
components in the perovskite layer, hygroscopic additives on
the hole transport layer (HTL), and the use of precious metal
electrodes have resulted in poor humidity and thermal insta-
bilities as well as high cost of the organic–inorganic hybrid
PSCs, which has severely hindered their application in the
photovoltaic industry.3 Carbon-based HTL-free PSCs (C-PSCs)
with an all-inorganic caesium lead bromide (CsPbBr3) as the
light absorber is currently considered as a most promising
approach to overcome the above-mentioned limitations, owing
to the substitution of unstable organic cations with inorganic
caesium ones and the replacement of organic HTLs as well as
precious metal electrodes with low-cost carbon.4

In 2016, a CsPbBr3 C-PSC with a PCE of 6.7% was rst re-
ported by Liang et al., which has attracted widespread attention
because of its excellent environmental stability.5 For example,
Duan et al. introduced Ln3+ ions into CsPbBr3 to increase the
grain size, thereby prolonging the carrier lifetime and
increasing the PCEs of photovoltaic devices to 10.14%.6
This journal is © The Royal Society of Chemistry 2023
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Subsequently, the PCEs of the state-of-the-art CsPbBr3 C-PSCs
further increased to 11.08% with a high open-circuit voltage
(Voc) of 1.702 V by incorporating a 2D Cl-terminated Ti3C2

(Ti3C2Clx) MXene into the bulk and surface of CsPbBr3 lms.7

However, because of the low solubility of caesium bromide
(CsBr), the CsPbBr3 lm can only be prepared by a tedious
multistep spin coating for the solution process, which is not
conducive to industrial application in the future.7,8 Thus,
vapour deposition has been utilized to achieve large-area
perovskite lms, which has been demonstrated to be the most
prospective method for commercial optoelectronic thin-lm
devices.8–10 Unfortunately, CsPbBr3 lms prepared by vapour
deposition usually involve impurity phases of Cs4PbBr6 and
CsPb2Br5, which not only introduces defects but also accelerates
the decomposition of the lms, thereby reducing the perfor-
mance of PSCs.8,11 Although substantial efforts have been made
in development of processing technology and interface engi-
neering, the fabrication of low-defect and phase-pure CsPbBr3
lms remains a bottleneck, hindering further development of
the CsPbBr3 PSCs.

As demonstrated in our recent work, strong ionic coordina-
tion between ionic liquids (ILs) and the perovskite framework
can induce the formation of phase-pure hybrid perovskite
lms.12 In addition, the incorporation of ILs into perovskite
lms signicantly improves the performance and long-term
stability of the devices, owing to defect passivation and
suppression of compositional segregation.13–17 Herein, we have
identied a novel 4-(dimethylamino)-1-(2,2,2-triuoroacetyl)
pyridin-1-ium 2,2,2-triuoroacetate (DTPT) IL to achieve phase-
pure CsPbBr3 lms. X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), and spectro-
scopic characterizations were used to evaluate the results. In
addition, both simulations and experiments indicated that
amino, acetyl, and acetate functional groups in DTPT compre-
hensively passivated the defects in the perovskite crystals, Cs
(VCs) and Br (VBr) vacancies, effectively suppressing non-
radiative recombination. As a result, the PSCs based on the
device structure of FTO/TiO2/DTPT/CsPbBr3/DTPT/Carbon
achieved a PCE of 11.21% for active area of 0.04 cm2, which is
the highest efficiency reported for CsPbBr3-based PSCs. More
importantly, we achieved a PCE of 9.18% for the device with an
active area of 1 cm2, representing the most efficient large-area
CsPbBr3-based PSCs. Furthermore, the optimized device
retained ∼91% of its initial PCE in ambient air at a relative
humidity (RH) of ∼55%, owing to the high-quality CsPbBr3
lms and hydrophobic triuoro (CF3–) groups in DTPT.

Results and discussion

The design of ILs play a key role in the defects and phase
management of perovskite lms. As shown in Fig. 1a, DTPT was
designed as an ingenious interface layer owing to the compre-
hensive functional groups, including pyridine, amino, acetyl,
acetate, and CF3–. In addition, a typical carbon-based HTL-free
structure with FTO/TiO2/DTPT/CsPbBr3/DTPT/Carbon was
employed in this study. It is well known that the electron
transporting layer (ETL) is crucial for perovskite lms and
This journal is © The Royal Society of Chemistry 2023
devices due to its surface morphology and roughness.18–20

Therefore, we rst investigated the inuence of DTPT modi-
cation on the TiO2 ETL, as shown in ESI, Fig. S1 and S2.† When
the DTPT molecule was assembled onto the surface of a TiO2

lm, root-mean-squared (RMS) roughness decreased from 36.5
to 27.8 nm. Additionally, owing to the existence of the hydro-
phobic CF3– functional group, the contact angle was enhanced
on the TiO2 surface aer DTPT modication (ESI, Fig. S3†),
which could have decreased the hetero-nucleation of perov-
skite, thereby increasing the grain size of the CsPbBr3 phase in
the lm (ESI, Fig. S4†).21 Notably, the number of XRD diffraction
peaks of Cs4PbBr6 in the CsPbBr3 lm were markedly reduced
from four down to one albeit without enhancement of the
intensity of the only remnant peak of (321) plane (ESI, Fig. S5†),
indicating that the phase purity of the CsPbBr3 lm with DTPT
on TiO2 substrate was effectively improved owing to suppressed
nucleation of the impurity phases. The photovoltaic perfor-
mance of PSCs based on TiO2 and TiO2/DTPT is shown in ESI,
Fig. S6 and S7.† The current density–voltage (J–V) curves of PSCs
based on TiO2 and TiO2/DTPT are shown in ESI, Fig. S6a,† and
the corresponding photovoltaic performance data are summa-
rized in ESI, Table S1.† Compared to the untreated, the device
based on TiO2/DTPT has increased short-circuit current density
(Jsc) from 8.22 mA cm−2 to 8.43 mA cm−2, Voc from 1.521 V to
1.535 V, FF from 78.66% to 79.87%, and PCE from 9.83% to
10.34%. The signicant enhancement of Jsc and decrease of the
hysteresis (ESI, Fig. S7†) may be attributed to the smooth
surface of TiO2/DTPT, which is conducive to CsPbBr3 large grain
growth and charge transport collection efficiency.21 As shown in
ESI, Fig. S8,† the CsPbBr3 layer under the treated lm has a high
light absorption, which ensures more sunlight to be utilized by
the CsPbBr3 layer for achieving high PCE.6 In addition, to
demonstrate the reproducibility of PSCs based on TiO2 and
TiO2/DTPT, the PCE distribution histogram (40 individual
devices) is shown in ESI, Fig. S6b.† The result demonstrates that
the efficiency of PSCs prepared based on TiO2/DTPT shows
a narrower distribution, and the high-quality uniform growth of
perovskite lms may be the reason for the good reproducibility
of the devices.8

DTPT was then applied to treat the above CsPbBr3 lm,
(TiO2/DTFT/)CsPbBr3/DTFT. The XRD patterns of CsPbBr3 and
CsPbBr3/DTPT are shown in Fig. 1b. All of the peaks at 15.2°,
21.5°, 26.4°, 30.7°, and 37.8° correspond to the (100), (110),
(111), (200), and (−121) crystal planes of the phase of CsPbBr3
(PDF#18-0364), respectively. However, the diffraction peak for
the (321) plane of the Cs4PbBr6 phase (PDF#73-2478) was not
evident.

HRTEM and selected area electron diffraction (SAED) were
used to investigate the effect of DTPT on the perovskite struc-
ture, as shown in Fig. 1c and ESI, Fig. S9–S11.† The lattice
spacing of 0.413 nm in Fig. 1c corresponds to the (110) plane in
the CsPbBr3 phase in the crystal direction of [1−1−1], which is
consistent with the diffraction peak in the XRD pattern. The
enhanced peak intensity for the (110) plane in the XRD pattern
indicates the preferred orientation along its normal vector. As
shown in ESI, Fig. S9,† the SAED pattern of the CsPbBr3/DTPT
lms is typically single crystalline, indicating no sub-grain
J. Mater. Chem. A, 2023, 11, 408–418 | 409
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Fig. 1 (a) Cross-sectional SEM image of CsPbBr3 PSC and chemical structure of the ionic liquid DTPT. (b) XRD patterns and Cs4PbBr6 for (321)
planes of the CsPbBr3 and CsPbBr3/DTPT films. (c) HRTEM and FFT of the CsPbBr3/DTPT film. The structures of the Cs4PbBr6 with DTPT on the
surface (d) before optimization and (e) after optimization. (f) The (110) phase structure of CsPbBr3 with DTPT on the surface.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
5:

53
:0

7 
A

M
. 

 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
boundaries within each fairly large crystal in the over micro-
metre grains. The SAED pattern (selected from the region shown
in ESI, Fig. S9a†) of the CsPbBr3/DTPT lms was used to
demonstrate that the DTPT-modied CsPbBr3 lm has a single
orientation over a large range. In contrast, the Cs4PbBr6 phase
was observed in the CsPbBr3 lm without DTPT treatment (ESI,
Fig. S10†). The lattice spacing of 0.269 nm corresponds to the
(321) plane of the Cs4PbBr6 phase, which is consistent with the
XRD results. Meanwhile, a small amount of PbBr2 phase exists
in the CsPbBr3 lm without DTPT treatment (ESI, Fig. S11†).
Overall, the TEM results agree well with the XRD outcome, in
that the impurity phases were only present in the sample
without the top-surface DTPT treatment, but treatment with
DTPT of the perovskite lm helped eliminate PbBr2/Cs4PbBr6
impurities. Such DTPT effect is similar to previous nding that
the presence of pyridine lowers the activation energy for the
transformation of PbBr2/Cs4PbBr6 into the CsPbBr3 phase.22
410 | J. Mater. Chem. A, 2023, 11, 408–418
The promoted phase purity is essential to benet the perfor-
mance and stability of perovskite PV cells.23

To further elaborate the possibility of the phase transition
process from Cs4PbBr6 to CsPbBr3 by DTPT, we conducted
density functional theory (DFT) simulation. The Cs4PbBr6 phase
was found to be relatively stable when it was not modied by
DTPT. The modifying molecule (Fig. 1d) will interact with the
surface of the Cs4PbBr6 phase, resulting in local structural
damage to the Cs4PbBr6. As shown in Fig. 1e, as the octahedron
PbBr6

4− structure on the surface of the Cs4PbBr6 phase was
undermined, it tends to restructure with neighbouring species
to form the CsPbBr3 phase. Such a catalytic effect is to help
facilitate reaction with nearby PbBr2, while the lower-nanoscale
structures of impurity phases provide further leverage to enable
such reaction at a moderate temperature during the aer-
treatment heating at 373 K.

In addition, we conrmed the preferred crystal orientation
with modied molecules in the CsPbBr3 phase via simulation.
This journal is © The Royal Society of Chemistry 2023
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In the presence of DTPT, it was found that the (110) plane had
a lower formation energy than the (001) plane, −0.504 eV and
−0.067 eV, respectively, as shown in Fig. 1f and ESI, Fig. S12.†
This indicates that the DTPT molecule can promote the
formation of the (110) plane as a higher orientation of CsPbBr3
than the (001) plane, which is consistent with the XRD and
HRTEM results. From the enlarged XRD spectra of CsPbBr3
lms deposited on TiO2 and TiO2/DTPT lms in ESI, Fig. S13a,†
it can be seen that the diffraction peak of the (110) plane of the
CsPbBr3 lm is signicantly enhanced aer DTPT modication
of the TiO2 surface. However, as shown in ESI, Fig. S13b,† the
diffraction peak of (110) plane before and aer the DTPT
modication of CsPbBr3 surface is not obvious (ESI, Fig. S13c†),
since the prior DTPT treatment of the TiO2 substrate already
delivered such an orientational benet (Fig. S13a and c†), with
the crystallization of Cs4PbBr6 phase largely prevented.

To investigate the surface chemical states of DTPT on the
CsPbBr3 lm, we conducted X-ray photoelectron spectroscopy
(XPS). The high-resolution XPS spectra of Cs 3d, Pb 4f, Br 3d,
and F 1s are presented in Fig. 2a–d, respectively. In pristine
CsPbBr3 lms, the binding energies of 724.34 and 738.27 eV
correspond to the Cs 3d5/2 and Cs 3d3/2 peaks, respectively. Aer
DTPT modication, the two typical peaks shied to 724.58 and
Fig. 2 High-resolution XPS analysis of (a) Cs 3d, (b) Pb 4f, (c) Br 3d, and (d)
state (PDOS) curves for Br of the CsPbBr3 with VCs passivated by DTPT. (f)
acid group in CF3COO− and the C]O in DTPT. The Fermi level (represe
when DTPT fills into the vacancies of CsPbBr3. (g) VCs passivated by the D
group in CF3COO−. The blue (yellow) isosurfaces represent the dissipati

This journal is © The Royal Society of Chemistry 2023
738.51 eV, respectively, which may be attributed to the strong
coupling effect between the Cs+ vacancies and amino functional
group in DTPT.24 In addition, the 0.31 and 0.28 eV upshi of Pb
4f and Br 3d peaks, respectively, may be associated with the
strengthened interaction between the O atom in the acetyl/
acetate functional group and Pb species (or Br− vacancies). As
expected, we also detected the F 1s peak at 688.28 eV in the
DTPT-modied sample, which is consistent with the time-of-
ight secondary-ion mass spectrometry (ToF-SIMS) results
(ESI, Fig. S14†).16

To further elaborate the DTPT interactions with defects, we
conducted DFTmodelling on the most common ionic defects of
Cs vacancies (VCs) and Br vacancies (VBr) in CsPbBr3.25 The ESI,
Fig. S15† depicts the structures of CsPbBr3 with various vacan-
cies and DTPT. Generally, the density of states (DOS) provides
an intuitive description of the passivation effect. As shown in
Fig. 2e, VCs caused the Fermi level to insert into the top of the
valence band (VB) and bring an obvious trap state, which sup-
pressed the separation of charge carriers and formed recombi-
nation centers.26 When the DTPT was anchored on the VCs site,
we found that the Fermi level had a distinct blue shi and
returned to the bandgap. Furthermore, the trap state at the VB
was remarkably reduced, which was also evidenced by the
F 1s in CsPbBr3 and CsPbBr3/DTPT films. (e) Electronic partial density of
Density of state (DOS) of CsPbBr3 with VBr passivated by the carboxylic
nted by a dashed line) has been set to zero. Differential charge density
TPT; VBr passivated by (h) the C]O in DTPT and (i) the carboxylic acid
on (accumulation) of electron density.

J. Mater. Chem. A, 2023, 11, 408–418 | 411
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electron localization function (ELF) results. As shown in ESI,
Fig. S16,† the prole of ELF around VCs is similar to that of the
perfect CsPbBr3 structure obtained aer introducing DTPT,
which indicated that the graed amino functional group could
imitate the role of Cs atoms to mitigate the delocalization of the
wave function around Br ions caused by VCs.27 To further explore
the mechanism, we calculated the differential charge density
(DCD) of the system.16 Fundamentally, the passivation molecule
had an apparent interaction with the peripheral atoms around
the VCS, implying that DTPT can effectively modulate the
defective structure.

For VBr, as both acetyl/acetate and CF3– functional groups
may coordinate with the exposed Pb atoms, we investigated the
adsorption congurations of the molecules with different
sites.28 First, we calculated the adsorption energies of the
different systems to predict the appropriate passivation
methods using the following eqn (1):

Ead = Emolecule/CsPbBr3
− Emolecule − ECsPbBr3

(1)

where Ead indicates the adsorption energy of the molecules on
the surface and the negative Ead represents a molecule that can
be stably adsorbed on the surface. Emolecule/CsPbBr3, Emolecule, and
ECsPbBr3 represent the total energies of the passivated systems,
passivation molecule, and CsPbBr3 with VBr, respectively. We
found that the acetyl/acetate group is suitable for coordinating
with Pb species as the adsorption energy was lower than that of
the coordinated CF3– group. As shown in the ELF (ESI,
Fig. S16†), VBr promotes the deformation of electron localiza-
tion surrounding the lead atoms, which leads to non-radiative
events. In contrast, when the acetyl/acetate group of DTPT
adsorbs above the Pb ion, the state reverts to defect-free parts
because of the passivation of the dangling states of the unco-
ordinated Pb atoms. The DOS of the passivated systems indi-
cates that both the acetyl and acetate groups of DTPT have
a remarkable passivation effect on the VBr. As shown in Fig. 2f,
the Fermi level is located at the conduction band (CB) with the
VBr, while it returned to the bandgap aer passivation. More
importantly, when we focused on the density state of the Pb
atom around the VBr, the trap state was found to be remarkably
reduced (ESI, Fig. S18a†). Meanwhile, because of the suppres-
sion of electron localizations surrounding the lead atoms, the
peak of the trap state at the edge of CB exhibited a distinct blue
shi aer the DTPT was absorbed, accounting for the prolonged
lifetime of excited electrons and indicating the inhibition of the
unfruitful recombination in the devices.29 Furthermore, the
DCD distributions of the systems, shown in Fig. 2h and i,
suggest that electrons are transferred from the CsPbBr3 (with
VBr) to the adsorbed DTPT groups. This is consistent with the
XPS results, in which all atoms, including Cs, Pb, and Br,
suffered electron loss.30 Similarly, we also determined the state
of the passivated CF3– group. As shown in ESI, Fig. S17,† the
results of both DCD and ELF indicate that the CF3– group has
an effect like that of the acetyl/acetate group on DTPT. However,
the DOS (ESI, Fig. S18b†) shows that the CF3– group on the
cationic part could not provide the expected passivation effect.
Therefore, the CF3– functional group mainly contributed to the
412 | J. Mater. Chem. A, 2023, 11, 408–418
improvement in stability. In addition, C]O in DTPT (−2.03 eV)
has a lower formation energy when passivating Br defects than
CF3– group (−1.65 eV) in DTPT, so C]O has a stronger inter-
action with surface with Br vacancy. Overall, DTPT has
a comprehensive passivation effect on the CsPbBr3 lms based
on amino, acetyl, and acetate functional groups, which modu-
late the defective structures.31

To explore the photophysical mechanisms involved in the
enhancement of DTPT modied devices, we used temperature-
dependent photoluminescence (PL), time-resolved PL (TRPL),
and femtosecond transient absorption (fs-TA) measurements.
First, the temperature-dependent PL was conducted from 40 to
300 K for the CsPbBr3 and CsPbBr3/DTPT lms, as shown in
Fig. 3a and b, which indicated that the uorescence intensity
decreased with increasing temperature due to temperature-
activated exciton dissociation.32,33 Notably, there was a signi-
cant red shi in the PL peak position aer DTPT modication,
which is related to the reduced quantum connement in the
phase-pure CsPbBr3 lms.34 In addition, the PL spectrum of the
CsPbBr3 lm modied by DTPT indicated a narrower full width
at half maximum (FWHM), further indicating that the DTPT
modication can effectively reduce shallow- or deep-level
defects and eliminate the Cs4PbBr6 phase.35 The exciton
binding energy (Eb) is an important parameter for photovoltaic
materials, which represents the energy required for the sepa-
ration of bound excitons into free carriers. As shown in Fig. 3c,
Eb can be obtained by tting the relationship between the
integrated PL intensity and temperature using the following
Arrhenius equation:

IðTÞ ¼ I0

1þ Ae�Eb=kBT
(2)

where I0 is the integrated PL intensity at 0 K and KB is the
Boltzmann constant.36,37 The Eb of CsPbBr3 before and aer
modication was 123 ± 10 and 94 ± 9 meV, respectively, which
is consistent with a previous report.38 The reduced Eb can
improve the exciton dissociation efficiency, thus reducing
carrier recombination and ultimately increasing the device
performance.35 Furthermore, we used a previously developed
theoretical model of photo-injected carrier density-dependent
integrated PL intensity to estimate the trap density of the
control and CsPbBr3/DTPT lms. Generally, the low and high
photo-injected carrier densities correspond to the non-radiative
recombination in the low-lying traps and the radiative recom-
bination aer the traps are lled, respectively.39,40 The rela-
tionship between the integrated PL intensity and photo-injected
carrier density is shown in Fig. 3d, and the tting curve shows
that the trap density of the CsPbBr3 lm reduced from 1.5 ×

1016 to 3.1 × 1015 cm−3 aer the DTPT treatment. As shown in
Fig. 3e, TRPL decay was used to investigate the effect of DTPT on
the carrier lifetime of the perovskite lms. The perovskite lm
modied with DTPT had a longer carrier lifetime (27 ns) than
that of the untreated perovskite lm (4.5 ns). This was because
of the suppression of non-radiative recombination, which
accelerated charge extraction and transfer, enhancing the
performance and reduction of J–V hysteresis in DTPT-modied
devices.41,42 To further study the phase composition and charge
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Temperature-dependent PL spectra of (a) CsPbBr3 and (b) CsPbBr3/DTPT films. (c) Dependence of integrated PL intensity and reciprocal
temperature (T−1). (d) The PL intensity versus photo-injected carrier density. (e) Time-resolved photoluminescence (TRPL) decay curves of
CsPbBr3 and CsPbBr3/DTPT films. (f) Pseudo-colour femtosecond transient absorption (fs-TA) spectrum plots of CsPbBr3/DTPT film upon
a pulsed fs-laser excitation at 400 nm.
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carrier dynamics in the two perovskite lms, fs-TA experiments
were conducted under pulsed 400 nm laser excitation (100 fs, 1
kHz, ∼1 mJ cm−2). The pseudo-colour fs-TA spectrum of the
relative optical density (DA) as a function of relaxation time and
wavelength (Fig. 3f and ESI, Fig. S19†) indicated that the pho-
tobleaching (PB) peak was approximately 518 nm, which is in
good agreement with the absorption spectra. Crucially, the
CsPbBr3/DTPT sample exhibited a narrower PB signal, indi-
cating that the modied CsPbBr3 perovskite had fewer inherent
defects near the band edge than the control.35 In addition,
although the complex biexcitons/charged exciton process (s1)
was observed in the whole fs-TA dynamics,43 the modied
perovskite lm exhibited a single exciton decay time (s2) that
was six times longer than that of the unmodied CsPbBr3 lm
(ESI, Fig. S20†). This is consistent with the results of TRPL
(Fig. 3e).42 The results indicated that modifying the surface of
the CsPbBr3 lm using DTPT can signicantly reduce the trap
density and optimize the perovskite interface, thereby
increasing the performance of the devices.

We conducted light-intensity-dependent J–V measurements
and a series of electrochemical tests to profoundly investigate
the charge recombination mechanism of the device. The rela-
tionship curves of logarithms of Jsc and intensity are plotted in
Fig. 4a. According to the power law equation: Jsc f Ia,4,17 the
factor a related to bimolecular recombination can be calcu-
lated, and the value of a is 0.976 for the treated device and 0.959
for the control device, indicating that DTPT treatment canmake
the carriers transfer from the perovskite layer to the carbon
faster and reduce the recombination of the charge at the
CsPbBr3/carbon interface.6,23 Moreover, the factor n related to
monomolecular recombination can be obtained by equation:
This journal is © The Royal Society of Chemistry 2023
Voc = nkT ln(I)/q + constant, where k, T and q represent Boltz-
mann constant, absolute temperature and elementary charge,
respectively.11,17 As shown in Fig. 4b, the n value of the modied
device is reduced from 1.67 to 1.38, demonstrating that the
DTPT modication of the CsPbBr3 lm signicantly suppressed
the trap assisted recombination process.7,41 To further evaluate
the trap state density (ntrap) of the CsPbBr3 lms, we performed
space charge limited current (SCLC) method under the dark
condition. The ntrap can be calculated with the trap-lled limit
voltage (VTFL) by the equation: ntrap = 2330VTFL/qL

2, where L is
the thickness of the perovskite lms, 3 is the relative dielectric
constant of CsPbBr3, 30 is the vacuum permittivity, and VTFL is
the kink point in the dark I–V curve.7,44,45 As shown in Fig. 4c, the
VTFL is reduced from 1.12 V to 0.67 V aer DTPT treatment, we
then obtain the ntrap of CsPbBr3 and CsPbBr3/DTPT lms as 1.54
× 1016 cm−3 and 9.24 × 1015 cm−3, respectively, which is
consistent with the results of the previous theoretical model
(Fig. 3d). It is proved once again that the treatment of DTPT can
effectively passivate the traps in the CsPbBr3 layer, thereby
improving the device performance through improved Jsc and
FF.41 Besides, the dark J–V curves of devices based on CsPbBr3
and CsPbBr3/DTPT lms indicate that the device based on
CsPbBr3/DTPT lm exhibited a smaller leakage current density
under reverse bias in Fig. 4d, which indicates that the DTPT
treatment can effectively reduce interface defects and suppress
leakage current.6 To investigate the interfacial charge transfer
characteristics of the devices, we performed electrochemical
impedance spectroscopy (EIS) measurement at an applied bias
of Voc under dark conditions with a frequency range of 0.1 Hz to
100 kHz and an amplitude of 5 mV and tted with the equiva-
lent circuit shown in the inset in Fig. 4e. The low-frequency arc
J. Mater. Chem. A, 2023, 11, 408–418 | 413
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Fig. 4 (a) Jsc and (b) Voc dependence on the light intensity. (c) Dark I–V curves with structure of FTO/TiO2/DTPT/CsPbBr3/PCBM/carbon or FTO/
TiO2/DTPT/CsPbBr3/DTPT/PCBM/carbon. (d) Dark J–V curves, (e) Nyquist plots and the fitting curves, (f) Mott–Schottky (M–S) plots of the
devices with and without DTPT.
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in the Nyquist plots represents the recombination resistance
(Rrec) at the interface, and the device aer DTPT modication
has a larger arc, which means that proper concentration of
DTPT to treat the CsPbBr3 surface can effectively inhibit the
recombination of interface charges, thereby contributing to
enhance Jsc and FF of the device.4,41 Mott–Schottky analysis is
oen used as a measure to calculate the built-in potential (Vbi)
of the device, and the equation is C−2 = 2(Vbi − V)/303qA

2NA,
where C, 30, 3, q, A and NA are the capacitance, vacuum dielectric
constant, relative dielectric constant of CsPbBr3, elementary
charge, active area of device and carrier concentration, static
permittivity, dielectric constant.7 Therefore, we can obtain Vbi
from the intercept of the linear region and the x-axis of the
reciprocal of the square root of the capacitance and the voltage
(C−2–V) curve. As shown in Fig. 4f, DTPT modication increased
the Vbi from 1.21 to 1.35 V, which is consistent with the
increased Voc of the devices. A higher Vbi means that the driving
force for charge separation is stronger, and the charge accu-
mulation at the perovskite/carbon interface is smaller, resulting
in weaker hysteresis behaviour and improved performance.
Therefore, modifying the surface of the CsPbBr3 lm by DTPT
can signicantly reduce the energy level mismatch between
CsPbBr3 and carbon, thereby increasing the Voc of the PCEs.4

To investigate the effect of modications in DTPT on device
performance, we prepared 40 devices for each DTPT concen-
trations (0–6 mg mL−1), and the results are shown in ESI,
Fig. S21.† Optimization revealed that the devices had the
highest average PCE (11.14%) and lowest standard deviation
(0.061) at 3 mg mL−1 of DTPT. We compared the device
performance with that of the control and the optimal
414 | J. Mater. Chem. A, 2023, 11, 408–418
concentration of DTPT, and the corresponding J–V curve and
specic photovoltaic parameters are shown in Fig. 5a and ESI,
Table S2.† Aer modication, the PCE of the devices was
signicantly enhanced from 10.34% to 11.21% (Jsc = 8.52 mA
cm−2, Voc = 1.574 V, and ll factor (FF) = 83.67%), which is the
best performance reported for all CsPbBr3-based PSCs (ESI,
Table S3†).7,8,11 Notably, the Voc of the devices increased from
1.535 to 1.574 V, possibly due to the reduction of the energy
level offset and suppression of non-radiative recombination.45,46

To prove this hypothesis, ultraviolet photoemission spectros-
copy (UPS) measurements (ESI, Fig. S22†) were used to inves-
tigate the inuence of DTPT modication on the energy level
alignment (ESI, Fig. S23†) of the CsPbBr3 lms. The cut-off
energy (Ecut-off) and valence band maximum (VBM) edges of
control and modied CsPbBr3 lms are shown in ESI, Fig. S22a
and b,†where the VBM of CsPbBr3 and CsPbBr3/DTPT are−5.68
and −5.56 eV, respectively. This change in VBM is mainly
attributed to a change in the work function, as the change in
VBM with reference to the instrumental Fermi level was an
order smaller (1.06 vs. 1.03 eV, approximately half the band gap
value below the instrumental Fermi reference).23,47 Therefore,
the energy offset between the VBM of CsPbBr3 and Fermi level
(−5.0 eV) of the carbon electrode decreased from 0.68 to 0.56 eV
aer the DTPT modication, which corresponded to the
improvement in Voc of the devices. The ESI, Fig. S24† displays
the J–V curves of PSCs based on CsPbBr3 and CsPbBr3/DTPT
under different scanning directions. The hysteresis index (H-
index) can be obtained according to the formula: H-index =

(PCEReverse − PCEForward)/PCEReverse, and the H-index of the
device with DTPT modication (0.097) was signicantly lower
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) J–V curves, (b) IPCE spectrum and corresponding integrated current, (c) stabilized power output, (d) PCEs of statistical and (e) long-
term stability (∼25 °C and ∼55% RH) of the devices with and without DTPT; the water contact angle (illustration of (e)) of CsPbBr3 and CsPbBr3/
DTPT films, (f) J–V curve of the large area device based on CsPbBr3/DTPT film.
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than that of the control device (0.157). We believe that the high
FF and low hysteresis are attributed to the low-defect perovskite
lms and excellent interface of the CsPbBr3/carbon.45,46

In addition, the incident photon-to-current efficiency (IPCE)
spectrum (Fig. 5b) of the device based on CsPbBr3/DTPT was
enhanced over the entire absorption region of 300–550 nm, and
the light response edge of the device was slightly red-shied as
compared to that of the control, which agrees with the
absorption spectra (ESI, Fig. S25†). As previously reported, the
band gap of Cs4PbBr6 was ∼3.8 eV, which is wider than that of
CsPbBr3 (2.3 eV). Thus, the red shi of the photo-response edge
occurred due to the presence of DTPT.48 The integrated current
densities obtained using these curves were 7.75 and 8.02
mA$cm−2 for the devices based on the control and CsPbBr3/
DTPT lms, respectively, which are consistent with the Jsc values
obtained from the J–V curves. The steady-state photocurrent
and PCE measured at the maximum power point (MPP) are
shown in Fig. 5c. The device modied with DTPT obtained
a stable PCE of 11.02%, which is higher than the value of the
PCE based on original CsPbBr3 (9.91%), once again verifying the
stability and reliability of the modied PSC. Fig. 5d and ESI,
Fig. S26† depict the statistical analysis of PCEs, Voc, Jsc, and FF
for the devices with and without DTPT. The DTPT-modied
devices exhibited high reproducibility, which is conducive to
large-scale production. In addition, the performance enhance-
ment of modied PSCs is mainly due to the enhancement of Voc
and FF, which can be attributed to the optimized energy level
alignment, and the reduction of defect-related charge
recombination.4

The long-term operational stability, a key parameter for
PSCs, was also evaluated. Fig. 5e shows the PCE trend of the
device placed in an ambient atmosphere of ∼25 °C and ∼55%
This journal is © The Royal Society of Chemistry 2023
RH. Aer 100 days, the DTPT-modied device exhibited excel-
lent stability and maintained ∼91% of its initial performance,
while the control device indicated a ∼30% reduction in effi-
ciency. The high stability can be attributed to the phase-pure
and low-defect CsPbBr3 lms.49–51 In addition, owing to the
introduction of the hydrophobic CF3– functional group in the
DTPT molecule, the contact angle increased from 70.38° to
106.46°, which also played a signicant role in enhancing the
stability of the PSCs (Fig. 5e). Finally, to verify that this strategy
can be applied to large-area devices, a device with an active area
of 1 cm2 was prepared. Encouragingly, a PCE of 9.18% was
achieved with a Voc of 1.509 V, Jsc of 7.81 mA$cm−2, and FF of
77.85% (Fig. 5f), which is also the highest efficiency reported
thus far for large-area CsPbBr3-based PSCs (ESI, Table S4†).23,52
Experimental
Materials

PbBr2 and CsBr were purchased from the Xi'an Polymer Light
Technology Corp. All solutions, carbon paste and 4-(dimethy-
lamino)-1-(2,2,2-triuoroacetyl)pyridin-1-ium 2,2,2-tri-
uoroacetate (DTPT) were purchased from Aladdin, the
Shanghai MaterWin New Materials Co., Ltd, and TCI
respectively.
Device fabrication

Before preparing solar cells, the FTO glasses were cleaned by
acetone, ethanol and deionized water for 15 min each and then
treated in UV-ozone for 30min. The treated FTO substrates were
soaked in a 200 mM TiCl4 aqueous solution at 70 °C for 1 hour,
in which the dilution of the TiCl4 solution (stored in the freezer)
needs to be carried out at 0 °C. Aer washing with deionized
J. Mater. Chem. A, 2023, 11, 408–418 | 415
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water and ethanol, the substrates were annealed on a heating
stage at 100 °C for 1 hour in ambient air.40 The CsPbBr3 lm was
fabricated by vapour deposition method, and the lm thickness
was controlled by a quartz crystal microbalance. Firstly, 100 nm
PbBr2 lm was deposited on the FTO/TiO2 substrate, and then
removed from the vacuum chamber for 100 °C annealing for
60 min. Then 200 nm CsBr lm were deposited on PbBr2 lm,
and removed from the vacuum chamber for 300 °C annealing
for 60 min. Finally, 150 nm PbBr2 lm were deposited on CsBr
lm, and then the PbBr2/CsBr/PbBr2 lm was annealed at
a heating table at 300 °C for 60 min. Both PbBr2 and CsBr lms
were deposited under a pressure of ∼8.0 × 10−4 Pa with a speed
of 0.2 Å s−1 and all annealing processes were carried out in
ambient air. The DTPT was dissolved in isopropyl alcohol with
different concentrations and spin-coated on the surface of TiO2

and CsPbBr3, and then heating at 100 °C in ambient air for
10 min to remove residual solvent. At last, the conductive
carbon paste was blade-coated on the CsPbBr3 lm and heated
at 100 °C for 10 min.

Characterization

The scanning electron microscopy (SEM) images are taken by
a eld emission SEM (Sigma-500, Zeiss). X-ray diffraction (XRD)
was carried out using the Cu Ka radiation (Empyrean, Nether-
lands). Transmission electron microscopy (TEM) was carried
out using a FEI Talos F200X microscope with a eld-emission
source operating at 200 kV. The current density–voltage (J–V)
curves of the devices were performed by using a Keithley 2400
system source meter under AM 1.5G simulated solar illumina-
tion. The incident photon-to-electron conversion efficiency
(IPCE) was measured using Newport-74125 system (Newport
Instrument). X-ray photoelectron spectroscopy (XPS) with Al Ka
X-rays (1486.6 eV) and ultraviolet photoelectron spectroscopy
(UPS) were performed using AXIS Supra (Kratos, England)
under a vacuum of 1 × 10−9 Torr. The XPS spectra was cali-
brated using the C 1s binding energy of adventitious carbon
(AdC) and the sample-work-function (fSA) method by Greczyn-
ski and Hultman.53 The UPS was carried out using the He I (hn=
21.22 eV), was calibrated with a standard Au lm (f = 5.3 eV)
before starting work function measurements.54 UV-vis-NIR
uorescence spectrophotometer absorption spectra were per-
formed by a Shimadzu UV 3600 spectrophotometer. Steady-state
photoluminescence (PL) were tested by self-built uorescence
spectrometer, and the excitation wavelength was 400 nm. TRPL
was obtained by an Optronis Optoscope streak camera by using
400 nm pulse laser. The broadband femtosecond TA spectra of
the CsPbBr3 lms were taken using the Ultrafast System
HELIOS TA spectrometer. The 400 nm laser pulses were
generated by passing the strong 800 nm femtosecond laser
beam through a beta barium borate crystal. All electrochemical
tests are performed by the CHI760E electrochemical station of
Shanghai Chenhua.

Computational details

DFT calculations are performed using the Vienna Ab Initio
Simulation Packages (VASP) with the generalized gradient
416 | J. Mater. Chem. A, 2023, 11, 408–418
approximation (GGA) proposed by Perdew–Burke–Ernzerhof
(PBE).55 The structure relaxations are carried out with a 450 eV
plane-wave cutoff. The Brillouin zone integration was sampled
following a gamma-centered Monkhorst–Pack scheme, using 1
× 1 × 1 k-point grids for the ionic optimization and 3 × 3 × 3 k-
point grids for the density of state, respectively. The self-
consistent total-energy difference and the convergence crite-
rion for forces on atoms are set to 10−4 eV and 0.01 eV Å−1,
respectively. In all of the calculations, the positions of the two
atomic layers at the bottom of the slab were kept xed at the
relaxed bulk positions, while the rst two layers of the top face,
which was the surface under investigation, were fully relaxed.
We used a vacuum over 10 Å to adequately separate images
along the surface normal direction.
Statistical analysis

Origin soware (2018, OriginLab) was used for statistical anal-
ysis. Descriptive statistics was performed to evaluate efficiency
of different devices, such as the efficiency statistics of devices
with and without modication on TiO2 layer and the efficiency
statistics of devices aer different concentrations of ILs modi-
ed CsPbBr3 lms. The Shapiro–Wilk test was used to test
normality of the distribution (p > 0.05) by using 40 individual
devices of each type.
Conclusions

In this work, we have identied DTPT as dual-functional IL for
both effective passivation of surcial/interfacial defects of the
inorganic CsPbBr3 perovskite phase, and effective suppression
of the nucleation of impurity phases. Such synergistic effects
enable large-area vapour deposition of low-defect and phase
pure CsPbBr3 lms, and thus effectively mitigate the infamous
high-defect problem of vapour deposited perovskite lms.

The highly improved material quality owing to DTPT treat-
ment is fundamental to achieving the highest efficiencies even
without the use of expensive organic hole-transfer layer and
precious metal electrode. Over 14% improvement of the PCE
(9.83% to the highest 11.21%) was achieved on usual laboratory
cells (0.04 cm2), and more encouragingly, an average efficiency
of 9.18% was also realized for large-area (1 cm2) PSC cells. In
addition, the DTPT treatment also helps improve the environ-
mental stability of devices because of its remarkable hydro-
phobicity, so that exposed devices could maintain 91% of its
initial efficiency aer being placed in air with a relative
humidity about 55% for 100 days.

The current effort towards a much-simplied photovoltaic
architecture and successful vapour deposition of low-defect
inorganic perovskite lms provide a signicant step forward
for low-cost production of inorganic perovskite solar cells with
an established manufacturing facility.
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