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Perovskite solar cells are becoming one of the strong contenders for renewable energy generation
sources. However, to make the technology available on the market and commercially successful,
efficient and stable perovskite solar cells must be fabricated under ambient conditions. Herein, a
combination of antisolvent and ionic liquid engineering is applied to produce efficient and stable
perovskite solar cells under ambient conditions. Chlorobenzene antisolvent of low-temperature
produces compact perovskite films and better interfacial contact. A quaternary ammonium cation-based
ionic liquid, trimethylpropylammonium bis(trifluoromethanesulfonyl)imide [TMPAI[TFSI], is applied at the

Received 8th February 2023, TiO,/perovskite interface to passivate the interfacial defects and improve the electron transfer efficiency.

Accepted 4th June 2023 The combined effect of low-temperature chlorobenzene antisolvent (5 °C) and 0.01 M [TMPAJ[TFSI]
DOI: 10.1039/d3ya00065f resulted in a power conversion efficiency enhancement of over 16% as compared to pristine devices.
Interestingly, the optimized devices showed high stability and retained above 90% efficiency after 1500 h
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1. Introduction

Perovskite solar cells (PSCs) are the most significant next-
generation solar cell technology, with a magnificent highest
power conversion efficiency (PCE) of 25.7% (2023), a whopping
jump from 3.8% (2009) within fourteen years of invention.'™®
Halide perovskites exhibit excellent optoelectronic properties —
optimum and tunable bandgap, considerable charge carrier
diffusion length, high absorption coefficient and low exciton
binding energy.””** In addition, perovskite solar cells are cheap
and solution processable."* However, perovskite solar cell
fabrication, which is a solution process route, leads to poor-
quality films and interfaces.>™"” Poor-quality films could have
many pinholes and not completely cover the substrate, leading
to low light absorption and facilitating current leakage path-
ways. Besides, poor-quality interfaces create many issues, such
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as interfacial defects, energy band misalignment and ineffi-
cient charge transfer. Furthermore, poor interfaces provide
pathways for moisture and oxygen penetration.'®>"
Antisolvent dripping during the perovskite film fabrication
improves the uniformity and surface coverage of the film by
enhancing the nucleation.?” Various antisolvents, like chloro-
benzene, toluene, ethyl acetate, dichloromethane, diethyl ether,
and anisole, are used.>*® Jeon et al. utilized toluene to obtain a
homogeneous, pinhole-free and smoother CH;NH;Pb(I; _,Br,);-
based perovskite film and achieved a PCE of 16.02%.>° Singh
et al. explored the beneficial effect of antisolvents using chloro-
benzene, toluene and ethyl acetate. Although all the antisol-
vents improved the triple cation-based perovskite film quality
and device performance, chlorobenzene led to the highest
efficiency of 20.1% in that study.*® Interestingly, the antisolvent
temperature also influences the quality of the perovskite film. A
study by Ren et al. revealed that low-temperature chlorobenzene
(0 °C) led to better (FAPbI;), g5(MAPDBI3), 15-based perovskite
film quality and device performance compared to higher-
temperature chlorobenzene (20 °C and 40 °C).>' On the contrary,
Taherianfard et al. observed that a chlorobenzene temperature
of 35 °C resulted in the highest efficiency of double cation (MA,
FA) mixed halide (I, Br) lead perovskite-based devices, while
lower temperatures (0 °C and 20 °C) and higher temperatures
(50 °C and 100 °C) of chlorobenzene showed comparatively
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inferior device performance.?” The optimum temperature of the
antisolvent could vary depending on the perovskite composi-
tion, antisolvent and fabrication conditions.

Furthermore, ionic liquids have proved to be potential
chemicals for improvement in perovskite film and interface
quality.** For instance, Yang et al. improved the efficiency
from 16.45% to 19.62% and eliminated hysteresis by applying
1-butyl-3-methylimidazolium tetrafluoroborate, [BMIM]BF, ionic
liquid at the TiO,/perovskite interface, which passivated the
interfacial defects and improved the charge transfer at the
interface.*® Zhang et al. used 1-ethyl-3-methylimidazolium hexa-
fluorophosphate, [EMIM]PF, ionic liquid at the ZnO/MAPDI,
interface to improve the perovskite film quality and passivate
the defects at the interface. As a result, improvement in efficiency
and suppression in hysteresis were observed.”” In addition, Noel
et al. observed that upon applying [BMIM]BF, ionic liquid at the
SnO,/FAj s3MA, 1,Pb(1 g3Bro 17); interface, the n-type nature of
the perovskite enhances along with other benefits like interfacial
defect passivation.*® In the literature, most of the ionic liquid
modifications in perovskite solar cells have been done with
imidazolium cation-based ionic liquids,**™*" which are relatively
more hygroscopic.”>** On the other hand, quaternary ammo-
nium cation-based ionic liquids have not been explored in
perovskite solar cells, which could have potential for interfacial
engineering in PSCs.

Generally, PSCs are fabricated inside a glove box with a
controlled atmosphere due to the sensitivity towards moisture
and oxygen to achieve high efficiency. However, fabrication
techniques must be developed under the ambient atmosphere
to commercialize the bulk production of PSCs. On a positive
note, many studies have recently been done under ambient
conditions.*****° Nonetheless, further rigorous studies under
ambient conditions are required to accelerate the commercia-
lization of PSCs.

Against this backdrop, in this study, the effect of chlorobenzene
antisolvent temperature on triple cation mixed halide perovskite
[Cs0.05(FA¢.83MAg 17)0.95Pb(lo.83Bro.17)sbased film and device per-
formance are observed and analyzed. After optimizing the anti-
solvent temperature, a quaternary ammonium cation-based ionic
liquid - trimethylpropylammonium bis(trifluoromethanesulfonyl)-
imide [TMPAJTFSI] is used at the TiO,/perovskite interface to
improve the device performance. Importantly, the PSCs are fabri-
cated under ambient conditions, with controlled humidity
(RH = 25 £+ 5%). The optimized parameters resulted in high
efficiency and stability of the ambient condition-fabricated
PSCs. The champion device achieved a PCE of 19.04%, and
the optimized devices retained >90% of the initial PCE after
1500 h of dark storage under ambient conditions.

2. Experimental section
Materials

The chemicals used in this study were used as received from the
company without further purification. Hellmanex soap, titanium
diisopropoxide bis(acetylacetonate) 75 wt% in isopropanol, and
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spiro-OMeTAD (99%) were purchased from Sigma-Aldrich.
Trimethylpropylammonium bis(trifluoromethanesulfonyl)imide
(>98%), lead iodide (PbI,) (99.99%), formamidinium iodide
(FAL) (99.99%), methylammonium bromide (MABr) (>98.0%),
lead bromide (PbBr,) (>98.0%), cesium iodide (CsI) (>99.0%),
4-tert-butylpyridine (> 96.0%), and lithium bis(trifluoromethane-
sulfonyl)imide (>98.0%) were purchased from Tokyo Chemical
Industry (TCI). Titanium(v) chloride (TiCl,) (>97.0%), isopro-
panol (>99.5%), acetone (> 99.5%), dimethyl sulfoxide (DMSO)
(>99.0%), N,N-dimethylformamide (DMF) (>99.5%), aceto-
nitrile (ACN) (>99%) and chlorobenzene (CB) (>99.5%) were
purchased from Merck. 2.2 mm thick FTO-coated glass plates
were purchased from Greatcell Solar Materials.

Device fabrication

FTO-coated glass substrates (2.5 x 2.5 cm?®) were cleaned
sequentially with 2% Hellmanex solution, DI water, acetone
and isopropanol for 30 min each using ultrasonication. Before
coating the TiO, compact layer, the substrates were subjected
to UV-O; cleaning for 15 min. For the TiO, compact layer, three
consecutive coatings (3000 rpm) of 0.15 M, 0.3 M and 0.15 M
titanium diisopropoxide bis(acetylacetonate) solution were
done. The substrates were kept at 130 °C for 5 min after each
coating and finally annealed at 500 °C for 1 h. Then the
substrates were treated with 0.04 M aqueous solutions of TiCl,
at 70 °C for 1 h and then thoroughly rinsed with DI water,
followed by annealing at 500 °C for 30 min. After that, the
substrates were spin-coated (2000 rpm) with 0.1 M lithium
bis(trifluoromethanesulfonyl)imide solution in acetonitrile and
kept at 450 °C for 30 min. For the perovskite precursor solution
FAI (1 M), Pbl, (1.1 M), MABr (0.2 M), and PbBr, (0.2 M) were
dissolved in DMF: DMSO (4:1). Next, 41 pL of 1.5 M CsI solution
in DMSO was added into 1 mL of the perovskite precursor
solution. The solution was then kept at 65 °C and stirred
vigorously for 1 h. The precursor solution was then spin-coated
on the Li-doped TiO, layer in two steps (i) 1200 rpm for 15 s,
(i) 5000 rpm for 30 s. 300 puL of chlorobenzene antisolvent was
dripped at the 15™ s of the 2nd step. Then the substrates are
immediately transferred to a hot plate and annealed at 108 °C for
1 h under the cover of a Petri dish. Then, 60 mg of Spiro-OMeTAD
was dissolved in 624 pL of chlorobenzene, and 24 pL of 0.6 M
lithium bis(trifluoromethanesulfonyl)imide solution in acetonitrile
and 11.5 pL of 4-tert-butylpyridine were added to the solution. The
spiro-OMeTAD solution was then spin-coated at 2000 rpm for 30 s
on the perovskite layer. Finally, 80 nanometre (nm) of gold was
deposited by thermal evaporation for the back contact. For the ionic
liquid-modified devices, a solution of [TMPA]TFSI] ionic liquid in
isopropanol was spin-coated (5000 rpm for 45 s) on Li-doped TiO,
and kept at 100 °C for 15 min.

Materials and device characterizations

Morphological characterization (SEM) is done by a field emis-
sion gun SEM (Zeiss MERLIN). An Agilent 5500 is utilized for
topological characterization (AFM). XRD patterns are generated
using a Bruker D8 Discover Diffractometer System. UV-vis
absorption spectroscopy is done by using an Avantes Starline

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AvaSpec-ULS364 UV-vis spectrometer. Photoluminescence char-
acterizations are done by a Horiba iHR 320 spectrometer. XPS
measurements are done using a PHI 5000 VERSA PROBE III
model. FTIR is done using a Bruker LUMOS II model. A Peccell
Technologies PEC-L01 solar simulator is used to generate the
AM 1.5G simulated spectrum of 100 mW cm > intensity.
A Keithley 2450 SMU is used to carry out the -V measurements.
All the devices are kept unencapsulated for stability measure-
ments under dark ambient conditions.

3. Results and discussion
3.1 Variation in antisolvent temperature

Three temperatures of chlorobenzene are chosen, 5 °C, 25 °C and
40 °C, to study the temperature effect of the antisolvent. Samples
fabricated using chlorobenzene of 5 °C, 25 °C, and 40 °C have
been denoted as CB 5, CB 25 and CB 40, respectively. The optical
images of the fabricated perovskite films show that CB 5 and CB
25 do not contain any visible pinholes (inset: Fig. 1(d) and (e)).
However, CB 40 has visible cracks, which could be due to the
rapid evaporation of chlorobenzene and fast initial grain growth
at a higher temperature (inset: Fig. 1(f)). The SEM images show
pinhole-free perovskite films in all the cases (Fig. 1(a)-(c)).
However, subtle morphological differences have been observed
after grain size analysis. Although the average grain size is
approx. 400 nm in all the samples, the grain size distribution is
narrow in CB 5, whereas the distribution is broader in CB 25 and
CB 40 (Fig. 1(d)-(f)). The narrow grain size distribution in CB 5 is
attributed to the uniform nucleation of the perovskite. In addi-
tion, the nucleation is higher at a lower temperature, evident
from the grain count in the SEM images. The cross-section SEM
images of the complete devices (Fig. S2, ESIt) reveal that the
average thickness of the perovskite layers is approx. 620 nm and
does not get affected by the antisolvent temperature.

View Article Online
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The XRD patterns of the perovskite films show strong peaks
of the perovskite phase without any Pbl, impurity peaks, which
indicates the complete conversion of precursors into the per-
ovskite phase (Fig. 2(a)). The FWHM of the (001) peak for the
CB 5, CB 25 and CB 40 samples is 0.272°, 0.265° and 0.266°,
respectively (Fig. S3, ESI), which indicates that the crystallite
sizes are slightly smaller in the CB 5 samples than the CB 25
and CB 40 samples. However, the relative intensity of the (001)
peak to the intensity of the (111) peak and (200) peak shows an
increasing trend with the decrease in antisolvent temperature,
indicating higher preferential crystal orientation in the (100)
plane.’® The UV-Vis absorption spectroscopy of the films
reveals higher absorption in the visible spectrum for CB 5,
followed by CB 25 and CB 40 (Fig. S4, ESIt). Higher absorption
in CB 5 indicates a more compact film compared to others,
which is also corroborated by the SEM images. Steady-state
photoluminescence (PL) of the perovskite films deposited on
the TiO, electron transport layer (ETL) is done to understand
the TiO,/perovskite interface quality (Fig. 2(b)). The chloroben-
zene temperature influences the PL spectra quenching. The
order of PL spectra quenching is CB 5 > CB 25 > CB 40, which
signifies that the electron transfer from the perovskite to TiO,
is most efficient in CB 5, followed by CB 25, followed by CB 40.
Higher electron transfer efficiency in CB 5 is attributed to better
TiO,/perovskite interface quality. Slow initial perovskite crystal-
lization and homogeneous distribution of the grains in the CB
5 samples resulted in less disorder and robust contact at the
TiO,/perovskite interface, which facilitates efficient electron
transfer. A slight blue shift in the PL spectra can be observed
in the low-temperature antisolvent-treated sample (CB 5). This
blue shift can be attributed to the relatively smaller crystallite
sizes in the CB 5 samples.’"*?

Furthermore, to investigate the effect of antisolvent tem-
perature, optical microscopic images of the perovskite films are
taken immediately after the dripping of the antisolvent without

50 (d)
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Fig. 1 SEM image of the perovskite films with different chlorobenzene antisolvent temperatures: (a) 5 °C (CB 5), (b) 25 °C (CB 25), and (c) 40 °C (CB 40).
The grain size distribution of the corresponding perovskite films (d) 5 °C (CB 5), (e) 25 °C (CB 25), and (f) 40 °C (CB 40). Inset: The optical image of the

corresponding perovskite films.
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Fig. 2 (a) XRD patterns of the perovskite films fabricated with different chlorobenzene antisolvent temperatures. # marked peaks are of FTO. (b) Steady-

state PL of the perovskite films deposited on glass and the TiO, compact layer. (c) Box chart of the PCE of the devices fabricated with different
chlorobenzene antisolvent temperatures. (d) J-V curves of the best cells for different chlorobenzene antisolvent temperatures.

any heat treatment (Fig. S5, ESIt). It is observed that low-
temperature antisolvent (CB 5) dripping leads to slow and
homogeneous initial grain growth, indicated by uniformly
spaced black dots in the image. In the case of the CB 25
sample, the initial grain growth is almost homogeneous with
several large dark regions. However, in the CB 40 sample, it can
be observed that the initial grain growth is not homogeneous
and comparatively fast (spacious and large black dots).

The solar cell devices are fabricated as the following struc-
ture - FTO/TiO,/perovskite/spiro-OMeTAD/Au. At least seven-
teen devices are considered from each category for analysis of
J-V performance. It is observed that CB 5 devices show better
performances (Table 1). The average Jsc of the CB 5 (20.96 +
0.60 mA cm~?) devices is higher than that of CB 25 (20.75 =+
0.51 mA cm 2) and CB 40 (20.48 £ 0.36 mA cm *) devices
(Fig. S6a, ESIf). The better Jsc of CB 5 is owing to better
interface quality at the TiO,/perovskite interface, which is
substantiated by the quenching of steady-state PL spectra.
The average Voc of the CB 5 devices is 1.051 &+ 0.014 V, which
is higher than the average Vo of CB 25 (1.047 + 0.017 V) and CB

40 (1.044 + 0.012 V) devices (Fig. S6b, ESIt). The better Vo of CB 5
devices could be attributed to reduced defect density due to slow
initial grain growth at low temperature. The average FF of the CB 5
(70.60 £ 1.65%) devices is also higher than that of CB 25 (67.77
2.11%) and CB 40 (65.65 =+ 2.72%) devices (Fig. Séc, ESIt), which is
due to the reduction in series resistance Rg (due to compact
interface and reduced defects at the interface). The improved Jsc,
Voc and FF ultimately led to enhanced PCE of CB 5 devices. The
average PCE of CB 5 devices is 15.45 £+ 0.49%, with the highest
PCE of 16.39%. On the other hand, the average PCE of CB 25 and
CB 40 devices is 14.58 + 0.69% and 14.10 £ 0.58%, respectively, with
the highest PCE of 15.85% and 14.95%, respectively (Fig. 2(c)). The J-V
curves of the highest-performing devices are shown in Fig. 2(d).

3.2 Ionic liquid at the TiO,/perovskite interface

Trimethylpropylammonium bis(trifluoromethanesulfonyl)imide
ionic liquid is applied at the TiO,/perovskite interface. The ionic
liquid has been abbreviated as [TMPA][TFSI]. Three different
types of PSC devices are fabricated under ambient conditions
using 0 M (control devices), 0.01 M and 0.03 M of [TMPA][TFSI] in

Table 1 Parameters of PSCs fabricated by varying the antisolvent temperature

Jsc (MA em™?) Voc (V) FF (%) PCE (%)

CB5 Average 20.96 + 0.60 1.051 £+ 0.014 70.60 + 1.65 15.45 + 0.49
Best cell 21.86 1.063 70.54 16.39

CB 25 Average 20.75 £+ 0.51 1.047 £ 0.017 67.77 £ 2.11 14.58 £ 0.69
Best cell 21.48 1.048 70.40 15.85

CB 40 Average 20.48 + 0.36 1.044 £ 0.012 65.65 £+ 2.72 14.10 £ 0.58
Best cell 20.45 1.046 69.84 14.95
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isopropanol. In all the cases, chlorobenzene of 5 °C is used as the
antisolvent for fabricating the perovskite layer. So, CB 5 samples/
devices are control samples/devices in this section and denoted
as 0 M in this section.

At first, the changes in the roughness of the TiO, compact layers
are observed by atomic force microscopy (AFM) upon applying
[TMPA][TFSI] of different concentrations on the TiO, compact layer
surfaces. The AFM images show that the application of [TMPA]TFSI]
reduces the surface roughness of the TiO, compact layers. The
root mean square (RMS) heights of the 0 M, 0.01 M and 0.03 M
samples are 2.18 nm, 2.08 nm and 1.90 nm, respectively
(Fig. 3(a)—(c)). Notably, a smoother compact layer surface yields
better perovskite crystallization and ensures a rich contact
between the two layers.*® Significantly, the AFM images of the
perovskite films deposited on TiO, compact layers show a
decreasing trend of surface roughness upon [TMPA]TFSI]
application. The RMS heights of the 0 M, 0.01 M and 0.03 M
samples are 24.6 nm, 22.8 nm and 23.0 nm, respectively
(Fig. 3(d)—(f)). A decrease in surface roughness of the perovskite
films establishes a better contact between perovskite/HTL
(spiro-OMeTAD in this case). Improved contact between two
layers reduces the interfacial irregularities/defects and facili-
tates charge transfer at the interface.”

The SEM images of the perovskite films fabricated on
[TMPA][TFSI] modified TiO, compact layers are presented in
Fig. 4(a) and (b). The films are homogeneous and do not
contain pinholes. It is observed that the perovskite grain size is
reduced upon application of [TMPA]TFSI| on the TiO, surface.
The average grain size in the control sample is approx. 400 nm
(Fig. 1(a)), whereas it is approx. 320 nm in the [TMPA]TFSI]
modified samples. Although the average grain size is reduced
(hence, the grain count is increased) in the modified samples, the
grain size distribution is narrower in the [TMPA][TFSI| modified
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Fig. 4 SEM images of perovskite films deposited on different concentra-
tions of [TMPAI[TFSI] ionic liquid-treated TiO, compact layers: (a) 0.01 M,
and (b) 0.03 M. The corresponding grain size distribution of (c) 0.01 M, and
(d) 0.03 M of ionic liquid modification.

samples (Fig. 4(c) and (d)) compared to the control sample
(Fig. 1(d)). Furthermore, perovskite films are examined by optical
microscopy immediately after dripping the antisolvent without
annealing. It is observed that the nucleation and initial growth of
the perovskite films are uniform in all cases (Fig. S7, ESIf). The
narrow grain size distribution in the [TMPA][TFSI| modified films
makes those films compact.>*

The increased grain count and narrow distribution of the grain
sizes suggest that the perovskite nucleation on the [TMPA]TFSI]-
coated TiO, compact layer is higher and uniform.”®> The water
contact angle of the TiO, compact layers shows a decreasing trend
upon application of [TMPA][TFSI] on its surface (Fig. S8, ESIY), ie.,
the surface wettability of the TiO, compact layer increases upon
application of [TMPA][TFSI]. According to the classical theory of

» l"
¢ , RMS height
190nm

P, . : l'
. “RMS height«*
ot 23.00m " %

, I ar

10 um - 10 um

Fig. 3 AFM images of the TiO, compact layers coated with different concentrations of [TMPA][TFSI] ionic liquid: (a) 0 M, (b) 0.01 M and (c) 0.03 M. AFM
images of the perovskite films grown on [TMPA][TFSI] coated TiO, compact layer: (d) O M, (e) 0.01 M and (f) 0.03 M.
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nucleation, the critical free energy, AG*, for homogeneous and
heterogeneous nucleation are related as follows™®

Ao = PAGi, ®

hetero
The co-efficient @ is related to the contact angle 6 as follows

(24 cos 0)(1 — cos §)?

= . @

Eqn (2) indicates that the smaller the contact angle 6 (i.e., the
higher the surface wettability), the lower the value of @, hence
lowering the critical free energy for heterogeneous nucleation.
So, upon application of [TMPA]TFSI], the energy barrier for
nucleation is reduced as the surface wettability increases. This
explains why nucleation numbers in [TMPA]TFSI| modified
samples are higher and uniform.

The X-ray diffraction (XRD) patterns of the perovskite films
fabricated on [TMPA]TFSI] modified TiO, compact layers are
shown in Fig. 5(a). The XRD patterns contain strong perovskite
peaks without any impurity peaks of Pbl,, which ensures com-
plete conversion of the precursors and excellent crystal quality.
The FWHM of the (001) peak is 0.288°, 0.293° and 0.291° for the
0 M, 0.01 M and 0.03 M samples, respectively, (Fig. S9, ESIt)
indicating smaller crystallite size in [TMPA][TFSI] modified sam-
ples, which is supported by SEM images. However, it is observed
that the ratio of the intensities of the (001) peak at 14.06° and the
(111) peak at 24.58° is the highest in the 0.01 M sample and
lowest in the 0 M sample. This indicates that surface modifica-
tion with [TMPA]TFSI] ionic liquid leads to preferred crystal
orientation in the (100) plane, which could lead to vertical grain
growth.>” The UV-vis absorption spectroscopy of the perovskite
films, shown in Fig. 5(b), indicates that the perovskite films
fabricated on [TMPA][TFSI| modified TiO, compact layers absorb
more light than the perovskite film fabricated on the unmodified
TiO, compact layer, with the highest absorbance in the 0.01 M
sample. The cross-section SEM images of the complete devices
(Fig. S10, ESIt) show that the average thickness of the perovskite
layers is approx. 620 nm. Therefore, the higher absorbance of the
ionic liquid-modified perovskite films fabricated on modified
TiO, should be due to the higher compactness with a narrower
grain size distribution of those films.

The TiO,/perovskite interface quality is characterized by
steady-state PL (Fig. 5(c)). It is observed that the intensity of
the PL spectra is drastically decreased upon application of
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[TMPA][TFSI] at the TiO,/perovskite interface, which indicates
that the photogenerated electrons transfer more efficiently
from the perovskite layer to the TiO, layer due to the presence
of [TMPA][TFSI] at the interface. Therefore, from the PL spectra,
it can be inferred that a fine layer of [TMPA]TFSI] acts as a
bridge and makes a robust contact between the TiO, and
perovskite layers. The presence of a fine layer of [TMPA][TFSI]
on the TiO, layer is confirmed by XPS (Fig. S11, ESIT). The XPS
spectra of the unmodified TiO, film contain peaks for Ti 2p at
457 eV and O 1s at 529 eV. On the other hand, the XPS spectra
of the [TMPA][TFSI] modified TiO, film contain the peaks for N
1s at 401 eV and F 1s at 687 eV, in addition to the peaks for Ti
2p and O 1s. The peaks for N 1s and F 1s confirm the presence
of a fine layer of [TMPA][TFSI], as N is present in both the ions
and F is present in the anion of [TMPA]TFSI]. The chemical
structure of [TMPA][TFSI] is presented in Fig. 6(a).

Perovskite solar cells are fabricated under ambient conditions
with controlled humidity (25 + 5% RH). It should be noted that for
all the characterizations, the layers are deposited under the same
conditions. The devices are fabricated with an architecture of FTO/
TiO,/[TMPA][TFSI|/perovskite/spiro-OMeTAD/gold, illustrated
in Fig. 6(b). At least seventeen devices are considered from
each category to analyze the J-V data statistics. From the current-
voltage (J-V) curves of the fabricated devices with various con-
centrations of [TMPA]TFSI|, it can be seen that the Jsc is
enhanced in the [TMPA]TFSI] modified devices (Fig. 7(a)). The
average Jsc values of the 0 M, 0.01 M and 0.03 M devices are
20.96 + 0.60 mA cm 2, 22.97 & 0.42 mA cm 2 and 21.56 +
0.43 mA cm ™, respectively. Therefore, 0.01 M devices showed the
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Fig. 5
TiO; layers. # marked peaks in the XRD pattern are of FTO.
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(a) XRD pattern, (b) UV-vis absorption spectroscopy, (c) steady-state PL of the perovskite films deposited on [TMPA][TFSI] ionic liquid modified
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Table 2 Parameters of the PSCs fabricated by ionic liquid modification
Jsc (mA cm™?) Voc (V) FF (%) PCE (%)
oM Avg. 20.96 £ 0.60 1.051 £ 0.014 70.60 £+ 1.65 15.45 £ 0.49
Best cell 21.86 1.063 70.54 16.39
0.01 M Avg. 22.97 £+ 0.42 1.076 £+ 0.022 71.48 £ 2.27 17.51 £ 0.78
Best cell 23.49 1.097 73.87 19.04
0.03 M Avg. 21.56 £+ 0.43 1.061 £ 0.071 62.52 £ 1.76 14.31 £ 0.71
Best cell 22.22 1.103 63.78 15.63

highest enhancement in Jsc. The enhancement in the Jg¢ is
ascribed to the combined effect of higher light absorption by
the perovskite layers and electron transfer efficiency at the TiO,/
perovskite interfaces, evident from the UV-vis absorption
spectroscopy and PL spectroscopy, respectively. Importantly,
the Vo of the [TMPA][TFSI]-modified devices improved com-
pared to that of unmodified devices (Fig. 7(b)). The average Voc
values of the 0 M, 0.01 M and 0.03 M devices are 1.051 + 0.014
V, 1.076 £ 0.022 V and 1.061 + 0.071 V, respectively. Hence,
0.01 M devices show the most improvement in Vpc. The
improvement in Vpc is attributed to the interfacial defect
passivation by the constituent ions in the [TMPA]TFSI] ionic
liquid, which is discussed later. The average FFs of the 0 M,
0.01 M and 0.03 M devices are 70.60 + 1.65%, 71.48 + 2.27%
and 62.52 + 1.76%, respectively (Fig. 7(c)). So, 0.01 M devices
exhibit the highest average FF.

Due to the improvement in Jsc, Voc, and FF, the 0.01 M
devices achieved an average PCE of 17.51 + 0.78%. The average
PCEs of the 0 M and 0.03 M devices are 15.45 + 0.49% and
14.31 £ 0.71%, respectively (Fig. 7(d)). The J-V curves of the best-
performing devices of each type are presented in Fig. 7(e).
The best PCEs achieved by the 0 M, 0.01 M and 0.03 M
devices are 16.39%, 19.04% and 15.63%, respectively. Therefore,

a modification with 0.01 M [TMPA][TFSI] ionic liquid at the TiO,/
perovskite interface led to achieving an outstanding champion
efficiency of 19.04%, fabricated under ambient conditions. The
champion device achieved a Jsc of 23.49 mA cm ™2, Vo of 1.097 V,
and FF of 73.87% (Table 2).

The stability of the [TMPA]TFSI] ionic liquid-modified
devices is tested and compared to the control devices. In this
study, the control devices are those which are fabricated using
room temperature chlorobenzene antisolvent (25 °C) and without
any interfacial modification by [TMPA]TFSI] ionic liquid at the
TiO,/perovskite interface. The devices are kept under ambient
conditions in the dark without any encapsulation. The stability
data for the optimized devices are collected with a periodic
measurement after every 250 h of dark storage (Fig. 7(f)). It is
observed that the 0.01 M and 0.03 M devices retained >90% and
>85%, respectively, of the initial PCE even after 1500 h. On the
other hand, the control device degraded rapidly and retained only
45% of the initial PCE after 1000 h.

To understand better the effect of chlorobenzene tempera-
ture on crystallization and grain size distribution, we present a
schematic in Fig. 8. At a lower temperature (5 °C), the nuclea-
tion numbers are higher and uniform. Whereas at a higher
temperature (25 °C and 40 °C), the number of nucleations is
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Fig. 7 Box chart of (a) Jsc, (b) Voc, (c) FF, and (d) PCE of the [TMPAI[TFSI] io

nic liquid-modified PSCs. (e) J-V curve of the most efficient cells for different

[TMPAI[TFSI] ionic liquid modification. (f) Stability comparison of control and [TMPA][TFSI] ionic liquid-modified devices.
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comparatively low and less uniform. When the growth process
takes place, the uniformly spaced nuclei grow into homoge-
neous grains. In the case of the less uniformly spaced nuclei, at
the dense region, the nuclei get less space to grow and turn into
smaller grains. On the other hand, in the sparse region, the
nuclei get more space to grow and turn into large grains. These
factors explain why low-temperature chlorobenzene leads to
narrow and higher-temperature chlorobenzene leads to broad
grain size distribution. Besides the homogeneous grain size,
slow initial growth at low temperatures (5 °C) results in reduced
defect density at the bulk and interface. Contrarily, at higher
temperatures (25 °C and 40 °C), besides wider grain size
distribution, initial grain growth happens at a faster rate, which
leads to defects at the bulk and interfaces. The reduced defect
density in the low-temperature antisolvent processed devices is
reflected in their higher V¢ and Jsc.

Ren et al. also found a similar effect of antisolvent temperature.
They observed, using in situ optical micrographs, that low-
temperature (0 °C) antisolvent induces a larger number of nuclei
with homogeneous spacing covering the whole substrate. After
annealing, the substrate is covered with a compact perovskite film.
On the other hand, high-temperature (30 °C) antisolvent leads to
sporadic nucleation, which results in large grains with pinholes in
the films. Utilizing diethyl ether and chlorobenzene antisolvents of
0 °C, they achieved the highest efficiency of 17.2% and 19.2%,
respectively, in MAPbI;-based devices fabricated inside a glovebox. In
comparison, diethyl ether and chlorobenzene antisolvents of 40 °C
resulted in the highest efficiency of 14.3% and 13.8%, respectively.*"

For an in-depth insight into the interaction between
[TMPA][TFSI| and perovskite, [TMPA][TFSI]| solution is coated
on the perovskite layer and X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared (FTIR) spectroscopy are
done, then compared with the pristine samples. The XPS data
revealed that the peaks for I 3d at 618.4 eV and 629.9 eV showed
a shift of 0.20 eV and 0.22 eV, respectively, towards higher
binding energy upon [TMPA]TFSI] modification (Fig. 9(a)).
Similarly, the Br 3d peaks at 67.8 eV and 68.6 eV showed a
shift of 0.12 eV towards higher binding energy in the modified
sample (Fig. 9(b)). The peak shifts towards higher binding
energy are attributed to the interaction between the [TMPA]"

162 | Energy Adv, 2023, 2, 1155-1165

cation of the ionic liquid and the uncoordinated I" and Br~
anions of the perovskite.”® Hence, it is evident from the XPS that
the [TMPA]" cation passivates the Pb vacancies. Furthermore,
the FTIR data revealed that the asymmetric stretching frequency
of the N-H group (at 3395 cm™ '), which is present in the FA
(formamidinium) and MA (methylammonium) cations of the
perovskite, shifts 5 cm™" towards higher frequency (Fig. 9(c)).
The frequency shift could be accredited to the hydrogen bond
between the N-H group and [TFSI]” anion of the ionic liquid.>
Therefore, the FTIR data manifest that the [TFSI]” anion
passivates the I" and Br~ anion vacancies. So, from the XPS
and FTIR data, it is elucidated that upon applying [TMPA][TFSI|
ionic liquid at the TiO,/perovskite interface, various kinds of
interfacial defects are effectively passivated.

Further evidence of interfacial defect passivation is obtained
by dark j-V measurements (Fig. 9(d)). It is observed that the
presence of [TMPA]TFSI] at the TiO,/perovskite interface reduces
the dark current by more than one order. The decrease in dark
current is due to the suppressed charge carrier recombination,
which indicates the passivation of interfacial defects, resulting in
improvement in Voc and Jsc.*°® To confirm the defect passiva-
tion by [TMPA][TFSI] ionic liquid, we performed SCLC measure-
ments of the electron-only devices with the structure of FTO/TiO,/
[TMPA][TFSI]/perovskite/LiF/Al and calculated the defect densi-
ties. The dark I-V plots of the electron-only devices are presented
in Fig. S12 (ESIY). The trap-filled limit voltage (Vqg) is 0.75 V,
0.46 V and 0.50 V for 0 M, 0.01 M and 0.03 M [TMPA]TFSI]
modification, respectively. The Vi, is correlated with defect
density () by the following relation:®*

where e is the charge of an electron, L is the thickness of the
perovskite film, & is the relative dielectric constant of the
perovskite (¢, = 32), and ¢, is the permittivity in the vacuum.
Therefore, the calculated defect densities are 6.91 x 10'® cm ™3,
4.24 x 10" em? and 4.61 x 10*®* cm™ for the 0 M, 0.01 M and
0.03 M devices, respectively. Hence, [TMPA]TFSI] ionic liquid
effectively passivates the interfacial defects at the interface. These

findings elucidate the improvements in Voc and Jsc in [TMPAJ-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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[TFSI}-modified devices. Besides, the improved stability of the
modified devices is also attributed to the compact interface with
reduced interfacial defects, which successfully slowed down the
aggression of moisture and oxygen.

4. Conclusion

In conclusion, we developed highly efficient and stable triple-
cation mixed halide based perovskite solar cells under ambient
conditions by optimizing the chlorobenzene antisolvent tem-
perature and applying [TMPA]TFSI] ionic liquid at TiO,/per-
ovskite interface. Low-temperature chlorobenzene (5 °C)
narrowed down the grain size distribution of the perovskite,
leading to a compact film and better-quality interface, which
enhanced the electron transfer. An optimum concentration of
0.01 M of [TMPA][TFSI] ionic liquid has resulted in a better-
quality perovskite film with enhanced light absorbance, which
increased the Jsc. Importantly, improved interface quality and
defect passivation at the interface led to improvement in Vpc.
The champion device achieved an excellent efficiency of 19.04%
by modification with 0.01 M of [TMPA][TFSI] ionic liquid. Most
significantly, the [TMPA][TFSI] ionic liquid-modified unencap-
sulated devices are highly stable with >90% PCE retention after
1500 h of storage in ambient conditions in the dark. This work
pushes the effort toward the commercialization of perovskite
solar cells one step further by demonstrating the fabrication of
efficient and stable perovskite solar cells under ambient
conditions.
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