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Revealing Size-Dependency of lonic Liquid to Assist
Perovskite Film Formation Mechanism for Efficient and

Durable Perovskite Solar Cells

Fei Wang, Kang Zhou, Xiao Liang, Xianfang Zhou, Dawei Duan, Chuangye Ge,
Xintao Zhang,* Yumeng Shi, Haoran Lin, Quanyao Zhu,* Liang Li,* Hanlin Hu,*

and Hongyu Zhang*

lonic liquids (ILs) are extensively utilized for the manipulation of
crystallization kinetics of perovskite, morphology optimization, and defect
passivation for the fabrication of highly efficient and stable devices. However,
comparing ILs with different chemical structures and selecting the
appropriate ILs from the many types available to enhance perovskite device
performance remains a challenge. In this study, a range of ILs containing
different sizes of anions are introduced as additives for assisting in film
formation in perovskite photovoltaics. Specifically, ILs with various sizes
significantly affects the strength of chemical interaction between ILs and
perovskite composition, inducing varying degrees of conversion of lead iodide
to perovskite as well as the formation of perovskite films with markedly
disparate grain sizes and morphology. Theoretical calculations in conjunction
with experimental measurements revealed that small-sized anion can more
effectively reduce defect density by filling halide vacancies within perovskite
bulk materials, resulting in suppression of charge-carrier recombination, an
extended photoluminescence lifetime, and significantly improved device
performance. Boosted by ILs with appropriate size, the champion power
conversion efficiency of 24.09% for the ILs-treated device is obtained, and the
unencapsulated devices retain 89.3% of its original efficiency under ambient
conditions for 2000 h.

1. Introduction

Perovskite solar cells (PSCs) have been
regarded as one of the hot candidate
devices for the next-generation of pho-
tovoltaics due to the simple production
process, tunable bandgap and large-area
printability.'*] Since the pioneer per-
ovskite solar cells with the power con-
version efficiency (PCE) of 3% were re-
ported in 2009, remarkable progress has
been made for optimizing performance
of PSCs and some research has achieved
desirable PCEs exceeding 25% that reach
the level of commercial silicon solar
cells.>®) Among them, component en-
gineering was first developed to regu-
late the efficiency and stability of de-
vices, and single cationic compositions,
methylammonium (MA)- and formami-
dinium (FA)-based PSCs, have been
shown to operate with exceptionally high
maximum efficiency of over 23% and
24%, respectively.l’] These encouraging
results set the basis for the development
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of a family of FA-based perovskites with high efficiency and bet-
ter thermal stability. However, FAPDI, is prone to transforma-
tion from its desirable trigonal black « phase to a hexagonal §
phase with a symmetric broadband gap, a process that alleviates
the photoelectric performance of perovskite solar cells.] More-
over, the nucleation rate and crystal growth of FAPDI; crystals
are hard to control, which decreases the quality of the FAPbI,
films required for implementation in devices. A combination of
cations to prepare mixed A-site formamidinium perovskites has
been suggested to address these challenges.['] Nevertheless, the
easily formed defects both at the surface and in the bulk of per-
ovskite layer are still considered as principal factor to limit the
further development of PSCs and remain to be addressed.!'!"12]
In order to overcome the above limitations, various types of
additives, such as polymers, 2D materials, organic or inorganic
salts, Lewis acids or bases and metal-organic frameworks (MOF)
are selected to adjust the crystallization process of perovskite
and reduce defect density.*®) Among these additives, ionic lig-
uids (ILs), a class of molten salts with highlighted characteris-
tics of excellent stability, solvate capability, structural designabil-
ity, and high carrier mobility have been extensively applied in the
perovskite field, especially in PSCs.['7"1] Abate and colleagues
incorporated IL methylammoniumformate (MAFa) into PSCs
through one-step fabrication method to achieve planar perovskite
solar cell with the PCE of 19.5% in 2016.*") The IL MAFa was
found to effectively manipulate crystallization kinetics of per-
ovskite to form high quality film with larger crystals and less de-
fects. Li and coworkers employed the IL 1-propionate-4-amino-
1,2,4-triazolium tetrafluoroborate (PATMBF,) as a multifunc-
tional additive to regulate crystal growth and passivate defects
of perovskite.[?!l Although many evolutions have been realized
on ILs as additives to effectively reduce the defects of perovskite,
assist the film-forming process and improve the performance of
perovskite devices, there are few works systematically concentrat-
ing on the selection principle of ILs for perovskite devices. How-
ever, the structural diversity of ILs prompts dilemma in the selec-
tion of appropriate ILs for high-performance perovskite devices.
Recently, Liu et al.[?2] compared to the passivation effect between
the anion HSO, ™ in ILs with I~ and Br~ through the DFT calcu-
lation results and demonstrated that HSO, ™ is more effective for
defect passivation. Unfortunately, there is still a lack of specific
mechanistic research on the effect of structure of ILs on assist-
ing the crystallization of perovskite, forming high-quality films,
and enhancing device performance, which is unfavorable for the
continued application of ILs in the field of perovskite devices.
Here, we incorporated a series of ILs with different an-
ions that possess distinguishing sizes as additives into the per-
ovskite precursor solution, aiming at enhancing the photoelec-
tric performance of PSCs. More importantly, we systematically
investigated the effect of size of ionic liquid on assisting per-
ovskite film formation, defect states, film morphology, and device
performance. Specifically, the ILs with different sizes induced
the varying degrees of conversion of lead iodide to perovskite
and the formation of perovskite film with different grain sizes
and morphology, which were verified by the grazing-incidence
wide-angle scattering measurements (GIWAXS) and scanning
electron microscopy (SEM). Nuclear magnetic resonance spec-
troscopy (NMR), X-ray photoelectron spectroscopy (XPS) analy-
sis, and fourier-transform infrared spectroscopy (FTIR) were ap-
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plied to reveal the concrete interaction of the anion and cation
in ILs with perovskite and explain that the size of anions signif-
icantly affects the strength of chemical interaction. Taking ad-
vantage of small size of anion in ILs, we discovered the anion
with small size can more effectively decrease the defect density
through filling up the halide vacancies within the perovskite bulk
materials, leading to the suppression of the charge-carrier re-
combination, extension of photoluminescence (PL) lifetime, and
prominently enhanced device performance. Through optimizing
the size of anion in ILs, the highly stable and efficient PSC with
the PCE of 24.09% was achieved. Our study provides an in-depth
understanding of the structural design and selection of ILs for
high-efficiency solar cells and promotes the further development
of ILs in photovoltaic field.

2. Results and Discussion

The traditional two-step sequential method was employed to fab-
ricate perovskite thin film according to our reports.l?*2*] The Pbl,
solution doped with Cs* was first deposited on the SnO,/ITO
substrate and organic salt (FAI, MABr and MACI) were then spin-
coated on top of the Pbl, layer, followed by thermal annealing
to form an unmodified perovskite thin film as shown in Figure
Sla (Supporting Information). For the IL-treated perovskite layer,
MAFa, methylammonium acetate (MAAc), and methylammo-
nium propionate (MAPa) were incorporated into the organic salt
solution, respectively, to form MAFa, MAAc and MAPa-treated
perovskite thin film and the chemical structures of MAFa, MAAc
and MAPa are shown in Figure S1b (Supporting Information).
XPS was first utilized to analyze the binding energies of the el-
ement of control and IL-perovskite film and reveal the chemical
interaction between ILs and perovskite composition. The char-
acteristic XPS peaks corresponding to the element of Br, I, Pb,
C, and N in Figure 1a and the typical O 1s peak was located at
531.80 eV corresponding to the O element in IL MAFa, MAAc,
and MAPa, indicating that the existence of IL in perovskite thin
film (Figure 1b). The significantly reduced content of Pb° in
MAFa-treated, two obvious peaks of Pb 4f for the film without IL
treatment (control) were located at 142.80 and 138.00 eV, which
were assigned to the signals of Pb 4f;, and Pb 4f; ,, respectively.
For the IL MAFa-treated perovskite film, the peaks of Pb 4f;,
and Pb 4f;;, were both shifted to lower binding energies (142.60
and 137.74 eV), indicating that the formation of chemical coor-
dination bonds between COO~ in IL MAFa with the perovskite
film. In the IL MAAc-treated perovskite film, similar phenom-
ena were observed that the peaks of Pb 4f;, and Pb 4f;, were
both shifted to 142.69 and 137.83 eV, interpreting as the chemi-
cal coordination of CH;COO~ with Pb?*. In contrast to the MAFa
and MAAc, the signals of Pb 4f;, and Pb 4f; , for MAPa-treated
perovskite film slightly shifted to lower binding energies (142.77
and 137.96 eV), suggesting the weaker chemical interaction be-
tween the functional groups in MAPa and Pb?*. The above results
showed that the size of anions in ILs will affect the interaction be-
tween ILs and perovskite composition and the coordination abil-
ity of IL with uncoordinated Pb was further compared by the pro-
portion statistics of Pb® as shown in Figure 1c,d. The significantly
reduced content of Pb® in MAFa-treated perovskite film proved
the strong chemistry coordination with uncoordinated Pb** for
effectively filling the organic vacancy in the perovskite film. In
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Figure 1. a) XPS spectra and the high-resolution XPS spectrum for b) O 1s and c) Pb 4f. d) The proportion statistics of Pb? in corresponding perovskite
films from the results of high-resolution XPS spectrum for Pb 4f. e) The high-resolution XPS spectrum for | 3d from the control and ILs MAFa, MAAc,
and MAPa-treated perovskite films. f) TH NMR and g) 13C NMR spectra of MAFa and MAFa+Pbl, solutions. h—i) FTIR spectra of MAFa and MAFa+Pbl,

solutions.

addition, two peaks located at 630.16 and 618.63 eV for the control
perovskite films were attributed to the binding energies of I 3d; ,
and 1 3ds), in the high-resolution XPS spectrum of I 3d, and these
peaks of I 3d shifted toward a lower binding energy (629.96 and
618.47 eV) for both MAFa, MAAc, and MAPa-treated perovskite
film owing to the formation of N—H---I hydrogen bonds between
ILs and perovskite films.[?!

In order to further investigate the interaction between ILs and
perovskite, 'TH NMR spectra were carried out for the MAFa and
MAFa/Pbl, solution to show that the amino hydrogen spectrum
in MAFa shifted from 8.36 to 8.87 ppm owing to the strong
N-H--I hydrogen bond between the MAFa and I~ (Figure 1f,g;
Figure S2, Supporting Information).l®2°! Furthermore, the shift
of C=0 peak from 167.0 ppm for MAFa to 167.2 ppm for
MAFa/Pbl, solution in the *C NMR spectra further uncov-
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ered the interaction of the COO~ in MAFa with Pb**. To make
our conclusions more convincing, these bonding interactions
between MAFa and perovskite were further proven by FTIR
(Figure 1h). The two characteristic peaks appeared at a wavenum-
ber of 1753.0 and 3501.0 cm™!, assigning to the signal of C-O
bond and N-H bond in MAFa respectively. After the incorpora-
tion of Pbl, in MAFa solution, the C=0 vibration in MAFa shifted
to 1750.8 cm™!, indicating the increased vibration frequency of
C=0 to show that C=0 bond in MAFa can donate an electron
pair to the under-coordinated Pb atoms, thus forming the strong
C=0-Pb chelate bond (Figure 1i). In contrast, the C=0 charac-
teristic peaks of the MAAC and MAPa samples showed a slight
shift (Figure S3, Supporting Information), suggesting that the
strength of the chemical interaction was related to the size of
the anions. The movement of the N-H bond to 3503.0 cm™ also
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Figure 2. a) SEM images of control and ILs treated-perovskite films. The insets display the grain size distribution of the corresponding perovskite films.
b—e) The 2D GIWAXS spectra of control and ILs-treated perovskite film. f) Radial integration integration of both control and ILs-treated perovskite 2D

GIWAXS patterns.

revealed the existence of N-H---I hydrogen bond. The existence of
interaction ILs with perovskite composition would be beneficial
for the perovskite crystal growth with sufficient defect passiva-
tion, and consequently improve the device’s performance.
In-depth exploring the definite effects of different size of ILs
on the crystal growth and quality of perovskite film, the top-view
SEM were first employed to inspect the morphology for both the
control and ILs-treated perovskite films. Compared to the control
perovskite film with the grain size of 279.4 + 79.6 nm, the MAFa
and MAAc IL-treated perovskite film showed a more uniform
morphology with a distinct increased grain size of 898.8 + 249
and 568.8 + 130 nm (Figure 2a). In addition, relatively small
grain-size perovskite was rarely detected in the MAFa and MAAc
IL-treated perovskite film, effectively reducing the number of
grain boundaries where easy to occur non-radiative recombina-
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tion and decomposition.[?’] The facilitation of the quality of the
films with lager grain size was attributed to the existence of in-
teraction between ILs and perovskite for controlling perovskite
crystal growth and offer more uniform nucleation sites during
the crystallization process of perovskite.[2*%29] On the contrary,
the MAPa-treated perovskite film exhibited slightly smaller grain
size of 267.8 = 93.1 nm, which showed that weak chemical inter-
action was inadequate to control the crystallization process and
the crystal growth process of perovskite was affected by the ex-
istence of larger size ILs in perovskite for forming high-quality
films.

GIWAXS were further conducted systematically to investi-
gate the effect of ILs on assisting the formation of perovskite.
Figure 2b—e presents the 2D GIWAXS patterns of the control,
MAFa, MAAc, and MAPa-treated perovskite film, respectively.
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Figure 3. a) X-ray diffraction patterns of control and ILs-treated perovskite films. b) UV-vis absorption spectra of the control and ILs-treated perovskite
films. c) PL and d) time-resolved PL spectra of the perovskite films. e-h) SCLC measurements of control and ILs-treated perovskite devices. i) The

statistics of defect density based on the SCLC measurements.

Two scattering peaks both located at ¢ = 0.9 and 1.0 A" appeared
in the control perovskite sample and ILs-treated perovskite films,
which were ascribed to the (110) of Pbl, and the (110) of 3D per-
ovskite crystals. However, the new scattering halos appeared in
the short q regime in MAPa-treated perovskite film. According
to the 2D GIWAXS data, the radial integration results for sam-
ples are plotted in Figure 2f. For the control perovskite sample,
a strong peak at ¢ = 0.9 A~! belonged to signal of Pbl,, corre-
sponding to the traditional two-step references.?*3!l By compar-
ison, the signal of PbI, in MAFa and MAAc-treated perovskite
samples was markedly weaker, suggesting that the addition of ILs
MAFa and MAAc promoted the conversion of Pbl, to perovskite.
The additives or solvents in the perovskite precursor solution can
adjust the arrangement of Pbl, crystals through chemical interac-
tion, so as to effectively promote the penetration of organic salts,
resulting in more complete transformation to perovskite.®3%] In
the MAPa-treated perovskite film, a strong peak appeared at q =
0.8 A=, which was attributed to non-perovskite phase §-FAPbI,,
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indicating the influence of size change on the crystallization pro-
cess of perovskite.

For further investigation into the effect of the ILs on the per-
ovskite film, X-ray diffraction (XRD) measurements were per-
formed for control and ILs-treated perovskite films to show that
the same peak appeared at ~14.02° for both control and ILs-
treated perovskite films (Figure 3a), suggesting the incorpora-
tion of ILs results in negligible impact on polymorphism or vari-
ation of lattice. Compared to the control film, it is worth men-
tioning that the intensity of peak signal of Pbl, at 12.70° in
MAFa or MAAc-treated films were significantly weaker, which
were matched with the results of GIWAXS spectra. Neverthe-
less, a new and strong peak at 11.50° corresponding to non-
perovskite phases 6-FAPDbI; was observed in MAPa-treated sam-
ples to further verify that an impact on the crystallization pro-
cess of perovskite was generated by IL MAPa. UV-vis absorp-
tion and PL tests were then measured to indicate the identi-
cal absorption threshold and PL peak position for control and
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MAFa or MAAc-treated perovskite film, further proving main-
tenance of lattice in accordance with the XRD consequences
(Figure 3b,c). Moreover, the reduced absorbance of MAPa-treated
perovskite film (Figure 3b; Figure S4, Supporting Information)
and PL intensity (Figure 3c) compared to the control film is in-
terpreted as the formation of non-perovskite phases 5-FAPbI,
and the increased defects. Interestingly, the PL intensity of the
MAFa-treated film was strongest, owing to improved charge ex-
traction/transport, reduced crystal defects, and reduced nonra-
diative interference. For the purpose of confirming the PL ob-
servation, time-resolved PL measurements were performed on
glass/perovskites for ILs-treated and control film. Most remark-
ably increased PL lifetime of MAFa films were detected as shown
in Figure 3d, Figure S5 and Table S1 (Supporting Information),
perceived as the least nonradiative recombination loss in MAFa
films.*¥] The space charge-limited current (SCLC) measure-
ments, which employed hole-only devices based on the structure
of ITO/PEDOT:PSS/perovskite/Spiro-OMeTAD/Au (Figure 3e—
h), were conducted to analyze the effect of ILs on the density of
trap states in perovskites films. According to the following equa-
tion:

_ 2608, Vpp

e 1)

t

where ¢, and ¢, represented the vacuum permittivity and the rel-
ative dielectric constant, Vi represented the onset voltage of
the trap-filled limit region, q represents unit charge, and L rep-
resented layer thickness, the Vi and defect density values of
control, MAFa, MAAc, and MAPa-treated perovskite films were
obtained as 0.61 V (9.70 x 10 cm™3), 0.25 V (4.07 x 10" cm™3),
041 V (6.83 x 10 cm™), and 0.66 V (1.05 x 10'® cm™)
(Figure 3i), respectively. The induced lower defect density of
MAFa-treated perovskite films was associated with the effective
passivation through the existence of chemical interaction, sup-
ported by the results of XPS and NMR.

Some defects are usually prone to occur via ion migration due
to the properties of ionic crystals of perovskite materials, espe-
cially at halogen defects. Density functional theory (DFT) calcu-
lations for pristine and ILs-treated perovskite materials (the com-
putational details can be found in the Support Information) were
undertaken to throw more insight into the impact of anions with
different sizes in ILs (Figure 4a, Figure S6, Supporting Informa-
tion) on halide vacancies in perovskite materials. Figure 4b,d rep-
resents the structure of a perovskite with an iodine vacancy. Trap
states caused by iodide vacancy defects were often concentrated
in neighboring Pb atoms toward the bottom of the conduction
band (Figure 4e). In the structures of IL MAFa and MAAc-treated
perovskites, MAFa and MAAc occupied the iodine vacancy, re-
spectively, inhibiting the appearance of defect state, thus restor-
ing the ideal electronic structures of the optimal perovskite mate-
rial (Figure 4f,g). Considering the relatively large size of anions in
MAPa (Figure S6, Supporting Information), which is difficult to
diffuse into the perovskite lattice, and based on the known weak
interaction with perovskite components and adverse effects on
the crystallization process, we speculated that MAPa is not op-
timistic about the defect compensation, so no excessive calcula-
tions have been made here. For a more in-depth understanding
of the suppression of defects by anion with different size in ILs,
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the relative binding affinities energy between V; and COO~ and
HCOO™ were calculated as shown in Figure 4h. The calculated
results revealed that the binding energy between COO~ and V,
was —5.04 eV, significantly larger than that of CH;COO~, demon-
strating the interaction of the COO~ from IL MAFa and the V,
from the perovskite is more favorable compared to that between
CH,COO™ from IL MAAc and V;, which resulted in exhibit-
ing stronger ability for coordination with the undercoordinated
Pb?* in perovskite. Figure 4i,j showed HCOO~ and CH,;COO~
treated surfaces of the perovskite, and the charge transfer oc-
curred mostly from the Pb atom to the O atom, demonstrating
strong interaction.

Based on the ILs-treated perovskite, we respectively fabri-
cated the corresponding perovskite devices with configuration of
ITO/SnO, /control or ILs-treated perovskite/Spiro-OMeTAD/Au
as shown in Figure S7 (Supporting Information). Cross-sectional
SEM was first conducted for control and IL-treated cell archi-
tecture in Figure 5a. Obviously, different sizes of anions in ILs
induced the generation of different morphologies of perovskite
layers, in accordance with the top-view SEM images. Compared
to the control film, the MAFa-treated perovskite layers exhibited
an enlarged grain size with fewer defects. Nevertheless, numer-
ous defects could be observed in the MAPa-treated perovskite
layers, which indicated that larger anion in ILs were prejudice
for the formation of high-quality films. The concentration of the
ILs is then optimized as shown in Tables S2-S4 (Supporting
Information) and the optimal concentration for MAFa, MAAc
and MAPa both are 0.2%. The current density—voltage (J-V)
curves of relevant devices were obtained at the optimum con-
centration in Figure 5b and the photovoltaic parameters were
summarized in Table S5 (Supporting Information). The cham-
pion MAFa-treated PSC achieved the markedly enhanced effi-
ciency of 24.09% with an open-circuit voltage (V) of 1.181 V,
a fill factor (FF) of 81.62% and a short-circuit current density
(Jsc) of 24.99 mA cm™, whereas the control device exhibits an
efficiency of only 20.62% under identical measurement situa-
tions. The Js. results of MAFa-treated PSCs achieved from J-V
curves agree well with the external quantum efficiency (EQE) re-
sults (24.12 mA c¢m?), when integrated over the sun spectrum
(Figure 5c). The anion with appropriate relative size in MAAc
also promotes the efficiency of MAAc-treated PSCs to 23.01% (a
Voc 0f 1.155 V, a J¢ of 24.87 and an FF of 80.04%). In contrast,
the larger size in MAPa resulted in deteriorated efficiency with
16.42% of MAPa-treated PSCs.

Meanwhile, the statistical findings of related performance
metrics for MAFa-treated PSCs showed a significant enhance-
ment with excellent repeatability and large efficiency fluctuations
occur in MAPa-treated devices, determined by effect of ILs on
formation of perovskite thin film with assistance (Figure 5d;
Figure S8, Supporting Information). The steady-state PCE
of champion devices of control, MAFa, MAAc, and MAPa-
treated have respectively been evaluated to 20.01%, 23.74%,
22.42%, and 16.17% with stable . of 24.11, 24.61, 24.35, and
20.74 mA cm™? by maximum power point tracking, which
was remarkably comparable to the results of the J-V curve
(Figure 5e). The prominent improvement in photovoltaic perfor-
mance accounted for the formed high-quality film with MAFa
assistance and effective defect passivation with less non-radiation
recombination.
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Figure 4. a) Chemical structure diagram of IL MAFa, MAAc, and MAPa. b) Crystal structure of perovskite with an iodine vacancy. c) Crystal structure of
perovskite with HCOO™ at the iodine vacancy site. d) Crystal structure of perovskite with CH;HCOO™ at the iodine vacancy site. e-g) Density of states
function of control, MAFa-treated and MAAc-treated crystal structure of perovskite. h) Binding affinity energy of HCOO™ and CH;HCOO™ toward the
iodide vacancy site (V) at the perovskite bulk. i,j) Charge density of perovskite surface modified by HCOO™ and CH;HCOO™.

To give more insight into the inhibitory effect of ILs-treated de-
vices on nonradiative recombination, EQE; measurements for
the control and ILs-treated devices are presented in Figure 5f.
The EQEy, values of the control, IL MAFa, MAAc, and MAPa-
devices were 1.50%, 2.37%, 4.02%, and 1.04% for correspond-
ing injection current densities, respectively. Moreover, the EL
intensity of the MAFa-treated device was obviously higher than
that of the control device under the identical biasing voltages of
1.35 V (Figure S9, Supporting Information). Conventional Mott-
Schottky measurements were also conducted to assess the re-

Small Methods 2023, 2300210

2300210 (7 of 10)

combination and carrier transport of relevant devices as shown
in Figure S10 (Supporting Information). The value of built-in po-
tential (V;;) of 0.99 V for control device, whereas that of the MAFa,
MAACc, and MAPa-treated device were 1.02 V, 1.01 V, and 0.96 V
according to the capacitance-voltage curve. The enhanced V,; of
MAFa-treated device was ascribed to boosting carriers transport
and extraction, resulting in an increased V. in PSC. Further-
more, MAFa-treated PSCs exhibited the lowest dark current den-
sity, showing that IL MAFa can improve charge transfer and re-
duce leakage current (Figure S11, Supporting Information). The
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Figure 5. a) Cross-sectional SEM images of control and ILs-treated PSCs device. b) J-V curves of the control and ILs-treated devices. c) EQE spectra
and integrated Jsc of the control and MAFa-treated PSCs. d) The statistics of PCE of control and ILs-treated PSCs. e) Steady-state PCE and Jsc at the
maximum power point for the control and ILs-treated devices. f) EQEg, of the PSCs based on control and ILs-treated versus current density. g) Nyquist
plots curves of the control and ILs-treated devices. h) Normalized PCE evolution of the unencapsulated control and ILs-treated devices tracked over

2000 h at 30 °C under the RH of 25%.

impact of different ILs on the interfacial charge transport features
of devices were further analyzed by electrochemical impedance
spectroscopy. MAFa and MAAc-treated devices showed an arc
with a smaller radius, compared to the control devices, demon-
strating a decreased charge transfer resistance, nevertheless the
opposite trend was observed in MAPa-treated devices. Lower
charge transfer resistance indicates that photogenerated carriers
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may be separated more effectively, which reduced recombination
and hence improves PSC performance. These results indicated
that different sizes of ILs produce significant variances in carrier
transport and recombination in PSCs, which markedly affected
the photovoltaic performance of the devices.

The influence of ILs on the stability property of correspond-
ing perovskite photovoltaic devices has also been systematically
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examined. Previous reports verified that defects can act as pit-
ting, causing perovskite deterioration and hence compromising
device stability.**] Interestingly, ILs were extensively applied to
regulate the crystallization process of perovskite to obtain high-
quality films, effectively passivate defects, and assist in forming
a more hydrophobic surface, thereby suppressing the degrada-
tion of PSCs and improving device stability.*>! The water contact
angles of control and target films were first obtained as shown
in Figure S12 (Supporting Information) and the values of con-
trol and MAFa-treated perovskite surface were 49° and 58°, sug-
gesting that a better moisture barrier can be acquired on MAFa-
treated perovskite surface with more hydrophobicity.*®! UV-vis
absorption was employed to further illustrate the enhanced sta-
bility of perovskite films by MAFa (Figure S13, Supporting Infor-
mation) and small attenuation can be observed in MAFa-treated
perovskite film at the storage conditions of relative humidity
(RH) 50% at 25 °C after 10 days. The stability of unencapsulated
devices based on corresponding perovskite films was also inves-
tigated for 2000 h at 25% + 5% RH and room temperature. After
2000 h, MAFa-treated devices maintained 89.3% of their origi-
nal PCE, whereas the control and MAPa-treated device’s PCE de-
clined to 52.1 and 37.5% under the same conditions (Figure 5h).
The light-stability test was also conducted under continuous il-
lumination of LED white light at 25 °C in ambient dry air (RH
= 10 + 5%). Noticeably, the PCE of MAFa and MAAc-treated
device maintained the 85.2% and 80.4% of original efficiency,
while control and MAPa-modified PSCs reduced to 72.8% and
56.8% after 600 h, respectively (Figure S14, Supporting Informa-
tion). According to the above results, we could conclude that ILs
with suitable size assisted in the formation of high-quality films,
inhibition of ion migration and effectively passivated defects,
contributing to enhancement of the stability of the films and
devices.

3. Conclusion

In summary, we incorporated a series of ILs with different anion
sizes as additives into the perovskite precursor solution for assist-
ing perovskite film formation and in-depth reveal size-dependent
of ionic liquids on the film morphology, defect states, and device
performance. Specifically, tailoring the size of anions in ILs and
thus modulating concrete chemical interaction and regulating
the crystallization process, resulting in different effects for differ-
ent additives. The ILs with diverse sizes caused varying degrees of
conversion of lead iodide to perovskite and the fabrication of per-
ovskite films with variable grain sizes and morphology, as mea-
sured by GIWAXS and SEM. According to the DFT calculation,
the anion with small sizes in ILs are discovered to more ade-
quately minimize defect density by filling halide vacancies within
perovskite bulk materials, resulting in suppression of charge-
carrier recombination, extension of photoluminescence lifetime,
and significantly improved device performance, matched to the
experiment results. Upon these, the ILs-treated PSCs achieve the
chamption PCE of 24.09% with the long-term serviceability via
optimizing the size of anion in ILs. Our research fosters the on-
going development of ILs in the photovoltaic field by providing
an in-depth understanding of the structural design and selection
of ILs for high-efficiency solar cells.
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