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1 | INTRODUCTION

Jaehoon Kim?

| Beomhee Yoon®> | Hyunho Lee®

Summary

Halide perovskite solar cells (PSCs) have gained enormous attention due to
their favorable features such as bandgap tunability, considerable free carrier
diffusion length, low-cost fabrication, and comparable efficiency to that of con-
ventional silicon solar cells. Among several PSCs' structures, the inverted
structure is the most suitable candidate for diverse portable applications since
they can take advantage of the previously developed organic solar cells’ struc-
ture. However, the single transporting layer system of the inverted-structured
PSCs makes it challenging to achieve high efficiency and operational stability.
Here, we introduce a unique transporting layer system that adopts
8-hydroxyquinolinolato-lithium (Liq) as a buffer layer at the interface between
[6,6]-phenyl C71 butyric acid methyl ester (PC,BM) and Ag electrode. By
introducing the Liq, we effectively decreased the potential energy barrier and
iodide accumulation at the interface between PC,,BM and Ag electrode, which
resulted in an efficient and stable PSC. In the optimized structure, the power
conversion efficiency and stability (Tgy) increased from 9.5% and 100 h to
10.13% and 200 h, respectively.
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National Renewable Energy Laboratory-certified power
conversion efficiency (PCE) exceeded 25%,° comparable

Halide perovskite has been investigated as a core source
due to its superior optoelectronic characteristics in the
visible wavelength range."> Halide perovskite can easily
tune the absorption and emission wavelength range by
merely controlling the bandgap with halide composition
variation.>* Furthermore, perovskite's significant charge
carrier diffusion length makes it possible to adopt a suffi-
ciently thick photoactive layer, making it easy to utilize
the full range of visible wavelength range with a large
absorption coefficient.” For the past decade, perovskite
solar cells (PSCs) have exhibited rapid growth, and the
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to that of silicon solar cells that possess the most of
the solar cell market. Besides, the PSC's solution-
processability makes the halide perovskite a strong candi-
date for a next-generation application that enables fold-
able or portable devices.”® Furthermore, inverted-
structured PSCs can adopt the conventional organic solar
cell structure,'®'? making it more suitable for the porta-
ble energy source based on its flexibility. In specific, the
inverted structure consists of a p-type hole transporting
layer (HTL) above the transparent electrode and an n-
type electron transport layer (ETL) beneath the reflective
electrode, where the perovskite active layer is sand-
wiched between the HTL and ETL. For efficient
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extraction of the free carriers from the photoactive layer,
choosing the appropriate adjacent buffer layer is critical.
For HTLs, various materials such as poly(3,-
4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS),"%*'* poly(triaryl amine) (PTAA),""'*> and
NiO'®*® have been widely adopted. On the other hand,
for the ETLs, diverse candidates such as [6,6]-phenyl C71
butyric acid methyl ester (PC,,BM),'® Ce,'** and
Zn0****** have been adopted since these candidates
offer appropriate energy level alignment with reduced
charge injection barrier for PSCs.

Among several recent technical issues in the charge
transporting layers, the iodide ion migration from the active
layer to the ETL/cathode is crucial for the PSCs' operational
stability.”** An additional buffer layer such as bat-
hocuproine (BCP) has been introduced to address these
problems,” but a severe degradation issue remained. In
addition, although some articles utilized metal oxides,
including ZnO or TiO,, these materials increased the bur-
den of unfavorable electronic trap states and additional pro-
cess steps.””?® Therefore, it is essential to find a superb
interfacial layer to effectively suppress the iodide ion migra-
tion and reduce the ion accumulation at the ETL/cathode
interface, which is vital for efficient and stable PSCs.

Lithium Schiff-base cluster complexes such as
8-hydroxyquinolinolato-lithium (Liq) or lithium fluoride
(LiF) are considered a proper candidate for buffer layer
between the active layer and the counter electrode. These
materials are proven to accelerate electron transport and
reduce the energy barrier at the interface. Babei et al
reported that Liq has good electron extraction property in
PSCs.”® Approximately 25% increase of efficiency was
achieved with a combination of BCP and Liq. However,
the operational mechanism of the Liq layer is ambiguous
and still in the debate. An in-depth analysis of the effect
of the Liq layer's morphology on the PSCs' performance
is needed because the morphology of Liq is dramatically
affected by varying thicknesses.

In this work, we modified the interfacial layer
between the PC,,BM and the Ag electrode to enhance
charge extraction and suppress the iodide ion migration.
By incorporating the Liq layer into the interfacial layer,
we have reduced the energy barrier between the PC,,BM
and Ag electrodes. The surface characterization method,
conductive AFM (C-AFM), was used to compare the elec-
tronic properties of Liq film with different thicknesses.
With these measurements, the film growth mode of Liq
on the PC,,BM/perovskite layer was verified. The charge
transfer was optimized at the thickness of which the sup-
erlattice of Liq was formed. Lig-induced Ag electrode
exhibits potential increment with 0.2 eV, making efficient
ohmic contact between ETL and Ag electrode. The tran-
sient dynamics also confirmed efficient charge transfer

characteristics with optimized Liq thickness. Most impor-
tantly, we found that the insertion of the Liq showed
enhanced device lifetime mainly attributed to the
improved stability of short-circuit current (Jgc) and
FF. For systematic analysis of ion migration, we con-
ducted a time-of-flight secondary ion mass spectrometry
(TOF-SIMS) on the devices with various conditions,
which revealed the iodide accumulation-lowering effect
by the insertion of Liq layer. We finally suggest that our
interfacial layer effectively suppressed the ion migration
from the perovskite layer to the Ag electrode, which
resulted in efficient and stable perovskite solar cells.

2 | EXPERIMENTAL SECTION
Liq was purchased from Sigma-Aldrich as a powder form.
PEDOT:PSS (AI4083) was purchased from Heraeus.
Methylammonium iodide (MAI, 99.5%) was purchased from
Xian Polymer Light Technology. Lead iodide (Pbl,,
99.9985%) was purchased from Alfa Aesar. PC,,BM was pur-
chased from 1-Material. Dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), isopropyl alcohol (IPA), and
chlorobenzene (CB) were purchased from Sigma-Aldrich.
All materials were used as received without any purification.
The device fabrication procedures are as follows.
Indium tin oxide (ITO) patterned glass substrates were
sequentially cleaned by acetone, isopropyl alcohol, and
deionized water. Dried substrates were treated with UV-
ozone for 20 min. PEDOT:PSS, AI4083, Heraeus) were fil-
tered (PTFE, 0.45 pm) and spin-coated (3500 rpm, 30 s).
PEDOT:PSS coated substrates were transferred to the
hotplate and annealed (120°C, 20 min). After cooling
down to room temperature, substrates were moved to an
Ar-filled glovebox to deposit the perovskite layer. Perov-
skite film was formed by the two-step inter-diffusion
method. Pbl, (lead iodide, 99.999%, Alfa Aesar) was dis-
solved in DMF (Sigma-Aldrich)/DMSO (Sigma Aldrich)
mixed solvent. MAI (Xian polymer) was dissolved in IPA.
Specifically, 553 mg of Pbl, (1.2 M) was dissolved in the
mixture of 0.9 mL of DMF and 0.1 mL of DMSO. 100 mg
of MAI was dissolved in 2 mL of IPA. The PbI, solution
was stirred overnight under 70°C. 35 pL of Pbl, solution
was dispersed on PEDOT:PSS coated substrate and spin-
coated (3000 rpm, 30s) without post-annealing. After
2 min, the MAI solution was quickly dispersed on trans-
parent Pbl, film and spin-coated (3000 rpm, 30 s). The
brownish transparent pre-perovskite film was transferred
to a 100°C hotplate (2 h) immediately. After cooling
down to room temperature, PC,,BM ([6,6]-phenyl C71
butyric acid methyl ester, Nano clean tech.) solution
(23 mg/mL  in chlorobenzene) was spin-coated
(2000 rpm, 30 s). In brief, PC,,BM is chosen for the ETL
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rather than PC4qBM due to better diode characteristics
without non-ideal features such as S-shape (Figure S1).
The PC,,BM coated substrates were kept in a dry box
(humidity under 20%) overnight. Then, the thickness
controlled Liq layer and 100 nm of Ag electrode was ther-
mally evaporated under ~10~° Torr.

The photovoltaic parameters were measured using a
300 W solar simulator (Newport 91160A) under AM 1.5G
(100 mW/cm?) illumination. The effective device area was
0.02 cm?, which is in a similar range to the former articles'
active area size.”*" Cross-sectional and surface field emis-
sion scanning electron microscope images were taken by
AURIGA (Carl Zeiss). X-ray diffraction (XRD) was mea-
sured by D8-advance (Bruker Miller). Time-resolved
photoluminescence was measured using HALCYONE
femtosecond fluorescence spectrometer (Ultrafast Sys-
tems). The sample was excited using a second harmonic
Ti:sapphire laser (Mai-Tai, Spectra Physics), providing
hundreds of 400 nm (3.1 eV) femtosecond pulse with a
repetition rate of 8 MHz. Decay profiles were obtained by
conventional time-correlated single-photon counting tech-
nique, using MPD-PDM Series DET-40 photon-counting
detector and Pendulum CNT-91 frequency counter com-
bined with a monochromator fixed at sample PL maxima.
TOF-SIMS were measured using a secondary ion mass
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FIGURE 1
view of PSC by SEM
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spectrometer (ION-TOF). Cesium (Cs) was used as a sput-
ter source with 1 keV energy and 50 nA current. The
sputtering area was 150 x 150 pm?. C-AFM was measured
using a commercial atomic force microscope (XE-100,
Park Systems Corp.). The local current was collected with
a  platinum-coated contact-mode tip  cantilever
(Nanosensors) under 0.7 V bias onto the sample side.
Scanning Kelvin probe microscopy (SKPM) is also con-
ducted with the same microscope equipment. The image
was taken by applying AC voltage of 2 V amplitude and
17 kHz frequency with Cr/Au coated noncontact-mode tip
cantilever (Nanosensors). All of the measurements were
performed in ambient air at room temperature.

3 | RESULTS AND DISCUSSION
3.1 | Device performance of PSCs with
Liq interfacial layer

PSCs were fabricated regarding the following structure to
examine the interfacial layer effect of Liq. Schematic
illustration and energy band diagram of PSC with the
inverted structure of ITO/PEDOT:PSS/CH;NH;PbI;/
PC,,BM/Liq/Ag are shown in Figure 1A and Figure S2.
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A, Device architecture of PSC; B, XRD of Pbl, and perovskite film with a 2-step fabrication process; C, cross view; D, top
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While the Pbl, film showed a representative crystallinity
peak of 12.5°, the perovskite film, fabricated through the
2-step process, showed strong perovskite crystalline peaks
around 14°, 28.5°, and 32° (110, 220, and 310 planes,
respectively) (Figure 1B), where highly crystalline perov-
skite film is essential for efficient device performance.®*>*

Uniform and compact perovskite film formation are
essential for obtaining efficient charge transport proper-
ties and reliable device performance.’*® However,
achieving a compact perovskite film is often challenging,
which easily results in inferior electrical characteristics
and device performance. Nonetheless, device architecture
with compact and uniform films was fabricated through
a 2-step process (Figure 1C,D). In specific, the cross-
section of the device merely showed pinholes
(Figure 1C). Similarly, the film's surface also showed
compact morphology with an average grain size of
300 nm, which is in line with the articles reporting the
grain size of 350 nm for efficient perovskite film
(Figure 1D).*”

The J-V characteristics and respective photovoltaic
parameters are plotted as a function of Liq thickness
(Figure 2). The J-V characteristics showed identical
behavior upon various measurement conditions of mea-
surement delay time (Figure S3), scan direction
(Figure S4) and offered reliable Jsc and PCE upon inter-
mittent and continuous light illumination (Figure S5
and S6). The PSCs' photovoltaic characteristics
increased to the maximum as Liq thickness increased to
5 nm, while it inversely started to decrease at over 7 nm
(Table 1). In brief, as the Liq thickness increased from
0 to 5 nm, the average photovoltaic parameters
increased from Jsc (14.0 mA/cm2), Voc (0.88 V), FF
(69.0%), PCE (8.48%) to Jsc (14.5 mA/cm2), Voc
(0.88 V), FF (71.3%), and PCE (9.07%). Agreeing with
the enhanced Jgc, the device with a 5 nm thick Liq
layer showed a significant increase in incident-photon-
to-current-efficiency (Figure S7). In the aspect of light
intensity (Pjigne)-dependent Jsc and Vo, the enhance-
ment of device performance seemed to be relevant to
the reduction of space-charge effect, charge imbalance,
bimolecular recombination, or trap-assisted recombina-
tion (Figure S8).*® However, contrary to the Vo, the Jsc
and FF showed a relevant change depending on the Liq
thickness, which is in line with the PCE's trend. Since
the Jsc and FF are sensitively affected by the charge
extraction properties,”>** precise analyses should be
conducted on the charge extraction. Although Liq's
charge extraction elevation effect is widely proven in
the organic light-emitting diodes*' and organic
photovoltaics,*? it is rarely reported in PSCs. Thus, to
validate the origin of the advantageous effect of the Liq
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FIGURE 2 A, Current-voltage (J-V) characteristics; B-E,

photovoltaic parameters regarding the Liq thickness of
(0, 3, 5,7 nm)

layer, we conducted systematic and comprehensive ana-
lyses, including the C-AFM and SKPM, which offered
clues for the phenomena.

3.2 | Morphological and optoelectronic
characteristics of Liq films on PC,,BM

The uniform deposition of the Liq layer onto the PC,,BM
surface was challenging because the target thickness of
the Liq layer was below 10 nm. Furthermore, the severe
lattice mismatch between Liq and PC,,BM causes non-
uniform film growth during the deposition. The lattice
parameters of Liq and PC,,BM are shown in
Table S1.**** The morphology of interfaces between the
layers is determined by the interfacial misfit (As) and
surface energy difference (Aa). The interfacial misfit is
defined as Equation (1), where o; and o, are surface
energy of underlayer and overlayer, respectively. The sur-
face energy difference is defined as Equation (2), where
a; and a, are lattice parameters of underlayer and
overlayer.
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TABLE 1 Current-voltage (J-V) characteristics*® of PSCs with various Liq thickness
Lig 0 nm Lig 3 nm Lig 5 nm Liq 7 nm
Jsc (mA cm™2) 140 + 1.2 13.9 + 1.1 14.5 + 0.7 131+ 08
Voe (V) 0.88 + 0.04 0.89 + 0.06 0.88 + 0.08 0.89 + 0.05
FF 69.0 + 5.2 723 +3.3 71.3 £ 4.5 69.7 + 2.2
PCE (%) 8.48 + 0.78 (9.5) 8.91 + 0.68 (9.8) 9.07 + 0.96 (10.13) 8.06 + 0.18 (8.28)

“Extracted based on 9 independent devices.
Values in the parentheses correspond to the highest data.

05 — Op
Ao =

1)

Os

as — Qo

Aa= Ta (2)
Based on the equations, the film formation of the over-
layer is determined within three types.*>*® Frank-van der
Merwe mode occurs when the lattice mismatch is nearly
zero, and the surface energy of the overlayer is less than
that of the underlayer. The overlayer is grown epitaxially
with the layer-by-layer structure at this mode. On the
other hand, Weber-Volmer mode occurs when the lattice
mismatch is high, and the surface energy difference is
small. The overlayer deposits nonuniformly as an island-
like morphology in this mode. Finally, Stranski-
Krastanov mode combines both Frank-van der Merwe
and Weber-Volmer modes, where an island grows after
very thin superlattice layer formation. This mode occurs
when the surface energy of the overlayer is higher than
that of the underlayer with a large interfacial misfit, fol-
lowing Equations (3) and (4).

V =abcy/1 —cos? a — cos? f— cos? y + 2C0s acos cos y

3)

Wis=o01(1+cos 0) (4)

The Liq overlayer on the perovskite/PC,,BM bilayer has
too high interfacial mismatch to exhibit Frank-van der
Merwe mode that the lattice parameters of Liq and
PC,,BM as shown in Table S1. For instances, lattice
parameters of of PC,,BM in <100>, <010>, and <001>
direction is 12.88, 15.1, and 18.18 nm respectively. The
lattice parameters of Lig in <100>, <010>, and <001>
direction is 9.24, 10.41, and 10.35 nm respectively. These
values are calculated by dividing unit volume expressed
in Equation (3) by unit area in a parallel plane. In the
above equations, V is the volume of the unit cell in a tri-
clinic lattice structure. a, b, and c is the axial lengths and
a, f, and y is the axial angles, Wy is the surface energy of
the substrate, o is the surface energy of test liquid, and 6

is the contact angle. From these calculation, interfacial
misfit in <100>, <010>, and <001> direction is 28.3%,
31.0%, and 43.1% respectively. Frank-van der Merwe
mode requires a small interfacial misfit of less than a few
percent. On the other hand, it is known that the surface
energy of Liq is higher than that of the perovskite/
PC,oBM underlayer. The surface energy can be calculated
using contact angle experiment, which was referred to by
former literature*”*®* and Young-Dupré equation as
expressed in Equation (4). The surface energy of Liq and
perovskite/PC,0BM was calculated as 135.7 and
129.5 mJ/m?, respectively, so the surface energy differ-
ence was 0.046. As a result, the Liq overlayer and perov-
skite/PC,0BM  underlayer interface exhibits high
interfacial misfit and positive surface energy difference
that lies on the region of Stranski-Krastanov mode.

The Liq overlayer was deposited onto the perovskite/
PC,oBM underlayer using thermal evaporation. The
amount of the deposited Liq was precisely controlled
with a thickness monitoring system, and the morphology
of the Liq layer with different thicknesses from 0 to 7 nm
was observed by the AFM. Figure 3A-C shows the perov-
skite/PC,oBM layer without Liq overlayer measured by
AFM, friction force microscopy (FFM), C-AFM, respec-
tively. AFM result shown in Figure 3A presents the mor-
phology of the perovskite/PC,,BM layer by scanning the
surface with a sharp tip on a cantilever. The physical
scanning process provides the information of frictional
force between the tip and the surface caused by molecu-
lar adhesion. Figure 3B shows the FFM image of the
perovskite/PC,,BM surface without Liq layer. The fric-
tion force mapping on the surface could be determined
by various physical and chemical factors such as differ-
ences in material, composition, or lattice structure.
Figure 3C shows the C-AFM image of the perovskite/
PC,oBM layer. The local current distribution could be
measured by mapping the vertical current between the
tip and the local area on the surface. Figure 3D-F exhibits
the measurement results of 3 nm Liq overlayer onto
perovskite/PC,,BM layer with AFM, FFM, and C-AFM,
respectively. The island-like structures of Liq were
observed on the surface morphology, as shown in
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(A)

Lateral force Morphology

Conductive

Figure 3D. FFM result, Figure 3E, supports the formation
of island-like Liq film where the friction of the island-like
structure is different from the perovskite/PC,,BM sur-
face. Figure 3G-I shows the measurement results of the
5 nm Liq layer on the perovskite/PC,,BM layer. At 5 nm
of deposition thickness, the Liq layer entirely covered the
underneath perovskite/PC,,BM layer. The island-like
structures expanded to the overall surface of the perov-
skite/PC,oBM layer, which can be confirmed in
Figure 3G. Furthermore, the island-like unique pattern
of the friction map for the Liq (3 nm) layer entirely dis-
appeared. The previously listed changes in AFM, C-
AFM, and FFM provide that the superlattice of Liq was
formed onto the perovskite/PC,,BM layer. The Liq over-
layer and perovskite/PC,,BM underlayer interface is
classified to the Stranski-Krastanov mode with a large
interfacial misfit and positive surface energy difference.
Therefore, the coverage of Liq film was expanded by
increasing the amount of Liq deposition until the super-
lattice is grown, and it concluded to the superlattice at
5 nm of thickness. Over the larger amount of Liq deposi-
tion than the superlattice thickness, the Liq islands were
formed again. Figure 3J-L clearly shows the Liq islands
were formed again at all AFM, FFM, and C-AFM mea-
surements. As shown in the C-AFM results in
Figure 3C,F,I,L, and Figure S9, a relatively higher flow
of the vertical current was measured at 3 and 5 nm
thickness of Liq. Thus, charge transport through the
device was enhanced at the uniform coverage of Liq
film. Considering that the AFM cantilever is made of
PtIrs and behaves like a metal electrode, the uniform
coverage of Liq film lowered the charge transport

FIGURE 3
force, and conductive morphology of

Morphology, lateral

perovskite film with various Liq
thickness: A-C, 0 nm; D-F, 3 nm; G-I,

5 nm; J-L, 7 nm. The device structure for
C-AFM is ITO/PEDOT:PSS/Perovskite/
PC,,BM/Liq

barrier at the ETL/metal interface, which is speculated
to enhance the charge extraction.

To investigate the effect of the Liq layer on the charge
transfer barrier, non-contact mode AFM and SKPM were
used to analyze the Liq/Ag interface. Figure 4A-F shows
the AFM and SKPM images with the different Liq thick-
nesses of 3, 5, and 7 nm. By increasing Liq thickness, the
size of Liq island was increased. While AFM images
showed the structure of interfaces between the Liq and
Ag layer, SKPM showed the difference of surface poten-
tial between the Liq and Ag layer. The surface potential
of the Liq deposited area was decreased (colored black)
compared to the Ag layer (colored red). The lower surface
potential of the Liq/Ag bilayer compared to the Ag mono-
layer supports the enhanced charge extraction in perov-
skite solar cells with Liq interlayer. The uniform
formation of the Liq interlayer lowered the charge trans-
port barrier from the PC,,BM layer to the Ag cathode
electrode. Figure 4G shows the line profile of surface
potential, which was measured by SKPM. The position of
the measured profile was highlighted with the white line
in Figure 4B,D,F. The surface potential of the Liq/Ag
layer exhibited constant value except for the area where
Liq island was formed. However, the area of Liq island
was measured to have a surface potential of 0.2 eV lower
than that of the surrounding area. The correspondence of
the surface potential characteristics to the morphology of
Liq island formation onto the Ag layer indicated that the
Lig/Ag interlayer deposition decreased the surface poten-
tial. The amount of surface potential difference was
0.2 eV regardless of the deposition thickness and size of
the Liq. Therefore, the prime factor for efficient charge



AN ET AL.

FIGURE 4 A-G, AFM, and
SKPM measurement of glass/Ag/
Liq film with various Liq
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: To further extrapolate the charge extraction property,
- \.—— PCBM on Perovskite the time-resolved PL was conducted (Figure 5), and
’§ respective parameters were extrapolated (Table 2). As
g Liq on Perovskite / PCBM denoted in Equation (5), the curves were fitted by bi-
E 01F exponential decay. For the pristine perovskite film, the
@ effective PL lifetime (Equation (6)) was 15.221 ns. How-
E ever, after depositing PC,,BM on the perovskite film, the
effective PL lifetime decreased to 2.321 ns, attributed to
0.01 L ! L the charge extraction property of the PC,,BM. Further-
0 2 N 'I§ime (nS) L more, after depositing Liq on the Perovskite/PC,,BM, the
effective PL lifetime gradually decreased to 1.964 ns, the
FIGURE 5 Time-resolved photoluminescence (TR-PL) of the lowest for the 5 nm of Lig. In line with the J-V' character-

perovskite and perovskite/PC,,BM bi-layer with various Liq
thicknesses

extraction at the Ag electrode would be the fine and uni-
form coverage of the Liq layer. From Figure 3, the cover-
age of Liq film was optimized at 5 nm thickness, where
the Liq layer forms the superlattice. The performance of
perovskite solar cells was also optimized at 5 nm thick-
ness of Liq (Figure 2A).

istics (Figure 2) and potential measurements (Figure 4), it
is evident that Liq deposition on the perovskite decreases
the potential barrier and results in an enhanced charge
extraction. However, the effective PL lifetime again
increased from 1.964 to 2.035 ns for the 7 nm of Liq. This
tendency agrees with various former articles that report
the trade-off behavior of the dielectric layers between the
energy barrier reduction and charge transfer hindrance,
resulting in a drastic drop in device performance for large
thickness.**°
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a 71 (ns) a,
Perovksite 0.412 7.207 0.588
Perovskite/PC,,BM 0.693 1.266 0.307
Perovskite/PC,oBM/Liq 3 nm 0.714 1.268 0.286
Perovskite/PC,,BM/Liq 5 nm 0.707 1.118 0.293
Perovskite/PC,,BM/Liq 7 nm 0.708 1.132 0.292
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3.3 |
devices

Stability analysis of Liq films on the

The operational stability of the PSCs was measured
regarding the photovoltaic parameters (Figure 6) under
consistent humidity and temperature environments
(Figure S10). The degradation points were fitted through
the bi-exponential decay, expressed by dashed lines in
Figure 6. While the V¢ shows almost no variation dur-
ing operation regardless of the presence of the Liq layer,
the Jsc and FF showed different stability depending on
the Liq thickness. The stability of FF improved until the
Liqg's thickness reached 5 nm, whereas it started to deteri-
orate when the 7 nm Liq layer was implemented in the

TABLE 2 TR-PL coefficient
extrapolation and effective PL lifetime
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device (Figure 6C). The FF is known to decline when the
thickness of the dielectric buffer layer exceeds 5-10 nm.>*
Similarly, the Jsc also showed the highest durability at
the Liq's thickness of 3 nm, while at 7 nm, the Js¢
showed a smaller value than that of the reference device
(Figure 6A). As a result, the combined performance
index, PCE, showed the highest stability for the device of
Liq's thickness of 3 nm (Figure 6D).

For an in-depth analysis of the decay trends of PSCs
with different Liq thicknesses, the iodide migration was
analyzed by the TOF-SIMS (Figure 7). Previously, we
reported that the iodide migration in the PSCs is vulnera-
ble to the PSCs' operational stability, which tends to
accumulate at the interface between the ETL and the
cathode.* In a fresh device without Liq layer
(Figure 7B), the iodide (I7) is gradually detected after the
Ag electrode is fully milled without accumulating at the
PC,,BM/Ag interface. However, the aged device showed
iodide an ion accumulation peak at the interface (sputter
time ~ 35s) originated from device degradation
(Figure 7C). Similarly, the fresh device with Liq (5 nm)
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barely showed iodide accumulation between the ETL
and the cathode (Figure 7A). However, iodide accumu-
lation was detected in all aged PSCs, while the magni-
tude of accumulation varied depending on the Liq
thickness. Moreover, iodide ions were migrated into
the Ag layer when the devices deteriorated. Along with
the increment of Liq thickness, the aged PSCs showed
diminished iodide accumulation at the interface. The
lowest iodide accumulation could be achieved by
implementing a 7 nm Liq layer (Figure 7D-F). Further-
more, the Liq layer is also proved to block the water
vapor penetration into the perovskite layer, which
prevented the perovskite film degradation with a yel-
low phase (Figure S11). Thus, we can conclude that
the Liq layer effectively inhibits the iodide migration
from the perovskite layer to the counter electrode and
water vapor penetration from outside during the
device operation, which is the fundamental reason for
the enhanced stability.

4 | CONCLUSIONS

We revealed that the Liq buffer layer in the PSCs acts as an
efficient buffer layer, which reduces the potential barrier
and elevates the charge extraction. The device with Liq
showed increased efficiency from 9.5% to 10.13%, which is
mainly originated from the enhanced Jsc and FF. To figure
out the reason for the increased charge extraction, surface
conductivity and electric potential of Lig-induced devices
were measured by C-AFM and SKPM. The insertion of the
Liq interlayer reduces the electric barrier between the

PC,,BM and the Ag electrode. For further insight, the TR-
PL measurement was conducted. The insertion of the
Liq decreased the effective PL lifetime from 2.321 to
1.964 ns, showing an enhanced charge extraction by the
Liq. Besides, PSCs' operational stability concerning the
diverse condition was measured. The PSCs with Liq
showed significantly improved stability, where the PSC
with 3 nm of Liq showed the highest stability. The rea-
son for the stability improvement was revealed through
employing the TOF-SIMS analysis. After degradation,
while the PSC without Liq showed a severe accumula-
tion of iodide between the PC,oBM and the Ag elec-
trode, the devices with Liq insertion showed a
significantly reduced accumulation between the inter-
face, which is the main reason for the enhanced opera-
tion stability. Throughout the overall experiments, we
suggested an effective buffer layer candidate for the
PSCs, improving both efficiency and operational stabil-
ity. We believe that our results will provide valuable
insights into the PSC fields.
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