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ABSTRACT: Due to light-induced effects in CH;NH;-based perovskites, such as ion

migration, defects formation, and halide segregation, the degradation of CH;NH;-based
perovskite solar cells under maximum power point is generally implicated. Here we demon-

strated that the effect of light-enhanced ion migration in CH;NH;Pbl; can be eliminated by

inorganic Cs substitution, leading to an ultrastable perovskite solar cell. Quantitatively, the ion

migration barrier for CH;NH;PbI; is 0.62 eV under dark conditions, larger than that of

CsPbLBr (0.45 eV); however, it reduces to 0.07 eV for CH;NH,Pbl; under illumination,
smaller than that for CsPbLBr (0.43 eV). Meanwhile, photoinduced halide segregation is
also suppressed in Cs-based perovskites. Cs-based perovskite solar cells retained >99% of the
initial efficiency (10.3%) after 1500 h of maximum power point tracking under AM1.5G
illumination, while CH;NH;PbI; solar cells degraded severely after S0 h of operation.
Our work reveals an uncovered mechanism for stability improvement by inorganic cation
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substitution in perovskite-based optoelectronic devices.

O rganic—inorganic hybrid perovskite solar cells (PSCs)
exhibited a 22.1% record certified efficiency recently,’
while the long-term stability issue still remains as an Achilles
heel for their commercialization. Among the high-performance
PSCs,”~® [methylammonium (MA)/formamidinium (FA)]*
and [Pbl;]” constitute the matrix to fabricate high-quality crystal
films; however, the corresponding devices still degrade at the
maximum power point (MPP) under illumination even with a
UV filter. This issue is supposed to relate to material decom-
position and ion migration in the perovskites.”'” Although the
material itself passes the damp heat stability test,”’ fast
degradation behavior is still observed at the early stage, the so-
called “burn-in” degradation, implying ion migration-related
destruction in devices. Recently, the Cs-enhanced crystal struc-
ture of perovskites was manifested by thermal stability, humidity
resistance, and photostability; >’ ~* however, a detailed study is
still lacking on whether the ion migration can be tailored by Cs
incorporation in perovskites. It is, therefore, valuable to compare
the ionic transport for MA- and Cs-based perovskites, under dark
and illumination.

‘We mainly focused on MAPbI; and CsPbI,Br perovskite films
by taking the thermal/ambient phase stability and bandgap
(1.92 eV) into consideration.””*>***” The corresponding ion
migration barriers in both MAPbI; and CsPbLBr thin films
are extracted by analyzing cryogenic galvanostatic™® ™" and
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current—voltage experiments in Au/perovskite (MAPbI; or
CsPbL,Br)/Au lateral structures over various temperatures
(100—295 K) and light intensities (0.1—-25 mW/cm?). For
MAPDL,, the ion migration energy barrier (E,) is reduced by
approximately 1 order of magnitude (from 0.62 to 0.07 eV) when
light illumination changes from 0.1 to 25 mW/ cm? However, the
E, CsPbI,Br is almost light-independent with 0.45 eV. Moreover,
the related light-induced halide segregation in MA-based mixed-
halide perovskites’””" is not detected in Cs-based perovskites.
The halide stabilization is consistent with the light-independent
nature in inorganic mixed-halide perovskites under strong
illumination. For solar cell operation under AM1.5G illumina-
tion, the CsPbL,Br device presents <1% relative efficiency loss
over 1500 h working at the MPP in a glovebox, while MAPbI,
devices show a severe degradation within 50 h. Our work reveals
the light-independent ion migration in Cs-based perovskites and
highlights the necessity of maximizing Cs incorporation in high-
efficiency PSCs to enhance the stability.

In our previous work on MAPbI;, light-enhanced ion migration
could cause plane dendritic structures under high-field poling
(~2V um™) conditions in a Au/perovskite/Au lateral structure.™
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Figure 1. Monitoring of the optical images of a CsPbL,Br film during the poling process in ambient air at 25 °C: (a) in the dark, (b) under $ mW/cm?,
and (c) under 25 mW/cm? The temperature variation of the perovskite films is less than 1 °C under illumination.
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Figure 2. Cryogenic galvanostatic and current—voltage experiments in a Au/perovskite (MAPbI, or CsPbI,Br)/Au lateral structure. (a) Schematic
illustration of the conductivity measurement setup. (b) Voltage—current (V—I) curves for the lateral device at 295 K under dark conditions. (c) Four
typical galvanostatic curves at different temperatures under S mW/cm? illumination. A 0.1 nA current was switched on at 0.1 s. (d) Ionic conductivity of
CsPbL,Br films, 6;,, T, under different light intensities. (¢) Zoomed-in data of the dashed box in (d). (f) Ionic conductivity of MAPbI, films 6;,,, T, under

different light intensities.

However, with CsPbL,Br in the same structure (Figures S1 and
S2a,b), the dendritic structure is not observed under illumina-
tion (5 and 25 mW/cm?) for 20 s (Figure 1). The above results
indicate either a large ion migration barrier under illumination or
that light-independent ion migration exists in Cs-based perov-
skite films, compared to MA-based perovskite films. To examine
whether the halide anion also plays a critical role here, we
further investigate MAPbBr; (Figure S2c) and MAPb(I,4Br,,);
(Figure S2d) perovskite thin films for poling experiments.
Similar to MAPbI;, plane dendritic structures are observed under
illumination (Figure S3), excluding the influence of a halide
(I/Br) ratio change.
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To obtain the ion migration barrier for CsPbL,Br and MAPbI;
films, we combine cryogenic galvanostatic with voltage—current
measurements (Figure 2a) to extract the energy barrier under a
varying light intensity. The energy barrier of ion migration (E,)
can be derived from eq 1°*

Z.e*N,C G E
Oion(T)T = nep = 2 NGl exp| ———— | exp| ——
kgV., SkyT kT
B
= 0'0 EXP
B (1)
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where Z; is the ionic charge, N, is the Avogadro constant, Cq is
the concentration of intrinsic defects, D, is the diffusion coeffi-
cient, V,, is the molar volume of perovskite, G, is the formation
energy for vacancy defects, kg is Boltzmann’s constant, and the
activation energy for ion migration E* could be derived from the
slope of the In(6;,,T) ~ 1/T relation.

The total conductivity of the thin film consists of both
electrons and ions (6, = 0, + 0;on) because a perovskite is an
ionic conductor. 6, is proportional to the slope of the current—
voltage curve with a fast scanning rate (50 V s™') in the lateral
structure (Figure 2b). Because the scanning period is shorter
than 1 s, the ionic accumulation effect can be safely ignored.
Next, we use galvanostatic measurement to separate the elec-
tronic conductivity 6, from 6,,.">>* Upon switching on a
sufficiently weak current, the voltage instantaneously reaches an
initial value and then gradually increases over time until reaching
a plateau (Figure 2c). During this time, the resistance gradually
increases due to the depleted mobile ions at the interface.
As a consequence, it reaches an equilibrium value because all
mobile ions are blocked at the boundary. The equilibrium value
is electronic conductance. The desired ionic conductivity is
obtained by using 6;,, = Gyt — O

We separate the ionic conductivities of CsPbl,Br (Figure 2d)
and MAPbL, films (Figure 2f) under different light intensities
(0.1-25 mW/cm?). In(6;,, T) should be plotted versus 1000/ T
based on eq 1, which describes the hopping-like transport of ion
migration. The zoom-in activation region reveals distinct linear
regions (T > 250 K) for CsPbL,Br (Figure 2e) and MAPbI, films
(Figure 2f), respectively. E, (T > 250 K) values under different
light intensity for CsPbL,Br and MAPDI; are summarized in
Table 1.

Table 1. Activation Energy for Ion Migration under Various
Light Intensities, for CsPbl,Br and MAPbI; Films

light intensity E,, for MAPbI, E,, for CsPbl,Br
mW cm %) (T > 250 K) (meV) (T > 250 K) (meV)
0.1 622 454
S 144 456
25 70 430

The ion migration barrier (E,) in MAPbI; films presents a
striking decrease from 0.62 to 0.07 eV when the light intensity
changes from 0.1 to 25 mW/cm?® The much lower barrier for
ion migration under stronger light will cause more severe ion
migration in MAPDI, film, leading to a fast burn-in degradation
of solar cells.'”'**%3%35 I contrast, E, in CsPbL,Br remains con-
stant under different light intensity (0.45—0.43 eV), revealing the
light-independent E, of CsPbl,Br perovskite. The elimination of

light-enhanced ion migration by Cs substitution highlights the
key role that an organic cation plays in the complicated interplay
between photon excitation and ionic transport. Gottesman
et al. demonstrates a softer lattice of MAPbI; perovskites under
illumination, arising from reduced binding between the MA* ions
and the inorganic frames, which might be a contributing factor
for the light-enhanced ion migration.36 Recently, polaron
formation with a deformed lattice surrounding the photocarriers
has been demonstrated in MA/FAPbBr; while not in CsPbBr,.””
The organic cation-dependent polaron formation matches well
with cation-dependent ionic transport properties, implying
another potential mechanism for light-enhanced ion migration.>”

We further move on to examine halide segregation in Cs-based
perovskite films under laser excitation. Light-induced halide
segregation has been widely demonstrated in MAPb(LBr,_,),
(0.2 < x < 0.9) perovskite films, which can be explained by
light-enhanced ion migration.””*"** We investigate the photo-
luminescence (PL) behavior of CsPbl,Br and CsPbBr,l perov-
skite films on an Al,O; substrate. The initial PL spectra show a
645 nm peak (1.92 eV) for CsPbL,Br (Figure 3a) and a 602 nm
peak (2.06 eV) for CsPbBr,I (Figure 3b). No peak shift is
observed after 4 min of light soaking (~10* mW/cm?). A zoom-
in view shows only a monotonic decrease of PL intensity
(Figure S4). Additionally, during the same period of light
soaking, CsPbBr,I shows a higher stability of PL intensity, and it
can be explained by its better phase stability compared to that of
CsPbL,Br in ambient air conditions.”””**® The suppressed
photoinduced phase segregation in cesium lead halide perov-
skites, in turn, supports the light-independent ion migration
property. Note that in MAPb(I, ;Br,s); the initial PL peak red
shifts immediately once the laser is applied on the sample less
than 1 ms (Figure 3c).

On the basis of the analysis above, we infer that the PSCs based
on Cs-perovskite should achieve better MPP stability than
MA-perovskite PSCs because the built-in electric field can barely
move the ions in Cs-perovskites under illumination. To fabricate
the CsPbL,Br film, mixed solvent (DMSO/DMEF) is used here to
increase the precursor solubility to 0.83 M. The resulting
film exhibits dense morphology with 10.8 nm roughness, large
grain size (1—2 pm), and 300 nm thickness (Figure 4). The X-ray
diffraction (XRD) pattern confirms the cubic structure of a pure
CsPbL,Br polycrystalline film on ¢-TiO, with two main peaks at
14.7 and 29.6° (Figure SSa). Compared to a pure DMF solvent
with 0.4 M limited solubility, mixed solvent improves not
only the film morphology and thickness (Figure S6) but the
resulting absorption (Figure SSb). The enhancement in the long-
wavelength region (500—650 nm) indicates a thicker film from
the 0.83 M (DMF/DMSO) precursor solution.
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Figure 3. PL spectra for perovskite films on alumina substrates at 10* mw/cm” intensity measured in ambient air. (a) CsPbl,Br films measured at 2 min
intervals. (b) CsPbBr,] films measured at 2 min intervals. (c) MAPb(I,sBr,); measured at 3 s intervals.
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Figure 4. AFM and SEM images of CsPb,Br layers fabricated by antisolvent methods from a 0.83 M (DMF/DMSO) precursor solution. (a) AFM
topography (left) and three-dimensional views (right). (b) Top-view SEM image of the perovskite layer on a TiO, film. (c) Cross-sectional SEM image

of a complete perovskite device.

CsPbI,Br solar cells show an improved average PCE over 8.2%
(Figure S7) with a 10.3% champion PCE (Figure Sa). The final
steady-state power output at MPP tracking is 9.3% (Figure S8).
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Figure 5. Photovoltaic performance and long-term stability of PSCs.
J—V scans of (a) CsPbI,Br and (b) MAPbI, PSCs at various stages: fresh
and right after corresponding MPP operation. The J—V curves were
measured without a UV filter. (c) Continuous maximum point tracking
for over 1500 h of the unsealed champion CsPbL,Br (dark gray line) and
MAPb], solar cells (magenta line) in a nitrogen glovebox (25 °C) under
constant AM1.5G illumination with a 420 nm UV filter.
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We also note a significant hysteresis in J—V scan measurements
for devices, similar to other reported CsPbL,Br solar cells.”>*
It may relate to the interfacial defects between the compact
TiO, and perovskite layer.”*>*' To compare our stability with
previous results,””® we filtered the UV part in the AM1.5G
spectrum for the MPP stability test, as shown in Figure Sc. On the
basis of the long-term stability evaluation, the Cs-perovskite
device exhibits negligible efficiency loss in 1500 h under con-
tinuous light illumination and steady-state measurement at the
MPP in an inert environment, compared to 50 h for the MAPbI,
device. We also monitered the stability with a full AMIL.5G
spectrum, showing comparable stable performance in the first
40 h (Figure S9). The J—V performances for CsPbL,Br and
MAPDbI; PSC at different stages are also shown in Figure Sa,b.
This result demonstrates the longest operational stability of
Cs-PSCs. It, in turn, supports the superior intrinsic stability of the
CsPbl,Br film and demonstration of a light-independent barrier
for ion migration.

In the recent development of lead halide PSCs, devices con-
taining mixed A-site organic cations (MA and FA with little Cs
component) exhibited record efficiency and long-term stability.
However, efficiency loss under operational status still exists after
periods of working under light, and light-enhanced ion migration
via a MA cation may be the origin. In order to improve the
stability of PSCs, future investigation should be focused on
finding the phase-stable perovskite composition with a mini-
mized organic cation to retain the high stability. Moreover, the
CsPbL,Br material has a promising prospect for application in
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tandem-top solar cells. Therefore, it preserves a bright future in
PSC development.

Overall, light-dependent ion migration is quantitatively
investigated in CsPbl,Br and MAPDI; films by separating
electronic and ionic conductivities. Unlike light-enhanced ion
migration in MAPbI;, we find that the activation energy for ion
migration of the CsPbL,Br sample is constant (~0.4S eV) under
different light intensity. This property of cesium perovskite is
very important for photostability behaviors, including the
elimination of halide segregation in cesium perovskite films
and the potential for device long-term stability. Finally, with
solvent-engineering technology, we fabricated condense and
uniform CsPbL,Br layers and demonstrated a solution-processed
PSC with 9.3% stable PCE. These planar inorganic PSCs exhibit
tremendous improvement on long-term stability under continu-
ous steady-state operation, in comparison to its MA counterpart,
showing 1500 h stability under continuous light illumination at
MPP tracking. We expect that our findings could boost the
investigation of the microscopic mechanism of the optoelectronic
properties of photoexcited perovskite materials and push forward
the development of stable inorganic PSCs with higher photo-
voltaic performance.

B EXPERIMENTAL METHODS

Perovskite Solar Cell Fabrication. CsPbl,Br was prepared from a
CsBr/Pbl, (Alfa Aesar) (1:1) precursor solution. For the
0.4 M precursor solution, CsBr and Pbl, were dissolved in
N,N-dimethylformamide (DMF, Sigma-Aldrich). For the 0.83 M
precursor solution, CsBr and Pbl, were dissolved in DMF with
an additional $6.8 uL of dimethyl sulfoxide (DMSO, Sigma-
Aldrich). All of the precursor solutions were prepared under an
inert atmosphere in an N, glovebox with <0.1 ppm of H,O and
O,, dissolved at 55 °C for 1 h and filtered through a 0.2 yum PTFE
filter. The 0.83 M precursor solution was deposited onto plasma-
cleaned FTO/TiO, substrates with two-step spin-coating
procedures. The first step was 2000 rpm for 10 s with an
acceleration of 200 rpm/s. The second step was 2000 rpm
for 40 s. Chlorobenzene (150 yL) was dropped on the spin-
ning substrate at 10 s before the end of the second step.
The deposition process of the 0.4 M precursor solution followed
the same procedure without the chlorobenzene dropping.
The films were sintered at 280 °C for 8 min. A 2,2/,7,7'-
tetrakis(IN,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene
(spiro-OMeTAD, Yingkou OPV Tech New Energy Co., Ltd.)
solution was spin-coated on perovskite/bl-TiO,/FTO/glass at
3000 rpm for 50 s to form a hole transporting layer. To prepare
a spiro-OMeTAD solution, spiro-OMeTAD/chlorobenzene
(72.3 mg/mL, Sigma-Aldrich) was mixed with 17.5 uL of lithium
bis(trifluoromethanesulfonyl)imide/acetonitrile (520 mg/mL,
both from Sigma-Aldrich) and 28.8 uL of 4-tert-butylpyridine
(Sigma-Aldrich). Finally, a gold counter electrode was deposited
by thermal evaporation. The active electrode area was fixed at
9 mm?.

Perovskite Films and Solar Cell Characterization. The surface
morphology of the perovskite thin film and cross section of the
solar cell devices were characterized by scanning electron
microscopy (SEM) (Nano430, FEI). The instrument uses an
electron beam accelerated at 5 kV. AFM was performed using
Asylum Research/MFP-3D in tapping mode. PL spectra were
measured using a green laser (532 nm in wavelength) on a micro-
zone confocal Raman spectroscope (Renishaw inVia microRa-
man system). The laser beam had a spot size diameter of 2 ym.
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Optical absorption measurements were carried out in a Lambda
950 UV/vis spectrophotometer.

The current—voltage (J—V) curves were obtained by an
Agilent B2912 Series precision source/measure unit and a solar
simulator (Solar IV-150A, Zolix). Light intensity was calibrated
with a Newport calibrated KGS-filtered Si reference cell. A black
mask was used to define the cells’ area. The -V curves were
tested from 1.5 to —0.2 V with a scan velocity of 100 mV/s
(voltage step of 10 mV and delay time of 200 ms). For the steady-
state efficiency, PCE(t) was measured by setting the bias voltage
to the Vypp and then tracing the current density in a nitrogen-
filled glovebox without encapsulation (~20% RH). The long-
term stability test at continuous MPP conditions and 1 sun,
AM1.5G illumination was carried out in a nitrogen-filled glove-
box at a constant device temperature of 25 °C by setting the bias
voltage to Vypp and tracking the current output. The MPP was
updated every 10 s by measuring the current response to a small
perturbation in the potential. A 420 nm cutoff UV filter was
applied in front of the solar cells during the MPP tracking tests.

Perovskite Film Fabrication in the Au/Perovskite/Au Lateral
Structure. The thickness of the gold electrodes was approximately
0.1 um, and the gap between the two gold electrodes was 30 pm.
For CsPbl,Br, a 0.83 M CsPbL,Br precursor solution (CsBr/Pbl,
(Sigma-Aldrich) (1:1) in DMF with an additional 56.8 uL
of DMSO) was spin-coated onto the silicon oxide substrate,
followed by annealing at 280 °C for 8 min in a glovebox.
MAPbBr; and MAPb(I;4Br,;); films were prepared from a
precursor solution (MABr and MAI/PbAc, (Sigma-Aldrich)
(3:1)) (annealed at 100 °C for 10 min in the glovebox). Then,
100 nm PMMA was spin-coated on all of the perovskite films.

For details of the electrical measurements in the lateral
structure, please refer to ref 30.
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