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Efficient and Stable All-Inorganic CsPbIBr, Perovskite Solar
Cells Enabled by Dynamic Vacuum-Assisted Low-

Temperature Engineering

Junyi Huang, Shenghua He, Wenzhi Zhang, Aziz Saparbaev, Yi Wang, Yueyue Gao,*
Luwen Shang, Guohua Dong,* Lobar Nurumbetova, Gentian Yue,* and Yongguang Tu

Among all-inorganic perovskite photoactive materials, CsPbIBr, demonstrates
the most balanced trade-off between optical bandgap and phase stability.
However, the poor quality and high-temperature engineering of CsPblBr; film
hinder the further optimization of derived perovskite solar cells (PSCs). Herein, a
simple dynamic vacuum-assisted low-temperature engineering (merely 140 °C) is
proposed to prepare high-quality CsPblBr, film (VALT-CsPbIBr; film). Compared
to HT-CsPbIBr, film processed via conventionally high temperature (280 °C),
VALT-CsPbIBr, film presents higher crystallinity and more full coverage con-
sisting of larger grains and fewer grain boundaries, which results in intensified
light-harvesting capability, reduced defects, and extended charge carrier lifetime.
Benefiting from those improved merits, VALT-CsPbIBr, PSCs show lower trap-
state densities, more proficient charge dynamics, and larger built-in potential
than HT-CsPbIBr, PSCs. Consequently, VALT-CsPbIBr, PSCs deliver a higher
efficiency of 11.01% accompanied by a large open-circuit voltage of 1.289 V and a
remarkable fill factor of 75.31%, being highly impressive among those reported
CsPbIBr, PSCs. By contrast, the efficiency of HT-CsPbIBr, PSCs is only 9.00%.
Moreover, VALT-CsPbIBr, PSCs present stronger endurance against heat and
moisture than HT-CsPbIBr, PSCs. Herein, a feasible avenue to fabricate efficient
yet stable all-inorganic PSCs via low-temperature engineering is provided.

technology.'? More importantly, the

state-of-the-art power conversion efficiency
(PCE) of hybrid PSCs has surpassed 25%,
which is even comparable with commercial
silicon solar cells.** However, those
photoactive materials of hybrid PSCs are
intrinsically unstable under thermal,
photo, and moisture stresses due to their
fragile organic components featuring vola-
tile and hygroscopic characteristics, i.e.,
CH;3NH; ", CH;3(NH,), "5 The unfavor-
able features of organic components inevi-
tably deteriorate the long-term operational
stability of hybrid PSCs."”! Therefore, seek-
ing other types of photoactive materials
featuring superior stability yet high perfor-
mance is of great urgency for realizing the
practical application of PSCs.

Recently,  completely  substituting
organic components in organic—inorganic
hybrid photoactive materials with inorganic
constituents is gradually paid ever-
increasing attention for their excellent
stability and great potential for fabricating
efficient PSCs especially tandem solar
cells.'>™ Up to now, several dominant

1. Introduction

Organic—inorganic hybrid perovskite solar cells (PSCs) have
drawn unprecedented interest in academia and industries due
to their intrinsic advantages, i.e., excellent absorption coefficient,
low exciton binding energy, and facile solution fabrication

types of all-inorganic photoactive materials, such as CsPbBr;,
CsPbls, CsPblI,Br, and CsPbIBr,, have been extensively investi-
gated. Among them, CsPbBr; presents superior phase stability
even without encapsulation, while the large bandgap
(~2.30eV) weakens their light-harvesting capability and then
limits the efficiency of derived PSCs.'¥ Moreover, CsPbl; and
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CsPbI,Br possess a relatively narrow bandgap of ~1.73 eV and
~1.92eV, respectively, leading to highly enhanced light-
harvesting ability and impressive efficiency for corresponding
PSCs.* Unfortunately, both CsPbl; and CsPbI,Br easily
transform to the yellow non-photoactive orthorhombic phase
(8-phase) from the black photoactive phase (a-phase) under room
temperature with a humid environment.! In contrast,
CsPbIBr, featuring an appropriate bandgap of ~2.05eV and
good phase stability even at high temperatures over 400°C
should be a better choice for the practical application of derived
PSCs.*! Nevertheless, the efficiency of CsPbIBr, PSCs is far
from its theoretical value, and even lags behind other all-
inorganic counterparts.'’-*®) Hence, developing feasible meth-
ods for further improving the efficiency of CsPbIBr, devices
is eager to strengthen its competitiveness in the field of PSCs.

To date, great efforts have been paid to optimize the CsPbIBr,
film and the corresponding PSCs. Zhu et al. proposed an inter-
molecular exchange strategy to optimize the CsPbIBr, film to
suppress charge recombination and prompt charge carrier
extraction, which results in a modest PCE of 9.16%.""! Then,
Wang and coworkers incorporated sulfamic acid sodium salt into
the CsPbIBr; film to produce an additional internal electric field
to improve the electron transport and injection, thus imparting a
good PCE of 10.57%.%) Beyond that, Du and colleagues adopted
(NiCo);_,Fe,O, nanoparticle as a p-doping agent to modify gra-
phene oxide as hole transporting material, which could efficiently
boost hole extraction between CsPbIBr, film and electrode, pro-
ducing a high PCE of 10.95%.*" Although progressive achieve-
ments have been obtained for CsPbIBr, PSCs, the corresponding
recorded value of CsPbIBr, PSCs is still far from satisfactory. In
addition, those high-performance CsPbIBr, PSCs are always
dependent on a high temperature process for either electron
transport layer (ETL, >450°C) or CsPbIBr, film (>200°C),
which not only increases the energy payback time and the pro-
duction cost but also highly limits the application of CsPbIBr, on
flexible optoelectronic devices.[?>~2# Therefore, exploiting a facile
low-temperature fabrication process yet further improving the
photovoltaic performance of CsPbIBr, PSCs should be highly
imperative for its development.

Herein, we adopted a simple dynamic vacuum-assisted low-
temperature (merely 140 °C) processing technology to prepare
high-quality CsPbIBr, film (VALT-CsPbIBr, film). Compared
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to HT-CsPbIBr, film processed via conventionally high temper-
ature (280 °C), VALT-CsPbIBr, film presents higher crystallinity,
fewer grain boundaries, and more uniform coverage upon the
substrate, which results in stronger light-harvesting capability,
fewer defects, and longer charge carrier lifetime. The abovemen-
tioned improved merits impart lower trap-state densities, more
proficient charge dynamics, and larger built-in potential for
VALT-CsPbIBr, PSCs versus that of HT-CsPbIBr, ones. As a
result, VALT-CsPbIBr, PSCs deliver a higher PCE of 11.01%
accompanied by a large open-circuit voltage (V) of 1.289V
and a remarkable fill factor (FF) of 75.31% relative to that of
HT-CsPbIBr, ones (PCE=9.00%). Moreover, the unencapsu-
lated VALT-CsPDbIBr, PSCs could retain over 87% of their initial
PCE after being continuously heated at 80 °C in an inert atmo-
sphere for 8days versus that of HT-CsPbIBr, PSCs (62%).
Meanwhile, the unencapsulated VALT-CsPbIBr, PSCs could
remain 65% of their initial PCE under high humidity
(~50%) for 160h, while HT-CsPbIBr, devices are completely
out of operation under the same condition. Therefore, compared
to HT-CsPbIBr, devices, the superior photovoltaic performance
coupled with robust stability against heat and humidity of
VALT-CsPbIBr, PSCs demonstrate the effectiveness of the
dynamic vacuum-assisted low-temperature engineering pro-
posed in this work.

2. Result and Discussion

The dynamic vacuum-assisted low-temperature process engi-
neering of preparing CsPbIBr, film is illustrated in Scheme 1.
As shown, the CsPbIBr, precursor solution in dimethyl sulfoxide
(DMSO) was first spin-coated upon ZnO film prepared according
to the reported work.”® Then, the as-prepared film was first
annealed on a hot plate at 40 °C for 2 min for uniform nucleation-
grown process and subsequently settled into a vacuum
chamber to remove the residual DMSO molecule for boosting
rapid crystallization of CsPbIBr, film."*! With the aim of
obtaining the optimized morphology of CsPbIBr, film, the vac-
uum-assisted annealing process was carefully controlled via
simultaneously vacuuming and inflowing pure argon (Ar) to
maintain the pressure at 50-100 Pa and keep the annealing tem-
perature at 140 °C (Figure S1-S3, Supporting Information).?%—2
After that, the smooth VALT-CsPbIBr, film was obtained and
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Scheme 1. The schematic illustration of the dynamic vacuum-assisted low-temperature engineering for preparing VALT-CsPbIBr, film.
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presented a shiny dark-red color versus that of HT-CsPbIBr, film
prepared via conventionally high temperature (280 °C).

To first provide insight into the morphological difference
between HT-CsPbIBr, film and VALT-CsPbIBr, film, the
scanning electron microscopy (SEM), atomic force microscopy
(AFM), and Kelvin probe force microscopy (KPFM) were
synergistically implemented. As displayed in Figure 1a, the
HT-CsPbIBr, film presents discontinuous distribution with
obvious pinholes as well as heterogeneous grains, resulting in
a nonuniform and coarse surface featuring a large root mean
square (RMS) roughness of 27.4 nm (Figure 1b), which is similar
to the CsPbIBr, film reported by previous work.?*=> Note that the
poor morphology of HT-CsPbIBr, film would not only result in
numerous shunting paths to induce unfavorable interfacial charge
recombination but also endow moisture and oxygen molecules
more facile possibilities to invade into HT-CsPbIBr, film.
Naturally, the abovementioned disadvantages of HT-CsPbIBr, film
would deteriorate the efficiency and stability of derived devices.*®!

In contrast, the VALT-CsPbIBr, film showed a full-coverage
surface accompanied by highly uniform and crystalline grains
possessing sizes in the range of hundreds of nanometers
(Figure 1d). Meanwhile, VALT-CsPbIBr, crystals are closely com-
pacted via triple-junction grain boundaries to form an almost
equal vertex angle with a value of 120°, demonstrating their
crystals featuring an equilibrium state with low internal stress,
which could be conducive to enhancing the stability of VALT-
CsPbIBr,.™ Moreover, the VALT-CsPbIBr, film depicts a homo-
geneous and smooth surface with small RMS roughness of
16.5 nm (Figure le), which benefits obtaining small interfacial
resistance and is conducive to facilitating charge transfer.*”**!

Beyond that, both HT-CsPbIBr, film and VALT-CsPbIBr, film
present uniform contact surface potential (CSP) distribution
(Figure 1c,f). However, the average CSP of VALT-CsPbIBr, film
is nearly reduced by ~0.30 V versus that of HT-CsPbIBr, film,
which indicates the larger work function of VALT-CsPbIBr,

www.solar-rrl.com

film.B% Generally, the enhanced work function of VALT-
CsPDIBr, film is ascribed to its fewer compositional defects
caused by its weaker n-type doping, which is corroborated by
the preferable stoichiometric ratios of VALT-CsPbIBr, film ver-
sus that of HT-CsPbIBr, obtained from the X-ray photoelectron
spectroscopy (XPS) result (Figure S4, Supporting Information).
The larger work function of VALT-CsPbIBr, film is not only ben-
eficial for improving the structural stability of VALT-CsPbIBr,
but also profitable to obtain a larger built-in potential for derived
devices.*o*!

As exhibited in Figure 2a, HT-CsPbIBr, displays two distinct
X-ray diffraction (XRD) peaks at 14.88° and 29.95°, respectively,
which are indexed to (100) and (200) crystal planes of a-phase
CsPbIBr,.[*? It is noticed that other diffraction peaks correlating
with (110) and (210) crystal planes of a-phase CsPbIBr, are
absent, implying that HT-CsPbIBr, possesses a preferentially
crystalline orientation along the (100) crystal plane, which is per-
pendicular to the substrate and favorable for charge transport.[***4
Except for featuring characteristics as same as HT-CsPbIBr,,
VALT-CsPbIBr, presents stronger diffraction intensities along
with smaller full width at half maximum and slightly shift to a
small angle (Table S1, Supporting Information), revealing
VALT-CsPbIBr, having higher crystallinity and larger crystal size,
which is consistent well with its SEM image.

The ultraviolet photoelectron spectroscopy measurement was
conducted to investigate the electronic energy level of
HT-CsPbIBr, and VALT-CsPbIBr,. As shown in Figure 2b
and Figure S5, Supporting Information, the valence band
maximum (VBM) could be deduced to —5.27 and —5.36 eV for
HT-CsPbIBr, and VALT-CsPbIBr, according to VBM = 21.22 —
(Ecutoff — Eonset)> respectively.®! Then the conduction band min-
imum (CBM) could be calculated based on CBM = VBM + Eqp
(optical bandgap) (Figure S6, Supporting Information), corre-
sponding to —3.19 and —3.31eV for HT-CsPbIBr, and
VALT-CsPbIBr,, respectively. Compared to HT-CsPbIBr,, the
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Figure 1. a,d) SEM, b,e) AFM, and ¢,f) KPFM images of HT-CsPblBr, film (a—c) and VALT-CsPblIBr, film (d—f), respectively.
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Figure 2. a) XRD patterns; b) energy level diagram of functional layers in PSCs of this work; c) steady PL spectra with quartz glasses as substrate; d) TRPL
spectra with quartz glasses as substrate; e,f) time dependence of absorption spectra in the ambient environment (=25 °C, 40-50% relative humidity),
where two samples correspond to HT-CsPblBr, and VALT-CsPblIBr,, respectively.

down-shifted VBM of VALT-CsPbIBr, could provide a larger
built-in potential to achieve a higher V,. for derived devices.
Meanwhile, the deeper CBM of VALT-CsPbIBr, would reduce
the electron transfer energy loss, which is beneficial for enhanc-
ing the efficiency of derived devices.**™*" In addition, the Fermi
level (Eg) could be calculated according to Er =21.22 — Ecyof
which corresponds to —4.04 and —4.62eV for HT-CsPbIBr,
and VALT-CsPbIBr, (Figure S7, Supporting Information),
respectively. The deeper Er of VALT-CsPbIBr, far away from
its CBM not only agrees well with its larger work function but
also confirms its weaker n-type doping feature once again.

As depicted in Figure 2c, VALT-CsPbIBr, shows a stronger
photoluminescence (PL) peak coupled with a slight blueshift
relative to HT-CsPbIBr,. Meanwhile, the PL peak located at
the longer wavelength of VALT-CsPbIBr, is weaker than that
of HT-CsPblIBr,, which is attributed to the weaker phase
separation caused by fewer defects existing in the former."**!
In contrast, VALT-CsPbIBr, presents two different processes
in the time-resolved photoluminescence (TRPL) measurement,
which correspond to non-radiative recombination resulting from
intrinsic defects (71 =0.96ns) and radiative recombination
(z2 = 3.73 ns, Figure 2d).®! However, the non-radiative recombi-
nation process (r; =4.77ns) is efficiently suppressed, yet the
radiative recombination process (r; =0.80ns) is highly
promoted for VALT-CsPbIBr,, which coincides well with the
higher crystallinity as well as fewer defects of VALT-CsPbIBr,
relative to HT-CsPDbIBr,.

Benefiting from the abovementioned physicochemical proper-
ties, VALT-CsPbIBr, not only exhibits stronger light-harvesting
capability (Figure S8, Supporting Information) but also features
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higher endurance to oxygen and moisture, which is intuitively
confirmed by its almost unchanged film color and absorption
spectra when placed in the ambient environment for 20h
(Figure 2e{f). Overall, the higher crystallinity, fewer intrinsic
defects, deeper electronic energy level, and stronger light-
harvesting capability of VALT-CsPbIBr, are favorable for
obtaining superior efficiency and stability for derived devices.

To evaluate the photovoltaic performance of PSCs based on
HT-CsPbIBr, film and VALT-CsPbIBr, film, the devices with
the structure of ITO/ZnO/CsPbIBr,/Spiro/Au were fabricated
(Figure 3a). The corresponding cross-sectional SEM image of
VALT-CsPbIBr, PSCs is shown in Figure 3b, where all functional
layers are uniformly stacked, and the thickness of VALT-
CsPbIBr, film is ~315 nm (Figure S9, Supporting Information).
The current density—voltage (J-V) curves of optimized PSCs
(measured under AM 1.5G irradiation at 100 mW cm ™ ?) are
depicted in Figure 3c, and the corresponding photovoltaic param-
eters are summarized in Table 1.

As shown in Figure 3¢, HT-CsPbIBr, PSCs produce a series of
modest photovoltaic parameters, including V. of 1.235V, short-
circuit current density (Js ) of 10.98 mA cm ™2, and FF of 66.34%,
synthetically yielding a typical PCE of 9.00% with a large hyster-
esis index (HI) with a value of 18.89% (Figure S10 and Table S2,
Supporting Information), where the HI is calculated according to
the following equation.

HI =
PCEgs

1)

where PCEgs and PCEgg represent the champion efficiency of
derived devices measured via reverse and forward scans,

© 2021 Wiley-VCH GmbH
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Figure 3. a) Schematic illustration and b) cross-sectional SEM image of VALT-CsPblBr, PSCs; c) J-V curves measured from the reverse direction, d) EQE
spectra coupled with Ji, €) steady-state output of PCE at the maximum power point, and f) statistical histogram of PCE from 20 individual HT-CsPbIBr,

PSCs and VALT-CsPblIBr, PSCs, respectively.

Table 1. Photovoltaic parameters of optimized devices.

Photoctive layer Vo Jsc FF PCE Jint a KT/e
M [mAcm™  [%]  [%] [mAcm?

HT-CsPblBr, 1235 1098 6634 9.00 9.92 0969 1.98

VALT-CsPbiBr, 1.289 1134 7531 11.01 1064 0982 143

respectively.?” Compared to HT-CsPbIBr, PSCs, VALT-

CsPbIBr, PSCs display a distinct increasement in all photovoltaic
parameters with V. of 1.289V, J,. of 11.34 mA cm 2, and FF of
75.31%, then endowing an impressive PCE of 11.01% with
reduced HI of 12.26%, where the superior efficiency is among
the highest values of previously reported CsPbIBr, PSCs
(Table S3, Supporting Information). The slightly higher V,. of
VALT-CsPbIBr, PSCs should be ascribed to deeper VBM of
VALT-CsPbIBr, film versus that of HT-CsPbIBr, film.[**
Meanwhile, the higher J,. and FF are not only due to the better
morphology along with fewer defects of VALT-CsPbIBr, film
but also closely correlate with the proficient charge dynamics
of VALT-CsPbIBr, devices relative to HT-CsPbIBr, ones
(discussed later).

In addition, VALT-CsPbIBr, PSCs display an intensified exter-
nal quantum efficiency (EQE) value versus that of HT-CsPbIBr,
PSCs in the range of 300-600 nm, especially the EQE value
exceeding 90% from 400 to 560 nm, indicating better light-
harvesting ability and efficient charge collection of the former.
Moreover, the integrated current density (fin) of VALT-CsPbIBr,
PSCs from the EQE spectrum is 10.64 mA cm ™2, higher than
that of HT-CsPbIBr, PSCs (9.92 mAcmfz), which is consistent
with the trend of Ji. in the J-V measurement. Note that the
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discrepancy between Ji,,; and Jg. should be attributed to the slow
photovoltaic response and the spectral mismatch between the
EQE source and solar simulator.*°)

As presented in Figure 3e, the steady-state PCE output is esti-
mated to be ~10.92% for VALT-CsPbIBr, devices after being
measured for 170 s. In contrast, the HT-CsPbIBr, devices only
present a lower PCE output of 8.60% accompanied by fluctua-
tion, which correlates with their severe HI effect resulting from
their more intrinsic defects.*” The reproducibility of
HT-CsPbIBr, PSCs and VALT-CsPbIBr, PSCs is evaluated in
Figure 3f. As shown, the J-V histograms of 20 individual
VALT-CsPbIBr, devices depict a narrow PCE distribution with
an average value of 10.16%, while the corresponding value is
only 8.25% for HT-CsPbIBr, PSCs, demonstrating the better
repeatability of VALT-CsPbIBr, PSCs.

To shed light on the effect of charge dynamics on the photo-
voltaic performance of optimized devices, a series of character-
izations were conducted. As depicted in Figure 4a, HT-CsPbIBr,
PSCs present a slow photocurrent decay process with a large life-
time of 1.39 us observed from the transient photocurrent (TPC)
spectra. However, the photocurrent decay process of VALT-
CsPbIBr, PSCs becomes much faster with a small lifetime of
0.76 ps, indicating VALT-CsPbIBr, PSCs featuring a more
efficient charge extraction than HT-CsPbIBr, ones.[**!
Meanwhile, the dependence of ;. on illumination intensity
(Plight) of VALT-CsPbIBr, PSCs presents a larger o (0.982) than
that of HT-CsPbIBr, ones (@ =0.969, Figure 4b), where the
larger a closer to unity revealing a perfecter charge extraction
existing in the former.*”) The better charge extraction behavior
of VALT-CsPDbIBr, PSCs correlates with the smaller series resis-
tance and larger recombination resistance determined from the
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Figure 4. a) TPC, b) Pjign; depended on Js, ¢) TPV, d) Py depended on Vi, €) SCLC results of single-carrier devices with the structure of ITO/ZnO/
CsPblBr,/PCBM/Ag, and f) Mott—Schottky curves of PSCs based on HT-CsPblBr, and VALT-CsPblIBr,, respectively.

electrochemical impedance spectra versus that of HT-CsPbIBr,
(Figure S11, Supporting Information). Accordingly, the favorable
charge extraction would be conducive to suppressing the bimo-
lecular charge recombination and then improving the efficiency
of derived devices.

To further gain insight into the charge recombination behav-
ior in both optimized devices, the transient photovoltage (TPV)
spectra and the Py, dependence of the V. of optimized devices
were performed. As shown in Figure 4c, the HT-CsPbIBr, PSCs
exhibit a fast photovoltage decay process with a small lifetime of
56.54 ps. In contrast, VALT-CsPbIBr, PSCs show a slow photo-
voltage decay process with a prolonged lifetime of 133.11 ps,
implying the charge recombination rate is highly hindered for
VALT-CsPbIBr, PSCs versus that of HT-CsPbIBr, ones.'!
Beyond that, a smaller ideality factor n of 1.43 also demonstrates
that trap-assisted recombination is effectively suppressed in
VALT-CsPbIBr, PSCs versus that of HT-CsPbIBr, ones (1.98).°%

Furthermore, the trap-state densities (N;) of optimized devices
were investigated via devices with the structure of ITO/ZnO/
CsPbIBr,/PCBM/Ag according to the space charge-limited
current (SCLC) method. In general, the J-V curves of the above-
mentioned devices present three different regions, where the
linear part in the lower voltage and the nonlinear section in
the larger voltage correspond to the ohmic contact region and
trap-filled region, respectively.”® And the kink point between
the abovementioned two regions is defined as the trap-filled limit
voltage (Vrr1), a factor to evaluate the N,. And the N, could be
further calculated according to the following equation.

AL T
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where the e and ¢, denote the relative dielectric constant
of CsPbIBr, (8) and the vacuum  permittivity
(e0=8.85x 107> Fm™), respectively; L represents the
thickness of CsPbIBr, film (300nm in this work) and g is
the elementary charge (e=1.60 x 10~'° C).*" Obviously, the
VALT-CsPbIBr, PSCs show a relatively smaller Vrg of 1.41V
than that of HT-CsPbIBr, PSCs (VrgL = 1.60 V), demonstrating
fewer N, of 1.38 x 10*®cm ™3 of VALT-CsPbIBr, PSCs than that
of HT-CsPbIBr;, ones (N, = 1.57 x 10'¢cm ™), which should be
ascribed to the relatively perfect crystals of the former.

In addition, the Mott-Schottky curves of optimized devices is
depicted in Figure 4f, and the corresponding relationship is
generally written with the equation

1_ 2 [y oy M 3
C* ge,eoNp i q ®)

where C stands for the capacitance of the space charge region, V
denotes the applied potential, Vi, is the built-in potential, k is the
Boltzmann constant (1.38 x 1072* J K™'), Trefers to the absolute
temperature (298.15 K, herein), and Ny, corresponds to the dop-
ing density.””! And then, the intercept of Mott—Schottky curves
along the X-axis represents the Vi,; of derived devices. As shown,
HT-CsPbIBr, PSCs depict a small V;,; of 1.34 V, while the corre-
sponding one shifts to 1.65 V for VALT-CsPbIBr, PSCs. In gen-
eral, the larger V},; of VALT-CsPbIBr, PSCs could provide a larger
driving force for the photogenerated charge carrier separation
and impart a wider depletion region to efficiently suppress
charge recombination, being consistent well with the more pro-
ficient charge dynamics and superior photovoltaic performance
of VALT-CsPbIBr, PSCs.b*>%
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Figure 5. Time-dependent variations of normalized PCE of the unencapsulation HT-CsPbIBr, PSCs and VALT-CsPbIBr, PSCs a) storing in the ambient
environment (25-28 °C, ~50% relative humidity) and b) continuously heated at 80 °C in the glovebox (H,O <1 ppm, O, < 1 ppm), respectively; pho-
tovoltaic parameters and fabrication parameters of CsPbIBr, PSCs via different methods, where c) plots of PCE against V., d) plots of FF against PCE,
e) plots of PCE against the temperature of ETL, and f) plots of PCE against the temperature of the photoactive layer.

Apart from the efficiency, both the long-term operational sta-
bility and fabrication technology of PSCs play a dominant role in
the practical production of PSCs.P! As exhibited in Figure 5a, the
efficiency of HT-CsPbIBr, PSCs presents fast degradation when
placed in the ambient environment (25-28 °C, ~50% relative
humidity). Especially, the efficiency of HT-CsPbIBr, PSCs is
almost exhausted when placed in the ambient environment
for 160 h. However, 65.0% of its initial value is retained for
VALT-CsPbIBr, PSCs when placed in the same atmosphere
for 160 h. Moreover, 58.7% of its initial value is still unexpectedly
preserved for VALT-CsPbIBr, PSCs even with the storing time in
the ambient environment extending for 200 h.

In addition, the efficiency of VALT-CsPbIBr, PSCs shows a
small decline with 87.1% of its initial value being kept after being
continuously heated at 80°C in a glovebox (H,0 < 1ppm, O,
< 1ppm) for nearly 8days (Figure 5b). In contrast, the corre-
sponding value only remained 61.7% for HT-CsPbIBr, PSCs.
Hence, VALT-CsPbIBr, PSCs possess better long-term stability
coupled with improved endurance against heat and moisture
than HT-CsPbIBr, PSCs.

Furthermore, VALT-CsPbIBr, PSCs not only demonstrate
impressive efficiency especially featuring a decent V,. of
1.289V and a remarkable FF of 75.31% among the reported
CsPbIBr, PSCs (Figure 5c,d and Table S3, Supporting
Information) but also present great potential in flexible PSCs due
to their low-temperature processing procedure for either ETL or
CsPbIBr, photoactive layer (Figure 5Se,f and Table S3, Supporting
Information). Moreover, eliminating additional pretreatment
(doping, precursor solution aging, etc.) or posttreatment
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(interfacial passivation, applying optical modifying layer, etc.)
but without sacrificing the photovoltaic performance of
CsPbIBr, PSCs via the VALT strategy should be promising for
the low-cost industrial production of derived devices.

3. Conclusions

In summary, a simple dynamic vacuum-assisted low-temperature
(merely 140°C) processing technology was adopted for
preparing high-quality CsPbIBr, film. The as-prepared VALT-
CsPDIBr, film presents a smoother surface, more uniform full-
coverage, and larger closely packed crystal grains coupled with
fewer grain boundaries and defects relative to HT-CsPbIBr,
film processed via conventionally high temperature (280°C).
The stronger crystallinity with favorable characters impart inten-
sified light-harvesting capability and extended charge carrier life-
time for VALT-CsPbIBr, film. Consequently, VALT-CsPbIBr,
PSCs deliver an impressive PCE of 11.01% along with a
remarkable FF of 75.31% versus that of HT-CsPbIBr, ones
(PCE=9.00%, FF=66.34%). The better photovoltaic perfor-
mance of VALT-CsPbIBr, PSCs correlates well with their lower
trap-state densities, more proficient charge dynamics, and larger
built-in potential than that of HT-CsPbIBr, PSCs, which is intrin-
sically resulted from the superior physicochemical characteristics
of the former. Moreover, VALT-CsPbIBr, PSCs demonstrate bet-
ter long-term stability accompanied by stronger endurance to
moisture and heat than HT-CsPbIBr, PSCs. Our work provides
a facile method to fabricate efficient yet stable all-inorganic PSCs
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via a low-temperature process, which would promote further
research and industrial applications of the derived optoelectronic
devices based on CsPbIBr,.

4. Experiment Section

Materials: Cesium iodide (Csl, extra dry, 99.998%), lead bromide
(PbBr,, extra dry, 99.99%), and DMSO (extra dry, 99.7%) were purchased
from Sigma-Aldrich. 2,20,7,70-tetrakis (N,N-dip-methoxyphenylamine)-
9,9-spirobifluorene) (Spiro-OMeTAD, 99.5%), bis(trifluoromethane) sul-
fonimide lithium salt (LiTFSI, 99%), 4-tert-butylpyridine (4-TBP, 96%),
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 99%) were pur-
chased from Xi'an Polymer Light Technology Corp. Indium tin oxide
(ITO) conductive glass substrates (sheet resistance of 12-15Qsq ') were
purchased from Luminescence Technology Corporation. Unless otherwise
noted, other chemicals were purchased from Energy Chemical Reagent
Co., Ltd and used as received without further purification.

Device Fabrication: ITO substrates were successively cleaned via ultra-
sonic treatment in detergent, deionized water, ultrapure water, acetone,
and isopropanol. Then, ITO substrates were dried with argon-flow and
irradiated with oxygen plasma for 15 min. Following, the modified sol-
gel-ZnO precursor solution was spin-coated upon ITO substrates at
3500 rpm for 25s and then annealed at 150°C for 40 min.*? During
the annealing process of ZnO film, 259.8 mg Csl and 367.0 mg PbBr, were
dissolved in 1 mL DMSO and energetically stirred at room temperature
until the mixture was completely dissolved. After the annealing process
of ZnO, the ZnO film was irradiated with oxygen plasma for 5 min once
again and then quickly moved into the glovebox. The CsPblBr, precursor
was spin-coated on ZnO film at 1000 rpm for 20 s and 3000 rpm for 30's.
The as-casted film was heated at 40 °C for 2 min and then was heated at
280 °C for 15 min for HT-CsPblBr, film. In contrast, the as-casted film was
quickly placed into a vacuum chamber to simultaneously vacuum and
inflow argon (Ar) to maintain the pressure at 50-100 Pa and keep the
annealing temperature located at 140 °C after annealing 40°C for 2 min
for preparing VALT-CsPbIBr, film. Subsequently, Spiro-OMeTAD
(72.3 mg), Li-TFSI (17.5pL, 520 mg mL™" in acetonitrile), and 4-TBP
(28.8 uL) were added to 1mL of chlorobenzene, stirred for at least
0.5 h under darkness, filtered with a 0.22 pm filter, and then spin-coated
upon CsPblBr; film (4000 rpm, 30's). Following, the as-prepared film was
placed into a homemade container (Figure S12, Supporting Information)
with high purity oxygen atmosphere for at least 5.0 h. (Note that the devi-
ces with Spiro-OMeTAD being oxidated under different atmospheres for
different times are performed in Figure S13, Supporting Information.)
Finally, the sample was placed into a vacuum chamber and Au
(=100 nm) was deposited at a vacuum of ~2 x 10"* Pa. A shadow mask
with 0.04 cm? was used to define the photoactive area of the final devices.

Device Characterization: The J-V characteristics of PSCs were measured
via Keithley 2400 source-meter under AM 1.5G illumination via a Newport-
Oriel solar simulator, where the light intensity was calibrated to
100 mW cm ™2 using an NREL-certified single-crystal silicon cell. The EQE
spectra were measured with a commercial photomodulation spectro-
scopic setup that included a Xenon lamp, an optical chopper, a monochro-
mator, and a lock-in amplifier operated via a PC computer. Meanwhile, a
calibrated Si photodiode was used as a standard in the EQE measurement.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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