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ABSTRACT: The research field on perovskite solar cells
(PSCs) is seeing frequent record breaking in the power
conversion efficiency (PCE). However, organic—inorganic
hybrid halide perovskites and organic additives in common
hole-transport materials (HTMs) exhibit poor stability
against moisture and heat. Here we report the successful
fabrication of all-inorganic PSCs without any labile or
expensive organic components. The entire fabrication
process can be operated in ambient environment without
humidity control (e.g., a glovebox). Even without
encapsulation, the all-inorganic PSCs present no perform-
ance degradation in humid air (90—95% relative humidity,
25 °C) for over 3 months (2640 h) and can endure
extreme temperatures (100 and —22 °C). Moreover, by
elimination of expensive HTMs and noble-metal electro-
des, the cost was significantly reduced. The highest PCE of
the first-generation all-inorganic PSCs reached 6.7%. This
study opens the door for next-generation PSCs with long-
term stability under harsh conditions, making practical
application of PSCs a real possibility.

S ince the first demonstration of the use in solar cells,'
organic—inorganic hybrid halide perovskites have become
promising candidates for efficient solar energy harvesting.” The
power conversion efficiencies (PCEs) of perovskite solar cells
(PSCs) have exhibited a meteoric rise over the past few years, and
the certified highest PCE has reached 22.1% recently.” Despite
the rapid increase in PCE associated with the evolution of new
perovskite materials and fabrication techniques, the instability of
PSCs remains unresolved.” The problem is mainly because the
mostly studied hybrid perovskites, such as methylammonium
lead triiodide (MAPbL;) and formamidinium lead triiodide
(FAPbL,), have poor stability against moisture and heat. Some
organic additives in commonly used hole-transport materials
(HTMs), such as lithium bis(trifftuoromethanesulfonyl)imide
(LiTFSI) and tert-butylpyridine (tBP), are also hygroscoplc and
deliquescent, promoting performance degradation.™ © Moreover,
the fabrication of hybrid PSCs still relies on precise environ-
mental control, such as gloveboxes or dryrooms. The necessary
route to improve the stability of PSCs is to explore novel
perovskite materials and HTMs with high stability against
humidity and heat. Besides, growing efforts are being devoted to
finding cheap alternatives to replace expensive organic HTMs,
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such as 2,2',7,7'-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (spiro-MeOTAD) or polytriarylamine (PTAA).”
These drawbacks, if not adequately addressed, will hinder the
batch production and practical deployment of PSCs.

Since the instability of PSCs is mainly due to the
decomposition of labile organic components, there are
anticipated benefits to developing all-inorganic PSCs by
excluding all of the organic species sensitive to the ambient
environment. Following this line of thought, here we show the
successful fabrication of all-inorganic PSCs without any labile or
expensive organic components. The all-inorganic PSCs show
remarkable stability under high-humidity conditions (90—95%
relative humidity (RH), 25 °C) and extreme temperatures (100
or —22 °C) even without encapsulation, and therefore, the
instability of traditional hybrid PSCs can be avoided. Unlike the
hybrid PSCs, the entire fabrication process of all-inorganic PSCs
can be operated in ambient atmosphere without humidity
control. Also, eliminating expensive organic HTMs (~$350/g)
and noble-metal electrodes (~$50/ g) greatly reduces the cost,
paving the way for mass production and application.

Figure la shows a schematic cross-sectional view of the all-
inorganic PSCs. The cell consists of functional layers of fluorine-
doped tin oxide (FTO)/compact TiO, (c-TiO,)/mesoporous
TiO, (m-TiO,)/inorganic perovskite CsPbBr;/carbon (see the
Supporting Information (SI)). The intention behind using the
inorganic perovskite CsPbBr; as the light absorber is that
CsPbBr; is known to be much more stable than hybrid
perovskites (e.g, MAPbI; and FAPbI,) at high temperature.®
Recent studies also showed that CsPbBr; has a high carrier
mobility and mean free path.*” A layer of carbon was deposited
on CsPbBr; to work as a bifunctional film for both effective hole
extraction and collection, since it has an appropriate work
function (—5.0 eV) close to that of gold (—5.1 eV).”*” Moreover,
the carbon electrode is very stable, processable, and cheap. Figure
1b shows the band energy levels of the FTO, TiO,, CsPbBr;, and
carbon layers, revealing the smooth electron extraction from the
CsPbBr; conduction band to the TiO, conduction band and hole
extraction from the CsPbBr; valence band to the carbon
electrode. Figure lc shows the crystal structure of CsPbBr;
ascribed to the cubic (Pm3m) phase, exhibiting a three-
dimensional framework of corner-connected PbBrg octahedra
with Cs* cations located between the octahedra.*'® Figure 1d
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Figure 1. (a) Schematic cross-sectional view of CsPbBr;/carbon-based
all-inorganic PSCs with the configuration of FTO/c-TiO,/m-TiO,/
CsPbBry/carbon. (b) Energy level diagram of the all-inorganic PSCs,
showing smooth electron injection and hole extraction. (c) Crystal
structure of the inorganic perovskite CsPbBr;. (d) XRD pattern of the
all-inorganic PSCs without the carbon layer, showing peaks generated by
CsPbBr;, FTO, and TiO,. (e) Absorption spectrum and (f)
corresponding (Ahv)” vs energy (hv) curve of a CsPbBr; film. The
optical band gap of CsPbBr; was measured to be ~2.3 eV.

shows the X-ray diffraction (XRD) pattern of CsPbBr,/carbon-
based all-inorganic PSCs (without the carbon layer). In the XRD
pattern, eight characteristic peaks are found, of which two are
from the FTO substrate. The (101) peak of anatase TiO, has a
relative low intensity because the ¢-TiO,/m-TiO, layer is thin.
The other five peaks are generated by the CsPbBr; layer,
confirming that CsPbBr; is in the cubic perovskite phase.”'’
Figure le displays the absorbance spectrum of CsPbBr;, showing
that CsPbBr; absorbs light with wavelength shorter than ~540
nm. The method adopted by Tandon and Gupta was used to
evaluate the optical band gap of CsPbBr;.*" Figure 1f shows a
plot of (Ahv)* versus photon energy (hv), which indicates that
the band gap of CsPbBr; is ~2.3 eV. Additionally, from the
valence-band XPS spectrum (Figure S1), the positions of the
valence-band maximum (VBM) and conduction-band minimum
(CBM) of CsPbBr; were determined (Figure 1b). Because of the
high stability of all of the components in the all-inorganic PSCs
and the much simpler device configuration than in traditional
hybrid PSCs, the fabrication process of the all-inorganic PSCs is
more feasible for large-scale production.

Figure 2a shows a scanning electron microscopy (SEM) image
of the cross-sectional structure (sliced by a diamond cutter) of a
CsPbBr;/carbon-based all-inorganic PSC, which depicts a
uniform deposition. Figure S2a,b shows plane-view SEM images
of the ¢-TiO, and m-TiO, layers, respectively. The inorganic
perovskite CsPbBr; layer has a dense and uniform surface
(Figure 2b), which is beneficial for its application in PSCs. The
morphology (Figure 2c) and Raman spectrum (Figure S3) of the
carbon electrode that served as both the HTM and the counter
electrode were also investigated. Further surface character-
izations of the four functional layers (c-TiO,, m-TiO,, CsPbBr;,
and carbon) via atomic force microscopy (AFM) (Figure S4) are
in accordance with the SEM characterizations. To identify the
composition of the CsPbBry layer, X-ray photoelectron spec-
troscopy (XPS) analysis was performed (Figure SSa). With the
binding energy of the C 1s peak arising from adventitious carbon
set at 284.6 eV, the attribution of other peaks was determined.
Figure S5b—d presents the high-resolution XPS spectra of the Cs
3d, Pb 4f, and Br 3d regions, respectively; the binding energies

CsPbBr;
m-TiO,/c-TiO,

™

Figure 2. (a) Cross-sectional SEM image of a CsPbBr;/carbon-based
all-inorganic PSC. The thickness of the CsPbBr; layer between TiO, and
the carbon electrode is ~600 nm. The carbon electrode coated by doctor
blading forms a ~900 nm thick capping layer. (b) SEM image of the
inorganic perovskite CsPbBr; layer. (c) SEM image of the carbon
electrode that served as both the HTM and the counter electrode,
showing carbon nanoparticles with average diameter of ~80 nm.

and atomic ratios are listed in Table S1, confirming that the
inorganic perovskite layer is CsPbBr;.

Figure 3a displays the current density—voltage (J—V) plot of a
CsPbBr;/carbon-based all-inorganic PSC with optimized
thicknesses of the m-TiO, and CsPbBr; layers. As control
experiments, all-inorganic PSCs with other thicknesses were also
fabricated, as shown in Figure S6 and Table S2. The
corresponding photovoltaic parameters of the all-inorganic
PSCs under the optimized conditions with an active area of
0.12 cm?, including the short-circuit density (Jgc), open-circuit
voltage (Voc), fill factor (FF), and PCE, are summarized in the
inset in Figure 3a. A PCE as high as 6.7% was obtained, which is
higher than that of previous reports.'"'” Compared with the
traditional hybrid PSCs,* ™ the CsPbBr;/carbon-based all-
inorganic PSCs exhibit a lower Js but a much higher V¢ (Figure
lef). The maximum photocurrent density is ~9 mA/cm?
because of the relatively wide band gap of CsPbBr; (2.3 eV).
Intriguingly, though the band gap of CsPbBr; is unfavorable to
Jsc, itis beneficial to V. The V¢ of CsPbBr;/carbon-based all-
inorganic PSCs is 1.24 V, which is much higher than that of
MAPDbI,-based hybrid PSCs.”**** In order to demonstrate the
repeatability, 40 cells were fabricated and characterized (Figure
3b). The PCE histogram was distributed over a small range with
an average value of 5.7%. The high reproducibility is ascribed to
the homogeneous morphology and thickness of the CsPbBr;
layers. It is also a result of the much simplified fabrication process
due to the advantages of all-inorganic components in the devices.

The remarkable stability of CsPbBr; is an important factor that
ensures the reproducibility and excellent stability of the all-
inorganic PSCs. It is noteworthy that all of the fabrication steps
for the all-inorganic PSCs were done in ambient air with no need
of humidity or temperature control. The performance
insensitivity of the all-inorganic PSCs against the environment
is a major advantage for practical applications. To further
demonstrate the long-term stability, the photovoltaic parameters
of CsPbBr;/carbon-based all-inorganic PSCs as a function of
storage time in humid air (90—95% RH, 25 °C) without
encapsulation were investigated (Figures 3c and S7, labeled as
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Figure 3. (a) J—V plot of CsPbBr;/carbon-based all-inorganic PSCs.
The inset shows the corresponding photovoltaic parameters. (b)
Statistical histogram of the PCEs of 40 individual CsPbBr;/carbon-
based all-inorganic PSCs. (c) Normalized PCEs of CsPbBr;/carbon-
based all-inorganic PSCs and MAPbI;/carbon-based and MAPbI,/
spiro-MeOTAD-based hybrid PSCs as a function of storage time in
humid air (90—95% RH, 25 °C) without encapsulation. (d) Normalized
PCEs of CsPbBrs/carbon-based all-inorganic PSCs and MAPDI;/
carbon-based hybrid PSCs as a function of time heated at high
temperature (100 °C) in a high-humidity ambient environment (90—
95% RH, 25 °C) without encapsulation. (e) Normalized PCEs of
CsPbBr;/carbon-based all-inorganic PSCs vs storage time during
temperature cycles (between —22 and 100 °C) in a high-humidity
ambient environment (90—95% RH, 25 °C) without encapsulation.

CsPbBr;/carbon). As control devices, two types of reference cells
based on the traditional hybrid perovskite MAPbI; with the
structures of FTO/c-TiO,/m-TiO,/MAPbI,/carbon (labeled as
MAPbDI,/carbon) and FTO/c-TiO,/m-TiO,/MAPDI,/spiro-
MeOTAD/carbon (labeled as MAPbI,/spiro-MeOTAD) were
also fabricated in an Ar-filled glovebox without encapsulation.
Because of the intrinsic deliquescent characteristics of MAPbI;
and organic additives (LiTFSI and tBP) in spiro-MeOTAD, the
MAPDbIL;/spiro-MeOTAD-based hybrid PSCs show the poorest
stability among the three devices. Meanwhile, the CsPbBr;/
carbon-based all-inorganic PSCs display significantly improved
stability compared with the MAPbI;/carbon-based hybrid PSCs,
even though the two types of PSCs possess the same structure
except for the perovskite layer. Specifically, the PCE of CsPbBr;/
carbon-based all-inorganic PSCs exhibited no degradation even
after storage in humid air (90—95% RH, 25 °C) for more than 3
months (2640 h) without any sealing (Figure 3c). In contrast, the
PCEs of the MAPbI;/carbon-based and MAPbI;/spiro-MeO-
TAD-based hybrid PSCs degraded to ~10% of their initial values
within 30 days (~720 h) and 20 days (~480 h), respectively,
under the same conditions as a result of the great decreases in Js¢
(Figure S7). These results indicate that the CsPbBr;/carbon-
based all-inorganic PSCs have far superior stability in high
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humidity compared with the traditional hybrid PSCs. As shown
in Figure S8, the XRD patterns and photographs of a bare
CsPbBr, film before and after exposure to humid air (90—95%
RH, 25 °C) for 15 days show no change in XRD peaks or color,
further confirming the high stability of CsPbBr; against humidity.

The stabilities of CsPbBr;/carbon-based all-inorganic PSCs
and MAPDI;/carbon-based hybrid PSCs heated to high temper-
ature (100 °C) in a high-humidity ambient environment (90—
95% RH, 25 °C) without encapsulation were also investigated.
The PCE of CsPbBr;/carbon-based all-inorganic PSCs reached a
stable value after 20 h and exhibited remarkable stability during a
long testing period of 840 h (Figures 3d and S9). It is noteworthy
that the final PCE of the CsPbBr;/carbon-based all-inorganic
PSCs is slightly higher than its initial value. In contrast, the PCE
of MAPDI;/carbon-based hybrid PSCs kept relatively stable
during the first 20 h, which is attributed to the protection of the
carbon electrode; however, thereafter the PCE dramatically
decreased to ~10% of its initial value within 100 h (Figures 3d
and S9). This is ascribed to the rapid degradation of MAPbIL,.
Moreover, storage in a refrigerator without encapsulation
confirmed that the CsPbBr;/carbon-based all-inorganic PSCs
can also endure low temperature (—22 °C), as the performance
showed no degradation for over 840 h (Figure S10). In real life,
solar cells have to work outdoors with temperature cycles instead
of constant temperature. Therefore, we also tested the stability of
CsPbBr;/carbon-based all-inorganic PSCs during temperature
cycles between —22 and 100 °C (see the SI), as shown in Figure
3e. The results revealed that the all-inorganic PSCs exhibited no
degradation during the cycles of extreme temperatures for 80 h
without encapsulation, further confirming their high stability. In
short, compared with the MAPbI,;/carbon-based hybrid PSCs,
the CsPbBr;/carbon-based all-inorganic PSCs show much better
stability under harsh conditions without the need for any
encapsulation.

Moreover, CsPbBr;/carbon-based all-inorganic PSCs with
large active area (1.0 cm*) were also fabricated. Figure 4a shows
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Figure 4. (a) -V plots of an all-inorganic PSC with a large active area of
1.0 cm” measured in the forward and reverse scanning modes. (b) IPCE
spectrum and integrated current density of the PSC in (a).

the J—V plots of a large-area PSC measured in the forward and
reverse scanning modes, respectively. The corresponding
photovoltaic parameters are summarized in Table S3. The
large-area PSC exhibited a minor hysteresis between the two
scanning modes and revealed a PCE of 5.0%, comparable to the
average value (5.7%) of the PSCs with an active area of 0.12 cm®.
Figure 4b displays the incident photon-to-electric current
conversion efficiency (IPCE) spectrum of this large-area all-
inorganic PSC. The IPCE starts to increase at 540 nm, which is
consistent with the UV—vis spectrum of CsPbBr; (Figure le),
and reaches 90% at ~400 nm. By calculation of the overlap
integral of the IPCE spectrum, the integrated photocurrent
density was measured to be 5.68 mA cm™?, which is slightly lower
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than the Jgc of 6.98 mA cm™ measured from the J—V curve
(Figure 4a). This difference is mainly due to the fact that the
IPCE in the UV region (wavelengths below 400 nm) could not
be obtained because of limitations of the instrument.

Actually, not every inorganic perovskite material has such good
stability. The choice of the right materials is very important. For
example, the performance of cubic-phase CsPbl; with a band gap
smaller than that of CsPbBr; (~1.7 eV; Figure S11) was not as
outstanding as that of CsPbBr;. Figure S12 and Table S4 show
the J—V plots and corresponding photovoltaic parameters of
sealed CsPbl;/carbon-based all-inorganic PSCs and after
exposure to humid air (90—95% RH, 25 °C) without
encapsulation for 30 and 60 s, respectively. The sealed CsPbl;-
based all-inorganic PSCs have a PCE of ~3.6%. However, the
PCE of CsPbl;/carbon-based all-inorganic PSCs exposed to
humid air rapidly decreased to 1.13% after 30 s and then to 0.45%
after 60 s. This is because cubic-phase CsPbl; is unstable in
humid atmosphere and rapidly converts to the non-perovskite
orthorhombic phase, as revealed by the color change and XRD
analysis (Figure S13). Therefore, CsPbBr, proved to be a much
better choice than CsPbl; for all-inorganic PSCs because of the
outstanding stability. Although the PCE of CsPbBr;/carbon-
based all-inorganic PSCs is not quite as high because of the
relatively wide band gap of CsPbBr;, it is possible to reduce the
band gap and further improve the PCE, e.g., by partially replacing
Br™ with I” and/or replacing Pb** with Sn?*,'* to find more
optimized solutions for simultaneously improving the PCE and
stability. Our future work will focus on optimizing the
compositions and band structures of inorganic perovskites to
further improve the overall performances of all-inorganic PSCs.
We expect that this study will push forward the development and
practical deployment of next-generation stable and economical
PSCs.
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