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Phase degradation of all-inorganic perovskite
CsPbI2Br films induced by a p-type CuI granular
capping layer
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ABSTRACT It is necessary to evaluate the interactions be-
tween the different functional layers in optoelectronic devices
to optimize device performance. Recently, the I-rich all-
inorganic perovskite CsPbI2Br has attracted tremendous at-
tention for use in solar cell applications because of its suitable
band gap and favorable photo and thermal stabilities. It has
been reported that the undesirable phase degradation of the
photoactive α phase CsPbI2Br to the non-perovskite δ phase
could be triggered by high humidity. To obtain stable devices,
it is thus important to protect CsPbI2Br frommoisture. In this
paper, CuI, a non-hygroscopic p-type hole-transporting ma-
terial, is found to induce the phase degradation of α-CsPbI2Br
to the δ-CsPbI2Br. The rate and extent of phase degradation of
CsPbI2Br are closely associated with the heating temperature
and coverage of a CuI granular capping layer. This discovery is
different from the widely reported water-induced phase de-
gradation of CsPbI2Br. Our work highlights the importance of
careful selection of hole-transporting materials during the
processing of I-rich all-inorganic CsPbX3 (X=Br, I) per-
ovskites to realize high-performance optoelectronic devices.

Keywords: CsPbI2Br, CuI, phase degradation, perovskite, hole-
transporting material

INTRODUCTION
Recently, research on inorganic perovskite solar cells
(PSCs) based on CsPbIxBr3–x has been progressing rapidly
[1–6]. Among known light-absorbing materials, CsPbI2Br
has attracted wide attention from researchers [7–9] be-
cause of its narrow band gap [10,11], high theoretical

power conversion efficiency (PCE) [12], good photo and
thermal stabilities, and suitable tolerance factor [13,14].
However, CsPbI2Br is sensitive to humidity. The photo-
active α phase of CsPbI2Br (α-CsPbI2Br, black phase) ea-
sily converts to the non-perovskite δ phase (δ-CsPbI2Br,
yellow phase) under high humidity [15–18].

It is essential to establish a suitable physical barrier
between α-CsPbI2Br and moisture to improve the stability
of α-CsPbI2Br-based devices in the atmosphere. More-
over, inadvertent introduction of water in other layers of
PSCs can induce phase degradation of CsPbI2Br during
device fabrication. Previous study revealed that CsPbI2Br
PSCs using doped 2,2ʹ,7,7ʹ-tetrakis(N,N-di-p-methoxy-
phenylamine)-9,9ʹ-spirobifluorene (Spiro-OMeTAD) as a
hole-transporting material (HTM) showed much lower
stability than that of a pure CsPbI2Br film under the same
conditions [16]. Further studies indicated that the lithium
salt contained in Spiro-OMeTAD is hygroscopic, which
exacerbates device instability [16,19–22]. Therefore, water
should be excluded from the whole device fabrication
process, including the introduction of the charge-trans-
porting layer, to avoid the undesired phase degradation of
α-CsPbI2Br.

Dopants such as lithium salts have been widely in-
troduced into organic HTMs to improve their hole mo-
bility. However, most of these additives are hygroscopic
[21–23]. Therefore, inorganic HTMs may have ad-
vantages over their organic counterparts for assembling
PSCs based on CsPbI2Br [24–29]. Among all the candi-
date inorganic HTMs, CuI has received extensive atten-
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tion because of its wide band gap, high hole mobility [30–
33], acceptable stability [34,35], and low cost [36–38].
Most importantly, CuI is non-hygroscopic [39–42]. In
this study, we fabricate devices containing CuI as an
HTM. Unexpectedly, after the CuI precursor is spin-
coated on the CsPbI2Br film and heated, the film color
changes from black to yellow. This color change generally
represents a transition from α-CsPbI2Br to δ-CsPbI2Br,
which is confirmed by X-ray diffraction (XRD) and light
absorption measurements. Further investigation of this
phase transformation process suggests that it is related to
the presence of a CuI granular capping layer. Moreover,
the rate and extent of phase degradation of CsPbI2Br
depend on both the heating temperature and coverage of
the CuI granular capping layer. This paper reveals that
CuI—a substance other than water—can induce the phase
degradation of α-CsPbI2Br. Therefore, special caution is
needed when selecting inorganic HTMs for use with I-
rich CsPbX3(X=Br, I) perovskites in high-performance
optoelectronic devices.

EXPERIMENTAL SECTION
The conductive surface of the FTO (SnO2:F) glass sub-
strate was first cleaned with detergent. The FTO substrate
was then ultrasonically cleaned sequentially with deionized
water, acetone, and ethanol for 20 min each, followed by
drying under a nitrogen (N2) stream. A compact TiO2 (c-
TiO2) layer was deposited on the cleaned FTO glass sub-
strate and then annealed at 480°C for 40 min.

The CsPbI2Br film was formed by one-step spin coat-
ing. First, PbI2 (0.277 g), PbBr2 (0.220 g), and CsI
(0.312 g) were dissolved in dimethyl sulfoxide (DMSO,
1 mL). The mixture was stirred at 60°C in an N2-filled
glove box until a clear solution was obtained. The
CsPbI2Br precursor solution was dropped onto the TiO2
substrate and then spin-coated via a two-step process
(1500 rpm for 10 s and then 5000 rpm for 30 s). The film
annealing process also entailed two steps. After spin
coating, the device was placed on a hot plate at 42°C for
about 1 min to form a brown film. Subsequently, the
device was placed on a hot plate at 160°C for 10 min to
evaporate the solvents and provide an α-CsPbI2Br film
[11].

A CuI granular layer was also prepared by spin coating.
CuI (0.019 g) was added to a mixture of dipropyl sulfide
and chlorobenzene (1 mL, 1:39 v/v). The mixture was
stirred until it became clear, which indicated the forma-
tion of CuI colloids [43]. The CuI colloid solution was
spin coated on the CsPbI2Br film at 4000 rpm for 30 s and
then annealed.

XRD patterns were collected on a Rigaku Ultima III X-
ray diffractometer using Cu-Kα radiation. A Varian Cary-
50 spectrophotometer was used to measure the absorp-
tion properties of the samples. Photoluminescence (PL)
spectra were collected at room temperature on a fluor-
escence spectrophotometer with an excitation wavelength
of 405 nm. X-ray photoemission spectroscopy (XPS)
analysis was conducted on a Thermo Scientific K-Alpha
photoelectron spectrometer. A Zeiss GeminiSEM 500
ultra-high-resolution scanning electron microscope
equipped with an Oxford energy-dispersive X-ray spec-
troscopy (EDS) system was used to characterize the
morphological properties of the samples.

RESULTS AND DISCUSSION
A device with a structure of FTO/TiO2/CsPbI2Br/CuI was
prepared in an N2-filled glove box to avoid water con-
tamination. Fig. 1 shows the fabrication process of this
device. The scanning electron microscopy (SEM) image
(Fig. S1) reveals that the device contained a smooth and
dense CsPbI2Br film. The device was thermally annealed
to increase the density of the hole-transporting layer
(HTL) and improve its contact with the light-absorbing
layer. In addition, the solvent was completely evaporated
during annealing [44–48]. However, it was unexpectedly
found that the film color converted from black to yellow
during thermal annealing. This color change process only
took several minutes when the device was heated at
160°C. Therefore, a heating temperature of 160°C was
initially chosen to facilitate our exploration of this phe-
nomenon. According to previous reports, such a color
change is related to the phase transition of α-CsPbI2Br to
δ-CsPbI2Br.

Although CuI itself does not absorb water, it is possible
that moisture may accumulate in the CuI sample during
storage. To investigate whether the observed color change
is associated with the interference of moisture, the CuI
powder was heated under an N2 atmosphere at 200°C for
30 min. The CuI colloid formed by dissolving CuI pow-
der in a mixture of dipropyl sulfide and chlorobenzene
with a volume ratio of 1:39 was then spin coated on the
CsPbI2Br film, followed by annealing at 160°C for 10 min.
However, the color change still occurred (Photograph 1
in Fig. 2a). This result confirmed that the color change
did not arise from water. Ultraviolet–visible (UV-vis)
spectra of the CuI-coated CsPbI2Br and pure black
CsPbI2Br are shown in Fig. 2b. The optical absorption
edge of the pure black CsPbI2Br is at about 670 nm,
which is the characteristic absorbance of the α phase.
However, this characteristic α-phase absorbance dis-
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appeared for the devices covered with CuI. Meanwhile,
the absorption edge of δ-CsPbI2Br at about 450 nm was
observed [15]. The XRD pattern of the CuI-coated
CsPbI2Br film, which is shown in Fig. 2c, indicated that
the film transformed to δ-CsPbI2Br [15]. In addition,
there are no peaks from other possible reaction products
such as PbI2, which reveals that the observed color change
is caused by the α-to-δ phase transition of CsPbI2Br, not a
chemical reaction with CuI or the decomposition of
CsPbI2Br.

It is important to investigate whether the solvent of CuI
could induce the phase transition of the CsPbI2Br film.
Dipropyl sulfide, chlorobenzene, and a mixture of them
with a volume ratio of 1:39 were spin coated on CsPbI2Br
films, followed by annealing. Photographs 2–4 in Fig. 2a
show that all the solvent-treated films remained black
after heating. The UV-vis spectra in Fig. 2b and XRD
patterns in Fig. 2c indicate that there is no obvious dif-
ference between the pure α-CsPbI2Br film and the films
after treatment with the solvents described above. These

Figure 1 Schematic of the fabrication process of a device with a structure of FTO/TiO2/CsPbI2Br/CuI in an N2-filled glove box.

Figure 2 (a) Photographs, (b) UV-vis spectra, and (c) XRD patterns of the CsPbI2Br films covered with (1) water-removal CuI colloids, (2) solvent
mixture, (3) dipropyl sulfide, and (4) chlorobenzene (heated at 160°C).
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results verified that the phase transition was independent
of the solvent of CuI. The photographs, UV-vis spectra,
and XRD patterns illustrate that the phase transition of α-
CsPbI2Br to δ phase occurs during annealing for the
sample with the CuI granular capping layer. Therefore,
this process is different from the widely recognized water-
induced phase degradation of CsPbI2Br.

The conditions under which the CuI granular capping
layer induces this α-to-δ phase transition in CsPbI2Br
were then explored. Because this transition occurs during
annealing, it is essential to investigate the effect of heating
temperature on this phase transition. FTO/TiO2/
CsPbI2Br/CuI devices were fabricated and heated at 80,
120, 160, and 200°C for 10 min, respectively. The pho-
tographs in Fig. 3a reveal that the film color changed
more obviously with increasing temperature. Fig. 3b
shows the UV-vis spectra of the above four devices.
Compared with that of pure α-CsPbI2Br, the intensity of
the characteristic α-phase absorption of the above four
devices decreased. When the annealing temperature was
160°C or higher, the characteristic absorbance of α-
CsPbI2Br disappeared, corresponding to the nearly com-
plete color change and phase transition of the films.
Fig. 3c shows the XRD patterns of the above four devices.

The intensity of the α-phase peaks decayed rapidly at
above 120°C and the α-phase peaks had almost dis-
appeared at 200°C. Correspondingly, the δ-phase peaks
became more obvious at higher temperature. The above
results indicate that the rate of the α-to-δ phase transition
in CsPbI2Br is temperature-dependent. The higher the
annealing temperature, the faster the phase transforma-
tion. Fig. 3d presents a schematic of the CsPbI2Br phase
degradation induced by the CuI granular capping layer at
different temperatures.

Steady-state PL measurements were conducted on pure
CsPbI2Br, CuI-coated CsPbI2Br (at room temperature,
RT), and CuI-coated CsPbI2Br heated at 160°C to in-
vestigate the influence of CuI on CsPbI2Br. As shown in
Fig. 4a, the black pure CsPbI2Br and CuI-coated CsPbI2Br
(RT) films exhibited emission peaks at ~650 nm, in good
agreement with the band gap of α-CsPbI2Br [7]. There-
fore, the presence of CuI does not induce an obvious
phase transition of α-CsPbI2Br without heating. The
sharply decreased PL intensity of CuI-coated CsPbI2Br
(RT) compared with that of pure α-CsPbI2Br can be ex-
plained by the hole transport ability of CuI in the former
sample. In contrast, the characteristic peak at ~650 nm
for α-CsPbI2Br almost disappeared for the CuI-coated

Figure 3 (a) Photographs, (b) UV-vis spectra, and (c) XRD patterns of the CsPbI2Br films covered with CuI colloidal particles and heated at different
temperatures for 10 min. (d) Schematic of the CsPbI2Br phase degradation induced by the CuI granular capping layer heated at different temperatures.
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CsPbI2Br film heated at 160°C, which is consistent with
the α-to-δ phase transition of CsPbI2Br indicated by the
XRD results.

The time-resolved PL (TRPL) decay spectra of the three
samples are shown in Fig. 4b. The decay curves were
fitted by a biexponential equation:
τ = A1exp(−t/τ1) + A2exp(−t/τ2), (1)
where τ1 and τ2 are slow and fast decay time constants,
respectively, and A1 and A2 are the corresponding frac-
tional amplitudes of τ1 and τ2, respectively. The fast decay
of PL intensity is related to defect-induced nonradiative
recombination, whereas the slow component is caused by
radiative recombination. The TRPL parameters of pure
CsPbI2Br, CuI-coated CsPbI2Br (RT), and CuI-coated
CsPbI2Br heated at 160°C are summarized in Table 1. The

calculated average PL decay lifetime (τ) for the pure
CsPbI2Br film is 6.67 ns, whereas those of the CuI-coated
film (RT) and CuI-coated film heated at 160°C exhibited
τ of 4.32 and 2.78 ns, respectively. The shorter PL lifetime
of CuI-coated CsPbI2Br (RT) than that of pure CsPbI2Br
is related to the hole transport ability of CuI, as discussed
above. Meanwhile, the decreased PL lifetime of the CuI-
coated CsPbI2Br film after heating at 160°C is obviously
induced by the phase degradation of CsPbI2Br. To sum-
marize, both PL and TRPL data demonstrated that after
application of CuI and heating at high temperatures, the
original perovskite structure of α-CsPbI2Br was converted
to the non-photoactive δ phase.

Next, XPS measurements were carried out for pure
CsPbI2Br, CuI-coated CsPbI2Br (RT), and CuI-coated

Figure 4 (a) Steady-state PL spectra and (b) TRPL spectra of pure CsPbI2Br, CuI-coated CsPbI2Br (RT), and CuI-coated CsPbI2Br heated at 160°C.
(c) XPS analyses of Cs, Pb, Br, and I in pure CsPbI2Br, CuI-coated CsPbI2Br (RT), and CuI-coated CsPbI2Br heated at 160°C.
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CsPbI2Br films heated at 160°C to investigate whether the
chemical environments of the constituent elements of
CsPbI2Br changed after CuI modification. As shown in
Fig. 4c, negligible differences between the elements’
binding energies were observed for the pure CsPbI2Br and
CuI-coated CsPbI2Br (RT) samples. This result indicates
that the chemical environment of CsPbI2Br was not
changed after applying CuI without heating. In contrast,
depositing CuI on CsPbI2Br and then heating at 160°C
induced considerable shifts of the peaks corresponding to
Br, Cs, and Pb. Therefore, coating with CuI and sub-
sequent heating markedly altered the chemical environ-
ment of CsPbI2Br, which is in accordance with the phase
degradation of CsPbI2Br discussed in previous sections.

Considering that the CuI granular capping layer in-
duces an α-to-δ phase transition in CsPbI2Br, we decided

to investigate the effect of the contact area between CuI
and CsPbI2Br on this phase transition. Commercial CuI
powder (equal amount to that of colloidal CuI) was dis-
persed in chlorobenzene (chlorobenzene does not dis-
solve CuI). Then, the commercial CuI suspension was
spin coated on CsPbI2Br films, followed by annealing at
80, 120, 160, and 200°C, respectively. The films after
annealing for 25 min are shown in Fig. 5a. The color
change started at above 120°C. This behavior was similar
to that of colloidal CuI-modified CsPbI2Br, but the rate of
the color change was slower. The UV-vis spectra of the
commercial CuI-modified CsPbI2Br (Fig. 5b) showed that
the intensity of the characteristic α-phase absorption of
the device heated at 80°C coincided with that of pure α-
CsPbI2Br, in contrast to the obvious change for colloidal
CuI-modified CsPbI2Br. The XRD patterns in

Table 1 Parameters of the TRPL spectra for pure CsPbI2Br, CuI-coated CsPbI2Br (RT), and CuI-coated CsPbI2Br heated at 160°C

Sample A1 τ1 (ns) A2 τ2 (ns) τ (ns)

Pure CsPbI2Br 0.17 0.94 0.83 6.83 6.67

CuI-coated CsPbI2Br (RT) 0.81 0.44 0.19 5.62 4.32

CuI-coated CsPbI2Br (160°C) 0.83 0.75 0.17 4.45 2.78

Figure 5 (a) Photographs, (b) UV-vis spectra, and (c) XRD patterns of the CsPbI2Br films covered with commercial CuI powder (equivalent to
colloidal CuI) and heated at different temperatures for 25 min. (d) Normalized light absorption intensity at 628 nm of the CsPbI2Br films covered with
CuI colloidal particles and commercial CuI powder heated at different temperatures.
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Fig. 5c further confirmed the delay of the phase transition
of CsPbI2Br when commercial CuI powder was used in-
stead of colloidal CuI. The absorption intensity changes
of CsPbI2Br at 628 nm when coated with commercial and
colloidal CuI and heated at different temperatures were
quantitatively measured, as shown in Fig. 5d. The results
indicated that the CuI-induced phase degradation of
CsPbI2Br is closely related with the contact area between
CuI and CsPbI2Br. The SEM images in Fig. 6 show that
colloidal CuI particles have a much larger contact area
with CsPbI2Br than that of commercial CuI. Elemental
mapping of the CsPbI2Br films covered with colloidal and
commercial CuI was conducted by using EDS to examine
the presence and distribution of CuI, as shown in Fig. S2.
The yellow areas in the EDS mapping images correspond
to Cu, which coincided with the white dots in the SEM
images. Fig. 7 presents a schematic of the phase de-
gradation of CsPbI2Br films covered with commercial CuI
(low coverage) and colloidal CuI (high coverage) during
heating under the same conditions.

The change of CuI during heat treatment was also
monitored using XRD and SEM measurements. XRD
patterns (Fig. S3) indicated that the crystallinity of CuI
increased markedly with rising temperature. SEM images
of CuI colloidal particles and commercial CuI powder
layers heated at different temperatures are shown in
Figs S4 and S5, respectively. In addition to large particles,
numerous small particles formed aggregates that became
visible in the SEM images, as shown by the white dots in
Fig. S5.

The phase transitions of CsPbI2Br and CsPbI3 induced
by moisture have been discussed previously [15,49,50]. It
has been verified that water is adsorbed on the surface of
the perovskite rather than penetrating into the crystal
lattice. The adsorbed water molecules lead to the forma-
tion of halide vacancies near the surfaces of CsPbI2Br and
CsPbI3, which lower the nucleation free energy barrier
and lead to the phase transition. Because α-CsPbI2Br is a
metastable phase at RT, the kinetic energy barrier of its
phase transition is relatively low. Once the halide va-
cancies form in the presence of moisture, the phase
transition of α-CsPbI2Br accelerates. As CuI crystallizes
during the heating process (moisture-free), we suspect
that CuI particles interact with the underlying CsPbI2Br
film and form chemical bonds. These chemical bonds
between CuI and CsPbI2Br may lower the phase transi-
tion barrier, and the phase transition of CsPbI2Br accel-
erates upon heating. Therefore, our proposed CuI-
induced phase transition process is different from the
mechanism of the water-induced phase transition of

CsPbI2Br, because it does not involve the formation of
halide vacancies. The larger the contact area between CuI
and CsPbI2Br, the faster the phase transition. A proposed
phase degradation process of CsPbI2Br induced by the
CuI granular capping layer is shown in Fig. 8. However,
further study is needed to elucidate the detailed me-
chanism of the CuI-induced phase transition of CsPbI2Br.

CONCLUSIONS
The deposition of a CuI granular capping layer on a
CsPbI2Br film followed by heating resulted in the de-
gradation of the photoactive α phase CsPbI2Br to the non-
perovskite δ phase. By removing moisture and solvents
from CuI, it was confirmed that this phase degradation
was caused by the CuI granular capping layer. The rate
and extent of the phase degradation depended on the
heating temperature and contact area between CuI and
CsPbI2Br. It is suspected that upon the crystallization of
CuI, chemical bonds formed between CuI and CsPbI2Br,
which triggered the phase degradation during heat
treatment. This mechanism is different from the widely
recognized water-induced phase degradation of

Figure 6 SEM images of (a) CuI colloidal particles and (b) a com-
mercial CuI powder layer. Cross-sectional SEM images of FTO/TiO2/
CsPbI2Br/CuI devices prepared with (c) CuI colloidal particles and (d)
commercial CuI powder.

Figure 7 Schematic of the phase degradation of the CsPbI2Br films
covered with commercial CuI (low coverage) and colloidal CuI (high
coverage) induced by heating under the same conditions.
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α-CsPbI2Br. Our study indicates that attention should be
paid to the interaction between the HTL and light-
absorbing layer in PSCs. We should be cautious in the
selection of inorganic HTM used with I-rich CsPbX3 (X=
Br, I) perovskites in high-performance optoelectronic
devices.
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由p型CuI颗粒覆盖层诱发的全无机CsPbI2Br钙钛
矿薄膜的相变研究
朱治1,2, 苏文婧1,2, 冯建勇1,3,4,5, 李金城1,2, 韩晓鹏1,2, 于涛1,2,3,4*,
李朝升1,3,4,5, 邹志刚1,2,3,4

摘要 由于具有良好的光吸收特性和光热稳定性, 富碘型全无机钙
钛矿结构CsPbI2Br光电功能材料受到了广泛关注. 然而, 具有钙钛
矿结构的α相CsPbI2Br在高湿度环境下易发生相变, 转变为具有非
钙钛矿结构的δ相CsPbI2Br. 因此基于CsPbI2Br材料的光电器件通
常需要在干燥环境中保存以维持器件性能稳定. 在本研究中, 我们
将干燥且不吸湿的p型无机空穴传输材料CuI的颗粒涂覆在α相
CsPbI2Br薄膜表面并对样品进行加热, 实验测试结果表明, 这层CuI
颗粒同样会诱发α相CsPbI2Br转变为δ相CsPbI2Br, 且该相变过程的
速率随加热温度的升高、CuI颗粒覆盖度的提升而加快. 这种异于
湿度诱导的钙钛矿结构CsPbI2Br相变行为, 为研究者在思考、评估
和分析基于富碘型全无机钙钛矿结构CsPbX3 (X=Br, I)光电功能材
料的高性能光电器件稳定性问题上, 提供了有益的借鉴和帮助.
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