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Inorganic lead halide perovskites are attractive optoelectronic materials owing to their relative stability
compared to organic cation alternatives. The chemical vapor deposition (CVD) method offers potential
for high quality perovskite film growth. The deposition temperature is a critical parameter determining
the film quality owing to the melting difference between the precursors. Here, perovskite films were
deposited by the CVD method at various temperatures between 500�800 �C. The perovskite phase
converts from CsPb2Br5 to CsPbBr3 gradually as the deposition temperature is increased. The grain size of
the perovskite films also increases with temperature. The phase transition mechanismwas clarified. The
photoexcited state dynamics were investigated by spatially and temporally resolved fluorescence
measurements. The perovskite film deposited under 750 �C condition is of the CsPbBr3 phase, showing
low trap-state density and large crystalline grain size. A photodetector based on perovskite films shows
high photocurrent and an on/off ratio of �2.5�104.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
[24_TD$DIFF]In recent years, hybrid perovskites have attracted great
attention in the fields of solar cells, light emitting diodes (LEDs)
and photodetectors owing to their superior properties such as
excellent broadband absorption, tunable electronic bandgap and
high charge carrier mobility [1–8]. Despite their high device
performance, light-induced halide segregation has often been
observed in the hybrid perovskites which has impeded their
development [9,10]. The replacement of organic cations by metal
cations such as Cs+ or Rb+, is one approach to solve the thermal
instability problem due to the high energy barrier to migration of
these ions [6,11–13]. Various solution methods have been applied
for the growth of inorganic perovskite crystals with tunable shape
and size [14–16]. Excellent device performance has been achieved
by solution-based processes. However, the production of large-
scale perovskite devices for commercial applications is still
challenging with solution methods owing to insufficient film
thickness and undesirable phase transition problems [17–19].
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A variety of deposition methods have been developed to
improve film quality including optimizing the crystallization rate
and surface coverage. The chemical vapor deposition (CVD)
method that is generally utilized to grow high-quality electronic
film materials, may offer an alternative pathway to fabricate all-
inorganic perovskite crystals [20–22]. The surface flatness
uniformity, crystalline quality and thickness of perovskite films
can be controlled by variation of the deposition parameters such as
component gradient, deposition time and temperature [19].
Additionally, films produced by CVD show better adhesion to
the substrate compared to othermethods. Tong [25_TD$DIFF]et al. [23] utilized a
well-controlled low temperature CVD process to fabricate an
organic-inorganic hybrid perovskite photodetector with high-
speed response. Large areamodules have also been achieved by the
CVD technology with potential industrial applications [17].
Perovskite LEDs were prepared by the CVD process with low
surface roughness [19]. The optical and electrical properties of the
perovskite film can be manipulated during the CVD process [24].
Unlike the precursors CH3NH3Br and PbBr2, which form one single
perovskite phase CH3NH3PbBr3, the products of purely inorganic
precursors CsBr and PbBr2 are complex, such as Cs4PbBr6, CsPb2Br5
and CsPbBr3. These products have their individual applications
owing to their special optical and electrical properties. It is
essential to control the perovskite film phase and quality, however,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a, b) SEM images and EDS mapping images of perovskite films deposited at
500 �C and 750 �C, respectively. (c, d) XRD spectra and two-dimensional XRD
images of perovskite films deposited at 500 �C and 750 �C, respectively. (e, f) High-
resolution transmission electron microscopy and selected area electron diffraction
of perovskite film deposited at 750 �C.
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this is difficult to achieve due to the large melting point difference
between the precursors. Therefore, the deposition temperature is a
critical factor for the perovskite film growth.

In this work, the components, morphology and crystalline
properties of perovskite films were controlled through changing
the heating temperature (500�800 �C) during the CVD process
(details can be found in [26_TD$DIFF]Supporting information). The photo-
excited dynamics of perovskite films was visualized by the
combination of spatially and temporally resolved fluorescence
measurements. Finally, photodetectors based on perovskite films
deposited by the CVD method were fabricated to examine their
photo-response properties.

The deposition system and preparation process are schemati-
cally illustrated in Scheme 1. Fig. 1a shows the morphology of
perovskite films deposited at 500 �C with the mean cluster size
about 400 nm, which is the smallest among the five samples. The
energy dispersive spectroscopy (EDS) mapping images show that
the Cs, Pb and Br elements are uniformly distributed, and the ratio
between the three elements is 11:23:57 (Fig. S1a in Supporting
information). This ratio is very close to the stoichiometry of
CsPb2Br5. As the preparation temperature increased from 600 �C to
750 �C, the size of the clusters increases gradually. This was
accompanied by a change in the shape of the clusters from small
particles to larger spherical structures (Figs.[27_TD$DIFF] 1a and b, Fig. S2 in
Supporting information). EDS mapping of a single perovskite
round cluster shows that Cs, Pb, Br elements are distributed
uniformly without aggregation. The ratio between Cs, Pb, Br is
16:17:48 (Fig. S1b in Supporting information), which is very close
to the stoichiometry of CsPbBr3. However, when the preparation
temperature reaches 800 �C, themorphology of the perovskite film
becomes a sheet-like structure (Fig. S2c). This may be due to the
high temperature inducing perovskite film degradation. These
results illustrate that the deposition temperature significantly
affects the morphology and composition of the perovskite film.
Fig. 1c shows the XRD pattern of the perovskite film deposited at
500 �C with four obvious diffraction peaks of (002) at 8.2 nm�1,
(210) at 16.3 nm�1, (312) at 23.8 nm�1, and (420) at 30.2 nm�1. The
diffraction peaks are strong and sharp, indicating that the
deposited perovskite film is quite pure CsPb2Br5 (PDF No. 25-
0211) with little CsPbBr3 phase. This may be attributed to the low
melting pointing of PbBr2, leading to a high content of Pb and Br.
The content of CsPbBr3 increases with the deposition temperature
increment, as seen from the crystalline intensity contrast between
CsPb2Br5 and CsPbBr3 in Fig. S3 (Supporting information). When
the deposition temperature reaches 750 �C, three crystalline peaks
(001), (110) and (002) corresponding to CsPbBr3 (PDF No.18-0364)
are apparent without CsPb2Br5 diffraction peaks, as shown in
Fig. 1d. Two-dimensional diffraction image in the inset which does
not reveal any diffraction signal of CsPb2Br5; even the strongest
diffraction (002) located at 8.2 nm�1 is absent. This further verifies
the component of the perovskite film deposited at 750 �C is pure
CsPbBr3. The phase of all inorganic perovskite is greatly affected by
the ratio between the two percursors [9]. At low deposition
temperature, the proportion of PbBr2 is higher than CsBr during the

[(Scheme_1)TD$FIG]

Scheme 1. Schematic diagram of the chemical vapor deposition arrangement for
the preparation of perovskite films.
reaction process owing to the lowermelting point of PbBr2, leading
to the formation of CsPb2Br5. With the increase of deposition
temperature, especially at 750 �C themelting rate of CsBr increases
obviously. This makes the similar ratio between PbBr2 and CsBr
during the reaction process, resulting in the main component of
the film is CsPbBr3. The two-dimensional diffraction images of
perovskite films deposited at other temperatures are shown in
Fig. S4 (Supporting information). The perovskite film deposited at
800 �C was degraded, as apparent in Fig. S3c. High-resolution
transmission electron microscopy image (Fig. 1e) illustrates that
CsPbBr3 film is a well-defined crystalline structure with a cubic
lattice parameter of 0.59 nm along the (001) direction, which is
consistent with the XRD data. Selected area electron diffraction
(Fig. 1f) shows the bright diffraction spots, which further confirms
the single crystalline property of CsPbBr3 film.

The photoluminescence (PL)maxima of the perovskite films are
located in the 530�540 nm region (Fig. S5 in Supporting
information). The fluorescence intensity of the perovskite film
deposited at 750 �C is the strongest among the five samples, as
shown in Fig. S6 (Supporting information). A clear red shift of the
PL peak is observed as the deposition temperature increased from
500 �C to 750 �C. Thismay be related to reabsorption effects, lattice
strain and assorted changes at the grain boundaries. Sun [25_TD$DIFF]et al. [13]
emphasized that large grain size domains in perovskite films show
red-shifted PL peaks compared to the small polycrystalline ones.
The PL peak is blue shifted in the film deposited at 800 �C owing to
the degradation of perovskite. Time-resolved fluorescence proper-
ties are generally less affected than steady-state measurements by
factors such as film thickness and fluorophore concentration,
which can lead to variations in steady-state emission collection
[25]. The time-resolved fluorescence images and fluorescence
decay profiles of perovskite films deposited at different temper-
atures are shown in Fig. 2. The fluorescence decay profiles were
extracted from three typical regions in the time-resolved fluores-
cence images and these data were fit with double exponential
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Fig. 2. Time-resolvedfluorescence images, and decay profiles recovered from the lifetime images of three typical regionswithin the perovskitefilms. (a) 500 �C, (b) 600 �C, (c)
700 �C, (d) 750 �C, (e) 800 �C (note the change in color (average lifetime) scale between the images).
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Fig. 3. Fluorescence decay profiles of perovskite films deposited under different
temperature conditions (500-800 �C) from regions A.

Table 1
Fluorescence decay analysis parameters corresponding to perovskite films
deposited under different temperature conditions in Fig. 3 monitored in the
regions marked A.

Temperature (oC) t1 t2 tm

500 0.64 ns (72.4 %) 7.17 ns (27.6 %) 2.44 ns
600 2.34 ns (46.3 %) 16.53 ns (53.7 %) 9.96 ns
700 5.55 ns (36.8 %) 26.26 ns (63.2 %) 18.63 ns
750 10.44 ns (35.5 %) 36.52 ns (64.5 %) 27.25 ns
800 0.42 ns (54.8 %) 1.61 ns (45.2 %) 0.96 ns
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decay functions, as shown in Table S1 (Supporting information).
The fluorescence decay properties, influenced by processes such as
charge generation and recombination dynamics, are not homoge-
neous in individual perovskite films. For example, in the film
deposited at 600 �C, the fluorescence lifetime at position A
(9.96 ns) is 8 times longer than that at position C (1.21 ns). The
defect density changes at different regions, which causes carrier
recombination in different paths, such as radiative or non-
radiative recombination. Therefore, fluorescence lifetime may
vary greatly at different positions in the same film. The use of bulk
or ensemble spectroscopic techniques where signal is integrated
over a large area, can sometimes be misleading [26–28].
Therefore, it is essential to combine spatial and temporal
measurements to discern the perovskite clusters/domains (posi-
tion A) or the gap positions. The decay profiles of perovskite
clusters (regions A) deposited at different temperatures are
shown in Fig. 3. The decay profiles were fit with double
exponential decay functions, as shown in Table 1. These two
different time scales are assigned to the presence of a surface
component (fast) and bulk component (slow), respectively [29].
The shorter lifetime resulting from surface recombination may be
attributed to the high density of surface traps arising from
dangling bonds and uncoordinated atoms. These traps will lead to
the carrier or exciton capture and therefore, low carrier mobility
and short diffusion length [28,29]. The average fluorescence
lifetimes increase from 2.44 ns to 27.25 ns as the deposition
temperature increases from 500 �C to 750 �C, due to an increase in
the lifetime and percentage contribution of the long-lived
component. This result infers a lower contribution of the trap-
induced carrier recombination in the perovskite film deposited
under high temperature. The grain boundary scattering would be
lower in the perovskite film with higher deposition temperatures
due to the increased crystalline grain size. The fluorescence decay
time of the perovskite film deposited at 800 �C decreased to less
than 1 ns. This is attributed to the large trap density in the
perovskite film after degradation.

The planar architecture photodetector is used extensively in
optoelectronics due to the facile fabrication and ease of integration
of such structures [30]. Fig. 4a shows a schematic diagram of the
perovskite device structure used here. The active layer is composed
of two Schottky barriers contacting with a metal-semiconductor-
metal structure [10]. Fig. 4b shows the relationship between
current and voltage of perovskite devices deposited under different
temperatures under illumination and the inset shows the dark
current for comparison. The current increases as the deposition
temperature increases. In the current device structure, the Au-
perovskite interfaces are deemed to form a rectifying junction that
contributes to low dark current, as can be seen from the dynamic
responses of the devices in Fig. 4c. The intensity of the
photocurrent increases with the deposition temperature, as shown
in Fig. 4d. The highest value of the photocurrent is 3.2�10�8 A in
the device deposited at 750 �C. At the same time, the on/off ratio
could reach 2.5�104. This value is much higher than those for
devices deposited at other temperatures. Therefore, we believe
that the performance of photodetector fabricated by CVD method
can be comparable with the previous works [31–34]. The superior
performance of the perovskite device deposited at 750 �C may be
attributed to the lower trap-state density, large crystalline grain
size, high quality crystalline phase and fast charge carrier transfer
of these perovskite films. The variation of photocurrent amplitude
was not observed during the on/off cycles, verifying the
reversibility and stability of the device.
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Fig. 4. The device performance of the photodetectors based on the perovskite films. (a) Schematic diagram of the device structure, (b) [17_TD$DIFF]I-V curves of the devices under 100
mW/cm2 illumination intensity and the inset is the dark current, (c) On/off switching of the devices at a bias of 4 V, (d) photocurrent behavior of the different devices.
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In summary, perovskite film crystalline phase was controlled by
deposition temperature during the chemical vapor deposition
process. The perovskite phase transfers from CsPb2Br5 (500 �C) to
CsPbBr3 (750 �C) gradually with an increase in deposition tempera-
ture. The photophysical processes of perovskite clusters, not the gap
positions, were visualized by spatially and temporally resolved
spectroscopy measurements. This offers powerful evidence that the
crystallinity and morphology of the perovskite films play an
important role on the carrierdynamic process. The perovskite device
formedbydeposition at750 �C showsahighphotocurrent andon/off
ratio reaching 2.5�104. Our observations may offer guidelines for
other perovskite film growth such as perovskites without lead ions,
low dimensional perovskites and dual phase perovskites, with
tunable optical, electronic and crystalline properties.
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