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Chemical vapor deposition growth and
photodetector performance of lead-free
all-inorganic crystalline Cs3Sb2X9 (X = I, Br)
perovskite thin films†
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Lead-based organic or inorganic halide perovskites (ABX3, A = organic or inorganic cation, B = lead

cation, and X = Cl, Br, I) are well-known for their excellent properties and are technologically suitable

for many optoelectronic devices. However, the stability of organic hybrid compounds and the toxicity of

lead (Pb) inhibit the development and commercialization of these devices. Consequently, Pb-free, all-

inorganic halide perovskites are now the subject of the recent research interest. In this work, we report

on the synthesis and properties of Pb-free all-inorganic Cs3Sb2X9 (X = I, Br) perovskite thin films by a

two-step CVD approach. The obtained Cs3Sb2I9 and Cs3Sb2Br9 thin films show good crystallinity and

exhibit high exciton binding energies with large Stokes shifts of B570 and B630 meV, respectively.

Refractive indices of 2.0 and 1.7 were obtained for Cs3Sb2I9 and Cs3Sb2Br9 thin films at their respective

emission energies. The optical bandgaps were confirmed to be 2.2 and 2.85 eV for Cs3Sb2I9 and

Cs3Sb2Br9 thin films. Photoconductive devices fabricated using these thin films exhibit commendable

performance with responsivity of up to 54.5 and 3.6 mA W�1 and high detectivity reaching 4.3 � 1010

and 1.6 � 1010 Jones for Cs3Sb2I9 and Cs3Sb2Br9, respectively. Moreover, a stable photoswitching

property with fast rise and decay times of 50 ms and 30 ms for Cs3Sb2I9 and 108 ms and 56.2 ms for

Cs3Sb2Br9 film photodetectors was observed. The thin films exhibit excellent long-term stability even

when stored without encapsulation in ambient air. The properties of these crystalline Cs3Sb2X9

perovskite films and their photodetector performance suggest that they can be promising candidates for

a wide range of optoelectronic devices.

Introduction

Lead-based halide perovskites with the chemical formula ABX3

(A = organic or inorganic cation, B = lead cation, and X = halide
anion, Cl, Br, and I) have received great attention because of
their outstanding properties such as a large absorption cross-

section, high carrier mobility, long diffusion length, low trap-state
densities, and long carrier lifetimes. They have been extensively
applied in many optoelectronic devices such as solar cells,1–4

photodetectors,5–10 lasers,11,12 light emitting diodes,13–16 field-
effect transistors,17,18 and photocatalytic CO2 reduction.19,20 The
first organic hybrid perovskite solar cell (PSC) was reported with a
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low power conversion efficiency (PCE) of 3.5% in 2009.21 However,
only a decade later the PCE of PSCs has surged to over 25.4%,
comparable to those of commercial crystalline silicon solar cells.22

Irrespective of the remarkable advances achieved in optoe-
lectronic applications, two critical challenges limit the large-
scale commercial adoption of these materials. The major
challenge is the instability of the material due to the presence
of organic cations which are extremely sensitive to oxygen,
moisture, and environmental stress.23–27 This in turn causes
the degradation of their device performance over time. Another
critical issue is the high toxicity of lead in these materials which
raises severe environmental and public health concerns.

To circumvent these challenges, stable all-inorganic and
lead-free halide perovskites have become the subject of the
current research focus. However, to replace Pb, alternative
choices of non-toxic B ions are severely restricted by the narrow
range of the Goldschmidt tolerance factor for a close packed
stable perovskite structure.28,29 Structurally similar and equiva-
lent ions to Pb2+, such as Sn2+ and Ge2+, have been predicted as
suitable replacements for Pb in lead-free perovskites.30,31 How-
ever, the rapid oxidation of Sn2+ to Sn4+ and Ge2+ to Ge4+ make
the Sn- and Ge-based perovskites highly unstable in ambient
air.29,30

Recently, defect-based all-inorganic Pb-free perovskites with
the formulation Cs3M2X9 (M = Bi3+ or Sb3+ ions) obtained by
replacing some of the metal sites by vacancies of conventional
ABX3 perovskites with exceptional stability have been
explored.32–35 The replacement of Pb2+ by Bi3+ in perovskites
generally forms a zero-dimensional molecular structure which
increases the effective masses for the free carriers.35,36 How-
ever, several recent studies reported that the power conversion
efficiencies for Bi-based inorganic perovskite solar cells were
very poor (o1%), which limits their practical photovoltaic
applications.37–39 On the other hand, Sb-based perovskite thin
films showed a high absorption coefficient (4105 cm�1), a
nearly direct bandgap and small electron and hole effective
masses.40 The performances of solar cells fabricated using
Cs3Sb2I9 perovskite thin films synthesized by the solution
process have been reported.33,34 Utilizing the solution-
processed layer-form of Cs3Sb2I9 thin films, Singh et al.33

obtained a PCE of 1.5%, whereas Umar et al.34 reported a
PCE of 1.21%. One of the reasons for the rather low PCE
reported in these studies may be the poor quality of the film
synthesized by the solution process. Recently, a few works on
the solution phase synthesis of Cs3Sb2Br9 perovskites with
different morphologies such as nanocrystals, quantum dots
(QDs), nanoflakes, etc. and their optoelectronic applications
were reported.41–44 But to date, a detailed understanding of the
fundamental material properties and photoconduction proper-
ties of Cs3Sb2X9 (I and Br) perovskite thin films is still lacking.

Solution processes for thin film growth have the advantages
of being non-vacuum and low cost, but films synthesized by
these processes are known to suffer from poor crystalline
quality and may contain a high concentration of impurities.45

Alternatively, chemical vapor deposition (CVD) is a well-
recognized technique to grow materials with better crystalline

quality and lower defect density. However, due to the large
difference in the melting temperature of the precursors, namely
CsX (621 1C for CsI and 636 1C for CsBr) and SbX3 (171 1C for
SbI3 and 96 1C for SbBr3), the synthesis of Cs3Sb2X9 perovskite
materials using the CVD method is a challenging task. In order
to overcome this difficulty, a two-step CVD process was devel-
oped and utilized in our previous work to grow Cs3Sb2I9

perovskite microplates.46 The photodetectors fabricated by
these CVD synthesized Cs3Sb2I9 perovskite microplates
achieved an ultra-fast photoresponse with rise and decay times
as low as 96 ms and 58 ms, respectively. Hence, we expect that
this two-step CVD process can be used to grow thin films
as well.

In this work, we carried out a systematic study on the
synthesis of all-inorganic and lead-free Cs3Sb2X9 (X = I and
Br) perovskite thin films using the two-step CVD process. In
this two-step CVD process, after the sequential deposition of
binary compounds in steps I and II, an annealing process is
used to form ternary thin films. The optoelectronic properties
of these films are explored and compared with their micro-
plates synthesized by a similar CVD approach. Photoconductive
devices are fabricated using these Cs3Sb2X9 films, and they
show commendable performance with an on/off current ratio of
up to 3.43 � 102 (7.32 � 102), a responsivity of up to 54.5
(3.6 mA W�1), and a detectivity of up to 4.3 � 1010 (1.6 � 1010

Jones) for Cs3Sb2I9 (Cs3Sb2Br9) thin film photodetectors studied
with a 532 nm (450 nm) light. Moreover, their rise and decay
times can be lowered to 50 ms and 30 ms for Cs3Sb2I9 and
108 ms and 56.2 ms for Cs3Sb2Br9 film photodetectors, respec-
tively. These results clearly suggest that the two step CVD
process is suitable for the synthesis of high quality all-
inorganic and lead-free Cs3Sb2X9 perovskite thin films and that
these films have good potential for high-performance optoelec-
tronic devices.

Results and discussion

Cs3Sb2X9 perovskite thin films were synthesized by using a two-
step CVD approach in a single zone tube furnace. The detailed
synthesis process is illustrated schematically in Fig. S1 in the
ESI.† During Cs3Sb2I9 growth, the CsI (with a higher melting
point of 621 1C) film was first grown in step I under optimized
temperature, pressure, and gas flow conditions. Then, the SbI3

(with a lower melting point of 171 1C) film was grown on top of
the CsI film under optimized conditions in step II. Similarly,
Cs3Sb2Br9 (CsBr in step I and SbBr3 in step II) perovskite films
were deposited. The optimized growth conditions for the
individual layers were outlined in the Experimental section.
In order to ensure the uniform formation of Cs3Sb2X9 perovs-
kite thin films, an additional post-growth annealing process is
required. Since the melting temperature of CsX is much higher
than that of the SbX3 precursor, the annealing temperature has
to be carefully controlled so that the layers grown by the two steps
were well mixed but the lower melting point SbX3 would not
preferentially vaporize. The optimum annealing temperatures were
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determined through a series of experiments by systematically
increasing the annealing temperature from the melting point of
SbX3 to below the melting point of the CsX precursors. During
annealing, the SbX3 precursor melts gradually and diffuses into CsX
films. After the recrystallization, the Cs3Sb2X9 perovskite crystalline
thin films of thickness B200 nm were achieved on the substrates.

Unit cells and 2D layered structures of Cs3Sb2X9 perovskites
are shown according to the available crystallographic data47 in
Fig. S2 of the ESI.† It can be seen in Fig. S2 (ESI†) that the unit
cells of Cs3Sb2I9 and Cs3Sb2Br9 perovskites consist of bi-
octahedral (Sb2I9)3� and (Sb2Br9)3� clusters, respectively. For
balancing the charge, 10 Cs cations surround the bi-octahedral
clusters. Each unit cell holds a trigonal crystal system with the
space group of P%3m1 (164). X-ray diffraction (XRD) spectra of
the annealed samples reveal high crystallinity of the Cs3Sb2X9

perovskite thin films, with diffraction peaks properly indexed to
the 2D layered Cs3Sb2I9 perovskite (JCPDS No. 88-0690) and
Cs3Sb2Br9 perovskite structure (JCPDS No. 77-1055), respec-
tively (Fig. 1). A comparison of the XRD spectra of as grown
and annealed films are shown in Fig. S3 and S4 (ESI†) which
confirmed that post-growth annealing is essential to achieve
the right phase of the respective films. The intensities of the
XRD spectra suggest that the Cs3Sb2I9 and Cs3Sb2Br9 perovskite
thin films exhibit preferential growth along the o2014 direc-
tion. More importantly, the X-ray rocking-curve (RC) measure-
ments around the (201) diffraction peaks (shown as insets in
Fig. 1) yield small full width at half maximum (FWHM) values
of 0.181 for Cs3Sb2I9 and 0.171 for Cs3Sb2Br9 perovskites,
showing that the films have high crystalline quality. Compared
to their microplate counterparts we reported previously, grown

by the same process, the RC peak widths of the thin films are
wider (0.1451 and 0.0951 for Cs3Sb2I9 and Cs3Sb2Br9 micro-
plates, respectively).46,48 This can be understood since the
microplates are single crystalline while the thin films have a
polycrystalline nature.

The surface morphology of the thin films was studied by
scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) (Fig. 2). The average grain size of both films can be
estimated to be B300–400 nm. 3D view AFM images (Fig. S5,
ESI†) show that the films are rather rough, with an average
surface roughness of B54 nm for Cs3Sb2I9 and B84 nm for
Cs3Sb2Br9 thin films. Along with the high surface roughness,
pinholes between grains are also present in high density. This
may be the result of the non-uniform overlapping of the
microplates formed after annealing at 200 1C for Cs3Sb2I9 and
140 1C for Cs3Sb2Br9 which are much higher than the melting
point of the SbX3 precursors.

Compositional analysis of the films was done by using X-ray
fluorescence spectroscopy (XRF). As displayed in the XRF
spectra (Fig. S6, ESI†), the elemental atomic percentage ratios
of Cs : Sb : I = 22.2 : 15.6 : 62.2 and Cs : Sb : Br = 21.5 : 12.9 : 65.6
were consistent with the expected 3 : 2 : 9 ratio of Cs3Sb2X9

perovskites. This result confirms the chemical stoichiometry
of Cs3Sb2X9 perovskite films via two-step CVD growth.

The optical properties of the perovskite thin films were
studied by spectroscopic ellipsometry (SE). The complex dielec-
tric function (e = e1 + ie2, where e1 and e2 are the real and
imaginary parts of e, respectively) and complex optical con-
stants (N = n � ik, where n is the refractive index and i and k are
the extinction coefficients) over a wide photon-energy range

Fig. 1 XRD patterns of the annealed (a) Cs3Sb2I9 and (b) Cs3Sb2Br9 perovskite thin films. Insets show the (201) rocking curves of the corresponding films.
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were obtained by model fitting the SE data using several Tauc–
Lorentz (T–L) oscillators. The SE modelling to extract the
optical functions and optical constants are outlined in the
Experimental section and ESI.†

Experimental and fitted ellipsometric c (amplitude) and D
(phase) spectra of Cs3Sb2X9 films are displayed in Fig. S7 and S8
(ESI†). The obtained dielectric function spectra from the model
fittings are shown in Fig. 3 (a and b) and the optical constant
spectra are shown in Fig. 3(c and d) for the Cs3Sb2X9 perovskite
thin films. The overall e spectra of the two films look similar.
However, the e values are higher for the Cs3Sb2I9 film than the
Cs3Sb2Br9 film. The smaller e, in turn, results in the larger
oscillator strength of the excitons in Cs3Sb2Br9, which is clearly
seen in Fig. 3(a and b). Refractive indices are B2.2 at an energy
of 2.2 eV for Cs3Sb2I9 and B1.8 at an energy of 2.85 eV for
Cs3Sb2Br9 thin films. In our previous work, the refractive index
of Cs3Sb2Br9 perovskite microplates was found to be B2.1 at an
energy of 2.85 eV.46 Generally, the optical constants of single
crystal or bulk materials are higher compared to their thin
films due to a higher material density and fewer defects from
voids and surface inhomogeneity. For instance, Leguy et al.
reported a refractive index of B2.45 for CH3NH3PbI3 perovs-
kites at 1.55 eV for the single crystal, whereas for the thin films
it is considerably lower than B1.95.49

The extinction coefficient k (Fig. 3c and d) shows a very low
value and subgap absorption features are not observable at the
lower energy range. The absorption coefficient (a) is calculated
using the relationship a = 4pk/l and is plotted in Fig. 3(e and f). The
absorption coefficient spectra show discrete excitonic peaks at

B2.1 eV and B2.8 eV for the Cs3Sb2Br9 and Cs3Sb2I9 thin films,
respectively. These excitonic peaks are followed at higher ener-
gies by a band to band absorption continuum. The bandgaps of
the Cs3Sb2I9 and Cs3Sb2Br9 thin films can be estimated from the
absorption continuum to be B2.2 and B2.85 eV, respectively.
This suggests that both Cs3Sb2I9 and Cs3Sb2Br9 thin films have a
high exciton binding energy (Eb). In particular, for the Cs3Sb2I9

thin film, the binding energy can be determined from the
difference between the band edge and the exciton edge to be
B250 meV. Similar high Eb values were also obtained for
Cs3Sb2I9 (230 meV) and Cs3Sb2Br9 (200 meV) perovskite micro-
plates synthesized in our previous reports.46,48 The exciton
binding energies obtained for Cs3Sb2X9 thin films are much
higher than those for Pb-based perovskites (B5–50 meV for
MAPbI3 and B25–70 meV for MAPbBr3

50) and other semicon-
ductor materials. These high Eb values suggest that these thin
films are good candidates for optoelectronic devices that oper-
ate under harsh environments such as high temperatures and
intense irradiation. However, large Eb values could also lead to
the difficulty of exciton dissociation in materials. Therefore,
materials with moderate Eb values are more suitable for photon–
electron conversion devices. Moreover, a high absorption coeffi-
cient of B1 � 105 cm�1 was observed at an energy of 2.7 eV for
the Cs3Sb2I9 thin film and at an energy of 3 eV for the Cs3Sb2Br9

thin film. This implies that the films can be efficient light
absorbers for photovoltaic applications.

Fig. 3(e) and (f) also show the room temperature photolu-
minescence (PL) emission spectra of Cs3Sb2X9 thin films,
showing broad and asymmetric PL peaks with peak energies
of 1.63 and 2.24 eV for Cs3Sb2I9 and Cs3Sb2Br9 thin films,
respectively. Note that the corresponding band absorption
edges are at 2.2 and 2.85 eV, respectively, as shown in Fig. 3(e
and f). Umar et al. also reported a broad photoluminescence
peak and similar peak energy for the Cs3Sb2I9 thin film synthe-
sized by a solvent engineering strategy.34 Compared to the
absorption edges, the Cs3Sb2I9 and Cs3Sb2Br9 thin films exhibit
strong Stokes shifts of B570 and 630 meV, respectively, which
are much larger than Stokes shifts observed in other semicon-
ductor materials.51,52 For instance, typical lead halide perovs-
kites have small Stokes shifts of B30–70 meV which give rise to
a strong self-absorption effect.51,53 Note that a large Stokes shift
is also obtained in our prior reports of Cs3Sb2X9 perovskite
microplates (B520 meV for Cs3Sb2I9 microplates and
B450 meV for Cs3Sb2Br9 microplates).46,48 The large Stokes
shifts of Cs3Sb2X9 perovskite thin films suggest that they are
suitable for light emitting and laser diodes.

To determine the work function and to investigate the
electronic structure of the Cs3Sb2X9 films, we performed Kelvin
probe measurements in the dark and under white light illumi-
nation from a QTH (quartz tungsten halogen) light source. For
Cs3Sb2I9 and Cs3Sb2Br9 films, respective work function values
of 4.4 and 3.94 eV are obtained in the dark as shown in Fig. 4.
Upon illumination, the magnitude of the work function for
both films increases, indicating a p-type character of the
materials.54 Note that the change in the work function with
light illumination for the Cs3Sb2Br9 film (B85 meV) is much

Fig. 2 Surface morphology of Cs3Sb2X9 perovskite thin films. Top-view
(a) SEM and (b) AFM images of the Cs3Sb2I9 thin film. Top-view (c) SEM and
(d) AFM images of the Cs3Sb2Br9 thin film. Insets show the SEM magnified
images of the corresponding films. Scale bars in both the SEM and AFM
images are 1 mm.
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less than that for the Cs3Sb2I9 film (B300 meV). A schematic
diagram of the surface photovoltage (SPV) of a p-type semicon-
ductor is given in the ESI† (Fig. S9). The SPV of Cs3Sb2I9 and
Cs3Sb2Br9 films can be estimated to be 300 and 85 meV,
respectively. The low value of SPV is an indication that the
surfaces may have a lower density of defects.

To explore the applications of our lead-free perovskite
materials, photoconductive devices were fabricated with a
metal/semiconductor/metal structure. The schematic diagram
and optical image of the fabricated photodetectors are shown

in the ESI† (Fig. S10). Fig. 5(a) and (b) show the current–voltage
(I–V) characteristics of the Cs3Sb2I9 film photodetector in the
dark and under the illumination of 532 nm laser light with
different incident power densities from 0 to 54 mW cm�2. The
Cs3Sb2I9 film photodetector exhibits a dark current of around
3.5 � 10�11 A at 2 V, and under illumination the current
increases to B1.2 � 10�9 A. Similarly, Fig. 5(c) and (d) show
the I–V characteristics of the Cs3Sb2Br9 film photodetector in
the dark and under the illumination of a 450 nm laser light
with different incident power densities from 0 to 70 mW cm�2.

Fig. 3 Optical properties of Cs3Sb2X9 perovskite thin films. Real (e1) and imaginary (e2) parts of the dielectric function e for (a) Cs3Sb2I9 and (b) Cs3Sb2Br9

thin films. Energy dependent optical constants (n and k) of (c) Cs3Sb2I9 and (d) Cs3Sb2Br9 thin films. Steady state photoluminescence spectra along with
the absorption spectra of (e) Cs3Sb2I9 and (f) Cs3Sb2Br9 thin films.

Fig. 4 Surface photovoltage (SPV) measurements of (a) Cs3Sb2I9 and (b) Cs3Sb2Br9 perovskite thin films.
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The Cs3Sb2Br9 film photodetector exhibits a dark current of
around 9.7 � 10�13 A at 2 V, and under illumination the current
increases to B7.1 � 10�10 A. Note that good ohmic contacts
were confirmed with linear I–V characteristics between Au
electrodes and Cs3Sb2X9. The on/off photoswitching property,
an important parameter to characterize a photodetector, was
measured using a shutter and an excitation source of a 532 nm
laser for Cs3Sb2I9 and a 450 nm laser for the Cs3Sb2Br9 film
photodetector. Fig. 5(e) and (f) show the successive on/off
switching properties of the devices at 1 V bias. The on/off
current ratio can reach up to 3.43 � 102 for Cs3Sb2I9 and
7.32 � 102 for Cs3Sb2Br9 film photodetectors without any
noticeable deterioration in performance over repeated switch-
ing cycles. In our previous report, an on/off ratio as high as 104

was obtained for a Cs3Sb2I9 microplate photodetector.46 The
high on/off ratio value in the microplate photodetector may be
due to its single crystalline nature with a higher material
density, smooth surfaces and lower defect density. The
response time of the film photodetectors was estimated from
the on/off photoswitching aspects. The rise time and decay
time, the time for the current to increase from 10% to 90% of
its peak value and vice versa, were determined to be 50 ms, and
30 ms for Cs3Sb2I9 and 108 ms and 56.2 ms for the Cs3Sb2Br9

film photodetectors as shown in Fig. 6(a) and (b).
To examine the performance stability under both strong and

weak signals, the photocurrent of the devices at various illumi-
nation power intensities was investigated. Fig. S11 (ESI†) shows
that with increasing power intensities, the photocurrent
increases proportionally, consistent with the generation of more

photo-carriers with increasing incident light intensity in the
device. The photocurrent response of the devices as a function
of applied bias voltages was also studied under a fixed incident
light intensity and the results are presented in Fig. S12 in the
ESI.† It shows that the photocurrent increases with increasing
bias voltage because of an increase in the drift velocity of the
photogenerated electrons and holes.

The photoresponsivity (R) is one of the key performance
indicators for photodetectors, and is expressed as:

R ¼ Iph

Llight
(1)

where Iph is the photocurrent and Llight is the incident light
power. The active area of our typical photodetector is
B7 � 10�6 cm2 (Fig. S10b, ESI†). The power dependent
responsivity of the devices is plotted in Fig. 6. The highest
responsivity of 54.5 mA W�1 was found for the Cs3Sb2I9

film photodetector at a low intensity of incident light of
3.2 mW cm�2, and R, drops quickly with increasing incident
power to a steady value of B28 mA W�1 with an illumination
intensity of 430 mW cm�2. For the Cs3Sb2Br9 film photode-
tector, the highest responsivity is 3.6 mA W�1 at a low power
density of 3.2 mW cm�2, followed by a rapid drop with
increasing illumination power density to a stable value of
B1.5 mA W�1 for a power intensity 420 mW cm�2. For
photoconductive photodetectors, the decrease in responsivity
may be attributed to the saturation of surface states and deep
defects filling along with an increase of the illumination power
density.55,56

Fig. 5 Photoconductive device characterization. (a) Linear and (b) logarithmic I–V characteristics of the Cs3Sb2I9 film photodetector in the dark and
under the illumination of 532 nm light with different power densities. (c) Linear and (d) logarithmic I–V characteristics of the Cs3Sb2Br9 film photodetector
in the dark and under the illumination of 450 nm light with different power densities. (f) The on/off photoswitching of the (e) Cs3Sb2I9 photodetector at an
incident power density of 54 mW cm�2 and the (f) Cs3Sb2Br9 film photodetector at an incident power density of 70 mW cm�2.
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The photodetector detectivity (D*), which characterizes the
lowest level of light that it can operate, is evaluated according to
the following expression:

D� ¼
ffiffiffiffiffiffiffiffiffiffi
A

2qID

s
R (2)

where R is the responsivity, ID is the dark current, q is the
charge and A is the effective device area. Similar to the
responsivity, as shown in Fig. 6(c) and (d), the maximum D*
at a low incident power density of 3.2 mW cm�2 is found to be
4.3 � 1010 Jones (cm Hz1/2 W�1) for the Cs3Sb2I9 photodetector,
which decreases to a stable value of B2 � 1010 Jones at 430
mW cm�2 illumination power. Similarly, for the Cs3Sb2Br9

photodetector, the maximum D* is 1.6 � 1010 Jones at a low
incident light intensity of 3.2 mW cm�2, which decreases to a
steady value of B6 � 109 Jones at 420 mW cm�2 incident power.
The major performance parameters of film photodetector devices
are compared with those of microplates in Table 1. In general, due
to their higher crystallinity, the performance of microplate photo-
detectors is better than their film counterparts.

Unlike Cs3Sb2I9, Table 1 shows that at 1 V bias the respon-
sivity of the Cs3Sb2I9 film photodetector is comparable to or
even better than its microplate counterpart. In order to verify

this, we also performed wavelength dependent photoresponse
measurements, and the results are shown in Fig. S13 (ESI†). It
can be seen that maximum responsivities of 26 mA W�1 at
incident photons of wavelength B575 nm and 8 mA W�1 at
B475 nm were obtained for the Cs3Sb2I9 and Cs3Sb2Br9 film
devices, respectively. The responsivity then drops rapidly with
increasing wavelength for both devices. The spectral responsiv-
ity follows the absorption characteristics and the exciton absorp-
tion edge of the corresponding thin films as depicted in Fig. 3(e
and f). Comparing both thin film devices, as shown in Fig. 6(c
and d) and also the wavelength dependent responsivity results,

Fig. 6 Response time of (a) Cs3Sb2I9 and (b) Cs3Sb2I9 film photodetectors. Incident power dependent responsivity and detectivity of (c) Cs3Sb2I9 and
(d) Cs3Sb2Br9 film photodetectors under the illumination of 532 and 450 nm light, respectively.

Table 1 Comparison of the key performance parameters of CVD synthe-
sized Cs3Sb2X9 film photodetectors with their corresponding microplate
photodetectors at an applied bias voltage of 1 V

Photodetector

Detection
wavelength
(nm)

Responsivity
(mA W�1)

Detectivity
(Jones)

Rise/
decay
time (ms)

Cs3Sb2I9

microplate46
532 40 1.26 �

1011
0.096/
0.058

Cs3Sb2I9 film 532 54.5 4.3 � 1010 50/30
Cs3Sb2Br9
microplate48

450 36.9 1.0 � 1010 61.5/24

Cs3Sb2Br9 film 450 3.6 1.6 � 1010 108/56.2
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the responsivity of the Cs3Sb2Br9 film is lower than that of the
Cs3Sb2I9 film. This is consistent with the poorer film quality in
terms of surface roughness and pinholes of the Cs3Sb2Br9 film
as revealed by the AFM and SEM images in Fig. 2 and Fig. S5
(ESI†). Note that the performance of Cs3Sb2X9 film photodetec-
tors reported in this work is not as good as those reported for
other lead free all-inorganic halide perovskite thin films
(namely, Cs3Cu2I5 and CsBi2I9).57–59 This may be attributed to
the relatively rough films with high-density pinholes due to the
relatively high temperature annealing process. We believe that
the film quality can be improved by further optimizing the
growth and annealing conditions.

Furthermore, the long-term compositional stability of the
Cs3Sb2X9 perovskite thin films and the performance stability of
the film photodetectors were also studied. Fig. S14 (ESI†) shows
a comparison of the XRD patterns of fresh Cs3Sb2X9 film
samples with films after storage in ambient air for 45 days
without encapsulation. After storage, the obtained diffraction
patterns are identical to the fresh annealed films, confirming
the excellent phase stability in oxygen and moisture. However, a
reduced diffraction peak intensity is observed which may
indicate a degradation in crystallinity after storage. Fig. S15
and S16 (ESI†) show the photoresponse curves of the Cs3Sb2X9

film photodetectors after 45 days of storage without encapsula-
tion in ambient air. The photodetectors still show on/off
photoswitching characteristics after 45 days of storage but with
a slight degradation of photocurrent which may be associated
with the crystallinity degradation observed in the XRD patterns
after storage.

Conclusion

All-inorganic and Pb-free Cs3Sb2X9 (X = I, Br) perovskite thin
films have been synthesized successfully using a two-step CVD
method. The obtained Cs3Sb2I9 and Cs3Sb2Br9 thin films show
good crystallinity, and exhibit a large Stokes shift and high
exciton binding energy. Refractive indices of 2.0 and 1.7 were
obtained for Cs3Sb2I9 and Cs3Sb2Br9 thin films at their respec-
tive emission energies. The optical bandgaps were confirmed to
be 2.2 and 2.85 eV for Cs3Sb2I9 and Cs3Sb2Br9 thin films.
The films showed p-type semiconducting properties. Photocon-
ductive devices fabricated from these films exhibit a commend-
able performance with responsivity values of up to 54.5 and
3.6 mA W�1 and high detectivity values reaching 4.3 � 1010 and
1.6 � 1010 Jones for Cs3Sb2I9 and Cs3Sb2Br9 film photodetec-
tors, respectively. Moreover, a stable and reproducible photo-
switching characteristic with fast rise and decay times of 50 ms
and 30 ms, respectively, for Cs3Sb2I9 and 108 ms and 56.2 ms,
respectively for Cs3Sb2Br9 film photodetectors were observed.
The Cs3Sb2X9 films exhibit excellent long-term stability even
when stored without encapsulation in ambient air. The materi-
als properties and overall photodetector performance suggest
that Cs3Sb2X9 perovskite thin films are also potential candi-
dates similar to their microplate counterpart for future optoe-
lectronic devices.

Experimental
Synthesis of Cs3Sb2X9 thin films

A single-zone horizontal tube furnace (Hefei Kejing Materials
Technology Co. Ltd., OTF-1200X) was used to synthesize
Cs3Sb2X9 thin films by a two-step CVD approach. Metal based
CsI (99.9%) and SbI3 (98%) from Sigma-Aldrich and CsBr
(99.9%) and SbBr3 (99.5%) from Alfa-Aesar were used as source
materials. Similar procedures except for different conditions of
vaporization temperature, pressure, and carrier gas flow rate
were followed to synthesize Cs3Sb2I9 and Cs3Sb2Br9 thin films
according to our previous reports on Cs3Sb2X9 (X = I and Br)
microplate synthesis.46,48 Sapphire, glass and SiO2 coated sili-
con (SiO2/Si) substrates with dimensions of 40 mm � 10 mm
were cleaned ultrasonically similar to that reported in ref. 46.
The substrates were put 24 cm away from the center to the
downstream side of the furnace. The vaporization of the source
powder in the two steps was performed under optimized
conditions of temperature and pressure and the carrier gas
flow rate. Note that the total growth duration for each step of
the two-step process was 10 minutes. Table 2 tabulates the
optimized conditions of step I and step II depositions of the
two-step CVD approach for growing Cs3Sb2X9 perovskite thin
films. Annealing of the as-grown samples was performed at 200
and 140 1C for 20 minutes at atmospheric pressure inside a
tube furnace filled with N2 gas to obtain Cs3Sb2I9 and Cs3Sb2Br9

thin films, respectively. The precursor powders of CsI and SbI3,
and CsBr and SbBr3 were employed in a molar ratio of 1 : 3 and
1 : 6 to obtain a stoichiometric composition of Cs3Sb2I9 and
Cs3Sb2Br9 thin films, respectively, in the two steps. Due to the
very low melting temperature of SbX3 compared to CsX, more
SbX3 precursor powder was needed to deposit a sufficient
amount of SbX3 materials over CsX. In order to achieve the
final stoichiometric perovskite phase, a series of systematic
optimization growth and annealing processes were performed
with different precursor ratios. Some of the data from the
systematic study are shown in Table S1 in the ESI.†

SE analysis

A J. A. Woollam RC2 ellipsometer was used for SE measure-
ments. The measurements were carried out at incident angles
of 551, 651 and 751 using a rotating compensator in the energy
range of 0.7 to 6.5 eV. The complex dielectric function of the
films was obtained by fitting the SE spectra. A model compris-
ing a three-layer structure, namely a surface roughness layer, a
perovskite film, and a substrate, was used for data analysis. A
numerical approximation (B-spline) was applied to estimate the

Table 2 Optimized parameters for the two-step CVD growth of Cs3Sb2X9

perovskite thin films

Synthesis Step
Source
powder

Temperature
(1C)

Pressure
(Torr)

Flow rate
(sccm)

Cs3Sb2I9 Step I CsI 550 2 200
Step II SbI3 110 2 80

Cs3Sb2Br9 Step I CsBr 550 2 200
Step II SbBr3 90 4 20
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line shape of the dielectric functions and the thickness of the
thin film. The film thickness was kept unchanged and the
dielectric function parameters were considered as adjustable
parameters. To obtain the best fitting of the experimentally
obtained data, regression analysis was employed. Several Tauc–
Lorentz oscillators were then applied to readjust the dielectric
function according to the previous report.60

Photodetector fabrication

Cs3Sb2X9 films were first deposited on a cleaned glass substrate
by the above discussed CVD method. Au electrodes of B40 nm
thick were then deposited over the films using a shadow mask
(Ni grids, 300 mesh) by thermal evaporation. The channel width
and length of the device were 10 mm and 70 mm, respectively. A
schematic diagram and optical image of the film photodetector
device are shown in Fig. S10 (ESI†).

Characterization

The crystallinity and phase of Cs3Sb2X9 perovskite thin films
were investigated using a Bruker D2 Phaser diffractometer
with Cu-Ka radiation (l = 1.54184 Å). A Rigaku SmartLab X-
ray diffractometer equipped with a Cu-Ka radiation source
(l = 1.54184 Å) was used for rocking curve measurements.
The surface morphologies of the films were studied using a
scanning electron microscope (JEOL JSM 820) and a Di Multi-
Mode V (Veeco) AFM. The elemental composition of the per-
ovskite thin films was obtained by X-ray fluorescence (XRF)
spectroscopy using a Bruker S2 Puma system equipped with a
palladium (Pd) anode. Room temperature photoluminescence
(PL) spectroscopy was performed using a PL system comprising
a 450 nm cw He–Cd laser, a collimator, an optical lens, and an
ocean optics (USB 2000) spectrometer. The surface photovol-
tage (SPV) measurements of the thin films were performed by
ambient pressure photoemission spectroscopy (APS) using a
Kelvin Probe (APS04) instrument in the N2-filled surface photo-
voltage spectrometer (SPS) module. Photodetector characteriza-
tion was performed using a standard probe station with an
Agilent 4155C semiconductor analyzer coupled with lasers
(261 nm, 405 nm, 450 nm, 532 nm, 650 nm) as the excitation
light source. A mechanical shutter was used to turn the
illumination on and off on the device to characterize the
photoswitching response of the devices.
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