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ABSTRACT: Lead-based halide perovskites (APbXj, where A = organic
or inorganic cation, X = Cl, Br, I) are suitable materials for many
optoelectronic devices due to their many attractive properties. However,
the concern of lead toxicity and the poor ambient and operational stability
of the organic cation group greatly limit their practical utilization.
Therefore, there has recently been great interest in lead-free, environment-
friendly all-inorganic halide perovskites (IHPs). Sb and Sn are common
species suggested to replace Pb for Pb-free IHPs. However, the large
difference in the melting points of the precursor materials (e.g., CsBr and
SbBr; precursors for Cs;Sb,Bry) makes the chemical vapor deposition
(CVD) growth of high-quality Pb-free IHPs a very challenging task. In this
work, we developed a two-step CVD method to overcome this challenge
and successfully synthesized Pb-free Cs;Sb,Bry perovskite microplates.
Cs3Sb,Brg microplates ~25 pim in size with the exciton absorption peak at ~2.8 eV and a band gap of ~2.85 eV were obtained. The
microplates have a smooth hexagonal morphology and show a large Stokes shift of ~450 meV and exciton binding energy of ~200
meV. To demonstrate the applications of these microplates in optoelectronics, simple photoconductive devices were fabricated.
These photodetectors exhibit a current on/off ratio of 2.36 X 107 a responsivity of 36.9 mA/W, and a detectivity of 1.0 X 10'° Jones
with a fast response of rise and decay time of 61.5 and 24 ms, respectively, upon 450 nm photon irradiation. Finally, the Cs;Sb,Br,
microplates also show good stability in ambient air without encapsulation. These results demonstrate that the 2-step CVD process is
an effective approach to synthesize high-quality all-inorganic lead-free Cs;Sb,Bry perovskite microplates that have the potential for
future high-performance optoelectronic device applications.
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H INTRODUCTION ments to the organic cation groups (e.g, Cs, Rb).'"'’
Accordingly, all-inorganic cesium lead halide perovskites
(CsPbX;, X = Cl, Br, I) have been studied and are also
regarded as promising candidates in many optoelectronic
applications including solar cells,'*™"® photodetectors,'**°
lasers,”"** light-emitting diodes,””** and photocatalytic CO,
reduction”*° due to their distinctive properties, such as large
absorption cross section, long diffusion length, high carrier
mobility, long carrier lifetimes, and low trap densities.”’ "
Despite the remarkable advances achieved in CsPbX; perov-
skites, the high toxicity of Pb is a great obstacle for their

In the last few years, organic hybrid halide perovskite materials
ABX; (A = organic cation group, B = metal, X = halide) have
attracted tremendous attention. Because of their intriguing
optoelectronic properties, these materials can be widely used in
many optoelectronic devices such as solar cells,' ™ photo-
detectors,”® light-emitting diodes,”” and field-effect transis-
tors.”” In 2009, the first organic hybrid perovskite solar cell
(PSC) was reported with a low efficiency of 3.5%." However,
after only a few years, the power conversion efficiency of PSCs
has soared to over 25.2%, comparable to commercial
crystalline silicon photovoltaics.'

Despite their tremendous recent success, devices fabricated Received: May 3, 2021
from organic hybrid perovskites still suffer from long-term Accepted:  July 13, 2021
instability. This has been attributed to the sensitivity of the
organic cation groups to oxygen, moisture, and environmental
stress.'' "% To alleviate this material instability, several
different inorganic elements have been considered as replace-
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Figure 1. SEM micrographs showing the Cs;Sb,Br, microplates evolution. (a) SEM image after Step I growth. (b) Optical image of Step II. (c)

SEM image of the microplates obtained after annealing.

widespread commercial applications. Therefore, much atten-
tion has been devoted to the search for Pb-free inorganic
perovskites for optoelectronic device applications.*>

The replacement of the Pb** ion with other metal ions in
CsPbX; perovskites is challenging due to the limited
availability of alternative metals that can satisfy the Gold-
schmidt tolerance factor for a close-packed perovskite
structure.>® In this respect, the substitution of a Pb** ion
with divalent Sn** or Ge® is a possible choice. However,
recent reports have shown that both Sn®* and Ge** easily
oxidize to their tetravalent state (Sn*, Ge*") in air and lose
their outermost ns® electrons, thus resulting in dominant
defects of halogen vacancies and metal interstitials (Sn or
Ge). 7% Lately, stable A;M,X, structure defect-ordered
perovskites have been proposed. In these A;M,X, perovskites,
two-third of the B sites of the conventional ABX; are replaced
by M (either Bi** or Sb** ions), while a portion of the metal
sites are replaced by vacancies.”’ >’ Heterovalent replacement
of Pb** by Bi** in perovskite nanocrzstals with large carrier
effective masses has been reported.””*" Sb-based Cs;Sb,I,
perovskite thin films were also synthesized, showing a nearly
direct band gap with a high absorption coefficient (>10°/cm)
and small electron and hole effective masses.”' Recently, a few
studies on Cs;Sb,Bry perovskites with different morphologies,
such as nanocrystals, quantum dots (QDs), and nanoflakes,
were also reported.*””" For example, Lu et al. synthesized
Cs;Sb,Br, perovskite nanocrystals (NCs) by the hot injection
method and demonstrated a 10-fold increase in their
performance for solar-driven CO, reduction reaction com-
pared to CsPbBry NCs, producing over 500 pmol CO g~!
catalyst over the course of 4 h.*’ Ma et al. synthesized
Cs3Sb,Bry QDs using a modified supersaturated recrystalliza-
tion method, which showed a bright violet emission with a
high photoluminescence quantum yield (PLQY) of 5$1.2%."
An inverse temperature crystallization method was used by
Zheng et al. to synthesize submillimeter-sized Cs;Sb,Br,
nanoflakes, which exhibited outstanding photodetector per-
formance, such as high responsivity (3.8 A/W) and detectivity
(2.6 x 10" Jones).” Liu et al. reported millimeter-sized
Cs3Sb,Bry perovskite single crystals prepared by the
solvothermal method and fabricated photodetectors showing
a fast response speed (0.2/0.3 ms), high responsivity (2.29 A/
W), and sharp detectivity (3.77 x 10™ Jones).*

To date, in most reports, Sb-based perovskites, in particular,
Cs3Sb,Bry perovskites, were synthesized by solution process-
ing, which has the unique advantages of being low-cost and
facile. However, it also involves difficulty in making the
reactions proportional and uniform due to the different
solubilities of precursors in the solvents. Moreover, the
materials synthesized by solution processes usually incorporate

a high concentration of impurities from the precursors,
solvents, or surfactants, and their crystalline quality is inferior
to those grown by high-temperature physical or chemical vapor
methods.*® Compared to solution-processing growth, chemical
vapor deposition (CVD) is a well-established method to
synthesize high-quality and high-purity semiconductor materi-
als that can achieve excellent optoelectronic properties. CVD
has also been demonstrated to be especially suited for the
growth of micro- and nanostructures with high surface-to-
volume ratio, good crystalline quality, and low defect density.
In fact, the CVD method offers several advantages over the
solution method for material synthesis. First, in the CVD
method, the precursor ratio and reaction rate can be easily
controlled by the growth temperature and flow rate; therefore,
it is a highly controllable and easily adjustable method. Second,
the CVD method is a high-temperature growth process, and
due to the high thermal energy, the deposited species have a
high mobility on the substrate and are able to crystallize to
form high-quality single crystals. Despite these advantages, no
report on the successful synthesis of Cs;Sb,Bry perovskites
using the CVD method is available so far. This may be
attributed primarily to the extreme melting point disparity for
the precursors used, namely CsBr (636 °C) and SbBry (96
°C).

In this work, a two-step CVD approach is developed to grow
Cs3Sb,Bry microplates to overcome the challenges encoun-
tered in a conventional CVD process. We note that the two-
step CVD process described here is slightly different from
previously reported two-step processes.”’ In this two-step
CVD process, after the sequential deposition of binary
compounds in step I and step II, a low-temperature annealing
process is used to form the ternary microplates. Using this new
CVD approach, we successfully synthesized all-inorganic and
lead-free Cs;Sb,Bry microplates with a lateral dimension of
~10—50 ym and a thickness of ~100—400 nm. The CVD-
grown Cs;Sb,Bry microplates have a hexagonal morphology
and exhibit a Stokes shift as large as ~450 meV and an exciton
binding energy of ~200 meV. We also use these Cs;Sb,Br,
microplates to fabricate photoconductive devices that show a
reasonable performance with an on/off current ratio reaching
2.36 X 107 responsivity of up to 36.9 mA/W, and detectivity
of up to 1.0 X 10'° Jones at an irradiation wavelength of 450
nm. Moreover, relatively fast rise and decay times of 61.5 and
24 ms, respectively, are demonstrated. These results clearly
suggest that the two-step CVD process can be used to
synthesize high-quality all-inorganic and lead-free Cs;Sb,Br,
perovskite microplates that are potentially useful for the
fabrication of high-performance optoelectronic devices.
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Figure 2. Structural characterization of Cs;Sb,Br, perovskite microplates. (a) Schematic representation of the atomic model of a Cs;Sb,Br, unit
cell. (b) 2D layered Cs;Sb,Br, perovskite. (c) XRD patterns of the microplates. (d) Rocking curve for the (201) plane of Cs;Sb,Br, perovskite

microplates.
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Figure 3. Morphology and composition analysis of Cs;Sb,Br, perovskite microplates. (a) AFM image of a single microplate. (b) 3D view of the
corresponding microplate. (c) Line scan across the microplate showing the corresponding thickness in (d). (e) SEM image of an individual
microplate. (f—h) EDX mapping of the corresponding microplate, showing the uniform distribution of different elements over the microplate. (i)

EDX spectrum of a single microplate along with the corresponding elemental ratio. The scale bars in all images are 10 pm.
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Figure 4. Optical characterization of Cs,;Sb,Br, perovskite microplates. (a) Real and imaginary parts of the & spectrum of a Cs;Sb,Br, perovskite
microplate. (b) Optical constants of the Cs;Sb,Br, perovskite microplate. (c) Absorption coefficient along with steady-state photoluminescence

spectra.

B RESULTS AND DISCUSSION

Since the melting point of CsBr (636 °C) is much higher than
that of the SbBry precursor (96 °C), the chemical vapor
growth of Cs;Sb,Bry perovskite by simply mixing the two
precursors with the correct molar ratio and with the growth
chamber heated to a high temperature resulted in the
formation of CsBr on the substrate with the Sb preferentially
vaporized and deposited on the tube surface. Here we
developed a two-step CVD approach to achieve the growth
of Cs;Sb,Bry perovskite microplate structures in a single-zone
tube furnace as illustrated schematically in the Supporting
Information (Figure S1). The CsBr precursor was first grown
in step I in an optimized condition with the furnace
temperature of 530 °C (Figure 1a). Then, the SbBr; precursor
layer was grown over the CsBr-deposited substrates at a much
lower temperature (90 °C) in step II (Figure 1b). In this step,
SbBr; vapor followed the grown CsBr and deposited on the
CsBr structures. The as-grown layers after the two-step CVD
did not react completely as evidenced from the XRD patterns
of individual growth shown in Figure S2. Complete reaction of
CsBr and SbBr; occurs after annealing at 140 °C for 25 min.
Since SbBr; has a very low melting point, it melts during
annealing and gradually diffuses into the CsBr layer. After the
recrystallization, the Cs;Sb,Bry perovskite microplates were
formed on the substrate (Figure 1c). Note that the microplates
formed have a hexagonal structure with a rough dimension of
~10—50 pm. Along with the diffusion, evaporation of SbBr;
precursor also occurs during annealing. Therefore, to achieve
the stoichiometric Cs;Sb,Br, perovskites, excess SbBr; source
precursor was used. The elemental composition of the as-
grown sample before annealing was analyzed by X-ray
fluorescence spectroscopy (XRF) measurements and the
corresponding spectrum is shown in Figure S3. The elemental
ratio of Cs/Sb/Br is estimated to be 7.6:15.3:77.1. This

confirms that while the Sb/Cs atomic ratio of stoichiometric
Cs3Sb,Bry is 0.67, the as-grown layers are Sb-rich with an Sb/
Cs ratio of ~2. Details of the growth processes are described in
the Experimental Section. The optical images of the Cs;Sb,Br,
microplates formed on different substrates (sapphire, glass,
SiO,-coated Si, and FTO-coated glass) obtained after
annealing are presented in the Supporting Information (Figure
S4).

The unit cell and 2D layered structure of Cs;Sb,Brg
perovskite are drawn based on the crystallographic data™
shown in Figure 2a,2b. Specifically, to achieve charge balance,
10 Cs cations surround the bi-octahedral (Sb,Br,)>~ clusters in
a Cs;Sb,Bry perovskite. The XRD pattern from the microplate
sample shown in Figure 2b reveals that the diffraction peaks
correspond to the 2D layered Cs;Sb,Br, perovskite structure
(JCPDS No. 77-1055) with a preferred (201) alignment. The
XRD measurement confirms that the perovskite microplates
have a trigonal structure with lattice parameters of a = b = 7.93
A, ¢=9.716 A, and angles of @ = # = 90°, y = 120°, which are
consistent with the space group of P3m1 (164). Moreover, X-
ray rocking-curve analysis around the (201) diffraction peak
yields a very small peak width (FWHM) of 0.095° (or 342
arcsec) (Figure 2c), demonstrating that the microplates have
high crystalline quality.

Atomic force microscopy (AFM) images and the line scan of
typical Cs;Sb,Bry perovskite microplates are shown in Figures
3a—d and SS. The microplates show a well-defined hexagonal
geometry with a lateral dimension of ~10—50 um and a
thickness of ~300 nm. The surfaces of the microplates are
quite smooth with a surface roughness of ~1 nm. The
elemental composition of these Cs;Sb,Bry microplates was
analyzed using XRF and EDX measurements and show an
atomic ratio (%) of Cs/Sb/Br 21.7:12.9:65.4, in good
agreement with the expected stoichiometric ratio (3:2:9) in
Cs;Sb,Bry (Figure S6). The SEM image of a Cs;Sb,Br,
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Figure S. Photoconductive device characterization. (a) Schematic diagram showing the Cs;Sb,Br, microplate photodetector. (b) UPS spectrum of
the Cs;Sb,Br, microplate showing its valence band maximum (VBM). (c) Schematic illustration of the alignment of energy bands and carrier
transport in the photodetector under illumination. (d) Spectral response curve of the microplate photodetector. (e) Linear I—V plot of the
microplate photodetector under dark and 450 nm light illumination. An optical image of the device with a 10 ym scale bar is shown in the inset. (f)
Logarithmic I-V plot of the microplate photodetector under dark and 450 nm light illumination. (g) Multiple cycles of the device on/off switching
under 47 mW/cm? incident power density. (h) Response of the device from the on/off switching characteristics. (i) Incident power-dependent
responsivity and detectivity of the microplate photodetector under illumination with 450 nm photons.

microplate shown in Figure 3e and the corresponding
elemental maps of Cs, Sb, and Br shown in Figure 3f—h
illustrate the uniformity and homogeneity of the different
constituents in the microplate. Figure 3i shows the EDX
spectrum and corresponding elemental ratio of a single
microplate (inset). Signals from different elements are clearly
visible and the elemental ratio is very close to the Cs;Sb,Br,
composition. The results from AFM and SEM confirm that
these two-step CVD-grown perovskite microplates have high
crystalline quality and crystal phase purity with close to 3:2:9
atomic ratio of Cs;Sb,Bry. During recrystallization, along with
the microplates, some three-dimensional (3D) structures also
appeared. The EDX spectrum of a single 3D structure (Figure
S7) confirmed that the composition is similar to that of
Cs;Sb,Bry microplates.

The optical properties of Cs;Sb,Bry perovskite microplates
were studied at room temperature by spectroscopic ellipsom-
etry (SE). In the SE measurements, the incident beam was
focused down to 300 ym, covering a cluster of microplates.
The dielectric function (& = €, + ie,, where &, and &, are the
real and imaginary parts of €, respectively) of the Cs;Sb,Br,
perovskite was derived by modelling the SE data by a series of
Tauc—Lorentz (T—L) oscillators. Details of the modeling of
the SE data are provided in the Supporting Information and
Experimental Section. The dielectric function is related to the

optical constants (refractive index n and extinction coefficient
k) with the expressions &, = n* — k* and &, = 2nk. The

absorption coefficient () is calculated from k using the
47k

relationship a = - The real and imaginary parts of the
dielectric functions €, and &, of the Cs;Sb,Bry microplates
obtained from the SE analysis are shown in Figure 4a, while
the optical constants are shown in Figure 4b. Figure 4b shows
that the refractive index n of Cs;Sb,Bry is ~2.1 and the
extinction coefficient is very low (close to 0) at the PL
emission energy of 2.4 eV. Photoluminescence (PL) measure-
ments were also carried out at room temperature to investigate
the optical emission property of Cs;Sb,Bry perovskite micro-
plates. The absorption coeflicient obtained from SE measure-
ment is plotted together with the PL emission peak in Figure
4c. Note that the absorption coeflicient of Cs;Sb,Bry
perovskite microplates is very high, ~1.5 X 10° cm™' at ~3
eV. The absorption coefficient of the Cs;Sb,Bry microplates
shows an absorption onset at ~2.65 eV and a discrete excitonic
peak at ~2.8 eV, followed by an absorption continuum due to
the band-to-band absorption. Deconvoluting the contribution
due to the exciton absorption peak shows that the band-to-
band absorption of the perovskite occurs at ~2.85 eV. This
suggests that Cs;Sb,Bry has a large exciton binding energy of
~200 meV. This is much higher than the binding energies
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reported for Pb-based perovskites (24—32 meV for MAPbI,
and 36—41 meV for MAPbBr;)* and other semiconductor
materials. This large exciton binding energy can be exploited
using optoelectronic devices operating under high-temperature
and intense irradiation conditions.

A broad and asymmetric PL peak with peak intensity at 2.4
eV is observed from the Cs;Sb,Bry microplates as shown in
Figure 4c. A broad PL peak with similar peak energy was also
reported by Zheng et al. for Cs;Sb,Bry nanoflakes synthesized
by an inverse temperature crystallization method.*> Compared
to the absorption edge at 2.85 eV, the microplates exhibit a
Stokes shift of ~450 meV, which is much larger than the
Stokes shifts in other semiconductor materials.”>”' Note that
for typical lead halide perovskites, Stokes shifts are on the
order of ~30—70 meV, which give rise to a strong self-
absorption effect.””” Note that a large Stoke shift (~520
meV) was also found in our previous work of Cs,;Sb,l,
perovskite microplates.”> The large Stokes shift of Cs;Sb,Br,
perovskite microplates suggests that they are attractive
candidates for light-emitting and laser diodes. However, a tail
at a lower energy in the PL spectrum is also noticed, which
may be due to the minor contribution of defect-related
emissions from the Cs;Sb,Bry microplates. A similar long-
wavelength tail in the PL spectrum was also reported in Sb-
based halide perovskites grown by solution processes.*”>*

The practical application of Cs;Sb,Bry microplates is further
demonstrated by fabricating photoconductive devices with a
metal/semiconductor/metal (MSM) configuration. The sche-
matic diagram of a microplate photodetector is shown in
Figure Sa. Before fabricating the device, we first determine the
electronic band alignment with the metal. We determined the
position of the valence band maximum (VBM) of Cs;Sb,Br, to
be 5.51 eV below the vacuum level using ultraviolet
photoelectron spectroscopy (UPS) (Figure Sb). The corre-
sponding energy band alignment of the Au/Cs;Sb,Bry/Au
structure is shown in Figure Sc. Here, Au has a work function
of 5.1 eV and is considered a good contact metal for the MSM
photodetector. Again, using Hall effect measurement, the Hall
mobility of Cs;Sb,Br, material was obtained as ~20 cm?/Vs
with a p-type conductivity of ~3.4 X 107> S/cm, and the
carrier density was found to be ~1.2 X 10" cm™.

The performance of photodetectors is normally charac-
terized by their responsivity (R), which can be defined as

R= o
Liigpe (1)

where I;, and Ly, are the photocurrent and the incident light
power, respectively. The spectral responsivity of the Cs;Sb,Bry
microplate photodetector measured as a function of the
irradiation wavelength is shown in Figure Sd. The device
exhibits a maximum responsivity of 12 mA/W with incident
photons of wavelength ~500 nm. The responsivity then drops
rapidly with increasing wavelength, and this behavior agrees
with the absorption coefficient spectrum of Cs;Sb,Br,
microplates as shown in Figure 4c. However, the absorption
spectrum shows no absorption of photons with energy below
2.4 eV. This may be because the model used in analyzing the
SE data may not be ideal and cannot capture the subgap
absorption features. To clarify this discrepancy, the UV—vis
spectrophotometry measurements were also performed, and
the absorption spectrum is shown in Figure S10. Since the
beam size is several mm and part of the incident beam passed

through areas without microplate coverage, the absolute
absorption cannot be obtained. Nevertheless, it is clear from
Figure S10 that significant subgap absorption occurs at
energies below 2.4 eV, which agrees with the responsivity
results. Following the spectral responsivity, in the subsequent
measurement of the device performance, an excitation light of
wavelength 450 nm, closest to the maximum responsivity, was
used.

Figure Se (linear) and Figure Sf (log) show the current—
voltage (I—V) characteristics of the microplate photodetector
in the dark and under 450 nm light illumination with an
incident power density of 40 mW/cm® An image of a typical
device with an active area of ~1.7 X 107 cm? is shown in the
inset of Figure Se. The microplate photodetector exhibits a
high resistance in the dark with a dark current of around 1.32
x 107 A at 2 V. When illuminated, the current increases to
~2.36 X 107° A. Note that the linear [-V curves indicate that
the Au electrodes form good ohmic contacts with Cs;Sb,Br.
The on/off photoswitching characteristics are also a key
performance parameter for a photodetector. The successive
on/off switching characteristics of the photodetector under
450 nm photon irradiation at 1 V bias shown in Figure S5g
reveal no significant degradation over repeated switching cycles
with an on/off current ratio of up to 2.36 X 10% Under 450 nm
illumination, the rise (decay) time of the device, the time taken
to increase (decrease) from 10 to 90% (90—10%) of its peak
current, was determined to be 61.5 (24) ms, respectively
(Figure Sh).

The dependence of the device photosensitivity on a range of
illumination power densities was measured to study its
performance stability under both weak and strong signals,
and the results are shown in Figure S11. We observe increasing
photocurrent when the power intensity increases from 3.2 to
40 mW/cm? under 450 nm light illumination, suggesting that
more photocarriers are generated in the device with increasing
incident photon intensity. The relationship between photo-
current (I) and the incident light power (P) was fitted by the
power law I = P where f is a proportionality constant and &
is an exponential factor associated with its photoresponse
corresponding to the light intensity. Figure S12 shows a fit of
the power-dependent photocurrent of a microplate photo-
detector using this equation and yields a sublinear relationship
of a = 049, which results from the complex process of
electron—hole generation, recombination, and trapping in the
microplates.”” The device responsivity plotted in Figure 5i as a
function of the incident power shows that the highest value of
36.9 mA/W is achieved at a low incident power density of 3.2
mW/cm? The responsivity then drops rapidly to ~9.5 mA/W
and remains stable when the incident power density increases
to a power intensity >30 mW/cm?® The decrease in the
responsivity may be related to the saturation of surface states
and the filling of deep-level defects with the increased
illumination power density.’*>’

For an efficient photodetector with active area A, its
detectivity (D*), defined as the lowest level of light it can
detect, is another important performance parameter and can be
expressed in terms of the responsivity R and the dark current
Iy as

A
D*= |-——R

29I (2)
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Table 1. Comparsion of the Key Performance Parameters of Reported Lead-Free All-Inorganic Perovskite Photodetectors

material method/morphology detecting wavelength (nm)

Cs;Bi, g solution/single crystal 462
Cs;BiBrg solution/single crystal 400
Cs,AgBiBry solution/thin film 520
Cs,SnCl_,Br, solution/bulk crystal 590
Cs;Cuylg solution/thin film 320
Cs,AgBiBry solution/thin film 265
Cs;Sb,Bry solution/nanoflake 450
Cs;Biy], solution/thin film white light
Cs,Snly solution/thin film vigible light
Cs;Bi, ], solution/single crystal 420
Cs;3Sb,Bry solution/single crystal 480

Cs;3Bi, ] solution/nanoplate 450
Cs3Sb,Bry CVD/microplate 450

responsivity (mA/W)  detectivity (Jones) rise/decay time (ms)  references
1100 4.7 x 10" 59
0.025 0.8 x 10° 50/60 60
7010 5.66 x 10* 0.956/0.995 61
2.71 x 10%° 62
64.9 1.0 x 10" 26.2/49.9 63
1460 9.4 x 10" 3.463/8.442 64
3800 2.6 X 10" 48/24 43
7.2 1.0 x 10" 0.247/0.23 65
6 2% 10° 66
12 1% 108 67
2290 3.77 x 10" 0.2/3.0 45
33.1 1.0 x 10%° 10.2/37.2 68

36.9 1.0 x 10" 61.5/24 this work

where q is the elementary charge. Similar to the responsivity, as
shown in Figure Si, the maximum D* of ~1.0 X 10'° Jones
(cm Hz'? W) occurs at ~3.2 mW/cm?, and D* decreases
and stabilizes to a value of ~2.6 X 10° Jones at a high incident
power of >30 mW/cm?” The major performance parameters of
our device are compared with those of previously reported
lead-free all-inorganic perovskites in Table 1. The comparison
in Table 1 shows that the device properties in this work are
comparable to other lead-free all-inorganic perovskites. Note
that the performance of our device was not measured at its
optimum spectral response at an irradiation wavelength of 500
nm. Furthermore, the dark I-V measurement was extended up
to 10 V bias so that the trap state density (nmp) in the
microplate could be estimated and the results are shown in
Figure S13. At a low electric field, an Ohmic region is obtained.
At Vi, the current exhibits a sharp rise in the I-V
characteristics, indicating the transition into the trap-filled
limit, where the trap states are occupied by the injected charge
carriers.”® The estimated My ~ 6.6 X 10" ecm™, which
demonstrates that the microplates have high quality with low
defect density.

One of the major advantages of all-inorganic halide
perovskites over organic hybrid materials is their material
stability. The long-term stability of the Cs;Sb,Br, microplates
and the performance of the microplate photodetector were also
studied. Figure S14 compares the XRD patterns of a sample
with Cs;Sb,Bry microplates fresh after growth with the sample
after storage for 2 months in an ambient condition without any
encapsulation. It is observed that after storage, the diffraction
pattern is identical to the as-grown microplates, confirming
that the perovskite phase is stable and there is no phase
separation. However, a slight decrease in the diffraction peaks
is observed. Furthermore, we measured the rocking curve of
the (201) diffraction peak after 2 months storage (Figure S15).
A slight increase in the FWHM (~0.055°) is observed. This
may suggest that although the Cs;Sb,Bry microplates show
good phase and environmental stability under oxygen and
moisture at room temperature, the crystallinity slightly
degraded. Figure S16 shows the photoresponse curves of the
Cs3Sb,Bry microplate photodetector as-grown and after 2
months of storage in ambient conditions, without any
encapsulation. A slight degradation of ~20% in the photo-
current is observed, most likely related to the slight crystallinity
degradation observed in the XRD measurements of the
microplates. Further investigation on the correlation between
material degradation and device performance under different

environments is required for a detailed understanding of the
degradation mechanism of this material.

B CONCLUSIONS

In order to overcome the difficulties in the chemical vapor
deposition of all-inorganic Pb-free Cs;Sb,Bry perovskites, we
have developed a two-step CVD approach and successfully
synthesized Cs;Sb,Br, perovskite microplates with a smooth
hexagonal morphology, which show good crystallinity.
Spectroscopic ellipsometry and photoluminescence measure-
ments revealed that the Cs;Sb,Bry microplates have a band gap
of ~2.85 eV with a large exciton binding energy of ~200 meV
and a large Stokes shift of ~450 meV. Photoconductive devices
fabricated using these microplates exhibit a respectable
responsivity of up to 36.9 mA/W and a high detectivity,
reaching 10' Jones at 450 nm irradiation wavelength.
Moreover, the photodetectors show stable and repeatable
photoswitching characteristics with fast rise and decay times of
61.5 and 24 ms, respectively. Our results demonstrate that the
2-step CVD process is an effective approach to synthesize high-
quality all-inorganic lead-free Cs;Sb,Br, perovskite microplates
that have the potential for future high-performance optoelec-
tronic device applications.

B EXPERIMENTAL SECTION

Synthesis of Cs;Sb,Br, Microplates by Two-Step CVD. A
two-step CVD approach was developed to grow Cs;Sb,Bry micro-
plates in a home-built single-zone horizontal tube furnace (Hefei
Kejing Materials Technology Co. Ltd, OTF-1200x). Prior to the
growth, small pieces (20 mm X 10 mm) of glass-, sapphire-, and SiO,-
coated silicon (SiO,/Si) substrates were cleaned ultrasonically in
acetone, ethanol, and deionized water for 15 min each at room
temperature. Substrates were then blown dried by nitrogen followed
by heating on a hot plate at 60 °C for 30 min. Step I growth was
carried out using commercial CsBr powder (99.9%, metal basis,
Sigma-Aldrich) as the precursor in a boron nitride (BN) boat. The
BN boat with precursors was placed at the center of the tube furnace.
In order to eliminate the oxygen and moisture in the tube, the tube
was evacuated to 5 mTorr and then flushed with pure Ar for 30 min
and then kept at an optimized pressure of 4.5 Torr during the growth.
The furnace was heated up to 530 °C for a total growth duration of 10
min. The reactant vapor was transported downstream of the quartz
tube by a constant flow of high-purity argon (99.995%) at a flow rate
of 50 sccm. The substrates were placed in the downstream side close
to the end of the furnace, where the temperature is significantly lower
than the center of the furnace. The distance between the source boat
and substrate was 22 cm. After the step I growth, the furnace was
cooled naturally to room temperature under a continuous Ar flow.
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The tube was then vented by nitrogen (N,) gas and the boron nitride
boat was taken out from the tube without disturbing the substrates. In
the step II growth, SbBr; powder (98%, Sigma-Aldrich) was placed in
the boron nitride boat and was introduced to the center of the
furnace. Similar to the step 1 growth, the tube was again evacuated
and flushed with Ar. After that the furnace was heated up to 90 °C
and the SbBr; vapor was carried to the substrates with the deposition
from the step I growth by a constant Ar flow at 15 sccm with the same
tube pressure and holding time as in step I. After the step II growth,
the furnace lid was opened immediately. Finally, to obtain Cs;Sb,Br,
perovskite microplates, the as-grown samples were then brought back
to the center of the furnace and annealed at 140 °C for 25 min with
the tube backfilled with N, gas to atmospheric pressure. The molar
ratio of CsBr and SbBr; powders used in the 2 steps was 1:10 so that
microplates with stoichiometric composition can be achieved in the
two steps due to the preferred evaporation of SbBr; during annealing.

Spectroscopic Ellipsometry (SE) Analysis. The SE measure-
ments were performed using the J.A. Woollam RC2 Spectroscopic
Ellipsometer system in the energy range of 0.7—6.5 eV with a rotating
compensator. Measurements were performed at incident angles of 65
and 75°. The complex dielectric function of the thin-film layers was
obtained by fitting the spectroscopic ellipsometry spectra (ie., the
amplitude ratio ¥ and the phase difference A) using a model with a
three-layer structure comprising a surface roughness layer, a
perovskite film layer, and the substrate. The line shape of the layer
dielectric functions and the thickness of the thin-film layer were first
estimated using a numerical B-spline approximation. The layer
thickness is kept fixed and the dielectric function parameters were
used as adjustable parameters for the fittings. Regression analysis was
applied to achieve the best fitting for the experimental data. A
parametric model dielectric function composed of several Tauc—
Lorentz models was then used to parameterize the dielectric function
similar to the procedure used in the report.””

Photodetector Fabrication. The photoconductive devices were
fabricated on individual Cs;Sb,Bry perovskite microplates. Cs3Sb,Br,
microplates were grown on an ultrasonically cleaned sapphire
substrate by the two-step CVD method as outlined above. Then,
Au electrodes (~40 nm thick) were deposited on the microplate by
thermal evaporation using Ni grids (300 mesh) as shadow masks
placed over the microplates. The electrode channel width of the
device was 10 ym and the length was 73 ym. A schematic diagram of
the structure of the photodetector device is shown in Figure Sa.

Characterization. Crystalline structures of the Cs;Sb,Br, perov-
skite microplate samples were determined by X-ray diffraction (XRD)
using a Bruker D2 Phaser diffractometer with Cu Ka radiation (4 =
1.54184 A). Rocking curve measurements were taken by a Rigaku
SmartLab X-ray diffractometer equipped with Cu Ka radiation (4 =
1.54184 A). Microstructural information and elemental mapping of
the sample were obtained by an optical microscope (Olimpus) and a
scanning electron microscope (JEOL JSM 820) equipped with
energy-dispersive X-ray spectroscopy (EDX) capability. A Di
MultiMode V (Veeco) AFM was used to study the morphology
and dimensions of the microplates. The microplate elemental
composition was also determined by X-ray flurescence (XRF)
spectroscopy using a Bruker S2 Puma system equipped with a
palladium (Pd) anode. Optical absorption measurements were carried
out using a Perkin Elmer Lambda 2§ UV—Vis spectrophotometer.
Room-temperature photoluminescence spectroscopy (PL) was
performed on the microplates using a home-built PL system
consisting of a 320 nm cw He—Cd laser as the excitation source, a
collimator, optical lens, and an ocean optics (USB 2000)
spectrometer. Ultraviolet-ambient pressure photoemission spectros-
copy (UV-APS) (KP technology (APS04) instrument in an N,-filled
APS module) was used to determine the valence band maximum
position of the perovskite. The Ecopia HMS-5300 Hall effect
measurement system was used to obtain the Hall mobility,
conductivity, and carrier density of the material. The performance
characteristics of the photodetectors were measured using the Agilent
4155C semiconductor analyzer in a standard probe station coupled
with lasers (261, 405, 450, 532, 650 nm) as the light source. The

device photoswitching response was measured by a shutter to turn the
illumination on and off on the device.
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