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ABSTRACT

Hybrid organolead halide perovskites have attracted tremendous attention due to their recent success as high efficiency solar
cell materials and their fascinating material properties uniquely suitable for optoelectronic devices. However, the poor ambient and
operational stability as well as the concern of lead toxicity greatly hamper their practical utilization. In this work, crystalline,
all-inorganic and lead-free Cs3Sbylg perovskite microplates are successfully synthesized by a two-step chemical vapor deposition
method. As compared with other typical lead-free perovskite materials, the Cs3Shylg microplates demonstrate excellent optoelectronic
properties, including substantial enhancements in the Stokes shift, exciton binding energy and electron-phonon coupling. Simple
photoconductive devices fabricated using these microplates exhibit an ultra-fast response with the rise and decay time constants
down to 96 and 58 ps, respectively. This respectable photoconductor performance can be regarded as a record among all the
lead-free perovskite materials. Importantly, these photodetectors show superior thermal stability in a wide temperature range, capable
to function reversibly between 80 and 380 K, indicating their robustness to operate under both low and high temperatures. All these
results evidently suggest the technological potential of inorganic lead-free CssShalg perovskite microplates for next-generation
high-performance optoelectronic devices.
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the photoresponsivity of 3.49 A/W, 0.0367 A/W and external
quantum efficiency of 1.19 x 10°%, 5.84% at 365 nm and 780 nm
irradiation wavelength, respectively [6]. Dou and his team
later demonstrated another high-performance photodetector
utilizing CHsNH;PbI;-«Cl: films, covering a linear dynamic
range over 100 decibels (dB), with an enhanced detectivity
up to 10" Jones and fast photoresponse with 3-dB bandwidth

1 Introduction

In past decades, photodetectors have been developed into
one of mature technological products for the conversion of
incident optical information into electrical signals [1, 2]. They
are not only essential devices in conventional technologies,
including communication, imaging, environmental monitoring

and target detection, but also have a huge application potential
in emerging areas, such as object recognition for self-driving
vehicles, artificial intelligence and internet-of-things systems
[2, 3]. The recent advent of hybrid organolead halide perovskites
(ABX; with A = organic cation, B = Pb and X = halide) as
materials with properties uniquely suitable for high efficiency
solar cells and many optoelectronic devices [4-13] provides the
opportunity to further enhance the performance of photodetectors
using halide perovskites. For instance, using solution-processed
CH:;NH;PbI; films as device channels, Hu et al. fabricated
broadband photodetectors (from ultraviolet to visible) with

approaching 3 MHz [7]. These examples demonstrated that
symmetrically structured photoconductive detectors with the
excellent performance could be achieved using organometal
halide perovskites [14].

Although the detectivity and responsivity of hybrid perovskite
photodetectors are superior to other photodetectors, they tend
to be unstable during long term operation in ambient air and
temperature [15-17]. These instabilities are mostly attributed
to the low thermal decomposition temperature and extreme
sensibility of organic cations (A) to moisture [18-21]. At the
same time, the concern of the toxicity of Pb would inevitably
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limit these Pb-based perovskites for practical utilization.
Hence, there has been an extensive search for environmental-
friendly lead-free all-inorganic perovskites for photodetector
fabrication with the aims to improve both device stability as
well as performance [22-24]. Typically, the unstable organic
cation group can be replaced by a monovalent metal cation
(e.g. Cs* or Rb*). However, choices of non-toxic B ions to
replace Pb are severely limited by the narrow range of the
Goldschmidt tolerance factor for a closed packed perovskite
structure [25, 26]. With the similar atomic radius of Pb, Sn
has been once considered as the promising alternative for
Pb-free perovskites [27-29] but the rapid oxidation of Sn** to
Sn** makes the Sn-based perovskites very unstable in ambient.
Lately, there is a new class of defect-ordered perovskites with
exceptional stability with the structure of AsM,Xy that can be
derived by replacing a portion of the metal sites of conventional
ABX; perovskites by vacancies. Here, M denotes Bi** or Sb** ions
occupying 2/3 of the B sites in ABXs perovskites [5, 30-33].
In particular, solution-processed CssSb.ls perovskite thin
films have been explored for light emitting [34, 35] and
photovoltaic applications [32, 36, 37]. However, due to the
poor crystallinity and high trap-state density in solution-
processed materials, the device performance of Cs;Sb.ls based
optoelectronic devices are far from acceptable [5, 30, 38].
Although solution process is a facile and common way to
fabricate perovskite materials, the different solubilities of
precursors in solvents make them hard to react proportionally
and uniformly, hindering the obtained crystallinity of the
reaction products. As compared with the solution-processed
materials, chemical vapor deposition (CVD) is a well-established
method to achieve excellent optoelectronic materials, especially
for micro- and nanostructures with improved surface-to-volume
ratio for the better photodetector performance. However, due
to the extreme disparity in the melting temperature for Csl
(621 °C) and Sbl; (171 °C), synthesis of high-quality CssSbaly
materials using the CVD process is a formidable task.

In this work, in order to overcome the challenges growing
high quality Cs;Sb.ls by conventional CVD method, we
developed a two-step CVD process and successfully synthesized
highly-crystalline, all-inorganic and Pb-free Cs;Sbals microplates.
The Cs;Sb:ls microplates exhibit substantial enhancements in
the Stokes shift, exciton binding energy and electron-phonon
coupling over other perovskite structures. Photoconductive
devices fabricated using these CssSb.ls microplates deliver a
respectable performance with responsivity up to 40 mA/W
and on/off current ratio reaching 10* at 532 nm irradiation
wavelength. More importantly, their rise and decay time constants
can be down to 96 and 58 ps, respectively, constituting a record
fast response among all Pb-free perovskite photoconductive
devices. These Cs:Sbals microplate devices also demonstrated
superior thermal stability within a wide temperature range,
spanning reversibly from 80 K all the way to 380 K. All these
results evidently provide a simple but effective way to achieve
crystalline, all-inorganic and lead-free perovskites for high-
performance and robust optoelectronic devices.

2 Results and discussion

Cs3Sbals perovskite microplates were grown in a single zone
tube furnace by using a two-step CVD approach. The schematic
of the overall synthesis strategy of Cs;Sbuls perovskite microplates
is illustrated in Fig. S1(a) in the Electronic Supplementary
Material (ESM). The process details are described in the Method
section, while the microplate evolution is investigated by
scanning electron microscopy (SEM) after each process step
as depicted in Figs. S1(b)-S1(d) in the ESM. To be specific,
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the optimized CsI films were first grown on Si substrates in
step-I (Fig. S1(b) in the ESM). Then, the Sbl; precursor layer
was deposited over the CslI film for the subsequent formation
of microplates in step-II (Fig. S1(c) in the ESM). Since the
melting temperature of Csl is relatively high (621 °C), the
deposition of Sbl; precursor on the CsI film at a much lower
temperature (130 °C) would simply make the crystallization
reaction process more uniform and stoichiometric. The uniform
crystallization process induces the formation of Sbl; microplates,
instead of continuous Sbl: films, without deteriorating the
material quality of the underlying CsI film. An SEM image of
SbI; microplates grown directly on the sapphire substrate
under the same condition is given in Fig. S2 in the ESM. The
same Sbl; microplate morphology obtained shows that the
as-prepared Csl film does not affect the deposition of the
Sbl; precursor. After the two-step deposition, the sample was
annealed at 180 °C in the tube furnace in flowing N.. During
the annealing process, due to the lower melting point of Sbl, the
SbL: microplates would function as precursor sources to react
with the CsI film. After the recrystallization, Css;Sb.ls perovskite
microplates with a hexagonal shape were achieved on the
substrate (Fig. 1(a) and Fig. S1(d) in the ESM), showing the
homogeneous distribution of crystal morphologies and sizes.
We note that the Cs;Sbals microplates were not defined or
inherited from the Sbl; microplates, and the edge lengths of
the microplates are 5 to 10 um. This two-step CVD method can
provide a simple and effective way to synthesize large-scale
perovskite microplates for the subsequent device fabrications.
The crystal structure and chemical composition of the
obtained perovskite microplates were first characterized.
Detailed crystallographic data are given in Table S1 in the
ESM and the unit cell and 2D layered structure of CssSbaly
perovskite are shown schematically in Fig. 1(b) and Fig. S3
in the ESM. The Cs;Sbals perovskite consists of bi-octahedral
(Sbalo)*” clusters that are surrounded by Cs cations to achieve
the charge balance. The unit cell has a trigonal phase with the
space group of P3m1 (164) with lattice parameters of a = b =
8.42 A, ¢ =10.386 A, and angles of a = f =90°, y = 120°. X-ray
diffraction (XRD) measurements (Fig. 2) reveal the crystalline
nature of the Cs;Sbals perovskite microplates, with diffraction
peaks indexed to the 2D layered Cs:;Sb.ls perovskite structure
(JCPDS No. 88-0690). Even after one-month ambient exposure

~ 50 nm 65 nm 55 nm
oy
nm,
\

~55 nm ~ 70 nm

Figure 1 (a) Optical images of the microplates formed on the Si substrates
(coated by 250 nm SiO», purple background) and sapphire substrates (gray
background), showing the homogeneous distribution of crystal morphologies
and sizes. The different colors of the microplates are originated from their
different thicknesses. Scale bars are 10 um. (b) An illustration of the atomic
model of a Cs3Sbaly unit cell. (c) A HRTEM image of the microplate.
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Figure 2 XRD patterns (a), high-resolution XRD spectrum (b) and the
corresponding rocking curve (c) of the microplates.

without any capsulation (temperature: ~ 26 °C, humidity:
60%-70%), the XRD pattern does not show any noticeable
change, indicating the excellent stability of these microplates
in oxygen and moisture environment at room temperature
(Fig. 2(a)). High-resolution XRD of the (201) peak (Fig. 2(b))
shows that the (201) peak is rather sharp and symmetric
without any shoulders, indicating the good phase purity of the
Cs3Sbaly microplates. The corresponding rocking curve (Fig. 2(c))
further reveals a relatively narrow full-width-half-maximum
(FWHM) of 0.145°, which confirms the excellent crystallinity
of the microplates. Also, Fig. S4 in the ESM presents the XRD
patterns of precursor layers (CsI only and Sbl; only) grown
under the same CVD condition mentioned above. They don’t
share any peaks with the patterns in Fig. 2(a), indicating the
absence of impurities and residual raw materials in the Cs;Sbaly
microplates.

The highly crystalline nature of the microplates is further
confirmed by the high-resolution transmission electron micro-
scopy (HRTEM) image of the sample (Fig. 1(c)) which clearly
shows lattice fringes with a spacing of 0.341 nm, corresponding
to the (201) plane of the CssSbals crystal. The thickness of the
microplates was studied by atomic force microscopy (AFM),
which shows a distribution of thicknesses between 50 to 100 nm
(Fig. S5 in the ESM). In addition, the elemental composition
of these CssSbols microplates was analyzed by using energy
dispersive X-ray spectroscopy (EDX). In the EDX spectrum
from a microplate, strong signals from Cs, Sb and I with
the atomic ratios (%) of Cs:Sb:I = 22.1:15.7:62.2 are observed,
consistent with the expected stoichiometric ratio of CssSbaly
perovskite (Fig. S6 in the ESM). Notably, these microplates
have a relatively uniform distribution of their constituents as
supported by the corresponding elemental mappings (Fig. S7
in the ESM). All these results confirm the crystallinity, crystal
phase-purity and chemical stoichiometry of Cs;Sb.ls perovskite
microplates grown by the two-step CVD process.

UV-vis absorption and photoluminescence (PL) measurements
were carried out to examine the bandgap and luminescent
characteristics of CssSbals perovskite microplates. Based on
the absorption spectrum, there is an absorption peak located
at 556 nm, which can be considered as the I* exciton
absorption peak (Fig. 3(a)). This exciton peak is then followed
by an absorption edge, attributed to the band-to-band photon
absorption. Using the Tauc plot, a bandgap energy of 2.24 eV
can be determined for these perovskite microplates (Fig. S8 in
the ESM). An exciton binding energy of ~ 230 meV can be
estimated from the edges of the bandgap and exciton absorption.
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Figure 3 (a) UV-vis absorption and steady-state PL spectra of the Cs3;Sbaly
microplates. (b) PL spectra under different exciting powers (Aexcitation = 532 nm)
and corresponding fitted curves. (c) Steady-state PL mapping of a typical
Cs3Sbaly microplate.
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Meanwhile, by fitting the absorption spectrum with the
quantum-well absorption model modified for nanoplates or
nanosheets [39, 40], we obtain an exciton binding energy of
282 meV (fitting method and results shown in Fig. S9 in
the ESM), in good agreement with the experimental value
determined above. This exciton binding energy for Css;Sbals
microplates is slightly lower than that reported for Bi-based
perovskites (e.g. AsBi.I» with the energy value of 300-400 meV)
[38, 41], but much higher than those for Pb-based perovskites
and other semiconductor materials. Devices fabricated from
materials with high exciton binding energy can maintain good
device performance under large electric fields, high temperature
and intense irradiation conditions. Hence, the high exciton
binding energy of CssSb.ls microplates suggests that they are
potential candidates for optoelectronic devices operating in
harsh environments. Moreover, the PL peak of the microplates
is found to locate at 640 nm, whereas the peak sharpness
indicates the good crystallinity of the samples. In this case, there
is a strong Stokes shift of approximately 520 meV between the
absorption edge and the PL emission. This Stokes shift value
is much higher than other semiconductor materials [42, 43].
In contrast, typical lead halide perovskites have the small Stokes
shift (30-70 meV) which gives rise to a strong self-absorption
effect [42, 44], severely restricting their light outcoupling
efficiency [42]. The relatively large Stokes shift of the Cs3Sb.ls
microplates would make them as attractive active materials
for high-performance light emitting and laser diodes. Notably,
copper-based halides perovskites have even the larger exciton
binding energies (335-490 meV for Cs;Cuals [45, 46]; ~ 205 meV
for CsCuals [47, 48] and ~ 700 meV for Ru:CuBr; [42]) and
Stokes shifts (161-238 nm for Cs;Cuals; ~ 210 nm for CsCuals
and ~ 85 nm for Ru2CuBrs3, respectively). Benefitting from
the small self-absorption and efficient light out-coupling,
high radioluminescence yields were observed within these
materials [42, 45-48]. However, such large exciton binding
energy could also lead to the difficulty of exciton dissociation in
the materials, which generally result in a higher dark current
and lower light current [49, 50]. Therefore, for achieving high-
performance photon-electron conversion devices operating
under high temperatures, materials with a moderate exciton
binding energy is more desirable.

It is also worth noting that the PL emission peak of the
CssSbals microplates has an asymmetrical shape, with the
slope of the peak at the low-energy (longer wavelength) side
being much smaller than that of the high-energy (shorter
wavelength) side (Fig. 3(a)). This asymmetry of the peak shape
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can reflect the skewness and fluctuation of local potentials
in the crystal, which suggests the presence of a strong
electron-phonon coupling. Technically, a strong electron-phonon
coupling in materials would lead to the charge localization
and emission of phonons, followed by the altered energy of
emitted photons [51]. In this manner, the low-energy tail of
the PL peak observed for Cs;Sbals microplates is an indication
of electron-phonon couplings in the material. In order to
further evaluate electron-phonon couplings in these CssSbals
microplates, we use the theory of Toyozawa [51, 52], in which
the PL peak width, W(T), was related to the average phonon
energy, electron-photon coupling and other parameters via the
following expressions

2

W(T) = 2.36V/SE,, coth[ Ev, ]

2k, T W

W(T)

S= (2)

5.5696Ep,* coth[ zi:‘T ]
where S is the Huang-Rhys electron-phonon coupling
parameter, kg is the Boltzmann constant, T is the temperature
and Epn is the effective phonon energy. The Epn value of
Cs3Sb.ls materials is calculated to be 7.0 + 0.8 meV [51]. PL
measurements were performed on CssSb.ls microplates with
increasing excitation power densities (Fig. 3(b)) and the PL
spectra were analyzed using Eqgs. (1) and (2). Best fits with
Gaussian functions of the spectra reveals a W(T) = 0.19 +
0.014 eV at 300 K for the CssSb.ls microplates, giving rise to
an S parameter of 17.88 + 5.0. This S parameter value is
higher than the reported value for CsX (e.g. 4.8, 3.7 and 12 for
Cl, Br and I, respectively) [53, 54], demonstrating the much
stronger electron-phonon coupling of the Css;Sb.ls microplates.
Furthermore, there is also an exponential tail at the lower energy
side of the absorption spectrum. This tail is known as Urbach
tail that is resulted from the intrinsic electron-phonon coupling
[55, 56]. The value of Urbach energy, Eu, can be estimated by
the van Roosbroeck-Shockley relationship [56, 57]

a(E,T) x exp[Ei] (3)

U

I, (E,T) < a(E,T)E? exp[ ] (4)

—k,T
where Ir.(E, T) and a(E, T) are the PL and absorption spectra,
respectively. The relationship between Ir.(E, T) and Eu can then
be described in the following expression

E E

IPL(E,T):AEZCXP[E—U*kB—T] (5)
where A is a constant. By fitting the experimental spectra
with Eq. (5), the Eu value is estimated to be 26.5 + 0.005 meV,
which is much higher than that for CsPbBr; (14 meV),
MAPDBr; (15 meV) and FAPbBr; (17 meV) [56]. This further
confirms the stronger electron-phonon coupling of the Cs3;Sbals
microplates, which gives rise to the electric dipole moments, the
coupling to the electric field of plasmons and the longitudinal
collective excitations of electron gas [58].

Furthermore, PL mapping of the CssSb.ls microplates
was also performed. As observed in the mapping of a typical
microplate shown in Fig. 3(c), PL emission mainly occurs from
the hexagonal CssSbols microplate, with stronger intensities
from the inner region of microplate than the edges and corner
regions of the hexagon (Fig. S10 in the ESM). This spatial
intensity variation is possibly caused by the relatively low
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specific surface area and low surface defect density of the
microplate. Moreover, the low reflection of the exciting beam
from the hexagonal plate also indicates the good absorbance of
the CssSbals microplate. The charge recombination properties of
the microplates are revealed by time-resolved PL measurements.
As shown in Fig. S11 in the ESM, the PL decay curve can be
well fitted by a bi-exponential decay model with a short lifetime
(1) of 5.9 ns and a long lifetime (12) of 24.3 ns, respectively.
The fast decay rate of PL intensity indicates that the faster
exciton recombination dominates over the slower transitions
at defect states [35]. These findings illustrate the excellent optical
properties of CssSbaly microplates, making them uniquely
suitable for various optoelectronic devices.

To demonstrate the practical utilization of these CsiSb.ly
microplates, we fabricate simple photoconductive devices
and performed detailed performance evaluation studies on
these devices. Figure 4(a) shows a schematic diagram of the
microplate photodetector with thermally evaporated Au
electrodes deposited 10 pm apart on the microplate by using
Ni grids (300 mesh) as shadow masks. Before performing any
device measurement, the valence band maximum of Cs;Sb.ls
was measured by ultraviolet photoelectron spectroscopy (UPS)
to be 5.27 eV (Fig. 4(b)). The corresponding energy band
alignment of the CssSb.Is microplate photodetector is shown
in Fig. 4(c), suggesting that Au with a typical work function of
5.1 eV is an appropriate metal to serve as efficient electrical
contacts for the photodetector. The Hall mobility of the
Cs3Sboly material is ~ 33 cm*/(V-s) with the p-type conductivity,
while the tested carrier density is found to be ~ 4 x 10" cm™.
Then, the current-voltage (I-V) characteristics of Cs;Sb.ly
microplate devices were measured to reveal their electrical
properties. Figures 4(d) and 4(e) present the I-V curves of the
device in the dark and under 532 nm light illumination with
increasing power densities. It is seen that the microplate
device has a high resistance with a dark current of around
several pA in the dark. Yet, under illumination, the output
current increases by several orders of magnitude. Also, the
linear I-V curves imply that there is an ohmic-like contact
formed between Au electrodes and CssSb.ls channels, whereas
the increase of current indicates the device being sensitive to
incident 532 nm photons. Figure 4(f) shows the successive
on/off switching characteristics of the device at 1 V bias upon
532 nm light illumination. At the very instant of illumination,
the current increases rapidly over 3 orders of magnitude
without any noticeable degradation over repeated switching
cycles. With an applied bias of 0.5 V, the on/off ratio between
photo- and dark-current can reach up to 4 orders of magnitude
(Fig. S12 in the ESM). However, the device dark current at
0.5 V bias increases slowly after several on/off cycles. For stable
performance, the optimized operating bias of 1 V is needed
for the device.

Since the relationship between photocurrent and light intensity
can serve as a direct evidence to assess the performance
stability of a photodetector under both weak and strong signals,
the photosensitivity dependence of the device on various
incident power densities is hence explored. Figure 4(g) shows
that the photocurrent rises proportionally with the increasing
power intensities from 0 to 47 mW/cm? under 532 nm light
illumination, which suggests that more incident photons
can generate more photo-carriers in the device. As a critical
parameter to characterize the performance of photodetectors,
the responsivity (R) of the device is defined as

R=To
Llight

(6)
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Figure 4 (a) A schematic illustration of the Cs3Sb2ls microplate photodetector. (b) A UPS spectrum showing the valence band maximum (VBM) value of
the CssSbalo microplate. (c) A schematic showing the energy band alignment and light induced carriers transport in the photodetector. ((d) and (e)) I-V
characteristics of the device in the dark and under illumination, respectively. The inset of (d) shows the optical image of the device. The scale bar is 10 um.
(f) The reproducible on/off switching of the device under the incident power density of 47 mW/cm?®. (g) The photocurrent of the device upon various
incident power intensities. (h) Power dependent responsivity and detectivity curves of the device. (i) Response of the device to pulsed 532 nm light

irradiation at a frequency of 800 Hz under 1 V bias.

where I is the photocurrent and Lign is the effective power of
incident light illuminated on the device. The inset of Fig. 4(d)
shows the actual dimension of a typical device and its active
area is determined to be 3 x 107 cm® The responsivity of the
device is plotted in Fig. 4(h) as a function of the incident
power density. The device responsivity has the highest value
of 23 mA/W at a low incident power density of 0.5 mW/cm’,
followed by a rapid decay with the increasing incident power
density to a stable value of ~ 10 mA/W for power intensity
> 10 mW/cm?. Because more charge recombination occurs under
higher illumination intensity, the lowest-lying trap states with
the longest lifetime that provide the highest photoconductive
gain at low intensities are filled, resulting in the decrease of
the responsivity [59, 60]. As the number of illumination
photons increases, the absorption gradually saturates in the
microplates. Consequently, the photo-generated carriers and the
charge recombination reach a dynamic equilibrium, resulting
in the steady value under higher illumination. To further
characterize the weakest level of light that the detector can
operate, detectivity (D) is determined by the responsivity R
and the dark current Ip with the following expression

D= |- R )
2q1,

where I is the dark current, g is the elementary charge and A
is the effective area. Similarly, the maximum detectivity value
at the low incident power density of 0.5 mW/cm? is found to be
1.26 x 10" Jones (cm-Hz"2W), which decreases to a stable
value of ~ 5 x 10" Jones at > 10 mW/cm? incident power (Fig. 4(h)).
Another important parameter characterizing a photodetector
is its on/off switching characteristics. The device response
time was measured with the 532 nm light source by using a
chopper to turn the illumination on and off on the device.
The rise time, defined as the time for the current to increase
from 10% to 90% of its peak value, is determined to be 96 ps.
Likewise, the decay time, described as the time for the current
to decrease from 90% to 10% of its peak, is found to be 58 ps.

TSINGHUA
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These efficient rise and decay time constants of CssSbals
microplate devices are already better than other state-of-the-
art Pb-free perovskite photodetectors. Performance parameters
of photodetectors fabricated from Pb-free perovskite materials
reported previously are compiled in Table 1 and compared
with our Cs;Sbals microplate devices. These rapid response and
recovery speeds of the device arises from the fast separation
and effective extraction of photo-generated electron-hole pairs
in the material, which can be ascribed to the excellent crystal
quality of Cs;Sb.Is microplates.

Apart from the response time, it is also essential to evaluate the
photoresponse of detectors to different incident wavelengths.
As shown in Fig. 5(a), the CssSbaly microplate device is capable
of responding efficiently to the illumination of photons with
different wavelengths A with different photocurrent values. It
is clear that the magnitude of photocurrent depends heavily
on the light absorption of device active materials. Therefore, we
expect to have high photocurrents for above bandgap irradiation
with 405 to 532 nm photons. The spectral responsivity curve
of the device is measured and illustrated in Fig. 5(b). It is noted
that the device maintains a high responsivity with incident
photons with A ranging from 350 to 550 nm, and then the
responsivity decreases dramatically for photons with A > 600 nm.
This spectral responsivity follows the absorption characteristics
and the exciton absorption edge of Cs;Sbols microplates as
depicted in Fig. 3(a). The absorption tail which extends
from 600 to 800 nm results in a low photocurrent obtained at
A ~ 635 nm (Fig. 5(a)). The spectral range and magnitude of
the responsivity curve can be further manipulated by tailoring
the optical absorption properties via controlling the composition
of the cation and anion halides in all-inorganic lead-free
AsM2Xs perovskites.

As mentioned earlier, the stability (thermal and ambient)
issue of perovskite devices, in particular organic hybrid halide
perovskite devices is still a challenging hurdle. In order to
examine the thermal stability of CssSb.ls microplate photo-
detectors, the device performance was investigated in the
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Table1 A comparison of performance parameters of photodetectors fabricated using various Pb-free halide perovskite materials
Material Method/morphology Re(iﬁ(:;%;v)lty Di;ziltel:;ty nghizii(gn/off Rlse/(trclgf time Ref. Date
CH3NH;Snl; CVD/nanowire 470 8.8 x 10" N/A 1,500/400 [61] 2017
CsBislio Solution/thin film 21,800 1.93 x 10" 10° 0.33/0.38 [23] 2017
MA;Sbaly Solution/bulk crystal 40,000 10" 10 0.4 /0.9 [5] 2018
(TMHD)BiBrs Solution/bulk crystal 100 N/A 10° 8.9/10.2 [62] 2018
Cs2AgBiBrs Solution/thin film 7010 5.66 x 10" 10* 0.956/0.995 [63] 2018
Cs2SnCls_xBry Solution/bulk crystal N/A 2.71 x 10 N/A N/A [64] 2019
Cs3Cuals Solution/thin film 64.9 10" 127 26.2/49.9 [65] 2019
(PEA):Snl4 Solution/2D 121 8.09 x 10° 10? 34/38 [66] 2019
Cs2AgBiBrs Solution/thin film 1,460 9.4 x 10" 10* 3.463/8.442 [67] 2019
Cs3Sb2Bry Solution/nanoflake 3,800 2.6 x 102 N/A 48/24 [68] 2019
Cs3Bialo Solution/thin film 7.2 10" 10* 0.247/0.23 [69] 2020
Cs2Snls Solution/thin film 6 2x10° N/A N/A [70] 2020
AG:Bilo Thremal evaporation/bulk crystal 14.8 8.8 x 10" 25 0.152/0.187 [71] 2020
Cs3Sbaly CVD/nanoplate 40 1.26 x 10" 10* 0.096/0.058 This work
@), . (b) _ 380 K and the device demonstrates excellent repeatability and
ot 905 45 gw invariable photoresponse to the incident irradiation (Fig. S13
& o E, in the ESM). Temperature cycling study shows that the
E e g photocurrent and responsivity can recover to more than 70%
és_m_u o 2” of their initial values after heating up to 380 K and then
o Sl g cooling back down to room temperature. This indicates that
T T R — the device has enhanced high tolerance to both low and high
Time (s) Wavelength (nm) temperatures (Fig. 5(d)). The long-term stability of CssSb.l
©, o (d) »_ microplate photodetectors was further evaluated by retesting
croge lnoass | Relup 10 B e = the devices after they were stored for 100 days in ambient air
1o o T~ uE and moisture. We notice that the dark current of the device
< = 12 . .
1o ﬂ M ﬂ o —tg: T i1 gradually increases from 107" to 107 A, while the photocurrent
£ ﬂ' X §1°"’ Nl s & decreases slightly as well (Fig. S14 in the ESM). In any case,
G v N\ S ,6L>; g the device still maintains an on/off current ratio of 100 with
R T T e ey e the corresponding responsivity of 9.7 mA/W, which is ~ 85%
Time (s) Temperature (K) of its initial value.

Figure 5 (a) Room temperature spectral photocurrent and (b) responsivity
of the Cs3Sbals microplate device. (c) Temperature dependent photoresponse

and (d) responsivity of the device with the incident wavelength of 532 nm.

The measurements were performed under 1 V bias with an incident
power density of 20 mW/cm?.

temperature range of 80 to 380 K under 1 V bias with an
incident photon wavelength of 532 nm and a power density
of 20 mW/cm? As displayed in Figs. 5(c) and 5(d), both the
photo- and dark-current reduce with decreasing temperatures.
The photocurrent decreases from 379 pA at 300 K to 150 pA
at 80 K, while the dark current shows the same tendency from
3 pA to 0.4 pA. Such decreases in currents may be associated with
the restricted ion migration at low temperatures. Obviously,
the decrease rate of the dark current is slightly faster than that
of the photocurrent, resulting in an enhancement of on/off
current ratio. In fact, as the temperature goes from 80 to 280 K,
the conductance of Cs;Sb.ls microplates increases. Thus, both
photo- and dark-current exhibit the positive correlation with
operating temperature. However, with increasing temperatures
above 280 K, the photocurrent decreases again, while the dark
current remains relatively stable. This behavior is different
from the previously reported results in lead-based perovskites
which showed that both photo- and dark-current rise rapidly
with increasing temperatures [72]. This may be the effect of the
large exciton binding energy of CssSb.ls microplates, which
can effectively maintain their carriers at high temperatures.
Moreover, the reproducibility of the on/off switching of the
device was also measured in the temperature range of 80 and

3 Conclusion

In summary, we have successfully synthesized crystalline, all-
inorganic and Pb-free Cs;Sbaly perovskite microplates using
a two-step CVD approach. The obtained microplates show a
large stokes shift of 520 meV, a large exciton binding energy
of 282 meV and an improved electron-phonon coupling.
When these microplates are configured into photoconductive
devices, they exhibit a respectable responsivity up to 40 mA/W
and detectivity reaching 10" Jones at 532 nm irradiation
wavelength. Notably, benefiting from the excellent crystalline
quality of microplates, the photodetectors achieve ultra-fast
photoresponse with rise and decay time constants as low as
96 ps and 58 ps, respectively. More importantly, due to the
enhanced exciton binding energy, the photodetectors also
exhibit superior stability under both low and high temperatures.
Our findings on the materials properties and photodetector
performance strongly suggest that CssSbly is an all-inorganic
Pb-free perovskite material which will have huge application
potentials for photodetectors and other optoelectronic devices.

4 Methods

4.1 Synthesis of CssSbzls microplates

The Cs3Sbaly microplates were grown in a single-zone
horizontal tube furnace by a two-step CVD approach. Before
the experiment, the sapphire or SiO. coated Si substrates
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were ultrasonically cleaned in acetone, ethanol, and deionized
water for 15 minutes each at room temperature, respectively.
The substrates were dried initially using a nitrogen drier and
then on a hot plate at 60°C for 30 min. In step-I, commercial
CsI powder (99.9 %, metal basis, Sigma-Aldrich) was put in
an alumina boat, which was placed at the center of the tube
furnace heated up to 550 °C with an optimized pressure of 2
Torr for a holding time of 10 min. High-purity argon (99.995%)
was used as the carrier gas at a flow rate of 200 sccm to
transport the reactant vapor to the downstream of the quartz
tube. The substrates were kept in the downstream side of the
furnace. The distance between the source boat and substrate
was 25 cm. In step-II, commercial Sbl; powder (98%, Sigma-
Aldrich) was deposited at a controlled temperature of 130 °C
under 25 sccm of Ar flow, while the pressure and holding
time remained the same as step-I. After each step, the furnace
was cooled naturally under a continuous Ar flow. Prior to
heating, the tube was evacuated to 5 mTorr with a mechanical
pump. Next, Ar was injected into the tube for 30 min for
flushing to minimize oxygen and moisture before ramping up
the temperature. The as-grown samples were then annealed
at 180 °C for 15 min inside the N, gas-filled tube furnace at
atmospheric pressure to obtain Cs;Sbals perovskite microplates.
The CsI and Sbl; powders were used in a molar ratio of 1:3
to achieve a proper stoichiometric composition in these two
steps. The growth process of CssSbalo mainly occurs at step-I1I
(annealing process). It just contains melting and mixing of
raw materials and recrystallizing of Cs;Sb.ls, resulting in the
final Cs;Sb.ls microplates, rather than epitaxial growth on the
substrates. Therefore, the substrates have no significant impact
on the growth results.

4.2 Fabrication of photodetectors

The substrates with prepared CssSb:ls perovskite microplates
were first fixed on a sample holder. Then, commercial Ni
grids (Structure Probe, Inc., 300 mesh, with the square voids
of 70 pm side length) were aimed and put on the substrates
under a optical microscope. Au electrodes, with the thickness
of 40-50 nm, were next thermally evaporated onto the sample.
After removing the Ni grids, square-shaped electrodes with
10 pm apart were already formed on the microplates.

4.3 Characterization

XRD characterization was performed on a Bruker D2 system
using Cu-Ka radiation. High-resolution XRD and corresponding
rocking cuve were recorded by a Rigaku SmartLab X-ray
diffractometer. The morphology and elemental composition of
the sample were studied by a field-emission scanning electron
microscope (FESEM, Philips XL30 FEG) equipped with energy-
dispersive X-ray spectroscopy (EDX) capability. High-resolution
transmission electron microscopy (HRTEM) image of the
sample were obtained by a Tecnai G2 F20 S-TWIN microscope.
Optical absorption measurements were conducted by a
PerkinElmer Lambda 2S UV-vis spectrophotometer. Room
temperature photoluminescence (PL) and mappings of Cs;Sbalo
microplates were performed by an WITec alpha300 R
microscope with a 532 nm laser as the excitation sourse.
Time-resolved PL spectra was obtained on an Edinburgh FLS
920 fluorescence spectrometer. The valence band spectrum
was obtained by Ultraviolet-Ambient Pressure Photoemission
Spectroscopy (UV-APS). Measurements were conducted using
a KP technology (APS04) instrument in a N-filled APS
module. Hall mobility, conduction type and carrier density of
material were recorded by a Hall effect measurement system
(Ecopia HMS-5300). All the photodetector measurements were
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performed by using a standard probe station with an Agilent
4155C semiconductor analyzer coupled with lasers (261, 405,
450, 532, 650 nm) as the light source, whose power was measured
by a Thorlabs PM400 power meter. The response times were
evaluated by using an optical chopper (Sanford, SR540) to turn
on and turn off the light that illuminated on the device. Also, a
low noise current amplifier (Stanford, SR570) combined with
a digital oscillator (Tektronix TBS 1102B EDU) were used to
record the time and corresponding photocurrent values.
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