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Regulating the microscopic structure of solutions
to synthesize centimeter-sized low-dimensional
CsnSb,Cl,,.3, perovskite single crystals for
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Chlorine-based all-inorganic lead-free halide perovskites exhibit excellent properties in visible-blind ultra-
violet detectors. However, the quality and size of these solution-grown single crystals are still far from
meeting commercial standards due to their low solubility, and a fundamental understanding of the under-
lying causes of low solubility is still lacking. Herein, the effects of the microscopic structure of solutions
on the solubility have been systematically investigated, and it has been demonstrated that a hybrid solvent
consisting of dimethyl sulfoxide and hydrochloric acid can significantly improve the solubility of the raw
materials of Cs;,Sb,Cly3, (SbCls and CsCl). Centimeter-sized high-quality a-Cs3Sb,Clg and CssSb,Clyy
single crystals are grown by the effective hybrid solvent. The low dark current density (91 pA cm™2), excel-
lent wavelength selectivity (Rsg0/R4g0 = 150), and fast response speed (t, = 21.7 ms, ty = 104.4 ms) of the
photodetector based on the Au/a-CssSb,Clg/Au structure powerfully demonstrate the great potential of
CsnSb,Clyy 3, in ultraviolet applications. Furthermore, the method of using hybrid solvents to increase
solubility can be extended to the growth of all inorganic chloride perovskite single crystals, thereby
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Introduction

Compared to polycrystalline films, nanocrystals, and nano-
wires, high-quality metal halide perovskite (PVK) single crys-
tals with lower trap density may be considered to be the most
attractive emerging materials for detection applications.
Solution growth has become a mainstream method for the
growth of PVK single crystals due to the low cost of the equip-
ment, the simplicity of operation and the ease of growth into
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driving the exploration of their future optoelectronic applications.

crystals with good homogeneity and complete shape.>® The
choice of solvent, solubility and temperature are critical factors
affecting the growth rate and quality of single crystals, with
solubility being particularly crucial. Excessive solute solubility
makes it challenging to precipitate crystals from the solution,
while low solubility restricts the size and growth rate of the
crystals. Ideally, the growing material should have moderate
solubility in the solvent, with a sufficient solubility gradient.
Compared to organic-inorganic hybrid PVKs, all-inorganic per-
ovskites are more stable and less prone to decomposition,
thus making it difficult for them to grow into large sized crys-
tals in solution due to the relatively low solubility.* In particu-
lar, chlorine-based inorganic perovskites have a larger
bandgap than iodine- and bromine-based inorganic PVK,
making them more suitable for visible-blind ultraviolet>® (UV)
detector applications. Fang et al. have demonstrated that it is
difficult to fabricate high-quality wide bandgap CsPbCl;
because of the poor solubility of CsCl and PbCl, in dimethyl-
sulfoxide (DMSO).” Actually, the UV detectors prepared by
chlorine-based inorganic perovskite single crystals have been
rarely reported due to their low solubilities, which limit the
quality and size of solution-grown single crystals and seriously
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hinder their commercial applications. Therefore, understand-
ing the reasons for the low solubility of chlorine-based in-
organic perovskites and exploring effective ways to increase
their solubility are critical priorities for improving single
crystal growth. In this work, we chose the environmentally
friendly Cs,,Sb,Cl,.+3, (CSC) perovskite as a typical material to
investigate the dissolution conditions in single crystal growth,
as it has the lowest solubility among the reported chlorine-
based inorganic PVKs.

Cs,Sb,Cl,,.43, is a low-dimensional perovskite structure
material derived from the traditional three-dimensional (3D)
ABX; (A = CH;NH;", CH(NH,),", Cs*; B = Pb*", sn**; X = I,

r~, CI7) perovskite, which overcomes the issues of phase
transformation and instability of 3D PVKs.® Sb-based PVKs
have the same lone-pair ns> outermost electronic configuration
of the Sb®>" element as for Pb**, resulting in similar photoelec-
tric properties to those of Pb-based PVK materials.® The
history of the synthesis of trigonal and orthorhombic
Cs3Sb,Cl,y could be backtracked to 1970, while most reports
have focused on the preparation of nanowires,'’ nanocrys-
tals,"” and thin films."® Pradhan and co-workers synthesized
Cs3Sb,Cly PVK nanowires with lengths up to several microns
by a colloidal route and fabricated a Cs;Sb,Cly nanowire-based
photodetector with a detectivity of 1.25 x 10° Jones, as well as
the rise time and decay time of 0.13 s and 0.23 s, respect-
ively."* There are still no relevant reports on the growth of
centimeter-sized Cs;Sb,Cly single crystals and the fabrication
of the corresponding UV detector. As mentioned above, the
main challenge comes from the fact that the raw materials of
CSC (CsCl and SbCl;) are difficult to dissolve in a conventional
single solvent simultaneously, and the solubility of the precur-
sor solution is too low to grow CSC single crystals."® The solu-
tion-based growth of single crystals depends strongly on the
precursor solvent, which can be divided into aqueous acid sol-
vents (e.g., hydroiodic acid, hydrobromic acid, and hydro-
chloric acid) and organic solvents (e.g., N,N-dimethyl-
formamide (DMF), y-butyrolactone (GBL), DMSO, N-methyl
pyrrolidone (NMP), acetone, ethanol, isopropanol, etc.).
Unfortunately, neither of the aforementioned solvent types can
dissolve the Cs3Sb,Cly precursor at high concentrations.
Among only a few reports, Cs3;Sb,Cly is obtained by cooling or
evaporating a mixed solution of CsCl and SbCl;'*'* or
Sb,0;'>'¢ dissolved in dilute hydrochloric acid, while the solu-
bility is still insufficient to grow large-sized Cs;Sb,Cly single
crystals. Therefore, it is imperative to improve the solubility of
the precursor solution and grow high-quality centimeter-sized
Cs3Sb,Cly single crystals for application in ultraviolet
photodetectors.

In this work, we have successfully prepared clear PVK pre-
cursor solutions using hybrid solvents with enhanced solubi-
lity due to the presence of both SbCL.>~™ colloids and Cs" ions
in the solution. By controlling the molar ratio of the raw
materials, the centimeter-sized all-inorganic a-Cs;Sb,Cly and
CssSb,Cly; perovskite single crystals were grown through the
gradient cooling temperature crystallization method (GCTCM).
The structural characterization and optical properties of the
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prepared CSC single crystals have been systematically investi-
gated, confirming that CSC is an ideal material for photo-
detectors sensing UV light radiation. The visible-blind ultra-
violet photodetectors based on CSC single crystals were fabri-
cated, demonstrating good wavelength selectivity and fast
response speed.

Experimental
Materials and chemicals

Cesium chloride (CsCl, 99.9%, Xi’an Polymer Light Technology
Corp), Antimony(m) chloride (SbCl;, 99.99%, Aladdin), di-
methylsulfoxide (DMSO, 99.9%, Aladdin), ethyl alcohol (GR,
Sinopharm), isopropanol (AR, Sinopharm), N-methyl pyrroli-
done (NMP, 99.9%, Aladdin), N,N-dimethylformamide (DMF,
99.9%, Aladdin), y-butyrolactone (GBL, 99%, TCI), hydro-
chloric acid (HCI, 37 wt%, Sinopharm).

Perovskite precursor solution preparation

It was obvious that the inherent concentration of dilute hydro-
chloric acid and the volume ratio of hydrochloric acid to
DMSO directly affect the concentration of the precursor solu-
tion, therefore, their effects on the solubility were investigated.
The solubility of the mixed powders of CsCl and SbCl; exhibi-
ted an increasing-then-decreasing trend as the inherent con-
centration of hydrochloric acid decreased, while maintaining
the fixed volume ratio of DMSO to dilute hydrochloric acid
(4:1). It reached its maximum value at a concentration of
8 wt%, as shown in Fig. S1 in the ESI.t Subsequently, the
inherent concentration of hydrochloric acid in the hybrid
solvent was set to 8 wt%, and the optimal solubility of CsCl
and SbCl; mixed powders was attained at a DMSO to HCl
volume ratio of 3:1. This ratio was found to be the most
effective after considering alternative ratios of 2:1, 3:1, 4:1,
and 1:4.

As a result, the DMSO : HCI (8 wt%) mixture with a volume
ratio of 3:1 was finally selected as the hybrid solvent for the
preparation of the precursor solution. Then CsCl and SbCl; are
dissolved in the as prepared 3DMSO:HCIl (8 wt%) solvent
mixture with molar ratios of 3:2 and 5:2, respectively. The
mixture solution was stirred at 90 °C overnight.

Single crystal growth

CSC single crystals were prepared via the controlled gradient
cooling temperature crystallization method. The as-prepared
perovskite precursor solution was maintained at 95 °C, then
the temperature was decreased by 5 °C every 6 hours to 80 °C,
and then lowered by 4 °C every 12 hours to 60 °C, and sub-
sequently cooled at a rate of 2 °C day™" until 54 °C, at which
stage single crystals began to appear, and then continuously
cooled at a rate of 2 °C day " to allow the single crystals to
slowly grow. Centimeter-sized single crystals of pale-yellow
color a-Cs3Sb,Cly and colorless Cs;Sb,Cl;; were obtained after
14 days.
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Characterization

Powder XRD patterns were recorded using an X’Pert® powder
X-ray diffractometer (Malvern Panalytical) equipped with a Cu
tube operated at 40 kV and 30 mA. The X-ray intensity data of
CSC single crystals were measured on a Bruker D8 VENTURE
DUO PHOTON III Bruker APEX-II CCD system equipped with
an Incoatec Ius 3.0 Microfocus sealed tube (Mo Ka, 4 =
0.71073 A) and a Helios MX Multilayer Optical monochroma-
tor. The Rietveld refinements were performed by using a
Bruker SHELXTL software package. The high-resolution X-ray
rocking curve (XRC) was obtained using an Empyrean multi-
functional X-ray diffractometer (Malvern Panalytical), with a
Cu Kol line operated at V = 40 kV and I = 20 mA. The Raman
spectroscopy studies were performed by using a Horiba Jobin
Yvon LabRAM HR800 Raman spectrometer with an ultraviolet
pulsed 355 nm laser beam as the excitation source. XRF
spectra were measured with MXF-2400 multi-channel X-ray
fluorescence spectrometer (Shimadzu). XPS spectra were
measured using an Escalab 250Xi photoelectron spectrometer
(Thermo Scientific). The UV-Vis absorbance and transmittance
spectra were recorded at room temperature using a
PerkinElmer Lambda 950 UV-vis-NIR spectrophotometer with
a scan speed 300 nm min~" and a slit width quantitative 5 nm
in a wavelength range of 200-900 nm at room temperature. A
highly refined barium sulfate (BaSO,) plate was used as the
reference (100% reflectance). The temperature-dependent
steady-state photoluminescence (PL) spectra were recorded on
an RF-5301pc spectrofluorometer (Shimadzu) with the operat-
ing temperature ranging from 10 K to 275 K using the 266 nm
laser beam. Time-resolved emission data were collected at
room temperature using a FluoroMax spectrofluorometer
(Horiba). The dynamics of emission decay was monitored by
using a FluoroMax spectrofluorometer with time-correlated
single-photon counting capability (4096 channels) with data
collection for 10 000 counts.

Theoretical calculations

Defect calculations were performed in the framework of DFT
using the projector-augmented wave (PAW) method, and the
screened hybrid Heyd-Scuseria-Ernzerhof (HSE) functionals,
as implemented in the Vienna Ab initio simulation package
(VASP)."” The plane-wave cutoff energy was set to 450.0 eV. The
van der Waals (vdWs) dispersion correction was applied and
described by the DFT-D3 correction.'® The employed primitive
cell and I'-centered k-mesh are 7 x 7 x 5 for a-Cs3Sb,Cly and 4
x 4 x 4 for CssSb,Cly,, respectively. The lattice parameters and
atomic positions of all the structures were relaxed until the
Hellmann-Feynman forces on them were smaller than 0.01 eV
A~'. The calculated lattice constants are a = b = 7.7966 A, ¢ =
9.5322 A for a-Cs;Sb,Cly, and a = 13.6997 A, b = 12.8955 A, and
¢ = 14.7419 A for Cs;Sb,Cly;, respectively.

Device fabrication and detection performance characterization

To prepare CSC photodetectors, these polished single crystals
were sandwiched between the rectangular electrodes (2 mm x
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2 mm) Au (50 nm), and then deposited on both sides of the
single crystal using a thermal evaporator. The current-voltage
(I-V) curves of photodetectors in the dark and under different
irradiation were measured (2400 Series source meter, Keithley
Instruments Inc.) by using a 266 nm laser beam with the bias
voltage in the range from —30 V to 30 V. The time-dependent
photoresponse signal was recorded using a 1 GHz digital oscil-
loscope with a Keithley 428 current amplifier. The spectral
responsivity was measured using a monochromator combined
with an optical chopper and a lock-in amplifier. The light
intensity was calibrated by a UV enhanced silicon photo-
detector in the wavelength range of 200-700 nm. All the opto-
electronic properties were measured under the atmospheric
environment.

Results and discussion
Solvent for the preparation of the precursor solution

In the process of growing single crystals by the solution
method, the preparation of the precursor solution is of crucial
importance. According to the “like dissolves like” rule, solutes
composed of polar molecules are easily soluble in polar sol-
vents and difficult to dissolve in nonpolar solvents. Therefore,
polar solvents should be employed to dissolve SbCl;, while
CsCl, an ionic crystal, can be ionized in polar solvents to
produce charged anions and cations. Since solvent molecules
in polar solvents have positive and negative polarity, there is a
strong attraction between solvent molecules and solute ions.
This attraction allows the anions and cations to overcome the
Coulomb attraction between each other and diffuse into the
solvent. Therefore, CsCl can be dissolved in solvents with large
polarity. In order to obtain stable precursor solutions with
high concentrations, a variety of polar solvents are used in the
experiment for the dissolution of the CsCl, SbCl;, CsCl and
SbCl; mixture with a mole ratio of 3:2, and Cs;Sb,Cly powder
synthesized as reported, including DMSO, DMF, NMP, GBL,
hydrochloric acid, ethanol, isopropanol, and deionized water,
etc. As listed in Table S1 in the ESIL{ CsCl is highly soluble in
deionized water and hydrochloric acid, but hardly dissolves in
organic solvents due to the different polarities of these sol-
vents. The order of polarity of the solvents is as follows, water
> DMSO > NMP > DMF > ethanol > isopropanol > GBL, the
solubility of CsCl decreases with the decrease of solvent
polarity. Also note that SbCl; with more covalent bonds is
easily soluble in both organic solvents and hydrochloric acid
at high concentrations, while it is difficult to dissolve in de-
ionized water and undergoes a hydrolysis reaction as indicated
by the following eqn (1),

SbCl; + H,0 = SbOCl | +HCI, (1)

Since either CsCl or SbCl; is easily soluble in hydrochloric
acid, it could be supposed that the mixture of CsCl and SbCl;
can dissolve well in this solution. Unfortunately, the mixture
of CsCl and SbCl;, as well as Cs3;Sb,Cly powder, are all much
more difficult to dissolve in hydrochloric acid, and organic sol-
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vents as well (Table S11 and Fig. 1a). It is noteworthy that the
solubility of CsCl and SbCl; mixed powders in DMSO is the
lowest, only 0.019 g ml™", which can give rise to the difficulty
of dissolving CsCl in DMSO (0.005 g ml~"). Therefore, the low
solubility of the Cs;Sb,Cly precursor solution by using a single
solvent makes the growth of a large single crystal almost
impossible.

Then, several hybrid solvents were investigated, and it was
found that the hybrid solvent mixed with DMSO and hydro-
chloric acid can improve the solubility of Cs;Sb,Cly, as shown
in Fig. 1a, b, and Fig. S1.1 The solubility of the mixed powders
in the hybrid solvent of DMSO and hydrochloric acid (8 wt%)
is 0.135 g ml™", which is more than 6 times higher than that
in DMSO and almost 2.5 times as high as that in hydrochloric
acid (8 wt%).

In order to reveal the reason for the increase in solubility in
the hybrid solvent, the existing modes of solutes in each
solvent were investigated. As shown in Fig. S2,f the typical
Tyndall effect was observed for SbCl; in all three solvents, indi-
cating that SbCl; could be coordinated in the solvent'® and
form various coordination products of SbCL>7*, such as
SbCI**, SbCl,", SbCls, SbCl,~, SbCls*~, and SbCls>~, similar to
that reported for Pbl,.>° In contrast, after the addition of CsCl,
the intensity of the Tyndall effect has become lower, indicating
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that the addition of CsCl disrupts part of the SbCL,>™ frame-
work and reduces the number of colloids, especially in hydro-
chloric acid, where the Tyndall effect is no longer observed,
suggesting that colloids are completely decomposed by the
combined action of H" and Cs",>'*? and the solute exists in
the ionic state in hydrochloric acid.

In addition, the Raman spectra of the prepared well-stirred
solutions can confirm the above results about the type of
solute particles present in solutions. As shown in Fig. 1c, the
Raman peak positions of CsCl in solution basically overlap
with those of the pure solvent, regardless of whether it is dis-
solved in a single solvent or a hybrid solvent, since CsCl is an
ionic crystal that presents in the solvent as Cs" and CI~ ions.
In contrast, the Raman spectra of SbCl; in all solutions show a
noticeable peak shape variation at the region of 230, 276, and
339 cm™! shift, which should be assigned to the Sb-Cl stretch-
ing vibrational bands.”*** It is worth noting that the peak
position and shape of the Raman spectra of the CsCl and
SbCl; mixed powders in DMSO and DMSO: HCI (8 wt%) are
consistent with that of SbCl; in the corresponding solvent
under the same SbCl; mole concentration, with only a slight
decrease in the intensity of the Sb-Cl peak, confirming that
the addition of CsCl causes the partial decomposition of the
SbCL>~™ colloids and a decrease in the number of colloids. In
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Fig. 1 Dissolution conditions in different solvents. (a) Solubilities of CsCl, SbCls, CsCl and SbCls mixed powders in different solvents at 75 °C. For a
clearer presentation, the solubility values of CsCl are multiplied by 10, and that of CsCl + SbClz mixed powders are multiplied by 100. (b) Solubility
curve and concentration at different temperatures. (c) Raman spectra of the upper clear layers of the well-stirred solutions prepared by CsCl, SbCls,
and CsCl and SbCls mixed powders. Black: pure solvent, red: SbCls solution, blue: CsCl solution, green: solution prepared using CsCl and SbCls

mixed powders. (d) Schematic diagram of the precursor solution state.
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comparison, the peak positions of the CsCl and SbCl; mixed
powders in hydrochloric acid basically overlap with that of the
hydrochloric acid itself, but are very different from that of
SbCl; dissolved in hydrochloric acid, with no characteristic
Sb-Cl peak, indicating the absence of colloids, which is con-
sistent with the results of the Tyndall effect.

A schematic diagram shown in Fig. 1d can then demon-
strate the evolution of the type of solute particles present in
precursor solutions from a single solvent to a hybrid solvent,
as evidenced by the Raman spectra and the Tydnall effect
described above. As shown in Fig. 1c, the solubility of either
CsCl or SbCl; powders alone is high in hydrochloric acid
(8 wt%), while the solubility decreases substantially once these
two powders are mixed. This is because the addition of Cs"
into SbCl; solution can decompose a large number of SbCl,>™*
frameworks into ions, so that the ion concentration reaches
supersaturation, thus forming CSC precipitates. When DMSO
is added to the hydrochloric acid precursor, a small amount of
SbCL*>™ colloids could exist stably in the hybrid solvent,
leading to the improvement of solubility. This result is consist-
ent with the report by Snaith et al,*" from which it can also be
deduced that the presence of colloids can lead to the improve-
ment of the solute solubility. On the other hand, CsCl is almost
completely insoluble in DMSO, while the addition of hydro-
chloric acid into DMSO can raise the solubility of CsCl substan-
tially (0.088 g ml™"), thus greatly improving the solubility of the
mixed powders in the hybrid solvent of DMSO and hydrochloric
acid. These results strongly suggest that the hybrid solvent of
DMSO and hydrochloric acid is more suitable as the precursor
solution to grow large-sized CSC single crystals.

The saturated solubility curve of CSC in this hybrid solvent
measured at different temperatures is shown in Fig. 1b, which
increases with the increase of temperature, showing the positive
temperature crystallization characteristics of CSC. The solubility
curve and the super-solubility curve divide the diagram into
three regions, i.e., the unsaturated, supersaturated, and meta-
stable regions. It is the metastable region that is much more
suitable for large crystal growth, in agreement with
CH;NH;PbI;.>° In this study, paleyellow color single crystals
with the size of 10 x 8 x 2 mm? and colorless single crystals with
the size of 11 x 9 x 4 mm? were prepared via the controlled gra-
dient cooling temperature crystallization method using the CsCl
and SbCl; mixture in stoichiometric ratios of 3:2 and 5:2,
respectively, for details see the Materials and methods section.
Different cooling rates are used to step down the temperature at
different stages of crystal growth. At the initial stage, the temp-
erature was lowered at a fast rate (5 °C every 6 hours) to near the
solubility curve, then at a slow rate (4 °C every 12 hours) in the
metastable region to near the super-solubility curve, and finally
at a very low rate (2 °C day ") before and after the precipitation
of the seed crystals, so that the crystals were grown slowly in the
metastable region to grow large single crystals.

Structural characterization of Cs;Sb,Cl, and Cs;Sb,Cl;,

These as-grown single crystals were characterized using single-
crystal X-ray diffraction (SCXRD) and double-axis high-resolu-
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tion X-ray rocking curve (XRC) for the study of the structure,
while powders milled from the crystals were characterized by
powder X-ray diffraction (PXRD) technology. The PXRD results
shown in Fig. 2a demonstrate that the as-obtained pale-yellow
color single crystals are in perfect agreement with the theoretical
data of a-Cs;Sb,Cly, which possesses a crystal structure with the
trigonal space group of P321. The #-26 X-ray measurement for
the surface growth plane of the crystal shows only five sharp
and narrow diffraction peaks along the (001) plane, indicating
the good crystallinity of a-Cs;Sb,Cly single crystals. As shown in
Fig. 2b and Fig. S3,T the crystal structure of the 2D layered
a-Cs3Sb,Cly is derived from the hypothetical perovskite com-
pound CsSbCl; (i.e., Cs3Sb;Clg) by removing every third Sb layer
along (111) to achieve correct charge balance.”®*” The trigonal
unit cell is built of isolated layers formed by six-membered rings
of SbCls octahedra pointed up and down alternatively with
respect to the plane of common atoms Cl, and the monovalent
cesium cations are located in the large cavities formed in the
center of those rings and below or above each SbCls octahedra
thus filling all empty folds within the layer.® The unit cell para-
meters, a = b =7.809 A, ¢ =9.574 A, a = § = 90°, y = 120°, are pre-
sented in Table S2 in the ESI.{ As a result of distortion, two
different bond lengths for the Sb—-Cl bonds are observed in the
SbClg octahedron, which for Sb—Cl1 and Sb-CI2 are calculated
to be 2.847 A and 2.528 A, respectively.

The structure of the colorless single crystal was solved and
refined using the Bruker SHELXTL Software Package, the
SCXRD data are shown in Fig. 2f, fitting the space group Pbca,
with Z = 4 for the formula unit, Cs;Sb,Cl,,, which are also con-
sistent with the PXRD measurements. The X-ray 26 scan on the
growth plane of Cs;Sb,Cl;; (CCDC 2307326) shows only (200),
(600), and (800) diffraction peaks, suggesting good single crys-
talline quality, as do the grown a-Cs;Sb,Cly crystals. The XRD
studies reveal that Cs;Sb,Cl;; crystallizes at room temperature
in orthorhombic symmetry with the following lattice con-
stants: a = 13.1584 (3) A, b = 12.4187 (4) A, ¢ = 14.4150 (4) A,
volume = 2355.56 (11) A%, as shown in Fig. 2g and Tables S3-
S5 in the ESIL.f The CssSb,Cly; crystal is built up of cesium
cations and discrete [SbZClll]s_ groups, which represent a new
type of halide complex, such as (CH3;NH;)5Bi,X;; type
crystals.>* ! [Sb,Cl;; ]~ consists of two SbCl, octahedra joined
via one chlorine bridge, in which the bridging Sb-Cl (1) bond
is longer (2.8920 A) and the Sb—Cl (4) bond along the direction
of the Sb-CI (1) bond is shorter (2.4592 A) than the other four
terminal bonds (between 2.5629 and 2.7057 A), and most of
these bond angles are about 90 or 180°.%?

The phase purity and crystallinity of the as-grown crystals
were confirmed by XRD scans of the growth plane and corres-
ponding power, and the crystalline quality was evaluated by
XRC. We performed the XRC of (003) diffraction for as-grown
Cs3Sb,Cly crystals and (600) diffraction for CssSb,Cl;; crystals,
respectively, as illustrated in Fig. 2c and h. The full width at
half maximum (FWHM) of the XRC peak was found to be 72.4
arcsec for as-grown Cs;Sb,Cly crystals, and 48.6 arcsec for
CssSb,Cly; crystals, demonstrating good crystalline quality
comparable to conventional Pb-based halide PVK crystals.>***
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Fig. 2 Structural Characterization of CszSb,Cly and CssSb,Clyy. (a) and (f) X-ray diffraction curve of calculated data, ground powder from large CSC
single crystals, and as-grown single crystals. (b) and (g) Crystal structure of the CSC unit cell. (c) and (h) X-ray rocking curves of CSC single crystals.
Insets: photographs of the as-grown crystals. (d) and (i) The electronic band structures of CSC and the band edge positions are indicated by the red
and blue dots, highlighting the nature of indirect band gaps in these materials. (e) and (j) Electronic DOS for CSC crystals. (a)—(e) CszSb,Cly. (f)—(j)

Css5Sb,Cly;.

To explore the elemental compositions of the crystals, they
were measured by X-ray fluorescence (XRF) techniques. As
shown in Fig. S4,T the XRF data show an atomic ratio of Cs/Sb/
Cl = 2.9:2:8.9, which matches closely to the Cs;Sb,Cly chemi-
cal composition. As for the XRF data of as-grown CssSb,Cly;
crystals, the atomic ratio of Cs/Sb/Cl is about 5:2.1:12.7,
close to the stoichiometric ratio of CssSb,Cl;;, but there is a
slight excess of SbCl; on the crystal surface. Further evidence
of component analysis shows the characteristic peaks for Cs,
Sb, and Cl via X-ray photoelectron spectroscopy (XPS) measure-
ments (Fig. S51). XPS spectra confirm the presence of Cs*, Sb>*
and Cl™~ states within the CSC crystals, for example, the Sb
3ds, and 3ds, doublet peak with binding energies of 539.7
and 530.5 eV are corresponding to the Sb** state.>* Note that
the calculated atomic ratio of Cs/Sb/Cl for the CssSb,Cly;
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crystal is around 5:2.9:12.5, which is similar to the result of
XRF. Excess SbCl; may be resulting from the etching process®’
during the removal of the crystals from the growth solution,
and the same phenomenon was found for CH;NH;PbI;.

Since the band gap is the key quantity for selecting photo-
detector materials, it is hence calculated using the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional,>*® with full
details provided in the Experimental section, as the hybrid
density functional usually gives the accurate fundamental
band gaps for most semiconductors. As illustrated in Fig. 2d
and i, band edge positions in band structures are indicated by
the red and blue dots, highlighting the nature of indirect band
gaps of CSC materials. The indirect bandgap of Cs;Sb,Cly is
3.09 eV, while that of Cs;Sb,Cl;; is 3.80 eV, both of which are
well suited for UV detectors. The projected density of states
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(PDOS) for CSC are shown in Fig. 2e and j. The semi core state
of Cs p states forms a narrow band located at a deep energy of
—8 eV, and have almost no contribution to the valence band
maximum (VBM) and conduction band minimum (CBM), the
same as other CsBX; PVKs.*® With regard to Cs;Sb,Cl,, there
is a couple of Sb s peaks located at positions ranging from —2
to 0 eV, which overlap the ClI p state, indicating a hybrid state
of Sb s and Cl p states. The valence band edge (-2 to 0 eV) of
Cs3Sb,Cly is dominated by the Cl p and Sb s hybrid state,
while the contribution of Sb p to the VBM is also identifiable
but fairly small. The conduction band edge is predominantly
derived from a hybrid state of Sb p and Cl p states, which can
be observed in the energy range between 3 and 6 eV. When it
comes to CssSb,Cly4, a hybrid state of Sb s and Cl p states is
observed in the energy range from —1.3 to 0 eV, dominating
the valence band edge, whereas the Sb p and Cl p hybrid state
contributes to the conduction band edge, which localizes in
the energy range between 3.3 and 5 €V. As reported by Saparov
and his co-workers, smaller lattice constants indicate stronger
cation-anion bonding, resulting in more dispersive bands.””
The calculated band structure shown in Fig. 2d reveals a dis-
persive character for the upper valence band of the 2D
Cs3Sb,Cly perovskite, which can be understood by the strong
Cl p-Sb s antibonding coupling,®® similar to the case of 3D
CH;NH;PbI;. Whereas Css;Sb,Cly; has flatter valence bands
(Fig. 2i) than 2D Cs;Sb,Cly, due to its zero-dimensional struc-
tural characteristic, which is consistent with other 0D
materials.>**°

Optical properties of Cs;Sb,Cly and Cs;Sb,Cl

The optical absorbance and transmittance of as-grown single
crystals were further investigated by UV-vis spectroscopy as
shown in Fig. 3a. The transmittances of CssSb,Cl;; and
Cs;3Sb,Cly can approach 93% and 87% at 600 nm, respectively,
both higher than those of the typical lead-free PVK single crys-
tals reported.”’™* It should be noted that both the absorption
and transmittance spectra of Css;Sb,Cl;; exhibit a noticeable
blue shift compared with those of Cs;Sb,Cly. Such a blue shift
in the absorption and transmittance spectra is consistent with
the blue shift observed in the photoluminescence (PL) spectra,
confirming that the absorption edge shift results from a larger
bandgap of CssSb,Cl;;. The optical bandgaps of the CSC crys-
tals are fitted by Tauc*® eqn (2),

(ahv)'? = A(hv — Ey) (2)

where a is the absorption coefficient, Av is the photon energy,
A is the constant, and E, is the optical bandgap. The optical
band gaps of as-grown CSC crystals were calculated to be 2.86
eV for Cs;Sb,Cly and 2.98 eV for CssSb,Clyy, respectively
(Fig. 3b). This result provides further evidence of the suitability
of CSC crystals for UV detection. It is worth mentioning that
the optical band gaps of both CSC materials are smaller than
the calculated values by HSE. The bandgap mismatch between
the experimental and calculated values of Cs;Sb,Clg is small,
while that of CssSb,Cly; is large.
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Temperature-dependent photoluminescence spectra excited
using a 266 nm laser beam were recorded to investigate the
properties of exciton and electron-phonon interactions. The
broad emission spectrum (from 450 to 750 nm for Cs;Sb,Clo,
from 400 to 700 nm for Cs;Sb,Cly;) suggests that near edge
defects levels related to surface states or vacancies take part in
the emission process. The emission peak is located at 542 nm
for Cs;Sb,Cly and 532 nm for Cs;Sb,Cly; at 225 K, respectively
(Fig. 3c and d). All CSC crystals exhibit a similar behavior that
the integrated PL intensity decreases while the FWHM
increases with the operating temperature (Fig. 3e, f and
Fig. S61), and the PL peak position exhibits a small blueshift,
which is attributed to the effects of electron-phonon inter-
actions. Decreasing temperature leads to a decrease in thermal
ionization energy, enabling more excitons to compound and
resulting in a gradual increase in luminescence at low temp-
eratures. This suggests that the luminescence is associated
with self-trapped excitons (STEs) originating from excited-state
structural distortions of the SbClg octahedra at room
temperature.***¢4”

Furthermore, the normalized time resolved PL (TRPL) decay
plots were measured under ambient conditions at an exci-
tation wavelength of 380 nm and the decay traces were fitted
using multiexponential decay kinetics as reported (Fig. 3g and
h). For the Cs;Sb,Cl, crystal, the decay time extracted from the
fitting curve showed an initially fast component with a lifetime
of 0.96 ns, followed by two slow components with lifetimes of
4.96 ns and 26.22 ns, while for the Cs;Sb,Cl;; crystal, a fast
component with a lifetime of 1.18 ns and a slow component
with a lifetime of 5.16 ns were obtained. In general, the fast
component is regarded as originating from the high trap
density related to the crystal surface, and the slow component
represents the carrier transportation in the bulk crystal with
fewer traps.*®*® All CSC crystals exhibit PL decay times on the
nanosecond scale with the value of 1.71 ns for Cs;Sb,Cly and
2.31 ns for CssSb,Cl;4, respectively, which are in good agree-
ment with the ones reported recently for the Pb-free PVK
single crystals.**>%>!

Device performances of CSC single-crystal photodetectors

To characterize the electrical properties of CSC single-crystal
detectors, two 50 nm Au electrodes with 2 x 2 mm? were de-
posited on the surface of polished 2 mm thick CSC single crys-
tals to fabricate photodetectors based on the Au/CSC/Au struc-
ture, as shown in the inset of Fig. 4a. It is common knowledge
that dark current and photocurrent are important parameters
to characterize the performance of semiconductor photo-
detectors, and are the representations of the carrier transport
capacity. In Fig. 4a and Fig. S7,f the typical current-voltage
curves of the prepared CSC single-crystal photodetectors
clearly show its nonlinear behaviors, indicating the formation
of a back-to-back Schottky contact.>> Moreover, the Cs;Sb,Cly
single crystal shows a very low dark current density of around
9.08 x 10~ A cm™? at 30 V, and a photocurrent density of 9.35
x 107° A em~? under illumination with 266 nm UV light with
an irradiance of 0.35 mW cm™2. In terms of CssSb,Cl;,, the
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detector with a light irradiance of 0.30 mW cm™2. (d) Responsivity of a Cs3Sb,Cls single-crystal photodetector as a function of wavelength.

—11 2

lower leakage current density is around 8.86 x 10~ A cm™
and the photocurrent density is 2.18 x 107> A cm™> at —30 V,
larger than that of 1.10 x 10™° A cm™> at 30 V (Fig. S71). It is
worth noting that the photocurrents of the Cs;Sb,Cly devices
are asymmetrical, and the photocurrents at a positive voltage
bias at the irradiated crystal plane are significantly larger than
those at a negative bias, and this case is the same even after
reversing the crystal plane. The non-symmetry photocurrent
with a larger photocurrent at a positive bias reflects the charac-
teristics of a hole-determined photocurrent for this metal-
semiconductor heterojunction.> In contrast, the CssSb,Cl4
photodetector exhibits a larger photocurrent at a negative
voltage, revealing an electron-determined photocurrent. All of
the dark current densities of photodetectors are as low as
around 90 pA cm>, which is advantageous for detecting very

This journal is © the Partner Organisations 2024

weak signals. The ratio of Ijgh¢/Igark Of the Cs;Sb,Cly device
reaches up to two orders of magnitudes, while it is only 24 for
the CssSb,Cl;; sample, implying that Cs;Sb,Cly is more suit-
able as a photodetector material, and thus Cs;Sb,Cl, is chosen
for further electrical testing.

The relationship between the photocurrent density (/pn)
and the irradiance power density (P) can be well fitted by the
power law, ie., Jon « P, with an ideal index a of 0.96, as
depicted in Fig. 4b. The fitting factor is very close to the ideal
value of 1, implying that there is no space-charge limit effect
or defect induced recombination.’>®>* The time response beha-
viors of the as-prepared photodetectors were determined by
periodically turning on and off the 266 nm laser beam under
ambient conditions at a drain voltage of 30 V, as shown in the
inset of Fig. 4c. When the pulsed laser is on, the current curve
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Table 1 Key performances of the typical lead-free perovskite PDs ever reported

Bandgap Voltage Wavelength of light On-off Rise time Decay time Responsivity

Photodetector (eV) (\%] source (nm) ratio (ms) (ms) Aaw™) Ref.
Cs;3BiBrgs SC 2.55 6 400 3 50 60 2.5%x107° 55
Cs;Bi,ly SCTF 2.13 -2 White light 11000 0.247 0.230 7.2x107° 57
Cs;Bi,I, SC 1.96 10 462 1000 — — 1.1 58
Cs;Bi,I, SC 1.94 10 420 24 — — 1.2x107° 42
Cs;3Sb,lg MP 2.10 1.5 450 105 0.149 0.158 0.446 59
Cs3Sb,ly_,Cl, TF 1.99 0 505 10° — — 0.205 54
Cs;Sb,I, MP 2.24 1 532 10* 0.096 0.058 0.01 60
Cs;Sb,Bry NP 2.65 10 450 — 48 24 3.8 56
Cs;Sb,Br, SC 2.26 6 480 10* 0.2 3.0 2.29 53
Cs;3Sb,Cly NW 3.40 0.9 410 — 130 230 3616 11
Cs5Sb,Cly SC 2.86 30 266 103 21.7 104.4 3.95x107° This Work

Notes: single crystals (SC), thin films (TF), microcrystals (MC), microplates (MP), nanowires (NW), nanoplates (NP).

rises very sharply and rapidly, and when it is off, the current
intensity quickly returns to the normal dark current value. The
photodetector shows a good cycling response and repeatability
upon multiple switching cycles. Herein, the rise time and
decay time of the photodetector are defined as the time taken
for the initial current to increase or decrease to 90% of the
peak value, respectively. As shown in Fig. 4c, the rise time is
21.7 ms after triggering and the decay time is 104.4 ms after
termination of irradiation. The response speed is consistent
with the reported lead-free PVK PDs.'"*>*°® Key performance
parameters of the typical lead-free PVK PDs reported
previously,'"*>**°® as well as our Cs;Sb,Cl, single crystal
devices are listed in Table 1. As shown in Table 1, Bi-based
single-crystal PDs are more common, while Sb-based PDs are
mainly prepared using nanocrystals, nanoplates, nanowires,
and thin films, and Sb-based single-crystal PD is less reported.
Compared with thin films and nanowires, charge carrier life-
times in single crystals are longer due to less defects and
hence a lower trap-induced recombination rate, while the car-
riers in single crystals can be smoothly transported through
shorter paths, which shortens the transport time and improves
the response speed, making single crystals more favorable for
preparing PDs." Compared to the Cs;Sb,Cl, nanowires-based
PDs" with a rise time of 130 ms and a decay time of 230 ms,
the Cs;Sb,Cly single-crystal PD exhibits a shorter response
time, which is a good demonstration that high-quality single
crystals can improve the response speed.

Dight — 1.
R— light dark . (3)
PS

The responsivity is expressed as eqn (3), where R is the
responsivity, Iijgne and Igqar are the photocurrent (A) and the
dark current (A), respectively, P is the incident light intensity
(W em™), and S is the effective illuminated area (cm?). The
responsivity of Cs;Sb,Cl, single crystal PD reaches 3.95 x 107>
AW " under 266 nm laser irradiation at 30 V with a low irradi-
ance of 0.005 mW cm™>. The value of responsivity is of the
same order of magnitude as the value of 2.5 x 107> AW for
the Cs;BiCl, single crystal PD at 6 V.>> Compared to iodine-
and bromine-based halide perovskites, the surface states of
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chlorine-based perovskites are often not so stable and are
more susceptible to deterioration under an air atmosphere.
This relatively low responsivity may result from severe surface
recombination at the interface of the Cs;Sb,Cly single crystal
and the Au electrode. The spectral responsivity of the photo-
detector under the ambient environment is shown in Fig. 4d.
A very sharp cutoff in the spectral responsivity wavelength can
be observed at around 430 nm, corresponding to a photon
energy of 2.88 eV. This result agrees well with the absorbance
and transmittance spectra of Cs;Sb,Cls single crystal shown in
Fig. 3a, indicating that the detector has obvious wavelength
selectivity and shows good sensitivity to UV light. The UV
(360 nm) to visible (480 nm) rejection ratio (Rs¢0/R4s0) is about
150, indicating an intrinsic visible-blind characteristic of the
Cs3Sb,Cly single crystal UV detector.

Conclusions

In summary, the issue of low solubility of CSC materials has
been overcome by using a hybrid solvent consisting of DMSO
and hydrochloric acid, and limpid perovskite precursor solu-
tions with high solubility have been successfully prepared.
Centimeter-sized high-quality «-Cs3Sb,Cly and Cs;Sb,Cly4
single crystals have been prepared via the controlled gradient
cooling temperature crystallization method using the prepared
hybrid solvent. These as-grown single crystals exhibited
superior optical and electrical characteristics, and are ideal
materials for detecting UV light. The a-Cs;Sb,Cly single-crystal
photodetector shows a low dark current density of 91 pA cm™>
at a bias of 30 V, a high UV/visible rejection ratio of 150, a high
photo-to-dark current ratio of two orders of magnitude and a
fast response speed with a rise time of 21.7 ms and a decay
time of 104.4 ms. All results demonstrate that the a-Cs;Sb,Cl,
single crystal photodetector is a competitive candidate for the
application of visible-blind UV detectors. In addition, the suc-
cessful use of hybrid solvents to enhance solubility suggests
the potential for their application to the growth of all chlorine-
based perovskite single crystals, thereby facilitating future
exploration of these materials in optoelectronic devices.
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