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Lead-free halide perovskite Cs;Bi,Brq single crystals
for high-performance X-ray detection

Xiang Li'", Xinyuan Du’’, Peng Zhang', Yungiu Hua', Lin Liu', Guangda Niu”’, Guodong Zhang'",

Jiang Tang2 and Xutang Tao'

ABSTRACT All-inorganic lead-free halide perovskites have
attracted interest owing to their high ambient and thermal
stabilities, excellent optoelectronic properties, and environ-
mental friendliness. Herein, the bismuth-based halide per-
ovskite Cs;Bi,Br, single crystals were successfully grown to a
diameter of 12 mm and length of 40 mm using a modified
Bridgman method for the first time. The resistivity and
transmittance of transparent and crack-free Cs;Bi,Br, single
crystal are ~6.8x10"" 2 cm and ~80%, respectively. The carrier
mobility of the (—120) plane is 0.17 cam’ Vst along the [010]
orientation (b axis), and the trap density is 9.7x10" cm™.
Moreover, Cs;Bi,Br, single crystals exhibit excellent potential
for X-ray detection, including a high absorption coefficient, a
superior X-ray sensitivity of ~230.4 uC Gy,;, ' cm >, and an
ultra-low and no-drift dark current density of ~17.8 pA mm’,
which enables lower noise and is also beneficial to the ultra-
low detection limit for X-ray detectors. Our study shows that
Cs;Bi,Br, is a promising candidate for X-ray detection appli-
cations.

Keywords: all-inorganic halide perovskite, Cs;Bi,Bry, single
crystal growth, X-ray detection

INTRODUCTION

Halide perovskites have demonstrated great potential for
energy conversion [1], photodetection [2,3], and nuclear
radiation detection [4] owing to their useful optoelec-
tronic properties [5], including a tunable band gap [6],
high mobility [7], simple processing technique [8], and
simple integration with various semiconductor materials
[9]. Despite the merits of the lead-halide perovskite fa-
mily, lead is dangerously toxic to the human body and
biological systems owing to its high solubility in water
and volatility in air [10-13].

Recently, less toxic metals such as tin, antimony, and
bismuth have been widely investigated to replace lead for
environmentally friendly requirements [14-16]. Among
these, low-dimensional bismuth-halide materials have
emerged as potential optoelectronic materials for the
following reasons: (1) Bi is considered a ‘green’ element,
which exhibits potential for mass production as an en-
vironmentally friendly compound [17]; (2) Bi’" possesses
an identical 6s°6p” electronic structure with Pb>’, and this
expected electronic configuration and band dispersion
may yield excellent optoelectronic properties, owing to
spin-orbit coupling [18]; (3) inorganic bismuth-halides
typically exhibit a higher-temperature and moisture sta-
bility than their organic-inorganic hybrid counterparts
[10]; (4) the ionic activation energies of low-dimensional
perovskites are significantly higher than those of three-
dimensional (3D) CsPbBr;, Cs,AgBiBr,, and MAPDBr;,
and this efficiently restrains the ionic migration in 2D
layered crystals. Moreover, bismuth-halides have poten-
tial applications in photodetection and X/y ray detection
owing to their superior semiconductor properties such as
a large effective atomic number Z, high resistivity, and an
extremely low concentration of charge traps [4].

Some progress has been made in the growth and X-ray
detection applications of bismuth-halide perovskite single
crystals (SCs). Zhuang et al. [4] grew a layered (NH,);-
Bi,I, SC from a solution and demonstrated its X-ray de-
tection performance with a very high sensitivity (S) of
8000 uC Gy, ' cm ™, based on parallel device archi-
tecture. Zheng et al. [19] reported a solution-grown 0D
MA;Bi,I; SC with an X-ray detection S as high as
10,620 uC Gy,;, ' cm _. Furthermore, hybrid perovskite
(BA),CsAgBiBr, SCs (2D) and (H,MDAP)Bil; SCs (1D)
have been successfully grown from a solution, and S of 4.2
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and 1 uC Gy,;, ' cm ~ were obtained, respectively [20,21].
In addition, all-inorganic 0D bismuth-halide Cs;Bi,I, SCs
were grown using the Bridgman method and nucleation-
controlled solution method in Xu’s group [22] and Liu’s
group [23], respectively. X-ray detection S of 119 and
1652.3 uC Gyai;1 cm” were achieved based on the melt-
grown and solution-grown crystals, respectively [22,23].
The all-inorganic 2D Rb;Bi,I; SC was obtained using a
solution with an § of 159.7 uC Gyai;1 cm’, and the dark
current density was less than 38.2 pA mm > [24]. In ad-
dition to the high S for X-ray detection, bismuth-halide
perovskites with low dimensional structures exhibit high
resistivity and very low ionic migration. This results in
extremely low dark currents at the pA level and no drift,
which is beneficial for an extremely low detectable dose
rate [20-23,25].

All-inorganic Cs;Bi,Bry (space group P3ml, a =
0.796 nm, ¢ = 0.984 nm) is crystallized with a 2D layer
structure [10]. It contains high-Z elements Cs, Bi, and Br,
and has a high density of 4.7 g cm °. The average atomic
number of Cs;Bi,Br, (46.1) is larger than that of a-Se (34),
MAPDbBTr; (41.2), and Cs,AgBiBr, (45), and is only slightly
smaller than that of (NH,);Bi,], (48.3) and Cs;Bi,l, (57.7).
In addition, Cs;Bi,Br, also exhibits large band gaps
(2.61 eV), which suggests its potential to achieve high
resistivity and low leakage current when utilized as ra-
diation-detecting materials. Several studies have reported
the properties of Cs;Bi,Bry perovskite. Leng et al [10]
reported the millimeter-scale Cs;Bi,Bry SC, manufactured
using a low-temperature solution method, and Ji et al.
[26] reported the photodetection performances of
Cs;Bi,Br, films. Moreover, Cs;Bi,Br, quantum dot also
exhibits potential for blue light emission and photo-
luminescence with high quantum yields [27-29]. How-
ever, to date, the photoelectric properties and detection
performances of Cs;Bi,Bry, SCs have not been reported.

Herein, we report the growth of Cs;Bi,Br, bulk crystals
(¢ 12 mm x 40 mm) using a modified vertical Bridgman
method. The optoelectronic properties, photon detection
performance, and X-ray detection performance of melt-
grown Cs;Bi,Bry SCs were systematically studied for the
first time.

EXPERIMENTAL SECTION

Synthesis and single crystal growth of Cs;Bi,Br,

High-purity CsBr (99.999% purity) and BiBr; (99.999%
purity) purchased from Aladdin Chemistry Co. Ltd. with
a stoichiometric ratio of CsBr:BiBr; = 3:2 were loaded
into a silica ampoule, which was then evacuated to 4 x
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10 * Pa and sealed with an oxyhydrogen flame. The sealed
ampoule was subsequently transferred to a well furnace
controlled by a temperature controller (FP23, Shimaden,
Japan). The furnace was slowly heated to 700°C at a rate
of 70°Ch". After being maintained at this temperature
for 30h, the furnace was slowly cooled to 30°C at
20°Ch ™.

The synthesized polycrystalline Cs;Bi,Bry was re-sealed
in a quartz ampoule (inner diameter: 12 mm) under va-
cuum conditions of 10* Pa for SC growth. After sealing,
the quartz ampoule with polycrystalline Cs;Bi,Br, was
transferred into a three-zone modified vertical Bridgman
furnace. The temperatures of the upper, middle, and
lower zones were set to 700, 600 and 400°C, respectively.
The temperature gradient near the solid-liquid interface
was 10-20°C cm . To completely melt the polycrystalline
Cs;Bi,Br,, the ampoule was held in the high-temperature
zone for 24 h. Then, the ampoule moved down slowly, at
a speed of 0.5-3mmh ', to a low-temperature zone.
After solidification, the furnace temperature was cooled
to room temperature (30°C) within 7 days, and bulk
Cs;Bi,Bry SCs were obtained.

Crystal processing technology

The as-grown Cs;Bi,Br, crystals were oriented using an
X-ray Laue diffractometer (MWL 120, MULTIWIRE
LABORATORIES, Ltd.) and cut into 2-mm-thick wafers
using an STX-202A diamond wire cutting machine. The
surfaces of the wafers were polished with 7000 mesh
sandpaper and polishing powder. In the final step, the
surfaces of the samples were washed with alcohol to re-
move any residues.

Material characterizations

Thermogravimetric analysis (TGA) and differential
scanning calorimetry were performed under N, flow from
30 to 700°C. X-ray diffraction (XRD) patterns of powders
and SC plates were measured using an AXS D8 AD-
VANCE X-ray diffractometer (Bruker, Massachusetts,
USA) with Cu Ka irradiation (A = 1.54056 A) in the range
of 10°-90° (20) with a step size of 0.02° and scanning
speed of 0.04 s per step. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS)
measurements were performed using a field emission
scanning electron microscope (S-4800, Hitachi, Japan)
with energy dispersive X-ray spectrometry (EMAX En-
ergy EX-350, Horiba, Japan). Ultraviolet-visible diffuse
reflectance spectroscopy was conducted using a UV-2550
spectrophotometer (Shimadzu, Japan) in the range of
200-900 nm; BaSO, was used as the reference sample.
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Photoluminescence (PL) and lifetime measurements were
performed using an FLS-980 apparatus (Edinburgh In-
struments, UK). The ultraviolet-visible transmittance
spectrum of the Cs;Bi,Bry plate was measured using an
ultraviolet-visible spectrometer (U-4100, Hitachi, Japan)
over a spectral range of 0.3-2.5 um. A Fourier-transform
infrared spectrometer (Spectrum 100, Perkin Elmer,
USA) was used to measure the spectrum in the middle
infrared range (2.5-18 pm). X-ray photoelectron spec-
troscopy (XPS) analysis was conducted using a mono-
chromatic Al Ka source (1486 ¢V) created by an
ESCALAB 250 XPS system (Thermo Fisher Scientific,
USA) to study the composition of the samples. Current-
voltage (I-V) and current-time (I-T) were measured using
a semiconductor parameter analyzer (4200, Keithley
Instruments, USA). A laser diode (LD) (2.97-
14.9 mW mm °) with a wavelength of 430 nm was em-
ployed as the illumination source to measure the photo-
responses. A tungsten anode X-ray tube (19421-02,
Hamamatsu, Japan) was used as the source, and it had a
maximum output of 8 W and an X-ray focal spot size of
5 um. The X-ray source was operated with a constant
50 kV acceleration voltage. A 2-mm-thick Al foil was

inserted between the source and Cs;Bi,Bry, SC X-ray de-
tectors to serve as the attenuator to percolate the low-
energy X-rays. The dose rate was changed by adjusting
the X-ray tube current, and the dose rate was calibrated
using an ion chamber dosimeter (MagicMax IBM, GER).
A source meter (2635, Keithley Instruments, USA) was
used to apply the bias voltage and record the response
current. All measurements were performed at room
temperature (30°C) in air.

RESULTS AND DISCUSSION

The left graph in Fig. 1a illustrates a schematic diagram of
the homemade semitransparent vertical Bridgman fur-
nace, with which the crystal growth parameters could be
recorded and adjusted in real time during the growth
process. The optimized temperature field for Cs;Bi,Bry SC
growth is shown in the right graph of Fig. la. Cs;Bi,Br,
SCs with a diameter of 12 mm and length of ~40 mm,
which is the largest recorded bulk Cs;Bi,Br, SC, were
grown using the modified Bridgman method for the first
time. In the crystal growth experiments (Table S1), a
small temperature gradient, slow growth rate, and cooling
rate are crucial in avoiding structural defects and crystal
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Figure 1 (a) Schematic diagram of vertical Bridgman furnace for Cs;Bi,Bry SC growth (left) and the optimized temperature field for Cs;Bi,Bry SC

growth (right). (b) Photographs of the as-grown Cs;Bi,Bry SC-1 (upper) and Cs;Bi,Bry SC-2 (lower). (c) XRD patterns of (—120) plane. (d)

Transmission spectra for (—120) planes of Cs;Bi,Bry SC-1 and Cs;Bi,Bry SC-2. Insets are the oriented (—120) planes of Cs;Bi,Bry SC-1 and Cs;Bi,Br,

SC-2, respectively. (e) Resistivities for (—~120) planes of Cs;Bi,Bry SC-1 and Cs;Bi,Bry SC-2. (f) Crystal structure of Cs;Bi,Bry (the red atoms are Bi,
green atoms are Br, and blue atoms are Cs).
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cracks and in favoring the growth of high-quality
Cs;Bi,Bry SCs. Typically, a slower growth rate
(0.5mmh ") and cooling rate (4°C h') were adopted for
transparent and crack-free Cs;Bi,Bry SC-2 growth (bot-
tom photograph in Fig. 1b), while a growth rate of
3mmh ' and cooling rate of 15°Ch ' were adopted for
cracked Cs;Bi,Bry SC-1 (top photograph in Fig. 1b). The
powder XRD pattern of the polycrystalline Cs;Bi,Bry was
in good agreement with the pattern simulated from the
SC data (Fig. Sla). After growth, the finely polished plates
with a (—120) orientation (Fig. S1b) of Cs;Bi,Bry SCs were
further confirmed by the XRD patterns (Fig. 1c).

Fig. 1d shows the optical transmittance spectra of the
(=120) planes of Cs;Bi,Bry SC-1 and Cs;Bi,Bry SC-2 with
a thickness of 2 mm. They exhibit a wide transparent
range, from 0.3 to 18 um, without obvious absorptions.
The average transmittance of Cs;Bi,Br, SC-2, from 2 pm
to more than 18 pm, is approximately 80%, which is
greater than that of Cs;Bi,Bry SC-1 (~70%). In addition,
the ultraviolet absorption edges of the as-grown Cs;Bi,Br,
SC-1 and Cs;Bi,Bry SC-2, locate at 0.48 um, correspond-
ing to a bandgap of 2.57 eV (Fig. S2). Moreover, Fig. le
shows a higher resistivity for the (—120) plane of
Cs;Bi,Bry SC-2 (~6.8x10"" Q cm) compared with that of

Cs;Bi,Bry SC-1 (~5.1x10" Q cm). The high resistivity of
Cs;Bi,Bry SC-2 decreases the dark current and noise
current. TGA shows that Cs;Bi,Br, starts losing weight at
~500°C, and the weight decreases sharply after 598°C
(Fig. S3), which is consistent with the boiling of BiBr; and
sublimation of CsBr, respectively. Moreover, all inorganic
perovskite Cs;Bi,Bry SCs are considerably more thermally
stable than hybrid perovskites, such as MA;Bi,I, or
MA;Bi,Bry SCs [10].

Cs;Bi,Bry crystallizes in the trigonal system (P3ml
space group) at room temperature [10]; and its crystal
structure is illustrated in Fig. 1f. Layered perovskite
Cs;Bi,Bry can be viewed as a tripling of the traditional
perovskite unit cell in which only two-thirds of the oc-
tahedral positions are fully occupied. Corrugated layers
are composed of the rest of the octahedral sites, which
remain vacant and segregated to realize [BiBrg] octahe-
dral corner-sharing [30].

Owing to the 2D layered structure, a large thin
Cs;Bi,Br, SC slice perpendicular to the [001] orientation
can be easily split. The SEM image in Fig. 2a clearly shows
the lamination structure of the thin Cs;Bi,Bry SC slice.
According to the XPS results shown in Fig. 2b-d, the
separated spin-orbital components (A) of Cs (3ds,, 3ds,),
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(a) SEM image of the layered structure for a Cs;Bi,Bry SC. (b-d) XPS spectra of a Cs;Bi,Bry SC: (b) Cs 3d, (c) Bi 4f, and (d) Br 3d.
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Bi (4f,,, 4f;,,), and Br (3ds,, 3ds,) were 13.96, 5.35, and
1.06 eV, corresponding to the valences of +1, +3, and —1,
respectively [31]. Fig. S4 shows the XPS survey spectrum
of Cs;Bi,Bry SC. In addition, the ratio of Cs, Bi, and Br
was further confirmed by EDS, which revealed a ratio of
Cs:Bi:Br = 2.6:2.0:9.3, which is consistent with the stoi-
chiometric ratio of Cs;Bi,Bry (Fig. S5a). To study the
elemental distribution, EDS mapping measurements were
performed, and all elements of Cs, Bi, and Br were ob-
served and distributed uniformly on the surface of the
Cs;Bi,Bry SC (Fig. S5b-f).

Fig. 3a shows the ultraviolet-visible absorption spec-
trum and steady-state PL spectrum of the Cs;Bi,Br,
powder. The inset is the Tauc plot curve converted by the
Kubelka-Munk equation for the bandgap calculation [32].
The absorption spectrum of Cs;Bi,Bry exhibits a sharp
absorption edge at 479 nm, indicating a direct bandgap
feature. The corresponding bandgap of 2.61 eV is con-
sistent with that reported by Leng et al. [10], which is
slightly higher than the result calculated from the trans-
mittance spectrum (2.57 eV). The PL spectrum of melt-
grown Cs;Bi,Bry excited by 400 nm light reveals an
emission peak at 479 nm, which is consistent with the
absorption edge well. Moreover, our melt-grown
Cs;Bi,Bry SC also exhibits a shoulder peak at ~496 nm, as
mentioned for solution-grown Cs;Bi,Br, [10], which may
be related with the defects introduced by grinding.

As shown in Fig. 3b, the time-resolved PL spectrum
consists of three components. The short lifetime and in-
termediate components, which originate from the high
trap density near the crystal surface yield 7, = 0.627 ns
with 1.80% and 7, = 2.933 ns with 4.94%, respectively.
However, the long-lived component, which correlates
with the carrier recombination in defect-free bulk crystal,
yields 7; = 94.31 ns with 93.26%. The calculated average
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lifetime is 88.1 ns, which is significantly larger than that
of solution-grown Cs;Bi,Bry SC (15.9 ns), Cs;Bi,Br,
quantum dots (14.1 ns), and melt-grown CsPbBr; SC
(10.9 ns) [7,10]. This indicates that fewer defects exist in
the melt-grown crystals [33].

The carrier-transport property of the Cs;Bi,Bry SC was
determined for the first time using a space-charge limited
current (SCLC) measurement with a simple sandwich
structure of Au/Cs;Bi,Bry SC/Au. The current-voltage
(I-V") curve of the Cs;Bi,Bry SC device, as shown in the
inset of Fig. 4a, is divided into the Ohmic region (n = 1)
between 0 and 44 V, trap-filling (TFL, n >3) between 44
and 68 V, and the Child region (n = 2) between 68 and
100 V. The current from the SCLC region is primarily
moved by the injected charge carriers from the Au elec-
trode. Therefore, the current depends only on the carrier
mobility, which was calculated using the Mott-Gurney
theory as follows [34]:

8J (L3
= W[W] O

where yu is the carrier mobility and L is the length of the
conductive device channel, J and V are the dark current
density and applied voltage, respectively, and ¢, (average
value of 11.75 in Table S2) and ¢, are the relative di-
electric constant and vacuum permittivity, respectively.

The trap-state density (n,,,) can be extracted according
to the following equation:

2e,V;
Moy = sz T )

where V7 is the threshold voltage (44 V). A pair of gold
interdigital electrodes were deposited on each facet, with
a figure width of 150 um, as shown in Fig. S6. According

to the equation, a carrier mobility of 0.17 cm” V"' s was
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Figure 3 (a) Absorption and fluorescence emission spectra of Cs;Bi,Bry powder. Inset: Tauc plot showing the direct bandgap of 2.61 eV. (b) Time-

resolved PL decay and fitting curve of Cs;Bi,Br, sample.
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Figure 4 (a) Dark current-voltage characteristics of the (—120) plane measured using the SCLC method along the [010] direction. Inset: a sandwich
structure of Au/Cs;Bi,Bry SC/Au. (b) Time-dependent on-off photocurrents of the (—120) plane device at bias voltages of 5, 10, 20, and 30 V under

430 nm LD illumination.

derived along the [010] direction, which can be categor-
ized in the range of MAPDI; SC (0.61 em’ Vs [35],
(TMHD)BiBr; SC (0.21 cm® V ''s ') [11] and Cs,AgBiBr;
SC (smaller than 3.17 cm® V' 's ') [34]. The low mobility
may be attributed to the ‘zigzag’ chains constructed with
[BiBry] octahedra [21,36-38], which decreases the carrier
transport within the (—120) plane of the Cs;Bi,Bry SC. Shi
et al. [39] reported that the exciton binding energies (Ey)
of Cs;Bi,Br, and Cs,AgBiBrg were 322 and 85 meV, re-
spectively. The Ey of Cs;Bi,Br, is significantly higher than
that of Cs,AgBiBr,, which hinders the separation of ex-
citons and the transportation of carriers for the Cs;Bi,Br,
SC. The ,, of Cs;Bi,Bry is 9.7 x 10" cm°, which is
much smaller than that of (H,MDAP)Bil5 (1, = 3.6 x
10" cm™) [21] and falls in the range of that of Rb;Bi,l,
(Myap = 8.43x10" cm™) [24]. In addition, the mobility
lifetime (u7) is shown in Fig. S7. The ut product of the
Cs;Bi,Bry SC perpendicular to the (—120) plane is
3.73x10 ° cm’ V', which is slightly smaller than that of
Rb,Bi,I, (9.43x10 *cm’ V") [24].

From the wavelength-dependent current curve of the
(—120) plane (Fig. S8), we can observe that the current has
a maximum value at 430 nm. Thus, the optimal excitation
wavelength was determined to be 430 nm for the Cs;Bi,-
Br, SC device. Fig. 4b shows the time-dependent response
curves of the (—120) plane illuminated by a 430 nm LD
with a power density of 14.9 mW mm " at bias voltages of
5, 10, 20 and 30 V. The amperometric I-T curves de-
monstrate that the device can repeatedly produce stable
photocurrent signals in response to periodic switching of
the light. A dark current density of ~1.03 pA mm ~ was
obtained for a 30 V bias, which is significantly lower than
that of CsPbBr; (29 nA mm °) [7]. The ultra-low dark
current reflects the high resistivity (~6.8x10"" Q cm) of a
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melt-grown Cs;Bi,Bry SC with high purity. For a voltage
of 30V, the on-off ratio of the Cs;Bi,Bry, SC photo-
response device is higher than 150, which is larger than
that of other bismuth-based perovskites, such as Cs;BiBr;
and Cs;Bi,I, SCs [23,40] (Table S3).

The dark current and photocurrent of the (—120)
plane, dependent on voltage, are shown in Fig. S9. The I-
V curves, which represent good ohmic contact between
the Au electrode and Cs;Bi,Bry SC, exhibit typical linear
and symmetrical behaviors. The dark current was only
~1.029 pA mm ~ for the (—120) plane at a 20 V bias.
Moreover, the photocurrent steeply increases as the bias
voltage is enhanced from —20 to 20 V. As the power
density increased from 2.97 to 14.9 mW mm -, the
photocurrent increased from 28 to 190 pA at 20V
bias.

As shown in Fig. 5a, the attenuation efficiencies versus
thicknesses for a few representative semiconductors to
50 keV X-ray photons were calculated using the photon
cross-section database [41]. The Cs;Bi,Bry SC has a
stronger attenuation coefficient than that of most com-
mercial compounds. For example, the 1-mm-thick
Cs;Bi,Bry SC is sufficient to attenuate 98.1% of the in-
cident X-ray photons, compared with CdTe (99.4%),
MAPbBr; (90.6%), a-Se (87.0%), and Si (10.6%). Fig. S10a
shows the absorption coefficients of Cs;Bi,Br,, CdTe,
MAPDBr;, Si, and a-Se. Owing to the high-Z elements of
Cs, Bi, and Br, and the high density (4.7 gcm ),
Cs;Bi,Bry SC possesses a larger X-ray absorption coeffi-
cient than MAPDbBr;, commercial silicon, and a-Se, and is
similar to CdTe.

Fig. 5b shows the current responses versus the dose
rates of the Cs;Bi,Bry SC X-ray detector for 200 V. For an
X-ray dose decreasing from 5.499 to 0.786 mGys ', the
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Figure 5 (a) Attenuation efficiency versus thickness of a few representative semiconductors to 50 keV X-ray photons. (b) The photocurrent
responses for a voltage of 200 V and various dose rates of the Cs;Bi,Bry SC X-ray detector. Inset: the X-ray device with planar structure. (c) X-ray
sensitivity of the optimized Cs;Bi,Br, SC for different voltages. (d) Responses of CsPbBr; (top) and Cs;Bi,Br, (bottom) SC-based X-ray detectors; the

dose rate was set to 1.571 and 0.786 mGy s .

photocurrent (saturated current) linearly decreased
(Fig. S10b). Note that for the same voltage of 100 V, the
dark current density of the Cs;Bi,Bry detector is as low as
~17.8 pA mm °, which is significantly lower than that of
Rb;Bi,I, (~38.2 pA mm ) [24]. The ultra-low dark cur-
rent density induces lower noise and is also beneficial to
the wultra-low detection limit for X-ray detectors
[20,21,25]. The inset in Fig. 5b shows the device sche-
matic illustration of the (—120) plane with a pair of planar
structured Au electrodes.

The X-ray S can be calculated using the following
equation [42]:

Ipc _Idark

S:AX’

3)
where I,c and Iy, are the photocurrent and dark current
for the device, respectively; X is the X-ray dose, and A is
the effective area of the detector.

As shown in Fig. 5¢, the Cs;Bi,Bry SC X-ray detectors
obtained an $ of 54.3 uC Gy,;, ' cm - at a bias voltage of
5V, which further increased to 230.4 uC Gy, ' cm ~ as
the bias voltage increased to 200 V. The performance of
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Cs;Bi,Bry SC detector is superior to that of Rb;Bi,l,
(159 uC Gyai;1 cm °) [24] and is comparable to that of
BDAPbI, (242 uC Gyai;1 cm?) [8]. Moreover, the S
(230.4 uC Gy,;, ' cm *) is more than two times that of the
Cs,AgBiBrg SC (105 pC Gyai;1 cm ) [34], three times
that of the MAPbBr; SC (80 pC Gyai;l cm ?) [43], and
more than 11 times that of the a-Se SC detector
(20 uC Gyai;1 cm °) [44] (Table S4). Moreover, a verti-
cally structured Au/Cs;Bi,Bry SC/Au X-ray detector was
also manufactured, as shown in Fig. S1la. The two Au
electrodes were deposited onto the opposite (—120) plane.
Fig. S11b shows the photocurrent response under
100 V and various dose rates of the Cs;Bi,Bry, SC X-ray
detector. The S of the vertical structure Cs;Bi,Bry SC
device is 8.53 uC Gy, ' cm >, which was calculated by
fitting the slope of the line in Fig. Sllc. The X-ray re-
sponse S of the device with the coplanar structure was
181.2 uC Gy,;, ' cm ~, which is significantly higher than
that of the vertical structure (8.53 uC Gyai;1 cm °) under
the same testing conditions (voltage: 100 V). The S
(8.53 uC Gy,;, ' cm ) of the vertical structure is superior
to 4.2uC Gy,, 'cm  for the 2D double perovskite
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(BA),CsAgBiBr, SC [20], 1uC Gy, cm’ for the
(H,MDAP)Bil; SC [21], 0.8 uC Gy, cm > for the
(CPA),AgBiBry SC [45], and 7.5 uC Gy,;, ' cm ° for the
Cd(Zn)Te SC X-ray detectors [42], which indicates the
potential application for X-ray imaging [44] (Table S4).
The planar structure device (electric field parallel to the
(—120) plane) possesses a higher S than the vertically
structured device (electric field perpendicular to the
(—120) plane), owing to anisotropic charge transport.
Thus, when the (—=120) plane of the Cs;Bi,Bry SC was
irradiated by X-rays, the charge transport benefitted from
the planar structure instead of the vertical structure.

Fig. 5d shows the baseline (dark current) of a vertically
structured Au/Cs;Bi,Bry SC/Au X-ray detector device,
which does not exhibit any drift in the photocurrent re-
sponse measurement, even for a high voltage of 50 V. In
comparison, for the same voltage, the dark current
baseline shift of a vertically structured Au/CsPbBr; SC/Au
X-ray detector device for the photocurrent response
measurement is severe. Typically, the baseline drift is
related to the ionic migration of halide perovskites, which
is detrimental to the long-term stability of the device
properties. In particular, a high voltage typically damages
the ordered structure and causes a structural distortion of
the crystal materials, resulting in photocurrent decay,
hysteresis, and baseline drift [25,46,47]. The utilization of
low-dimension perovskites is a promising strategy to
overcome the ionic motion of crystal materials, and many
low-dimensional lead- and bismuth-halide perovskites,
such as Rb;Bi,I, SC (2D), (PEA),Pbl, SC (2D), MA,Bi,,
SC (0D), and (NH,);Bi,I, SC (2D), exhibit larger ionic
motion activation energies than the conventional related
3D perovskites [4,25,48]. Therefore, we hypothesize that
the no-drift baseline of the Cs;Bi,Br, SC revealed the
weak ionic migration feature.

CONCLUSIONS

In summary, high-quality transparent bismuth-halide
perovskite Cs;Bi,Bry SCs with a diameter of 12 mm and
the length of 40 mm were grown using the modified
Bridgman method. The crystal exhibits good thermal
stability, as high as 500°C, and an ultra-wide transmit-
tance range, from 0.48 um to more than 18 um. The
carrier mobility of the Cs;Bi,Br, SC along the [010] or-
ientation is 0.17 cm” V' s ', and the Mirap 18 9.7%x10" cm .
Remarkably, the superior X-ray S of 230.4 uC Gy,;,  cm
and the ultra-low and no-drift dark current density of
~17.8 pA mm  indicate that the Cs;Bi,Bry SC is a pro-
mising candidate for X-ray medical imaging and security
screening applications.
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