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ABSTRACT: The synthesis, crystal growth, and structural
and optoelectronic characterization has been carried out for
the perovskite compound CsPbBr;. This compound is a direct
band gap semiconductor which meets most of the require-
ments for successful detection of X- and y-ray radiation, such
as high attenuation, high resistivity, and significant photo-
conductivity response, with detector resolution comparable to
that of commercial, state-of-the-art materials. A structural
phase transition which occurs during crystal growth at higher
temperature does not seem to affect its crystal quality. Its puz

product for both hole and electron carriers is approximately equal.
telluride (CZT) and that for holes is 10 times higher than CZT.

X— and y-ray detectors operating at room temperature
constitute an important aspect of the current techno-
logical era, since the need for radiation detection is becoming
increasingly important not only for scientific purposes but also
for applications related to the welfare of modern society, such
as nuclear medicine imaging, environmental radioactivity
monitoring, and spacecraft and national security equipment
to name a few." Semiconductors are materials of great interest
for the manufacture of X- and y-ray radiation detectors because
they promise high spectral resolution and high sensitivity. Such
materials have intrinsically large energy gap (Eg), in the range of
1.6—3.0 eV, which reduces the spectral noise arising from
thermally activated carrier “hopping” (dark current). Additional
major material requirements are high resistivity, of the order of
GQ cm or higher, and a high attenuation coefficient, which is
achieved in compounds containing high atomic number
elements. Generally, it is a challenge to identify such materials
because most heavy metal semiconducting compounds tend to
possess narrow energy gaps. The leading detector material is
the CdyyZny;Te (CZT) composition of the Cd,_,Zn,Te solid
solution, which has an E, of 1.65 eV, a high density, and a high
resistivity. These properties are expressed by the so-called
figure of merit of detector materials, namely the mobility
lifetime product (u7), as obtained from photoconductivity
measurements. Typical u values for CZT are close to 1 X 1073
cm’/V, although values as high as 107> cm?/V have been
reported. b2 " Another promising set of compounds for
detector applications, currently under development, is the
binary compound TIBr and the related TIBr,_,I, solid solution
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The uz product for electrons is comparable to cadmium zinc

which display some advantages over CZT, such as higher
density and simpler crystal growth conditions.” Optimized yuz
values for T1Br together with CZT lie in the 1073 cm?/V region,
which is the benchmark for radiation detection. However,
crystal growth of CZT has been known to be problematic due
to its solid solution nature, which generates inhomogeneity in
composition, as well as the formation of Te precipitates during
crystal growth.”® TIBr is very soft and tends to suffer from
polarization effects.*

Following our ongoing interest in discovering alternative
compounds suitable for high energy radiation detection,” we
turned our attention to heavy metal semiconductors which
favor a wide band gap, such as chalcogenides,>>~°
chalcohalides,*®® and halides. In general, binary halide
compounds despite their promising optoelectronic properties
have not yet succeeded as detector materials due to their poor
mechanical properties and low y7. Layered compounds such as
PbL,” and Bil,® readily deform on application of pressure due to
the van der Waals gap between the layers, generating defects
and dislocations which negatively impact the detector perform-
ance. Another promising compound, Hgl,, suffers from a
structural phase transition at relatively low temperatures and
precludes the growth of large single crystals.” Here, we report
on CsPbBr;, a compound with better mechanical stability and
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favorable optoelectronic properties. This compound crystallizes
in the three-dimensional (3D) perovskite structural type, thus
lacking van der Waals gaps. Additionally, the linear attenuation
coefficient, calculated using the XCOM application by NIST,"
is comparable to CZT throughout the high-energy radiation
spectrum (Figure 1).
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Figure 1. Calculated attenuation coeflicients for CZT and CsPbBr; in
the 1—-1000 keV energy range.

The properties of CsPbBr; have been studied more than 50
years ago, ' but this material has not been examined as a
possible X-ray and y-ray detector. Nevertheless, it has
subsequently attracted much interest because of its unusual
structural,'? optical,13 electronic,'* and charge transport15
properties. The present work is focused on synthesis and
crystal growth of CsPbBr; and characterization of its
fundamental photoconductivity properties in order to evaluate
the eligibility of the compound as a detector. Here, we
demonstrate X-ray photoresponse observed from a Ag radiation
source.

CsPbBr; crystallizes in the orthorhombic (Pnma) space
group, adopting a distorted perovskite structure, as determined
by the single-crystal diffraction at room temperature,'® where
the {PbBrg}*” octahedra are tilted with respect to the
orthogonal geometry of the ideal perovskite structure (Figure
2a). The distortion occurs through two successive phase
transitions at 88 and 130 °C, transforming the crystal structure
to tetragonal (P4/mbm) and cubic (Pm-3m), respectively. An
immediate effect of the structural transition is the formation of
pseudomerohedral twin domains, which is detected by single-
crystal structural refinement'” and typically occurs along the
[010] crystallographic direction. Twinning is also supported by
spectroscopic measurements where the phonon absorption
corresponding to the Pb—Br vibrations displays a broad
distribution (Figure S1 of the Supporting Information). The
phase transitions were studied using temperature-dependent
high-resolution X-ray powder diffraction, where the changes in
the crystal symmetry were structurally refined (Figure 2b).'®
The thermal expansion and the branching of the lattice
parameters were thus determined. The volumetric expansion
increases linearly with temperature, unaffected by the phase
transitions, producing a value of 1.2 X 107 K™' for the thermal
expansion coefficient (Figure 2c). On the other hand, the
individual lattice parameters show a nonlinear expansion
(Figure 2d), in excellent agreement with previously reported
results.'”® In order to better represent the changes in the unit
cell along the crystallographic ¢ axis, the space group was
transformed to Pbnm from Pnma by simple rearrangement of
the crystallographic axes.

CsPbBr; is readily prepared by reacting equimolar amounts
of CsBr and PbBr, in a sealed fused silica ampule at 600 °C or
by mixing equimolar solutions of PbBr, and CsBr in
concentrated aqueous hydrobromic acid [48% HBr(aq)],
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Figure 2. (a) Crystal structure of CsPbBr; in the Pbnm space group modification. (b) Temperature-dependence powder diffraction study of CsPbBr;
using a synchrotron radiation of 4 = 0.41361 A. (c) Volumetric expansion of CsPbBr; as a function of temperature. (d) Branching of the lattice

parameters for CsPbBr; as a function of temperature.
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Figure 3. (a) Photograph of the single-crystal specimens CsPbBr;-1 and CsPbBr;-2. (b) DTA plot of CsPbBr; showing the crystallization/melting.
Inset: magnification of the 120—140 K region of the DTA graph showing the thermal response of the cubic-to-tetragonal phase transition and (c) the
recorded powder patterns before and after the thermal treatment, showing identical diffraction.
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Figure 4. (a) Single-crystal transmission spectrum of CsPbBr;. (b) Diffuse reflectance spectrum of a polycrystalline sample of CsPbBr;. (c) PL
emission spectrum of a single crystal of CsPbBr; as a function of temperature. (d) A photograph of the strong PL emission of a CsPbBr; specimen at
46 K. The PL-emission intensity dependence on the excitation beam intensity plotted vs (e) incident power and (f) energy, respectively, at 46 K for
the same specimen of CsPbBr; shown in (d).

respectively. Crystal growth of a 7 mm diameter crystal ingot zone furnace, for a translation speed of 10.0 mm/h for a set
was achieved by the vertical Bridgman method using a three- temperature profile (Figure S2 of the Supporting Information).
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Figure 5. Photoconductivity data from samples of CsPbBr; (p & 1.42 GQ cm) for (a) electrons and (b) holes. The fitting of the data is based on the
Many equation. (c, d) Electron lifetime measured for CsPbBr;-1, using a load resistor and a current amplifier setup.

A typical charge of 6 g CsPbBr; was loaded in a 9 mm o.d.
fused silica ampule and sealed under a 10™* mbar pressure. The
compound melts at ~567 °C and crystallizes at ~514 °C, as
determined by differential thermal analysis (DTA) experiments.
The compound melts congruently as confirmed by X-ray
diffraction and DTA results (Figure 3, panels b and c). Of the
two-phase transitions, only the one at 130 °C is resolved, which
suggests that the tetragonal-to-cubic phase transition is a first
order, whereas the orthorhombic-to-tetragonal one is a second
order. The transition is reversible and as shown below it
appears to have no impact on crystal quality or any of its
properties.

Two individually grown crystal batches were investigated
where CsPbBr; was prepared using commercially available SN
grade PbBr, (CsPbBrs-1) and freshly precipitated and dried
PbBr, (CsPbBr;-2) (obtained from mixing aqueous solutions of
Pb(NO;), and KBr in a stoichiometric ratio). CsBr was of S N
purity in both cases. Specimens for characterization were
prepared by cutting the grown crystals obtained by the
procedure above and polished and etched in concentrated
HBr. Resistivity measurements were initially used to evaluate
the quality/purity of the crystals. The measurements were
conducted in a guarded setup which minimized leakage current
by application of voltage (up to 300 V) on the parallel faces of
the coins using a spring-loaded sample holder. The sample
CsPbBr;-1 displayed a resistivity of ~1 GQ cm, which is close
to that of its previously reported value, whereas CsPbBr;-2
displayed a much larger resistivity of 343 G cm. Photographs
and the I-V plots of the processed specimens are shown in
Figure 3a and Figure S3 of the Supporting Information,
respectively.

2725

Optical absorption and emission properties for CsPbBr; were
studied as a part of our assessment as a detector material.
Absorption spectra recorded in an etched and polished single-
crystal specimen in transmission mode (Figure 4a) and in a
powdered polycrystalline sample of CsPbBr; in diffuse
reflectance mode (Figure 4b) show similar behavior, suggesting
that the compound is a direct band gap semiconductor with E,
= 2.25 eV at room temperature. Band structure calculations for
the orthorhombic, ambient temperature phase (Figure S4 of
the Supporting Information), as well as previously reported
calculations for the cubic, high-temperature phase confirm the
direct nature of the band gap.l‘“"19 The effective mass, m,,of the
carriers was calculated to be 0.23m, for both holes and
electrons at room temperature (orthorhombic phase). A
detailed analysis of the theoretical calculation will be reported
elsewhere. The extra feature of the diffuse reflectance spectrum
is associated with strongly bound excitons present in the
material. This becomes evident upon collection of the emission
spectra (cw He—Cd laser, 325 nm) of CsPbBr;, where a green
photoluminescence (PL) emission results from two different
wavelengths. At 46 K, two emission peaks are observed at 2.29
and 2.31 eV, respectively. The PL dependence, measured as a
function of temperature, shows a dramatic increase in PL
intensity starting with a weak signal at room temperature to a
very bright one at 46 K (Figure 4, panels c and d). The origin of
the PL emission was tracked down by means of power
dependence measurements by varying the optical density
(transmittance) of the excitation beam at 46 K, where the
highest PL intensity is observed (Figure 4, panels e and f).
Analysis of the PL peak intensity (I) versus incident beam
intensity (F) displays a power law dependence (I a F") for both
the 2.29 and the 2.31 eV peaks. The value of the exponential
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coeflicient y lies between 1 < y < 2, which is indicative of PL-
emission through strongly bound excitons.*

Photoconductivity measurements on CsPbBr; (specimen
CsPbBr;-1) suggest it to be a highly photoresponsive material,
as expressed by the pr product, extracted using the Many
equation.”' The estimated 7 product is 1.7 X 10~ cm?/V and
1.3 X 107 cm?/V for electrons and holes, respectively (Figure
S, panels a and b). These are remarkably high u7 values and are
consistent with the theoretical calculations which predict small
and equal effective mass for both charge carriers, implying high
mobilities in this material. These values are comparable to those
of the commercially available CZT [in this case, electrons have
a high (ut),, while holes have a significantly lower (u7),] or the
emerging binary compound TIBr, and thus CsPbBr; may be a
promising candidate for y-ray detection. Moreover, the fact that
both electrons and holes have y7 products of the same order of
magnitude renders their incorporation into devices much more
feasible since no special engineering methodologies are
required for patching mismatches between holes and carriers.**
The origin of such high u7 products of CsPbBr; was sought by
measuring the relaxation time of the minority carriers, which in
this case are the electrons. A very high relaxation time is
observed, of the order of a few microseconds. The measure-
ment was carried out consistently using two independent
experimental setups producing almost identical values of ~2.5
us (Figure S, panels c and d). This number also implies that the
mobility of electrons in CsPbBr; is about 1000 cm?/(V s),
which is comparable to that of Si.>> Both y, and 7, values are
very much comparable with those from the recent measure-
ments on CZT, using the transient pulse technique.”*

On the basis of the photoconductivity results, we performed
a direct evaluation of the material as a detector. For this
purpose, an unfiltered Ag radiation source (4 = 0.5742 A, 21.59
keV) was employed. The power settings used were 40 kV/18
mA (0.72 kW). The measurement was carried out by
employing a positive bias of 450 V and exposing the sample
(specimen CsPbBr;-2, 2.1 mm thick 7 mm diameter) in the
beam path for 15 min. A sample of commercial CZT (5 X S X 5
mm?® cube) was exposed to the beam under the same bias for 5
min. Preliminary results indicate that CsPbBr; has a significant
X-ray response, displaying a signal resolution equivalent to that
of CZT, being able to resolve the K, and Kj; peaks. The
sensitivity of the response corresponds to approximately 1% of
the commercial CZT detector (Figure SS of the Supporting
Information).

In conclusion, we propose CsPbBr; as a promising candidate
material for X- and y-ray radiation detection. This compound is
a direct band gap semiconductor which meets most of the
requirements for successful detection, such as high attenuation,
high resistivity, and significant photoconductivity response,
with resolution comparable to that of commercial, state-of-the-
art materials. A structural phase transition, which occurs during
crystal growth, does not seem to affect its crystal quality. Its yr
product, a property that facilitates charge collection, is
approximately equal for both hole and electron carriers,
which could make it easy to fabricate a practical room
temperature detector.

B ASSOCIATED CONTENT

© Supporting Information

Synthesis, crystal growth, and processing of CsPbBr;, photo-
luminescence and photoconductivity measurements, charge
transport and detector properties; IR and Raman spectra

2726

(Figure S1), furnace temperature profile (Figure S2), I-V
characteristic plots (Figure S3), band structure calculations
(Figure S4) and the X-ray spectrum of CsPbBr; (vs CZT)
(Figure SS). A cif file of the orthorhombsic structure is included.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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