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Abstract: Recently, metal halides have shown great potential for applications such as solar
energy harvesting, light emission, and ionizing radiation detection. In this work, we report the
preparation, structural, thermal, and electronic properties of a new zero-dimensional (0D) halide
(TEP)InBr4 (where TEP is tetraethylphosphonium organic cation, CgH,oP*). (TEP)InBr, single crystals
are obtained within a few days of continuous crystal growth time via a solution growth methodology.
(TEP)InBr4 shows a relatively large optical bandgap energy of 4.32 eV and a low thermal conductivity
between 0.33+0.05 and 0.45+0.07 W/m-K. Based on the density functional theory (DFT) calculations,
the highest occupied molecular orbitals (HOMOs) of (TEP)InBr, are dominated by the Br states, while
the lowest unoccupied molecular orbitals (LUMOs) are constituted by both In and Br states. (TEP)InBr,
single crystals exhibit a semiconductor resistivity of 1.73x10'® Q-cm and a mobility-lifetime (mu-tau)
product of 2.07x10-5 cm?/V. Finally, a prototype (TEP)InBr, single crystal-based X-ray detector with a
detection sensitivity of 569.85 uCGy-'cm (at electrical field E=100 V/mm) was fabricated, indicating
the potential use of (TEP)InBr, for radiation detection applications.

1. Introduction

In the past decade, semiconductor materials such as cadmium zinc telluride (CZT) and gallium
oxide Ga,03 have been studied for X-ray and gamma-ray photon detection applications [1, 2]. Despite
the success achieved so far, a few issues, such as high concentrations of Te inclusions and poor hole
charge transport properties in CZT crystals [3, 4] have not been fully addressed. Recently, three-
dimensional (3D) halide perovskites with the general chemical formula of ABX; (where A=Cs*, MAY,
FA*; B=Pb2*; X=I, Br, CI) and their structural derivatives have been investigated as promising
alternatives for optoelectronic applications such as ionizing radiation detection, solid-state lighting and
solar energy harvesting [5, 6, 7]. This new class of semiconducting materials possess outstanding
characteristics including high charge carrier mobility, sufficiently long carrier lifetime, tunable bandgap
energy, low density of trap states, and high detection sensitivity for X-ray photons, which enable their
use in radiation detection [8, 9]. Moreover, metal halides can be obtained from room temperature wet
chemistry reactions, leading to a much simpler and lower cost processing compared to the traditional
melt growth methods used for CZT single crystals.

Among the investigated halide perovskite semiconductors for radiation detection applications,
3D materials such as methylammonium lead iodide (MAPDbI3) [9], formamidinium lead bromide
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(FAPbBr3) [10], and cesium lead bromide (CsPbBr;) [11] have shown promising performances.
However, the toxicity of lead to the environment poses further development challenges for these 3D
compounds [12, 13]. In the meantime, the polarization issue, a known phenomenon in halide-based
semiconductors, including thallium bromide (TIBr) [14], also needs to be addressed appropriately.
Lower-dimensional lead-free perovskite derivatives such as two-dimensional (2D) layered, one-
dimensional (1D) chain and 0D cluster halides have greater chemical and structural tunability, which
could offer ways to mitigate the polarization issue [15]. Among the broader metal halide family, few 0D
metal halides have been investigated for semiconducting X-ray detection (e.g., MA;3Bislg and
(DPA),Bilg) [16, 17], the inclusion of toxic Bi and | in these materials, however, requires further
attention. It is thus of interest to explore other nontoxic OD halides to fully reveal their potential for
semiconductor radiation detector applications.

In this work, we report the synthesis, optical, thermal, and electronic properties of a new metal
halide (TEP)InBrs. The OD crystal structure of (TEP)InBr, features isolated molecular TEP* cations
and [InBr,]- tetrahedral anions. Millimeter-sized single crystals of (TEP)InBr4 can be obtained within a
few days using a methanol (MeOH) solution growth method. The obtained crystals display relatively
good air stability for at least a few days, which, however, show a crystallinity loss over weeks of air
storage. Computational results for (TEP)InBr, indicate that it is a direct bandgap semiconductor. It has
a relatively large bandgap energy of 4.32 eV as determined by optical spectroscopy experiments. To
evaluate the X-ray response of this material, a prototype X-ray radiation detector using a (TEP)InBr,
single crystal was fabricated; the detector showed a signal-to-noise ratio ~2860 to soft 8 keV X-rays
with a detection sensitivity of 569.85 uCGy-'cm2 (at electric field E=100 V/mm).

2. Experimental
2.1 Single crystal growth
Reactants tetraethylphosphonium bromide (CgH,oPBr, TEPBr) and indium bromide (InBrz) were

purchased from commercial vendors TCl and Sigma-Aldrich, respectively, and were used as received.
For (TEP)InBr, crystal growth, 0.5 mmol TEPBr and 0.5 mmol InBrs (molar ratio 1:1) were loaded into
a 20 mL glass scintillation vial, then 8 mL methanol (MeOH) was added to dissolve the starting
chemicals under continuous stirring at room temperature. The vial was then left uncapped at room
temperature in open air for slow evaporation. After a few days of continuous growth time, mm-sized
and colorless (TEP)InBr, single crystals can be harvested on the bottom of the vial. Crystal growth
experiments were also carried out using different molar ratios of 2:1, 3:1, and 4:1, respectively (0.5
mmol, 0.75 mmol, 0.1 mmol respectively for TEPBr and 0.5 mmol InBr3). All these reactions produced
only (TEP)InBr4, as confirmed by the measured powder X-ray diffraction data (see Fig. S1, Supporting
Information (SI)). However, there were variations in the crystal quality and size depending on the
loading ratios and evaporation rates. The best quality crystals from the stoichiometric reactions with
1:1 loading ratio were selected for property characterizations.

2.2 Single crystal and powder X-ray diffraction measurements
Single crystal X-ray diffraction (SCXRD) measurements were performed using a Bruker D8
Quest Kappa-geometry diffractometer with an Incoatec IuS microfocus Mo Ka X-ray source and a
Photon 1l area detector. The structure was solved by intrinsic phasing methods (SHELXT) as
embedded in the APEX3 v2015.5-2 program. Details of the single crystal data and structure refinement
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parameters are in Table 1. Additional information can be obtained in the form of a CIF file, which can
be found in the Cambridge Crystallographic Data Centre (CCDC) database (deposition number
2285870). For powder XRD measurements, a (TEP)InBr, single crystal was first powdered using a
mortar pestle. The powder was then loaded to a Rigaku MiniFlex600 instrument equipped with Ni-
filtered Cu Ka X-ray source. Powder XRD scans were performed using a step size of 0.02°.

2.3 Diffuse reflectance
Diffuse reflectance data were collected using a PerkinElmer Lambda 750 UV-Vis-NIR
spectrometer equipped with a 100 mm Spectralon InGaAs Integrating Sphere detector. The data were

transformed to Kubelka-Munk function F(R) using F(R) = Q/S = (1— R)?/2R, where a is the absorption

coefficient, S is the scattering coefficient, and R is the reflectance.

2.4 Differential scanning calorimetry (DSC)-thermogravimetric analysis (TGA)
DSC-TGA measurements were performed using TA Discovery SDT650 on ~6 mg (TEP)InBr,
powder samples. The measurement was performed from 30 °C to 300 °C under inert nitrogen gas flow
(flow rate of 100 mL/min) with a heating rate of 10 °C/min.

2.5 Device fabrication, electronic characterization, and X-ray radiation response testing

To measure the electrical properties and X-ray radiation response characteristics of (TEP)InBry,
fast drying silver paste (purchased from Ted Pella, Inc.) was brushed onto two opposite sides of the
selected single crystal samples. The crystal was then used for electronic measurements and X-ray
response tests using the Keithley 6487 pico-ammeter. For mobility-lifetime (mu-tau) measurements, a
mini-X2 tungsten X-ray tube (purchased from Amptek Inc.) was used as excitation source. For X-ray
detection sensitivity measurement and response testing, the fabricated single crystal-based prototype
detector was exposed to soft 8 keV X-rays, which are produced from the Rigaku MicroMax 007HF
microfocus X-ray generator that is equipped with a Cu target. The X-ray dose rate was calibrated using
a commercial dosimeter (451B lonization Chamber Survey Meter, Fluke Biomedical).

2.6 Frequency domain thermoreflectance (FDTR) measurement

FDTR pump-probe technique (a well-established method) was adopted to determine the thermal
conductivity and specific heat of (TEP)InBr, single crystals. To prepare the sample for FDTR
measurement, a (TEP)InBr, crystal was first selected and coated with ~100 nm thick gold (Au) thin
film. Thin film deposition process was achieved by using the Lesker Nano36 thermal evaporator (part
of the Microfabrication Research & Education Center at the University of Oklahoma) to evaporate the
gold pellet (purchased from Kurt J. Lesker Company, 99% purity). The deposited single crystal was
then carefully placed on a glass substrate using double-sided carbon tape for FDTR measurement.

2.7 Computational methods

The computational studies were performed with DFT [18] as implemented in the SIESTA code
[19, 20], with curated norm-conserving pseudopotentials obtained from the Pseudo-Dojo database
[21]. We used the generalized gradient approximation by Perdew Burke Ernzerhof [22] for the
exchange-correlation functional. The cutoff energy used for the atomic relaxations was 175 Ry, and
we sampled the Brillouin zone (BZ) using a 6 x 6 x 6 Monkhorst-Pack grid [23]. The experimentally
obtained crystal lattice parameters were used in the calculations. At the same time, the optimal atomic
positions were found using the conjugate gradient method until all atomic force components were less
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than 0.035 eV/A. The electronic band structure and projected density of states (PDOS) calculations
used the relaxed coordinates and a 12 x 12 x 12 Monkhorst-Pack grid for a finer sampling of the BZ.
The PDOS calculation also made use of a Gaussian broadening of 0.1 eV.

3. Results and Discussion

a

Figure 1. (a) Crystal structure of (TEP)InBr, viewed down the c-axis. Hydrogen atoms of the organic
cation CgHyoP* (TEP*) are omitted for clarity. (TEP)InBr, contains isolated TEP* cations and
tetrahedral [InBr4]- anions in its 0D structure. (b) However, the [InBr,] anions are packed closely with
inter-tetrahedra distances of ~4 A.

(TEP)InBr,4 crystallizes in the hexagonal space group P63 (see Table 1). The 0D crystal structure
of this compound contains molecular tetrahedral [InBr,] anions that are isolated by bulky organic TEP*
cations (see Fig. 1). The [InBr,] tetrahedra show only a small distortion with the In — Br bond lengths
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ranging from 2.498(2) A to 2.508(5) A and Br — In — Br bond angles ranging from 107.25(7) to 112.00(7)°
(Table S2). Polyhedral distortions in metal halides are most typically attributed to electronic effects
such as the presence of stereoactive ns? lone pair electrons, which does not apply in the case of In3*
with [Kr] 4d'0 5s° electronic configuration. The observed bond lengths in [InBry]- are similar to that of
the other indium bromides containing tetrahedral In3* [24, 25] and are close to the sum of Shannon
ionic radii for tetrahedral In3* and Br- ions, which is 2.58 A [25]. Although (TEP)InBr, nominally has a
0D crystal structure, the separation between neighboring [InBr,]- tetrahedra is small, the inter-
tetrahedra Br — Br distances are 3.893 A and 4.133 A along the c- and b-axes, respectively (see Fig.
1b). These values are close to twice of the Shannon ionic radius for Br, which is 3.92 A, and are
comparable to the measured intra-tetrahedra (within [InBr4]") Br-Br distance of 4.097 A. Therefore, in
contrast to the 0D crystal structure dimensionality of (TEP)InBr,, its electronic structure may not be
low-dimensional as band dispersion is expected due to the close packing of halide ions. This is
reminiscent of the band dispersion observed for B-site deficient 0D perovskites A,BX; [26, 27].

Table 1. Single crystal data and structure refinement parameters for (TEP)InBr,.

Formula (TEP)InBr,
Formula weight (g/mol) 581.67
Temperature (K) 100(2)
Wavelength (A) 0.71073
Crystal system Hexagonal
Space group P63
z 18
Unit cell parameters a=25.5634(17) A
b =25.5634(17) A
c=13.7289(11) A
a=90°
B=90°
y =120°
Volume (A3) 7769.7(12)
Density (g/cm?3) 2.238
Absorption coefficient (u) (mm'1) 10.690
Ghin = Omax (°) 2177 t0 28.794
Reflections collected 103701
Independent reflections 13430
Ra indi |>20(] R1 =0.0428
indices (/> 20(/)) WR; = 0.1069
Goodness-of-fit on F? 1.002

Largest diff. peak and hole (e /A%) 1.144 and -1.222

Our synthetic efforts suggest that (TEP)InBr, may be the only compound in the pseudo-binary
TEPBr — InBr; system. The variations of reactant loading ratios did not yield any other products, unlike
the related methylammonium bromide (MABr) and InBr; system [24]; in the case of the MABr — InBr;
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system, In3* forms either tetrahedral [InBr,] as in MAInBr,4, octahedral [InBrg]*- as in MA4InBr7 or both
[InBr,4]- and [InBrg]*- as is the case for MA,InBrs. In the present case, loading excess TEPBr does not
lead to an increase in coordination number of In3* from tetrahedral to octahedral, suggesting the
structure-directing impact of the specific organic cation choice (e.g., H-bonding, steric influences, etc.)
on the coordination environment preference of indium(lll). Irrespective of the TEPBr:InBrs loading ratio,
the utilized preparation method results in phase pure samples as confirmed by powder X-ray diffraction
(PXRD) measurements (Figs. 2a and S1). Periodic PXRD measurements were further carried out over
a period of two weeks to evaluate the stability of (TEP)InBr, in ambient air. Based on PXRD data, a
slight decrease in peak intensities was recorded within days, indicating a crystallinity loss of (TEP)InBr,
in ambient air (Fig. S2). In addition, thermal stability of (TEP)InBr, was assessed through simultaneous
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) measurements on
(TEP)InBr, powder samples (Fig. 2b). The DSC heating curve shows two features at T=163.78 °C and
T=236.15 °C. These two features are reversible as confirmed by the cooling cycle with the
corresponding features at T=145.88 °C and T=224.41 °C, respectively. These results suggest that the
features could either be congruent melting or structural phase transitions. A further melting point test
using MEL-TEMP (Laboratory Devices Inc, USA) confirmed that (TEP)InBr, melts at 236.15 °C, while
163.78 °C is assigned to a structural transition. In addition to DSC-TGA, we further carried out
frequency domain thermoreflectance measurements (Fig. S3). The measured FDTR data was fitted
using a 2D diffusion thermal model to extract the thermal conductivity and specific heat values of
(TEP)InBr4. The thermal conductivity was determined to be between 0.33+0.05 and 0.45+0.07 W/(m-
K), while the specific heat for (TEP)InBr, is between 682 and 909 J/(kg-K). The obtained low thermal
conductivity here for (TEP)InBr, is consistent with the results for other low-dimensional metal halides,
including 0.1 W/(m-K) for 2D Rb,sAg,BiBrg [28], 0.11 W/(m-K) for 2D hybrid perovskite BA,MA3Pbyl 3
(BA=butylammonium) [29], and < 0.1 W/(m-K) for OD Cs3Cus.ls [30]. Based on these results, potential
practical applications of (TEP)InBr, would need addressing its air sensitivity (e.g., via encapsulation)
and thermal characteristics (applications at around room temperature).
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Figure 2. (a) The room temperature PXRD pattern (lex,) for (TEP)InBr, fitted using the Pawley
method (l.4). (b) Simultaneous differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) measurement results for (TEP)InBr,. (c) A pseudo-absorbance plot obtained using
the diffuse reflectance data for a powdered (TEP)InBr, sample. (d) (TEP)InBr4 has a large optical
bandgap of 4.32 eV based on the fit of a Tauc plot assuming a direct bandgap.

To understand the optical and electronic properties of (TEP)InBry, we carried out diffuse
reflectance and X-ray detection measurements using the as-grown (TEP)InBr, single crystals. Fig. 2c
and 2d show the results of diffuse reflectance spectroscopy measurements. As expected for colorless
crystals, (TEP)InBr4 has a relatively large optical bandgap energy of 4.32 eV, which was obtained from
a Tauc plot for a direct bandgap material. Moreover, to understand the potential of (TEP)InBr, for X-
ray detection, we performed current-voltage (I-V) measurements to determine the semiconductor
resistivity and the density of trap states in the as-grown (TEP)InBr, single crystals (see Fig. 3). For
soft X-rays produced from an X-ray diffractometer (Cu target, E,,4=8 keV), the solution-grown 1 mm
thick (TEP)InBr, single crystals are more than sufficient to achieve 100% photon attenuation (Fig. 3a).
I-V measurement in Fig. 3b shows that (TEP)InBr4 has a semiconductor resistivity of 1.72x10'3 Q-cm
(also see Fig. S4 and Table S3 for the measured variation in resistivity from sample to sample), which
is sufficiently high for reducing the detector leakage current to perform sensitive X-ray ionizing
radiation detection. The density of trap levels in as-grown bulk (TEP)InBr, single crystals is measured
using the space-charge-limited-current (SCLC) method (shown in Fig. 3c) and estimated using the

formula below [31],
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where nyp is the density of trap states, € is the dielectric constant (= 9.56), g is the vacuum permittivity,
e is the electronic charge, L is the crystal thickness, and Vg, is the onset voltage of the trap-filled-
limited (TFL) regime. The density of trap levels of as-grown (TEP)InBr, single crystals is determined
to be 2.23x10"" cm3, which is comparable to that for 3D double perovskites Cs,AgBiBrg (3.85%1010
cm-3), 2D Rb;Ag-BiBrg (3.33x10'0 cm-3), and 1D CsCus,l3 (2.77x10'" cm3) [28, 32, 33]. In addition, for
semiconductor radiation detector applications, the mobility-lifetime (mu-tau or ut) product serves as
an important figure-of-merit. Here, we determined the mu-tau product in (TEP)InBr,4 single crystals
according to the modified Hecht model or Many’s equation below (Fig. 3d) [34],

12

Toptvl —exp (=)

I="p =
Vu

where | is the X-ray induced photocurrent, |y is the saturated current, u is the carrier mobility, T is the

carrier lifetime, L is again the crystal thickness (=0.1 cm), s is the surface recombination velocity, and

V is the detector bias voltage. The determined mu-tau product is 2.07x10° cm?/V, which is lower than

that for 1D CsPbl; single crystals (3.63x10-3 cm?/V) [35]; however, the obtained value is comparable

to that of amorphous silicon (107 cm?/V) [36] and thallium lead iodide (3.43x10-5 cm?/V) [37] used for

sensitive X-ray detection applications.
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Figure 3. (a) Plot of the absorption efficiency vs. thickness for (TEP)InBr,, 3D double perovskite
Cs,AgBiBrg, silicon, and cadmium telluride (CdTe) under 8 keV soft X-rays to obtain the material
thickness required for photon attenuation. (b) Current-voltage (I-V) measurement used to determine
the semiconductor resistivity for (TEP)InBr, single crystals. (c) Space-charge-limited-current (SCLC)
measurement for determining the defect trap levels in as-grown (TEP)InBr,. (d) X-ray induced
current measurements used to determine the mu-tau product using modified Hecht model.
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Detector sensitivity and the lowest detectable dose rate are important figures of merit when
evaluating the material’s potential for sensitive X-ray radiation detection, especially in medical imaging
applications. By fabricating a prototype X-ray detector using (TEP)InBrs single crystal, we
demonstrated that 0D halide (TEP)InBr, is responsive to soft X-ray photons with a signal-to-noise

X—rayon L ray off,

I
(SNR) ratio of ~ 2860 at electric field E of 100 V/mm (see Fig. 4a, where SNR = ), arise

Inoise

and decay time of ~ 1.3 s (measured using 10% to 90% of the current amplitude, Fig. S5; note that
the rise and decay time measured here include the time needed for turning the X-ray beam on and
off). In addition, the fabricated prototype detector shows a detector sensitivity of 569.85 uCGy-'cm-2 at
electric field E = 100 V/mm (see Fig. 4b), which is inferior compared to that for the 3D perovskite
MAPDI; (1471.7 uCGy'cm?2 at E =3.3 V/mm, [9]). This is expected, given the difference in the
structural dimensionality and chemical contents of these two samples. However, despite its 0D
structural dimensionality, (TEP)InBr, shows a relatively good detector performance that is comparable
to the recently reported 2D halide Rb;Ag,BiBre, which has a detection sensitivity of 222.03 uCGy-'cm2
at electric field E = 24 V/mm [28]. For (TEP)InBr,, the detector sensitivity can be further enhanced if
the detector is biased at higher voltages (see Fig. 4c and 4d). The determined lowest detectable dose
rate is 38 nGy/s (see Fig. S6), which is much lower than the value required for X-ray diagnostic
applications (2 R/h or equivalent 5.56 uGy/s) [38] and is even better than the reported 2D metal halide
BDAPbDI, [39]. The X-ray detector performance characteristics using 0D (TEP)InBr,4 single crystal is
summarized in Table S4, compared to other reported metal halides. To further check the long-term
detector operation stability under continuous X-ray irradiation, we exposed the prototype detector to
X-rays generated from a tungsten X-ray tube (Fig. 4e). As expected, the X-ray induced current starts
to drift down within the 10 minutes measurement period, which can be ascribed to the bromide halide
ion migrations in the sample (a typical observation for thallium bromide (TIBr) and metal halide-based
semiconductors) [40, 41].
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Figure 4. (a) X-ray on and off measurements used to demonstrate that (TEP)InBr, is highly
responsive to low-energy soft X-ray photons; the measurement was performed at +100 V and +240
V, respectively. (b) Detector sensitivity measurement using (TEP)InBr, single crystals. (c-d) Detector
sensitivity measurement and plot of the detection sensitivity obtained from +40 V to +240 V. (e)
Detector operation stability testing over a period of 10 minutes under continuous Tungsten X-ray
irradiation.

Finally, the electronic band structure and density of states (DOS) of (TEP)InBr, were calculated
using DFT methods (Fig. 5). The compound exhibits a direct bandgap 3.485 eV at the I" point (see
Fig. 5a and Fig. S8 for a zoom-in plot), which is lower than the experimental bandgap estimated from
diffuse reflectance data; the lower calculated gap energy is within expectations due to the tendency of
DFT calculations to underestimate the bandgap. Fig. 5b shows the projected DOS results. As given
by the PDOS plots, the highest occupied molecular orbitals (HOMOs) of (TEP)InBr, are dominated by
the Br states, while the lowest unoccupied molecular orbitals (LUMOs) show contributions from both
the Br and In states. The valence and conduction bands are dominated by the inorganic components,
leading to relatively dispersive bands for a low-dimensional crystal structure. This observation is
consistent with the close packing of the [InBr,] tetrahedra and the observation for other hybrid indium
bromides using bulky organic cations such as (C4H14N2)2In2Brqq [42].
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Figure 5. (a) Electronic band structure and (b) DOS plots of (TEP)InBr,.

4. Conclusions

In summary, crystal growth, structural, optical, thermal, and electronic characterizations for the
new 0D metal halide (TEP)InBr, are reported. Millimeter-sized (in length) colorless (TEP)InBr, single
crystals can be readily prepared using the solution growth methodology. Computational DFT studies
reveal that (TEP)InBr, is a direct bandgap semiconductor. The compound exhibits a thermal
conductivity between 0.33+0.05 and 0.45+0.07 W/m-K with a bulk semiconductor single crystal
resistivity of 1.72x10'3 Q-cm, and a mobility-lifetime (mu-tau) product of 2.07x10-> cm?/\V. Moreover,
the fabricated prototype X-ray detector based on (TEP)InBr, single crystals showed a detection
sensitivity of 569.85 uCGy-'cm2 (at electric field E = 100 V/mm) for soft X-ray photons of 8 keV. The
results presented here demonstrated that 0D halide (TEP)InBr, could be a viable semiconductor
material for soft X-ray radiation detection applications. More broadly, this work shows that novel metal
halide semiconductors with nominally low-dimensional (0-2D) crystal structures can be incorporated
into functioning radiation detectors.
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