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Abstract — We report the growth of detector grade CdooZno.1Teo97S€003 (CZTS) single crystals, a
recently discovered quaternary semiconductor for room temperature radiation detection, by a vertical
gradient freeze (VGF) method. VGF is a comparatively low-temperature growth method and avoids
relative motion between the heater and the ampoule containing the precursor materials which minimizes
any thermal drift or temperature fluctuations. As a result, CZTS single crystals with superior charge
transport properties has been obtained. Growth of detector-grade CZTS single crystals using VGF method
has not been reported yet. X-ray spectroscopy based elemental analysis showed that the grown crystals
demonstrated the desired stoichiometry required for high resolution radiation detection. Planar detectors
fabricated by deposition of gold contacts (~0.07 cm?) demonstrated high bulk resistivity ~10'® Q-cm and
a very low leakage current density of 2.8x10"® A/cm” at a bias of 100 V when measured at room
temperature. The detectors showed excellent radiation response with 100% charge collection efficiency
when exposed to 5486 keV alpha particles. The electron mobility-lifetime (ut) product was measured to
be 3x107 cm?/V using a single polarity Hecht analysis which is at par with the recently reported values
measured in CZTS grown using conventional Bridgman or travelling heater method. The electron
mobility has been calculated to be 964 cm*V's™ using a time-of-flight (TOF) method, a substantial

improvement over that obtained from conventionally grown CZTS single crystals.
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1. Introduction

CdZnTeSe (CZTS) is a recently discovered wide bandgap (1.6 eV), high atomic number (high-Z), and
high-resistivity quaternary semiconductor, which can be used for efficient room-temperature gamma-ray
detection [1]. Other wide bandgap semiconductors such as epitaxial silicon carbide (3.27 eV) are also

being employed for gamma photon detection, however, their efficiency is limited by the non-availability
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of thick detector-grade epilayers [2] [3]. Modern day scintillator detectors on the other hand provide high
efficiency and dual modality (detection of both gamma-photons and neutrons) but are not direct readout
systems, and they cannot provide very high energy resolution like semiconductor detectors [4]. High-Z
compound semiconductor such as CdTe offers very high gamma-photon detection efficiency within a
small volume, however, the resistivity of CdTe at room-temperature is orders of magnitude lower than
that of CdZnTe (CZT) [5]. CZTS single crystals are obtained by adding small amount (2-3 at. %) of Se in
the CZT matrix. The prospect of CZTS as room-temperature gamma-ray detector has surpassed its wide
bandgap high-Z predecessor CZT particularly due to its significantly high crystal growth yield with lower
concentration of trapping centers. Trapping centers in optoelectronic materials causes deterioration of
charge transport properties [6] [7] [8] [9]. Single crystalline CZTS has been demonstrated to provide a
growth yield of 90% compared to the ~33% reported for CZT crystals grown using travelling heater
method [10] [11] [12]. Low crystal growth yield leads to an increase in the cost of production of CZT
single crystals substantially. Lattice stress throughout the ingot due to the compositional nonuniformity
(Zn segregation), and high concentrations of sub-grain boundary networks in CZT (poor thermophysical
properties of the melt) are the primary reasons of poor growth yield [13]. Recent reports have shown that
the addition of Se to the CZT matrix reduces the density of tellurium (Te) inclusions and the formation of
sub-grain boundaries compared to that observed in CZT [1] [14] [15]. The presence of secondary phases
like Te inclusions/precipitates, formed during the growth in a Te rich environment can act as charge
trapping centers [16]. Addition of Se is also reported to reduce the formation of Cd vacancies, as the
former has the highest partial pressure among group VI elements. As a wide bandgap and high-Z material
with high material density of 5.8 g/cm®, CZTS acts as an excellent gamma photon detector, and due to the
superior electron transport properties, it has also demonstrated very high energy resolution for gamma
rays in a wide energy range [1] [10] [17]. Hence, CZTS is a prospective alternative to CZT detectors,
which at present is a forerunner room-temperature gamma detectors for medical imaging, space
astronomy, homeland security, high-energy physics, and environmental monitoring [18] [19] [20] [21]

[22].



To achieve detector-grade CZTS crystals, different methods like vertical Bridgman method (VBM),
travelling heater method (THM), and horizontal Bridgman method (HBM) have been adopted in the
recent years [17] [23] [24]. However, the above-mentioned methods have a relatively slower rate of
crystal growth. Additionally, the relative motion between the heater and the ampoule containing the
precursor materials in the above growth methods can lead to thermal drift or temperature fluctuations
which result in uncontrolled changes on the growth interface and induce spurious nucleation. An alternate
method that can be used is the vertical gradient freeze (VGF) method [25]. Although Martinez-Herraiz et
al. has recently reported the growth of CZTS using a VGF method with various Se content [26], growth
of detector grade CZTS single crystals through VGF method has not been reported yet. In this article, we
report the growth of high-resistivity detector grade CdooZno.iTeoo7Seo03 (CZTS) single crystals by a
vertical gradient freeze method using 99.99999 (7N) purity precursor elements. Planar detectors have
been fabricated using the VGF grown single crystals which has been characterized to determine the

charge transport properties and radiation response using radiation detection measurements.

2. Experimental Details
2.1 Crystal Growth

Commercially available SN purity elemental precursors Cd, Zn, Te, and Se has been further purified
using a multi-pass horizontal zone refining system to obtain 7N purity materials [27]. The 7N purity
precursor materials were weighed in proportional amounts to achieve the intended stoichiometry and
loaded into a carbon coated ampoule with a total charge of 30.85 gm. The quartz ampoule had an inner
diameter of 20 mm, and a wall thickness of 2 mm. Quartz ampoules are generally used for crystal growth
due to their high resistance to pressure and temperature. However, Cd is prone to adhering to the inside
walls of the quartz ampoule by forming cadmium metasilicate (CdSiOs) at higher temperatures during the
growth. Such reactions on the interior wall of the quartz tube can be prevented by coating the inner walls
of the ampoule with carbon, which at elevated temperature removes any oxygen by forming carbon

dioxide [28]. The quartz tube used in the present growth has been carbon coated by decomposition of n-



hexane in an argon environment at 900 °C. The details of the carbon coating have been reported in Ref.
[29]. An excess of 5% tellurium (Te) was added as excess Te is known to reduce the growth temperature.
To achieve higher resistivity, 15 ppm compensating indium (In) of 7N purity was used as a dopant. Also,
indium doping has shown to reduce the concentration of deep donor Te2} defects as well as an increase
in the lifetime of the carriers [30]. The loaded ampoule was sealed under high vacuum (~10° Torr) by
fusing a quartz plug to the inside wall of the quartz tube using an oxy-hydrogen flame. The quartz plug
was strategically placed to allow enough empty space for accommodating the pressure build-up during the
growth.

A modified vertical Lindberg blue multizone furnace has been used for the crystal growth. Out of the
three zones in the furnace, the upper two zones were used for setting the temperature profile. The zone 1
(hot zone) at top and zone 2 (cold zone) at the middle of the furnace were situated =20 inches apart. The

ampoule was placed within the zone 1 while the tip was placed at the level of zone 2. During the growth
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Fig. 1. (a) 3D temperature distribution of the VGF furnace showing simulated temperature distribution under
steady state at peak temperatures of 985 °C and 960 °C for zone 1 and zone 2 of the growth furnace,
respectively. (b) Cross-sectional view of the temperature distribution showing the thermal gradient across the

two zones and around the ampoule. (¢) Growth profile of the crystal using the vertical gradient freeze method.

process, zone 1 was slowly ramped up at various temperature rates from 50 °C/hr (up to 600 °C) to 5
°C/hr to achieve a peak temperature of 985 °C. At high temperature, due to significant vapor pressure of
cadmium, there is a risk of an explosion hence, it was important to keep the growth temperature below
1000 °C. Similarly zone 2 was ramped up at various ramp rates and maintained at 960 °C creating a

thermal gradient between the two zones. Both the zones were held at these temperatures for 72 hrs to



ensure homogeneous mixing of the melt. Figure 1(a) shows a three-dimensional steady state temperature
distribution of the VGF furnace used for the crystal growth simulated using COMSOL with the peak
temperatures of the two zones set at 985 °C and 960 °C. A two-dimensional cross-sectional view of the
furnace and the temperature profile showing the thermal gradient between zone 1 and zone 2 is illustrated
in Fig. 1(b) under the same conditions. From the simulation, the temperature of the ampoule tip was
found to be at =965 °C. During the growth, the ampoule was constantly rotated using a motor at a rate of
12 rpm to achieve radial homogeneity. After 72 hrs, both zones were slowly ramped down at 5 °C/hr until
the top zone reached 850 °C, after which it was ramped down at a rate of 10 °C/hr till it reached 600 °C.
Figure 1(c) summarizes the growth profile used for the VGF growth in this study. Following this, the
temperature was allowed to fall freely reaching room temperature in =8 hrs. The entire growth procedure
was completed in approximately 200 hrs. When compared to previously reported methods, a single pass
vertical Bridgman method takes more than 500 hrs to complete [29]. Figure 2(a) shows the photograph of

the VGF grown CZTS ingot.
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Fig. 2. Photographs of (a) the CZTS ingot grown using VGF method, (b) a planar detector fabricated from a

single crystal cut out from the ingot.

2.2. Crystal Characterization

The composition of the grown ingot was analyzed by energy dispersive X-ray spectroscopy (EDX) to
investigate the elemental distribution and spatial compositional uniformity. EDX mapping data were
collected using a Tescan Vega 3 SBU variable pressure high resolution scanning electron microscope

(SEM) equipped with EDX microanalysis software. The EDX measurements were performed on the



surface of a polished CZTS single crystal which was later used for detector fabrication. The surface
analysis of the grown CZTS crystal was carried out using X-ray photoelectron spectroscopy (XPS). XPS
measurements were carried out using a Kratos AXIS Ultra DLD XPS system equipped with a
hemispherical energy analyzer and a monochromatic Al K, (1.5 keV) source operating at 150 W, and
incident on the surface at 45° with respect to the surface. The pass energy was fixed at 40 eV for the
detail scans, and a high-performance charge neutralizer was used to compensate for the sample surface
charge. The sample chamber was kept under ultra-high vacuum of 2 x 10 Torr. Infrared (IR) microscopy
was performed on a polished crystal prior to the detector fabrication using a 75-W high-stability Xenon
arc lamp, to observe the presence of Te inclusions in the CZTS matrix. The IR transmission microscopy
system comprises of a large field-of-view microscope objective, a CCD camera, a motorized X-Y-Z
translation stages, and a light source coupled with a wide-beam condenser for illuminating the samples

[31].

2.3. Detector Fabrication

The grown ingot was cut into wafers using a Exetec Labcut 150 diamond saw wafer cutter followed
by grinding, lapping, and polishing using abrasive SiC papers and alumina slurry. Alumina powder with
various grit sizes (down to 0.02 pm) has been used for the wet polishing. The polished crystals were
chemo-mechanically etched using a 2% bromo-methanol solution to obtain a mirror like finish on the
surfaces. In the present study, a detector with dimensions 0.4 cm x 0.4 cm x 0.17 cm was fabricated by
depositing circular gold (Au) contacts of 0.3 cm diameter on two opposite surfaces of the detector as

shown in Fig. 2(b). A Quorum Q150T sputter coater has been used for the Au deposition.

2.4 Transport Property Measurements

The charge transport properties of the grown CZTS crystals were measured through alpha particle
spectroscopic measurements. A standard benchtop analog radiation detection system comprising nuclear
instrumentation modules and a digital spectrometer comprising a NI PCI 5122 digitizer card were used

for the radiation detection measurements. Both the analog and the digital set up used a Cremat CR110



charge sensitive preamplifier coupled to the detector. The detector was placed inside a test box which was
continually evacuated using a vacuum pump to minimize the scattering of the alpha particles, incident on
the detector, by the air molecules. A 0.9 uCi **'Am radioisotope, emitting primarily 5486 keV alpha
particles has been used as the source. To obtain the ut product the variation of charge collection
efficiency (CCE) has been observed as a function of the applied bias. The CCE has been calculated as the
ratio of the energy detected by the radiation detector to the energy of the alpha particles emitted by the
source (5486 keV). The energy detected by the detector has been calculated as the peak position in the
PHS with a properly calibrated spectrometer. An absolute calibration approach was used to calibrate the
spectrometer to calculate the peak position in the PHS [32]. To determine the ut product a single polarity
Hecht equation was applied to fit the variation of the CCE vs bias plots [33] [34]. For the drift mobility
measurements, a time-of-flight (TOF) method has been adopted [35] [36]. The digital spectrometer was
used to capture and record the detector charge pulses at different bias voltages. The average pulse rise-
time at each bias were calculated from the recorded pulses. The rise-time calculated as the duration
between the 10 - 90% of the pulse amplitude has been linearly extrapolated to find the transit time of the
charge carriers across the detector thickness. The drift velocities at each bias were then calculated as the
ratio of the detector thickness to the transit time. The slope of the linear fit of the variation of the drift
velocities as a function of the applied electric field yields the drift mobility. The electric field was
calculated as the ratio of the applied bias to the detector thickness. The detector bias was applied on the

surface exposed to the alpha particles to facilitate the movement of single polarity charge carriers.
3. Results and Discussion
3.1 X-ray Photoelectron Spectroscopy (XPS)

Figure 3(a) shows the XPS survey scan for the as-grown CZTS crystal wherein spectral lines were
observed that are typically found in CdTe and CZT for Cd and Te. Additionally, the 2p level for Zn and
3d level for Se has been observed. Peaks related to carbon and oxygen were also observed due to their

introduction in the sample surface after growth which was unavoidable since the ingot was handled under



ambient environment during characterization. No other impurity related peaks were observed in the
survey scan. All photoelectron peaks of interest are identified and indexed in Fig. 3(a). High resolution
XPS scans help to identify the elements present in the grown crystal as well as investigate their chemical
nature by measuring the intensity of the photoelectric peak at a particular binding energy. Figure 3(b)
shows the high-resolution XPS scan of the Cd 3d core levels for the CZTS sample. The Cd 3d orbital has
been observed to split into two spin orbitals 3ds» and 3dsp. The Cd 3ds» core level peak shows at 411.6
eV, while Cd 3ds;; peak resides at ~405 eV, which agree with the typical reported energy of the spin states
of Cd 3d level in CdTe and CZT. The presence of the Cds, peak signifies the formation of Cd-Te bonds
(for Cd** state) [37], [38]. Figure 3(c) shows the high-resolution spectrum for the Te 3d core level. The
splitting of the 3d orbital to 3ds» (583 eV) and 3ds» (572 eV) spin orbitals has been observed which is
consistent with the reported Te 3d levels in CdTe [38] which is a signature of the Te-Cd bonds (the Te*
state) [39]. Two additional peaks were observed in the scan at 586 eV and 576 eV, which are associated
with O-Te bonding (for the Te** state) caused by TeO, [40] [41] [42]. Figure 3(d) shows the spin-orbital
splitting of the Se 3d orbital, which gives rise to three Se states. The Se 3ds. orbital located at 53 eV
corresponds to an oxidation state of Se” and the 3ds» spin orbital at 54.4 eV corresponds to a Se-Cd

bonding [43]. A peak at 57.8 eV corresponding
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Fig. 3. (a) XPS survey scan of the CZTS sample. High resolution core level spectra of Cd 3d (b), Te 3d (c¢), Se

3d (d), and Zn 2p (e) states.

to the Se** state has also been observed which indicates a selenium oxide bonding due to presence of
oxide impurities. The spectral distribution of the 2p orbital of Zn [Fig. 3(e)] shows the splitting of the
orbital into 2pi» and 2ps» at <1045 eV and =1021.5 eV, respectively confirming the presence of a Zn**
oxidation state [44]. To summarize, the XPS measurements showed the formation of the desired bonds

and oxidation states confirming the formation of the CdZnTeSe quaternary compound.

3.2 Infrared Transmission Imaging

Formation of secondary phases such as Te inclusion is a common crystal imperfection in CZT and
CZTS crystals. Te inclusions trap charges, especially holes, and hence causes degradation of detector
performance [45] [46]. Elemental Te absorbs IR radiation making IR transmission imaging an effective
way to detect the Te inclusion (with diameter greater than 1 um) in CZTS, which is otherwise transparent
to IR wavelength. The dark spots in the IR transmission image shown in Fig. 4 are the Te inclusions
observed in a scan area of 1 mm x 1 mm. The average Te inclusion diameter was calculated to be less
than =9 um in the crystal. Te inclusions with sizes above 10 um acts as potential charge trapping center

[31]. The observed Te inclusion size is comparable to that observed in VBM grown CZTS crystals [47].

-

Fig. 4. IR transmission image of a | mm x 1 mm area section taken from the grown ingot.

3.3 Energy Dispersive X-ray (EDX) Spectroscopy



The energy dispersive X-ray analysis (EDX) is a non-destructive and fast method to investigate
elemental composition. EDX scans of the CZTS single crystals from several representative parts of the
grown ingot showed the presence of all the precursor elements with no significant presence of impurities.
Figure 5(a) shows one such EDX scan of the detector. The EDX spectrum analysis was performed across
different points on the CZTS crystal surface, which showed similar results indicating a good homogeneity
across the surface. Although the Se/Te ratio was calculated to be 0.03, which was the intended
stoichiometry for the CZTS alloy, the Zn/Cd ratio was found to be 0.07, which was slightly less than the
intended value of 0.1. Due to the vapor pressure of cadmium being significantly higher than the other
precursor elements, the growth occurs incongruently in the vapor phase, which causes a cadmium rich

environment contributing
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Fig. 5. (a) Energy dispersive X-ray analysis (EDX) of the CZTS crystal. (b) SEM image of the same surface

showing no significant cracks.

to an increase in cadmium concentration [48]. Fig 5(b) shows the scanning electron microscopy (SEM)
image performed on the surface used to fabricate the detector. The image reveals a smooth surface

without the presence of any significant cracks or boundaries.

3.4 Current-Voltage Measurements
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Fig. 6. Variation of leakage current as a function of bias voltage measured at room temperature under dark. The

solid line is the linear fit to the /-V curve to calculate the bulk resistivity.

Figure 6 shows the I-V characteristics i.e., the variation of leakage current (/) in the
Cdo.sZno.1 Teos7Seo 3 detector as a function of bias voltage (V). The leakage current was observed to be ~2
nA for a bias voltage of £100V which is low enough for radiation detection. The bulk resistivity has been
calculated to be 1.6 x 10" Q-cm from the I-V characteristic (over a smaller linear range). The current-
voltage characteristics showed an ohmic-type variation with a slight asymmetry with respect to the bias
polarity at higher voltages. The asymmetry in /-V characteristics is commonly observed in CZT detectors
which is usually caused by difference in surface properties of the two surfaces on which the electrodes are

deposited.

3.5 Charge Transport Properties

Figure 7 shows a PHS obtained with the detector biased at -250 V and exposed to a **'Am alpha
particle source. The detector in fact showed the appearance of well-defined alpha peaks from a bias
voltage as low as -20 V. The penetration depth of 5486 keV alpha particles is ~15 um, a depth much
smaller than the detector thickness. As the negative polarity bias was applied to the same surface that was

exposed to the
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Fig. 7. Alpha particle pulse height spectrum showing the 5486 keV peak obtained by exposing the detector to a
24 Am source. The detector was biased at -250 V and the amplifier shaping time was set at 2 psec. Inset shows

the schematic of the measurement.

alpha particles, the detector signal was generated due to electron transit only. The alpha peak position was
observed to shift steadily towards the higher energy channels with increasing bias. This indicated the
increased efficiency in charge collection with increasing bias. No further improvement was observed
beyond -250 V where the CCE was measured to be ~100% for electrons. The variation of the CCE as a
function of the applied bias has been shown in Fig. 8(a). The solid line in the plot shows the fitted data
according to a single polarity Hecht equation [33] [36] [49] [50]. The ut product for the electrons
calculated from the Hecht equation fit was found to be 3 x 107 cm*V, which corresponds to the reported
values in recent literatures [1] [17] [29]. The variation of the electron drift velocities as a function of the
applied electric field is shown in Figure 8(b). The drift mobility of electrons in the fabricated detector was
calculated to be 964 cm?/V.s. The observed electron drift mobility is much higher than that reported for

CZTS crystals grown using other methods [17] [29] [35].

4. Conclusions



CdooZno. 1 Teoo7Seons (CZTS) single crystals have been grown using vertical gradient freeze (VGF)
method for room temperature radiation detection. Using the VGF method the growth duration for the

crystals has
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Fig. 8. (a) Variation of charge collection efficiency (CCE) as a function of bias (b) Variation of drift velocity as

a function of electric field.

been minimized significantly when compared to previously reported methods. The structural and
compositional studies on these crystals confirmed the formation of the quaternary compound with the
intended stoichiometry. The crystal when fabricated as a planar detector demonstrated a very high
resistivity and low leakage currents at room temperature which are favorable for room-temperature
radiation detection. Alpha spectroscopic measurements revealed superior charge transport properties
compared to those reported recently for CZTS single crystals grown using travelling heater method or
vertical Bridgman method. The superior material properties obtained using the low-temperature and fast
growth rate using the reported VGF method shows high prospect for low-cost and large-scale production
of detector grade CZTS single crystals. As a future plan, the presented growth method will be translated

for growing large volume crystals using higher volume of the precursor material.
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