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INTRODUCTION

»Cd,Zn,_ Te, Se, (CZTS) is a recently discovered wide bandgap
(1.6 eV) high atomic number (high-Z) quaternary semiconductor.

»High bulk resistivity *3x1010 Q-cm.
» Excellent compositional homogeneity (both axially and radially).
» Excellent electron transport properties.

»|deal for high energy gamma-ray detection at room temperature.
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INTRODUCTION

m Cd.Zn,_Te, Se, (CZTS)

W 4 7n,  Te (CZT)

« Compositional inhomogeneity
* Sub-grain boundary networks
 Tellurium inclusion

* Electrically active defects

e Se is added in small amount
(2-3 at.%) in the CZT matrix

 Very high radial and axial
compositional homogeneity

 Lower concentration of Te
inclusions and other traps

* Increased mechanical

=

» Low growth yield
» High production cost
» Limits device performance

hardness
=

» Crystal growth yield >90%
» Superior charge transport
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GZTS RADIATION DETECTORS
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Fig: Gamma-ray pulse height spectra obtained from a THM-grown Cd, oZn, ;Te, 575€ o3 Frisch Uof En(gjlgee"ngt
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GZTS GROWTH

Compositional Homogeneity

* Travelling Heater Method (THM)?2
« Vertical Bridgman Method (VBM)P
« Horizontal Bridgman Method (HBM)¢

+ Vertical Gradient Freeze (VGF)de Vertical Gradient Freeze (VGF)

aU. N. Roy, R. B. James et al., Sci. Rep. 9, 1620, 2019. .
bU. N. Roy, R. B. James et al., Sci. Rep. 9, 7303, 2019. » Higher growth rate than BM and THM

°A. Yakimov et al., Proc. SPIE 1114, 111141N, 2019. ° : :
dL. Martinez-Herraiz et al., J. Cryst. Growth 573, 126291, 2021. NO relat|Ve mOtlon between heater and

eR. Nag,... K. C. Mandal, J. Cryst. Growth 596, 126826, 2022. ampoule
* No thermal drift/temperature fluctuation

« Controlled growth interface
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DETECTOR GRADE VGF GROWN CZTS

Q o ==L 5 » CdjoZng 4 Tey g75€, o3 Were grown at UofSC.2

RN
o
o

» SN purity Cd, Zn, Te, and Se were in-house zone-
refined to obtain 7N purity elemental precursors.

(o)
o

» Precursors were loaded and vacuum sealed inside

168 0 8 16" a 2-cm diameter carbon coated quartz tube.
Furnace Width (cm)

Fig. (a) 3D temperature distribution of the VGF furnace » 5% excess Te and 15 ppm In (7N) were used.

(simulated), and (b) Cross-sectional view of the temperature

distribution showing the thermal gradient across the two zones. » Two zones of a Lindberg Blue multizone vertical
o furnace were used for the crystal growth.
800}

600+t
400}

200- .- §o » The total growth procedure was completed in 200
0 / hrs.

Growth Duration (hrs)

o

Furnace Height (cm)

—
o
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N
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» Zones 1 and 2 were 20 inches apart and were set
at 985 °C and 960 °C, respectively.

Temperature (°C

Fig. Growth profile of the crystal for the VGF growth method. ISJEJS Engineering
“R. Nag,... K. C. Mandal, J. Cryst. Growth 596, 126826, 2022. d and Computing




DETECTOR GRADE THM GROWN GITS

THM crystals were grown at Brookhaven National Laboratory (BNL) by Roy et al.?

Cdy ¢Zng 1Tey 955€ o, Was synthesized from 6N purity Cd,4Zn, ,Te and 6N purity CdSe
precursor (pre-synthesized) materials.

The precursors were sealed in a conically tipped quartz ampoule under vacuum (107
Torr) and loaded in a three-zone vertical furnace.

Different lowering rates from 3 to 5 mm/day were used for the different growth runs, and
the temperature gradient near the growth interface was between 10 and 15 °C/cm.

After completion of each growth run, the ingot was cooled at a rate of 100 degrees/day.
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GZTS CRYSTALS
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Fig. Photograph of a CZTS ingot grown using
VGF method at UofSC.

R. Nag,... K. C. Mandal, J. Cryst. Growth 596, 126826, 2022.
U. N. Roy, R.B. James et al., Sci. Rep. 9, 7303,
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Fig. Photograph of a 2”-diameter CZTS boule
and a polished wafer grown using THM at BNL.
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STRUGTURAL AND COMPOSITIONAL CHARAGTERIZATION
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The sharp X-ray diffraction peaks with small FWHM EDX scans of the CZTS single crystals did not show the
suggest the high-quality single crystal nature of the presence of any impurities. The Se/Te ratio was calculated
grown material. The lattice constant a corresponding to be 0.03 commensurate with the intended stoichiometry.

to the (111) plane was calculated to be 6.447A.

—~~
=
[
>
o
—
©
~—"
>
=
(2}
(e
[}
-
£

Energy (keV)

I8 Engineering
2% and Computing




KPS CHARACTERIZATION
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Fig. (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.

Binding Energy (keV)

>

Spectral lines of Cd, Te, Zn, and Se were
observed.

No impurity related peaks were observed in the
survey scan.

The Cd?*, Te?, Se?, and Zn?* oxidation states
were observed.

O-Te and Se-O bonding were also observed.

» The XPS measurements confirmed the formation

of the desired bonds and hence the formation of
the CZTS quaternary compound.
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TELLURIUM INGLUSIONS

Fig. Infrared transmission images

showing the Te inclusions obtained for

(a) THM- and (b) VGF-grown CZTS single
(a) - _(,b)%l, crystals.

» The concentrations of Te inclusions were calculated to be 4.3 x 10* and 8 x 10° cm- for the THM
and the VGF crystals, respectively.

» Although the density of the Te inclusions appears to be larger in comparison to the THM-grown
crystals, the size of the Te inclusions in the VGF-grown crystal were less than 10 pm.

id Engineering
2% and Computing




ELEGTRIGAL CHARAGTERIZATION

] THM-CZTS ; VGF-CZTS
d 4.4x4.4x10.7 mm - 4.0%4.0%x1.7 mm3

) Fig. Current-voltage (/-V)
-0.4 - characteristics recorded
0.6 under dark and at room
temperature in a planar
. R 3 1 1 1 1
configuration. 50 100

Current (nA)
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The bulk electrical resistivity was calculated to be 2.9 x 10" QQ.cm and 1.6 x 10'° Q.cm for the THM- and the

VGF-grown crystals.
A slight asymmetry of the /-V characteristics with respect to the bias polarity at higher voltages was
observed, which is due to the difference in properties of the two surfaces.
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CHARGE TRANSPORT MEASUREMENTS

WA \ Vacuum
alpha source |md Pump _
N Shaping Amp
d ORTEC671

Detector "\ Pre-amp MV Digitizer card ~ Canberra
| (A250 CF) m4 (NIPCI5122) @ Multiport!l MCA

DC bias supply
(Ortec 556)

Fig. (a) Alpha spectrometer (analog/digital) configuration
for the charge transport property measurements. (b) A
typical detector-source arrangement for the alpha
spectroscopic measurements.
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Fig. Hecht (a) and drift-mobility (b) plots
planar detector.
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obtained for a VGF-grown CZTS

» The ur product for the electrons calculated from the Hecht
plot was found to be 3 x 103 cm?/V and 6 x 103 cm?/V for
the VGF and the THM grown CZTS sample, respectively.

» The electron drift mobility was calculated to be 964 cm?/V.s
and 830 cm?/V.s for the VGF and the THM grown CZTS

sample, respectively.
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GAMMA RAY DETECTION

Resolution ~ 2% for
662-keV y-rays

662-keV full

energy peak Fig. Pulse height

spectrum obtained by
exposing a VGF-grown
CZTS crystal to a '3Cs
source after digital BP
correction.

—
o
(-
C
©

-
@)
| -
o
(OR

N
(2}

e
(-
-
O

@)

(&)
o

"800
Channel No.

Fig. Biparametric (BP) plots
obtained before (top) and after

(bottom) digital correction. Uof Engmeermg
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DEFECT CHARACTERIZATION

Function Transimpedance Digital DAQ
Generator __ Amoplifier Oscilloscope PC
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LN, Insert
Sapphir
leolator , _
Front Fig. Schematic of the photo-
Laser contact "'/Cu Stage Temperature . .
Heater Controller induced current transient

> S ' & 78 [e5yes)
—% 8 - BEEER - | spectroscopy (PICTS) set-up at

.

OOOOWOY@  an

2
Dc-vBeia;_\I__,_ CZTS detector Sensor U OfSC 0

; '/'EEmsec

Pulse repetition frequency = 22 Hz

Pulse OFF state duration = 43 msec BT
(b) Fig. A photograph of the Sula Technologies DLTS set
up at UofSC configured for PICTS measurements.

Fig. An excitation pulse used

i Recombination of free photocarriers for saturation trap filling (top).

e Detrapping——» A typical PICTS signal obtained

_ Miinrapﬁ”ing @ at room temperature for the

-0_03_5 : 5"‘- s 10 15 20 25 30 35 VGF-grown CZTS detector [Sj%r Engmeermg.
Time (sec) (bottom). a and Computing
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PICTS RESULTS
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Temperatu re (K) for a VGF-grown 400 K. (b) The Arrhenius plot corresponding to the peaks PI, P2,
Cdy 9ZNng 1 T€) 985€0 03 and P3 observed in the PICTS scans.
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GCONCLUSION

» CZTS single crystals have been grown using a THM (2-3% at.) and a VGF (3%
at.) method.

> All the crystals showed resistivity on the order of 1010 Q.cm.

» The charge transport properties were similar in both types of CZTS crystal.
» The concentration of Te inclusions was higher in the VGF-grown CZTS.

» PICTS results showed different types of trap centers in the two differently grown
CZTS crystals.

» High energy (662 keV) gamma rays with decent energy resolution were detected
using a planar detector fabricated from the VGF-grown CZTS crystals.
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FUTURE STUDIES

» |dentification of the defects observed in the PICTS spectra using
DFT calculations

» Comparison of THM- and VGF-grown CZTS crystals with same
atomic percentage of Selenium

» Fabrication of small-pixel detector using VGF-grown CZTS
crystals for single-polarity gamma detection

» Correlation of charge trapping centers with device performance
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