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Introduction

Cadmium zinc telluride (CZT) is the most advanced room-
temperature semiconductor material for gamma-ray detection.

Disadvantages of CZT:

1) Non-unity segregation of Zn in CdTe matrix causing a compositional
gradient along ingots

i) Sub-grain boundaries and their networks lowering the mu-tau
product, and imposing spatial non-uniformity on the device’s charge-
transport properties

iii) Large number of Te inclusions/precipitates (about 2-8x10%/cm?3) in CZT
lowers the mu-tau product causing non-uniformity in the device’s
charge-transport properties/electric field inside the device

= These issues cause low yield and high cost of CZT radiation detectors, limiting
their applications.

= Researchers have tried to solve the issues by improving the crystal growth
process and post-growth annealing, but have not mitigated all disadvantages.
= The main reason is poor thermo-physical properties of CdTe/CZT.
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Introduction

The proposed new quaternary semiconductor Cd,.
<n,Te, , Se, (CZTS) Is expected to resolve these long-
standing problems associated with CZT material.
Hence, high-performance detector-grade CZTS
material can be potentially produced at lower cost.
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Non-unity segregation coefficient of
n (~1 35) iIn CdTe matrix
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(a) THM-grown CZT ingot cut along the length, (b) Zn concentration mapping
and (c) Zn concentration along the length of the ingot. Roy et al. J. Crystal
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(a) Zn concentration mapping and b) Zn variation along the length of Bridgman-
grown ingot. J. Derby et al. J. Crystal Growth 325 (2011)10.
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Presence of large concentration of sub-
grain boundaries and their network.

¥ S :-. 44 Y ‘ E Fled .1\,‘ LA L g . o gl RN R
X-Ray diffraction topography images showing ~1 cm? areas of
detector-grade CZT samples supplied by seven different vendors.
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Effect of sub-grain boundary and their
network on CZT dewce response

Diffraction topograph ' Response map ‘
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Effect of Te-inclusions/precipitates on
CZT device response

FWHM (%) at 662 keV, of the cumulative effect of Te inclusions
to energy resolution (after bi-parametric correction) versus
their concentration calculated for 1-, 3-, 5-, 10-, and 20- um
inclusions. The detector’s length is 15 mm.
A. E. Bolotnikov et al., IEEE Trans. on Nucl. Science 54, 821

(2007).
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http://www.scopus.com.scopeesprx.elsevier.com/source/sourceInfo.url?sourceId=17368
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Effects of thermal annealing on Te-
Inclusions in CZT

Area: ~ 5x12 mm: ! wggonss
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Star shaped defects after Cd annealing a) Etched surface of CZT crystal and b) X-ray response map.
Punching defects after Cd annealing.

Optical image X-ray response map

Details of a ‘star-like’ defect revealed by optical microscopy imaging of the CZT crystal surface after chemical etching
(left) and a map of the electron charge- collection efficiency after synchrotron X-ray response mapping (right).

70557
= EﬁMERﬁEFY BROOKHFAEN

N NATIONAL LABORATORY e} A CENTURY OF SERVICE
TN




Path to grow CZTS

d The safe path to choose the right compound to match
CZT band gap (~1.57 eV for 10 at% Zn), keeping Se
composition to be ~7 at%.

The simple empirical formula for Cd, ,Zn, Te, ,Se, quaternary
compound is,

Eg«y) = 1.511-0.54y+ 0.6x (X, y = 0.10)

and the corresponding compound is Cdgg,ZN 15T€;935€( o7-

d We decided to keep the Zn concentration to be ~ 10 at%
(the challenging path), and vary the concentration of Se
from 2-7 at%, in order to lower the concentration of Te
Inclusions/precipitates. (
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Phase diagram of CdTe and CZT
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1. Higher Zn concentration: higher concentration of Te inclusions/precipitates.
2. Higher Zn concentration: higher alloy broadening. 7 YEARS OF
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Growth and characterization

O CZTS ingots were grown by traveling heater method (THM) as well as
vertical Bridgman Method (BM).
= 6N purity CdZnTe and CdSe were used for synthesis of the CZTS
compound.
= 6N purity Te was used as solvent for THM growth.

O Although BM technique has higher growth rate and is being used for
crystal growth, our main thrust is THM growth of CZTS for its following
advantages:

= Low-temperature growth

= Less chance of incorporation of impurities from the crucible during growth
» Less/no chance of ampoule explosion

= Enhanced purity of the ingot

» Fewer defects due to the lower growth temperature

O Crystals were cut and polished for various characterizations and detector
fabrication and testing.
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Optimizing THM-growth parameters

THM growth is highly sensitive to growth parameters.

I. Width of Te-rich solution zone
li. Growth temperature
lll. Temperature gradient near the growth interface

N —— Feed material

T Te-rich CZTS molten zone

_ Convex and flat growth

> Grown ingot interfaces are favorable for
growth of large grain and single
crystalline ingots.

Schematic of growth interface shape

A) convex, B) concave and C) flat. Flat interfaces are desired for
YEARS OF
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CZTS Ingots

O We are focusing on THM-growth of 2-in diameter CZTS ingots with different

elemental compositions:
CdO 0ZNg 1T€4935€0 o7 mgots

40-mm diameter ingot grown by BM (undoped). In-doped 52-mm diameter ingot grown by THM (fast
cooled ingot).

CdyoZng 1 Tey osS€, 04, mgots

40- mmdlameter ingot grown by BM (undoped) In-doped 52-mm diameter ingot grown by THM.
CdggZNg 1 T€p 9gS€ 0, INGOLS:

40-mm diameter ingot grown by BM (undoped). In-doped 52-mm diameter i 7 cQNE:IR)hE—I%F
U.S. DEPARTMENT OF m r7 DISCOVERY
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Growth interface (THM)

Concave interface of 52-mm Slightly convex nearly flat Slightly convex nearly
diameter Cd, ¢Zng 1 T€; 935€0 o7 interface of 52-mm diameter flat interface of 52-mm
ingot grown by THM. CdyoZNg 1 Teg 95S€0 o2 INgOL diameter

The very first CZTS ingot. grown by THM. CdygZNng 1 T€g g6S€0 04 INGOL

grown by THM.

Since our goal is seeded growth, we are focusing on achieving slightly
convex and nearly flat growth interface.
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Compositional dlstrlbutlons In CZTS
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Zn and Se composition and the calculated band gap along the length of
the THM-grown Cd, ¢Zn, ;1 T€y 93S€( 07 (top), and Cdg, ¢Zng 1 Teg 965€0 04
(bottom) ingots.
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Composition of Zn and Se is fairly

| uniform throughout the ingot for

CdygZNng 1 Tey93S€; o7 - Especially
the calculated band gap.

For 4% Se composition, the band
gap of the ingots is fairly uniform
within the experimental accuracy.
It only decreases in a narrow

region (< 1 cm) near the interface.

(~90% of the ingot shows uniform
band gap for 4% Se composition).

“On the contrary, for THM grown

CZT, only about one third of the
ingot shows uniform
composition.
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Bridgman grown CZTS

Typical 22-mm diameter Cd, ¢Zng,T€4 96S€0 04 iINQOL
grown by the Bridgman technique.
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Room-temperature PL map of
Cdogzno 1T€4039€, o7 2-INCh wafer

G 1.411 Theroom-temperature PL spectrum shows A-center peak (peak 1).
| ' Peak 2 is unknown and possibly due to donor-acceptor pair (DAP)

; transition. The band gap of this sample is ~1.533 eV. However, the

% 1.4105 uniformity of Peak 1 position in the plot should track the uniformity

(-]
ul

of the band gap.

2mm)

The energy position of peak 1 was registered across a 4x4-cm? area

1.41 as shown in the figure. Variation of the peak energy over the entire
scanned area, AE is ~ 2 meV, thus the composition is highly
uniform over the 4x4-cm? area.

1.4095 .
In general, the A-center is ~0.12-0.15 eV away from the valence
L band maximum. Peak 1 is at ~1.41 eV, thus the band gap of the
sampleis ~1.54 eV.
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Room temperature photoluminescence (PL) map of impurities, and defect complexes in semi-insulating Cd,,Zn,Te
CdggZng1T€0935€0 97 two inch wafer grown by THM.

The map areais 4 x 4 cm?2. 7 YEARS OF
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X-ray Topographic Analyses of
Cdp9ZNg1T€0.935€¢ 07

All the topographic experiments were carried out on mirror finish polished

surfaces, followed by etching in freshly made 2% Bromine-methanol solution, for
2 minutes.

Samples are almost stress free

Optical photograph and X-ray topographic pictures of Bridgman grown
CdygZng 1 Tey 93S€0 0, Sample of dimensions 5x6x11 mm?3

a

a)- c): X-ray topographic pictures of THM-grown Cd, 4Zn, ,Te; 93S5€, o7 (fast cooled) sample and the
corresponding optical photography of the grains.

Sub-grain boundaries and their networks were not observed for the composition of 7%
Se.

Appearance of the twins without any deformation in topography indicates

no/less residual thermal stress. 7 YEARS OF
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X-ray Topographic Analyses of THM
Grown Cd ¢ZNg ;1 T€4 965€0 04

X-Ray diffra

topography images showing
~1 cm? areas of detector-grade CZT samples
supplied by seven different vendors.
Photograph of the sample, X-ray topographic picture of the THM- A. E. Bolotnikov et al. J. Cryst. Growth
dimensions of the area grown Cdg ¢Zng 1 Teg 965€ o4 SAMple 379 (2013) 46.

exposed: 21x9 mm?

X-ray topographic picture of the THM-grown Cd, ¢Zn, ;Te; 9S€ o4 S@ample —
' T ' Damaged area

Photograph of the sample, dimensions of the area exposed:
) _ ' 21x7.85x7.95 mm? _ ) )
Few sub-grain boundaries are evident from the shown X-ray topographic ?tures, while

oAy YEARS OF
no sub-grain boundary network was observed. DISCOVERY
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Presence of Secondary phases in THM
Grown CZTS (IR Transmission Microscopy)

High magnification IR transmission microscopic image Cd,¢ZNng,T€5955€4 04
ingot (1stingot)

IR transmission picture of the THM High magnification IR transmission microscopic images
grown Cdg, ¢Zng 1 Te; 96S€0 04 SAMple,
sample dimensions: 6.9x5x1.7 mm3

IR transmission picture of the THM ---

grown Cdy gZNng 1 Teq 96Seq o4 SAMPle, High magnification IR transmission microscopic images
sample dimensions: 4.6x4.5x10.7 mm3
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Presence of Secondary Phases in THM
Grown CZTS (IR Transmission Microscopy)

Quantitative evaluation of size distribution of Te inclusions/precipitates for
CdyoZngy,Te98S€4 0o aNd Cdy gZNn, 1Ty 06S€, o4 INGOtS Will be performed soon.

High magnification IR transmission microscopic image Cd,¢Zng;1T€5965€0 04

ingOt (an IngOt) -
- I
1] o i -l i
102 10° 10* 10° 10° 107
Concentration {cm'3]

IR transmission picture of
the THM grown

High magnification IR transmission microscopic images
Not many inclusions > 20 um are present in the

Cdg.9ZNg 1 T€0 065€0.04 SAMPeE,
CZTS samples. Apparently Se seems to be effective in /() YEARS OF

sample dimensions:
6.5x5.3x2.68 mm?
7 : : DISCOVERY
N pROOKHARMEN reducing the concentration of Te
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-- inclusions/precipitations.
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Roles of Se in CZT matrix

Uniform material

Se helps
« Modify Zn segregation coefficient Z> High yield

o Effective solution hardening to arrest Z>

Less defects

sub-grain boundaries and their = High yield
networks.

« Reduce Te-inclusion/precipitate Z> " Less defects
concentration with increased Se = Highyield
content.

_ = Better detector
 Reduce charge trapping centers. performance
7 YEARS OF
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Charge transport properties of THM-
grown Cd,Zn,Tey 96890 04

6] Resistivity~1.5 x1010 Q—cm/ wf
4 ;

-~

=
=
=

Current (nano ampere)
o
1
Charge collection (a. u.)

Across ~2.5cm
along the length of
the ingot, the
resistivity was
found to be the

o 2 same and the value
44 e g of ur as well.
4 )} b
-6 - -/ lﬂﬂ_
-8 . e T g T g T = T g T g
-600 -400 -200 0 200 400 600 0
Applied Bias (Volts) ! B .
I-V characteristics at room temperature. Inset: I-V  Charge collection versus applied bias
for 0-1V. Sample dimensions: 7x4.65x2.7mm?3 Inset: IR transmission picture of the sample
3500 1800
:man.- #Mam 1600 25 )
a0 Resolution: ~ 9% For two ingots of THM-
2500 4
2 000 F. grown Cdg ¢Zng 1 T€4 96S€ 04
£ 1500 £ o the resistivity and pr,
© 1000 S o0 products are very similar.
4 400-‘
. 5V, Shaping time 3 sec. 2007 150V, Shaping time 3 psec.
0 . T v T . T
’ 0 100 200 300 400 500 600 700 0 500 1000 1500
Channel number (a. u.) Channel number (a. u.)

Pulse height spectra for 2L Am gamma source at room temperature.
Sample dimensions: 5.15x4.25x1.48 mm?3
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Charge transport properties of THM-
grown Cdg ¢Zng ;1 T€q 955€0 o7

150 o S 2008
:f MT = 6.6x10° cm?/V uT = 3.3x103 cm2/V
E »;3-]50 =
= 100} - )
2 =
3 2
ot i—j 100
56 =
= ¥l
E s . S
_g 50
g 2l0 4ID (:[I Slt} 1:10 120 0 o . .
. . A 0 50 100 150
Applied bias (V) Applied bias (V)
e 241Am source e 241Am source
e Planar detector: 6.65x5.75x1.86 mm3 e Planar detector: 5.65x5.18x2.8 mm3

e Sample with more Te-inclusions/precipitations

In general the ur product varies between 4.5-5 x103 cm?/V.
Resistivity obtained: 1-3 x10%° Q-cm
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Detector response of quasi-hemispherical
geometry

600
J 137Cs
500 - )
Resolution ~3.1%
~ 400 4 ' i ~
: . 3
.‘.“l, 4 :
P 300 -
c F
g 200
Q
100 =
0 Bias voltage 460V
v T v T .
0 500 1000 1500

Energy (keV)

137Cs response of a Cd, 4Zn, ;Te, osS€0 0, quasi-hemispherical detector at room temperature
Resolution: ~3.1% at 662 keV

Bias: 460 V

Inset: Photograph of the detector and IR transmission image
Sample dimensions: 7.34x6.35x4.4 mm?3
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The first Frisch-grid detector - THM-grown
CdggZng1T€498S5€ 0>

W e o 209 Resistivity - so00- 21am

1.5

11.2x100 Q-cm oo
" / .
0_0_- 3 3000

S . 2000
[ L~

-1.0 - g " ) / 4
H 1000

1.5 . I

Counts (a. u.)

Current (nano ampere)

-600 -400 -200 0 200 400 600 0 100 200 300 400 500 600 700
Channel number
Applied Bias (Volts)

(a) Photograph of the detector 4.4x4.4x10 I-V characteristics at room Bias voltage: -1800 V

mm? L temperature. Inset: |-V for 0-1V.
(b) IR transmission image

1200

J | 137c¢
1:::- || Resolution-2%
%600;  All the charge transport characteristics and the
N detector responses are performed on as-grown THM
. CZTS ingots.
,  No post-growth annealing.

T T ¥ T — T
0 500 1000 1500
Channel number

Bias voltage: -2300 V, (Frisch grid ~7mm long)

(The spectrum is as-measured) 7 YEARS OF
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Advantages of CZTS

« Se was found to be very effective in:

1) arresting the sub-grain boundaries

1) better compositional homogeneity and

I11) lowering the concentration of secondary phase

 High ut value was obtained with required resistivity.

« CZTS looks promising and has potential to supersede
presently available CZT in terms of quality and yield at
lower cost of production.
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Thank you for your kind attention !
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