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The energy dependence on the intrinsic efficiency, absolute efficiency, full energy peak abso-
lute efficiency and peak-to-total ratio have been studied for various wide band gap semicon-
ductor detectors using the Geant4 based Monte Carlo simulations. The detector thickness of
1-4 mm and the area in 16-100 mm? range were considered in this work. In excellent agree-
ment with earlier work (Rybka ez al., [20]), the Geant4 simulated values of detector efficien-
cies have been found to decrease with incident y-ray energy. Both for the detector thickness
and the detector area, the increasing trends have been observed for total efficiency as well as
for full-energy peak efficiency in 0.1 MeV-50 MeV range. For Cd,_Zn,Te, the detector re-
sponse remained insensitive to changes in relative proportions of Zn. For various wide band
gap detectors studied in this work, the detection efficiency of T1Br was found highest over the
entire range of energy, followed by the Hgl,, CdTe, and then by CZT.
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INTRODUCTION

The wide band-gap (WBG) compound semicon-
ductors have attracted a great deal of attention recently
due to their room temperature operation capability,
high energy resolution, and simple operation. In recent
past, the appreciable growth has been observed in their
use in bio-medical, radiation monitoring and control,
industrial imaging, and in space science technologies
[1, 2]. Since the advent of AgCl radiation counters by
van Heerden [3] and CdS room temperature semicon-
ductor detectors by Frerichs [4], the search for high
performance radiation detector has continued. Among
the desirable characteristics of radiation detector are
high efficiency, high resolution and stable operation at
room temperature. While the early radiation detectors
had poor characteristics, the discovery of the p-n Ger-
manium (Ge) semiconductor diode detectors by
McKay [5] proved to be of landmark importance.
Mayer extended this work and designed Schottky di-
ode surface barrier detectors of Ge that found wide
range of practical uses [6]. Subsequently, the Silicon
(Si) and high purity Germanium (HPGe) based semi-
conductor detectors were discovered and they made a
profound impact on detection of low energy y-ray and
X-ray detection [7]. However, both of these detectors
need to be operated at low temperature.
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The compound semiconductor detectors (CSD)
have a distinct advantage over the semiconductor or
scintillation detectors. They exhibit higher efficiency
values especially at low energies where only a few
millimeter thicknesses of these materials have been
found sufficient. The low leakage current and better
energy resolution operating at room temperature are
the other attractive features of WBG compound semi-
conductor detectors. The work on WBG compound
semiconductor detectors started in the mid-forties
with AgCl being the first candidate studied. This was
followed by CdS and GaAs which exhibited y-ray en-
ergy resolution at room temperature conditions [8].
However, preparation of GaAs in liquid phase with
high purity epitaxial material proved highly expansive
and non-repeatable. Consequently, its commercial use
has been limited.

The y-ray detection properties of CdTe were first
reported in the late sixties [9]. It has a cubic zinc
blende structure and a number of different methods ex-
ist for high purity crystal growth including the solution
growth, the Bridgeman method and the travelling
heater method (THM). The Hgl, as CSD was first time
reported in 1971. It has CsCl like layered crystalline
structure. It has a large value of the band-gap energy
and consequently small value of thermal dark current,
rendering it suitable for room temperature operation.
The cadmium zinc telluride Cd,_,Zn,Te (x<0.2) isrel-
atively more recent contender for the room tempera-
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ture semiconductor detectors. The CZT has zinc
blende structure with large energy band-gap which re-
duces dark current. Also, it has lower intrinsic carrier
concentration as compared to CdTe [10, 11].

Caroli et al., in 1992 modeled a y-ray spectrome-
ter capable of imaging for astronomical applications
with the help of the Geant3 based Monte Carlo simula-
tions [12]. Their study was centered upon finding the
detection efficiency of CdTe in 0.05-5 MeV energy
range and predicting the spatial resolution of the de-
tector, both as a function of the incident y-energy and
their angle of incidence. Their simulations produced
satisfactory results for y-spectroscopy. The outstand-
ing problems included: (1) the packing such type of
bar detectors together so that their resolution may not
get affected and (2) the improvement of the detector
response at higher energies.

Coupatetal.,in 1987 studied the Hgl, semicon-
ductor detector response for y-ray photons using the
Monte Carlo simulations. They were able to match the
two corresponding spectra within the acceptable limits
for simulated and experimental results. However, their
study lacked results for important parameters includ-
ing efficiency and the spectral comparisons were lim-
ited to few sources [13].

Jung et al., reported a new method to evaluate
the transport properties of CdTe and CdZnTe detectors
[14]. The simulations were carried out for collection
efficiency of CdTe y-ray detector by Vittone et al., us-
ing ISIDE based Monte Carlo simulations [15]. They
obtained collection efficiencies for different bias volt-
ages and shaping times. They used ion-beam induced
charge (IBIC) technique and simulated >’Co spectra
using the ISIDE code and concluded that spectral reso-
lution of CdTe improves as collection efficiency peak
flattens. Jung et al., studied cadmium zinc telluride
CZT detectors as 3-D y-radiation calorimeters [16].
They simulated the energy dependence of the detector
efficiency along with the spectra for 0.662 and 5 MeV
incident y-rays and found the detection efficiency of
CZT in between those of HPGe and scintillation detec-
tor.

Tan et al., examined the response of cadmium
tellurie (CdTe) and cadmium zinc telluride (CdZnTe)
detectors of different thicknesses in strong magnetic
field both experimentally and using the Geant4 Monte
Carlo simulations [17]. Skyrpnyk et al., compared
Geant4 (version 4.9.4), predictions with the corre-
sponding EGSnrc Monte Carlo simulations [18]. The
detectors under the study were the Hgl, and thallium
bromide (TIBr), covering the 0.026 MeV-3 MeV en-
ergy range. For a wide energy range of y-rays (0.026
MeV-3 MeV), the EGSnrc results matched only with
Geant4 Penelope 2008 EM-package. Apart from the
energy loss, many additional parameters must be stud-
ied for the WBG compound semiconductor detectors
to fully explore their properties and scope. Cheves et
al., (2012), performed the CdTe detector efficiency

calibrations with different thickness targets using the
induced X-ray emission (PIXE) technique [19]. They
studied the spectra of a cooled CdTe detector in energy
range 8.047 keV-98.439 keV. The results indicate that
the CdTe could be the useful candidate for spectrum
studies of especially rare earth elements. But, the
PIXE technique can be of use only in some limited ar-
eas.

A lot of research work on CSD has been carried
out in the past, for their characterization, spectral stud-
ies, and their applications to astrophysics, nuclear
medicine and other fields. Rybka et al., investigated
some of the aspects of y-dosimetry, thermal effects and
I-V characteristics of CdTe and CdZnTe detectors ex-
perimentally and the detection efficiency with the
Geant3 simulation code [20]. But, in the view of the
huge scope for the application of WBG compound
semiconductor detectors, a detailed study of the basic
aspects of the compound semiconductor detector per-
formance is needed. In regard to this, the intrinsic effi-
ciency, absolute efficiency, full peak efficiency,
Compton-to-peak and Compton-to-total ratio of de-
tector are among the prominent detector characteris-
tics to be studied. The dosimetric studies and energy
deposition aspects were also needed to be explored for
the compound semiconductor detectors for their medi-
cal and nuclear safety applications.

In this work, a comparative study of y-ray detec-
tion properties of various WBG compound semicon-
ductor detector has been performed using the Geant4
toolkit. The detectors include the CdTe, CdZnTe, Hgl,
and TIBr. The variation of the intrinsic- and full-peak
efficiencies, along with the peak-to-total ratios with
energy of y-ray photons and with detector dimensions
has been studied for the three types of detector materi-
als. This work encompasses much wider energy range:
0.01 MeV-50 MeV. The effect of the detector response
to the changes of zinc composition in CdZnTe detector
has also been performed in this work and the corre-
sponding results are reported. Finally, the results for
energy deposition and dose correction factor for all de-
tectors are also included.

MATERIALS AND METHODS

In this work, the Geant4 toolkit has been used to
simulate and track y-ray photons through matter [21].
Itis based on four essential features: (1) Geometry, (2)
Interaction physics, (3) tracking, and (4) scoring.

The Detector Construction class in Geant4 allows
users to setup a world volume containing a radiation
source and sensitive detector along with the remaining
environment. In these simulations, the material for sen-
sitive detector was taken from the Geant4 built-in data-
base manager G4NistManager. The world volume was
taken as 50 cm x 50 cm x 50 cm. The detector was
placed at such origin that the source to detector
front-surface distance was 10 cm.
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In these simulations, the Standard model was em-
ployed for the inclusion of the electromagnetic and elec-
tron/positron processes. Therefore, all photon interac-
tions including the Photo-electric effect, the Compton
scattering and the Pair-production were considered. The
electron interactions cover the ionization, multiple, and
Rayleigh scatterings. For positrons, the annihilation pro-
cess is included additionally. The Range Cuts or thresh-
old values covering 0.01-1 pm range have been used in
this study. The optimum value which maintains the accu-
racy of the results while conserving computational time,
has been found as | pm which is equivalent to the 990 eV
energy cut-off for photons.

The general particle source (GPS) was em-
ployed for the description of spatial, spectral and an-
gular distribution of primary particles, due to its pro-
vided flexibility. The GPS was also used to specify the
position, type (point, surface or volume) and nature
(isotropic, beam, efc.) and energy of emitted particles.

The run action class

As the Geant4 carries out the particle tracking,
the essential information regarding interactions and
energy deposition is collected in the RunAction Class.
Using these data, the values of the detector efficiency
are determined using the following relations [22]

. N
cint = detected ( 1 )
incident
N
cabs = detected (2)

source

In the Geant4 program execution cycle, the user
specifies the total number of histories to be tracked. The
simulations loop through generation, tracking, and
scoring of individual photon. Subsequently, the neces-
sary statistics regarding the particle are collected in-
cluding the type of interaction and total energy depos-
ited by the particle, efc. The RunManager loops through
all emitted particles and when it finishes, various quan-
tities of interest such as the intrinsic and the absolute ef-
ficiency, peak-to-total and the peak-to-Compton ratios,
etc., are computed and the results are finally printed.

RESULTS AND DISCUSSIONS

First, the validation of the Geant4.9.3 physics
model developed in this work has been performed by
comparing it's predictions with the simulated absorp-
tion (intrinsic) efficiency, with the earlier published
data. The detector response was studied by placing a
point isotropic y-ray source at 10 cm from the detec-
tor's front face. The energy dependence of the absorp-
tion efficiency of the CdTe detector over 0.01
MeV-1.2 MeV energy range was simulated using the
10° histories employing source biasing technique to
improve the statistical accuracy of the computed val-
ues. These results compared with the corresponding
data by Rybka et al., [20] are shown in fig. 1. The ex-
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Figure 1. The comparison of the Geant4.9.3 (this work)
computed variation of the intrinsic efficiency of the CdTe
detector with y-ray energy with the corresponding data
from literature

cellent agreement is found between the Geant4 com-
puted values with earlier data throughout the energy
range, validating the current model used for the simu-
lations. The detector response has the initial low-en-
ergy photoelectric dominant region where the effi-
ciency remains maximum and exhibits flat response.
This is followed by a Compton dominant region where
some contribution due to the photoelectric effect re-
mains but continues to decrease with the increase in
y-ray energy. Consequently, the detector efficiency
also shows a decreasing trend in this region. As the en-
ergy of incident y-ray photon increases beyond the
1.022 MeV, the pair production also starts contributing
and since the pair production cross-section increases
with energy, a corresponding increase in the detector
efficiency is observed.

In the second study, a perforated filter of Cu-W al-
loy was used at the entrance window of the CdTe detec-
tor while the detector dimensions and source-to-detec-
tor distance values were kept identical to the previous
case. As shown in fig. 2, the resulting variation of the in-
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Figure 2. The comparison of the Geant4.9.3 (this work)
computed variation of the intrinsic efficiency of the CdTe
with the Cu-W alloy with y-ray energy with the
corresponding data from literature



R. Hussain, ef al.: The Study of Response of Wide Band Gap Semiconductor ...

Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, No. 3, pp. 242-248 245
-3
S — L —
1k 10 mm x 10 mm x 4 mm] [ A 10 mm x 10 mm x 4 mm]
: 4.-10mmx10mm><2mm: o 10 mm x 10 mm x 2 mni}
- ‘ 7 mmx 7 mmx 3mm ] | ‘ 7mm><7mm><3mm.
oy | * 5mmx 5 mmx2mm | > * §mm x5 mm>x 2 mm
S ] Q 4 mm x 4 mmx 1 mm
© 0 4mmx 4 mmsx1mm | %
5 -
© _4
: 210tk o, ;
£ 3 [ ]
= [72] -
= o
= L
0.1 | -
107 | -
001 Lol 0 v ipint 0 w0 YOl TYYY BT TYY R TTIY BT R
0.01 0.1 1 10 0.01 0.1 1 10 100
@ Energy [MeV] (b) Energy [MeV]
0
L — . x S y
: .-10mmx10mmx4mm: g [
10 e
oy !. ‘10mmx10mmx2mm.! Er 3
2 F - o 3
€ 1072 [ & 7oy 7mmx3mm] © [
% { * 5mmx 5mmx 2 mm3 s I
E 3 ~1
Q L é o $ 10 E 3
= 4mmx4mmx1mi o 3 3
2 "3 OB
el 3 3 -
© ]
%10 o i
A 1 102f
E o ] 3 3
3 | [
F ] 102k -
107 3 E
] | E E
1 1 |
; . 107k
s [ 1 3 E
10- 3 4 E
L E 1078 4 10mmx 10 mmx 4 mm _
3 3 3 E
E 3 A 10mmx 10mmx2mm 3
100 [ A [ € 7mmx7mmx3mm
1 1 .
E 3 10 3 *‘ 5mmx 5mmx2mm 3
!- 3 E 0 4mmx 4 mmx1mm 3
TR e IR PNy MO | 10~ Losaat PR | PRI | TN |
0.01 0.1 1 10 0.01 0.1 1 10
© Energy [MeV] (d) Energy [MeV]

Figure 3. The variation of the intrinsic, absolute, full-peak efficiency values and peak-to-total ratio of CdTe detector with
y-ray energy for various indicated values of the detector thickness

trinsic efficiency with the energy of y-rays computed
using the Geant4.9.3 (this work) has a good agreement
with the corresponding published data throughout the
0.01 MeV-1.2 MeV energy range again validating the
effectiveness of model used. The results clearly show
the high-pass nature of Cu-W alloy filter as it absorbs

the low energy photons making the overall response of
the detector relatively flat over the specified energy
range. The Cu-W filter effectively absorbs the substan-
tial fraction of low energy photons that would have nor-
mally contributed towards the photoelectric events in
the detector. The reduction in the number of incidence
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Figure 4. Variation of the intrinsic, absolute, full-peak efficiency values and peak-to-total ratio of detectors with y-ray

energy for various indicated detector materials

of these photons, leads to a relative flattening of the de-
tector response towards the desired range.

The intrinsic detector efficiency, the absolute effi-
ciency, and full-energy peak (FEP) efficiency values
along with the peak-to-total ratios show sensitivity to-
wards the detector thickness. The current Geant4.9.3

simulations show in fig. 3, an increasing behavior of the
CdTe detector efficiency with thickness in 0.1 MeV-50
MeV energy range. The y-rays of this energy range have
high penetration power in CdTe and by increasing the de-
tector thickness, larger fraction of the incident y-ray pho-
tons undergoes interaction with the detector material
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which results in the observed increasing behavior. Also,
as the detector thickness is increased, the relative number
of full energy deposition events is higher than the partial
energy deposition events. Subsequently, the peak-to-to-
tal ratio also shows increasing trend with the detector
thickness.

A comparative study of the dependence of the
detector material of intrinsic, absolute and full-energy
peak (FEP) efficiency as well as of the peak-to-total
ratio has been performed with geant4.9.3. Since the in-
teraction probabilities of detector material depend on
the Z-number, the values of efficiencies are therefore
expected to increase with the rise in the Z-number of
detector. In agreement with the expected behavior, the
detection efficiency and the peak-to-total values are
dominant for the TIBr which is followed by the Hgl,,
CdTe, and then by CZT as shown in fig. 4.

The Cd,_Zn,Te with x < 0.2 allows various val-
ues of relative Zn amount in the composition. In order
to study the sensitivity of this composition variation on
the detector properties, the energy dependence of in-
trinsic, absolute, FEP absolute efficiency values for
x=0.1 were compared with the corresponding data for
x =0.2. A similar comparison was also performed for
the peak-to-total ratio. The results clearly indicate the
independence of the detector response with the respect
to a relative amount of Zn in the detector composition.
It may be noted that these results are preliminary in the
sense that these do not incorporate the corresponding
changes in the density and the temperature depend-
ence of the compositions.

CONCLUSIONS

A comparative study of the response of some
wide band-gap compound semiconductor detectors has
been performed including the CdTe, CdZnTe, TIBr, and
Hgl, detectors. The response including the intrinsic ef-
ficiency, absolute efficiency, full energy peak (FEP) ab-
solute efficiency and peak-to-total ratio have been stud-
ied using the Gean4 toolkit for 0.01 MeV to 50 MeV
energy range. The dependence of the detector response
on the detector dimensions including the detector area
covering 16-100 mm? range and the detector thickness
in 1-4 mm range has been studied. The following may
be concluded from this study:

— the detection efficiency has been found to increase
with the detector thickness in 0.1 MeV to 50 MeV
energy range,

— the total and full energy peak efficiency also in-
creases with the detector area in the 0.1 MeV to
50 MeV energy range,

— the detector response remained relatively insensi-
tive towards the changes in relative proportions of
Zn in Cd,_Zn,Te with x < 0.2, and

— over medium and high range of energy range stud-
ied in this work, the detection efficiency of TIBr

remained leading, followed by the Hgl,, CdTe,
and then CZT. In the low energy range, all detec-
tors exhibited the same value of the detection effi-
ciency.
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Pua3z XYCAMUH, Cuxkangep M. MUP3A, Hacup M. MUP3A

INPOYYABAIBE OJA3UBA INOAYIIPOBOJHUYKUX NETEKTOPA
IMMPOKOI IMPOLEITIA KOPUIIKREILEM ITPOTPAMA GEANT4

Kopucrehm Monte Kapno cuMynanmje 3acHOBaHe Ha mporpamMckoM makery Geantd,
HCIUTHBAHA je eHepreTcKa 3aBICHOCT NapaMeTapa IOoIyPOBOJHIYKIX AETEKTOPA IIHPOKOT IPOMYCHOT
npolierna — yHyTpallmbe e(puKacHOCTH, aliCOTyTHE e(PUKAaCHOCTH, alICONYTHE €(DUKACHOCTH €HEePTHje IyHOT
IMKa ¥ OffHOca MUKa U neiuHe. PazMarpane cy fe6ipuHe AeTekTopa o 1 mm 0 4 mm ¥ MOBPIINHE Off
16 mm? go 100 mm?. Y3 ognmuHo cinarame ca panmjuM pesyaratuma (Rybka et al., [20]), edukacnocTu
JleTeKTopa Ao0HjeHe CHMYJIalljoM CMamHBalle Cy ce NPH MOpacTy eHepruje YIajHoT rama 3padema. Y
oncery exepruja of 0.1 MeV go 50 MeV, youeH je pactyhu TpeHJ 3a YKyIHY e(pUKacCHOCT U e(pUKACHOCT
[eTEeKIje CHePrHje IyHOT KA ca IIopacToM fiebpuHe U noBpimHe fetekropa. 3a Cd, Zn,Te fetexTop,
OfI3UB JIETEKTOPA OCTAO0 je HEOCETIbUB Ha IPOMEHE PEJaTHBHOT yAena Zn. Y IeJoM OMCery eHepruja,
HajBehy edukacHocT ferekuyje umao je TIBr getekTop, a 3atum Hgl,, CdTe u na kpajy CZT perexrop.

Kmwyune peuu: iloayiiposoonuuku oeitexitiop, Geantd, aticoayitina epukacHOCll iiyHOZ UUKA, WUPOKU

UpoiLlycHU Upouyell



