PHY SICS AND CHEMISTRY OF SOLID STATE
V. 20, Ne 3 (2019) P. 257-263
DOI: 10.15330/pcss.20.3.257-263

PACS 07.85, Fv, 61.72.Vv, 72.20.Jv, 81.10.Fq, 81.65.Ps

OI3UKA 1 XIMIA TBEPAOI'O TUIA
T. 20, Ne 3 (2019) C. 257-263

SSN 1729-4428

V.M. Sklyarchuk, Z.1. Zakharuk, M.H. Kolisnyk, A.l. Rarenko,
O.F. Sklyarchuk, P.M. Fochuk

Effect of Compensation Degr ee on the Detecting Properties
of In-doped CdgeZng Tecrystals

Yuriy Fedkovich’ Chernivtsi National University, 2, Kotsiubynskyi Sr., Chernivts, 58012, Ukraine.
e-mail: skliarchuk@chnu.edu.ua

The dectrical characteristics of In-doped CdggZny Te (CZT:In) crystals with concentration of
C,=3540" cm*, which are used in X- and gamma-radiation detectors, were investigated. CZT:In
crystals possess a weakly pronounced n-type conductivity and had aresistivity of (1, 2)* 10° Ohm' cm at
293 K. In/CZT:In/In structures with ohmic contacts and Cr/CZT:In/In structures with Schottky barriers were

created on their base.

The temperature dependences of the resistivity in investigated materiad were analyzed and explained. The
energy position of the deep level responsible for the material’ dark conductivity was found. Due to the study of
the temperature dependencies of currents limited by space-charge and of currents of the ohmic section of the
volt-ampere characterigtics (I-VC), the compensation degree of CZT:In crystals is determined. It was found that
Cr/CZT:In/In structures with a Schottky diode, fabricated on crystals with a lower compensation degree,
possessed the best detection properties than similar structures fabricated on crystals with a greater

compensation degree.
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I ntr oduction

X/gamma-ray radigtion detectors based on
CdpoZng Ten (CZT:In) are practical in industry and
medicine, dosimetry and radiology, space research and
radio astronomy, and other fields[1, 2]. To produce these
devices, high resigtivity rates are required, which are
observed in CZT:In crystals [3]. In spite of the great
attention given by researchers to the technology and
physical properties of CZT solid solution [4-8], the
technological problems together with some physical
limitations, hold back the wide introduction of such
detectors. Hence - the low yield of suitable products, and
hence the high cost of appliances.

In this paper, research results of technology,
electrophysical parameters of CZT:In, connected with the
mechanisms of dark current passage in dructures with
ohmic contacts and Schottky-contact of Cr/CZT:In/In
type are presented. Connection between these parameters
and the detection properties of Cr/CZT:In/In structures
fabricated on these crystalsis considered.
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I.  Experiment Methodology

Recently, the most popular method of doped CdTe
and Cdy..Zn, Te crystals growth for the manufacturing of
detectors and spectrometers is the method of vertical
zone meting through tellurium  solution-melt - the
method of travelling heater (THM) [4, 9-14]. The
advantage of this method is the growth of crystals a a
much lower temperature (1020 K) and additional
purification of the material with the tellurium zone.

For the researches presented in this paper, CZT:In
crystals were grown by the modified THM (indium
concentration in the melt was C, = 35 10" cm®). In a
guartz ampoule, the monolithic CZT:In polycrystal and
the weighted tellurium were placed. After creating a
vacuum in an ampoule with a material, it was situated in
the crystal-growth setup at an angle of ~ 45° to the
vertical. Crystal growth was achieved by moving the
ampoule through a zone heater at arate of 5 mm per day
with simultaneous rotation it around an axis at a rate of
5, 6 tuns pe minute for melt mixing to achieve
composition homogeneity [15].

To determine the band-gap width, an investigations
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Fig. 1. Dependence of the absorption coefficient o
vs. photon energy in n-CZTelln crystals of 20-25 nm
thickness at atemperature of 300 K.
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Fig. 2. I-VC of the In/CZTe:In/In structure (crystal of
type 1) at a temperature of 293 K (filled circles) and
at a temperature of 360 K (open circles). The solid
lines show the I~V and |~\areas of |-VC.

of the optical absorption edge region of the CZT:In
samples were made. To improve the accuracy of optical
measurements, the CZT:In wafers were thinned to a
thickness of 60, 75 mm by mechanical grinding and
polishing methods. Mechanical treatment leads to the
formation of damaged layer on the single crystal surface,
which may affect the results of optical measurements
[16]. To remove this layer, chemica etching was
performed in a bromine-methanol solution. This layer
was removed by step-by-step chemical etching in a
bromine-methanol solution to athickness of 20, 25 nm.

The research was carried out on crystalline wafers of
the correct form cut from different parts of the ingot.
Because of an unhomogeneus distribution of indium on
the ingot, they differed in their electrophysical properties
and conditionally were called crystals of type 1 (end of
the ingot) and crystals of type 2 (middie of theingot). To
determine the homogeneity of zinc distribution in
crystals, measurement of the band-gap width of
monocrystalline samples in different parts of the ingot
was performed. The linear dependence of the Cd,..Zn,Te
band-gap width on the zinc content x was used to
determineits value [17]:

Eq= Egptax, (1

where Eq is the Cd.«Zn,Te band-gap width, Eg, is the
band-gap width of the cadmium telluride, and a is the

proportionality coefficient. Ey is equal to 1.496 eV at
300 K. Cd;..Zn,Te band-gap width was determined from
the optical absorption spectra, taking into account the
multiple reflections.

Since for the direct-zone semiconductor there is the
following relation between absorption coefficient a and
band-gap width Eg:

a(hn) =const(hn - E,)"?, )

where hv is the photon energy, so Eg can be determined
from the graph of «*(hv) function, plotted on the basis of
experimental data.

The absorption coefficient a was calculated by the
formula

i 2 & 4 2]
a=tinf @R EER ey 3)

T 2T g 4T 9] b
where d is the thickness of the sample, T is the optica
transmission coefficient, R is the reflection coefficient
from the edge of the semiconductor-air boundary,
accepted equal to 0.25 in the investigated spectral region
[18].

To define T, the following formula was used:

T=l/l,, (4)
where | is the intendty of light that has passed through
the crystal, I, isthetotal intensity.

To investigate the electro-physical properties, omic
contacts were manufactured to the crystalline samples,
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Fig. 3. I-VC of the In/CZT:In/In structures with
ohmic contacts (crystal of type 2) at a temperature of
293 K (filled circles) and at a temperature of 360 K
(empty circles). The solid lines show the I~V and
|~V areas of |-VC.
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Fig. 4. Temperature dependence of resistivity for
CZT:In crystals from different parts of the ingot:
empty circles - type 1, filled circles - type 2.
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cut from different parts of theingot. Investigated samples
were 0.8, 2.0 mm thick and had a size of 5x5 mm?. After
qualitative mechanical treatment the samples surface
was etched in bromine- methanol solution and washed in
methanol. Before applying the metd, the samples
surface was treated in argon plasma at a voltage of
300,350 V and a current of 35 50 mA for 10, 15
minutes. Omic contacts to n-type semi-insulating CZT:In
crystals were created by thermal spraying of indium in a
vacuum. The size of contacts (4x4 mm?) was set by
molybdenum masks. In this way, the In/CZT:In/In
structure was created.

I1. Resultsand their discussion
The results of optical measurements are shown in
Fig. 1.

As seen from Fig. 1, arelatively slow change of o in
the crystal's transparency region changes by its sharp
growth at hv>1.53 V. In the region of o > 100 cm™, the
observed straight line cuts off a value of 1.543 eV on the
axis of photon energies. The band-gap for samples, cut
from different parts of the crystal, was within
1.540, 1.543 eV. Thus, using the known relation (1), it
can be argued that zinc content in CZT:In crystals of type
1 and type 2 is practically the same.

Measurements of dark volt-ampere characteristics (I-
VC) at different temperatures were performed. 1-VC of
the In/CZT:In/In structures for crystals of type 1 are
shown in Fig. 2. A smilar I-VC for a crystal of type 2 is
shown in Fig. 3.

I-VC for crystals of type 1 and type 2 have the
common features, but there are significant differences.

A common in the |-VCs behavior for crystals of type |
and type 2 is that the ohmic section 1~V at a voltage V,
changes to a quadratic dependence of the current on a
voltage I~\2 The voltage V, is determined by the
intersection point with the extrapolation of the straight
lines I~V and 1~V 2 Such I-VC behavior is explained
within the model of space-charge limited currrents
(SCLC) [19]. An important difference between the 1-VC
isthe different temperature dependence of the voltage V,:
for crystals of type 1 this dependence is weak, and for
crystals of type 2 it is stronger. It isimportant to note that
the resigtivity of the investigated crystals, which was
determined from the linear sections of the I-VC, was
close enough a a tempeature of 293K:

~2:10°0hm cm for ocrystals of type 1 and
~10° Ohm’ cm for crystals of type 2.

Separatdly, the temperature dependence of resistivity
r (T) of the CZT:In crystals cut from different parts of the
ingot was investigated. The obtained results are shown in
Fig. 4.

From the resistivity temperature dependences, the
conductivity activation energies DE for samples from
different parts of the ingot were determined, which were
equal to ~ (0.78, 0.81) eV for crystals of type 1 and
(055, 0.6) eV for crystals of type 2.

The investigated n-type CZT:In crystals are
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Fig. 5. Dependence of the Fermi-level position on
temperature: for crystals of type 1 (filled circles), for
crystals of type 2 (open circles). Solid lines show the
calcul ated results.
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Fig. 6. 1-VC of the Cr/CZT:In/In dructure at a
temperature of 293 K, filled circles - plus(+) on
chromium contact, empty circles - minus (-) on

chromium contact.
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compensated semiconductors, which have uncontrolled
impurities and defects, the concentration of which can be
significant. The resigtivity temperature dependence of the
CZT:In cysta is described by an  exponentia
dependence with the activation energy, DE. Analyzing
the dark dependence of the CZT:In resistivity on
temperature, one can obtain important information about
the temperature dependence of the Fermi-level position
in the band-gap, as well as about the nature of the
impurity, which determines the electrical conductivity
[20]. To estimate the energy-level compensation degree
that defines the dark conductivity, suppose that the
Fermi-level position and the conductivity of the materia
are determined by a donor with energy, E4 and
concentration of Ny and the concentration of
compensating acceptors is denoted as N, For
semiconductor with such impurities, the electroneutrality
equation looks like:
p+Ng =n+N;, (5)

where n and p are the concentrations of eectrons and
holes in the conduction band and valence band, N*4 and
N ., are the concentrations of ionized donors and
acceptors, respectively.

Then, the el ectroneutrality equation can be written as
follows:
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1
09
08
07 |
06 |
05 |
04
03
02 H
01

0

CCE

150 200 300
voltage (V)
Fig. 8. Photoresponse dependence of the
Cr/CZT:In/In structure on the applied voltage (power
source ‘minus to the chromium contact) under
irradiation by the uncollimated 59.5-keV ?Am
gammasource from the chromium contact (power
source ‘minus’ to the chromium contact) - the empty
circles. The solid lineis the theoretical curve for CCE
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where Dm Ey E, are the depths of the Fermi-level, donor
and acceptor levels, respectively, which are which are
counted from the edge of the valence band; N, =
2(muki2zh)¥? and N, = 2(mpki2zi)¥? are the densities of
states in the corresponding bands; the effective masses of
electrons m, and holes m, in CZT with low zinc content
are equal, respectively, 0.11m, i 0.63m, [21,22], where
m, is the dectron mass in a vacuum. The temperature
dependence of the band-gap Ey(T) can be represented as:

EyT) = Ep -7, ©)
where Eq, = 1.68 €V, and the temperature coefficient y =
4.0x107 eV K,
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On the other side, Dmvalue can be determined from
the expression for theresistivity:
-1
q(nm, + pm)’
where q is the electron charge, n and p are the electron

and hole concentrations, u, and y, are the eectrons and
holes mobilities, respectively.

(10)

& 50
G ot £ ol
Dn=E, +KTIng 5 (11)
. ¢ 20r mN, .
: :
where the sign "+" means "+" for the n-type

semiconductor and "-" for the p-type semiconductor. The
mobility values of electrons u, and holes u, were adopted
equal to 700 and 70 cm?/(V-s) at 293 K, respectively.
Expressions for the mobility temperature dependences
are given by Eq. (12-13) according to [23]:
m, =3.54" 10°T %2 cm?/(V>s), (12)
m, =3.54" 10°T"¥ 2 cm/(V>s). (13)

The curves obtained by the methods mentioned
above are shown in Fig. 5. In equation (10) the data of
experimental temperature dependence of the resistivity is
used.

Equation (6) is solved numerically relative to Dm
The concentration and depth of the donor and acceptor
levels (or NJNg) are chosen such that the obtained
experimental dependences Dm(7) coincide with the
calculation.

It is worth noting that the temperature dependence
Dm(7), found by the experimenta temperature
dependence r(7), can be obtained only at a one
combination of E4 and Ny/Ng. Coincidence between the
calculation and experiment is obtained for Eq4 ~ 1.0 eV
and NNy = 0.93, 0.96 for a crystal of type 2, and E4 ~
0.8, 0.82 eV and N/Ny = 0.03, 0.05 for a crystal of
type 1. Thus, the dark conductivity in samples from the
middle and the end of the ingot is determined by the
deep-donor level, which, in one case, is highly
compensated, and in other is weakly compensated. The
fact that our conclusions are correct is confirmed by the
andysis of the SCLC's temperature dependence. If the
voltage V, does independent or is weakly dependent on
temperature, then the crystal is weakly compensated, but
if it heavily depends on the temperature, then the crystal
is highly compensated [24, 25]. According to the
research results shown in Figs. 2 and 3, we can clearly
conclude that the crystals of type 1 are weakly
compensated, and crystals of type 2 are strongly
compensated.

Thus, crystals of type 1 and type 2 have a rather
close resistivity (~ 240° Ohmxcm and ~ 10° Ohmxcm),
but differ srongly by their compensation degree. In terms
of the production of ionizing radiation detectors, crystals
of both type 1 and type 2 have good e ectro-physical
parameters. Since the crystals differ quite noticeably by
the compensation degree, we consider it expedient and
important to investigate the connection between this
parameter and the detection properties of structures
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fabricated from these crystals. The In/CZT:In/In
structures with ohmic contacts proved unsuitable for
studying their detection properties, because the I-VC
section with a relatively weak current dependence on
voltage is limited by the SCLC. The typical value of
voltage V, for crystals with a thickness of ~ 1 mm at 293
K is equal to ~ 15, 25 V. The dectric field strength,
which corresponds to this voltage, £ ~ 10? V/cm, is
insufficient for the detector’ s effective operation. Using a
rectifying contact instead of an ohmic one allowed us to
substantialy "extend" the I-VC section with weak current
dependence on the voltage. Chromium was used as a
metal to fabricate contacts of such type. The indium ohmic
contacts were removed by polishing. After chemical
treatment in a bromine-methanol solution, one crystal
surface was covered by chromium through thermal
evaporation in a vacuum, and indium was applied on the
opposite side. The surface was treated differently in an
argon plasma before applying the metals, in different
ways. at a voltage of 300, 350 V and a current of
35, 50 mA before indium deposition, and at a voltage of
500,550 V and a current of 15, 20 mA before
chromium deposition. The size of the contacts was 4x4
mm?. Thus, Cr/CZT:In/In structures were created. The |-
VCs of such structures are shown in Fig. 6.

As shown in Fig. 6, the region of current’s weak
growth on voltage for the Cr/CZT:In/In structure is
substantialy larger than that for an In/CZT:In/In with the
same sizes of the crystal and the same contact area. In
fact, the 1-VC graight line of the Cr/CZT:In/In dtructure
is the 1-VC of the In/CZT:In/In dructure. Thus, the
Cr/CZT:In/In structure provides significantly greater
eectric field strength in a crystal of ~ 1 mm thick than
does the IN/CZT:In/In structure. Quite informative for the
I-VC of such structures is the plotting of differentia
resistance, di/dV, versus voltage V (Fig. 7).

As shown in Fig.7, the differential resistance of the
Cr/CZT:In/In dructure at a voltage of ~100V is
~ 210" Ohmxcm, which is significantly greater than the
crystal’s resistivity, which is equal to ~230° Ohmxcm at
293 K. Thus, the formation of the rectifying contact led
to a significant increase of the Cr/CZT:In/In gructure’s
tension with a moderate increase of dark current, which
did not exceed 1 nA at voltage of ~ 300, 400 V and
temperature of 293 K. We note that the Cr/CZT:In/In
structures, fabricated from crystals of type 1 and type 2,
had rather similar 1-VCs (Fig. 6 and Fig. 7 show their
typical I-VCs).

An important parameter that significantly affects the
detector efficiency is the mobility-lifetime product of the
charge cariers, i.e, mt. for €eectrons. It can be
determined from the study of the dependence of the
photo-response at gammea-irradiation on the eectric field
strength (or an applied voltage) at room temperature. The
product mt. actually determines the charge collection
efficiency (CCE). The mt. value can be obtained from
the Hecht equation in the approximation for one type of
charge carriers[26, 27]:
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CCE» MeEg - expgi%i (14)
d @ M eE g

where d is the thickness of the crystal, E is the eectric
field strength, which depends on the applied voltage. To
determine this important parameter, we measured the
photo-response dependence of the Cr/CZT:In/In structure
on an applied voltage under irradistion by an
uncollimated 59.5-keV *Am gammaray source (see
Fig. 8).

Since the position of photo-peaks (channds) for
gammaray spectra are proportional to the CCE, the
value of mt. can be determined by plotting the photo-
peaks positions depending on the applied voltage.

The product mt,. determined by such technique is
equal to 1.5x10° cm¥V for crystals of type 1, and
5.0x10° cm?/V for crystals of type 2. For example, Fig. 8
shows measurements for crystals of type 1.

Thus, from carried out researches it was found that
the product mt . for the weakly compensated crystals of
type 1 was approximately three times greater than that
for highly compensated crystals of type 2.

The results obtained by anadyzing the CCE
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Fig. 9. **Am emission spectra measured by the
detector fabricated from the crystals: (a) - type 1 and
(b) - type 2. Voltage 300 V, temperature 300 K.
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measurements are confirmed by measurements of the
gammaray spectra for samples on the planar
Cr/CZT:In/In  dtructures under irradiation by an
uncollimated 59.5-keV **Am source. Fig. 9 shows the
gammarspectra for Cr/CZT:In/In structures fabricated on
crystals of type 1 and type 2.

Fig. 9 shows that for crystals of type 1 (from the end
of the ingot) the spectrum maximum, which corresponds
to the energy of 59.5-keV, is narrower. For the best
samples, a resolution of 7.05%, 7.56% was obtained,
which corresponds to the full width a half maximum of
the spectrum FWHM = 4.2, 45 keV (seeFig. 9).

Conclusions

Based on joint studty of the temperature dependence
of SCLC and the currents of the I-VC ohmic area of the
In-doped CdpoZng Te crystals, the donor nature of the
deep leve responsible for the dark conductivity was

compensation is bigger the farther it is located from the
middle of the band-gap.

It was found that at similar values of the materia
resigtivity, the Cr/CdyeZno TeIn/In structures fabricated
on the crystals, in which dark conductivity is caused by a
weakly compensated (3%, 5%) deep donor leve,
possessed the better detection properties.
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BruinB cTyneH0 KOMIneHcaunii Ha 1eTeKTYH4i BJaCTUBOCTI KPUCTAJIIB
CdoeZno1Te, reropanux ingiem

Yepuiseyvkuil nayionanvhuil ynieepcumem im. FOpis @edvrosuya, m. Yepnisyi, 58012, Vrpaina
e-mail: skliarchuk@chnu.edu.ua

JocnimkeHo enekTpuuHi xapakrepuctuku kpucranmiB CdgoZngiTe, neroanux iHmiem (CZT:In) 3
xoHuenTpariero C,=3,540" cm®, siki 3acTocoByroThCs y metektopax X/y-Bunpomintoparus. Kpucramu CZT:In
BOJIOZIJIH CJ1a0KO BUPaXKEHUM N-TUIIOM MPOBIAHOCTI Ta Maiu ruToMui omip (1, 2) 20° Om-cm npu 293 K. Ha ix
OCHOBI CTBOPEHO CTPYKTYpH 3 oMiunmmu KoHtaktamu In/CZT:In/In ta crpykrypu Cr/CZT:In/In 3 miomom
MlorTki.

IpoaHaii3oBaHO Ta MOSACHEHO TEMIIEPATYPHI 3AIEKHOCTI MMUTOMOIO ONOPY B JOCHIIIKYBaHOMY MaTepiali.
BusHaueHO eHeprerMuyHe IIOJOXKEHHS IJIMOOKOro piBHS, BIAIOBINAJIBHOTO 3a TEMHOBY €JIEKTPOIPOBIJHICTH
Mmarepiany. Ha ocHOBI 10CHiPKEHb TEMIIEPATYPHUX 3aJISKHOCTEH CTPYMIB OOMEKEHHX IPOCTOPOBUM 3apsiioM i
CTPYMiB OMI4HO{ JiISTHKH BOJIBT-aMIIEPHOI XapaKTePHCTUKH, BU3HAYECHO CTYIiHb KoMneHcauii kpucranis CZT:In.
BcraHOBNIEHO, WO KpalMMU JETEKTYFOUMMH BIACTHBOCTSAMH Boyoximu crpykrypu Cr/CZT:n/In 3 miomom
HlorTKi, BUTOTOBJICHI HA KPUCTAJIaX 3 MEHILMM CTYIIEHEM KOMIIEHcallii, HXK aHaJIOrYHI CTPYKTYpH, BUTOTOBJIEHI
Ha KpUCTaax 3 OLIBIINM CTyIIEHEM KOMIICHCALL1.

Karouosi cioBa: CdygZng;Te:ln, omiunmii konrakt, koHtakt Hlorrki, COII3, crymiHe KOMIEHCALT,
JIETEKTOp Y-BUIPOMiHIOBaHHS.
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