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The structural properties (microstresses, texture, lattice parameter, coherent scattering
domains size) and chemical composition of Cd,  ZnTe (CZT) films with variable zinc
concentration were studied. Films were deposited on molybdenum coated glass substrates
by close spaced vacuum sublimation method. Properties of samples were investigated by
X-ray diffraction, energy dispersive spectroscopy, scanning electron microscopy. Zinc
concentration in CdZnTe layers was determined by the EDS and from the lattice parame-
ter, according to the literature data. Namely, it was determined that the CZT films had
following Zn concentrations: x = 0.09, x = 0.24, x = 0.30.

Keywords: Composition of Cd, ,Zn,Te, microstresses, texture, lattice parameter, co-
herent scattering domains size.

HccnemoBausl CcTPYKTYPHBIE CBOMCTBA (MUKPOHAIIPSAKEHNS, TeKCTypa, [IepUoj] PeIleTKH,
pasmep ofaacTeli KOrepeHTHOrO pAacCCeMBAHMA) M XuMHYecKuii cocras munenok Cd,_Zn Te
(CZT) ¢ mepemeHHOI KoHIleHTparuell nuHika. Clion IIoJy4YeHbl METOAOM TePMHYECKOIr'0 MCIIAa-
peHusd B KBAa3U3aMKHYTOM O00'beMe Ha HOIJOKKAX U3 CTEKJa, MOKPBITOro Moaubrenom. CBoili-
CTBa ILIEHOK MCCJIEIOBAHBLI C IIOMOIIBI0 METOJOB PEHTIeHOBCKON AH(MPaKTOMETpUM, DHEPro-
IUCIIEPCHOUN CIIEKTPOCKOINH, CKAHUPYIOIIeH 32JIeKTPOHHOW MHUKpocKomuu. KoHIleHTpamus
muaka B caoax CdZnTe ompepenena mo pesyabratam EDS 1 3HaAUeHHIO IMapaMeTpa KpPHUCTaJLIN-
YeCKO! pellleTKN MaTepuajia, B COOTBETCTBUU C JUTEPATYPHLIMHU JAHHBIMU. ¥ CTAHOBJIEHO, UTO
caou CZT mmenu xoHmenrpanum muuaka: x = 0.09, x = 0.24, x = 0.30.

CrpykTypHi Ta cyGeTpykTypHi Baactusocti maiBok Cdl-xZnxTe, oTpEMaHHX METOIOM
BAKYyMHOTO TE€PMIiYHOTO BUNMAPOBYBAaHHS B KBazizaMKHeHOMY 00’emi. S.B.3HameHuwuros,
B.B.Kocax, A.C.Onanaciox, M.M.Konecnux, B.B.I'punenro, I1.M.DPouyk.

HocmifkeHo CTPYKTYPHiI BiaacTHUBOCTI (MiKpoHampy:KeHHs, TeKCTypa, mepiog rpatku,
posmip obaacreil KorepeHTHOro poacioBaHHa) Ta Ximiumwmit ckiaz manisox Cd,_ Zn Te
(CZT) si smimHO0O KoOHIeHTpalieo nmuHaKy. [Ilapu oTpuMaHO METOLOM TEPMiUHOr'0 BUIIAPOBY-
BaHHA y KBasisaMKHeHoMy 00’eMi Ha mizxaagkax sl ckJaa, moxpuroro Mmoaidmenom. Biacrtu-
BOCTi ILIIBOK MOCJIiI)KeHO 3a OOIIOMOI'OI0 METOIiB peHTreHiBCcbKOl mudparTomerpii, eHepro-
OUCIePCHOI CIIEKTPOCKOIi, cKaHyiouoi eineKTpoHHOI MiKpockomii. Kommenrpario nueHKy B
mapax CdZnTe Busmaueno s3a pesyuabraramu EDS Ta sHaueHHAMHE IapaMeTpa KPUCTAIIYHOL
rpaTKm mMarepiany, BiAmoBigHO mo JiteparypHHX maHuX. Beramosiaeno, mpo mapu CZT maioTs
KoHueHTpauiil nuaky: x = 0.09, x = 0.24, x = 0.30.
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1. Introduction

Cadmium telluride (CdTe), zinc telluride
(ZnTe) compounds and their solid solutions
(CZT) attract considerable interest because
of their wide application in optoelectronics,
microelectronics, sensor electronics, and
photovoltaic [1, 2]. These compounds and
their solid solutions are promising photore-
fractive materials for optical memory de-
vices and information processing systems
[3, 4]. Also CZT is used in fabrication of
photodetectors, solar cells, radiation detec-
tors, filters for visible and ultraviolet ra-
diation, ete. [5, 6].

CZT solid solution has a number of ad-
vantages over CdTe in development of the
high efficiency X-ray and gamma-ray detec-
tors [7, 8]. This is due to high resistivity of
the material, higher atomic binding energy
than in CdTe, ability to vary band gap of
the material in the range from E;=1.46 eV
(CdTe) to E,=2.26 eV (ZnTe) [1, 9]. Also
CZT films with Zn concentration of x = 0.3,
which has band gap of about 1.70 eV, are
important materials for top absorbing layer
of the first element of tandem solar cells [10].
Structural properties of CZT single crystals
are well-studied [11]. Whereas, films of this
material obtained by vacuum methods, are
not investigated well because of difficulties
in their deposition. In particular, evapora-
tion of II-VI compounds occurs with disso-
ciation, and partial pressures of the compo-
nents are quite different. At the same time
for application in electronic devices, espe-
cially for fabrication of radiation detectors,
the CZT layers with big grain size, quality
texture, low concentration of dislocations
and stacking faults, controllable electrical
and optical properties are required. How-
ever, it is difficult to obtain layers with
such a properties by the low-cost methods
for example electrodeposition, thermal vac-
uum evaporation, since these techniques do
not provide equilibrium conditions for the
films growth.

The goal of this work was to study the
effect of zinc concentration on structural
properties of the CZT films, obtained by
CSVS method, which allows to perform
evaporation in grown conditions close to
thermodynamic equilibrium. Also compari-
son of structural properties and phase com-
position of the CZT solid solutions and pure
CdTe and ZnTe compounds films was per-
formed.
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2. Experimental details

CdTe, ZnTe and CZT solid solutions films
were deposited on molybdenum coated glass
substrates by (CSVS) method in VUP-5M
vacuum equipment, residual gas pressure in
a chamber did not exceed of 5:107% Pa.

In order to obtain the CZT films, co-
evaporation of CdTe and ZnTe powder was
performed. For this purpose we have devel-
oped system for co-evaporation, which is
based on system used in our previous works
[12, 13] for CdTe deposition. It was
equipped with two independent evaporators
for CdTe and ZnTe. Weight of cadmium tel-
luride powder was 60 mg, weight of evapo-
rated zinc telluride powder was varied from
the film to film correspondently — 10 mg
(CZT1), 20 mg (CZT2), 30 mg (CZT3).

Surface morphology of the films was in-
vestigated by scanning electron microscope
(SEM-102E). The average grain size (D) in
the layers was estimated by the Jeffries
method.

Chemical composition of the films was
studied by EDS. Determination of the mass
concentration of the compound components
was carried out in the area of 200x200 um
(beam exposure — 100 sec, sensitivity —
1000 imp/sec, beam energy — 20 keV) on
the samples surface. It should be noted that
the samples surface was not etched or pol-
ished for more precise EDS measurements,
and the film surface was assumed to be flat.
However roughness of the film could lead
qto some increasing in error of quantitative
EDS analysis [14]. For quantitative EDS
analysis we used database of reference
chemical elements of the "Invent” company
(Moscow, Russia).

X-ray diffraction analysis was used to
study the structural properties of the lay-
ers. Measurements of XRD spectra was car-
ried out by DRON4-07 equipment with a
conventional Bragg-Brentano 6-20 geome-
try (20 is the Bragg’s angle) using Ni-filtered
CuK, radiation (A = 0.15406 nm, U = 40 kV,
I =40 mA). The samples were measured in
the 26 angle range from 20 to 80°.

The peak intensities were normalized to
the intensity of (111) peak of the cubic
phase. Phase analysis was performed by
comparison of the inter-planar distances as
well as relative intensities measured from
the samples and reference of the Joint Com-
mittee on Powder Diffraction Standards
(JCPDS card No. 15-0770) data [15].
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Texture of the films was determined by
the Harris method [13, 16]. The pole den-
sity was calculated as:

@/ 1y oY)
i~ N
1
i/ Tg)
i=1
where I;, I,; — are the integral intensities

of i-diffraction peak for the film and refer-
ence powder sample of CdTe, respectively,
N is a number of lines observed in the XRD
pattern.

Texture axis has those indices that corre-
spond to the maximum value of P;. In this
case, the orientation factor can be found
from the expression

TR )
F= N2, - 12,

i=1

Calculation of the cubic phase lattice
constant a was carried out using the follow-
ing formula:

A 772 (3)
a 95in0 (he + B4+ 19).

Precise values of the lattice parameter
were determined by the extrapolated Nel-
son-Riley method [17]. For this purpose, de-
pendences were plotted in a(c) and
1/2co0s26(1/sin(6) + 1/0) coordinates.

The XRD method was also applied for
determination of average size L of the co-
herent scattering domains (CSD) and mi-
crostrain level € from broadening of the dif-
fraction peaks.

The average coherent scattering domains
size was determined from the Debye-Scher-
rer formula [18]:

Lok @
B - cosd

where k is the constant approximately
equal to unity and related to crystallite
shape (& = 0.9), B is the physical broadening
of corresponding diffraction peaks.

Microstrain level ¢ was calculated using
formula [19]:

¢ = B - cosb (5)

=
The Cauchy and Gauss approximations
were used to separate diffraction broaden-

ing due to physical effects and instrumental
broadening. In order to separate the contri-
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Fig. 1. Dependences of partial pressures of
Cd, Zn from evaporator temperature. Dashed
lines show temperatures at which the partial
pressures of Cd over CdTe (1) and Zn over
ZnTe (2) are equal.

butions in the physical broadening from the
dispersive structure of the polycrystalline
films and microstrain level the Hall ap-
proximation was applied [13].

3. Results and discusiion

Since we used co-evaporation of CdTe
and ZnTe powders from two independent
sources, it was necessary to determine tem-
peratures of CdTe and ZnTe evaporators,
which provide the optimal conditions for
deposition of the CZT films.

Our previous studies suggest the follow-
ing optimal temperature for the deposition
of CdTe and ZnTe films: CdTe evaporator
temperature Te(CdTe) =893 K [13, 18],
ZnTe evaporator temperature T, z;7e) =
993 K [18] and the substrate emperature
T, =693 K. Such growth conditions allow
to obtain the highly textured single-phase
films of CdTe and ZnTe compounds with
the low microstrain level, low concentra-
tions of packing defects and dislocations,
which are suitable for application in the
electronic devices.

It is well known, that difficulty in ob-
taining of the CZT solid solution films by
vacuum methods is related to incongruent
evaporation of CdTe and ZnTe compounds.
Process of evaporation can be described by
formula [20]:

CdTe(solid phase) = (6)
= Cd(gas phase) + 1/2Te,(gas phase),
ZnTe(solid phase) = (7)

= Zn(gas phase) + 1/2Te,(gas phase).

Functional materials, 23, 1, 2016
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Fig. 2. SEM images of surface of CZT films with different zinc concentration: x = 0 (CdTe) (a);
x=0.09 (b); x=0.24 (¢); x =0.80 (d); x =1 (ZnTe) (e), and film cross-section of film with Zn
concentration x = 0.30 (f). In the inset the EDS spectrum of CZT film is presented.

As a result the gas phase contains Cd
and Zn atoms as well as Te, molecules. It
should be noted that the pressures of satu-
rated vapor of Cd and Zn have significant
differences at the same evaporation tem-
perature. Thus it was necessary to find the
evaporating temperatures of compounds at
which partial vapor pressures are equal. Cal-
culation of the partial pressures for the com-
ponents was carried out using equations [20]:

logPre = - % + B, @)
Pegzn =2 - Pre, 9

where P — pressure (atm.), A, B — the
coefficients (CdTe: A =9761 K, B = 6.57;
ZnTe: A =10723 K; B =6.556), T — tem-
perature (K). The coefficients A and B were
taken from the literature [21].

Results of the calculation of temperature
dependence of partial pressures of Cd and
Zn, formed as a result of dissociation of
CdTe and ZnTe compounds during the
evaporation, are shown in Fig. 1. Using
these dependences it is possible to find the
evaporation temperatures of CdTe and ZnTe
at which values of the partial vapor pres-
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sures of Zn and Cd will be equal. At that,
the temperatures of substrate and evapora-
tor must be close to the optimal values de-
termined for pure CdTe and ZnTe, as it was
mentioned above.

As it can be seen from Fig. 1, the partial
pressures of Cd and Zn are equal and have
a value of about 4 Pa at temperatures of
CdTe and ZnTe evaporators of 893 and
983 K, correspondently. Comparison of the
selected temperatures with the above men-
tioned optimal temperatures for deposition
of CdTe and ZnTe films indicates that se-
lected temperature e (CdTe 893 K of
CdTe evaporator is equal to tﬁe optimal for
evaporation of CdTe and temperature of
ZnTe evaporator T, z,7¢) = 983 K is close
to the optimal for evaporation of ZnTe
(993 K). Thus, these temperatures were
chosen for the co-evaporation of CdTe and
ZnTe powder to obtain the CZT solid solu-
tion films.

SEM images of the films surface are
shown in Fig. 2. As follows from Fig. 2 the
average grain size is changed from 5 to
3.5 um with increasing of Zn concentration.
Also it was determined from the SEM photo
of the film cross-section (Fig. 2f), that the
grains have columnar-like structure similar
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Table 1. Lattice parameter of films and concentration of components

Sample Zn(x) Lattice Zn(x) according to lattice parameter
accogll)lrslg to pararﬁfr‘lcer % | Berchenko Ramalingam Vegard Our data
[25] [26] (JCPDS) [15,
24]
CdTe 0 0.64947 0 0 0
CZT1 0.09 0.64465 0.09 0.095 0.090 0.11
CZT2 0.24 0.64043 0.18 0.200 0.205 0.22
CZT3 0.30 0.63626 0.29 0.305 0.315 0.33
ZnTe 1 0.61233 1 1 1
to pure CdTe and ZnTe [13, 22], and the — ZnTe ° 8
film thickness is 22—-29 um. c s s7%s= §
Typical EDS spectrum of the layer is \Ec\l 8 £§8 7
shown in the inset of Fig. 2d Analysis of R B R R

the spectra shows that the film contains
only components of the solid solution — Cd,
Zn, Te. Scanning of the films surfaces re-
veals homogeneous composition in the whole
area. The obtained spectra were used for
determination of atomic concentration of
the layers components. According to the
EDS data, the films have the following zine
concentrations: x = 0 (CdTe film), Ix = 0.09
(CZT1 film), x = 0.24 (CZT2 film), x = 0.30
(CZT3 film), and x = 1 (ZnTe film).

The XRD patterns of the films are pre-
sented in Fig. 8. As it is seen from Fig. 3
with increasing of Zn concentration the dif-
fraction peaks are shifting towards the
higher values of diffraction angles.

Phase analysis was carried out using
JCPDS reference (card 15-0770). As follows
from Fig. 38, peak at 24.10°-24.60° angles
which corresponds to the reflection from
(111) plane of the cubic phase CdTe, ZnTe,
CZT is dominant. Also peaks from (220),
(311), (400), (422), (511) planes of the cubic
zincblende phase are detected on the XRD
spectra. The peaks of other phases such as
hexagonal phase of CZT were not observed.
However, the low intensity peaks on the
XRD patterns of CZT1 (at 32°) and CZT3
(at 37° and 43°) films, which are not corre-
spond to the cubic phase of CdZnTe, are
observed. Possibly these peaks belong to the
copper film, which was deposited on the
side of the sample as current collecting con-
tact for the SEM analysis.

The peak splitting observed on the XRD
patterns of CZT2 and CZT3 films indicates
the presence of a number of solid solutions
with different, but similar, zinc concentra-
tions. In order to identify these solid solu-
tions the separation and simulation of the
peaks were carried out. For example, in
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Fig. 3. XRD patterns of CZT films with dif-
ferent zinc concentration. In the inset the
position of diffraction peaks on a larger scale
is shown (except [111]).

both cases, (111) peak was separated into
the peak with higher intensity and the peak
with significantly smaller intensity. To per-
form calculation of the structural and mi-
crostructural properties we used peak with
higher intensity.

Lattice parameters of the CZT solid solu-
tion are very sensitive to the presence of
zinc atoms because of deformation of the
crystal [23]. That is why we carried out
determination of the lattice parameter of

Functional materials, 23, 1, 2016
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Table 2. Dependences of pole density P; on angle ¢ between texture axis and normal to the
reflection plane.

Sample |Zn(x) | f, a.u. Pole density, P;, arb. units

(111) (422) (331) (311) (220) (511) (400)
@=0.00 |0=19.47 |0 =22.00 |0 =29.50|¢ =385.27 | ¢ =38.94 |p = 54.74

CdTe 0 0.80 1.33 2.15 0.19 1.02 0.05 1.97 0.30
CZT1 | 0.09| 0.71 1.98 0.61 0.01 0.22 1.54 1.70 0.94
CZT2 | 0.24 | 0.97 2.87 1.18 0.45 0.28 0.07 1.89 0.27
CZT3 | 0.30 | 0.79 2.17 0.48 0.17 0.42 0.93 2.24 0.59
ZnTe 1 1.72 4.72 0.59 0.08 0.38 0.03 - 0.19

the films according to the Nelson-Riley
method, the results of calculation are listed
in Table 1. As follows from Table 1 the lat-
tice parameter of the CZT films is decrease
with increasing of Zn concentration, which
corresponds with the literature data.

For the further determination of zinc
concentration we used the Vegard’s law
which describes relationship between Zn
concentration and lattice parameter:

d(Cd,_,Zn,Te) =
=d(ZnTe + (1 — x)[d(CdTe - d(ZnTe)],

(10)

where d(CdTe) and d(ZnTe) — lattice pa-
rameters of CdTe and ZnTe respectively,
x — value of Zn concentration.

It should be noted that using of different
reference data of d(CdTe) and d(ZnTe) lead
to different compositional dependencies of
CZT lattice parameter a.

As values of the lattice parameters of
pure compounds we used the reference data
for CdTe and ZnTe single crystals (Fig. 4
line 8) [15, 24] and results obtained in this
work (Fig. 4 line 4). In addition to Eq. (10)
we used concentration dependencies of the
lattice parameter of solid solutions which
were experimentally found in the works [25,
26] by Berchenko and Ramalingam (Fig. 4
lines 1-2).

Analysis of a—x dependences in [25, 26]
indicates that there is some difference be-
tween real values of the lattice parameter of
solid solution and values which were found
by the Vegard’s law, so we obtained the
range of possible values of Zn concentra-
tions (Fig. 4) in studied films. These data
are presented in Table 1.

As it is seen from Table 1, values of Zn
concentration obtained from the XRD data
have a good correlation with the values ob-
tained by the EDS method.

Calculation of the values of pole density
has shown that films have axial growth tex-

Functional materials, 23, 1, 2016

0.654
a=0.64465 nm

a=0.64043 nm
0.64

a=0.63626 nm

S
< 0.63-
©

0.62

0.614

0.08

0.0

Fig. 4. Determination of zinc concentration
in CZT solid solution using lattice parameter
(I — Berchenko [25], 2 — Ramalingam [26],
3 — Vegard (JCPDS) [15, 24], 4 — our data).
Dashed lines show interval of Zn concentra-
tion for CZT films according to different ref-
erence data.

ture in [111] direction. It should be noted
that the axial growth texture in the [111]
direction in II-VI films with zincblende
structure is typical for films obtained by
the vacuum techniques [183, 18, 22]. Also it
was determined that quality of the growth
texture in the thin films slightly depends
on zine concentration (Table 2).

Results of the calculation of CSD sizes
(Eg. 4) and microstrain level (Eq. 5) accord-
ing to the Debye-Scherrer method in the
CZT films in directions perpendicular to
(111), (220) and (311) crystallographic
planes are shown in Fig. 5. As follows from
Fig. 5 the CSD size in (111) direction de-
creases from 74 to 27 nm with increasing of
x. A similar trend is observed for all other
crystallographic directions. As could be seen
from inset of Fig. 5, the microstrain level is
increased from 0.0007 to 0.0012 with in-
creasing of zinc concentration from x = 0 to
x = 0.09. On further increasing of zinc con-
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Table 8. Microstructural parameters of CdTe, CZT and ZnTe films.

Sample Zn(x) hkl L, nm e 1073 L, nm g-1073 L, nm e-1073
Scherrer | Scherrer Gauss Gauss Cauchy Cauchy
CdTe 0 (111) 74 0.5 - - - -
CZT1 0.09 (111) 28 1.4 - - - -
(200) 41 0.9 - - - -
(400) 31 1.2 - - - -
(200) - - 66 1.2 49 2.1
400
CZT2 0.24 (111) 23 1.7 - - - -
CZT3 0.30 (111) 22 1.7 - - - -
(200) 38 9.5 - - - -
(400) 30 1.2 - - - -
(200) - - 58 1.2 45 2.1
400
ZnTe 1 (111) 64 0.6 - - - -
(222) 53 0.7 - - - -
(111) - - 89 0.6 71 1.3
222
centration the microstrain level slowly in-
80 0.0025 &
creases to the value of €741, = 0.002. 0.0020
Also for the samples CZT1, CZT3 and 70 5 7 ()
ZnTe the calculation of CSD sizes and mi- ‘::_0-0015 =&
crostrain level was performed using more 60+ 0.0010
precise method of the Hall approximation. £ 50 010065
Since only for these samples the peaks of -
reflection from parallel planes (111)—(222), 40 ~
(200)—(400) were observed on the XRD pat- 30
terns. Results of the calculation are pre-
sented in Table 8. As it is seen from Table 20 (311)
3, CSD sizes calculated using the Debye-
Scherrer equation are 1.5—2 times less than 101 : : : : : :
results obtained by the Hall approximation. 0.0 0.1 el 02 0.3
n(x

The same tendency is observed in the case
of microstrain level calculation. This differ-
ence is caused by the fact that, in contrast
to Debye-Scherrer method, the Hall approxi-
mation method allows to separate the con-
tribution of microstrain and CSD into
broadening of the diffraction peak. There-
fore, the Hall approximation method is
more precise approach.

4. Conclusions

In this work polyerystalline films of
CdTe, ZnTe compounds and CZT solid solu-
tion with variable zinc concentration were
obtained by close-spaced vacuum sublima-
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Fig. 5. Dependences of CSD sizes (L) of CZT
films on zinc concentration. Values for the
crystallographic directions [111], [220] and
[811] are presented. In the inset dependence
of microstrain level (¢) on zinc concentration
for the crystallographic directions [111],
[220] and [311] is shown.

tion technique. Optimum grown conditions
for deposition of the solid solutions films by
the co-evaporation of components were de-
termined, namely temperature of CdTe
evaporator T, .cqre) = 893 K, temperature

Functional materials, 23, 1, 2016
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of ZnTe evaporator T, z,7¢) = 983 K, sub-
strate temperature T, =675 K. The effect
of zinc concentration on structural and mi-
crostructural properties of the films has
been studied. Analysis of surface morphol-
ogy has shown that obtained films have a
polyerystalline structure with the grain size
which decreases from 5.0 to 3.5 um with
increasing of zinc concentration. The films
were single-phase and contained the cubic
phase of CZT. The lattice parameter is de-
creasing from 0.64947 to 0.63343 nm with
zine concentration increasing. It was deter-
mined that with introduction of Zn atoms
into CdTe lattice it leads to decreasing in the
crystal quality. Namely, the CSD size de-
creases from 74 nm to 27 nm, and the mi-
crostrain level increases from 0.0007 to
0.0022 with increasing of zinc concentration.
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