
Journal of Luminescence 171 (2016) 176–182
Contents lists available at ScienceDirect
Journal of Luminescence
http://d
0022-23

E-m
journal homepage: www.elsevier.com/locate/jlumin
Full Length Article
Photoluminescence of CdZnTe thick films obtained by close-spaced
vacuum sublimation

V. Kosyak a,b, Y. Znamenshchykov a, Aurimas Čerškus c, L. Grase b, Yu.P. Gnatenko d,
A. Medvids b, A. Opanasyuk a, G. Mezinskis b

a Sumy State University, Rymskogo-Korsakova Str. 2, 4007 Sumy, Ukraine
b Riga Technical University, 3 Paula Valdena Str., LV-1048 Riga, Latvia
c Center for Physical Sciences and Technology, A. Gostauto Str. 11, LT-01108 Vilnius, Lithuania
d Institute of Physics of National Academy of Sciences of Ukraine, 03028 Kyiv, Ukraine
a r t i c l e i n f o

Article history:
Received 16 September 2015
Accepted 20 November 2015

Keywords:
II–VI crystals
Low-temperature photoluminescence
Semiconductor thick films
Residual impurity states
Point and extended defects
Optical quality
x.doi.org/10.1016/j.jlumin.2015.11.027
13/& 2015 Elsevier B.V. All rights reserved.

ail address: yuriygnatenko@ukr.net (Yu.P. Gna
a b s t r a c t

Polycrystalline Cd1�xZnxTe thick films with thicknesses of about 30 μm have been deposited on a Mo
coated glass substrate by means of close-spaced vacuum sublimation technique. X-ray diffraction mea-
surements have shown that the films obtained have only cubic zinc blende phase. The influence of Zn
concentration on the photoluminescence (PL) spectra of Cd1�xZnxTe films was investigated. This let us
determine the nature and energy structure of the intrinsic defects and residual impurities in the films.
The presence of the most intense acceptor bound exciton A°X-line for x¼0.10 and the lines of localized
excitons (x¼0.32�0.44) in PL spectra of Cd1�xZnxTe films indicates their fairly good optical quality as
well as the p-type conductivity. There were also other intensive broad PL bands, caused by the recom-
bination of donor–acceptor pairs involving complex acceptor centers, extended defects of dislocation
type, and microstress in the films. It was also established a correlation between the broadening of exciton
lines and the values of microstress in Cd1�xZnxTe thick films. Taking into account the energy position of
exciton lines, the concentration dependence of the band gap for the Cd1�xZnxTe thick films is presented.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

At present Cd1�xZnxTe solid solutions with tunable band gap in
the spectral region between 1.50 eV to 2.30 eV at room tempera-
ture (for x¼0 and x¼1.0, respectively) are being intensively stu-
died mainly because they are considered as suitable material for
non-cooled X- and gamma rays detectors [1–4]. The presence of
zinc atoms substantially increases the resistivity of these solid
solutions and hence their detector performance in comparison
with the CdTe crystals [5]. At the same time, crystalline defects,
such as dislocations and point defects limit the performance of
these materials.

In order to use these materials in micro- and optoelectronics
effectively it is necessary to obtain the crystals of fairly good
optical quality, which would improve their electronic properties. It
should be noted that Cd1�xZnxTe crystal for xr 0.30 has a more
covalent bonding and higher stacking fault energy compared to
CdTe crystal, which reduces the dislocation density and twin for-
mation [5]. This result is also supported by the analysis of XRD
study, which indicates that the Zn–Te bond is stretched by doping
tenko).
with Zn, but the Cd–Te bond is compressed. Thus, the Cd–Te is
stronger and the bond-length in Cd1�xZnxTe is shorter than that of
pure CdTe, which should also be responsible for the low density of
dislocation and twin formation in Cd1�xZnxTe [6]. Besides the
extended defects, deposited Cd1�xZnxTe films include intrinsic
defects, which are randomly distributed in the films as well as
residual impurities. These defects have strong effect on the optical
and photoelectrical properties of the films and thus considerably
impact on their application efficiency. At the same time, since Zn
atoms occupy the position of Cd atoms and their atomic radii have
different sizes, the local atomic structure of Cd1�xZnxTe crystals is
distorted. Furthermore, inhomogeneous distribution of Zn atoms
also causes a distortion of the crystal lattice.

In order to obtain low cost and large-area uniform Cd1�xZnxTe
for X-ray imaging detectors [7] it is necessary to use films with the
thickness of 30 mm [8,9] and higher instead of bulk crystals. Fur-
thermore, since Cd1�xZnxTe have p-type conductivity, they may be
used as alternative top adsorber layers in solar cells with the
optimal band gap about of (1.7–1.8) eV at xE0.30 for effective
conversion of light absorption into electrical power.

At present different methods of Cd1�xZnxTe films deposition
such as metalorganic vapor-phase epitaxy [9] metal-organic che-
mical vapor deposition [10], pulsed laser deposition [11], thermal
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evaporation [12,13], brush plating technique [14], magnetron
sputtering [15], hot wall epitaxy [16], laser ablation [11] were used.
Earlier [17], it was shown that a low cost close-spaced vacuum
sublimation (CSVS) method makes it possible to deposit the stoi-
chiometric films of II–VI semiconductors with the controllable
physical properties using a glass as substrate. However, until now,
the defect structure of Cd1�xZnxTe polycrystalline films deposited
using this method has not been comprehensively studied.

Low temperature photoluminescence (PL) measurement is a
very effective method for studying the defect’s structure of various
semiconductor polycrystalline films and their band structure
[11,17–20]. At present, the PL spectra of bulk semiconductor
crystals are studied well enough [21–24], but thin and thick films
of these materials have not been thoroughly investigated.

It was found theoretically that the optimal band gap about of
2.0 eV (x¼0.7�0.8) for Cd1�xZnxTe crystals is more suitable for
operation at room temperature of high-resolution X-ray and
gamma-ray spectroscopy than Cd0.9Zn0.1Te [25].Therefore it is very
important task to study Cd1�xZnxTe thick films with large Zn
concentration. Earlier, different properties of thin and thick films
have been studied in Refs. [10,26–28]. It was shown [26] that
Cd1�xZnxTe (xr0.54) layers with typical thicknesses of 2–3 μm
deposited by molecular beam epitaxy on GaAs substrates observe
narrow (PL) bands at higher energies which are attributed to
bound exciton (BE) recombinations and the broader bands e-A,
which arising from band-to-acceptor radiative transitions. The BE
broadenings are attributed to statistical fluctuations in the con-
centrations of the cation atoms. XRD study of the thick poly-
crystalline Cd1�xZnxTe films were done in Ref. [27] using the
thermal evaporation method on carbon substrate, where the high
signal-to-noise ratios of the X-ray detector have been obtained. A
wide range of compositions of Cd1�xZnxTe thick films on glass
substrates were produced by metal-organic chemical vapor
deposition [10], where it was shown that these films were com-
posed of a single phase and were structurally stable. It was shown
[10] that PL spectra in the range of the Cd1�xZnxTe band gap
present intense peaks, corresponding to BE and relatively wide
bands due to defect–impurity recombination. However, identifi-
cation of defect structure has not been attempted in these papers
[10,26]. The crystalline quality of large grain size Cd1�xZnxTe with
high Zn concentrations (0.45oxo0.85) grown by a zone melting
process was investigated using their complex study [28]. It was
found that the large Te precipitates are strongly reduced with the
increase of Zn concentration.

In this work, we study the PL spectra of Cd1�xZnxTe thick films
deposited on the Mo coated glass substrates by means of the CSVS
technique. This let us determine the nature and the energy levels
of point defects, their complexes and the residual impurities as
well as the dislocations in the films. Furthermore we study the
effect of Zn concentration on their defect’s structure for xr0.67.
We have shown the presence of exciton acceptor complexes as
well as the localized excitons in the PL spectra at large Zn con-
centrations. This let us determine the band gap energy of the films
and study their inhomogeneity.
2. Experimental details

Cd1�xZnxTe thick films were obtained by the close-spaced
vacuum sublimation technique analogously as in Refs. [17,29] in
the case of CdTe deposition. In order to obtain ternary Cd1�xZnxTe
compound films, two independent evaporators for CdTe and ZnTe
materials were used. The stoichiometric CdTe and ZnTe powders
were placed separately into different evaporators.

In order to obtain Cd1�xZnxTe films with different composi-
tions, i.e. the mass ratio (MR) of CdTe to ZnTe powder was changed
as 8, 4, 3 and 2 for S2, S3, S4 and S5 films samples, respectively.
Besides thick films of binary compounds CdTe (S1) and ZnTe (S6)
were obtained by the same method. It should be noted that the
growth conditions of different samples were the same. The sub-
strate temperature was 400 °C. The temperatures of the CdTe and
ZnTe evaporators were 620 °C and 700 °C, respectively. The ultra-
sonically cleaned Mo coated glass slides were used as substrates.

Structural analysis was carried out using Rigaku Ultimaþ X-ray
diffractometer with KαCu radiation source, the scan step was
0.003 degrees 2-theta. Obtained X-ray patterns were used for
phase analysis as well as for determination of the microstresses
from the broadening of XRD peaks [17,30]. Namely, the calculation
of stress values was performed using the equation ε¼β/(4tanΘ),
where β-instrumental broadening of the diffraction peak and Θ-
diffraction angle, i.e. analogously as that was done in Ref. [30]. The
values of Zn concentration in Cd1�xZnxTe thin films were deter-
mined by Vegard’s law using lattice parameter calculated from
position of (1 1 1) XRD line.

Surface morphology was investigated by FEI Nova NanoSEM
650 Schottky field emission scanning electron microscope (SEM).
Average grain size (d) in the layers was estimated by the Jeffries
method [31]. Thickness of the films was measured by the SEM
directly from the sample cross-section.

The PL measurements were carried out using a standard setup
with a fully automated 1-m focal length monochromator. A CW
diode pumped solid state laser was used for excitation by the
457 nm (2.71 eV). The PL spectra were measured using a holo-
graphic grating 1200 mm�1 with the spectral dispersion of
0.8 nm/mm. The PL spectra were obtained by a thermoelectrically
cooled, high efficiency extended-red multi-alkali cathode photo-
multiplier operating in the photon counting regime. The sample
temperature was equal to 4.5 K using a helium optical cryostat.
3. Results and discussion

3.1. Characterization of Cd1�xZnxTe films

The SEM images of the Cd1�xZnxTe samples are presented in
Fig.1. It is found that the films obtained have a multi-grain struc-
ture with the grain size d from 5.0 μm to 8.0 μm. As can be seen
from Fig. 1, there is a significant change in the surface morphology
of different films that depends on mass ratio of CdTe to ZnTe
powders. In particular, sample S2 includes quite uniformly dis-
tributed grains with the average size of 8 mm. In the case of sample
S3 its surface is less uniform and the value of d decreases to 5 mm.
The value of d for sample S4 is equal to 6.0 mm. At the same time,
most grains include subgrains with size of about 1 mm. The surface
of sample S5 consists of layered-like crystallites with irregular
shapes and the d value of about 7 mm. Such change of the surface
could be explained by the strongly inhomogeneity of the crystal
lattice as a result of large amount of Zn atoms in this film. This
happens possibly due to more favorable growth condition for CdTe
than ZnTe films, since the temperatures difference between eva-
porator and substrate ΔT¼Te�Ts, is 220 °C and 300 °C for CdTe
and ZnTe, respectively. The thickness of the Cd1�xZnxTe samples
measured from the cross-section was about 30 mm.

The XRD patterns of the samples show the peaks of (1 1 1),
(2 0 0), (2 2 0), (3 1 1), (4 0 0), (3 3 1), (4 2 2) and (5 1 1) planes of
the cubic zinc blende phase. It was found that the peaks on XRD
patterns of the S2 to S5 samples are shifted toward higher degrees
relatively to peak positions in CdTe because of increasing in Zn
concentration. The value of Zn concentration determined from
XRD data by Vegard’s law [10] for S2 to S4 samples corresponds to
x¼0.10, 0.32 and 0.44, respectively. For these samples we
observed sharp and symmetrical XRD diffraction peaks. This



Fig. 1. SEM images of CZT samples surface: (a) S2, (b) S3, (c) S4, (d) S5.
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indicates the uniformity of the Zn concentration in the films. In the
case if the distribution of Zn concentration is nonuniform in
thickness (i.e. the film includes a number layers with different Zn
concentrations) the splitting of XRD peaks should be observed
since the position of the peaks strongly depend on Zn con-
centration. This situation occurs for sample S5, where (1 1 1) XRD
peak includes several components. So, for this sample the Zn
concentration (x¼0.67) can be considered as an average value.

It should be noted that for sample S5 the position of the dif-
fraction peak of (1 1 1) plane corresponds to the concentration of
x¼0.67. At the same time, the shape of this peak is complex,
indicating strong heterogeneity of component composition. It was
shown that the microstress level in CdTe thick films increase from
samples S2 to S5. In particular, for samples S2 to S5 the stress
values correspond to 3.89�10�3, 5.54�10�3, 7.22�10�3 and
13.3�10�3, respectively. This indicates that the Zn-poor films
have lower growth stress than Zn-rich samples.

3.2. Photoluminescence of Cd1�xZnxTe films

The low-temperature PL measurements provide powerful tools
for the investigation of defect structure in different semiconductor
materials [20,32,33]. This makes it possible to determine the
nature and energy levels of both the intrinsic defects and the
residual impurities as well as the relative concentration of dis-
locations in semiconductor materials [34,35]. It should also be
noted that excitonic PL lines are very sensitive to various defects in
semiconductors. The excitation energy of free excitons is slightly
less than the energy of the unbound electron and hole, i.e. the
band gap energy Eg of semiconductors. Excitonic signatures in the
low-temperature PL spectra of semiconductor compounds of high
optical quality usually appear as the intense lines caused by the
excitons bound to neutral (or ionized) donor and acceptor centers,
i.e. the bound excitons (BE). In this case the energy levels of the BE
move down from the free exciton level by the amount equal to
their energy binding. This energy depends on the nature of the
impurities or intrinsic defects. Therefore the energy position of the
BE let us determine the nature of defects participating in the for-
mation of the excitonic complexes.

For semiconductor alloys, the crystal potential field fluctuations
(CPFFs) caused by the random distribution of alloy components
occur [36–38]. Excitonic states are localized at these fluctuations.
This is due to the localization either as a whole exciton or as a hole
with an electron bound to it by Coulomb interaction. The latter
case may occur for CdTe crystal since the effective mass of the hole
is 10 times higher than the effective mass of the electron. The low-
energy tails in the density of excitonic states arise [39,40]. At low
temperatures localized excitons occupy the lowest energy states in
these tails. When temperature is rising the localized excitons are
excited to the higher energy states. It should be noted that the
energy position of the localized excitons is shifted to the low-
energy region relative to the energy of free excitons by the amount
corresponding to the energy about 1/2 of the full width at half-
maximum (FWHM) of the localized exciton band. Taking into
account the binding energy of free exciton for CdTe and ZnTe
crystals, which corresponds to �10 meV, we can determine the
band gap of the crystals (or films).

Thus, for semiconductor solid solutions (bulk or films), the
excitons are localized both near point defects and at CPFFs, which
reflects inhomogeneity of alloy’s composition. Localized excitons
occur in low-temperature PL spectra of semiconductor crystals and
their manifestation is fairly well studied for bulk II–VI compounds.
At the same time, PL exciton lines for thin and thick semi-
conductor films usually identified only as BE lines, caused by the
emission of excitons bound with donor or acceptor centers. Thus,
the localization of excitons associated with the presence of a
strong heterogeneity in the distribution of Cd and Zn cations is not
considered. Analysis of the PL spectra presented below takes into
account the presence in Cd1�xZnxTe as bound and localized
excitons.

PL spectra of the films obtained at different temperatures are
shown in Fig. 2 for the samples S1 and S2. In this case sample S1
corresponds to thick CdTe film obtained by CSVS method under
growth conditions similar to Cd1�xZnxTe films. Analysis of the
observed PL spectrum reveals an intense excitonic emission at



Fig. 2. PL spectra of the samples: (a) CdTe (S1), (b) S2.
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E¼1.591 eV, which is caused by the recombination of excitons
bound on a neutral acceptor (A°X-line) with the participation of
cadmium vacancy (VCd) [41]. The presence of this PL line indicates
p-type conductivity of CdTe sample. The energies of this line are at
1.591 eV, 1.591 eV, 1.589 eV and 1.587 eV for different tempera-
tures (4, 10, 20 and 40 K, respectively) and reflect the temperature
dependence of Eg. As mentioned above, the energy of band gap
corresponds to the energy position of A°X-line (EexA ) plus the
binding energy of this BE, which for CdTe is equal to about 5 meV,
as well as the binding energy of free exciton (10 meV), i.e.
Eg¼EexA þ15 meV [17]. Thus the energy position of free exciton in
CdTe film (S1 sample) corresponds to 1.596 eV and the band gap is
1.606 eV. These energy values coincide with the corresponding
energy for bulk CdTe crystal. The presence of intense exciton line
indicates a fairly good optical quality of the investigated semi-
conductor films [19]. It should be noted that the shape of A°X-line
is practically symmetric. However its high-energy shoulder is
slightly tightened as a result small intensity emission of free
excitons (X-line) and excitons bound to neutral donor (D°X-line).

It should be noted that the nature of A°X-line may be supported
by the analysis of PL spectrum in the long-wavelength spectral
range where the PL band at 1.547 eV is associated with the
recombination of free electrons and acceptor centers ((e,A)-tran-
sition) [1,16]. Since this line is broadened, we may assume that
other A°X-exciton complexes also participate in the exciton
emission but their intensity is smaller than the above mentioned A
°X-line at 1.591 eV. Thus, knowing the energy of this PL line and
the value of Eg (4.5 K)¼1.606 eV for CdTe film, we can determine
the energy of the acceptor level. According to Refs. [42,43] the
energy of (e,A)-transition can be presented by the following
equation:

E e;Að Þ ¼ Eg– EAþ§ kT ; ð1Þ

where EA is the acceptor energy.
Using Eq. (1) we obtain the energy of the acceptor center

associated with (e,A)-transition, namely EA¼59 meV. This value is
close to the acceptor energy of Li or Na (58.0 meV and 58.7 meV,
respectively) [44]. The energy of the both exciton acceptor com-
plexes is about 1.589 eV [44]. This indicates that A°X-line is com-
plex and consists of the overlaping emission of several exciton
acceptor complexes. However, the intensity of this line is mainly
determined by the emission from the complex involving cadmium
vacancy. The presence of small asymmetry in A°X-line (the ratio of
high-energy part of FWHM to low-energy part of FWHM (B) is
about of 0.9) may be caused by the participation of other exciton
acceptor complexes. In this spectral range, the emission can also
appear due to the recombination of donor–acceptor pairs. How-
ever, it is obvious that intensity of such emission is very small,
since the structure on low-energy wing of this band associated
with (e,A)-transition does not appear in the PL spectrum. It indi-
cates that the donor concentration in the investigated CdTe thick
film is small.

As can be seen from Fig. 2a, a group relatively broad PL bands in
the spectral range 1.40–.57 eV is observed. The band at 1.495 eV
can be caused by the recombination of donor–acceptor pairs (DAP)
with the participation of shallow donor and the acceptor complex
[VCd–D], where D is residual donor (atoms of III or VII group
metals) and VCd is a cadmium vacancy. The difference between the
value of Eg¼1.606 eV (T¼4.5 K) for CdTe and the peak position of
the band is equal to 111 meV. The energy of the shallow Cl donor
in CdTe is equal to 14 meV [45]. In this case the energy of the
emitted light, associated with zero-phonon IDAP – line, is given by
the following equation [46,47]:

E¼ Eg– EDþEAð Þþe2=ε0εR ð2Þ
where Eg is the band gap energy, ED and EA are the ionization
energies of donor and acceptor centers, respectively, e2/ε0εR is the
Coulomb energy of the two ionized impurity centers (donor and
acceptor pairs) separated by distance R, ε is the dielectric constant
of the investigated material, e is the elementary charge. The
Coulomb energy of donor–acceptor pairs in CdTe is equal to
�20 meV for residual impurities. Therefore, it is expected that the
energy of acceptor center is about 117 meV. It should be noted that
this energy is close to the energy of Ag acceptor center (107 meV)
[44]. At the same time the acceptor energy is almost coincides
with the energy of an A center where a Cd vacancy paired with a Cl
donor, namely, (VCd–ClTe) acceptor center (120 meV) [48,49].
Usually, emission of DAPs is accompanied by the presence of
additional long-wavelength PL bands caused by the optical tran-
sitions with the participation of LO-phonons with the energy of
21 meV. In this case it is difficult to see such bands since other
intense PL band at 1.477 eV and its 1LO- and 2LO-phonons replicas
are observed at 1.456 and 1.435 eV, respectively. For the samples
which have high density of dislocations and are strongly inho-
mogeneous it is difficult to observe these LO-phonon replicas.
Therefore, we assume that CdTe film have very good optical
quality.

The PL band at 1.477 eV is due to Y center which corresponds to
excitons bound on Te glide dislocations [49–52]. The nature of this
band is supported by the results for CdTe crystal sample obtained
from the bottom of the crystal bar where Y band strongly increases
[50]. Thus, the intensity of the Y band may be used as an indicator
of the dislocations in CdTe.

The PL spectrum for Cd1�xZnxTe (sample S2) is shown in Fig. 2b
where the intense exciton emission at 1.653 eV is caused by the
recombination of excitons bound on a neutral acceptor (A°X-line).
The energy position of this line is the same for the temperature
range 4.5–40 K unlike that for sample S1 where its temperature
dependence is similarly to Eg. This value is equal to 1.668 eV at
T¼4.5 K. It should be noted that this line has high-energy asym-
metry. The value of B is changed from 1.1 to 1.40 for temperatures
from 4.5 K to 40 K, respectively. We assume that such behavior of
this exciton line is caused by some overlapping of A°X-line with
the lines of localized excitons appearing on its high-energy wing.
In this case A°X-line is the crucial. The temperature dependence of
the B value reflects the increase of the contribution of the localized
excitons when the temperature of sample S2 increases. The
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temperature dependence of the B value reflects increase of the
contribution of the localized excitons when the temperature of
sample S2 increases. The FWHM of this line strongly increases in
comparison with that for S1 sample (23 and 7 meV, respectively)
that indicates inhomogeneity of sample S2 as a result of solid
solution formation and the presence of other defects. In this case,
CPFFs, caused by the random distribution of alloy components,
leads to the appearance of the localized excitons. Other line at
1.619 eV is observed which may be caused by the recombination of
DAP or (e,A)-transitions. As was shown above the value of Eg for
sample S2 is equal to 1.668 eV. So the difference between these
energies is 49 meV which corresponds to the most shallow
acceptor level in CdTe associated with the cadmium vacancy. In
the case of DAP transitions the energy of donor level is equal to
14 mev. This means that acceptor center should have the ioniza-
tion energy equal to 35 meV. However, CdTe do not have the
acceptor with such energy. Therefore we assume that the line at
1.619 eV is caused by the (e,A)-transitions. In this case the acceptor
energy is equal to 49 meV that corresponds to the cadmium
vacancy acceptor. The FWHM of this line is smaller than for sample
S1 where the broadening may be caused by the (e,A)-transitions
with the participation of the acceptors with different ionization
energies. Besides VCd-acceptor here may be different acceptors
caused by the presence of residual impurities such as Li, Na, N and
P with the energies of 58.0, 58.7, 56.0 and 68.2 meV [44]. The
contribution of these acceptors is determined by their concentra-
tion in the investigated samples. Thus, we assume that the con-
centration of above mentioned residual impurities in sample S2 is
considerably smaller than that for sample S1. As can be seen from
Fig. 2b 1LO-phonon replica of (e,A)-transition is observed at
1.597 eV. On the other hand, this energy may be caused by DAP
transitions with the participation of shallow donor centers, which
have ionization energy of 20 meV, and also can be caused by Al
residual impurity atoms situated at Cd sites [53]. However, in that
case we would have observed relative increasing of (e,A)-transi-
tion intensity with temperature raising [19] in the PL spectrum.
Other very broad PL band at 1.497 eV corresponds to so-called D
PL band, caused by the presence of point and extended defects of
dislocation type as well as microstrains in the films [50,54].

In Fig. 3a the PL spectrum for sample S3 is shown. Similar to the
previous films the most intensive line is the exciton line at
Fig. 3. PL spectra of the samples: (a) S3, (b) S4.
1.820 eV. It should be noted that its FWHM is equals to 24 meV, i.e.
practically coincides with the similar value for sample S2
(23 meV), although the zinc concentration for sample S3 is sig-
nificantly higher. It is obvious that the rising of Zn concentration
above x¼0.10 leads to the increase of the contribution of the
localized excitons which becomes dominant in the excitonic
spectral region. In our opinion, this exciton line, which is practi-
cally symmetric, is mainly caused by the recombination of the
localized excitons. The energy of this line is temperature inde-
pendent at T¼4.5–40 K. At the same time, the band gap of CdTe
decreases in this temperature region for about 4 meV. This is due
to the emission of localized excitons from their excited states
when temperature increases. Thus, for sample S3 the emission of
the localized excitons is dominant in the PL spectrum. Taking into
account the energy value of 1/2 FWHM, which is equal of 12 meV
for the localized excitons we assume that the band gap for sample
S3 corresponds to 1.842 eV. The PL spectrum also includes three
broad bands at 1.778, 1.657 and 1.593 eV. First band may be caused
by (e,A)-transition, where the acceptor energy is equal to 64 meV,
i.e. is close to the ionization energy of residual impurities (Li, Na
and P) [44]. On the other hand, this band may be the result of DAP
emission with the participation of donor and acceptor centers,
which have the ionization energies 14 meV and 50 meV, respec-
tively. In this case, the acceptor center is caused by the presence of
cadmium vacancy. It is obvious that the PL bands at 1.657 and
1.593 eV correspond to the emission of DAP with the participation
of A-centers and D band associated with the presence of
dislocations.

As can be seen from Fig. 3b, the PL spectrum of sample S4 is
shifted to the high-energy region in comparison with samples S3.
Similar to sample S3, a high-energy line at 1.974 eV corresponds to
the recombination of localized excitons and its energy is tem-
perature independent. Decreasing (A°X)-line intensity may be
caused by increasing microstrains and decreasing coherent scat-
tering domains for sample S4. Taking into account the energy
value of 1/2 FWHM for this exciton line (12 meV) we can deter-
mine the value Eg, which for this sample is equal to 1.996 eV. The
other PL band at 1.921 eV may be caused by the (e,A)-transition
with the participation of the acceptor center, which have the
energy of 75 meV or more likely to the recombination of DAPs
with the participation of the donor and acceptor centers with the
energies of 14 meV and 61 meV. The last energy is close to the
energy of the acceptor centers caused by the presence of residual
impurities such as Li or Na. The broad PL bands at 1.872 and
1.817 eV correspond to the DAP recombination and the emission of
Y-band, respectively. Therefore, it is expected that the energy of
acceptor center is about 110 meV, which is close to the energy of
Ag acceptor center (107 meV) [44].

In Fig. 4a PL spectrum for sample S5, containing the highest
concentration of zinc atoms, is shown. The distinction of this
spectrum is the presence of emission in the spectral region which
is very close to CdTe film (sample S1). Particularly, the line at
1.585 eV is very close to the energy position of (A°X)-line. Other
line at 1.546 eV may be caused by (e,A)-transition. In this case the
acceptor energy is equal to about 60 meV and is practically coin-
cides with the energy of Li and Na acceptors. The emission at
1.495 eV also coincides with the recombination of DAP of the
acceptor, which has the energy 111 meV similar to CdTe film
sample S1. The broadening of these lines is caused by the presence
of high concentration of microstrains in the investigated sample.
This is supported by the very broad band at 1.796 eV in PL spec-
trum a, which is most likely related to the emission with the
participation of various extended defects, especially dislocations.
In the high-energy spectral range the blurred PL band is observed
at the energy of about 2.100 eV. This band can be determined as
strongly broadened line of localized excitons. In this case, 1/2



Fig. 4. PL spectra of the samples: (a) S5, (b) S6.

Fig. 5. Eg(x) dependence for Cd1�xZnxTe thick films.

V. Kosyak et al. / Journal of Luminescence 171 (2016) 176–182 181
FWHM for this exciton line is approximately 40 meV. Thus, the
band gap for Zn-rich region film of sample S5 can be equal to
about 2.150 eV. In Fig. 5 the concentration dependence of the band
gap of the investigated Cd1�xZnxTe thick films is presented. As can
be seen from this figure, the band gap of these films is approxi-
mated by linear dependence, which can be described by the fol-
lowing equation:

Eg xð Þ ¼ 1:606 eVþ0:79 x ð3Þ
In Fig. 4b the PL spectrum for sample S6 (ZnTe film) is shown.

The line with highest energy at 2.365 eV corresponds to A°X-line
and is caused by the zinc vacancy acceptor exciton complex [18].
According to Ref. [18] the energy position of free exciton in ZnTe
films corresponds to 2.384 eV. Taking into account the binding
energy of free exciton (11 meV) we can determine the band gap of
ZnTe film, which is 2.395 eV. The most intensive line at 2.317 eV is
caused by the emission of DAP’s and is zero-phonon line. In this
case, ClTe donor with the ionization energy of 22 meV and VZn

acceptor with the ionization energy of 56 meV [18] participate
respectively. Other lines observed on the long-wavelength of this
line at 2.291 eV, 2.265 eV, 2.238 eV, 2.213 eV and 2.186 eV are due
to the 1LO-, 2LO-, 3LO-, 4LO- and 5LO-phonon replicas of the line
at 2.317 eV. The broad band at 1.622 eV is caused by the emission
with participation of deep impurity level.

In summary, we studied the low-temperature PL spectra of
Cd1�xZnxTe thick films deposited on transparent glass substrate at
different Zn concentration by means of close-spaced vacuum
sublimation technique. Structural analysis showed that the films
have only cubic zinc blende phase. It has been found that the films
have a dispersed structure with the average grain size from 5.0 μm
to 8.0 μm. Thickness of the films was about of 30 μm. It was shown
that the PL spectrum of the film for x¼0.10 exhibits an intense
acceptor bound exciton A°X-line, which is characteristic for
Cd1�xZnxTe single crystals of p-type, as well as other bands caused
by donor–acceptor emission with the participation of Na, Li, P and
Ag residual impurities. Other very broad PL bands were observed,
which correspond to so-called D and Y bands caused by the point
and extended defects as well as microstrains in the films. It should
be noted that the A°X-line for x¼0.10 shows a short-wavelength
asymmetry under elevated temperature that is due to the occur-
rence of the lines of localized excitons. For the films with higher Zn
concentration the line of localized excitons is dominant in the
region of exciton emission. The presence of an intense excitonic
emission for samples S2 (x¼0.10) and S3 (x¼0.32) indicates the
fairly good optical quality of these films. For the Cd1�xZnxTe film
with x¼0.67 strongly inhomogeneous PL spectrum structure was
observed. In this case the PL spectrum shows the emission, which
is characteristic for almost pure CdTe crystal and an intense D PL
band, which is caused by strongly inhomogeneous Zn distribution
near the film surface. Taking into account the energy position of
exciton lines the concentration dependence of the band gap for
the investigated Cd1�xZnxTe thick films was presented. The cor-
relation between the broadening of exciton lines and the value of
microstress in Cd1�xZnxTe thick films was also determined.

Our findings provide a way to obtain thick polycrystalline
Cd1�xZnxTe films deposited on а Mo coated glass substrate by
means of CSVS with large Zn concentration suitable for application
in X-ray detectors. In future, more detailed study of the structural
properties of Cd1�xZnxTe thick films will be carried out.
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