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A GaTe—CdTe composite was obtained by thermal treatment at
1020 K of GaTe single crystals in Cd vapor atmosphere. The
composite photoluminescence, photoconductivity, and com-
position are studied in this work. The photosensitivity and
photoluminescence band structure are determined for both the
primary crystals and the composite. The CdTe crystallites
create, in the GaTe bandgap, recombination and trapping

1 Introduction Layered III-VI semiconductors, par-
ticularly gallium monotelluride (GaTe), exhibit special
properties related to the character of optical transitions in the
region of fundamental absorption threshold, marked
anisotropy of physical properties, significant photolumi-
nescence (PL), and photosensitivity in the visible and near-
infrared (NIR) regions [1-3]. The GaTe is a p-type
semiconductor with a direct bandgap of 1.67eV at room
temperature [4, 5]. Its single crystals are composed of
layered atomic packings of Te—Ga—Ga-Te type with strong
bonds of ionic-covalent type inside packings and weak van
der Waals polarization bonds between them [6, 7]. Packings
are so disposed to one another that cracks are formed
between them, in which atoms and molecules can easily
intercalate [8—16]. The van der Waals planes are free of
dangling bonds and prove to be very inert to chemical
reactions [17].

Thanks to its properties, gallium telluride is considered
a promising material for solar energy applications [18-21].
A special attention is paid to study of electric and
optical properties, as well as energy band structure of Te
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levels, which determine the structure of the photoluminescence
spectra and the spectral range of composite photosensitivity.
The photoluminescence spectrum of the composite at 80 K
contains characteristic bands of both composite components,
GaTe and CdTe. From the analysis of thermally stimulated
luminescence curves, the energies of the electron trapping
levels in the composite are determined.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compounds with Ga, due to the perspective of their use as
base material in ionizing radiation receivers, thermoelectric
devices, electronic memory elements, and as solid electro-
lytes [1, 22-26].

Both the low electric conductivity and presence of
heavy atoms (Te) in the composite’s lattice determine the
stability to ionizing radiation of GaTe-based photoelectric
devices and allow the possibility to use it in radiation
detectors [24-27]. The weak bonds between elementary
GaTe packings facilitate crystal cleavage in plan-parallel
single crystalline lamellas (plates) with a low surface state
density. Plate thickness can vary from tens of nanometers
up to millimeter range. These properties stimulate research
toward obtaining wideband sensitivity photoreceivers
[28, 29].

Cadmium telluride (CdTe) has an energy bandgap
which correlates well with the maximum conversion
efficiency of a photovoltaic device. At the same time, Cd
and Te heavy elements are present in this compound. These
properties make CdTe a promising candidate for use in
photoelectronics and ionizing radiation detectors [30, 31].

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Due to the aforementioned considerations, the GaTe—CdTe
composite can be considered, in turn, as an important
material for photoelectronics and ionizing radiation
detectors.

In this work, structural, photoelectric, and PL properties
of the GaTe-CdTe composite obtained by annealing of
GaTe plates in Cd vapors are studied.

2 Experimental The GaTe single crystals used as
the base material were grown by vertical Bridgman—
Stockbarger technique [32]. The primary compound was
synthesized from Ga (5N) and Te (5N) elementary
components, taken in stoichiometric proportions. As
obtained GaTe single crystals were of p-type, with a hole
concentration of (1.5-4.0) x 105 em 2 at 293 K.

The GaTe-CdTe composite was obtained as follows.
From massive single crystals plates with natural surfaces of
8 x 10 mm? and thicknesses from 30 pm up to 500 wm have
been cleaved. These were introduced into quartz ampoules
with an internal diameter of 12—15 mm. In one of ampoule, a
quantity of 2mgem > Cd was introduced. After air
evacuation to 1.5 x 107> Torr, the ampoules were sealed
and introduced in a furnace, at a temperature of 1020 K.
At this temperature, the pressure of Cd vapor represents
~1 Torr.

In order to evaluate the crystal structure of the
compounds, X-ray diffraction (XRD) studies were carried
out with an Empyrean (PANanalytical) X-ray diffractome-
ter, using CuK,; radiation (Acuke; =0.154060nm). The
photoluminescence of GaTe plates and GaTe-CdTe
composite was excited using a He—Ne laser (/. = 632.8 nm).
The power density could be varied in the range of
0.1-4 kW cm ™ using neutral filters. The samples tempera-
ture during PL recording was measured with a T-type
thermocouple, in the range from 78 to 300 K. The PL spectra
were recorded by a spectrophotometric equipment based on
an MDR-2 type monochromator with a diffraction grating
(600 mm ™), the overall energy resolution of which was of
~1meV.

For photoconductivity (PC) measurements in transver-
sal geometry (the incident radiation direction and current
direction are reciprocally perpendicular) (Fig. 1a) from both
GaTe and GaTe—CdTe plates parallelepiped-shaped sam-
ples were cut with a surface area of 6 x 4 mm?” and thickness
of ~30pwm. Thin In layers, used as electrodes, were
deposited by thermal evaporation under vacuum (~5 x
10~%Torr). The samples used for PC measurements in

External surface

Internal surface

a b

Figure 1 Sample geometry for photoconductivity measurements:
(a) transversal geometry and (b) longitudinal geometry.
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longitudinal geometry (the incident radiation direction and
current direction are parallel) were obtained by cleavage of
GaTe—CdTe composite plates with a thickness of ~500 pm.
Parallelepipedic samples with 6 x 4mm? base area and
thickness of 200-300 wm have been thus obtained. Thin
optically transparent In,O3 layers were then deposited and
served as electrodes (Fig. 1b). After electrode deposition,
the samples were annealed for 1 h in vacuum, at 420-450 K.

3 Results and discussion The XRD patterns of the
GaTe single crystals and GaTe—CdTe composite obtained
by thermal treatment, for 24 h, of GaTe plates in Cd vapors,
at 1020 K, are presented in Fig. 2a and b, respectively.

As can be observed from Fig. 2, XRD pattern of GaTe—
CdTe composite contain both diffraction lines characteristic
to GaTe [with Miller indices (—6 0 1), (3 1 0), (—6 0 3),
(=9 1 3), (0 0 4), also present in the pattern of pure GaTe
(Fig. 2a)], and CdTe [with Miller indices (1 1 1), (2 2 2),
(220),(331),(51 D]. At 26 angles of 23.8, 39.3, 45.4, and
71.2°, the diffraction lines characteristic to CdTe and GaTe
are overlapped, leading to increased relative intensities.
Presence of CdTe crystallites in the composite is well
emphasized by the reflections located at 26 angles of 62.32
and 72.16° (Fig. 2b).
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Figure 2 XRD patterns of the GaTe crystals (a) and GaTe-CdTe
composite (b). @ — GaTe, PDF card no.: 01-074-8974; * — CdTe,
PDF card no.: 01-070-8043.

www.pss-b.com



Phys. Status Solidi B (2016)

Original

Paper

From the comparison of XRD patterns of the composite
obtained at 833 K, presented in one of our earlier papers [33],
and actual XRD pattern (Fig. 2b), it can be seen that an
increased annealing temperature leads to an increase in the
physical widening of diffraction lines, indicating a decrease
of the crystallite sizes for the composite.

Figure 3 shows spectral distributions of photocurrent
density, 2 (SDPD) in transversal geometry (Fig. 1a) for
single crystalline GaTe (curve 1) and GaTe-CdTe
composite (curve 2), and longitudinal geometry (Fig. 1b)
for GaTe—CdTe composite, illuminated on external surface
(curve 3) and internal surface (curve 4).

The edge of photosensitivity band, at room temperature,
of GaTe single crystals (Fig. 3, curve 1), measured in
transversal geometry, corresponds to absorption threshold
of this compound (Fig. 3, inset). The photosensitivity edge
in the photon energy region of 1.61-1.68 eV is determined
by the presence of exciton absorption and absorption
continuum. Since the binding energy of the electron-hole
pair (16 meV [32]) is smaller than thermal energy at room
temperature (kT ~ 25 meV), excitons in GaTe are partially
ionized. The slow increase of photocurrent density together
with photon energy in the spectral range from 1.7eV up to
3.2¢eV is related to the increase of absorption coefficient in
the P point of the Brillouin zone (optical band-to-band
transitions) [35]. The decrease of photocurrent density for
photon energy hv>3.2eV can be caused by a more
pronounced increase of absorption coefficient in this
spectral region [36, 37]. In this region, the absorption
coefficient is determined by the optical transitions not only
in the P point, but also in other high symmetry points of
Brillouin zone, such as Z point.

The spectral dependence of photocurrent density
(divided by the number of incident photons) is given by
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Figure 3 Spectral distributions of photocurrent in transversal
geometry, for GaTe (curve 1) and GaTe—-CdTe composite (curve
2), and in longitudinal geometry, for GaTe—CdTe composite,
illuminated on external surface (curve 3) and internal surface
(curve 4). Inset: absorption band of GaTe single crystals at room
temperature [34].
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the following formula [1]:

(1)

d ad
5 ~A(1 _%cothi — ochoth7>7
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where A is a coefficient which determines the density of
photons in the beam absorbed by the sample, S recombination
rate, D ambipolar diffusion coefficient, L mean free path of
nonequilibrium charge carriers, o absorption coefficient. For
a plate thicknesses d that satisfies the inequality ad > 1, the
photosensitivity is directly proportional to recombination rate
at the non-illuminated surface and it is inversely proportional
to the absorption coefficient:

S L
Y~ld—=——. 2
+Dl—i—ozL (2)

The absorption coefficient increasing together with
photon energy leads to a decreased thickness of the layer
within which generation of nonequilibrium charge carriers
occurs and also to the increase of the recombination rate
through surface states.

The SDPD characteristic of GaTe—CdTe sample, with
thickness of 30 wm, measured in transversal geometry, is
presented in Fig. 3, curve 2. As can be inferred from here,
the SDPD edge of the composite is shifted toward lower
energies compared to that of GaTe. This shift can be due to
the recombination processes through impurity levels of the
GaTe crystallites from the composite.

The maximum of SDPD curve for GaTe-CdTe
composite, measured in transversal geometry, is also found
in the absorption band depth of the crystallites from the
composite (~1.9eV) (Fig. 3, curve 2). The photosensitivity
band edge of these samples exhibits a red-shift with respect
to the absorption threshold of GaTe crystals and it is located
in the immediate vicinity of absorption band edge of CdTe
crystals (1.5eV [38]). Thus, it can be admitted that
photoconductivity of GaTe—CdTe composite is determined
by the generation-recombination processes of the nonequi-
librium charge carriers in the composite crystallites.

In Fig. 3, curve 3, SDPD of GaTe—CdTe composite,
measured in longitudinal geometry at illumination through
internal sample surface is presented. As can be observed, the
edge of SDPD is located in the vicinity of fundamental
absorption band edge of CdTe (1.5eV [38]). The
photosensitivity decrease at energies over 2.4eV (Fig. 3,
curve 3) indicates a mean free path of charge carriers in
GaTe crystals shorter than 1/, for this spectral range.

The SDPD characteristic of GaTe-CdTe composite,
measured in longitudinal geometry at illumination per-
formed through external sample surface, is presented in
Fig. 3, curve 4. The maximal photosensitivity of these
samples is found in the region of absorption threshold of
GaTe. Further, an abrupt decrease of the photocurrent
occurs. This decrease indicates the presence of energy states
through which recombination of nonequilibrium charge
carriers occurs. Such states can be present at the CdTe/GaTe

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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crystallite interface, as well in inclusions and dislocations
created by Cd atoms inserted in GaTe crystals. The presence
of these defects was demonstrated for Cd-doped GaTe in the
paper [39].

The PL spectra of GaTe plate, at 78 K, for excitation
levels of 0.25 and 2.5 kW cmfz, contain a narrow band with
maximum at 1.771eV and a low-intensity band, with
maximum at ~1.68 eV (Fig. 4a). The maximum position of
dominant PL band coincides with that of the absorption line
of n =1 direct excitons, at 80 K [34], and can be considered
as radiative annihilation of free excitons. The absorption
peak, at room temperature, of the n=1 exciton band is
found at 1.662 +0.002eV. The excitonic Rydberg, deter-
mined from the absorption spectrum of GaTe at 80K, is
of 19meV [40]. Thus, the energy bandgap values of
studied GaTe single crystals are 1.68140.002 and
1.7904+0.002eV at 300 and 80K, respectively. These
results are in good agreement with those published in
Refs. [2, 3, 41]. The broad PL bands present in the energy
region below excitonic emission band position were
analyzed in Refs. [42, 43]. In these works, a donor—
acceptor (DA) nature of the PL bands from the spectral
range 1.4-1.7eV was established.

As can be seen from Fig. 4a, when excitation increases
by 10 times, from 0.25kW cm™ up to ~2.5kW cm ™2, the

intensity of this band increases according to a power
function:
L~ P, 3)
where power coefficient « is about 0.8, a value which is
characteristic to DA emission bands [44]. Analogously, we
can consider that the band with maximum at 1.684eV
represents the recombination of the pair formed by the donor
of energy 0.030eV [45], and the acceptor with energy of
75 meV. We mention that the presence of the acceptor level
with energy of 74 meV was established from the measure-
ments of the electric conductivity and Hall effect in GaTe
crystals grown by Bridgman—Stockbarger method, since in
the crystals grown from vapor phase an acceptor level
located at 152 meV above the valence band is present [46].

The structure of PL spectrum of GaTe changes as a
result of thermal treatment, for 4h, in vacuum at 1070K
(Fig. 4b). The emission band of free excitons (FE) is
strongly attenuated and is located at 1.771 eV. At the same
time, two bands with maxima at 1.755 and 1.740eV are
registered.

The PL band at 1.740eV has a full width at half
maximum (FWHM) of ~12meV, a value comparable with
FWHM of FE emission in untreated GaTe (Fig. 4a). The PL
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Figure 4 PL spectra, at 80K, of GaTe single crystals (a) (p =0.25 and 2.5kW cm2), GaTe crystals annealed for 4h in vacuum at
1070K (b) (p=0.25 kW cem™?), and GaTe-CdTe composite (¢ and d) [p=0.125 kWem™2 (curve 1), 0.25kWem™2 (curve 2),

0.85kW cm ™2 (curve 3), and 3.3kWcm™2 (curve 4)].
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bands with such FWHM are characteristic to radiative
exciton emission and emission processes involving exci-
tons, which can be longitudinal optical (LO) phonon
repetitions of FE or localized excitons at neutral or ionized
centers.

As was demonstrated in Refs. [42, 47], the optical
phonons of energy 14-23meV participate in PL band
formation in GaTe. Since the energy difference between
positions of free exciton PL band and PL band at 1.740¢eV is
31 meV and this value is higher than optical phonon energy,
we may consider that this band represents radiative emission
of localized excitons, binding energy to impurity center of
which is equal to 31 meV. The luminescent emission bands
of localized excitons in GaTe single crystals at temperature
10K have been studied in Ref. [48]. This paper
demonstrates that PL. band at 1.73 eV represents radiative
annihilation of acceptor bound excitons with binding energy
of ~38meV.

The particularity emphasized at 1.755eV can be also
considered as being of excitonic nature, namely as
radiative emission of excitons bound to lattice defects in
GaTe crystals annealed at high temperature (1020 K). In
Refs. [49, 50], the influence of defects formed in GaTe
crystals annealed at temperatures much lower than the
solidification temperature, on the structure of both PL
spectra and deep level diagram was studied. Short time
annealing (~1h) at 470 and 670 K lead to the attenuation of
localized exciton PL and engender new donor and acceptor
levels, as well as deep levels through which radiative
emission occurs in the NIR spectral region.

Thermal treatment of gallium chalcogenides leads to
major structural changes, with new phase formation, which
modifies nut only the energy band diagram within the
bandgap, but the band diagram in general [51, 52]. As was
established in Ref. [50], high temperature (670 K) thermal
treatment of GaTe single crystals leads to formation of both
structural defects and deep energy states, which influence
the generation-recombination mechanisms of nonequilib-
rium charge carriers in this material.

The PL spectrum, at 80 K, of GaTe—CdTe composite,
for an excitation power density of ~125mWcm 2, is
presented in Fig. 4c and d, curve 1. As can be seen, a
complex intense band, located at 1.608 eV, which lies up to
~1.37eV, and a low-intensity band at 1.755eV are
emphasized in the PL spectrum. The second band was also
observed in the PL spectrum of GaTe crystals, thermally
annealed in vacuum at ~1020K (Fig. 4b).

The PL band with maximum at 1.600eV covers the
spectral range where both the impurity band in undoped
GaTe crystals and free and localized exciton emission
bands in CdTe are present [53]. The forbidden bandwidth
of CdTe crystals, at 80 K, is 1.595 eV [54] and the excitonic
Rydberg at 77K is ~10meV [55]. The latter energy is
comparable with thermal energy. This fact leads to a strong
attenuation of excitonic emission and also amplifies the
intensity of the PL impurity band (at 1.600eV). Since at
80K this band covers an energy range within the

www.pss-b.com

absorption band of GaTe, its presence can be determined
by the luminescent recombination mechanism in GaTe
crystallites of the composite. To determine the nature of
this band, the dependence of its PL intensity (L) on the
excitation power density was analyzed (Fig. 4d, Inset). At
increased excitation power density from 125 mW cm ™ > up
to 250mW cm ™, in the low energy region a new band
peaked at 1.45 eV appears. The intensity of the PL bands at
1.600 and 1.450eV increases with increasing excitation
power density (P). This increase is well described with the
power function (3). As can be observed from Fig. 4c, inset,
the power coefficient « is 0.80 and 0.82 for the bands
located at 1.600 and 1.450eV, respectively. In Ref. [44]
was shown that power coefficient values o<1 are
characteristic to PL bands of DA type. The impurity
nature of PL band with maximum at 1.600eV is
demonstrated by PL measurements of GaTe crystals at
10K [40, 56] and T> 97 K [42]. The presence of both Ga
vacancies and uncontrollable impurities contributes to the
formation of two acceptor levels in GaTe, positioned at 110
and 150 meV above the valence band top, and one donor
level at 75 meV below the bottom of conduction band [48].
If we take into account that the GaTe bandgap, at 80K, is
equal to 1.790eV, then the PL band of the GaTe-CdTe
composite at 1.608 eV can be interpreted as DA radiative
recombination with the participation of a donor level with
energy of 75 meV and an acceptor level located at 110 meV
above the valence band of GaTe crystals from the
composite.

The band with the maximum at 1.45eV it is difficult to
be interpreted as luminescent recombination of electrons
from the conduction band holes on the acceptor level. In
Refs. [45, 48], energies of donor levels of 30 and 75 meV,
and acceptor levels of 110 and 150meV have been
determined. The studies reported in Refs. [57, 58]
demonstrate that PL. band with maximum at ~1.4eV has
an impurity nature and can be interpreted as DA radiative
transition in the complex (VgD).

Whereas the formation process of GaTe-CdTe
composite occurs at high temperatures (1020K), then
the formation of Cd,Ga;_,Te solid solutions with
luminescent properties is possible. In Ref. [59], the
cathodoluminescence (CL) of the solid solution obtained
by annealing at 1010 K of the mixture consisting of CdTe
and small amounts of GaTe (concentrations <0.2 mol.%).
The CL spectrum, at 78 K, of the solid solution with
0.05 mol.% GaTe contains two bands with maxima at 1.560
and 1.420eV. The band peaked at 1.560 eV attenuates with
increasing GaTe concentration and disappears at a
concentration of 0.2 mol.% GaTe. Besides, a shift of the
PL band located at 1.420eV up to 1.400eV occurs in
the case of solid solution with 0.23 mol.% GaTe. At high
GaTe concentrations, a mixture of two GaTe and CdTe
phases is obtained. As can be inferred from Fig. 4c and d,
the energy positions of PL bands of GaTe-CdTe composite
do not coincide with those of CL bands of the GaTe-CdTe
solid solutions.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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As was demonstrated in Ref. [60], Te vacancies induce
in the CdTe bandgap a donor level located at 0.04 eV below
the conduction band, while Cd defects engender acceptor
levels situated at 0.115eV above the valence band. Taking
into account that the bandgap of CdTe, at 80K, is equal to
1.605£0.002 eV, then the PL band with the maximum at
1.450eV can be considered as an electronic transition
between the donor level (Vp.) and acceptor level (Cdr,
defect). As a confirmation of this conclusion contributes
dependence of PL intensity of the band at 1.45eV on the
excitation power density (Fig. 4, inset), which can be
described by a power law (3), with a power coefficient
a=0.82.

From the above-mentioned results, one can state that in
formation of PL impurity bands of GaTe—CdTe composite
(bands at 1.608 and 1.450eV) deep acceptor levels with
mean energy of ~110meV are involved. At the same time,
as experiments indicated, the luminescence quenching time
is of ~5 min, which indicates that deep electron and hole
trap levels are involved in the PL process. The energies of
these levels have been determined from the thermally
stimulated luminescence (TSL) analysis. The TSL excita-
tion was performed with a radiation corresponding to the
fundamental absorption region of GaTe single crystals. In
Fig. 5, the TSL curve of the GaTe—CdTe composite,
recorded after ~5min from excitation interruption is
presented. As can be seen from the PL spectra
(Fig. 4c and d), the share of the band at 1.45eV in the
total PL intensity of the composite does not exceed 10%.
Thus we can admit that TSL is generated in GaTe
crystallites from the composite, and PL of the CdTe
crystallites affects the shape of TSL curves. As can
be observed from Fig. 5, the TSL contour has a complex
shape that consists of several TSL elementary curves.
Neglecting the repeated trapping, the initial portion of TSL
curve can be described by the following formula [61]:

(4)

a
N
o
=]
|

TL intensity (

Figure 5 TSL curve of GaTe-CdTe composite.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

where Er represents the trap level energy, L(7;) lumines-
cence signal at initial temperature (7,), k Boltzmann
constant. The dependence of TSL intensity on the reciprocal
temperature, in the temperature range 84—111K, is presented
in Fig. 5, inset. From this dependence, the capture level
energy was determined and found to be ~112meV, a
value which is well correlated with energy of the acceptor
level involved in formation of PL band (at 1.605eV) of
GaTe—CdTe composite.

In order to determine the energies of trap levels which
determine the shape of TSL curve, its contour was
deconvoluted in elementary Randall-Wilkins curves [62],

according to:
T
1— —M)
E

(5)

ET—-Ty T?
I(T) =1 14+— -
@) MeXp{ KT T Tﬁd(

ET—Tu\ 2kTum
xXexp| — . .
kT Twm E

As can be observed from Fig. 5, the TSL curve of the
GaTe—CdTe composite can be obtained by summation of
three contours of type (5) with maxima at temperatures 113,
146, and 176 K. The approximate values of trap level
energies were determined using Urbach relation [63]

Ey = 25kTy, (6)
where Ty, is the temperature corresponding to the peak on
TSL curve. Thus values of 0.25, 0.32, and 0.39eV have
been obtained. The trap level energies of 0.28 and 0.40 eV in
GaTe single crystals have been determined by deep level
transient spectroscopy [64, 65].

4 Conclusions By thermal treatment of GaTe single
crystals in Cd vapor atmosphere, at temperature of
1020K, a material composed of CdTe and GaTe
crystallites (presence of which is emphasized by XRD
analysis) can be obtained. The GaTe—CdTe composite
exhibits promising photoelectric and photoluminescent
properties in both visible and NIR ranges. The photosen-
sitivity of GaTe—CdTe composite is determined by the
concentration of both surface states and structural defects
formed in the GaTe single crystals, annealed in Cd vapors.
From the analysis of PL spectra and TSL curve, the
exciton binding energy in GaTe crystallites from the
composite, as well as energies of donor, acceptor, and
capture levels have been determined.
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