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Abstract

Trap levels in nominally undoped Ga,SeS layered crystals have been characterized by thermally stimulated current (TSC)
measurements. During the measurements, current was allowed to flow along the c-axis of the crystals in the temperature range
of 10-300 K. Two distinct TSC peaks were observed in the spectra, deconvolution of which yielded three peaks. The results are
analyzed by curve fitting, peak shape and initial rise methods. They all seem to be in good agreement with each other. The
activation energies of three trapping centers in Ga,SeS are found to be 72, 100 and 150 meV. The capture cross section of these
traps are 6.7X1072%, 1.8X 107> and 2.8 X 10~ ?*> cm? with concentrations of 1.3%X10'% 5.4X10'* and 4.2X10'% cm ™3,

respectively.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Gallium selenide-sulfide (Ga,SeS) is a ternary layered
semiconductor of the A™B"" family. This material displays
the properties of its layered parent compounds, GaSe and
GaS, which form the mixed crystals. Each layer has four
atomic planes with the sequence S(Se)-Ga—Ga—S(Se). The
interlayer bonding is van der Waals like and weak, whereas
the intralayer bonding is covalent and strong. The indirect
band gap of both GaSe and GaS is reflected in the energy
band diagram of Ga,SeS crystal with energy gap of 2.33 and
2.27 eV at 10 and 300 K, respectively [1,2]. Ga,SeS may be
a promising semiconductor for applications in optoelec-
tronic devices such as near-blue emitting and detecting
devices [3-5]. The anisotropic nature of the crystal may also
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allow the use of Ga,SeS in polarization selective waveguide
devices such as polarization splitters, modulators, etc.
However, the presence of impurity and/or defect centers in
any semiconductor crystal is one of the determining factors
in the eventual device performance. In the case of light
emitting devices, defect levels may act as non-radiative
recombination centers (traps) lowering internal quantum
efficiency, while in the case of electronic devices, defect
centers may decrease carrier mobility leading to degradation
of the frequency response of the devices. Therefore, it is
important to get detailed information on energetic and
kinetic parameters of trapping centers of Ga,SeS crystals.
There are several methods to determine the properties of
trap centers in semiconductors. Among them, thermally
stimulated current (TSC) measurements are distinguished
by the ease with which the experiment is performed and the
detailed information it provides on trap states [6,7]. The
experimental procedure of TSC measurement consists of the
following: the samples are illuminated with a suitable light
source at low temperature, during which the traps are filled
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by band-to-band excitation of carriers. The trapped charge
carriers are thermally released to the conduction or the
valence band during heating. Thermally released carriers
give rise to a transient increase in the conductivity of the
sample. The temperature is raised at a constant rate for the
sake of convenience of the analysis. TSC curves for a single
trap show a slightly asymmetry with a fairly sharp
maximum at a temperature which is determined by the
activation energy, capture cross section and concentration of
the traps, and the heating rate. If more than one type of trap
is present, current through the sample due to thermal
stimulation may be expected to show several maxima.

There is only a brief report on the TSC study of defect
traps in Ga,SeS crystals, grown using the iodine transport
method, in the temperature range 80-300 K [8]. Two trap
levels with activation energy of 155 and 400 meV have been
found in the band gap. In our previous paper [9], we
presented the results of photoluminescence (PL) investi-
gation of Ga,SeS crystals in the 565-860 nm wavelength
region and in the 15-170 K temperature range. Two donor
levels located at 29 and 40 meV were determined from the
temperature dependence of PL intensity.

The purpose of the present work is to obtain further
information concerning the deep and shallow defects in
undoped Ga,SeS crystals that may arise due to structural
defects and/or presence of unintentional impurities using the
well-established technique of TSC measurements. In
contrast with previous TSC measurements on Ga,SeS
crystals, we for the first time employ a wide temperature
range of 10-300 K. The measurements in the temperature
range below 80 K allow us to check for the possibility of
shallow trap states. We report on the activation energy,
capture cross section, attempt-to-escape frequency and
concentration of the traps in Ga,SeS crystals.

2. Experimental procedure

Ga,SeS polycrystals were synthesized from the elements
with high purity (at least 99.999%) taken in stochiometric
proportions. Ga,SeS single crystals were grown by the
modified Bridgman method. Ga,SeS crystallizes in the
hexagonal unit cell with lattice parameters of a=0.3671 nm
and ¢=1.5719 nm as obtained from X-ray diffraction data.
Crystals suitable for TSC measurements were obtained by
easy cleavage of an ingot along the layers, which is
perpendicular to the c-axis. Typical sample dimensions were
7.2X3.0X 1.2 mm’. The room temperature conductivity,
electron concentration, mobility and effective mass were
1.9X107° (Qem)™', 1.5X10%em ™, 80em* V™ 's™!
and 0.41 my, respectively [10]. The 488.0 nm line of the
Ar laser was used as the excitation light source. A closed
cycle helium cryostat was used to cool the samples down to
10 K. The temperature of the cryostat was controlled to
within +0.5 K.

The electrodes were deposited by evaporating gold under

high vacuum, on both sides of the crystal surfaces to arrange
sandwich geometry. Care was taken to mask the edges of the
crystals to avoid electrical shorting of the samples.
Thickness of the gold electrodes was about 100 nm on
back side and 10 nm on front side, the latter corresponding
to higher transmittance of the incident light. The sample was
mounted on the cold finger of a cryostat with conducting
silver paste and dried at room temperature. The backside
was grounded through the sample holder. A thin isolated
gold wire was attached to the front side electrode by a small
droplet of silver paste. The I-V characteristics were checked
to be symmetric with respect to the polarity. The thermally
stimulated currents, measured by a ‘Keithley 619 electro-
meter, and temperature data were stored in a personal
computer.

In a typical experiment, samples are cooled down to 7=
10 K and kept at this temperature for 10 min. Then the
sample surface is illuminated through the semitransparent
front electrode for a fixed period of time (10 min), at an
applied bias voltage of V=10 V. After the light is turned
off, the photoconductivity signal is allowed to decay for
15 min. Just before the heating process a bias voltage of
V,=50V was applied to the sample. The samples are then
heated at a constant rate of §=0.18 K/s from 10 to 300 K.

3. Results and discussion

Fig. 1 shows a typical TSC curve for Ga,SeS crystal
measured with heating rate of 3=0.18 K/s. Three peaks are
determined at temperatures 83.2, 117.8 and 136.8 K, after
deconvolution of the TSC peaks by a curve fitting technique.
TSC spectra in the high-temperature region (7> 160 K)
could not be measured due to strong increase in dark
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Fig. 1. Experimental TSC spectrum of Ga,SeS crystal and
decomposition of this spectrum into three separate peaks. Open
circles are experimental data. Dashed curves represent decomposed
peaks. Solid curve shows total fit to the experimental data.
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Fig. 2. Typical TSC curves of Ga,SeS crystal under opposite bias
voltage. Open circles and triangles represent the experimental data
obtained at illumination of negative and positive contacts,
respectively.

conductivity in this region. In Fig. 2, we show the TSC
spectra of Ga,SeS both for forward and reverse bias
conditions. As can clearly be observed, the TSC is
significantly larger for the forward bias condition (illumina-
tion of negative contact). In fact, for the first peak with the
lowest temperature and activation energy, there is negligible
TSC under reverse bias condition. Therefore, this peak can
be attributed to electron traps. As for the high-temperature
peaks, the TSC under reverse bias is approximately 50% that
of the forward biased case which does not allow us to make a
definitive identification of the trapped carrier type.

Activation energies of the traps are determined using
three different methods: curve fitting, peak shape and initial
rise methods.

3.1. Curve fitting method

Relative magnitudes of capture cross sections S, and S, of
the trapping and recombination centers, respectively, play
an important role in the analysis of the TSC data. For
monomolecular process S <<S;, hence slow retrapping
occurs. In the case of S;=S§;, the process is bimolecular,
and for the case S, >>> S, fast retrapping occurs. We have tried
all possibilities and found that assumption of monomole-
cular process gives the best results for this crystal. Under
monomolecular conditions (i.e. slow retrapping) the TSC
curve of a discrete set of traps with a trapping level E, below
the conduction band is described by the equation [11]

T

o = ngreuv exp[—E/kT — J IB)exp(—E/kT)dT]. (1)
0

Here, o is the thermally stimulated conductivity, n, the

initial density of filled traps, 7 the lifetime of a free electron,

u the electron mobility, 8 the heating rate and 7| the

temperature from which heating begins following the filling
of traps. v is the attempt-to-escape frequency of a trapped
electron:

v = NovgS,, 2)

where N, = 2Qmm,kT/h*)*? is the effective density of
states in the conduction band and vth is the electron thermal
velocity. If it is assumed that v is independent on 7 and over
the temperature span of TSC curve, the variation of u and 7
with T can be ignored, Eq. (1) can be rewritten approxi-
mately as:

o = A exp[—t — B exp(—) 7], 3)

where t=E/kT, and A and B are constants: A=n,yTeuv and
B=vVE, (k.

If Eq. (3) is differentiated and equated to zero to find the
maximum of the curve, which occurs when t=t,,=FEkT,,,
then

B = exp(ty) o /(ty + 2). @)

In TSC spectra of Ga,SeS, we obtained three peaks, T},
T, and T3, with 75 and T35 overlapping each other. Therefore
the following fit function was used

Ototal — Z Om> (5)

where m denotes the number of traps involved in
calculation.

Good agreement between the experimental TSC curve
and theoretical one, computed with the assumption of slow
retrapping, suggests that retrapping does not occur for the
trapping centers studied (Fig. 1). The procedure described
above allowed us to obtain £, and T}, for each peak directly
from the fit. After finding E, and 7,,, we can determine v=
BEBK/E,. Then we calculated S, from Eq. (2) for all three
peaks. The obtained values of activation energy, capture
cross section and attempt-to-escape frequency for peaks 77,
T, and T5 are shown in Table 1.

3.2. Peak shape method

The shape of the TSC peaks also yields information on
the activation energy of the traps [11]. Three parameters:
T=Tn—T, 6=T,—T,, and w=T,—T; of a given TSC
peak, where T}, is the temperature corresponding to the
maximum current, 7} and 7}, are the low and high half-
intensity temperatures, respectively, are sufficient to obtain
the activation energy of a given trap

E, = {[1.51 4+ 3.0(1y — 0.42)IkTa/7} — [1.58 + 4.2(,
— 0.42)12kT,,,

E; = {[0.976 + 7.3(u, — 0.42)IkT2/6,

E, ={[2.52 +10.2(u, — 0.42)]kT2/w} — 2kT,,.
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Table 1

The activation energy (E,), capture cross section (S,), attempt-to-escape frequency (¥) and concentration (N,) of traps for three TSC peaks of

Ga,SeS crystal

Peak T, (K) E, (meV) S, (cm?) v(s™h N, (cm™3)
Curve fitting Peak shape Initial rise
method method method
T 83.2 72 81 68 6.7x107% 4.0X10% 1.3x10"
T, 117.8 100 107 95 1.8x10 ~ % 2.1X10? 5.4%10"
T; 136.8 150 159 143 28X107% 44x%10° 42x10"

Chen and Kirsh [11] have predicted the values of ug (=
0/w) as 0.42 for first order and 0.52 for second order kinetics.
Values of u, obtained for our decomposed peaks T, T, and
T5; were found to be 0.45, 0.44 and 0.43, respectively.
Therefore, we consider the observed TSC peaks as first
order. The averaged values of calculated activation energies
E,, E; and E,, for three peaks are reported in Table 1.

3.3. Initial rise method

Valid for all types of recombination kinetics, the initial
rise method [11] is based on the assumption that, when the
traps begin to empty as the temperature is increased, the
intensity of TSC is proportional to C X exp(—E/kT), where
the constant C depends on the number of initially full traps
and the probabilities of the transitions involved. Thus, a plot
of the logarithm of the current intensity against 1/7 should
yield a straight line with a slope of (— E\/k), as shown in Fig.
3. The activation energies of the traps calculated by this
procedure are found to be 68, 95 and 143 meV for peaks 77,
T, and T3, respectively (Table 1).

At this point, it is worthwhile to compare present results
with those obtained in our previous studies of Ga,SeS
crystals using PL spectroscopy, which yielded two levels at
29 and 40 meV [9]. These levels were obtained from the
temperature dependence of the PL intensity. From the
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Fig. 3. TSC vs. 1000/T for all three peaks in TSC spectrum of
Ga,SeS crystal. Open circles and solid lines represent experimental
data and theoretical fits using initial rise method, respectively.

present results of TSC, we observe three trap levels at 72,
100 and 150 meV. It is clear that the PL levels observed at
29 and 40 meV are not observed in the TSC experiments and
the levels at 72, 100 and 150 meV obtained from TSC
measurements are not observed in the PL experiments. We
suppose that the former two levels are recombination levels
and the latter three levels are trapping levels, allowing for
either PL emission or thermally stimulated current,
respectively.

In the previous TSC work on Ga,SeS grown using the
iodine assisted chemical transport method, trap levels with
activation energies of 155 and 400 meV have been found in
the band gap of crystals [8]. In that work, the nature of the
first level was not explained, while the second level was
associated with the presence of iodine, incorporated during
crystal growth. Considering that our samples were grown
using the modified Bridgman method with no intentional
doping or a carrier agent, it is not surprising that we did not
observe the level at 400 meV, as in [8]. The only trap levels,
which are close in energy, are located at 150 (present work)
and 155 meV [8]. Therefore, we may assign the obtained
energies to the same level, which may originate from the
presence of structural defects, independent of the crystal
growing method.

3.4. Trap concentration determination

The concentration of the traps was estimated using the
relation [12]

0
N, = .
' ALeG

Here, Q is the quantity of charge released during a TSC
experiment and can be calculated from the area under
the TSC peaks; A and L are the area and the thickness of the
sample, respectively; e is the electronic charge and G is the
photoconductivity gain. The latter parameter was evaluated
from the ratio

G=T T

ty L?
where t,; is the electron transit time between the electrodes
and V is the applied voltage. Electron lifetimes measured
from the decay of photocurrent were equal 5.0X 1073,
2.5%1072 and 2.0X 107> s for the peaks T, T» and T,
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respectively. The corresponding values of photoconductiv-
ity gain were found to be 1390, 695, and 555. The values of
N, obtained for three traps are presented in Table 1.

4. Conclusions

Three trapping levels at 72, 100 and 150 meV have been
detected in as-grown Ga,SeS layered crystals by the TSC
technique. These levels in undoped layered crystals may be
associated with the presence of stacking faults and/or
unintentional impurities. The activation energies of the
peaks, evaluated by the curve fitting method, and also
calculated using the peak shape and initial rise methods from
the isolated peaks, are in agreement with each other, within
the accuracy of the method used. The capture cross section
of the traps were calculated to be 6.7 X107 2%, 1.8 X107
and 2.8 X 10~ %2 cm®. The concentration of the traps were
estimated as 1.3X10'%,5.4X 10> and 42X 10" cm .
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