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The trap centers and distributions in TlInS; were studied in the temperature range of 100-300 K by
using thermally stimulated currents technique. Experimental evidence was found for the presence of three
trapping centers with activation energies 400, 570, and 650 meV. Their capture cross-sections were determined as
6.3 x 10716, 2.7 x 107'?, and 1.8 x 10~ cm?, respectively. It was concluded that in these centers retrapping is
negligible as confirmed by the good agreement between the experimental results and the theoretical predictions of
the model that assumes slow retrapping. An exponential distribution of hole traps was revealed from the analysis
of the thermally stimulated current data obtained at different light excitation temperatures. This experimental

technique provided a value of 800 meV /decade for the trap distribution.

PACS numbers: 71.55.—i, 72.20.Jv, 72.80.Jc

1. Introduction

TlInS, belongs to the ITI-III-VIy family of crystals
known as thallium dichalcogenides. Members of this fam-
ily have both layered (T1GaS,, TlGaSes, TlInSs) and
chain (TlInSey, TlnTey, TlGaTey) structures. They
have become interesting due to their interesting struc-
tural properties and potential optoelectronic applica-
tions [1]. Their quasi-low dimensionality, optical and
photoconductive properties and other features attract
the attention of researchers to study these compounds.
At room temperature, the layered crystal TlInSs belongs
to the monoclinic system with a space group C2/c and
consists of a 1:1 ratio of InS:TIS. The crystal lattice
has two-dimensional layers arranged parallel to the (001)
plane. Each successive layer is turned through a right
angle to the preceding one.

TI1InS, is pretty useful crystal for optoelectronic appli-
cations thanks to its high photosensitivity in the visible
range of spectra and high birefringence in conjunction
with a wide transparency range of 0.5-14 pm [2, 3]. For
possible applications as an optoelectronic device in the
visible range, a great deal of attention has been devoted
to the study of the structural [1, 4-7], electrical [8-10],
and optical [8, 11-14] properties. These properties of
semiconductors differ due to individual characteristics of
energy gaps and impurities. The determination of activa-
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tion energies of trapping centers in the energy gap takes
an important role in the study of the properties of semi-
conductors. It was determined that the forbidden energy
gap of TlInS, was found to be a direct band gap with an
energy of 2.58 eV at T' = 10 K by measuring both ab-
sorption and reflection spectroscopy as a function of tem-
perature [11, 12]. Optical properties of TlInS, were also
studied in Refs. [8, 15, 16]. It was revealed that T1InSs
crystals have two energy gaps, consisting of a direct and
an indirect one, which were found to be equal to 2.28 and
2.23 eV at 300 K, respectively. Photoluminescence (PL)
spectra of TlInS; and their temperature and excitation
intensity dependences in the 500-860 nm wavelength re-
gion have been reported in Ref. [17]. In this study, two
PL bands centered at 515 nm (2.41 eV, A-band) and
816 nm (1.52 €V, B-band) at T = 11.5 K and excita-
tion intensity of 7.24 W/cm? were observed. Analysis
of the experimental data revealed that emission A-band
was due to radiative transitions from shallow donor level
located at 20 meV below the bottom of the conduction
band to the moderately deep acceptor level located at
250 meV above the top of the valence band.

One of the methods used to determine the properties of
traps in semiconductors is thermally stimulated current
(TSC) technique. TSC measurements have been exten-
sively carried out in the past in the crystals which is very
useful to fabricate high quality devices [18-22]. There
are a few studies in the literature in which TSC tech-
nique is used to determine the trapping parameters in
TlInS, single crystals. The shallow levels in the T1InS,
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crystals in the temperature range below 90 K have been
studied in Ref. [23]. In this study, the TSC measure-
ments in TlInS, crystals over the temperature range of
10-90 K revealed that there was a trap level in the en-
ergy gap with activation energy of 12 meV. Ozdemir et al.
[24] have investigated the trap levels in T1InS, crystals by
TSC spectroscopy in the temperature range of 90200 K.
Analysis of the experimental spectra represented a series
of trap levels with energy depths ranging from 150 to
220 meV in the energy gap. Recently, we carried out
TSC measurements on TlInSs layered crystals to study
the shallow traps and their distribution in the tempera-
ture range of 10-100 K [25]. Two trapping centers, 12
and 14 meV, have been detected in this study. Also the
experiments showed the presence of an exponential dis-
tribution of shallow trapping states in the crystal with a
variation of one order of magnitude in the trap density
for every 27 meV.

The purpose of the present work is to obtain detailed
information concerning deep traps distribution in un-
doped TI1InS, layered crystals in the temperature range
100-300 K by using TSC measurements. Besides, the
TSC data were analyzed by using various methods. The
activation energy, capture cross-section, attempt to es-
cape frequency and concentration of traps for peaks ob-
served in the TSC spectra of TIInS, crystals were deter-
mined.

2. Experimental details

TlnS,; polycrystals were synthesized from high pu-
rity elements taken in stoichiometric proportions. Single
crystals of TlInSy were grown by the Bridgman method
without any intentional doping. The resulting ingots (or-
ange in color) showed good optical quality and the freshly
cleaved surfaces were mirror-like. The chemical compo-
sition of the crystals was determined by energy disper-
sive spectroscopic analysis using JSM-6400 electron mi-
croscope. The atomic composition ratio of the studied
samples (T1: In : S) was found to be 25.6 : 25.2 : 49.2,
respectively. For TSC measurements a sample with di-
mensions of 6.0 x 2.0 x 1.5 mm?® were used. Electrical
contacts were made on the sample surface with silver
paste according to sandwich geometry. In the sandwich
configuration, one of the electrodes is placed on the front
surface of the crystal with a small droplet of silver paste.
Then the sample is mounted on the sample holder with
conducting silver paste. The second electrode is con-
nected to the cryostat for circuit connection. The carriers
flow through the crystal in the direction of parallel to the
c-axis in the sandwich geometry. The electrical conduc-
tivity of the studied sample was n-type. The values of the
room temperature electrical resistivity, carrier concentra-
tion, and Hall mobility were found to be 7.4 x 10° Q cm,
3.0 x 10" cm ™3, and 28 cm? V! 57!, respectively.

The TSC measurements were performed in the temper-
ature range from 100-300 K using an Advanced Research
Systems closed-cycle helium cryostat. Constant heating

rate was achieved by a Lake-Shore 331 temperature con-
troller. A Keithley 228 A voltage/current source and a
Keithley 6485 picoammeter were used for the TSC mea-
surements. The temperature and current sensitivities of
the system were about 10 mK and 2 pA, respectively. At
low enough temperatures, when the probability of ther-
mal release is negligible, a light emitting diode generating
light at a maximum peak of 2.6 eV was used to excite the
charge carriers. The trap filling was performed by illu-
mination under bias voltage of V; = 1 V at the initial
temperature Ty = 60 K. When the illumination time is
increased in a controlled way, it was observed that af-
ter nearly 20 min illumination, the traps are filled com-
pletely. Therefore, the illumination time was chosen as
20 min for TSC measurements. Then the excitation was
turned off. After an expectation time (= 300 s), the
bias voltage of Vo was applied to the sample and tem-
perature was increased at constant rate. In T1InS, the
dark current contribution was low, therefore the voltage
of Vo =100 V can be applied during heating.

“Thermal cleaning” procedure was used to isolate the
overlapping TSC peaks [21]. “Thermal cleaning” proce-
dure was applied as follows: The sample was cooled and
irradiated at 60 K. Then it was heated with the constant
heating rate but stopped near the temperature of the first
peak (Tiua). Traps responsible for the current peak for
temperatures lower than the temperatures of the second
(Tmp) and third (Ty,¢) peaks were substantially emptied
by this way. Then, the crystal was recooled down to the
initial temperature and reheated in the dark at the same
heating rate. This allowed the observation of TSC peaks
due to carriers released from the remaining filled traps.

TSC measurements can also be used to reveal the char-
acteristic features of traps distribution. The experimen-
tal T'SC procedure applied to study the traps distribution
is as follows: the sample is excited by light at different ex-
citation temperatures (7p) to allow trapping of the pho-
toproduced electrons. Then the light was turn off and
the sample was recooled to initial temperature 60 K in
darkness. Thereafter the sample was heated with a con-
stant heating rate to excite the trapped electrons into the
conduction band.

The carrier lifetime was determined from the photo-
conductivity decay experiments. In these experiments,
two electrodes are attached to opposite surfaces of the
TlInS, with silver paste. Then one of the contacts was
illuminated by a high efficiency short-pulsed LED con-
trolled by “NI USB-6211 high-performance USB data
acquisition device”. The signal was transmitted to the
computer and then analyzed to determine the decay time
of the photocurrent.

3. Results and discussion

3.1. Determination of the type of the charge carriers

Figure 1 shows a typical TSC curve of TlInS, crys-
tal measured with heating rate of 5 = 0.8 K/s both for
forward and reverse bias conditions in the 100-250 K
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Fig. 1. Typical experimental TSC curves of TlInSs

crystal under opposite bias voltage. Circles and squares
represent the experimental data obtained at illumina-
tion of positive and negative contacts, respectively.

temperature range. When the sample is illuminated in
proximity to a contact, both types of carriers are cre-
ated near the contact. Then depending on the bias volt-
age, only one type of carrier will be swept through the
entire field region, whereas the second type is collected
very quickly. Therefore, only the former can be trapped.
By illumination of the positive and negative contacts of
the sample separately, the maximum TSC measured for
the first peak equals 29 and 98 nA, respectively, and for
the second peak equals 35 and 86 nA, respectively. The
intensity of the current peak was highest when the po-
larity of the illuminated contact was positive. Therefore
the trapping centers corresponding to these peaks can be
characterized as hole traps.

3.2. Determination of activation energy

There are several methods to evaluate the trapping
parameters from the experimental TSC spectra. Experi-
mental TSC curves for T1InSs crystal have been analyzed
by using curve fitting and initial rise methods.

3.2.1. Curve fitting method

The curve fitting method was used for decomposition
of the TSC spectra into separate peaks associated with
the charged traps in TlInS, crystal. Under monomolecu-
lar conditions (i.e., slow retrapping) the TSC curve of a
discrete set of traps with a trapping level E; is described
by the equation [21]:

I =nyreuv(Vo/L)A

Et T 14 Et
X exp <I€T/TO Bexp <kT> dT> . (1)

Here, I is the thermally stimulated current, ny is the ini-
tial density of filled traps, 7 is the lifetime of a free car-
rier, e is the electronic charge, p is the carrier mobility, v
is the attempt-to-escape frequency of a trapped carrier,
V5 is the applied voltage, A and L are the area and the
length of the sample, respectively, k is the Boltzmann
constant, 3 is the heating rate and Ty is the temperature

at which heating begins after filling the traps. If we as-
sume v to be independent of T and ignore the variation
of p and 7 with T over the temperature span of the TSC
curve, Eq. (1) can be rewritten as [26]:

I=Agexp(—t— Bexp(—-t)t™?), (2)
where t = Ey/kT, and Ay and B are constants
E
Ay =nyrepv(Va/L)A and B = % (3)

If Eq. (2) is differentiated and equated with zero to find
the maximum of the curve, which occurs at t = ¢, =
Ey/kTy, then

3

B = exp (tm) ﬁ (4)

In order to analyze the peaks simultaneously, the fitting
function is given by the sum

I(T) = Z L(T), (5)

where I;(T") denotes the current contribution of each peak
calculated by means of Eq. (2) and n denotes the number
of traps involved in the calculation.

When the curve is fitted by means of three peaks (des-
ignated A, B and C), we obtained a good fit to the ex-
perimental data. The experimental data and theoretical
curve, computed with the assumption of monomolecu-
lar conditions (slow retrapping) were completely agreed
with each other (Fig. 2). This agreement suggests that
retrapping does not occur for the observed traps. The
solid line in Fig. 2 shows the data for a heating rate of
0.8 K/s fitted with three peaks (A, B and C) having ac-
tivation energies of Fia = 400 meV, Eig = 570 meV and
Eic = 650 meV, respectively (Table I).
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Fig. 2. Experimental TSC spectrum of TlInSy crys-

tal with heating rate 0.8 K/s and decomposition of this
spectrum into three separate peaks. Open circles are
experimental data. Dash-dotted curves represent de-
composed peaks. Solid curve shows total fit to the ex-
perimental data. Inset: thermally stimulated current
vs. 1000/T for the A-, B- and C-peaks in the TSC spec-
trum of the TlInS, crystal. The circles show the exper-
imental data, and the lines represent the theoretical fits
obtained by using initial rise method.
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TABLE I
Activation energy (FE}), capture cross-section (S;),
attempt-to-escape frequency (v) and concentration
(Vy) of traps for three TSC peaks of TlInS, crystal.

Peak | Ty Ey [meV] St v Ny
[K] | Curve | Initial [cm?] 74 [em ™3]
fitting rise
method | method
A | 184 | 400 400 6.3x1071% | 9.6x10° | 4.1x10°
B | 197 570 570 2.7x10712 | 4.8x10%% | 0.9%x10°
c | 212 650 650 1.8x107 1 | 3.7x10' | 2.6x10°

“Thermal cleaning” procedure, described in the previ-
ous section, was used to isolate the overlapping A-, B-
and C-peaks. The resultant thermally stimulated curve
after thermal cleaning at temperature near Ty, is shown
in Fig. 3. Due to low intensity of the B-peak, we could
not observe this peak after thermal cleaning. Thus, the
peak observed after thermal cleaning corresponds to the

C-peak.
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Fig. 3. Experimental T'SC spectra of TlInS; crystal be-

fore (squares) and after (circles) thermal cleaning. Heat-
ing rate § = 0.8 K/s.

3.2.2. Initial rise method

The initial rise method, which is valid for all types of
recombination kinetics, is based on the assumption that
the TSC is proportional to exp(—FE;/kT) when the traps
begin to empty with temperature [21]. Thus, a semi-
logarithmic plot of the current versus 1/7" gives a straight
line with a slope of (—FE;/k). The plots for TSC peaks
of TlInS, crystal are shown in the inset of Fig. 2. The
activation energies of the traps calculated by this method
were found to be 400, 570 and 650 meV (Table I).

At this point, it is worthwhile to compare the re-
sults of present T'SC analysis with those obtained by
Ozdemir et al. [24] on TlInS, crystals in the tempera-
ture range of 90200 K. TSC spectra consisted of one
pronounced (Ty, = 187 K, I, = 65 pA) and several non-
-distinct weak peaks at lower temperatures. As a re-
sult of decomposition of the spectra into separate peaks,
the authors revealed six trap levels with activation en-
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ergies of 150,190, 200,210,212 and 220 meV and Ty, =

102.0,114.5,124.5,139.5,153.0 and 187.0 K, respectively.
The distinction in the number of the traps, activation
energies and other parameters may be associated with
difference in the single crystal growing conditions (ther-
mal gradient, the rate of ampoule motion in two-zone
furnace etc).

3.3. Determination of the traps distribution

Figure 4 shows the experimental TSC spectra (C-peak)
for TlInSs crystal obtained at different excitation tem-
peratures (Tp = 105,110,115 and 120 K). The spectra
decreased in intensity and shifted towards higher temper-
atures with increasing the light excitation temperature.
This shift supports the validity of a quasi-continuous trap
distribution [27-30].
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Fig. 4. Experimental TSC spectra (C-peak) of the
TlInS2 crystal at different excitation temperatures Tp.
The heating rate was = 0.8 K/s. Inset: In(So(Im/Ic))
plot as a function of the activation energy E.

Each TSC spectra obtained at different excitation
temperatures can be described by the following expres-
sion [27]:

I = Cvexp(—E/kT), (6)
where C is a constant. In(I) versus 1/T plots are the
straight lines whose slopes give the values of activation
energy Fi at each excitation temperature Ty. The ac-
tivation energies obtained at different excitation tem-
peratures and the maximum temperatures of thermocur-
rent curves were listed in Table II. The activation energy
ranges from 730 to 1000 meV at T, = 105 and 120 K,
respectively.

By assuming an exponential traps distribution, whose
density at energy E; will be given by N = A; exp(—aFy),
we can write for the traps filled at the excitation temper-
ature Tp the following expression [27]:

(7)

So(Im/I) < Ay exp(—aEy),
where « is the energy parameter which characterizes the
distribution, I, and I, are the currents flowing in the
crystal at the peak temperature in darkness and dur-
ing light excitation, respectively, Sy is the area of the
TSC peak, which is proportional to the total number of
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TABLE II

TSC parameters of C-peak for TlInS2 crystal at dif-
ferent excitation temperatures.

Curve ‘ 1 ‘ 2 ‘ 3 ‘ 4
excitation temperature [K]| 105 | 110 | 115 | 120
maximum temperature [K]|216.0|216.7(217.1| 218.0
526 | 427 | 343 | 244
730 | 850 | 905 | 1000

curve area [arb. u.]

activation energy [meV]

carriers released from the traps during the heating pro-
cess. Inset of Fig. 4 shows the In[Sy(I,/I.)] plotted as a
function of the energy Fy, determined from the analysis
of TSC curves, which were registered at different exci-
tation temperatures. The graph obtained is a straight
line with a slope a = 0.0029 meV~! corresponding to
800 meV /decade, an order of magnitude variation in the
trap density for every 800 meV.

3.4. Determination of capture cross-section
and concentration of the traps

After the values of F; and Ty, for peaks are determined
by using curve fit method (Table I), the constant B and
the attempt-to-escape frequency v are calculated by us-
ing Eqgs. (3) and (4). Then we can calculate the capture
cross-section of the traps according to expression

v

St - Nc'Uth7 (8)
where N, is the effective density of states in the con-
duction band and vy, is thermal velocity of a free elec-
tron. For the calculation of N, and vy, we used the elec-
tron effective mass m} = 0.14mg reported for TlnS,
crystals [10]. The results obtained for the capture cross-
-section and attempt-to-escape frequency of A-; B- and
C-peaks are presented in Table I. Another indication
which points out the assumption of monomolecular ki-
netics for the observed peaks is the small value of the
capture cross-section.

The concentration of the traps was estimated using the
relation

Q

M= Jrea )
Here, @ is the quantity of charge released during a TSC
experiment and can be calculated from the area under
the TSC peaks; e is the electronic charge and G is the
photoconductivity gain, which equals to the number of
carriers passing through the sample for each absorbed
photon. The photoconductivity gain G was calculated
from the expression [22]:

G- T
ter L2

where 7 is the carrier lifetime, t;, is the carrier transit
time between the electrodes and p is the carrier mobil-
ity. To calculate the photoconductivity gain G, the car-

rier lifetime is obtained from the photoconductivity decay

(10)

experiments. The photocurrent decay is nearly exponen-
tial after termination of light pulse at ¢t = ¢y3. The carrier
lifetime 7 was determined from the corresponding output
voltage expressed as [31]:

Vph = VphO + DeXp(_t/T)v (11)
where Vo is the voltage at ¢ = co and D is a constant.
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Fig. 5. Photoconductivity decay curve for the T1InSs
crystal at T = 184 K. Open circles are experimental
data. Solid line shows the fit to the experimental data.

Figure 5 shows the theoretical fit to the experimental
data using Eq. (11) for TlInSs crystals at 184 K. The
carrier lifetime was obtained as 17.2,19.0 and 21.6 ms
for temperatures 184,197 and 212 K, respectively, from
the decay of the photocurrent. The corresponding pho-
toconductivity gain was calculated from Eq. (10) and
found to be 2140,2360 and 2690 using V = 100 V and
p =28 cm?/(V s) [10]. Then the values of N; obtained
for traps are evaluated as 4.1 x 10 cm ™2, 0.9 x 10° cm ™
and 2.6 x 10° cm™3 for peaks A, B and C, respectively,
and presented in Table I.

4. Conclusion

Thermally stimulated current experiments in the high
temperature range 100-300 K showed that there were
three trapping centers at 400,570 and 650 meV in T1InSs
crystals. As the crystals studied are not intentionally
doped, the observed levels are thought to originate from
defects, created during the growth of crystals and/or un-
intentional impurities. Various methods are used to cal-
culate the trap parameters and they agree well with each
other. The retrapping process is negligible for these lev-
els, as confirmed by the good agreement between the
experimental results and the theoretical predictions of
the model that assumes slow retrapping. Capture cross-
-sections of these traps were calculated to be 6.3 x 10716,
2.7 x 10712, and 1.8 x 10~ e¢m?. Also the concentra-
tions of the traps were estimated to be 4.1x10%, 0.9x 10,
and 2.6 x 102 cm 3. The experiments on thermally stim-
ulated current showed also the presence of an exponential
distribution of hole-trapping states in T1lInSs crystal in
the high temperature range. The variation of one order
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of magnitude in the trap density for every 800 meV was
obtained.
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