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As-grown T1>Ga2S3Se crystals have been doped by ion implantation technique. The samples were bombarded
at room temperature in the direction perpendicular to the layer by N ion beam of about 120 keV having dose
of 1 x 10'° ions/cm?. The effect of N implantation with annealing at 300°C was studied by using thermally
stimulated current measurements. The investigations were performed in temperatures ranging from 10 to 290 K.
The experimental evidence was found for presence of one deep hole trapping center with activation energy of
392 meV. The capture cross-section was calculated as 3.9 x 1072° cm?. Also the concentration of the traps was

estimated to be 8.0 x 10* ecm™3.
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1. Introduction

The layered-structured semiconductor TlaGagS3Se is
formed from TIGaS, crystal by replacing quarter of the
sulfur atoms with selenium atoms. The crystal lattice
has two-dimensional layers arranged parallel to the (001)
plane [1, 2]. The bonding between Tl and S (Se) atoms
in Tl;GasS3Se is an interlayer type whereas the bonding
between Ga and S (Se) is an intralayer type. The op-
tical and electrical properties of TlGaS,, TlGaSe,, and
TlGaySsSe crystals were studied in Refs. [3-9]. The
indirect and direct band gap energies for TlyGasS3Se
crystal at room temperature were found as 2.38 and
2.62 eV, respectively. These crystals are useful for opto-
electronic applications as they have high photosensitivity
in the visible range of the spectra and high birefringence
in conjunction with a wide transparency range of 0.5—
14.0 pm [8]. In our previous studies [10, 11], we reported
the results of thermally stimulated current (TSC) mea-
surements on as-grown TloGagSsSe layered crystals. The
investigations were performed in the temperatures rang-
ing from 10 to 320 K with heating rates of 0.6-1.2 K s .
The analysis of the data revealed one electron and one
hole trap levels located at 11 and 498 meV, respectively.

The influence of defects on the performance of opto-
electronic devices is a well-known subject. In optoelec-
tronic devices such as LEDs or lasers, defects may in-
troduce nonradiative recombination centers to lower the
internal quantum efficiency or even render light genera-
tion impossible, depending on defect density. In the case
of electronic devices, defects introduce scattering centers

*corresponding author; e-mail: nizami@metu.edu.tr

lowering carrier mobility, hence hindering high-frequency
operation. Among the several experimental methods for
determining the properties of trap centers in semiconduc-
tors, TSC measurements are relatively easy to perform
and provide detailed information on trap states [12-19].

The purpose of the present work is to obtain detailed
information concerning trapping centers in N-doped
TlyGasS3Se layered crystals using the well-established
technique of TSC measurements. We utilized two meth-
ods to analyze the measured TSC spectra. The activa-
tion energy, the capture cross-section and the concentra-
tion of the hole traps in N-doped TlyGagS3Se crystals are
reported.

2. Experimental details

TlyGasS3Se polycrystals were synthesized from high-
-purity elements (at least 99.999%) prepared in stoichio-
metric proportions. Single crystals of TloGagsS3Se were
grown by the Bridgman method. The resulting ingot ap-
pears red in color and the freshly cleaved surfaces were
mirror-like. For the implantations, the surface of sam-
ple parallel to the layers was bombarded at room tem-
perature by nitrogen ion beam of about 120 keV having
dose of 1 x 10%¢ ions/cm?. The sample dimensions were
6.0 x 5.5 mm?. In the TSC spectra, no peak was ob-
served before doping and annealing of the selected sam-
ple. After doping, the annealing was performed in argon
medium for the sample at temperature 300 °C for 45 min,
to possibly remove the damage induced by implantation
and also to activate nitrogen related doping centers. For
TSC measurements, electrical contacts were made on the
sample surface with silver paste according to “sandwich”
geometry. In this configuration, the electrodes are placed
on the front and back sides of the sample. Thin copper
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wires were attached to the electrodes for circuit connec-
tion.

The TSC measurements were performed in the temper-
ature range from 10 to 290 K using a closed-cycle helium
cryostat. The sample was mounted on the cold finger of
the cryostat. Constant heating rate of 0.3 K s=! was
achieved by a Lake—Shore 331 temperature controller.
A Keithley 228 A voltage/current source and a Keithley
6485 picoammeter were used for the TSC measurements.
The temperature and current sensitivities of the system
were about 10 mK and 2 pA, respectively.

At low enough temperatures, when the probability of
thermal release is negligible, the carriers are photoexcited
by using a light emitting diode generating light at a max-
imum peak of 2.6 eV. The trap filling was performed by
illumination under bias voltage of V7 =1 V at the initial
temperature Ty = 10 K for about 10 min. Then the exci-
tation was turned off. After an expectation time (= 60 s)
the bias voltage of Vo = 100 V was applied to the sample
and temperature was increased at constant rate.

3. Results and discussion

Figure 1 demonstrates the typical TSC curve of
N-doped Tl2GayS3Se crystal, the dark current (triangles)
is also presented. Inset of Fig. 1 shows the calculated
TSC spectrum representing the difference between ex-
perimental TSC and dark current curves. TSC measure-
ments carried out on the N-doped TlyGasS3Se crystals
in the temperature range of 10-290 K showed that there
is one peak in the TSC curve starting to exist nearly
at 175 K and ending nearly at 290 K (inset of Fig. 1).
Therefore, the figures related to TSC measurements in
this study were plotted in the 175-290 K temperature
range. To change the initial density of traps, the TSC
spectra of TlaGasS3Se crystal were recorded for differ-
ent illumination times (0-600 s) at constant heating rate
of B = 0.3 K s71. The shape of the TSC spectra and
Tmax values remained almost invariable for different val-
ues of illumination time. This result indicates that the
observed trap may be considered under the monomolecu-
lar (slow retrapping) conditions. It was established that
traps are filled completely after nearly 600 s. Therefore,
the illumination time for TSC experiments was taken as
600 s. Moreover, it was revealed that if the polarity of
the illuminated sample surface is positive, the intensity
of the TSC curve was highest. It means that the holes
are distributed in the crystal and then trapped. There-
fore, the peak appearing in the TSC spectra of N-doped
Tl,GayS3Se crystal can be assigned to hole traps.

The theoretical form of the TSC curve of a discrete
set of traps with trapping level E} is described under the
monomolecular conditions (i.e., slow retrapping) by the
equation [20]:

I(T) = C'exp (-Zﬂ - /TT 2 exp (-3) dT) , (1)

where C' is a constant which depends on the experimen-
tal conditions and properties of the crystal, v is the
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Fig. 1. Typical TSC curve (circles) of N-doped

Tl2GazSsSe crystal. The dark current (triangles) is also
shown. Inset: TSC spectrum of N-doped TloGazS3Se
crystal, representing the difference between experimen-
tal TSC and dark current curves. Open circles are ex-
perimental data. Solid curve shows the fit to the exper-
imental data.

attempt-to-escape frequency, k is the Boltzmann con-
stant, £ is the heating rate and Ty is the temperature
at which heating begins after filling of the traps. When
the curve fit method [21] was used to analyze the ex-
perimental data under the theoretical approach of slow
retrapping process, data were fitted successfully with
one peak (solid curve in inset of Fig. 1) having the ac-
tivation energy of Ey = 392 meV. The capture cross-
-section (S; = 3.9 x 1072 e¢m?) and attempt-to-escape
frequency (v = 1.9 x 10% s7!) of the observed trap
were calculated according to the expressions presented
in Ref. [21] and using the value of E; and peak tem-
perature (T, = 247.5 K) determined from the curve fit
analysis. For these evaluations the effective mass of holes
was taken as mxy, = 0.4m0q [22].

The derivative of the natural logarithm of the ther-
mally stimulated current (Eq. (1)), under the assumption
of that v is independent of T, is obtained as

d(InI) Ey 1 E
i RT? ,@e"p( kT) @
Since the current is maximal at T = T},,, Eq. (2) yields
Et o Uy Et
FTZ 3 exp < kTm> . (3)

Using Eq. (8), the second derivative of the In(I) can be
written at the peak maximum temperature as

d?(In 1) E; Ey
e — . 4
[ a7? ]m rre \2 T, ) T om @

Activation energy of the observed trap can be calculated
from the slope of the tangent (o) at 7' = Ty, of the
first derivative of the TSC curve. When the graph of
the first derivative of the current is plotted (Fig. 2), it
was revealed that the derivative is equal to zero at T, =
247.5 K with a tangential slope of o, = —6.2 x 1073,
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Fig. 2. Derivative of the thermally stimulated current

of N-doped T12Ga2S3Se crystal. Open circles are experi-
mental data and the line is the tangent at T, = 247.5 K.

The activation energy of the trap corresponding to this
oy value is found from Eq. (4) as By = 395 meV.

The concentration of the traps was estimated using the
relation [23]:

Q
M= Jrea )
where @) is the amount of charge released during the TSC
measurement, that can be calculated from the area of the
TSC peak, e is the electronic charge, G is the photocon-
ductivity gain, A and L are the area and length of the
sample, respectively. The photoconductivity gain G was
calculated from the expression [24]:
L _mm, 0
tr
where 7 is the carrier lifetime, ¢, is the carrier transit
time between the electrodes, Vs is the applied voltage
and p is the carrier mobility. We used the photoconduc-
tivity decay experiments to obtain the carrier lifetime
and then to calculate the photoconductivity gain G. The
photocurrent decay is nearly exponential after termina-
tion of light pulse at ¢ = ty. The carrier lifetime 7 was
determined from the corresponding output voltage ex-
pressed as [25]:

V = Vo+ Dexp (—’f)7 @
T

where Vj is the voltage at ¢ = oo and D is a constant.
Figure 3 shows the theoretical fit to the experimental
data using Eq. (7) for N-doped Tly;GasS3Se crystal. The
carrier lifetime was obtained as 21 ms from the decay of
the photocurrent. The corresponding photoconductivity
gain was found to be 197 from Eq. (6), using V3 = 1 V and
p =60 cm?/(Vs) [22]. Then, the value of concentration
obtained for traps is evaluated as Ny = 8.0 x 10! cm—3.

4. Conclusions

TSC measurements on the N-doped Tl;GasS3Se crys-
tal revealed that there exists one hole trapping center at
392 meV energy level. Since TSC peak was not seen in the
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Fig. 3. A photoconductivity decay curve for N-doped
Tl2GazS3Se crystal. Open circles are experimental
data. Solid curve shows the theoretical fit to the ex-
perimental data.

spectra before doping and annealing, the observed level
is thought to originate from N centers, created by doping
and annealing processes. The retrapping process is negli-
gible as confirmed by the good agreement between the ex-
perimental results and the theoretical predictions of the
model that assumes slow retrapping. The capture cross-
-section of the trap is calculated to be 3.9 x 1072 cm?.
Also the concentration of the trap is estimated to be
8.0 x 10! em 3.
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