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ARTICLE INFO ABSTRACT

Keywords: Distribution of shallow trap levels in AgInsSg crystals has been investigated by thermoluminescence (TL) mea-
Chalcogenides surements performed below room temperature (10-300 K). One broad TL peak centered at 33 K was observed as
Defects constant heating rate of 0.2 K/s was employed for measurement. The peak shape analysis showed that the TL
Luminescence

curve could consist of several individual overlapping TL peaks or existence of quasi-continuous distributed traps.
Therefore, TL experiments were repeated for different stopping temperatures (Tsp) between 10 and 34 K with
constant heating rate of 0.2 K/s to separate the overlapping TL peaks. The E; vs Tqp indicated that crystal has
quasi-continuously distributed traps having activation energies increasing from 13 to 41 meV. Heating rate effect
on trapped charge carriers was also investigated by carrying out the TL experiments with various heating rates
between 0.2 and 0.6 K/s for better comprehension of characteristics of existed trap levels. Analyses indicated that
the trap levels exhibited the properties of anomalous heating rate behavior which means the TL intensity and area
under the TL peak increase with increasing heating rate.

1. Introduction

I-III-VI ternary chalcogenides have recently been studied by many
researchers due to their physical and chemical properties. They are sig-
nificant candidates to be used in solar cell applications as a photo-
absorber because of their wide range of band gap between 0.8 and
2.0 eV [1]. They can become an important part of the industrial devices
like optoelectronic, photovoltaic and photo-electrochemical devices
since they exhibit good radiation stability and high absorption in active
visible light [2,3]. Conversion between n- and p-type semiconductors can
be achieved easily by varying the compositions in these ternary chalco-
genides. These semiconductors possess considerable properties which
make them potentially applicable for photoconductors, LEDs, infrared
detectors, charge storage, and visible light photocatalysis [4-9]. Among
these semiconductors, AgInsSg crystals have attracted much interest and
have been studied in many areas. Their optical and electrical properties
were reported in Refs. [10-13]. Since they show noticeable physical and
chemical properties, they can be considered as practicable material for
photovoltaic and photo-electro chemical devices [14,15].

Previously, AglnsSg semiconductors have been investigated by means
of their optical and electrical properties. They have direct energy band
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gaps of 1.78 and 1.88 eV at 295 and 96 K, respectively [11]. Photo-
luminescence (PL) investigations have been achieved between 1.44 and
1.91 eV energy regions below room temperature (10-170 K) [16]. The
detected PL spectrum, having maximum at 1.65 eV, revealed the pres-
ence of donor-acceptor pair located at Eq = 0.06 eV below the conduction
band and at E, = 0.32 eV above the valence band. Defect characterization
of AgInsSg crystals has also been established by thermally stimulated
current measurements performed in temperature region of 10-70 K with
heating rate of 0.2 K/s [17]. One peak was observed in the spectrum and
thermal activation energy of associated trapping level was found as
5 meV. Bucurgat et al. [18] have studied the spectral distribution of
photocurrent (PC) response of AgInsSg crystals at various temperatures
ranging from 80 to 300 K. The PC spectrum exhibited one broad peak and
the band gap of the crystal was found as 1.86 eV at 140 K.

In this manuscript, characterization of defects which influence the
electrical and optical efficiency of the semiconducting materials has been
studied by the help of thermoluminescence (TL) measurements. TL
spectra observed between 10 and 300 K have been analyzed using
different methods known from the TL theory. Distribution of trapping
levels has been investigated by utilizing different stopping temperatures.
Activation energies of these levels have been calculated and heating rate
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Fig. 1. Grown AglnsSg single crystals.
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Fig. 2. Experimental TL peak of AgInsSg crystals detected with f = 0.2 K/s. Inset:
Application of initial rise method. Stars and solid line depict the experimental data and
linear fit, respectively.

dependency of TL peakhas been investigated.
2. Experimental

AglnsSg polycrystals were synthesized from high-purity elements (at
least 99.999%) prepared in stoichiometric proportions. Single crystals of
AglnsSg were grown by the Bridgman method in evacuated (10~ Torr)
silica tubes (10 mm in diameter and about 25 cm in length) with a tip at
the bottom in our crystal growth laboratory. The ampoule was moved in a
vertical furnace through a thermal gradient of 30 °C/cm between the
temperatures 1130 and 840 °C at a rate of 1.0 mm/h. The resulting ingots
presented in Fig. 1 showed good optical quality. Atomic composition of
the studied sample was revealed earlier by energy dispersive spectros-
copy measurements in our published paper [19]. Analyses showed that
atomic composition ratios of constituent elements Ag:In:S is
7.4:37.8:54.8. Crystal structure of the sample was also reported in
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Ref. [19] as a result of x-ray diffraction measurements. Crystal structure
of the sample was revealed as cubic unit cell with lattice parameter of
a = 1.0827 nm. This reported crystal structure parameter is in good
agreement with a = 1.0820 nm given in Ref. [20].

Thermoluminescence experiments were performed with a setup built
in the laboratory. The measurement system was assembled around a
closed cycle helium gas cryostat (Advanced Research Systems, Model
CSW 202) which has capability of controlling the temperature between
10 and 300 K. Environment of the sample was kept at the intended
temperature employing a temperature controller (Lakeshore Model 331).
The device can control the temperature of the sample up to 300 K and can
ramp the temperature linearly at a maximum rate of 1.2 K/s. In our TL
experiment, the temperature of the environment was decreased to
To = 10 K and the sample was exposed to blue LED (~470 nm) for
600 s at this temperature. After an expectation time (120 s) the sample in
the form of disk of diameter 8 mm and thickness 3 mm was heated up to
300 K. Thermally emitted luminescence from the sample was compiled
by a light tight measurement chamber that had a photomultiplier (PM)
tube (Hamamatsu R928, spectral response: 185-900 nm) and some optic
elements focusing the luminescence to PM tube. These optics were
attached to the optical access port of the cryostat with quartz window.
The pulses from the PM tube were converted into transistor-transistor
logic pulses (0-5 V) using a fast amplifier/discriminator (Hamamatsu
Photon Counting Unit C3866) and were counted using the counter of a
data acquisition module (National Instruments, NI 6211). All of the
measurement setup were managed with a central system by improving a
software written in LabView (National Instruments).

3. Results and discussion

Fig. 2 shows the TL spectrum of AglnsSg crystals recorded with con-
stant heating rate of 0.2 K/s below room temperature (10-100 K). The
remaining part of the spectrum (100-300 K) was not presented in the
figure since it exhibited no peak after 100 K. In our experiments carried
out for determination of activation energy we used the lower heating rate
B = 0.2 K/s to prevent the deviation on the position of TL peak and so to
obtain the correct value of activation energy. Clearly, using the higher
heating rates can lead to differences between the temperature of the
sample and the recorded temperature of the heater element due to some
possible cases such as sample thickness and temperature gradients
through the sample etc. This event is known as temperature lag effect and
affects the position of the TL peaks [21-23]. Another reason of using
lower heating rate is based on the fact that overlapped TL peaks have
higher probability to be separated from each other. Therefore, lower
heating rates give more reliable results than higher heating rates. As seen
from the figure, one broad TL peak starting around 12 K and disappearing
nearly at 85 K was detected from the TL emission of the studied sample.
Although the observed peak points out the existence of one peak related
to one single trap center at first glance, it can possess many overlapping
individual peaks associated with many trapping levels or quasi-
continuously distributed traps due to its broadening shape. In order to
elucidate this broadening behavior of TL peak, some analyses have been
taken under consideration in the present study. Inset of Fig. 2 reveals the
logarithmic plot of TL intensity as a function of reciprocal of temperature.
This plot is known as initial rise method [24]. According to this method,
concentration of trapped charge carriers unremarkably varies with
temperature at the beginning part of the ascendant tail of the TL peak.
Under the light of this fact, the known TL equations giving TL intensity
reduce to a simple form as It (T) ~ Aexp (—Ey/kT), which is independent
of order of kinetics [24]. As understood from this relation, In (It) vs. 1/T
plot presents straight line yielding a slope of —E/k in which E; defines the
activation energy of the trap center. Inset of Fig. 2 illustrates such a plot
of the observed TL peak. Activation energy of trapped charge carriers was
found as 13 meV by the application of initial rise method. This value may
be related to the shallowest trap level in the AgInsSg crystals.

Peak shape method presents an insight about understanding the
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Fig. 3. Experimental TL peaks of AgInsSg crystals obtained with f = 0.2 K/s at different
Tsop- Inset: Representation of TL peaks obtained with Ty, between 25 and 34 K.
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Fig. 4. E; vs Tsop graph. Circles show the calculated activation energies.

behavior of the TL peaks [25]. This method is very useful since it achieves
calculating the geometry factor (ug) of TL peak. This factor gives infor-
mation about the kinetics order of TL process of trapped charge carriers.
The ug value can be obtained by using the low (T1) and high (T}) tem-
perature sides of the TL peak, which coincide with the half of the peak
maximum intensity, in the following equations § = Th, — Trmax, W = Th— T1
and yg = 6/w. Chen and Kirsh claim that this value must be between 0.42
and 0.52 which correspond to first- and second-order of kinetics,
respectively. Implementation of this method to our observed TL curve
gave the yg value as 0.62 that is out of the accepted values. This is an
indication that the detected TL peak is not an individual peak.
Thermally cleaning procedure is the most suitable way to deplete some
of the traps taking role in the existence of broad TL peak. This procedure
was applied to observed TL peak for different stopping temperature (Tstop)
sequentially. Clearly, the temperature of the studied sample was
decreased to Tgop value and the sample was illuminated for 600 s at this
temperature. Then, the sample was cooled down to 10 K. Constant heating
rate of 0.2 K/s was employed to increase the temperature of the sample up
to 300 K and TL peak was detected. The same processes were carried out
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Fig. 5. Experimental TL peak of AgInsSg crystals obtained with 8 = 0.2 K/s at Tsop = 34 K.
Circles and solid line represent the experimental data and curve fit, respectively. Inset: Ln
(I1) vs 1000/T graph. Stars and solid line depict the experimental data and linear fit,
respectively.

for different T, values between 10 and 34 K to obtain the successive TL
peaks. Fig. 3 illustrates the TL peaks recorded for above mentioned
heating rate and Tgp values. As can be seen from the figure, the TL in-
tensity of the presented peaks decreases and the Tyax value gradually
shifts to higher temperatures with increasing Tsop. Each successive TL
peak shows that the shallower levels are emptied gradually and only the
charge carriers occupying the deeper levels contribute to TL peak as the
higher Tsop is employed. The TL intensity of the peak observed for
Tstop = 34 Kis almost depleted as seen in the inset of Fig. 3. The behavior of
Tmax—Tstop dependency was investigated by McKeever [26]. In the paper it
was reported that Trax—Tstop dependency has three different relations. If
Tmax increases with Ty, linearly as observed in our experiments, this
points out the existence of quasi-continuous distribution of TL peaks.
Therefore, we believe that studied crystal AgInsSg have quasi-continuous
distributed trapping centers in the forbidden band gap. The activation
energies of shallowest trap within the distributed traps were evaluated by
applying the initial rise method to each successive TL peak. Fig. 4 shows
the E; vs Tsop graph for AginsSg crystals. As seen from the figure, activa-
tion energies of distributed traps increase from 13 to 41 meV.

As we mentioned previously, the TL peak detected at Tp = 10 K (see
Fig. 3) had broadening shape and it was found out that the main TL peak
comprised of continuously distributed traps. Normally, as the thermally
cleaning procedure is realized for the bigger Typ values, the concentra-
tion of trapping charge carriers in shallower trapping levels is depleted
and geometry of the TL peak obtained from deeper trap levels changes.
Thus, the trapping characteristics of individual trap levels can be deter-
mined. In order to better comprehend the characteristics of individual
trap levels corresponding to individual TL peaks, we analyzed the whole
TL peaks obtained with all experienced Tsp values. The peak shape
method was implemented to the TL peaks and the ug values were calcu-
lated as given in Table 1. Here, the geometry factors calculated for the TL
peaks observed between Top = 10 and 31 K are bigger than 0.52 that is
above the threshold value. However, the g value of the TL peak recorded
for Tsiop = 34 K was computed as nearly 0.52. This value indicated that
the other shallower trap levels in distribution were completely or sub-
stantially emptied as the T, = 34 K was employed. Supportively, we
applied the curve fitting method to this peak under the light of TL
equation responsible for second order of kinetics [24]. The TL peak was
successfully fitted as seen in Fig. 5. Also, In (Ity) vs 1/T graph was pre-
sented in the inset of Fig. 5. The activation energy values obtained from
those of two methods were in good agreement with the value of 41 meV.
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Table 1

Geometry factors (ug) of TL glow peaks of AgInsSg crystals obtained with different Tgop.
Tstop (K) 10 13 16 19
Hg 0.62 0.62 0.68 0.65

22
0.60

25
0.61

28
0.57

31
0.56

34
0.52

Fig. 6 presents the TL peaks of AgInsSg crystals observed with various
heating rates ranging from 0.2 to 0.6 K/s. As seen from the figure, the
Tmax value shifts towards higher temperatures with higher heating rates
as expected. The shift of T with increase of f was explained in
Ref. [27] in the study on lithium magnesium borate phosphors. For a
used heating rate of 1, phosphors spend a certain time at a temperature
T1. So, an amount of thermal release of electrons at T; could take place.
At a higher heating rate of 5o, phosphors spend shorter time at the same
temperature T;. Consequently, there occur some decrease in the amount
of thermally released electrons. A higher temperature T5 is needed to
release the same amount of electrons for heating rate f». This way, the TL
glow curve shifts to higher temperatures for higher heating rates.
Although Tpn.x—f dependency obeys theoretical expectation, the TL
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Fig. 6. Experimental TL peaks of AgInsSg crystals observed with various g between 0.2
and 0.6 K/s. Inset: Ln($)—1000/Tpax plot. Circles and solid line are experimental data and
linear fit, respectively.
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intensity rises with increasing heating rate unlike the normal heating rate
dependence. Thermal activation energy can be computed utilizing the
heating rate dependency of empirical TL peaks. The following equation
gives the heating rate dependence of Tpax as known from the TL the-
ory [24].

B = (vk/E)T?, exp(=E. /kTay)-

The Thax in the exponential term dominantly affects the position of TL
peaks. Therefore, plotting In (f) vs. 1/Tmax graph yields a straight line.
The slope of this plot is equal to —Ei/k. We applied this method to our
observed TL peaks as seen in the inset of Fig. 6. The slope of the graph
gave the activation energy value as 12 meV. This value is consistent with
the activation energy value of the shallowest trap level (13 meV) in the
crystal. This can be an indication that the Tp,x value of the first peak
within distribution is nearly same with the Ty, value of the TL peak
observed for Ty = 10 K.

For better comprehension of heating rate effect on TL peak, we
expanded our analyses and plotted the graph giving the dependencies of
peak maximum intensity, peak maximum temperature, full-widths-half-
maximum (FWHM) and area (Sp) enclosed under the TL peaks (see
Fig. 7). The Tpax and FWHM values increase from 33 to 43 K and from 26
to 42 K, respectively. Also, the Iy, and Sy values increase 1.3 and 2 folds,
respectively. These observations are not compatible with the well-known
normal heating rate behavior. Unlikely, such a behavior was explained
with the phenomenon called as anomalous heating rate behavior
[28-31]. This behavior can be simply elucidated as the competition be-
tween the radiative and non-radiative transitions. The number of the
radiative transitions elevates while the same number of the non-radiative
transitions diminishes for charge conservation [31]. The detailed dis-
cussion was reported in our previous studies [32,33]. Using the same
phenomenon, the increase of the area under the TL peaks (200%
enhancement), which can be ascribed to ascendancy of radiative transi-
tions probability over that of non-radiative transitions, established the
anomalous heating rate behavior.

4. Conclusion

Thermoluminescence characterization of the defect levels in AgInsSg
crystals has been achieved by analyzing the TL peaks appearing with the
application of thermally cleaning process for different T, values be-
tween 10 and 34 K. E;—Tstop dependency showed that the broad TL peak
observed with heating rate of 0.2 K/s consisted of superposition of
continuously distributed TL peaks. Activation energies of the traps were
found as increasing from 13 to 41 meV. It was thought that the TL peak
observed with Tgop = 34 K had own individual TL peak. The g value of
0.52 and the successful curve fit with second order TL equation indicated
that the other shallowest trap levels were completely or substantially
emptied and the trap level exhibited the characteristics of non-first order
of kinetics which meant retrapping were not negligible. Heating rate
dependency of TL peaks obtained with rates between 0.2 and 0.6 K/s was
investigated. Anomalous behavior was ascribed to trap levels since the TL
intensity and area under the TL peaks increased nearly 130 and 200%,
respectively, which revealed the emitted luminescence raised with
elevating heating rate.
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