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Abstract

Identification of trap centers in semiconductors takes great importance for improving the
performance of electronic and optoelectronic devices. In the present study, we employed
the thermally stimulated current (TSC) method within a temperature range of 10-280 K to
explore trap centers in InSe crystal—a material with promising applications in next-
generation devices. Our findings revealed the existence of two distinct hole trap centers
within the InSe crystal lattice located at 0.06 and 0.14 eV. Through the leveraging the Tstop
method, we offered trap distribution parameters of revealed centers. The results obtained
from the experimental methodology employed to investigate the distribution of trap centers
indicated that one of the peaks extended between 0.06 and 0.13 eV, while the other
spanned from 0.14 to 0.31 eV. Notably, our research uncovers a remarkable variation in
trap density, spanning one order of magnitude, for every 10 and 88 meV of energy
variation. The results of our research present the characteristics of shallow trap centers in
InSe, providing important information for the design and optimization of InSe-based
optoelectronic devices.
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1. Introduction

Layered mono-chalcogenides have been the subject of extensive investigation over an
extended period due to their broad and alluring spectrum of potential applications [1,2].
Recent research endeavors have been notably centered on exploring the two-dimensional (2D)
configurations of the layered compounds. In particular, InSe, a representative member of the
layered mono-chalcogenide group, has garnered substantial interest across various application
domains [3-6]. 2D structured InSe exhibits a set of noteworthy attributes including ultrahigh
electron mobility, modifiable light absorption properties, remarkably high photoresponse, and
narrow band gap. These remarkable attributes position InSe as a promising candidate for
contemporary nanodevice technologies [7,8]. A recent investigation into 2D InSe revealed its
potential utility in flexible electronics and spintronic devices, primarily owing to its low
Young's modulus [9]. InSe possesses a direct bandgap of approximately 1.2 eV which
provides considerable attention to InSe for solar cell applications. Furthermore, InSe is
recognized as a compelling material for constructing heterostructures, with different
compounds [10]. InSe exhibits a layered crystalline structure, a salient feature particularly
pertinent to the realm of two-dimensional (2D) device technology [11]. The structural
arrangement of InSe entails the presence of four covalently bonded Se-In-In-Se atomic planes
within each layer, with interlayer interactions primarily governed by van der Waals forces.
The distinct crystalline variants of InSe, denoted as ¢, £, and y, are attributable to variations in
the stacking sequences of these atomic layers. Notably, the # and y polytypes are of particular
interest in InSe-based optoelectronic device technology owing to their propensity for direct
band gap characteristics [12-14]. The crystal structure of y-InSe has been documented as
rhombohedral, while that of ¢- and f-InSe manifests as hexagonal in nature [15].

The identification and characterization of defect centers within semiconductor
materials hold remarkable significance for their technological applications. Defects wield the
capacity to exert influence over the properties of semiconductors. The discernment of these
defect centers empowers researchers to devise strategies aimed at enhancing the device
performance constructed from such semiconductors [16]. The revelation of defect centers is
an indispensable prerequisite for guiding critical facets of technological applications. Among
the methodologies employed for the determination of defect centers, thermally stimulated
current (TSC) measurements stand out as a robust and well-established experimental
technique for investigating defects within these materials [17]. Defect centers in the InSe

compound have previously been revealed in several theoretical and experimental studies. The



characteristics of intrinsic defects in InSe was investigates by density functional theory [18].
It was reported that Se-rich material presents Sei, antisite defect where indium interstitial and
selenium vacancy are dominant defects in the In-rich material. The analysis of minority
carrier transient spectroscopy resulted in presence of hole levels located at 0.12, 0.22 and 0.45
eV [19]. The shallow trap centers were revealed by carrying out space charge limited currents,
photoconductivity and TSC experiments [20]. Four trapping centers at 0.06, 0.10, 0.16 and
0.34 eV were from the analyses of the observed spectra. However, no studies on the
distribution of trap centers are found in the literature. In the present study, our primary
objective is to identify the shallow trap centers within InSe single crystal and reveal traps
distribution parameters using the TSC method. The TSC measurements were conducted over
a temperature range spanning 10 to 280 K. Subsequent analysis of TSC spectrum facilitated
determination of activation energies associated with these trap centers. The distribution
parameters of the trap centers were obtained from analysis of TSC data obtained by excitation

of the crystal at different temperatures.
2. Experimental details

High-purity elemental materials were wused in precise proportions to grow
semiconducting polycrystals of InSe. These polycrystals were transformed into layered single
crystals using the Bridgman method. This transformation took place within evacuated silica
tubes with a diameter of 1 cm and a length of 25 cm, featuring a tip at the bottom. The process
involved moving the ampoule through a vertical furnace with a thermal gradient of 30 °C/cm,
transitioning from 1000 to 650 °C at a rate of 0.5 mm/h. Atomic compositional ratio of the In
and Se in the grown crystal was determined from the energy dispersive spectroscopy analysis
in our previous study as In:Se = 49.2:50.8 [21]. The optical image of the InSe single crystal
was also represented in this reference. The resulting crystal were dark grey in color and
exhibited good optical quality. To analyze the crystalline characteristics, x-ray diffraction
(XRD) technique was employed with a Rigaku miniflex XRD system (0.154 nm Cu-Ka
source). For TSC measurements, a sandwich configuration was utilized for electrical contact.
A conductive copper wire with silver paste connected to the front surface, while the back
surface was attached to a grounded sample holder. TSC experiments were conducted in a
closed-cycle helium gas cryostat (ARS, Model CSW 202), which maintained the sample
temperature within the range of 10 to 280 K. A high-power (3 W) blue light-emitting diode
(LED) emitting light at a peak energy of 2.6 eV, which is greater than the band gap energy,

was used to illuminate the sample. The flux at the sample position was approximately a few



mW/cm?. Firstly, temperature was initially lowered to To = 10 K, and the front surface of the
crystal was exposed to light with energy exceeding the bandgap for a duration of 300 seconds
at To. A voltage of V1 = 1 V was applied during illumination, using a Keithley 228 A
voltage/current source. After terminating the light source and allowing a brief dark period, the
sample temperature was raised to 280 K at a rate of g = 1.0 K/s. This temperature control was
achieved with a Lake-shore temperature controller, maintaining a bias voltage of V> = 100 V.
Keithley 6485 picoammeter was used to record the current. All measurement devices were
controlled through a Labview graphical development program, and the TSC measurements
were successfully conducted. The schematic diagram of the used system for TSC experiments

was reported in Ref. [22].
3. Results and discussions

Figure 1 represents the XRD pattern of InSe crystal. As a result of the measurement
taken in the range of 5-80° five peaks were observed around 10.50, 21.00, 31.95, 42.05 and
63.30°. When the results of the XRD studies of InSe are examined, it is seen that these peaks
are related to the hexagonal structure with lattice constants of a =b =4.05 A nm and ¢ =
16.93 A [23]. When the relevant Miller indices are examined, it is seen that the InSe crystal

surface is oriented parallel to (003) plane.
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Figure 1. XRD pattern of the InSe single crystal.



TSC measurements were performed on InSe single crystal within a temperature range
spanning from 10 to 280 K. The electrical contacts for TSC measurements were fabricated
using a sandwich configuration. A copper wire was affixed to the front surface by applying
silver paste over the wire, while the other surface was secured to the sample holder with silver
paste (See inset of Figure 2). The I-V characteristics of the crystal were examined at room
temperature prior to being placed in the cryostat. The 1-V behavior demonstrated that the
crystal prepared for TSC measurements exhibits ohmic behavior, as illustrated in Figure 2.
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Figure 2. Room temeprature 1-V plot of the InSe crystal. Inset indicates the sandwich
configuration for TSC experiments.

TSC measurements yielded two peaks, each with its maximum temperature point
occurring at approximately 82 and 104 K, as visually represented in Figure 3. To ascertain the
type of charge carriers involved in the TSC experiments, a selective illumination technique
was applied to a single contact on the crystal. Figure 3 illustrates the TSC curves for the InSe
crystal under both forward and reverse bias conditions. In this experimental procedure, the
contact on the illuminated surface was connected to either the positive or negative terminals
of the applied voltage. When the crystal surface was illuminated, it generated both charge
carrier types. However, only one type persisted across the entire field, while the opposite one
was promptly collected [24]. Figure 3 indicated that when the polarity was positive, the TSC
curve showed the higher intensity, pointing out the distribution and subsequent trapping of



holes within the crystal. Hereby, it can be concluded that the observed peaks are characterized

as hole traps.
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Figure 3. TSC glow curves observed for positive and negative polarities.

The curve fit method was used to obtain the trap activation energies related with the
peaks observed in the TSC spectrum. This method is based on the adjustment of the observed
TSC curve, taking into account temperature-dependent theoretical equation of current. The
temperature-dependent current (Itsc) functions of a single TSC peak are expressed as follows
[17]

Insc = Cexp {1 = [ Zexp (=) dT} (first-order kinetics) (1)
b
lsc = Cexp (=) [1+ b - 1) oy exp (- E/KT)dr| *™  (non-first order kinetics) (2)

where C: constant, no: initial trapped concentration, N: total trap center concentration, v:
attempt-to-escape frequency, and b: order of kinetics parameter taking value 1< b <2 for non-
first order of kinetics. First and non-first order kinetics correspond to slow and fast retrapping,
respectively. The fitting process was successful, especially when dealing with slow
retrapping. This suggests that retrapping can be considered negligible for traps within InSe. In
Figure 4, the solid line is the fitted curve, and it shows a well-matched pattern with two

distinct peaks, each characterized by specific activation energies: Eta = 0.06 eV and Eig = 0.14



eV. The peak temperatures corresponding to these deconvoluted curves were determined
through the fitting process to be Ta =81.8 Kand Tg = 103.9 K.
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Figure 4. Experimental glow curve and curve fit analysis results.

The trap centers in the bandgap can generally exist as a distribution instead of being a
single level. The distribution of traps in the bandgap has potential to affect the electrical
behavior of semiconductors. Experts working on semiconductor device design can carry out
studies on the characterization of trap centers in order to optimize semiconductor devices such
as transistors, diodes, solar cells [25,26]. For this purpose, the following experimental method
was used to investigate the distribution of the traps in the InSe crystal [27,28]: The crystal
illuminated at Texc, = 10 K was heated to certain stopping temperature (Tswop), and after the
heating was stopped at this temperature, the crystal was cooled back to the first low
temperature. TSC curves were obtained by heating the sample from 10 to 280 K without
additional illumination. By applying a method in this way, the traps up to the Tswop value were
emptied. The obtained TSC curve is formed due to the holes coming from the filled traps in
the distribution. Figure 5 shows the TSC curves obtained at different Tstop Values. As the Tstop
value increases, the TSC curves shift to high temperatures and decrease in intensity indicate
the distribution of the trap centers. The TSC curve obtained at Tsiop = 85 K shows that no hole
comes from the trap center “A”. Each TSC curve in Figure 5 was analyzed and activation

energies of the trap centers were obtained. Figure 6 shows the Tsop dependence of the



activation energies obtained as a result of the analyzes. By increasing the Tstop Value to 73 K,
the activation energy of the trap center “A” increased to 0.13 eV. Similarly, increasing the
Tstop Value up to 100 K resulted in an increase in the activation energy of the trap center “B”
up to 0.31 eV.
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Figure 5. TSC glow curves observed at different stopping temperatures.
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Figure 6. Excitation temperature dependent activation energies of the revealed trapping
centers in InSe single crystal.
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Given an exponential distribution of traps, with a density of N at energy E: represented
as N = A,exp(—aE;), we can formulate the following expression occupied at stopping

temperature of Tstop [29]

SoUm/Ie) x Ajexp(—akEy). 3)

Here, a represents energy parameter characterizing the traps distribution. Furthermore, I,,, and
1, denote currents at peak temperature in darkness and during light exposure, respectively. S,
denotes the area of the TSC peak, directly reflecting the total number of carriers released from
the traps as the material is heated. When graphing In[S,(I,,/I.)] against E;, a straight line
emerges with a slope equal to “a”. Figure 7 shows the graph mentioned. The S, values used
when plotting the graph are the areas under the curves obtained by the curve fit method. As a
result of fitting the linearly dependent data in the figure, the energy parameters for peaks were
found as a, = 0.06034 meV?! and az = 0.02926 meV1. These values correspond to 38 and 79
meV/decade, an order of magnitude change in the trap density for every 38 and 79 meV for

traps A and B, respectively.

12 -
10 Peak B
=
.
o B
2} Peak A
£
6 -
4 T v T s T ¥ T L T
60 120 180 240 300

E, (meV)

Figure 7. Traps distribution analyses considering the Eq. (3). Solid lines indicate the linear
fitted lines.



4. Conclusion

In the present paper, thermally stimulated current method was used to get trap centers
in InSe single crystal and investigate distribution of revealed trapping centers. Our
comprehensive investigation employing the TSC method has unveiled presence of two trap
centers within the InSe crystal. Using the curve fit analysis method, activation energies of trap
centers were revealed as 0.06 and 0.14 meV. When the TSC curves obtained from
illumination of opposite contacts were compared, it was understood that the trap levels are
associated with hole centers. As a result of the experimental method,we applied to examine
the distribution of the trap centers, results pointed out that one of the peaks ranged from 0.06
to 0.13 eV and the other from 0.14 to 0.31 eV. The analysis of the experimental data, we
observed a change in trap density spanning one order of magnitude for every 38 and 79 meV
of variation. The result of the present paper not only contributes to our fundamental
understanding of InSe semiconductor behavior but also holds significant promise for

advancing the development of novel electronic and optoelectronic devices.
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