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Abstract
Thallium indium di-selenium  (TlInSe2) is one of the most promising chalcogenide materials having a layered crystalline 
structure that has been nominated in different fields of industry. In our work, a film of  TlInSe2 has been fabricated using a 
coating unit. The morphology properties of  TlInSe2 have been investigated by atomic force microscopy (AFM). The Raman 
spectroscopy proved that there are identical spectra between the powder and the film, and they agreed with what was previ-
ously reported for the  TlInSe2 crystal. By AFM, it was found that the grain sizes and the roughness of  TlInSe2 film are 100 
and 6.49 nm, respectively. The real (ε1) and imaginary (ε2) parts of complex dielectric permittivity and AC conductivity 
were measured in the frequency range of 42 Hz–5 MHz with a variation of temperature in the range from 303 to 443 K. The 
estimated values of ΔEM and τo were found to be 0.321 eV and 2.28 ×  10–10 s, respectively. The electrical conductivity of 
 TlInSe2 thin film increased by about 40% as the temperature increased from 303 to 443 K. On the contrary, the AC activation 
energy has decreased rapidly by about 54%.
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1 Introduction

The chalcogenide materials are compounds that contain in 
their chemical structure at least one chalcogen ion, such as 
 TlGaTe2,  TlGaSe2,  TlInS2,  TlInTe2, and  TlInSe2 [1–3]. This 
group of compounds has special significant characteristics 
due to their high non-linear effects, high anisotropic proper-
ties, and high photo-conductivity properties [4]. Therefore, 

chalcogenide compounds are used in different fields of 
industry such as optoelectronics applications, semiconductor 
applications, etc. [5–7]. The performance of chalcogenide 
materials within optoelectronics applications is affected by 
the synthesis method, raw materials, and growth treatment. 
 TlInSe2 crystals consist of weak bonding between layers and 
separate layers with high ion–covalent bonding linking the 
atoms, while a weak van der Waals bonding linking the lay-
ers [8].  TlInSe2 contains a high number of defects which will 
create a high density of localized states near the Fermi level 
[9]. Many recent scientific papers concerned with the opti-
cal, electrical, and photoelectrical properties of  TlGaSe2 
have been published [10–12]. The XRD analysis of  TlInSe2 
thin film has been previously investigated by Al-Ghamdi 
et al. [13]. The results showed that the prepared films are 
polycrystalline in the Tetragonal system. Also, they calcu-
lated the energy gap of  TlInSe2 and it is found that the direct 
energy gap ( Ed

g
) , the indirect energy gap ( Eind

g
) , and the pho-

non energy ( Eph ) are 1.89, 1.61, and 0.025 eV.
Many researchers studied the structure, electrical, and 

optical properties of  TlInSe2 single crystal [14, 15]. Qas-
rawi et al. [16] fabricated a high-performance p–n junction 
from  TlInSe2 at a low cost. The optical, electrical, and pho-
toelectrical properties of  TlGaSe2 have been investigated by 
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Kalomiros et al. [17]. Ashraf et al. [18] used  TlGaSe2 thin 
film-based photo-detector as visible-light photo-detector. 
 TlGaSe2 as a wide broad-spectral response phototransistor 
has been investigated by Yang et al. [19]. The conduction 
mechanism and the electric properties of  TlInS2:Cu crystals 
have been measured by El-Nahass et al. [20]; they found 
that the ac conductivity increased linearly with tempera-
ture while ac activation energy decreased with increasing 
frequency. The dielectric constants and AC electrical of 
 TlInS2 films are measured at temperatures ranging from 
373 to 473 K and frequencies ranging from 0.5 to 200 kHz 
[21]. The AC conductivity rises as the temperature rises and 
follows the universal power. Furthermore, at high tempera-
tures, the dielectric constants exhibit high values because of 
the presence of interface charges formed at the interfacial 
surface.

As a result of our previous introduction, all the research-
ers studied the  TlInSe2 as a single crystal material. Here in 
our work, we fabricated a  TlInSe2 as a thin film using a tem-
perature substrate and will study in detail its morphology. 
Then, we will investigate dielectric constants, and AC con-
ductivity of  TlInSe2 films as a function of temperature and 
frequency. We hope the results of the present paper would 
remarkably provide valuable information for optoelectronic 
applications of  TlInSe2 films.

2  Experimental details

Sigma Aldrich supplied all chemicals (Tl, In, and Se with 
99.999% pure elements).  TlInSe2 materials were created 
by combining stoichiometric components in silica vacuum 
ampoules with a lower tip. To prevent the ampoule from 
exploding, it was heated in a gradient temperature oven, 
where Selenide condenses in the cold end and reacts slowly 
with hot elements in the hot end. The ampoule was kept at 
1173 K for 10 h after the reaction was completed to ensure 

homogeneity. The materials slowly cooled down in the cold 
zone over a couple of days.

The thermal evaporation method was used to create 
 TlInSe2 films under a vacuum of 1.34 ×  10–6 mbar utiliz-
ing an HHV Auto 306 coating unit. Scheme 1 shows the 
preparation technique of  TlInSe2 films on a heated substrate. 
The films were grown on glass substrates that had been opti-
cally and ultrasonically cleaned. To achieve homogeneous 
prepared films at a separation of 25 cm above the evapora-
tor, the glass substrate was settled onto a rotatable holder. 
The substrates were kept at 573 K. The temperature of the 
substrate has a significant impact on the crystal size and 
morphology of the films. The quartz crystal monitor was 
used to control the deposition rate at 10 Å/s as well as the 
film thickness. The film thickness was then measured using 
the interferometric method and found to be 300 nm. A sand-
wich formation was accomplished from a  TlInSe2 film fused 
between two gold electrodes.

Raman spectroscopy (CCD-chip, DPSS-Laser with 
532 nm, and spectral resolution 2.3  cm−1) was used to inves-
tigate the vibrational properties of these films. Atomic force 
microscopy (AFM) model NT-MDT was used to investi-
gate surface topography, grain size, and surface roughness. 
The AC conductivity, as well as dielectric measurements of 
 TlInS2 film, were measured by the Hioki RLC meter (model 
3532 Hitester). The capacitance (C), impedance (Z), and 
the phase angle (φ) were estimated in a frequency range of 
42 Hz–5 MHz. A Type K thermocouple (Chromel/Alumel) 
was used to measure the sample temperatures (290–373 K).

3  Results and discussion

3.1  Raman shift analysis

The spectroscopy of Raman shift is an advanced technique 
used to diagnose the rotational, vibrational, and other states 

Scheme 1  Experimental design for  TlInSe2 thin films with gold electrodes for electrical measurements
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in a molecular system, and also it can provide essential infor-
mation on the chemical composition of materials. Raman 
spectrometry data is shown in Fig. 1 for  TlInSe2 powder 
and film. It is clear from Fig. 1 that the Raman spectra of the 
 TlInSe2 contain five peaks at (27, 56, 91, 156, and 179  cm−1) 
for powder, while (27, 56, 94, 169, 181  cm−1) for films. 
Matching in the Raman spectra of the powder and film con-
firms the effectiveness of preparing these films by thermal 
evaporation on substrates heated at 573 K. The observed 
frequencies are consistent with the previously reported 
Raman results for  TlInSe2 crystal [22, 23]. The comparison 
of  TlInSe2 vibrational frequencies is given in Table 1.

3.2  AFM analysis

For the surface scanning that has sub-nanometer-scale reso-
lution, AFM has been utilized to investigate the  TlInSe2 film. 
AFM image of the surface of our investigated film has been 
introduced in Fig. 2a. The AFM pictures showed different 
peaks and valleys and they are spreading consistently within 
the checking region. Figure 2b illustrates the diameter dis-
tribution diagram of  TlInSe2 film. The grain sizes and the 
roughness of  TlInS2 thin film are 100 and 6.49 nm, respec-
tively. The values of  TlInSe2 grain size and roughness are in 
correspondence with that obtained in [24, 25]

3.3  Dielectric relaxation

Dielectric spectroscopy is an important parameter that the 
dielectric properties of a medium as a function of frequency 
[26]. This spectroscopy depends on the interaction of an 
external field with the electric dipole moment of the sam-
ple. It is worth mentioning that the dielectric mechanisms 
can be divided into relaxation and resonance processes. The 
electric modulus can be used as a power examination tool for 
specific investigation of the dielectric properties of the mate-
rial. Such studies were conducted at different frequencies 
and temperatures, to distinguish between long-range charge 
transport and local dielectric relaxation. Hence, applying the 
electric modulus can eliminate the relaxation contribution 
of impurity conduction effects, space charge injection phe-
nomenon, and electrode effect, enabling the main source of 
electrical polarization in the material to be determined [27]. 
To understand the origin and nature of the dielectric proper-
ties of the materials, dielectric relaxation must be studied 
in detail. The function of the complex dielectric could be 
calculated using [21]:

where εo is the free space permittivity, ε1 is the dielectric 
constant and ε2 is the dielectric loss. d is the film thickness, 
A is the cross-section area, and δ = 90 − φ.

Figure 3a, b depicts the change of ε1 and ε2 with ln ω 
under the effect of temperature variation between 303 and 
443 K, respectively. As seen in Fig. 3a, b, ε1 and ε2 decrease 
with increasing frequency. The change in ε1 and ε2 has been 
previously recorded for similar compounds such as  TlInS2 
and  TlInS2:Cu [28, 29]. This behavior may be related to 
the dielectric constant concept that is associated with the 
material polarization under the AC field effect [30]. At the 
low frequencies range. The ionic, electronic, dipolar, or ori-
entation and space charge polarizations are highly active. 
Ionic polarization occurs as a result of the displacement of 
positive and negative ions relative to one another. Dipole 
polarization is caused by the presence of molecules with 
permanent electric dipole moments that can change direction 

(1)�
∗ = �1 + i�2,

(2)�1 = C
d

�oA
, �2 = �2 tan (�),
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Fig. 1  Raman scattering spectra of  TlInSe2 powder and film

Table 1  The vibrational 
frequencies of  TlInSe2 powder 
and films were compared to 
those found in the literature

No. TlInSe2 powder TlInSe2 film TlInSe2 crystal [16] TlInSe2 crystal [17]

1 27 27 28 (A2u) 30 (Eg)
2 56 56 54 (Eu) 48 (Eu)
3 91 94 98 (Eu) 98 (Eu)
4 156 169 – –
5 179 181 179 (A2u) 184 (A1g)
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in the direction of the applied electric field. The resistance 
of charge carriers traveling through interfaces causes polari-
zation of space charge. The sum of these polarizations is 
the total polarization of insulating material. As frequency 
increases, orientation polarization takes longer than other 
types of polarization, and dipoles cannot rotate fast enough 
to keep up with the oscillations of the field, so their oscil-
lations lag behind the field. With increasing frequency, the 
dipole will not be able to follow the field and the directional 
polarization will stop, so ε decreases and approaches a con-
stant value at high frequencies because of the polarization 
of the space charge. Also, as the temperature increases the 
values of ε increase, which can be attributed to the thermal 
electron motion that acts to increase the electrons' orienta-
tion and polarization [31].

We use electrophoresis as a tool to further explore the die-
lectric relaxation of the materials. Such studies, performed 
under different temperatures and frequencies, enable us to 
distinguish between local dielectric relaxation and long-
range charge transport. As a result, by using electrical units, 
we get rid of the relaxation contribution of space charge 
injection phenomena, impurity conduction effects, and the 
nature of the electrode, and thus the main source of electric 
polarization in this material can be estimated. In the way for 
studying the relaxation process of the  TlInS2 thin film, we 
have to study the electric complex modulus, M, using the 
following equation [32]:

(3)M = M1 + jM2,

(4)
M1 = �1 ×

[

(

�1

)2
+
(

�2

)2
]−1

, M2 = �2 ×
[

(

�1

)2
+
(

�2

)2
]−1

,

Fig. 2  a AFM image and b diameter distribution diagram for  TlInSe2 
film

Fig. 3  The frequency and tem-
perature dependence of ε1 and 
ε2 for  TlInSe2 film
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where M1 is the real part, while M2 is the imaginary part 
of the dielectric modulus. Figure 4 displays the frequency 
dependence of M1 and M2 at different temperatures for 
 TlInSe2 film.

It is clear from Fig. 4a that, for all the estimated tem-
peratures, M1 increases as ln ω increases and approaches 
zero at low frequencies. In the temperature ranges studied, 
such behavior confirmed the presence of an appreciable 
electrode and/or ionic polarization [33]. As we can notify 
from Fig. 4b, the values of M2 increase as ln ω increases 
till reaching an inverted point (ωmax). The region of fre-
quency less than the ωmax value defines the range over 
which charge carriers can travel over long distances. 
For frequencies greater than the ωmax value, the carri-
ers appear to be confined to the potential well, but they 
become mobile after a short distance [34]. Additionally, 
the position of ωmax increases with increasing tempera-
ture. This finding demonstrates that the thermal activation 
process has a major impact on the relaxing mechanism. 
Also, when the temperature is increased, the orientation 
of the electron is changed and this leads to increases in 
the polarization. The relaxation time, τmax, (τm = ωmax

−1) 
is given by the Arrhenius equation [35]:

where kB is the Boltzmann constant, τo is the pre-exponent 
factor, and ΔEM is the activation energy of relaxation time. 
Figure 5 shows the variation of ln τmax with 1000/T for 
 TlInSe2 films. The estimated values of ΔEM and τo were 
found to be 0.321 eV and 2.28 ×  10–10 s, respectively.

(5)�max = �0 exp

(

ΔEM

kBT

)

,

3.4  The electrical conductivity analysis

It is well known that electrical conductivity is completely 
related to the internal structure of the conductive materi-
als. To obtain the values of total conductivity (σt), the 
following equations were utilized:

where Z is the material impedance. Figure 6 shows the fre-
quency and temperature dependence of σt for  TlInSe2 film. 
It is worth mentioning that the total conductivity of  TlInS2 
film increases with increasing frequency and temperature. 

(6)�t =
d

ZA
,

Fig. 4  The frequency and tem-
perature dependence of M1 and 
M2 for  TlInSe2 film
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This figure also indicates that at low frequencies, σt is practi-
cally constant. On the other hand, the overall conductivity 
increases as a function of the frequency’s power law over a 
given range of frequencies. For this case, Jonscher’s univer-
sal dynamic response (UDR) is widely used to describe the 
total electrical conductivity, σt, as follows [36]:

where σDC and σAC are the DC conductivity and AC con-
ductivity, respectively. As a result, σDC is the predominant 
component in the low-frequency regime. This allows us to 
explore the influence of temperature on σDC, that cloud be 
calculated by extrapolating σt data to zero frequency.

According to Arrhenius’s relation, the DC conductivity 
of  TlInSe2 film is defined by [24]:

where σo1 is a constant and ΔE is the activation energy. 
Figure 7 shows the relation between ln σDC and 1000/T 
for  TlInSe2 film. Hence, the ΔE value is estimated to be 
0.261 ± 0.25 eV.

The conductivity of alternating current, which is made 
up of total conductivity, is dominant in high-frequency 
systems. The relation of the conductivity of the material 
could be calculated by Jonscher’s power equation [37]:

where B is constant and s is the frequency component. Fig-
ure 8 depicts the relation between ln(σAC) and ln(ω) for 
 TlInSe2 film at some constant temperatures.

(7)�t = �DC + �AC,

(8)�DC = �o1 exp

(

−ΔE

kBT

)

,

(9)ln(�AC) = ln ln (B) + s ln (�),

To comprehend the  TiInSe2 film’s AC conduction mecha-
nism, the parameter s presenting information about the AC 
conduction mechanism of the  TlInSe2 thin film may be 
obtained from the slope of the ln(σAC) vs. ln(ω) plot. The 
values of the frequency exponent are shown in Fig. 9a as a 
function of temperature. Note that the value of s decreases 
with increasing temperature and approaches 0.86 at 443 K as 
the correlated barrier hopping (CBH) model [27] is the most 
appropriate mechanism to characterize the AC conductivity 
of  TlInSe2 in the scope of the temperature study. In the CBH 
model, charge carriers are supposed to jump over the poten-
tial barrier separating neighboring local sites. The frequency 
exponent s for the hopping model is given by [38, 39]:
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Fig. 6  The frequency and temperature dependence of σt for  TlInSe2 
film

2.2 2.4 2.6 2.8 3.0 3.2 3.4
-11.5

-11.0

-10.5

-10.0

-9.5

-9.0

-8.5

-8.0
 Linear Fit

ln
( σσ

D
C
)

1000 / T (K-1)

Fig. 7  The relation between ln(σDC) and 1000/T for  TlInSe2 film

6 8 10 12 14 16 18
-14

-12

-10

-8

-6

-4

-2

ln
(σσ

A
C
)

ln(ωω)

303 K
323 K
353 K
363 K
373 K
383 K
393 K
403 K
423 K
443 K

Fig. 8  The frequency and temperature dependence of σAC for  TlInSe2 
film



Structural analysis, dielectric relaxation, and AC electrical conductivity in  TlInSe2…

1 3

Page 7 of 9 622

where Wm is the maximum barrier height which can be 
defined as the amount of energy required to transfer an 
electron from its local to its indeterminate level. Figure 9b 
shows the Wm values as a function of temperature. It has 
been observed that Wm decreases as temperature rises. As 
a result, the exponent decreases as the temperature rises 
because increasing the temperature will act to increase the 
energy between localized and delocalized states.

In addition, the AC conductivity is temperature dependent 
and, thus, has a thermal activating effect and the Arrhenius 
relation could be utilized to calculate the activation energy, 
ΔEAC, according to the following relation [35]:

where σo is the pre-exponential factor. Figure 10 depicts 
the relation between ln σAC and 1000/T for  TlInSe2 film 
at different frequencies. ln(σAC) has large values at higher 
temperatures, which could be related to the greater quantity 
of charges, which leads to increased hopping. According 
to the hopping conduction process, the increase in conduc-
tivity with rising temperature is attributed to an increase 
in the drift velocity of thermally activated electrons for 
charge carriers. The activation energy for the  TlInSe2 film 
is calculated from the linear fit slopes of the straight lines in 
Fig. 10 and shown in Fig. 11. The values of ΔEAC decreased 
with increasing frequency. This behavior is related due 
to an increase in the frequency that boosts the electronic 

(10)s = 1 −
6kBT

Wm

,

(11)�AC = �o exp

(

−ΔEac

kBT

)

,

jumps between local states, and thus the activation energy 
decreases with increasing frequency [28].

4  Conclusions

Chalcogenide materials based on selenium are very applica-
ble materials that have been used in different fields of indus-
try such as fuel cell, battery, photovoltaic, etc. In our work, 
 TlInSe2 films are deposited on substrate temperature using 
a coating unit. Raman spectra of  TlInSe2 powder and film 
confirm the effectiveness of preparing these films by thermal 
evaporation on substrates heated at 573 K. Atomic force 
microscopy image confirms that the  TlInSe2 film has grain 
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sizes and the roughness of 100 nm and 6.49 nm, respec-
tively. The dielectric properties show that at low frequen-
cies, there is a large dispersion of permittivity constants, 
which can be attributed to distinct polarizations, and at high 
frequencies, the dielectric constant approaches a constant 
value due to space charge polarization. The real part of the 
electrical modulus rises with frequency and falls to zero at 
low frequencies. For some temperatures, the patterns of the 
imaginary part of the electrical modulus showed peaks. The 
relaxation processes’ activation energy was determined to 
be 0.321 eV. The AC and DC electrical conductivity is con-
ducted in the temperature range of 303–443 K and found that 
they have a thermal activating effect. Also, the correlated 
barrier hopping model is the most appropriate mechanism 
to characterize the AC conductivity of  TlInSe2 film in the 
scope of the temperature study.
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