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The density of defect states (DDS) has always been a subject of curiosity in electronic materials as the knowledge of this
parameter is a key parameter for determining the applications of these materials. Chalcogenide glasses are well known as
electronic materials because of their excellent electrical properties (e.g., resistive switching, thermally activated a.c. and d.c.
conduction, dielectric relaxation, etc). In the present paper, the d.c. conductivity has been measured for chalcogens
elements Se and Te based binary glasses in the low-temperature region to apply the Mott’s theory of electronic conduction.
The conduction mechanism in this region follows the Mott’s temperature dependence. The further investigations provide the
estimation of the density of defect states (DDS) in Seioo-xT€x alloys. The value of DDS is decreased with the increase in Te
concentration. We have observed a correlation between the DDS and the electronegativity of the chalcogens elements Se
and Te. The compositional dependence of the hopping parameters indicates that the condition becomes easier for the

variable range hoping with the rise in the Te concentration.
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1. Introduction

The Group 16 elements are frequently named as
chalcogens (‘ore builders’). From the geographical point
of view, they are known as chalcophiles which are the soft
elements (keeping in mind the terminology of the hard/soft
acids and bases concept). In the geographical sense,
chalcophiles preferably form minerals with sulfur (S),
selenium (Se), and tellurium (Te). However, oxygen (O)
tends to bind preferably to lithophiles, which are hard
elements such as the alkali metals, early transition metals,
and silicon. The special position of oxygen amongst the
chalcogen elements is its association with its very high
electronegativity, which in turn correlates with its high
ionization energy and the small atomic radius; which
makes it difficult for oxygen to act as a central atom in
electron-rich multicentre bonds. The nature of the charged
defect states is a subject of great interest in physics,
chemistry, electronics and, materials science [1-5]. The
density of defect states is found to be important in
determining the role of various multifunctional materials
(e.g., perovskites, ceramics, and glasses) for the applications
in a specific direction.

The nature of the gap states, which have been pinning
the Fermi level near the gap center has very different
characteristics in the two major classes of amorphous
semiconductors: (i) the tetrahedrally coordinated materials
such as Si and Ge (ii) the chalcogenide glasses. In reality,
the tetrahedrally amorphous semiconductors contain a

large number of voids and vacancies and hence produce
many dangling bonds which yield electronic states near the
gap center [6-9]. The density of defect states (DDS) is a
key parameter in amorphous semiconductors for
determining the semiconducting properties i.e. electrical,
optical, thermal properties. The defect population is often
the limiting factor in determining the electronic
performance of an amorphous semiconductor. To measure
DDS in amorphous semiconductors, different methods
have been mentioned in literature with their advantages
and limitations [10-14].

Defects play an important role in the case of
semiconductors as their electronic properties are
particularly sensitive to the presence of defects and some
of these properties are sometimes a direct consequence of
this presence. The vast utilization of semiconductors in
modern electronics demands an extensive study on the
nature of defects present in these semiconducting
materials. Amorphous materials are prepared by the rapid
cooling of the melt or condensing vapors on a cold
substrate. Due to rapid cooling, many kinds of defects are
produced in amorphous materials. The defect density is
therefore in general higher in amorphous materials as
compared to crystalline materials. Due to the high density
of localized defects, not all amorphous materials can be
used for making solid-state devices. Several materials can,
therefore, be investigated with an emphasis on reducing
the density of defect states (DDS). Thus, the determination
of DDS in the non-crystalline solids like amorphous
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semiconductors and glasses is an on-going research
activity [15-18]. In the present work, we have determined
the DDS in glassy alloys of Sejgo.xTey System by using low
temperature d.c. conductivity measurements.

2. Synthesis technique

To acquire the glassy alloys of SejpoxTex System, Se
and Te elements of very high purity were purchased
(Sigma Aldrich USA). The desired compositions of
powdered samples were weighed in the quartz tubes of
identical geometry. Each ampoule was sealed under a
sufficiently high vacuum (~ 10°® Torr) by using a vacuum
sealing unit (Hindhivac, Model: VS65D). The heating and
the rocking of the sealed tubes were done in an electronic
furnace. The rocking of ampoules was done to make sure
of the homogeneity of the samples. The rapidly quenching
of molten samples was done in chilled water to obtain the
samples in a glassy form.

3. Experimental

For measurements of conductivity, all the glassy
alloys were ground to a very fine powder and pellets
(diameter ~ 10 mm and thickness ~ 1 mm) were obtained
by compressing the powder in a die at a load of 5 Tons.
The pellets were coated with indium film to ensure good
electrical contact between the sample and the electrodes.
For the conductivity measurements, the pallets were
mounted in a specially designed sample holder between
the steel electrodes in a vacuum ~102 Torr. A liquid
nitrogen trap attached to the lower part of the sample
holder was used for lowering the temperature. The sample
holder has two parts. The upper part consists of two
electrodes and an evacuation port. The samples were
mounted between the jaws of two electrodes having a
spring arrangement. At the end of two electrodes, two
UHF connectors were used for the electrical connections
of the sample. A calibrated copper-constantan
thermocouple was mounted very near to the sample to
measure the temperature of the sample. An O-ring was
provided between the two parts of the sample holder for
proper evacuations inside the chamber. A liquid nitrogen
trap is attached around the wall of the lower part of the
sample holder for cooling the samples up to the low-
temperature  regime  during d.c.  conductivity
measurements.

4. Results and discussion

The glassy nature of the quenched samples was
confirmed by the XRD technique using Cu target and K,
radiation (A = 1.5405 A). The respective values of applied
voltage and current in the X-ray tube were 30 kV and 20
mA. Fig. 1(a) shows the XRD pattern of SegyTe,, alloy.
The nonexistence of any sharp peaks ensures the glassy
character of the present sample. For further structural

characterization of as-prepared samples, we used a
transmission electron microscopy (TEM) [Model: FEI-
Technai 20 G?] and a high-resolution scanning electron
microscope (SEM) [Model: JEOL-840A, made in Japan].
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Fig. 1. (a) XRD pattern, (b) SEM image and (c) the
electron diffraction pattern of glassy SegyTe, alloy

Fig. 1(b) exemplifies the SEM image of SegyTes
alloy. This image clearly shows a dark and smooth region
only is observed for the present sample. This is again a
signature of the glassy character of as-prepared samples.
Similar results were obtained for the other two alloys. Fig.
1(c) shows the electron diffraction pattern of the as-
prepared sample of SegyTey alloy. From this figure, it is
clear that the electron diffraction pattern exhibits a diffuse
ring. This diffused ring also confirms the amorphous
character SegyTe, alloy.
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Fig. 2. Plots of In (oyT?) vs TV for glassy
SejgoxTey alloys

Plots of In (a4 T"?) against T are shown in Fig. 2.
From this figure, it is clear that in the low-temperature
range (206-311 K), the temperature dependence of show
linear relation between In (04.T¥?) against T4 This
implies that conduction occurs via variable range hopping
of the charge carriers in the localized states near the Fermi
level and is characterized by Mott’s variable range
hopping relation [19]:

, T 1/4
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Here N(Ef) is the density of localized states at the
Fermi level, o' is the degree of localization, T, is the
degree of disorder, A is a dimensionless quantity ( = 18),
Kg is Boltzmann constant, e is electronic charge and v is
typical phonon frequency approximately 10 Hz.

Solving Equations (2) and (3), we obtain:

a = 22.520,T,"* )
and
N(Ep) = 2.12 x 10%(ay)3T, /> (5)

The average hopping distance R and hopping energy
W are given by:
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Various Mott parameters T, a('), a, N(Ep), R, and W

have been calculated from Eqgs. (1) to (7) and are listed in
Table 1.

Table 1. Mott’s parameters for present samples of
SeqgoxTey System

Sample

Mott’s SegoTerp SegsTess SegoTes
Parameters
To (K) 21x10"  46x10® 18x10°
o (em)™ 15x10° 48x10°  43x10°
N(Eg) 31x10% 45x10® 85x10"
(eviem®)
R (cm) 41x10% 88x10% 7.8x107
W (meV) 1114.1 760.2 59.7
aR 62.7 42.8 34

Similar results have been observed by other research
groups in diversified glassy systems [20, 21]. Mott and
Davis suggested [19] that when the conduction is governed
by the variable range hopping then the respective values of
W and aR should be larger than KgT and unity. Table 1
manifests that W>KgT and aR> 1. Thus, our present results
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confirm the applicability of Mott’s theory (i.e., the
condition for which the dominant conduction mechanism
is variable range hopping). Further, it is also clear from
this table that the density of localized states changes, i.e.,
the reduction in the localized defects occurs when we
replace Se atoms by Te atoms in the glassy network of
binary Se-Te system.

In the last seven decades, an extensive investigation of
the structure and properties of amorphous selenium (a-Se)
has been done [22, 23]. Extensively, it was assumed that
the structural elements long selenium chain (Se,) and the
selenium 8-ring (Seg) are mixed together as the
constituents of the amorphous phase. The idea of this
model was put forward with the information that the
crystalline phase of selenium consists of a-monoclinic Se
(a-Se) phase and trigonal Se (y-Se) phase. The Seg rings
and the Se, chains are the building block in the former and
the later phases respectively. It is therefore plausible that
we can think about a structure for the amorphous phase
which is made of a mixture of ring and chain members.
Various research groups have studied the structure of
amorphous Se (a-Se) [24-27] and the consequence of
alloying Te into glassy Se [28-31]. The outcome of their
research work demonstrates the presence of the dangling
bonds in the widespread polymeric chains of Se in the
form of the localized defect states. Thus, the reduction in
the number of such localized defects is possible due to the
cross-linking of Te with breaking end of chains after the
incorporation of Te in glassy Se. Consequently, the DDS
is decreased with the increase in the Te content in binary
Se-Te system. This explanation is a qualitative basis but
we may explain the present observation (i.e., the decrease
in DDS after the incorporation of Te as a foreign element)
quantitatively in terms of the average electronegativities of
the present glassy alloys. Defect states in glassy materials
are found to be correlated with the electronegativities [&se
=2.55 and & = 2.1] of the composing atoms [32-38].
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Fig. 3. Composition dependence of DDS and &, for
glassy SeigoTey alloys
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Fig. 4. Composition dependence of Mott parameters
W and R for glassy Sejg.xTey alloys

Thus, one would expect that the probability of defect
formation is connected with the average electronegativity
(&av) of the glasses [11]. The plots of DDS and &,, against
the composition of Te are shown in Fig. 3, which indicates
that the values of DDS are decreased with a decrease in
the average electronegativity.

Further, the plots of average hopping distance R and
hopping energy W against the composition of Te are
shown in Fig. 4.

These plots show that there is only a slight increment
in average hopping distance with the increase in the Te
concentration while the hopping energy W is decreased
appreciably. Thus, the addition of Te provides more
favorable conditions for the hopping conduction
mechanism. Such studies directly related to the
determination of DDS in Se rich chalcogenide glasses are
necessary to check their candidature for different
optoelectronic applications like non-volatile phase-
change RAM [39, 40].

5. Conclusions

The d.c. conductivity o4 of Se-Te glasses has been
measured in the low-temperature region. The detailed
temperature dependence of d.c. conductivity confirms that
oue follows Mott’s T law. The further analysis of the
results concludes that the conduction is due to variable
range hopping in the present binary glasses. The reduction
in the DDS is found to be correlated with the
electronegativity of the chalcogens elements Se and Te.
The condition becomes more and more favorable for the
variable range hoping with the increase in the Te
concentration as indicated by the wvalues of hopping
parameters (R and W).



278 Shobhit Saraswat, V. K. Tomar, N. Chandel, N. Mehta

Acknowledgments

NM wishes to acknowledge the financial assistance
received under the University with Potential for
Excellence (UPE) Programme of UGC, New Delhi, India
(Scheme No. 4204). We also acknowledge the help of
B.Tech. Student Mr. Yash Sharma (Electrical and
Electronics Department, UIET, Panjab University,
Chandigarh, India).

References

[1] S. Lie, J. M. R. Tan, W. Li, S. W. Leow, Y. F. Tay,
D. M. Bishop, O. Gunawan, L. H. Wong, J. Mater.
Chem. A6, 1540 (2018).

[2] M. Maglione, G. Philippot, D. Levasseur, S.

Payan, C. Aymonier, C. Elissalde, Dalton Trans.44,
13411 (2015).

[3] X. Wen, Y. Feng, S. Huang, F. Huang, Y.-B. Cheng,
M. Green, Anita Ho-Baillie, J. Mater. Chem. C4, 793
(2016).

[4] A. M. Mohamed, A. W. Amer, S. Y. Al Qaradawi,
N. K. Allam, Phys. Chem. Chem. Phys. 18, 22217
(2016).

[5] N. Chandel, N. Mehta, A. Kumar, J. Electron.
Mater. 44, 2585(2015).

[6] N. F. Mott, E. A. Davis, Electronic Processes in Non
Crystalline Materials (Clarendon Press, Oxford,
1971).

[7] M. H. Cohen, H. Fritzsche, S. R. Ovshinsky, Phys.
Rev. Lett. 22, 1065 (1969).

[8] E. A. Davis, N. F. Mott, Phil. Mag. 22, 903 (1970).

[9] S. C. Moss, J. F. Graczyk, Phys. Rev. Lett. 23,

1167 (1969).

[10] M. R. Rosenberger, H.-J. Chuang, K. M.
McCreary, C. H. Li, B. T. Jonker, ACS
Nano 12, 1793 (2018).

[11] Erol Kugur, Wendelin Biicking, Ralf Giernoth,
Thomas Nann, J. Phys. Chem. B_109, 43, 20355
(2005).

[12] H.-S. Pang, H. Xu, C. Tang, L.-K. Meng, Y.

Ding, H.-T. Cai, J. Xiao, R.-L. Liu, W.-Q. Zeng, Wei
Huang, J. Phys. Chem. C 123, 165 (2019).

[13] V. S. Kushwaha, A. Kumar, J. Mater. Sci. 42, 2712
(2007).

[14] N. Kushwaha, V. S. Kushwaha, R. K. Shukla,

A. Kumar, Philos. Mag. Lett. 86, 691 (2006).

[15] M. L. Megherbi, F. Pezzimenti, L. Dehimi,

A. Saadoune, F. G. D. Corte, J. Electron. Mater. 47,
1414 (2018).

[16] H. Hazama, R. Asahi, M. Matsubara, T. Takeuchi,
J. Electron. Mater. 39, 1549 (2010).

[17] L. K. Sharma, M. S. Inpasalini, S. Mukherijee,

J. Mater. Sci.: Meter. Electron. 26, 7621 (2015).

[18] J. Singh, J. Mater. Sci.: Meter. Electron. 14, 173
(2003).

[19] N. F. Mott, E. A. Davis, Philos. Mag. 22, 903 (1970).

[20] N. Chandel, N. Mehta, A. Kumar, Vacuum 86, 480
(2011).

[21] J. Hu, X. Sun, A. M. Agarwal, J.-F. Viens, L. C.
Kimerling, L. Petit, N. Carlie, K. C. Richardson, T.
Anderson, J. Choi, M. Richardson, J. Appl. Phys.
101, 063520 (2007).

[22] Handbook of Chalcogen Chemistry (New
Perspectives in Sulfur, Selenium and Tellurium) 2"
Edition, 1, Ed. F. A. Devillanova and W.-W. du
Mont, The Royal Society of Chemistry Publishing,
(2013).

[23] J. C. Philips, J. Non-Cryst. Sol. 34, 153 (1979).

[24] G. Lucovsky, A. Mooradian, W. Taylor, G. B.
Wright, R. C. Keezer, Sol. Stat. Commn. 5, 113
(1967).

[25] G. Lucovsky, Mater. Res. Bull. 4, 505 (1969).

[26] A. Mooradian, Phys. Rev. Lett. 20, 1102 (1968).

[27] J. Schotmiller, M. Tabak, G. Lucovsky, A. Ward,

J. Non-Cryst. Sol. 4, 80 (1970).

[28] G. C. Das, M. B. Bever, D. R. Uhlmann, J.
Non-Cryst. Sol. 7, 251 (1972).

[29] M. K. EI-Mously, M. M. El-Zaidia, J. Non-Cryst. Sol.
27, 265 (1978).

[30] M. A. Abkovitz, The Physics of Se and Te, ed. E.
Gerlach and P. Grosse (Springer, Berlin, 1979),

p. 178.

[31] M. F. Kotkata, M. K. EI-Mously, Acta Physica
Hungarica 54, 303 (1983).

[32] R. T. Sanderso, J. Amer. Chem. Soc. 105, 2259
(1983).

[33] A. A. Dunaev, Z. U. Borisova, M. D. Mikhailov, A.
V. Bratov, Phys. Chem. Glass 6, 174 (1980).

[34] S. Kumar, R. Arora, A. Kumar, J. Electronic. Mater.
22,675 (1993).

[35] A. Ravagli, M. Naftaly, C. Craig, E. Weatherby,

D. W. Hewak, Opt. Mater. 69, 339 (2017).

[36] M. A. Majeed Khan, M. Zulfequar, M. Husain, Mater.
Lett. 57, 2894 (2003).

[37] N. Sharma, S. P. Singh, S. Kumar, J. Optoelectron.
Adv. M. 9, 2016 (2007).

[38] N. Sharma, S. Kumar, J. Non-Cryst. Sol. 357, 3940
(2011).

[39] K. Kim, G. Jeong, Microsyst. Technol. 13, 145
(2007).

[40] J. Teteris, M. Reinfelde, Microsyst. Technol. 13, 197
(2007).

“Corresponding author: dr_neeraj_mehta@yahoo.co.in


https://pubs.rsc.org/en/results?searchtext=Author%3AM.%20Maglione
https://pubs.rsc.org/en/results?searchtext=Author%3AG.%20Philippot
https://pubs.rsc.org/en/results?searchtext=Author%3AD.%20Levasseur
https://pubs.rsc.org/en/results?searchtext=Author%3AC.%20Aymonier
https://pubs.rsc.org/en/results?searchtext=Author%3AC.%20Elissalde
https://pubs.rsc.org/en/results?searchtext=Author%3AAya%20M.%20Mohamed
https://pubs.rsc.org/en/results?searchtext=Author%3AAhmad%20W.%20Amer
https://pubs.rsc.org/en/results?searchtext=Author%3ASiham%20Y.%20AlQaradawi
https://pubs.rsc.org/en/results?searchtext=Author%3ANageh%20K.%20Allam
https://pubs.acs.org/author/Rosenberger%2C+Matthew+R
https://pubs.acs.org/author/Chuang%2C+Hsun-Jen
https://pubs.acs.org/author/Li%2C+Connie+H
https://pubs.acs.org/author/Jonker%2C+Berend+T
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facsnano.7b08566
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facsnano.7b08566
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facs.jpcc.8b09770

