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ABSTRACT

The Ag-mixed Se70Te30 thermally deposited semiconducting thin films show

interesting thermoelectric properties. As the Ag content in the structure of

Se70Te30 increases, the Seebeck coefficient increases. The semiconductive thin

films reveal a p-type behavior. The dark conductivity increases at 300 K,

whereas a reduction in corresponding activation energy for dark, photo and

thermal response is observed with the increase in the Ag content. It is elucidated

that the power factor for Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ semiconducting

thin films can be tuned and enhanced at varied temperature ranges through

adjusting the addition amount of Ag. These results indicate that these semi-

conducting thin films have remarkable potential as thermoelectric generators.

1 Introduction

In recent years, the rapid increase in the consumption

of fossil fuels has affected the global environment. As

a result, there is increasing concern about devising

effective solar heat/energy conversion methods into

sustainable and renewable energy. Many researchers

develop waste heat recovery tools that require waste

heat accumulation and its reuse in industrial heating

processes or related mechanical and electrical pro-

jects [1–3]. The most advanced methods to trans-

forming solar and/or waste heat into electrical

energy are advanced thermoelectrics and vice versa

[4–6]. Several phenomena are there in the solids
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regarding thermoelectricity, and these phenomena

relate to the exchange of energy and transport

between electrons and phonons. Current studies

indicate that the best solution for heat recovery from

waste is the thermoelectric generator which employs

the Seebeck effect principle [7–9]. Commercialization

on a large scale is still limited for thermoelectric

generators owing to their performance components

viz. thermoelectric figure-of-merit zT = S2rT/j = S2-

rT/(jl ? je), where j, jl, je, T, r, and S denote the

thermal conductivity, lattice thermal conductivity,

electronic thermal conductivity, absolute tempera-

ture, electrical conductivity, and Seebeck coefficient,

respectively [10]. To obtain high zT thermoelectric

materials, compatibility of high-power factor (Sr)
and low thermal conductivity (jl ? je) is required,

but because of the combined nature of these param-

eters, it is rather a problem to fine-tune the zT

parameter. A number of methods are explored to

enhance the zT parameter, which includes tuning the

bandgap through composition to optimize the power

factor, controlling the carrier concentration, and

nanostructure engineering to reduce the lattice ther-

mal conductivity jl [11–15].
Chalcogenides typically show semiconducting

properties. They are relevant candidates for techno-

logical applications like sensors, optoelectronics,

solar cells, and thermoelectrics [16–18]. Conventional

thermoelectric materials with high zT are constituted

by heavily doped small bandgap semiconductors or

semimetals, among these chalcogenides (S-, Se-, Te-

based compounds), particularly Te-based are the

most investigated [19–21]. Among chalcogens (S, Se,

Te), Te is more metallic and crystallizes easily than S

and Se, and hence has high electrical conductivity

along with high thermal conductivity [19–21]. To

reduce the thermal conductivity and structural dis-

order can be introduced by making the system glas-

sier or reducing crystallinity. Therefore, for a system

to have high zT it must have a small thermal con-

ductivity, a large Seebeck coefficient, and a large

electrical conductivity [8, 9]. In this report, we have

considered Se–Te chalcogenide glass as a starting

material with Se 70 at.% and Te 30 at.%, this com-

position is supposed to take care of the low thermal

conductivity as Se is a very good glass former, but

simultaneously it also reduced the electronic con-

ductivity [8]. For the high-power factor (Sr) require-
ment, the electronic conductivity needs to be

improved, and here silver (Ag) is introduced into the

system. Particularly, in chalcogenide glasses Ag

increases the concentration of the charge carrier,

ensuing in an enhancement of the electrical

conductivity.

This article explores the effect of incorporating Ag

on the dark conductivity, photoconductivity, and

Seebeck coefficient, along with the thorough under-

standing of free carrier lifetime, spectral distribution

of photocurrent and carrier concentrations for the

vacuum evaporated Se70Te30ð Þ100�xAgxð0:0� x�
8:0 at.%Þ thin films.

2 Experimental details

Thermal evaporation technique has been employed

to deposit the thin films of melt quenched

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ glassy system

in a vacuum coating unit, Edward 306A, in a high

vacuum of 10-5 mbar at room temperature. Micro-

scopic glass slides are used as substrates. Electrodes

of Au are deposited on the thin films at a spacing of 1

mm and length of * 1.4 mm using DC sputtering

Desk V (Denton Vacuum) for the dark- and photo-

electrical measurements. For the study of thermo-

electric power, the length and spacing of Au elec-

trodes are 1.4 mm and 1 mm, respectively. For the

dark- and photo-electrical measurements, the mea-

suring system contains a regulator Pasco, model

1030A dc power supply with the specimen and 6517B

Keithley electrometer. Monochromatic light has been

achieved using MQ3-Zeiss monochromator. A 200 W

power tungsten lamp was used. The photocurrent

(Iph) was taken as the difference among the currents

with and without lighting.

The 2-probe method is employed. For thermoelec-

tric power measurements, a temperature difference

(T2 – T1) of 15 �C is maintained between the two

extreme ends of the thin film sample. To monitor the

temperatures T1 and T2 of the two extreme ends of

the thin film sample, two copper–constantan ther-

mocouples are fixed with a thermally conductive

silicon paste. The average of T1 and T2 is taken as the

sample temperature. Dark conductivity and thermo-

electric power are performed within the temperature

range 300–420 K under & 10-3 Torr vacuum. The

energy dispersive X-ray spectroscopy (EDX) and

X-ray diffraction (XRD) instrumentation and other

parameters for the investigated compositions may be

seen elsewhere [22].
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3 Results and discussion

Figure 1 demonstrates the amorphous nature of the

as-deposited thin films as XRD patterns show no

prominent peak [22]. Compositional analysis for the

as-deposited thin films has been conducted using

EDX, and the results are in good conformity with the

initial compositions (Table 1) [22]. The morphology

of the thin films is investigated employing scanning

electron microscope is shown in Fig. 2. Usually,

amorphous material/thin film does not show any

remarkable features in SEM images, however, Ag

incorporated chalcogenides composition claimed to

have some phase segregation [23, 24]. But, in the

studied composition SEM images do not indicate any

Ag clustering. So, it is believed further surface mor-

phological studies will be not so informative.

Figure 3 shows the temperature dependence of the

dark electrical conductivity (rd) for

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films with

increasing Ag content. Further, it can be seen Ag

content strongly affects the rd as is envisaged from

Fig. 3. The plots obtained in Fig. 3 are straight lines

for all the investigated samples, confirming that the

electrical conduction originates through an activated

process.

It can be seen that with increasing the temperature

the dark conductivity strongly increases, and hence

there is single activation energy in the temperature

range 300–420 K. Therefore, in the investigated

temperature range, the samples confirm an Arrhenius

type behavior [25, 26];

rd ¼ roexp
�DEd

kBT

� �
; ð1Þ

where ro being a pre-factor, DEd is the temperature-

independent activation energy and kB is the Boltz-

mann constant. An analysis, i.e. from slopes of the

linear fits in Fig. 3 reveals that DEd values decrease

with increasing Ag content, while ro values are

observed to increase. So, it is clear that both DEd and

ro values show dependency on the doping content

(Table 2). A smaller value of ro points to an extensive

range of localized states and conduction by hopping.

The values of ro changed from 444 to 592 X-1 m-1 for

x = 0 to x = 8, respectively. Therefore, it can be

interpreted that the addition of Ag increases the

density of localized states. Moreover, with the rise in

Ag content in Se–Te system, the binding energy of the

studied compositions reduces, possibly because of

the lower bond energies of Ag–Se (210 ± 14.6 kJ

mol-1) and Ag–Ag (162.9 ± 2.9 kJ mol-1) as opposed

to Se–Te (293.3 kJ mol-1), Te–Te (257.6 ± 4.1 kJ

mol-1) and Se–Se (330.5 kJ mol-1) bonds [27]. This

describes the rd increase at 300 K and the subsequent

reduction in DEd with the increase in the Ag content.

Further, the increased ionic character of Ag–Se also

accounts for the increase in conductivity.

Photoconductivity (rph) plays a vital role in

studying conduction mechanisms in chalcogenide

materials [28–30]. The localization and delocalization

of charge carriers are essential processes in the

behavior of photocurrent. These mechanisms within

the bandgap of glassy semiconductors are correlated

with the localized states. The fundamental mecha-

nisms that rule the generation of charge carriers on

Fig. 1 XRD patterns for Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ
films. Reprinted with permission from publication [22], Elsevier,

License Number 5131770749192

Table 1 The EDX results for Se70Te30ð Þ100�xAgxð0:0� x�
8:0 at:%Þ films. Reprinted with permission from publication [22],

Elsevier, License Number 5131770749192

x at.% Starting materials As-prepared thin films

Se Te Ag Se Te Ag

0 70 30 0 70.13 29.87 0

2 68.6 29.4 2 68.57 29.35 2.08

4 67.2 28.8 4 67.24 28.88 3.88

6 65.8 28.2 6 65.86 28.36 5.78

8 64.4 27.6 8 64.64 27.55 7.81
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the absorption of incident photons, and their trans-

port through the material on the application of an

electric field, and their recombination. Measuring dc-

photoconductivity (rph) is an essential tool for

understanding the kinetics of recombination of

charged carriers.

Generally, the temperature-dependent of dc-pho-

toconductivity in glassy semiconductors is threefold

[31, 32].

(i) At low temperatures, when the temperature

changes rph remains almost constant and

changes linearly with light intensity, rph �
G (G being the generation rate). This is

because there is no phonon assistance for rph.
(ii) At the intermediate temperature region,

where temperature rises by many orders of

magnitude making rph increase and it might

be a characteristic of phonon assistance to

charge carriers, and activation energy in this

reign is correlated with the depth of the traps

in the forbidden gap. Here, rph is a sublinear

function of current, and rd remains less than

rph. The rate of recombination remains reg-

ulated through the photogenerated charge

carriers and rph � Gc.

(iii) At high-temperature region, rph\ rd since

the number of photons excited thermally

exceeds the number of light-driven carriers.

Herewith an enhancement in temperature

rph decreases and stays proportional to

I (rph � G).

For Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin

films, at an applied electric field of 20,000 V m-1, the

photoconductivity is measured at room temperature

300 K (Fig. 4). The roph values are observed to

increase. From the slopes of plots in Fig. 4, the values

of DEph are obtained and are found to decrease from

Fig. 2 a–e SEM micrographs of the as-deposited (Se30Te70)100-x Agx films on a glass substrate

2.4 2.7 3.0 3.3

0.11

6.14

335.46

  Ag at.%
 0.0 
 2.0 
 4.0 
 6.0 
 8.0

103 T-1 (K-1)

R=0.996+ 0.01

Fig. 3 Plots of rd versus 103/T for Se70Te30ð Þ100�xAgxð0:0� x

� 8:0 at:%Þ thin films
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0.48 to 0.32 eV (Table 2). So, it is clear that both DEph

and roph values show dependency on the doping

content. Figure 4 shows that photoconductivity is an

activated process. For photoconduction, the value of

DEph also follows the same trend with the incorpo-

ration of Ag similar to DEd for samples under

investigation.

Using the pre-factors ro and roph corresponding to

dark and photoconductivity, respectively, the relax-

ation time of charge carrier in the dark (sd) or illu-

mined (sph) conditions are determined under

different temperatures employing the relation

[33, 34];

ro ¼
2e2s
m�

2pm�kBT

h2

� �3=2

ð2Þ

m* (= 0.11 me) is the charge carriers’ effective mass

[35], me denotes the mass of free electron and h

symbolizes the Planck’s constant. For the

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films, the

temperature dependence of relaxation time (s) (s = sd
for solid symbols, and (s = sph for hollow symbols)

show an increase with Ag content (Fig. 5).

Photoconductive materials have spectral distribu-

tion curves with a more or less sharp peak near the

absorption edge. Typically, the photoconductive

response starts from zero and goes up quickly on

reaching the absorption edge passes a maximum at a

certain moderate absorption value and falls again as

the absorption coefficient continues to increase and

generally and usually seems to approach some non-

zero asymptotic value. Figure 6 depicts the spectral

distribution of dc-Photoconductivity for thin films

under investigation at an applied electric field

20,000 V m-1 and at ambient temperature. In the

spectrum, it is observed that on replacing Se70Te30
with Ag content, the photocurrent peak shift to low

wavelengths. These plots are employed to estimate

the energy gap (Eg) values of

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films using

the relation [36]; Eg eVð Þ ¼ hc=k1=2; where k1/2 is the

half-maximum wavelength corresponding to the

peak photocurrent and c is the speed of light.

Figure 6 shows a decrease in photocurrent with

increased Ag content and also the absorption peak

shift to low energy indicating a decrease in Eg values

(Table 2). This behavior is also supported by the

optical bandgap estimated elsewhere using theoreti-

cal, and Tauc plot [22, 37]. This behavior can be

explained with the help of the chemical bond

approach [38].

The most advanced methods to transforming solar

and/or waste heat into electrical energy are

advanced thermoelectrics. A number of phenomena

are there in the solids in respect of thermoelectricity,

and these phenomena relate to the exchange of

Table 2 Some electrical and thermoelectrical parameters for the Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films

Ag

(at.%)

r�d
910-8

r�ph
910-5

ro
(Eq. 1)

ro
(Eq. 4)

roph DEd DEs D DEph Eg c
10-3

nd ns nph

(X m)-1 eV eV K-1 1015 m-3 1017 m-3 1018 m-3

0 0.65 0.01 444 446 17 0.65 0.55 0.091 0.48 1.3 6.371 0.37 0.33 0.37

2 4.32 0.11 475 478 96 0.60 0.52 0.081 0.47 1.19 6.391 2.29 1.38 2.29

4 51.8 1.87 535 536 200 0.54 0.47 0.073 0.42 1.08 6.458 24.28 12.7 24.28

6 230 14.2 563 563 230 0.50 0.44 0.058 0.37 0.99 6.612 102.5 46.9 102.5

8 955 86.6 592 590 247 0.46 0.42 0.044 0.32 0.91 6.738 404.9 109.6 404.9

2.4 2.7 3.0 3.3

0.01

0.03

0.08

0.23

0.61

1.67

4.54

12.34

33.55

91.19

247.88

673.79

1831.56

  Ag at.%
 0.0 
 2.0 
 4.0 
 6.0 
 8.0

103 T-1 (K-1)

R= 0.997 + 0.01

Fig. 4 Plot of rph of Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ
thin films with 103/T
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energy and transport between electrons and pho-

nons. The best solution for heat recovery from waste

is the thermoelectric generator which employs the

Seebeck effect principle. Commercialization on a

large scale is still limited for thermoelectric genera-

tors owing to their performance components viz.

thermoelectric figure-of-merit zT = S2rT/j = S2rT/
(jl ? je), where j, jl, je, T, r, and S denote the

thermal conductivity, lattice thermal conductivity

and electronic thermal conductivity, absolute tem-

perature, electrical conductivity, and Seebeck coeffi-

cient, respectively.

In order to have the appropriate thermoelectric

power or Seebeck coefficient (S) and electrical

conductivity, the performance of thermoelectric

material is governed by the appropriate electronic

band structure. The thermoelectric power exhibits the

intrinsic band structure. Control of concentration of

the charge carriers may permit the value of S to be

tuned in a certain range. This is why the search for

novel thermoelectric materials involves both electric

conductivity and thermoelectric power measure-

ments. Thermoelectric power (S), in the presence of a

temperature gradient, is not only an induced voltage

but also contains precious evidence about the

description of the glass semiconductors. Actually, the

parameter S renders the extra information about the

type of charge carriers along with their concentration

[39, 40]. The magnitude of the Seebeck coefficient is

computed from the energy dependence of the carrier

relaxation time, the density of states and the Fermi

level. Seebeck coefficient has been discussed for

amorphous semiconductors in [39, 40]. Here it is

important to remember that the values of S depend

on the density of states and the Fermi level. It is

especially experimentally found that a large number

of states above the Fermi level can obtain a large S

value. The S coefficient for a non-degenerate semi-

conductor of p-type is represented as follows [25, 41];

S ¼ k

e

DES

KT
þ A

� �
¼ k

e

Ef � Ev

KT
þ A

� �
¼ k

e

Eo

kT
� c
k
þ A

� �
;

e

k
S ¼ Eo

kT
� c
k
þ A;

ð3Þ

where A is a constant (assumed unity for a-semi-

conductors) related to the carrier scattering mecha-

nism, Ev represents the top of the valence band

energy and Ef denotes Fermi energy. In Eq. (3), it is

supposed that the energy splitting DES ¼ Ef � Ev

varies linearly with temperature as Ef � Ev ¼ E0 � cT.
Consequently, from Fig. 7, c and E0 are assessed

from the intercept and the slope of S, respectively. So,

when DES\DEd, the difference D* = DEd - DES is the

barrier of polaron-hopping [42]. This is called the

conduction mechanism of small polarons. Here, the

presence of Se in the glass network is linked to this

effect [43]. For Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ
thin films, the variation of S with temperature reveals

large positive values as depicted in Fig. 7. This indi-

cates that the samples under investigation are of p-

type. The absolute value of the Seebeck coefficient

(S) of Ag mixed Se–Te declines. This is on account of

the increase of free charge carrier concentrations

Fig. 5 The temperature dependence of relaxation time (s) (s = sd
for solid symbols, and (s = sph for hollow symbols) of

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films

Fig. 6 dc-photocurrent spectral distribution of

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films
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(calculated later). The values of DES and D show a

decrease with increasing Ag content (Table 2). Sup-

pose one can look at the increase in the conductivity

values (calculated later) and the S values. In that case,

the product increases the power factor (P = Sr),
making these compositions a better perspective for

thermoelectric applications.

For p-type semiconductors, conductivity can also

be correlated with the Seebeck coefficient through

the relation [25]; rd ¼ roexp
�ðEF�EvÞ

kT

� �
¼ roexp

c
k

� �
exp �Eo

kT

� �
, and combining this with Eq. (3) the relation

becomes;

ln rdð Þ ¼ �e

k
Sþ ðln roð Þ þ AÞ ð4Þ

Figure 8 shows the variation of ln rdð Þ with Seebeck

coefficient give straight lines whose slope give the

value of (e/k) and the intercept give the value of

ðln roð Þ þ AÞ. The values slope and in good agreement

with the theoretical value of (e/k), and the value of ro
obtained show an increase with the increase of Ag

content in Se–Te system (Table 2).

Figure 9 shows free charge carrier concentration

obtained from (a) dark conductivity (nd) (b) obtained

from photoconductivity nph, and (c) obtained from

Seebeck coefficient nS with temperature for

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films

employing respective the relations [25, 44];

nd ¼ 2M3=2exp
�DEd

kBT

� �
ð5aÞ

nph ¼ 2M3=2exp
�DEph

kBT

� �
ð5bÞ

nS ¼ p
3

8p2k2Bm
�T

3Seh2

 !3=2

; ð5cÞ

where M = 2pm*kBT/h
2. The values of nd, nph, and nS

show an increase with the Ag content, whereas for a

particular composition, nph[nS[nd (Table 2). So, it

is observed that the product of coefficient S and

conductivity r i.e. power factor increases with the

enhancement of Ag content in Se–Te system. It is

elucidated that the power factor for

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ semiconducting

thin films can be tuned and enhanced at varied

temperature ranges through changing the adding

amount of Ag.

4 Conclusions

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ semiconducting

thin films deposited employing thermal evaporation

have been analyzed for the dark- and photoconduc-

tivities. Seebeck coefficient and conductivities have

been computed, and it is observed that the power

factor shows an enhancement with the addition of Ag

content. The free charge carriers concentration has

also been obtained from dark conductivity,

2.4 2.7 3.0 3.3

1.0

1.2

1.4

1.6

1.8
  Ag at.%

 0.0 
 2.0 
 4.0 
 6.0 
 8.0K

V
m(s

-1
)

103/T (K-1)

Fig. 7 Graphs of Seebeck coefficient S versus 103/T of

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films

0.90 1.05 1.20 1.35 1.50 1.65 1.80
-20
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-6   Ag at.%
 0.0 
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 6.0 
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ln
(�

)
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Fig. 8 Plots of ln rdð Þ versus S of

Se70Te30ð Þ100�xAgxð0:0� x� 8:0 at:%Þ thin films

25080 J Mater Sci: Mater Electron (2021) 32:25074–25083



photoconductivity, and Seebeck coefficient, and

found that for a particular composition, nph[nS[nd.

The power factor for Se70Te30ð Þ100�xAgxð0:0�
x� 8:0 at:%Þ semiconducting thin films can be tuned

and enhanced at varied temperature ranges by

adjusting the addition amount of Ag. These findings

reveal the remarkable ability of these thin semicon-

ducting films for thermoelectric applications.
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