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Abstract In this study, we have studied the effect of

elements Ag, Cd, and Sn as chemical modifiers on some

thermal transport properties (thermal conductivity, diffu-

sivity, and specific heat per unit volume) of amorphous Se.

Concurrent measurements of thermal transport properties

such as effective thermal conductivity (ke), thermal diffu-

sivity (ve), and specific heat per unit volume (qCv) are used

at room temperature for twin pellets of pure Se- and Se-

based binary Se98M2 (M = Ag, Cd, and Sn) alloys using

transient plane source technique. We have also determined

the thermal inertia IT using the experimental values of

thermal conductivity and specific heat per unit volume for

present amorphous alloys. The increasing sequence of

measured thermal transport properties is also discussed.
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Introduction

The chalcogenide glasses as optical materials take one of

the main places in the contemporary technologies. The

success of engineer solutions in the different fields of the

human activities depends on those that lead to more effec-

tive assimilation of these materials and to expansion of the

spectra of their properties, as well as to purposeful search-

ing of new materials with newer properties. The chalco-

genide glasses are notably perspective and heightened

interest on them is due to their relatively easy obtaining in

the bulk and layered form [1–3]. They do not need deep

purification and offer a wide range of possibilities for

application. These materials have vast electrical, optical,

and technological applications, such as in memory devices,

optical fibers, Xerography, photolithography, infrared

lenses, optical amplifiers, blue laser diodes, and solar cells

[4–8]. These applications make them more attractive for

their investigation. The modern technological applications

of these materials such as image sensors, thermoelectric

properties, and optical recording, have become possible due

to recent improvements in preparation techniques. In the

field of amorphous chalcogenide alloys, mostly selenium

(Se)-based binary and ternary alloys are useful due to their

greater hardness, high photosensitivity; higher crystalliza-

tion temperature and smaller aging effect and low viscosity

as compared to pure a-Se [9].

Ag-doped binary and ternary glasses are becoming

important because some of them are used as materials for

phase change optical storage (DVD disks, etc.). Although

Se–Ag glasses and thin films exhibit a higher index of

refraction, a red-shift absorption edge, and decreased sen-

sitivity for alkaline etching as compared to pure a-Se.

Conventionally Se–Ag glasses having many applications

such as electrochemical sensors, photo-resists, optical

waveguide, diffraction elements, Fresnel lenses, optical

memories holography, and other optical and non-linear

optical elements [10–15].

Cadmium selenide (Cd-Se) is the member of the family

of group II and VI compounds and it is one of the best

photo-conducting materials. It has potential applications in

photo electrochemical solar cells, thin film transistor, and

gamma ray detectors [16–19]. It has several applications in

various nano-devices too like logic circuits, nano-sensors,

and nano-thermometers.
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Tin selenide (Se-Sn) has also potential applications such

as in memory switching devices material and holographic

recording system [20, 21]. The experimental value of

absorption coefficient of Se–Sn alloys is *104 cm-1 and

the optical band gap vary from 1.03 to 1.4 eV by Imran

[22]. The value of absorption coefficient makes tin-selenide

glass suitable as a medium optical disk application, this

optical band gap range of Se-Sn glass is close to the the-

oretical optimum for solar energy conversion and making

for solar energy cell.

The addition of Ag, Cd, and Sn in a-Se may expand the

glass-forming area and create compositional and configu-

rationally disorder. The use of these binary chalcogenide

glasses for industrial applications needs the alloys synthe-

sized inexpensively. In order to make use of these materials

in industrial applications, a better understanding of their

thermo-physical properties is desirable [23, 24].

In this article, we have measured the results of effective

thermal conductivity (ke), effective thermal diffusivity (ve),

specific heat per unit volume (qCv) in a-Se and a-Se98M2

(M = Ag, Cd, and Sn) alloys. We have studied the effect

of metallic additive (Ag, Cd, and Sn) on thermal transport

properties of a-Se. We have also determined thermal inertia

IT by using experimental values of ke and qCv of present

alloys. Results of these thermal transport parameters have

been measured with help of transient plane source (TPS)

technique introduced by Gustafsson [25].

Theoretical basis

One of the most precise and convenient techniques for

studying thermal transport properties is the TPS method. It

is a modern technique, yielding information on thermal

conductivity, thermal diffusivity as well as specific heat per

unit volume of the material under study.

The method is based on the use of a transiently heated

plane sensor, and is in its most common adaptation referred

to as the Hot Disk Thermal Constants Analyzer. The Hot

Disk sensor consists of an electrically conducting pattern in

the shape of a double spiral, which has been etched out of a

thin metal (Nickel) foil. This spiral is sandwiched between

two thin sheets of an insulating material (Kapton, Mica,

etc.). The Hot Disk sensor of Kapton is used for room

temperature while Mica sensors for extended room tem-

perature. These sensors are shown in Fig. 1. When per-

forming a thermal transport measurement, the plane Hot

Disk sensor is fitted between two pieces of the sample each

one with a plane surface facing the sensor. By passing an

electrical current, high enough to increase the temperature

of the sensor between a fraction of a degree up to several

degrees, and at the same time recording the resistance

(temperature) increase as a function of time, the Hot Disk

sensor is used both as a heat source and as a dynamic

temperature sensor.

The solution of the thermal conductivity equation is

based on the assumption that the Hot Disk sensor is located

in an infinite medium, which means that the transient

recording must be interrupted as soon as any influence

from the outside boundaries of the two sample pieces is

recorded by the sensor. Typical sample sizes are between 1

and 10 cm3 but can in special situations be reduced to

0.01 cm3. The sample preparation is limited to the cutting

of one plane surface on each one of the two sample pieces.

From what is said above, it is important to note that the size

of the flat sample surfaces should be appreciably larger

than the diameter of the Hot Disk sensor in order to allow

for not too short a transient recording.

To theoretically describe how the Hot Disk behaves, the

thermal conductivity equation has been solved assuming

that the Hot Disk consists of a certain number of concentric

ring heat sources located in an infinitely large sample. If

the Hot Disk is electrically heated, the resistance increase

as a function of time can be given as

RðsÞ ¼ R0f1þ a½DTi þ DTaveðsÞ�g ð1Þ

where R0 is the resistance of the disk just before it is heated

or at time t = 0, a is the temperature coefficient of the

resistivity, DTi is the constant temperature difference that

develops almost momentarily over the thin insulating

layers which are covering the two sides of the Hot Disk

sensor material (Nickel) and which make the Hot Disk a

convenient sensor. DTave(s) is the temperature increase of

the sample surface on the other side of the insulating layer

and facing the Hot Disk sensor (double spiral). From Eq. 1,

we get the temperature increase recorded by the sensor:

Fig. 1 Hot Disk sensors with

Kapton insulation (left) for

room temperature and Mica

insulation (right) for extended

temperature
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DTaveðsÞ þ DTi ¼
1

a
RðtÞ
R0

� 1

� �
ð2Þ

Here DTi is a measure of the ‘‘thermal contact’’ between

the sensor and the sample surface with DTi = 0

representing perfect ‘‘thermal contact’’ closely realized

by a deposited (PVD or CVD) thin film or an electrically

insulating sample. Figure 2 shows the curves of sensor and

sample temperature in which the blue curve indicates the

temperature increase of the sensor itself and the red one

show how the temperature of the sample surface is

increasing. Although DTi becomes constant after a very

short time Dti which can be estimated as

Dti ¼
d2

ve

ð3Þ

where d is the thickness of the insulating layer and ve is the

thermal diffusivity of the material, the time-dependent

temperature increase is given by the theory as

DTaveðsÞ ¼
P0

p3=2a ke

DðsÞ ð4Þ

where P0 is the total output of power from the sensor, a is

the overall radius of the disk, ke is the thermal conductivity

of the sample that is being tested, and D(s) is a

dimensionless time-dependent function which is given as

DðsÞ ¼ 1

½mðmþ 1Þ�2

�
Zs

0

dr
r2

Xm

l¼1

l
Xm

k¼1

k exp
�ðl2þ k2Þ

4r2m2
L0

l k

2r2m2

� �( )" #

ð5Þ

with

s ¼
ffiffiffiffi
t

H

r
ð6Þ

where t is the time measured from the start of the transient

recording and H is the characteristic time defined as

H ¼ a2

ve

ð7Þ

where ve is the thermal diffusivity of the sample.

In Eqs. 4 and 5, P0 is the total output power, L0 is the

modified Bessel function and l, k are the dimensions of the

resistive pattern. To record the potential difference varia-

tions, which normally are of the order of a few milli-volts

during the transient recording, a simple bridge arrangement

as shown in Fig. 3 has been used. If we assume that the

resistance increase will cause a potential difference varia-

tion DU(t) measured by the voltmeter in the bridge, the

analysis of the bridge indicates that

DEðtÞ ¼ Rs

Rs þ R0

I0DRðtÞ ¼ Rs

Rs þ R0

I0 a R0P0

p3=2a k
DðsÞ ð8Þ

Here

DEðtÞ ¼ DUðtÞ
½1� C � DEðtÞ� ð9Þ

and

C ¼ 1

RsI0 1þ c Rp

c ðRsþR0ÞþRp

h i ð10Þ

The definition of various resistances is found in Fig. 3.

Rp is the lead resistance, Rs is a standard resistance with a

current rating that is much higher than I0, which is the

initial heating current through the arm of the bridge

containing the TPS element and R2 is variable resistance. c
is the ratio of the resistances in two ratio arms of the bridge

circuit.

Now by making a computational plot of the recorded

temperature increase versus D, we get a straight line, the

ΔT

ΔTi

Δtcorr

ΔTi

Time

Fig. 2 Sensor and sample temperature increase curves

DVM

Power supply 
(Constant voltage) 

Rp

  Rs   R1

  R2

a  b

R TPS sensor

d

 c

ΔUab

Fig. 3 Electrical circuit diagram used for simultaneous measurement

of ke, ve, and qCv
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intercept of which is DTi and the slope is P0/p3/2a ke using

experimental times much longer than Dti. Since ke and

hence H are not known before the experiment, the final

straight line from which the thermal conductivity is cal-

culated is obtained through a process of iteration. Thus, it is

possible to determine both the thermal conductivity and the

thermal diffusivity from one single transient recording.

Experimental details

Material preparation

High purity (99.999%) selenium, silver, cadmium, and tin

were weighed in appropriate proportions in quartz glass

ampoules (length 5 cm and internal diameter (8 mm) to

prepare a-Se and a-Se98M2 (M = Ag, Cd, and Sn) alloys.

The content of each separate ampoule was sealed in a

vacuum of 10-6 Torr and heated in a furnace where tem-

perature was raised at a rate of 3–4 K min-1 up to 900 K

and kept at that temperature for 10 h. The ampoules were

frequently rocked to insure the homogeneity of the sam-

ples. The molten samples were then rapidly quenched in

ice cooled water. The X-ray diffraction patterns of as-

prepared samples were recorded using Philips PW-1700

powder diffractometer (operating at 20 keV) with Cu-Ka

(k = 1.54056 Å) radiation to confirm the glassy nature of

alloys. The XRD patterns are shown in Fig. 4. Absence of

any sharp peak confirms the amorphous nature of these

samples.

Measurements of thermal transport properties

Ingots of the quartz ampoules were crushed into fine

powder and then the pellets of thickness 2 mm and diam-

eter 12 mm were prepared by a pressure machine. The

pellets were made at a constant load of 5 tons and the

surfaces of these pellets are smooth so as to insure perfect

thermal contact between the samples and the heating ele-

ments, as the TPS sensor is sandwiched between the two

pellets of sample material in the sample holder. Set-up of

TPS technique is shown in Fig. 5. TPS technique in which

a TPS element is made of 10 lm thick nickel foil with

insulating a layer made of 50 lm thick kapton on each side

of metal pattern. At the room temperature, computer

operated TPS gives desired values of thermal transport
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Fig. 4 XRD patterns of as-

prepared a-Se and Se98M2

(M = Ag, Cd, and Sn) alloys

Fig. 5 Room temperature

holder set-up of TPS technique
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parameters like effective thermal conductivity (ke), effec-

tive thermal diffusivity (ve), and specific heat per unit

volume (qCv) as shown in Fig. 5. Simultaneous measure-

ments are done on thermal transport properties (effective

thermal conductivity (ke) and effective thermal diffusivity

(ve), specific heat per unit volume (qCv) in pellets of a-Se

and a-Se98M2 (M = Ag, Cd, and Sn) alloys. The pellets

were compressed under constant load of 5 tons were car-

ried out, at room temperature using TPS technique.

Results and discussion

The solution of the thermal conductivity equation is based

on the assumption that the sensor is located in an infinite

material which means that the total time of the transient

recording is limited by the presence of the outside

boundaries or the limited size of the sample. In other

words, the ‘‘thermal wave’’ or ‘‘thermal penetration depth’’

generated in an experiment must not reach the outside

boundaries of the sample pieces during the transient

recording. An estimation of how far this thermal wave has

proceeded in the sample during a recording is the so-called

probing depth, defined as

Dp ¼ 2
ffiffiffiffiffiffi
tke

p
ð11Þ

where t is the measuring time of the experiment and the

constant 2 has been determined so that the influence of

external sample boundaries on the temperature of the

sensor cannot be detected when the probing depth Dp is

limited to within the sample boundaries. A consequence of

this equation is that the distance from any point of the

sensor to any point on the surface of the two sample pieces

must exceed Dp if the total measuring time is t. The relation

between the probing depth and the total measuring time of

the experiment indicates that it is easier to make mea-

surements on larger samples. In order to determine both the

thermal conductivity and thermal diffusivity with good

accuracy, the thickness of a flat sample should not be less

than the radius of the hot disk sensor.

The values of ke, ve, and qCv for a-Se and a-Se98M2

(Ag, Cd, and Sn) alloys are shown in Table 1. We have

also determined thermal inertia IT of these alloys using the

expression (12):

It ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
qCvke

p
ð12Þ

The values of IT are also given in Table 1. From this

table it is clear that the increasing sequence of all the

thermal transport properties in binary alloys is

(Se98Sn2) \ (Se98Cd2) \ (Se98Ag2). This clearly shows

that Ag plays the better role of chemical modifier as

compared to other two additives, since it may produce

large changes in thermal conductivity, thermal diffusivity,

specific heat per unit volume, and thermal inertia in pure

a-Se.

The observed results can be explained on the basis of the

thermal conductivity and specific heat per unit volume of

Ag, Cd, and Sn additives. The increasing order of these

values is Sn \ Cd \ Ag which is similar to the increasing

sequence observed in binary alloys. As these elements are

mixed in similar proportion (2 at%) in pure a-Se so the

above increasing order in thermal conductivity and specific

heat of additives Ag, Cd, and Sn is probably responsible for

the presents results.

It is also reported in literature by Mehta et al. [26] that

the decrease in density of localized states increases the

porosity of alloys which is responsible for decrease of

effective thermal conductivity, effective thermal diffusiv-

ity, and specific heat per unit volume. In our case also, the

increasing sequence of density of additive elements is

Ag \ Cd \ Sn. This is another appropriate reason for high

values of thermal transport properties in case of Se98Ag2

alloy as compared to Se98Cd2 and Se98Sn2.

Conclusions

The effect of silver, cadmium, and tin on thermal transport

properties such as thermal conductivity, thermal diffusiv-

ity, specific heat per unit volume, and thermal inertia of

a-Se98M2 alloys have been studied. The major conclusions

are as follows:

(a) The results indicate that the values of thermo-physical

parameters measured in the present study are high for

Se98Ag2 alloy as compared to Se98Cd2 and Se98Sn2

alloys. This indicates that Ag as a chemical modifier

affects more significantly the thermo-physical prop-

erties of a-Se.

(b) The increasing sequence of thermal transport param-

eters in binary alloys is explained on the basis of

thermal conductivity and specific heat per unit

volume of Ag, Cd, and Sn additives.

(c) The decreasing sequence of density of additive elements

(Ag, Cd, and Sn) is just opposite to that of thermal

transport properties of corresponding binary alloys.

Table 1 Thermal transport properties (ke, ve, qCv, and IT) of a-Se

and Se98M2 (M = Ag, Cd, and Sn) alloys

Sample ke/
W m-1 K-1

ve/

mm2 s-1
qCv/
MJ m-3 K

IT/kJ m-2

K-1 s1/2

a-Se 0.2 0.075 2.67 0.7307

Se98Ag2 0.325 0.2555 1.274 0.6435

Se98Cd2 0.2937 0.2548 1.153 0.5821

Se98Sn2 0.2661 0.2453 1.084 0.5372
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