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Abstract

In this study, compared the thermoelectric properties and compatibility factors of
n-Bi;Te; and p-Sb,Te; films deposited by direct current magnetron sputtering for
thermoelectric generator applications. The n- Bi,Te; was more crystalline than p-Sb,Tes
since the formation energy of n-Bi,Te; was lower than that of p-Sb,Tes. The carrier
concentration of p-Sb,Te; increased, whereas that of n-Bi,Te; decreased because some
Te evaporated during annealing. The Seebeck coefficient of p-Sb,Tes and n-Bi,Te; was
inversely proportional to the carrier concentration. The electrical conductivity of the
annealed p-Sb,Tes increased more than that of annealed n-Bi,Tes, owing to the changed
mobility and carrier concentration. Crystallization was the main factor enhancing the
thermal conductivity. The highest figure of merit achieved from the annealed p-Sb,Te;
was ~0.5 and for n-Bi,Te; ~0.25, at 513 K. Both annealed n-Bi,Te; and p-Sb,Te; had
appropriate compatibility factors, differing by a factor < 2. To design geometric cross-
sectional areas of the thermocouple legs with electrical and thermal conductivity from
annealed film condition. The fabrication method of the prototype necessary 3 masks, two

for p-Sb,Te; and n-Bi,Te; deposition and last one for electrode (Cu). The archived



thermoelectric generator has an are approximately 140x36x1.1 mm°. The flexible

thermoelectric generator generated maximum of open circuit output voltage about 32 mV
and maximum output power about 3.2 pW at 40 K different temperature. The open circuit

output voltage with heat from human body was generated about 1.52 mV.

Keywords :Flexible thermoelectric generator; Annealing treatment; Antimony telluride;

Bismuth telluride
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Chapter 1

Introduction

1.1 Research Motivation

Thermoelectric techniques are used in a wide temperature range as power
generators, solid-state coolers and sensors due to many attractive features, such as clean
and noiseless energy without discharging any hazardous substance, high reliability and
long lifetime [1,2] The amount of generator electrical power being produced from TEG
depends on material properties (ZT) and a temperature difference between two sides of
the module. The thermoelectric figure of merit (ZT), used to characterize the performance

of a thermoelectric material, is defined in equation 1.

2T T (1.1)
K
Where S is Seebeck coefficient (V/K)
o] is Electrical conductivity (S/m)

is Thermal conductivity (W/Km)
¥ is Temperature (K)

Antimony telluride (Sb,Te;) and Bismuth telluride (Bi,Tes) are the most interesting
thermoelectric materials that have been used widely due to hish ZT value, and high
performance at room temperature. The ZT value can be made to increase when
improvements are made to low-dimensional materials due to the influences of quantum
confinement effect and phonon scattering on nano- structured materials [3,4]. The
thermoelectric devices are two kinds: bulk and thin film. The thermoelectric film has a
low dimensional that less thermal conductivity than bulk thermoelectric and enhance the
figure of merit value [5-9].

Several research deposited p-Sb,Te; and n-Bi,Te; thin films using various
techniques such as evaporation [10-12], metal organic chemical vapor deposition (MOCVD)

[13], molecular beam epitaxy (MBE) [14] pulse laser deposition (PLD) [15] and sputtering



[5,16-25]. This work, the direct current (DC) magnetron sputtering technique was selected
due to extremely high adhesion, produces high quality films and excellent uniformity over
a large substrate area [16,26]. In addition, annealing treatment was used to improve
thermoelectric properties of p-Sb,Tes; and n-Bi,Tes thin films [12,19-30]. According to the
annealing treatment can be adjusted the carrier concentration, surface defect and grain
size [20]. However, the comparison of annealing treatment on thermoelectric properties
of p-Sb,Te; and n-Bi,Tes thin films prepared direct current (DC) magnetron sputtering has
hardly been discussed.

In this study, the p-Sb,Tes; and n-Bi,Te; film were deposited by DC magnetron
sputtering using a single stoichiometric compound target. The influence of annealing
treatment on the chemical composition,  structural, electrical and thermoelectric
properties between p-Sb,Te; and n-Bi,Te; were compared and discussed. The designed
thermoelectric generator from the thermoelectric properties of annealed p-Sb,Te; and n-
Bi,Tes film were also applied for the fabricate of thermoelectric generator and measurer

power output from thermoelectric generator.

1.2  Objectives of the study

The objective of this thesis is.conducted in order to

1) Study the influence of annealing treatment on the chemical composition,
structural, electrical and thermoelectric properties between p-Sb,Te; and n-Bi,Tes
film deposited by DC magnetron sputtering.

2) Study the designing thermoelectric generator from the thermoelectric properties
of annealed p-Sb,Te; and n-Bi,Tes film.

3) Study the fabrication thermoelectric generator and measuring power output

from thermoelectric generator.



1.3

1.4

Scope of the study
The scope of this thesis is as follows:
1) The p-Sb,Te; and n-Bi,Te; films were deposited by using DC magnetron
sputtering via post- annealing treatment at temperature 200 °C for 30 min.
2) Characterization chemical composition, structural, electrical and thermoelectric
properties of as-deposited and annealed p-Sb,Te; and n-Bi,Te; films by following
techniques:

2.1) Energy dispersive spectrometry (EDS)

2.2) Field emission scanning electron microscope (FE-SEM)

2.3) X-ray diffractometer (XRD)

2.4) Hall effect measurement (Hall)

2.5) Thin film analyzer (TFA)
3) Design thermoelectric generator from the thermoelectric properties of annealed
p-Sb,Tes and n-Bi,Tes film.
4) Fabricate thermoelectric generator.
5) Measuring power output from thermoelectric generator.
Benefits of the study
1)The optimization of p-Sb,Te; and n-Bi,Te; thermoelectric films was studied and
clarified.
2) The relevant parameters of the deposited such as suitable sputtering
parameters, thermoelectric properties, annealing conditions and thickness will be
notified.
3) The relevant key parameters chemical composition, structural, electrical and
thermoelectric properties of as-deposited and annealed p-Sb,Te; and n-BiTes
films has been clearly understood.
4) A prototype of the thermoelectric generator using optimized p-Sb,Te; and n-

Bi,Tes; was achieved.



Chapter 2

Theory and literature reviews

In overview, the objective of this chapter is to investigate the fundamental of
thermoelectric, thermoelectric applications, antimony telluride and bismuth telluride
thermoelectric material film deposition techniques, and the characterization technique. In

this chapter, the relevant theories and literature reviews are explained.
2.1 Thermoelectric phenomena and their parameters

The advent of thermoelectric devices discovered in 1821 when Thomas Johann
Seebeck found the deviation of a compass needle due to two junctions of two dissimilar
materials at different temperatures. This now called Seebeck effect was caused by the
formation of an electric potential difference due to a temperature difference. In 1834 Jean
Peltier discovered that an electric current passes through two dissimilar materials alter the
temperature at the junction. It called the Peltier effect. Some years later, Thomson
explained found that the connection between the Seebeck effect and the Peltier effect
within  the framework of thermodynamics, known as the Thomson effect. All
thermoelectric_phenomena are described. These effects are the phenomenological
foundations for the description of thermoelectric materials and the functioning of

thermoelectric devices and thermoelectric application.



2.1.1 Seebeck Effect

The Seebeck effect is the relation between electrical potential and a temperature
gradient. The increase of the electrical potential is occurred due to a temperature
difference. Seebeck gave an overview of several material combinations applicable in

thermocouples.

material A

material B

Figure 2.1 A temperature difference creates a potential difference in the junction

between material A and B.

A thermocouple consists of two junctions of two dissimilar materials. The two
junctions are held at the temperatures T and Ty, experiencing a temperature different (
AT ) and thus exhibit a temperature gradient along with the materials. A temperature
difference causes the majority carriers (electrons and holes) in the material to migrate
from the hot side to the cold side. The minority carriers are left at the hot side thus giving
rise to a thermoelectric voltage. The buildup of charge carriers on the cold side eventually

ceases when an equal amount of charge carriers drift back to the hot side as a result of



the electric field created by the charge separation. At this point, the materials reach a
steady state. The given temperatures difference generates a thermoelectric voltage

difference (AV ) measured at the device contacts:

AV oc AT (2.1)

The Seebeck coefficient (S) is defined via the limit at infinitesimal temperatures

difference:

S(T) = lim &Y
AT—0 AT (22)

The total thermoelectric voltage is obtained.

Ty
dv = [s(T)dT
Te (2.3)

The temperature dependent Seebeck coefficient along two different materials allows

expressing a combined coefficient for the material couple under given thermal conditions.

Ty
AV =(S, S, )[dT =(S, —8,)AT (2.0)

TC
Where S, and Sg are a Seebeck coefficient of material A and B. while P-type
materials possess a positive Seebeck coefficient, N-type materials offer negative ones. The
thermoelectric voltages drive current flowing through the materials when their junction

kept the temperature difference [31].
2.1.2 Peltier Effect

The Peltier effect is a phenomenological effect reverse to the Seebeck effect.
When an electric current passes through two dissimilar materials are connected at two
junctions, heat can be absorbed in the junction, while it is released at the other one. As
a result, heat flux through the materials is induced. The heat flux at the junction will be

interpreted as energy conservation within the junctions and the change of total energy of



the carriers when electrical current passing. The Peltier coefficients represent how much
heat current is carried per unit change through a material. The Peltier heat (Q ) absorbed

by the cold junction per unit time is given by [31-32]

dQ « IdT (2.5)
d
d_(T?: (I, ~T1,)! 2.6)

In this equation, [1, and [ are the Peltier coefficients of the materials A and B.
The unit of the Peltier coefficient is W/A or V . Furthermore, the Peltier coefficients are
also temperature dependence like the Seebeck coefficients. The Peltier coefficient and

the Seebeck coefficient are related to each other by the first Kelvin relation. The relation

is given by:
(HA_HB)z(SA_SB)T 2.7
HAB > SABT (2.8)
material A

Cold junction

¢

Hot junction

material B

+ -
Voltage

Figure 2.2 A thermal gradient exists at the junction of dissimilar materials when an

electrical current flows.



2.1.3 Thomson Effect

The Thomson effect was predicted and observed the third thermoelectric effect
by William Thomson (Lord Kelvin). It refers to the emission or absorption of heat by the
current caring conductor exposed to a temperature gradient. The heat generated by the

Thomson effect is called Thomson heat. Thomson heat is proportional to the current and

time can be expressed as: [31-33].

dT
dQ = yldt— (2.9)

dx
In which Q is Thomson heat, Z denoted the Thomson coefficient, | is the current
intensity, Uis time, and dT/dx is the temperature gradient along with the material.
Thomson coefficient is different from two main thermoelectric coefficients because It can

be determined by direct measurement on an individual material.

As mention before, three thermoelectric coefficients are related by the Kelvin

equations:

ds
=T — (2.10)
A= T

absorption

taces) |

—
T | ;T+L‘-«T

o =y

.
-

Electron current direction

Figure 2.3 the absorption of heat by current caring conductor exposed to a

temperature gradient.



2.1.4 Figure of Merit

The efficiency of thermoelectric material can be determined by the figure of merit
(ZT), defined as:
ST

T =— (2.11)
PK

In which S is the Seebeck coefficient, T is temperature, pis electrical resistivity
and xis thermal conductivity. A good candidate thermoelectric material should have low
£ to minimize Joule heating, low & to maintain a large temperature gradient, and a large
Seebeck coefficient for maximum conversion of heat to electrical power or electrical
power to cooling performance. The optimization ZT is not simply because the material
properties are interrelated, so optimizing one can have a negative effect on the others.
Especially, thermal conductivity and electrical resistivity are related to carrier
concentrations as well as carrier mobility. A given temperature has a constant ratio based

on the Wiedemann-Franz law

SN (2.12)
(o3

2 2
L= ”—(&J =2.45x10° (W—?) (2.13)
3 e K

Where kg is- the Boltzmann constant and € is the electron charge. The
semiconductor materials have a high-power factor ( Sz/p) and a low thermal conductivity,
which makes a high ZT materials. However, the Seebeck coefficient and electrical
resistivity of semiconductor are related to the separation between the conduction band
in N-type (valence band in P-type) and the Fermi level of the material. It is indicated that
the increasing of the Seebeck coefficient by manipulating the Fermi level also increases
the electrical resistivity as well. In order to reduce thermal conductivity, the common
approach is to introduce additional short-range disorder into the crystalline structure. On
the other hand, the distortion inevitably block transport, which may reduce the electrical

conductivity.
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2.1.5 Seebeck Coefficient

The Seebeck coefficient (S ) of thermoelectric material is a measure of the induced
thermoelectric voltage produced by a temperature difference across the material. A good
thermoelectric should have an absolute value of S in the range of hundreds of uV /K,

which is given by:

87252 y
S(T) = - ’z *Tiij i (2.14)
3eh 3n
m*
S(T — 2.15
M) «a n% (2.15)

Where, N is the Plank’s constant, m’ is the effective mass and N is the carrier
concentration. Based on the equation, the Seebeck coefficient is negative if carriers are
the electron, positive if carriers are holes. A maximum Seebeck coefficient can be achieved
for large effective mass and low carrier concentration. On the other hand, a high Seebeck
coefficient can result in low electrical conductivity. Generally, a high Seebeck coefficient
is always found in semiconductors (N-type and P-type). This relation can be described

based on the band model :

202m°x,T) 2

(2.16)
h°n

S(T) =28 (§+sj+ln
e |2

In which S is the scattering parameter, assuming that the carrier relaxation time
can be expressed in terms of carrier energy (r £ TOES), where 7 is the carrier relaxation

time, 7, is a constant and E is the carrier energy. It can be expressed as:

2(27m° ke, T) 2

2.17
Em (2.17)

S(r)ziﬁn,u (§+5j+ln
o 2

As a result, the Seebeck coefficient, carrier concentration electrical conductivity

and carrier mobility are interrelated in a semiconductor.
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2.1.6 Electrical resistivity and Electrical conductivity

Electrical resistivity (p) is a measure of the ability of thermoelectric material to
conduct the transport of an electrical current which can influence the value of ZT .
Electrical conductivity (a) is @ measure of the ability of thermoelectric material to carry
the transport of the charge carriers (electrons or holes). The charge carrier transport occurs
due to the thermal energy and the associated random motion of carriers. In
semiconductors, the carrier concentration depends strongly on the temperature. At zero
temperature, the conductivity is zero. Also, the scattering processes and thus the
relaxation time constant exhibit a temperature dependence. The conductivity of
semiconductors spans a wide range from insulating to almost metallic conduction.

The electrical conductivity is inversely proportional to the electrical resistivity. SI
unit of time the electrical resistivity is Q.m while the electrical conductivity is per Q.m
or(S/m). The electrical conductivity and mobility can be related to relaxation time as

equations

= (2.18)

In an intrinsic semiconductor, the carrier mobility(,u) is determined by scattering
with phonons. Further scattering is introduced by impurities, defects or alloy disorder. The
electrical conductivity is proportional to the carrier concentration (n) the electron charge

(e) and the carrier mobility (u), which is given by:
o=enu (2.19)

For each carrier type, the mobility in the relaxation time approximation is given by:

= e’; (2.20)
m
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In the presence of both electrons and holes,
O =0,+0, =—enu, +eny, (2.21)

Where 7 is the charge carrier relaxation time which depends on the charge carrier
scattering, y,and g, is the mobility for electrons and holes, respectively. These are given
by y, =—er/m" and u =+er/m". As the unit for mobility, usually cm?/Vs is used. In
small bandgap semiconductors, high mobility is caused by its small effective mass [32].
The majority carriers greatly outnumber minority carriers, so that Equation (2.21) can be

reduced to a single term involving the majority carrier. [33]

zT

0 [ |
1018 1019 1020 1021

Carrier concentration (cm—3)

Figure 2.4 Carrier concentration on thermoelectric properties of a material [3].
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According to equation (2.11), a high ZT requires a high Seebeck coefficient, a high
electrical conductivity and a high thermal conductivity depends on the carrier
concentration. However, the Seebeck coefficient decreases with increasing carrier
concentration. Both electrical conductivity and electronic thermal conductivity increase
with increasing the carrier concentration, as shown in Figure. 2.4. since there are more
carriers to transport electron charges and heat energy, through the Wiedemann-Franz

relation. The maximum ZT has occurred with a carrier concentration of n= 10* cm?.

2.1.7 Carrier mobility

According to equation (2.19), the electrical conductivity is proportional to the
carrier concentration and carrier mobility. In a semiconductor, the carrier concentration
and carrier mobility are temperature dependent. The role of scatters and the effect on
mobility can be considered by considering the two main types of scattering mechanisms,
lattice scattering and impurity scattering. The mobility due to these scattering mechanisms

is illustrated.
1. Lattice scattering

Lattice scattering is a thermal motion of lattice atoms at above-zero temperatures.
The carrier scattering is mainly due to the thermal vibration of the lattice at high
temperatures. The acoustic waves can be generated in terms of phonons. In metals,
carrier-carrier scattering affects the electrical conductivity, but the carrier concentration in
semiconductors are low. As a result, carrier-carrier scattering can be ignored in a
semiconductor. For lattice scattering, the scattering time (z') in terms of a scattering cross-

section (S) is given by:

=t (2.22)
Su, N

Where v, is the mean speed of the carriers (thermal velocity) and Ny is the
number of scatters per unit volume. If a is the amplitude of lattice vibration of two-

dimension scattering, S =7a’. The a increases with increasing temperature and hence
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the S increases. In terms of vy, an electron in the conduction band is equal to its kinetic

energy so that

1 ., 3
2 m.vy = 2 keT (2.23)
Uy oo AT (2.24)

The N, is a constant and is independent of temperature. As a result, the lattice
scattering time (rL) on temperature is given by:

1 1 =2
=1 = T 2 (2.25)
(ﬂa )Uth Ns

G

Since the scattering time is directly proportional to the mobility. This means that
3
4 due to lattice scattering varies as T 2. As increasing in temperature, the lattice

scattering is influenced to reduce carrier mobility. This means, as the temperature increase,
the atomic vibrations increases the electrons moves faster leading to reduce the carrier
mobility. A similar argument is valid for P-type semiconductors (hole). Despite the
decrease of carrier mobility, the electrical conductivity increases with temperature due to
the exponential increase in carrier concentration.

KE= V2
b= KE >> PE

>

KE = PE

® 0 O

KE < PE
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Figure 2.5 Carrier scattering from an ionized As donor.
2. Impurity scattering

Impurity scattering is based on the ionized donor and acceptor impurities. At room
temperature the impurities are ionized, there is an electrostatic attraction between the
carriers traveling in the lattice and the impurities. The probability of impurities scattering
independent of the doping density and the ionized impurities. As seen in Figure. 2.5, as a
donor, the scattering cross-section is calculated from the balance between the KE and
the PE of the carrier due to the ionized impurities. The carrier will be scattered if PE

dominated. The scattering radius (I’C) is the distance at which both effects are equal.

2
N R A AR (2.26)
. Argye, T,
8@ /)T (2.27)

(2.28)

Since the scattering time is directly related to mobility, the mobility due to
impurities increases with temperature. It opposites to the lattice scattering behavior. At
low temperatures, the carriers can travel slower and this makes it easier to ionized
impurities. Also with increasing temperature, the charge carriers are moving faster and this

makes the interaction with the impurity for a shorter time. The carrier mobility due to

3
impurity scattering decreases as T 2.
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Figure 2.6 Temperature dependence on carrier mobility due to lattice and impurity

scattering with a various donor concentration of semiconductor [4].

At low. temperature, the carrier mobility increases due to impurity scattering
dominated, while at high-temperature lattice scattering dominated, as seen in Figure 2.6.
At low donor concentrations, lattice scattering dominates over the entire temperature
range. As increasing donor concentrations impurity scattering starts to dominate at low
temperatures. In acceptor concentration is also the same behavior, the carrier mobility
decreases with increasing carrier concentration. The temperature dependence of
conductivity is seen in Figure 2.7. The dominating term is still the carrier concentration,
due to its exponential dependence on temperature but the mobility term also plays a
role, especially in the extrinsic region (or saturation region in Nn). The optimal temperature

range o is nearly the saturation region n.
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The carrier concentration in a semiconductor is affected by temperature, as seen:

E
- 2.29
oo exp[ T j (2.29)

Where, E is the conduction energy. At low temperatures, the carrier is small

while at the high-temperature donor or acceptor atoms are increasingly ionized.

log(n)
Q
—
L]
[
n
=
=
-+
b =
©
an
(o] Lattice
- Heri
scariering P
N
log(pt) Impurity
scattering
>1/T
high temperature Low temperature

Figure 2.7 Temperature dependence on electrical conductivity, carrier concentration

and carrier mobility [4].

During the ionized, carrier concentrations become saturated. At this time a further
temperature increase generated the intrinsic carriers by thermal. In the intrinsic region,
carrier concentration increases with increasing temperature. In this case, the influence of
lattice scattering, iz oc T /% can be expected. At high-temperature measurement, E is

the energy gap (Eg) and at low-temperature measurement, E is the activation energy

(E.)-
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2.1.8 Thermal conductivity

Thermal conductivity (x) is the ability of thermoelectric material to describe the
heat transfer under the effect of a temperature gradient across a different point. Thermal
conductivity is measure in units of W/mK' According to Equation (2.11), low thermal
conductivity is required. It is an important factor to be controlled when optimizing for a
high ZT .

The total thermal conductivity in semiconductors is classified into two main

components , electronic thermal conductivity (Ke) and lattice thermal conductivity (K')

based on the contribution of charge carriers transporting heat and lattice waves (phonons),
respectively. The thermal conductivity of semiconductors. is temperature-dependent.

Total thermal conductivity is given by:
K=K, +K (2.30)
1. Electrical thermal conductivity

The electrical thermal conductivity is mainly related to carriers transporting heat.
The ratio of the electronic transporting heat to the electrical conductivity of a metal is
directly proportional to the temperature through the Wiedemann-Franz law, in Equation
(2.12). In theoretical, the value L=2.45x107"® (\NQ/KZ) is defined that the electrons do
not interact with each other. The electron can be scattered with impurities or lattice
vibrations. The Wiedemann and Franz law is valid at low temperatures. At high
temperature (T > QD), the carried are elastically scattered, which @y is Debye temperature
(0, = 160K for Sb,Tes).

The k, is sensitive to carrier concentration and mobility. If the concentration
increases, the electrical conductivity increases leading to the electron thermal
conductivity increases linearly. However, the carrier mobility has less influence on

electrical thermal conductivity due to a small proportion of total thermal conductivity

Ke

generated by electrical thermal conductivity, the impact of can be neglected at low

temperatures [4, 26].
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2. Lattice thermal conductivity

The lattice thermal conductivity is mainly related to the crystal structure, grain
boundary, lattice defects, imperfections, dislocations, anharmonicity of the lattice
oscillations, carrier concentration, and interactions between the carriers and lattice waves.
Lattice thermal conductivity based on classical kinetic energy theory of gases is defined

as follows:

K, ==C,dv (2.31)

Wl

In which, C,is the specific heat at constant volume, dis the average phonon
mean free path and Vis the average phonon velocity. At above Debye temperature, C,
approaches the classical value of 3R, where R is a gas constant. At low temperature, C,
is proportional to T2, following the law of Debye (CV ocTS).

Since Equation. (2.31) is not valid for a wide range of materials. Then, the lattice

thermal conductivity, using the Callaway formalism, as seen:

S

D

37 4,.x
o DG (k%Tj [z exx e—1 dx (2.32)
0

- T h
In which, h'is the reduced Plank’s constant(h =2—j X is the dimensionless
pd

parameter with X = , @ is the frequency of phonon and V,is the speed of sound

B
and 7.is the combined phonon relaxation time. The relation between the phonon

scattering mechanisms and the combined phonon relaxation time can be obtained

according to Matthiessen’s rule , can be written as
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4 1, 1, 1,
T, =T, +Tp +75 +Tgp (2.33)

In which, 2'51

is the total probability of scattering, z';lis the probability for phonon-
phonon scattering, 75" is the probability for point defect scattering, z;"is the probability
for grain boundary scattering and 75 is the probability for electron-phonon scattering.

The total phonon scattering mechanisms are described [34,36].

1. Phonon-phonon scattering

The phonon-phonon scattering has occurred at a high temperature (T? 6,)

because there is more phonon. The scattering is given by:
- L Bk, exp(— % (2.34)
p 3T :

The effect of phonon-phonon scattering to temperature dependence on thermal

conductivity is expressed by
b
K ocexpl == -1 (2.35)
p( 2T j

At the above Debye temperature, the thermal conductivity is inversely
proportional to temperature. As the temperature below, the thermal conductivity should

be raised exponentially until other scattered predominate.
2. Point defect phonon scattering

The point defect such as vacancies, dislocations, uncharged impurity sites and
different isotopes of the host constituents is an atom with different forms. There has little
effect on the long-wavelength (low energy of phonon). But short wavelength, high energy
phonons are strongly scattered by point defects. The Point defect phonon scattering is

given by:

;) = Ao’ (2.36)
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3. Grain boundary phonon scattering

The grain phonon boundary scattering is mainly significant to the crystalline size at
low temperatures and thus should not be important limitations at high temperatures. The

Boundary scattering can be written in term of grain size (d) and film thickness (t)as:

<

v
75 =3t (2.37)

4. Carrier-phonon scattering

The charge carrier-phonon scattering is much more effective at low temperatures.
The long-wavelength of phonon can interact with all charge carriers. Carrier phonon
scattering can be increased when the carrier concentration of material increases. The

carrier-phonon scattering is given by:
1= Ca (2.38)

Therefore, good thermoelectric materials are crystalline materials that manage to

scatter phonon without significantly disrupting the electrical conductivity.

2.2 Thermoelectric Applications

Thermoelectric technology is widely used due to increasing renewable energy and
improving energy efficiency. It was stated that thermoelectric devices directly convert heat
into a temperature difference and heat flow and vice versa which is made up of three
different effects: the Seebeck effect, the Peltier effect and the Thomson effect. A recent
development in theoretical studies on the thermoelectric provides new opportunities for
wide applications such as equipment used by the military, medical, industrial, and
scientific.

Generally, thermoelectric devices contain more than one thermoelectric couples
consist of N-type and P-type semiconductors, which are different charge carriers. The

voltage for the Seebeck effect and the cooling and heating power for the Peltier effect is
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increased directly proportional to the number of couples. The Seebeck and Peltier effects
occur due to the charge carrier movement in the thermoelectric materials. In N-type
semiconductor, the major carriers are electrons. In P-type semiconductor, the major
carriers are holes. Holes are vacancies in a crystal structure in which an electron could
occupy. In the Seebeck effect, the charge carriers can be diffuse from the hot to cold. The
buildup of charge at the cold produces a voltage potential. The electrical voltage will
drive the electrical current in a completed circuit and produce electrical power. In the
Peltier effect, rather than having a resistive load in the circuit, the direct current source is
used to move the carriers by an electric field. When the charge carriers transport, the heat
was taken with them. The electrons moving to the higher energy absorb heat and
electrons that move to a lower energy release heat. This charge carrier movement can be
used to pump heat against the direction it naturally flows and produce cooling and
heating.

Thermoelectric devices are usually called a thermoelectric module. It consists of
thermoelectric couples. The thermoelectric couples are wired electrically in series and
thermally in parallel and connected on the top by an electrode. The couples are
sandwiched between a substrate that is sometimes ceramic. This provides structural
rigidity, a flat surface for good thermal contact and electrical insulation for the electrical
interconnects between the P-type and N-type semiconductors, as seen in the Figure. 2.8.

Thermoelectric devices will provide advantages over alternative technologies. the
significant features of thermoelectric modules include: there are no moving parts lead to
increased reliability and long life. There are much smaller and lighter than a comparable
mechanical system, depending on the application requirement. The systems are silent
operation and environmentally friendly. The fast response time of thermoelectric happens

depending on the speed of electrons.
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Figure. 2.8 Schematic of the thermoelectric module.
2.2.1 Thermoelectric power generator (TEG)

Thermoelectric generators directly convert heat into electrical power based on the
Seebeck effect. Figure. 2.9 (a) is the mechanism of TEG. The thermoelectric couples are
wired electrically in series and thermally in parallel. Heat is pumped into the hot side,
transported through thermocouples and rejected to other sides. The charge carriers can
be diffuse from the hot to cold. The buildup of charge at the cold produces a voltage
potential. The electrical voltage will drive the electrical current in a completed circuit and
produce electrical power. The output voltage is increased directly proportional to the

number of couples (n)
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The output voltage (V) can be generated as:
=n(S, - S, AT (2.39)

Where, Sp —S,, is the Seebeck coefficients of TEG, AT is the temperature gradient
between hot and cold junctions.

The output power (P) of the TEG can be calculated as:
P=1°R = o R (2.40)
L W L
Where R, + R, is the internal resistance of TEGand R is the external load. When

R, + R, equals R, the maximum power (P ) can be obtained:

max

2
P il _42“) L1 (2.41)

The efficiency of TEG (77) is defined as the ratio of the generated power to the power

drawn from a heat source(Qy, ).

P

e (2.42)
Qu
If the R_is chosen to maximize the maximum output, the maximum efﬁciency(?]max), is
given by:
_£ VI+ZT -1 (2.43)
T zT el
Th

Equation (2.43) show that the power generation efficiency is depending on the ZT of

materials, the temperatures of the hot and cold junctions and the external load resistance.
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(b) Thermoelectric Cooler (TEC)
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Figure 2.9 The schematics of (a) thermoelectric generator and (b) thermoelectric

cooling.

2.2.2 Thermoelectric cooling (TEC)

Thermoelectric cooling or thermoelectric refrigeration directly converts an electrical

current to heat based on the Peltier effect to create a heat flux between the junctions of

two different types of materials, as seen in-the figure. 2.9 (b). This effect is typically used

in portable coolers and cooling in electronic circuits. The direct current source is used to

move the carriers by an electric field. When the charge carriers transport, the heat was

taken with the carriers. The electrons moving to the higher energy absorb heat and

electrons that move to a lower energy release heat. This charge carrier movement can be

used to pump heat against the direction it naturally flows and produce cooling and

heating.
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The coefficient of performance (COP :¢) for a TEC is defined as the ratio of the

cooling capacity Q. to the total power consumption (P)

==C 2.44
=" (2.44)

The maximum COP is given by:

V1+Z —:Irf

W e ——n (2.45)
I SAT . i ZT +1

Equation (2.45) shows that the maximum coefficiency of the performance of TEC is

depending on the ZT of materials, the temperatures of the hot and cold junctions.

2.3 Antimony telluride thermoelectric material

Antimony telluride (Sb,Tes) is a promising P-type thermoelectric material from V-VI
group. The atomic arrangement is based on general formula AYBY' (A =Sb and B =Te)
with a narrow band gap (Eg< 0.2 eV). Sb,Te; compounds have the rhombohedral crystal
structure with five atoms per unit cell belonging to the space group R3m. The Sb and Te
atoms consist of the sequence of layers, each layer comprising five atomic planes oriented
perpendicular to the c-axis according to the scheme: ... Te®-Sb-Te@-sb-Te... TeV-5b-Te'?-
Sb-Te'V..., as seen in Figure. 2.10.

Such a sequence is repeated in parallel layers and single sequence known as
quintuple. The subscript of Te refer to various types of bonding with antimony. The Te'"-
Sb and Sb-Te®” was bonded by covalent-ionic bond and there are the van der Waals gap

between Te™" and Te' atoms.
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Figure 2.10 Atomic layers of Sb,Te; crystal structure. Dash line indicates van der

Waals gap of one quintuple layer (QL).

Because of weak van der Waals bonding, this compound has a layer structure, the
crystal can easily cleavage along the c-direction. Typically, the Sb,Te; compound is
excellent thermoelectric properties due to the large mean molecular mass, low melting
temperature and partial degeneracy of the conduction and valence bands of V-VI
chalcogenide [37]. The non-cubic structure of Sb,Te; contributed to anisotropic in
thermoelectric properties, the electrical and thermal conductivities are higher along a

plane parallel to the cleavage than perpendicular to them.
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Recently, tuning the carrier conduction or lowering the phonon conductivity through
a reduction in the dimension of the structure have been studied to enhance
thermoelectric efficiency. In nanostructured materials, grain boundary scattering plays an
important role to suppress the lattice thermal conductivity with phonon, while the
electronic thermal conductivity can be controlled efficiently by carrier concentration [26].
Typically, the excellence ZT of Sb,Te; is achieved approximately near room

temperature (300 K ), which corresponding to human body heat source [24-28].

2.4 Bismuth Telluride thermoelectric material

Bismuth telluride is one of the most interesting thermoelectric materials with a high
ZT and it is known to have an-excellent thermoelectric performance at room temperature
[2]. Z. Zeng et al reported bismuth telluride bulk alloys have a high ZT about 1.14 at
room temperature [14]. The ZT value can be made to increase when improvements are
made to low-dimensional thermoelectric materials [3]. Bismuth telluride is a narrow gap
layered semiconductor with band gap of 0.15 eV.

Bismuth telluride has a severalty of different crystals structures depend on a
stoichiometric composition of materials. Bismuth telluride has general formula(Bi,_, ), Te,
. The crystal structure of the most common is BiTe phase and Bi,Te; phase [15] as shown
in Figure 2.4. Bismuth telluride (Bi,Tes) thin films normally require a stoichiometric ratio of

[Bi] and [Te] for achieving the best thermoelectric performance [3].



29

Tya ¢de gap
P -|-¥Te-Te DL

(b) BiiTe;

Figure 2.11 Hexagonal unit cell of (a) Bi,Te; and (b) BiTe with the base vectors
indicated by the black arrows [15].

Bismuth telluride has been crystallized in a tetradymite—type structure.For Bi,Tes,
the stacking sequence of lattice planes results in the formation of three groups consisting
of 5 atom layers (quintuple layer, QL) with the sequence Te!-Bi-Te?-Bi-Te' stacking along
the c-axis. [15,16,17]. The bonding inside the quintuple layer is described as mixed ionic-
covalent bonds (Te'-Bi and Bi- Te?), while Te-Te bonds between quintuple layers are of
only weak van der Waals bonding as shown in Figure 2.6 (a) [15,16]. The unit cell of Bi,Tes

is rhombohedral in space group R3m, which the lattice parameters of Bi,Te; in terms of

the hexagonal axes are apy = 4.383;\ EQ= 30.487& [15].

For BiTe, the stacking sequence of lattice planes results in the formation of two
groups consisting of 6 atom layers ( hextuple layer, HL) with the sequence
Te'-Bi'-Te?- Bi*>~- Te’- Bi*- Bi*- Te®- Bi*~ Te?- Bi'- Te' stacking along the c-axis. [15,16,17].
The bonding inside the hextuple layer is described as mixed ionic-covalent bonds, while
Te-Te bonds between hextuple layers are of only weak van der Waals bonding as shown

in Figure 2.6 (b) [15,16]. The unit cell of BiTe is rhombohedral in space group Rgm, which
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the lattice parameters of BiTe in terms of the hexagonal axes are ay =4.402A

,Cy =24.202A [15].

2.5 The film deposition process

The film depositions using vacuum technologies are typically classified into two
main categories: depending on whether the process is primarily chemical and physical
processes. Several processes exhibit unique material properties resulting in the growth
process and deposition parameters. The film deposition using vacuum processes contains
three main steps:

1. Creation of the appropriate atomic, molecular or ionic depositing species

2. Transport of the species from the source to the substrate

3. Condensation of the depositing species on the substrate directly or via a
chemical reaction with reactive constituents, forming a solid deposit.

In atomic processes, the solid film is formed by condensation of the atoms in the
vapor phase onto the substrate and migration to nucleation and growth sites. The
adsorbed atoms require enough energy to occupy their lowest energy configurations
avoiding structural imperfections. The microstructure and morphology of the deposited
film are a result of the energy of the atoms which is dependent on the deposition process

deposition parameters [29].

Table 2.1 Several techniques of the film deposition

Chemical vapor deposition (CVD) Physical vapor deposition (PVD)
techniques techniques

® Plasma-enhanced CVD (PECVD) ® Thermal evaporation

® Atmospheric pressure CVD ® Sputtering

® | ow-pressure CVD (LPCVD) ® Molecule beam epitaxy

® \ery low-pressure CVD (VLPCVD)
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2.5.1 Chemical Vapor Deposition (CVD)

In chemical vapor deposition, the films are deposited via a chemical reaction
between heat substrate and inert gas in the chamber at low pressure. The precursor is
introduced into a reaction chamber and is controlled by balanced flow regulators and
control valves. The precursor molecules pass by the substrate, are drawn into the

boundary layer, and are deposited on the surface of the substrate.

2.5.2 Physical Vapor Deposition (PVD)

In physical vapor deposition, the precursors (solid, liquid or, vapor) are released and
moved to the surface of the substrate. The physical vapor deposition consists of different
methods such as thermal evaporation, molecular beam epitaxy, and sputtering.

« Evaporation: Material is heated to a gas phase, where it then diffuses through a vacuum
to the substrate.

« Molecular beam epitaxy: The substrate is cleaned and loaded into a chamber that is
evacuated and heated to remove the surface contaminants and to roughen the surface
of the substrate. The molecular beams emit a small amount of material through a shutter,
which then collects on the substrate.

« Sputtering: Plasma is generated; this plasma contains argon ions and electrons. The
atoms from the target are ejected after being struck by argon ions. Atoms from the target

travel through the plasma and form a layer on the substrate [30].

2.5.3 Advantages and Disadvantages of film deposition

Depending on the applications, there are sound arguments for the use of either
process (PVD or CVD). One reason to use a physical vapor deposition process (such as
sputtering) instead of chemical vapor deposition is the temperature requirement.

CVD processes run at a much higher temperature than PVD processes. A furnace,
RF coil, or laser always generates substrate temperature. Substrates that cannot tolerate
this temperature must have films deposited by the physical form of vapor deposition

instead. The benefit of the substrate temperature in some CVD processes is that there is
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less waste deposition, especially in cold-wall reactors, because only the heated surfaces
are coated. With the use of a laser heating system, the CVD process becomes selective to
the path of the laser; this is a distinct advantage over PVD methods.

The molecular beam epitaxy (PVD process) has a distinct advantage of atomic-level
control of the chemical composition, the film thickness, and the transition sharpness. This
process is relatively more expensive but is worth the added cost for applications that
demand higher precision.

Sputtering (PVD process) does not require the use of a specialized precursor as used
in CVD. Sputtering has a wide range of materials readily available for deposition. Another
advantage of PVD over CVD is the safety issue of the materials that are used for CVD.

However, the researcher could easily select CVD or PVD for research based on
criteria such as the cost, the film thickness, the precursor availability, and the
compositional control. In this work, sputtering was selected due to a wide range of
materials. Further, the sputtering process is environmentally friendly and safe compared
to other processes. Among these deposition techniques, sputtering has been widely used
because it produces high-quality films, extremely high adhesion and excellent uniformity

over a large substrate area.
2.6 Sputtering process

The sputtering process is a wildly used technique for deposition of the films, defined
as the removal of surface atoms of the target by energetic ion bombardment. Momentum
transfer theory and Thermal vaporization theory have been proposed for sputtering.
Sputter atoms are emitted when kinetic moments of incident ions are transferred to the
target surface. The surface of the target is heated to be vaporized due to the

bombardment of energetic ions.
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Figure 2.12 Physical sputtering process

Direct current (DC) sputtering system is composed a pair of planar electrodes. One
is a cathode and another one is an anode. The top of plasma facing surface is covered
with a sputtering target and the reverse side is water-cooled. The substrate is placed on
the anode. The sputtering chamber is set to vacuum and filled with inert gas, mostly
Argon. The glow discharee is generated under the applied of DC voltage between two
electrodes. The Ar® ions generated in the glow discharge are accelerated at the cathode
fall and sputter the target resulting in the deposition of the film on the substrate at the
anode. The target is always conduction -material because the glow discharge (current flow)
is maintained between metallic electrodes. The advantage of the DC system is simply set
up. It is the standard sputter device. The deposition rates are almost constant in various
material. The film thickness can be controlled with proportional with current. The
deposition rates of the DC is higher than the RF mode. And adhesion strength is high
because of high energy process. However, the main disadvantage of the DC system is
required high Ar pressure. Sputtering target is restricted to metal. Non-conductive materials
cannot be deposited by DC system since the non-conductive coating on the substrate

prevents the electron flow through the anode.
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Sputtered atoms collide with Ar gas and diffuse to the substrate since the gas
pressure is high and the mean free path of the sputtered atoms is less than the electrode
spacing. The amount of sputtered atoms deposited on a unit substrate area (W) is

determined by deposition rates (R).

W= % (2.46)

= (2.47)

W
t
Where, k; is a constant, Wo is the amount of sputtered atoms from the unit cathode area,
P is the discharge gas pressure, | is the electrode spacing and tis the sputtering time.

The amount of sputtered particles from the unit cathode area W, is given by:

W, = (LjSt(éJ (2.48)
e AN

The b+ is nearly equal to the discharge current I, and the sputter yield is proportional
to the discharge voltage V., the total amount of sputtered particles becomes V,1t/pl .
Thus, the sputtered deposit is proportional to discharge voltage, discharge current and
sputtering time (V,1.t).

The deposition rates of the sputtering are lower than other vacuum deposition. In
general, lower sputtering pressure increases deposition rates. Low-pressure sputtering is a
promising process for film production but fewer ions to bombard for deposition, which
reduced the deposition rate process. Magnetron sputtering system is used to improve the
ions bombarding by installing of the magnet in the rear of the sputtering target. The
magnetic flux on the cathode surface is terminated to the magnetic core. A magnetic field
is assumed on the cathode which parallels to the surface of the target. The electron in
the glow discharge shows cycloid motion and the center of orbit drifts in a direction of
ExB with the drift velocity of % where Eand B denotes the electric field and the
magnetic field, respectively. The magnetic field lines trap the escaping energetic electrons,

and the trapped electrons make ionizing collisions.
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The increasing of the ionization increases the ion current to the cathode target and
lowers the operating gas pressure resulting in higher deposition rates. The incident flux of
ionized particles increases in the magnetron increasing deposition rates. The incident
ionized flux modifies the growth process. Moreover, high ion current density will enhance

the chemical reaction at the substrate during the film growth.

Added
concentration of ions

i - e

Figure 2.13 Schematic of the magnetron sputtering system.

2.6.1 Sputtered atoms

A glow discharge is a plasma formed by ionizing sputtering gas (Ar). The sputtering
gas bombards the target and sputters off the target to deposit. lons can be generated by
the collision of the neutral atoms with the high energy electrons. The interaction of the
ions and target are controlled by ions energy and ions velocity. The magnetic and electric
filed can be used to control ions.

The process begins with applying voltage between two electrodes. The electron
near the cathode is accelerated towards the anode and collides with a neutral Ar atom

converting it to a positively charged ion.

E+Ar 528 +Art (2.49)
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The interaction result exhibits two atoms of the electron which can collide with
other gas atoms and ionize by creating a cascading process until the gas breaks down. The
breakdown voltage depends on the pressure and the distance between the anode and
the cathode. The interactions between the incident ions and the target are not only the
sputtered atoms but also causes the generation of secondary electrons and reflected ion
and neutrals. ions bombardment may be implanted into the target material [20]. The
secondary electron is maintained the glow discharge process. The sputtered atoms are
coated onto the substrate in the formed of neutral atoms.

The sputtered atoms are sputtered by bombardment with ions having a few hundred
electron volts. These sputtered atoms are partially ionized, i.e., a few percents of the
sputtered atoms, in the discharge region of the sputtering system. An alloy target, if low
energy of incident ions have interacted, most of the sputtered atoms are composed of
the alloy.

The principle of ions collision with the target is energy and momentum conservation.
In any collision, momentum is typically conserved. If the collision is elastic, kinetic energy
is also conserved. The energies required for sputtering are higher than lattice bonding
which are the causes of inelastic interactions. Therefore, sputtering collisions can be

considered elastic.

1. Momentum and Energy
Momentum (P)

P=mv (2.50)

Kinetic energy (K)

(2.51)

Momentum conservation, total momentum before = total momentum after



My + MYy =My + MYy

Kinetic energy conservation, total kinetic energy before = total kinetic energy after

%(mlvi + mzvfi )= % (mlvff + mzvi )

As seen in figure 2.13, the maximum energy transfer between two masses in the

forward direction in such a collision occurs when the masses are equal.

€))

Figure 2.14 (a) Kinetic energy transfer (b) kinetic energy transfer between two masses

in the forward direction.
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2. Mean free path

The energy of sputtered atoms is typically higher than that of thermally
evaporated atoms in a vacuum. The energy of sputtered atoms depends on the incident
ion species and the incident bombardment angles.

The mean free path of the sputtered atoms, which pass through the glow discharge

space, is given by

R=
Vi (2.55)

Where ¢, is the sputtered atoms velocity and v,, is the collision frequency
between sputtered atoms and sputtering gas. The sputtered atoms velocity is larger than

the sputtering gas, v,, is given by:
2
v, = 2(r +1,)en, (2.56)

Where 1, and r, are the atomic radius of sputtered atoms and sputtering gas,

respectively, n,is the density of discharge gas. The mean free path is given by:

sl 3
7z(r1+r2)2n2

12

A (2.57)

2.6.2 Sputtering yield

The sputtering yield (S) is defined as the mean number of atoms removed from

the target due to bombardment per incident ions and is given by:

S Sputtered atoms

- - (2.58)
Incident ions

The sputtering is the interaction of incident ions with target atoms. The sputtering

yield will be influenced by these factors:
® The energy of incident ions

® The incident angle of ions
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® The masses of the ions and target atoms

® Sputtering target: the binding energy of the target atoms and relative mass of ions

The sputtering yield can be measured by the following methods: 1) Weight loss of
sputtering target, 2) Decrease of thickness target, 3) Collection of the sputtered material
and 4) Detection of sputtered ions.

The momentum transfer theory and thermal vaporization theory have been
proposed for sputtering. The sputtering process is initiated by the collision between
incident ions and target atoms. The displacement of target atoms will be more isotropic
due to successive collisions and atoms may finally move from the target. The sputtering
yield is insensitive to the temperature of the target except at a very high temperature. It
will be shown the increase in the sputtering rates due to accompanying the thermal
evaporation. The mechanism of sputtering is considered in detail for the following three
different energy regions of the incident jons.

1. Threshold region (E < 100 V)

2. Low-energy region (E > 100 eV)

3. High-energy region (E = 10-100 keV)

The threshold region is the energy for ejecting target atoms. The sputtering yield
increases with increasing the higher energies in the low-energy region. The saturation of
sputtering yield has occurred at the high-energy region for heavier bombarding

According to the elastic-collision theory, the possible energy transferred in the

collision process (Tm) is followed by:

4M. M
kA RN (2.59)
(M; +M,)
Where, M. and M2 are the mass of the incident ions and target atoms, respectively.

E is the kinetic energy of incident ions. In the first order of approximation, the sputtering

yield is proportional to T, . The sputtering yield (S) of the target material bombarded

with different element is given by:
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1 M,M,
A(E)cosé (M, +M,

(2.60)

Where k is a constant which depends on the target material, 4 is the mean free
path for elastic collisions near the target, 0 is the direction of incidence ions. The mean

free path is given by:

(2.61)

Where njare the numbers of lattice atoms per unit volume. Riis the collision radius
in the sphere model.
Finally, the sputtering yield is expressed by the relationships where
1. <1 keV

S(E)=(3/47z'2)aTm/Uo (2.62)
2. 1-10 keV

S(E) =0.42005, (E)/U, (2.63)

Where, T, is the possible energy transferred in the collision process, Us is a heat

of sublimation and & is the function of MZ/Ml.

However, the sputtering yield is depending on the energy of the incident ions,
target materials and angle of incidence ions. Sputter yields increase as the mass of incident
ion increases due to a process of momentum transfer and also tends to increase as the

kinetic energy of incident ions above the threshold energy [35].
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2.6.3 The practical aspect of sputtering systems

For the operation of the sputtering system, many equipments are prepared

including the sputtering target, sputtering gas, substrate and monitor systems.
1. Sputtering target

The sputtering target is typically made from metal or alloy compound disk. Typically,
the diameter is 5-8 cm for research and 15-30 cm for production. A rectangular is used for
production. In the sputtering process, the sputtering target is mounted on a water-cooled
backing plate by mechanical support. It is surrounded by a dark space, known as a ground
shield. When input the power appears as target heating. Rotation of the substrate holder
is often used to obtain a uniform composition.

Typically, the compound target is widely used in a single target system. It can be
deposited by direct sputtering from the sintered powder of the compounds material. The
thickness distribution of the sputtered film is governed by the construction of a magnetic
core. The magnetron cathode comprised a permanent magnet. The magnetic flux density
of the magnetic core is occurred on the target surface. The magnetron is covered by a
permalloy sheet which confines the leakage magnetic flux.

However, the thickness distribution of sputtered films is governed by several
factors such as the angular distribution of the sputtered atom, the collisions between

sputtered atoms and sputtering gas and the construction of the target shield.

2. Sputtering gas

Typically, the deposition process of the film-is affected by the deposition rates (the
power density) and the gas pressure. The sputtering gas is widely used an inert-gas
(generally a heavy gas, Ar). In the sputtering process, a plasma is created by ionizing a
sputtering gas. The sputtering gas bombards the target and sputters off the material to
deposit.
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At low pressures, higher ions energy increases the deposition rate/sputtering yield.
There are not enough collisions between ions and sputtering target atoms to contribute
a plasma which deposition rate. On the other hand, at high pressures, there are many
collisions that electrons do not have enough time to gather energy between collisions to
be able to ionize the atoms. Therefore, the sputtering gas was optimized for providing the
deposition rate of the film production. The optimum pressure depends on target-substrate

configurations.

3. Substrate

In this work, Sb,Te; films were directly deposited on a flexible polyimide substrate.
Polyimide is widely used as a dielectric substrate for its high-temperature resistance, self-
extinguishing burn characteristics, toughness and flexibility. It has been used successfully
in applications at temperatures as low as -269 °C and as high as 400 °C. Moreover, to form
a flexible thermoelectric device, polyimide used as a substrate was chosen due to its low
thermal conductivity (0.12 Wm'K?) and thermal expansion coefficient (12x10° K™*) which
closely matches that of the Sb,Tes films. Besides, polyimide can reduce residual stress
and increase adhesion in the film.

The temperature rise at magnetron is reduced because the secondary electrons

from the target are trapped by the magnetic field near the surface of the cathode target.
4. monitoring systems

The monitoring of sputtering conditions is important to control the properties of
the film production. The parameters to be monitored are as follows:
1. Sputtering discharge
Voltage
Current

Power density
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2. Sputtering gas in the sputtering chamber
Residual gas
Total/partial pressure of the sputter gas

3. Substrate temperature

4.1 Sputtering discharge:

The discharge parameters (the sputtering voltage and the sputtering current) can
be easily measured by a conventional high impedance voltmeter and a low impedance

current meter for DC sputtering.

S|-DC500E Multipurpose DC Power

http://www. sciens-cn. com

Figure 2.15 DC power of the sputtering system.

4.2 Sputtering gas:

The gas composition and sputtering pressure in the chamber are measured by a
vacuum gauge. When the sputtering gas is introduced into the ion source chamber, the
sputtering gas is ionized and resulting ions are accelerated. The concentration of the
total/partial pressure of sputtering gas is generally fed to the system through a stainless
steel pipe. The non-uniformity in partial gas density during sputter results in non-uniformity
in the chemical composition of film production. The gas flow is controlled by a leaking

valve. The gas flow is controlled by a mass flow controller.
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Figure 2.16 Mass flow controller.

4.3. Substrate temperature:

The substrate temperature is measured by a thermocouple. A 1000 W quartz lamp
was used to heating the substrate. The position of the thermocouple was fixed nearly the
glass slide as shown by the schematic diagram in figure. 2.17. This reading temperature
from a thermocouple called reference temperature (T,ep). The temperature control unit
was used for setting the T It can be assumed that the T, is the substrate temperature
(Tewo) from the calibration.- The relationship between T and Ty, was measured. The

thermocouple was contacted under of the polyimide substrate.
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Figure 2.17 Schematic diagram of substrate temperature.

In the sputtering process, sputtered atoms are transported and diffused on the
surface of the substrate are called adatoms. The interactions of adatoms and substrate
are delicate. The control of film quality is necessary for both scientific research and
applications. Fundamentals of the controlling film quality are described in the following
sections which are governed by chemical composition, crystal structure, phase structure,
uniformity and film stress. The chemical composition is governed by the chemical
composition of a material, composition of sputtered atoms, gas atoms, the surface
reaction of adatoms, and Interdiffusion between adatoms and substrate. The crystal
structure properties are governed by the stoichiometry, Impurity atoms and phase
separation. Their physical, chemical, electrical and mechanical properties are affected by
the growth process. In the growth process, it is important to understand the relation

between the film properties and the sputtering parameters.
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2.7 Characterization techniques

In this study, characterization techniques of sputtered Sb,Te; and Bi,Te; films are
described. The experimental techniques to analyze thermoelectric film properties

including physical, chemical, electrical and thermoelectric are presented.

2.7.1 X-ray diffraction (XRD)

X-ray diffraction technique is used for phase identification of a crystal structure
and atomic spacing of materials which can be obtained through electron and neutron
diffraction and determined of unit cell dimension. In typical, X-rays are generated by a
cathode tube, filtered to produce monochromatic radiation, collimated and directed to
the materials. The interaction between the incident rays and sample material produce
constructive interference and diffraction rays when the condition satisfy the Bragg’s law,

as seen in the Figure. 2.18.

2dsind=nA (2.64)

Where d is the spacing of atomic plane measured in perpendicular to the planes,
@ is Bragg’s angle measured between the incident direction and the planes, n is an
integer that presents the order of reflection and A is the wavelength of X-rays.

The Bragg’s law relates to the diffraction angle of X-rays radiation and the lattice
spacing in a crystalline material. The X-rays diffraction were obtained by scanning sample
material in the range of 2 8 angles, all diffraction direction of the lattice are attained due

to the random orientation of the materials.
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The diffraction patterns have conversed with d-spacing leads to the identification
of the mineral because each mineral has a unique d-spacing. The standard reference

pattern (JCPDS card) is achieved by comparison of d-spacing.
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Figure 2.18 Bragg’s law.

X-ray diffractometers consist of an X-ray tube, sample holder and X-ray detector.
Cathode tube generates X-ray by the heating filament to introduce electrons. The
acceleration of electrons toward a target material was done by applying a high voltage,
then the bombarding occurred. When electrons have sufficient energy to dislodge inner
shell electrons of the target material, characteristic X-ray spectra are produced. In typical,

Copper is a common target material to produce monochromatic radiation with Cu-K,

radiation (/1:1.5418,&). Then, the collimated X-rays are directed to the sample. The
intensity of reflected X-rays is recorded by rotating the detector. When the incident X-rays
impinging the sample satisfies the Bragg Equation, constructive interference occurs and a
peak intensity occurs. A detector records the signal data and converts to a count rate

which is then output to a monitor.
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The Scherer equation is a formula that relates the crystalline size in a sample to

the broadening of a diffraction peak. The Scherrer equation can be written as:

D- kA
pcosé

(2.65)

Where D is a crystalline size, k is the Scherer constant (0.94), A is the X-ray
wavelength, B is the line broadening at half the maximum intensity (FWHM) and @ is the
Bragg angle.

Many factors may contribute to the observed diffraction peak profile such as
instrument, crystalline size, temperature and microstrain. The most important factor is the
microstrain. In general, microstrain corresponds to atom displacements concerning their
position in crystals which are free of any defects including non-uniform lattice distortion,
dislocation, antiphase domain boundaries and grain surface relaxation.

The diffraction peaks can be apparent to the crystalline size by the Scherrer
equation. And their microstrain, Williamson and Hall suggested a method for finding both,
called the Williamson-Hall (W-H) method [38]. The W-H method is a formula that relates

to the effect of crystallite size (S5 ) and microstrain (ﬂg), as seen in equation (2.70).

B =B+ B, (2.66)

Where f; is the total broadening, [ is the broadening due to crystalline size and

B, is the broadening due to strain. From the Scherer equation (2.69) known that

kA
= (2.67)
Fo Dcosé
The peak broadening due to microstrain is given by:
p. =4ctan @ (2.68)
Where ¢ is the strain and @ is the peak position. So,
B +4stand (2.69)

B Dcosé
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Or
i cos¢9=4gsin9+% (2.70)

Equation (2.74) represents a straight line, which & is the slope of the straight line

k
and 3/1 is the y-intercept.

2.7.2 Field-emission scanning electron microscopy (FE-SEM)

The field emission scanning electron microscopy provides topographical and
elemental information on the specimen. The electron microscope is also limited by the
wavelength of the electron. Since the wavelength of the electron is small, the subatomic

resolution can be obtained.
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Figure 2.19 Schematic of field-emission scanning electron microscope.
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The electron microscope works with an electron in a negative charge instead of
visible light in an optical microscope. Therefore, all samples work with FE-SEM must be
conductive under vacuum. The electrons were created by a field emission source made
from tungsten filament. A direct current is passed through the filament which heats it
about 2700 K. At temperature, the filament emits electrons into the surrounding vacuum
by the process called thermionic emission. The high energy electron is accelerated from
the filament by applied voltage (0.5-30 kV) within the high vacuum column, called primary
electrons. The anode has a pinhole to collimated the electrons beam. The collimated
electron pass through a magnetic lens which focuses them to spot on the specimen. The
scan coils deflect the electron beam over the object according to a zig-zag pattern. The
formation of the image on the monitor occurs in synchrony with the scan movement. The
objective lens is the lowest in the column. It can focus the electron beam on the object.
After the primary electrons are focused and deflected by electronic lenses to produce a
narrow scan beam that bombards the specimen. The atomic electrons ejected from the
specimen at low energy (less than 100s of eV) as a result of inelastic scattering are emitted,
as known that secondary electrons. Furthermore, the incident electron with high energy
(keV) that scattering in elastic through more than 90° as called backscattering electrons.
X-ray is also created when core-shell electrons in the specimen are knocked loose, and
valence electrons fall into the vacancies using the EDX detector to provide the elemental
information. The angle and velocity of these secondary electrons relate to the surface
structure of the specimen. A detector catches the secondary electrons and produces an
electronic signal that reflects the surface microstructure morphology of the specimen. The
signal is amplified and transformed into a screen. FE-SEM provides great topolosical,
chemical compositions that come from different detectors.

Energy-dispersive X-ray spectroscopy (EDS) is an analytical function used for the
elemental detector, the pulse processor and the analyzer. The X-ray detector is used to
detect and convert the electronic signals. Then, the pulse processor is used to measure
the electronic signals for determining the energy of the X-ray detector. After that, the

analyzer is used to display and identify the elemental composition.
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Finally, the fatigue-cracked specimen surfaces, cross-sections and elemental

composition of the specimen were obtained.
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Figure 2.20 Signals generated at electron-specimen interactions.

2.7.3 Hall effect measurement

The Hall effect measurement provides the electrical transport properties of
conducting materials. For thermoelectric material, carrier types and electrical mobility can
be determined by Hall effect measurement. The Hall effect is based on the Lorentz force
acting on the charge carriers moving in a magnetic field. When electrical current (1) flows
through a conductor material in the perpendicular to a magnetic field, the magnetic field
(B) exerts a Lorentz force on a charge carrier moving, pushing them to one side of the
conductor. The combination of the current and the applied magnetic field induces a
voltage difference across a conductor, as known as the Hall voltage (VH ) The set up of
the Hall effect measurement is shown in the Figure. 2.24. The Hall coefficient (R,,) is

defined in equation (2.75).

Ry =— (2.71)
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Where | is the current density of the carrier of electron and E is an electric field.

Charge carriers in a magnetic field are subject to the Lorentz force, given by:
F=q(vxB) (2.72)

Where ( is the charge of carrier and Vv is the drift velocity of the current. If electric

force (qE) is equal to the Lorentz force, the electric field is given by:
E=vxB (2.73)

The drift velocity of the current or the velocity of the carriers is related to the

current density, expressed as equation (2.78).
j=n.qv (2.74)

Where n, is the charge carrier concentration. So, the electric field can be defined as:
= o (2.75)

From the Hall coefficient definition in equation (2.75), the carrier type and the

carrier concentration is derived to be:

Ay ==—= (2.76)

1
R.d

If the Hall coefficient is positive, the carrier type is hole or P-type and the Hall
coefficient is negative, the carrier type is electron or N-type. The carrier mobility (,u) is

determined by the electrical resistivity (p) and hall coefficient, given by:

(2.77)

> &

IL[:
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Figure 2.21 Hall effect measurement set up.

In general, a few simple instrumehfsbf Hall effect meésu_rement are required a
current source (100 mA-10 PA), a voltmeter,‘é .'cuﬁrrent fneter'and a magnetic field. The
Van der Pawn is the common geometry 'to’determine the electrical resistivity using either
a four-point probe. In this case, the ﬂlmwas pléééd on a square substrate. The current is
applied to two adjacent contacts and voltages are measured between the other two. Van

der Pauw equation for material ‘resistivity is given by [44]: |

T ft (R1234 # R2341) | (278)

=12 2
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To measure the hall voltage, the contact configuration will be rearranged. the
current source and the measured voltage are applied across opposite contacts. To obtain
the precise result of the hall voltage, the recommended technique involves a combination
of reversing source current polarity, sourcing on additional terminals, and reversing the

direction of the magnetic field.

/

/
/
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4

Figure 2.22 Schematic of van der pawn set up (a) for material resistivity and (b) for

hall voltage measurements.

2.7.4 Seebeck Coefficient/Electrical Resistance Measurement System (ZEM-3)

Seebeck coefficient .and electrical resistivity are standards for thermoelectric
material measurement which widely used with material including metals, semiconductors
and oxides. ZEM-3 measurement is to measure the voltage difference of the sample
material under the temperature gradient. The schematic of ZEM-3 is shown in figure 2.23.
The electrical arrangement is set the sample in a vertical position in the infrared heating
furnace under low-pressure helium ambient. While the sample is heated, the temperature
gradient (AT) across the sample was measured. Two thermocouples were pressed at the
surface of the sample to measure the thermal electromotive force (dE). Following the

Seebeck equation, the Seebeck coefficient is obtained. Electrical resistance (R) is measure
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via the dc four-terminal method. The electrical current (I) was applied through the
sample between current electrodes. The voltage (dV) drop when the current flows
between the sample wires were measured. Ohm’s law, the dimension of the sample is

used the converted the resistance to resistivity (p) , as seen in equation (2.79).

— (2.79)

Heating furnace

\ Upper block
/—> I ! Thermocouple
Sl Sample temperature T1

T curart  sampi
power supply electrode << Sample temperature 12

\ |

Y

dV.dE P

Lower block

N

Temperature difference
setting heater

digital mutimeter

Figure 2.23 Schematic of Seebeck Coefficient/Electrical Resistance Measurement

System.

2.7.5 Thin Film Analyzer (TFA) [38]

1. Electrical conductivity and Hall coefficient

To determine the electrical conductivity (0) and Hall coefficient (AH) of the
sample, the Van-der-Pauw method is used in combination with the needle contacts 2,

3, 8, and 9. The shadow mask, which was used during the deposition process, defines
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the optimum contact position in terms of symmetry and location at the very edge of
the sample.20 For the resistivity measurement, a current is applied between two
contacts at one edge and the corresponding voltage drop is measured between the

remaining two electrodes. After cyclic changing of the contacts, the measurement is

repeated and the resistivity P can be calculated solving the Van-der-Pauw formula

I\' t\'
exp (—ﬂ—' - R23.9x) + exp (—N—‘ . R39.82) =1
P

P (2.80)

with

Vog

Ry398 = o
23 (2.81)

A common measurement procedure for the DC Van-der-Pauw method, including
polarity reversal of the applied current in order to cancel out occurring offset voltages,

has been presented by NIST and can be found here.

2. Seebeck coefficient

For the determination of the sample’s Seebeck coefficient, a resistance
thermometer with a small sample contact Vq, 5 has been structured near the heating
stripe on the big membrane. This contact is electrically connected to pad 1, which is
used as the hot contact for the thermovoltage measurement. As cold contact, pad 8
is used, which is located on the bulk silicon and remains at T, even when a
temperature gradient is applied to the membrane . For the measurement, a current is
applied to the heating stripe between the pads 7 and 10, causing a temperature
gradient along the membranes’ x-axis, starting at the heating stripe and ending at the
platinum rim. For the temperature determination of the hot contact, the resistance of
the thermometer is measured in a 4-point configuration using the pads 1, 4, 5, and 6
(Thoo- The required temperature coefficient of resistance is again calibrated using the

thermocouple directly under the chip at thermal equilibrium conditions during the
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measurement routine. The same thermocouple is also used for the determination of

the cold contact temperature Ty = To

Via

Thor ~ —.
Isg (2.82)
For the Seebeck measurement procedure at a certain temperature point, various
temperature gradients in the x-direction of the membrane are applied, and the
temperature difference, AT = Tyet — Teolg » @S Well as the thermoelectric voltage Vth

between pads 1 (V) and 8 (Vy4) is measured successively at steady state conditions.

The Seebeck coefficient can then be evaluated using

S So = =V _ ~(Vraa — Viace)
o AT Th()t - Tcoid |

(2.83)

where Sp; denotes the Seebeck coefficient of the platinum contacts. When the applied
temperature rise, at a certain temperature measurement point, is small enough to stay
within the constant regime of the sample’s Seebeck coefficient over temperature, the
evaluation can also be done by plotting the measured thermovoltage over the applied

temperature gradient and taking the slope of this graph as the Seebeck coefficient.
3. Thermal conductivity measurement

To determine the thermal conductivity, specific heat cp, and emissivity of thin
films, an advanced setup based on the setup presented by Volklein " et al. is used [see
Figs. 2.24(a)- 4(c)]. For the measurement, two thin heating/sensor stripes with a width
<5 pm are deposited on the front side of the two free standing Si;N4, membranes with
different geometries. A platinum rim surrounding the membranes has been added, in
order to act as a well-defined heat sink, correcting unavoidable uncertainties in the
membrane size arisen during the production process. Because of this, a high
reproducibility can be realized without additional geometry measurements. In contrast
to the previously published setup for this configuration, the sample is deposited on

the top side of the membrane, requiring an additional dielectric layer avoiding shortcuts
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with the heater when investigating electrically conductive samples. The additional
thermal conductance GAL,O; through the passivation layer is a crucial factor and can
hamper the capability of the setup, as the thermal conductance of the sample GS
should be at least in the same order of magnitude or bigger than the thermal
conductance Gm of the measurement setup consisting of the SisN, membrane and
Al,O5 passivation layer,
Asts = Gg 2 Gy = ASisN, I5isN, + AAL0s2ALO; = Amtm. (2.80)
In this formula, /1] is the thermal conductivity and t; is the thickness of the sample
s, measurement setup m, silicon nitride SisNg, and alumina oxide AL,Os;. As the
passivation layer is 30 nm thick, with a measured thermal conductivity of 1.4W/mK at
room temperature, the thermal conductance of the measurement setup is increased
by only 15% and now allows the usage of new deposition techniques which grow thin
films from the liquid phase. In contrast to the previously published measurement chip,
where the film under investigation has to be deposited into the etched holes, the
surface of the chip is now flat, making it possible to deposit a thin film with

homogeneous thickness, using spin coating, drop casting, or ink-jet printing.
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b) Thermometer & Sample
Pt rim Hot wire Seebeck contact (rt)
Membrane . Passivation
z (AL, layer
Y (2,8,
X Silicon
Pad 1 Membrane 1 Pad4 Pad6
c) Var/Vod  (widthwy, length ) (Var) (e
5

l Pad 12 Pad13 Membrane 2 Pad 14 Pad 10
Y () (Vamza)  (widthw,, length 1) (Vo e/lwsa)  (Vira/luze)

Figure 2.24 Cut through the chip (a) and schematic cross-sectional view of the big
membrane including thermometer (b). Top view of the two-membrane setup
including heating stripes and resistance thermometer. ly; s, Ivig @as well as Vy;», and
Vuig are the current and voltage connection pads for the two heaters on membranes
1 and 2, Igr and Vgr are the connection pads for the resistance thermometer, and

V1 is the pad for the hot contact of the thermovoltage measurement (c).

2.7.6 X-Ray Photoelectron Spectroscopy

Electron Energy Analyzer (0-1.5kV)

(measures kinatic energy of electrons)

™~

Eleciron Detector
(counts the efectrons)

Photo-Emitted Electrons (< 1.5 kV)
escape only from the very fop surface
(70 - 110A) of the sample

—

Elactron
Collection
Lens

Focused Beam of

X-rays (1.5 KV}
Electron
Take-Off-Angle
8i0, /8i°
Sampie
Samples are usually solid because XPS Si(2p) XPS signals
requires uitra-high vacuum (<10 torr) from z Silicon Wafer

Figure 2.25 X-Ray Photoelectron Spectroscopy Measurement System.
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Figure 2.25 show the X-Ray photoelectron spectroscopy measurement System. X-
ray Photoelectron Spectroscopy (XPS) also known as Electron Spectroscopy for Chemical
Analysis (ESCA) is the most widely used surface analysis technique because it can be
applied to a broad range of materials and provides valuable quantitative and chemical
state information from the surface of the material being studied. The average depth of
analysis for an XPS measurement is approximately 5 nm. PHI XPS instruments provide the
ability to obtain spectra with a lateral spatial resolution as small as 7.5 pm. Spatial
distribution information can be obtained by scanning the micro focused x-ray beam across
the sample surface. Depth distribution information can be obtained by combining XPS
measurements with ion milling (sputtering) to characterize thin film structures. The
information XPS provides about surface layers or thin film structures is important for many
industrial and research applications where surface or thin film composition plays a critical
role in performance including: nanomaterials, photovoltaics, catalysis, corrosion, adhesion,
electronic devices and packaging, magnetic media, display technology, surface treatments,
and thin film coatings used for numerous applications. XPS is typically accomplished by
exciting a samples surface with-mono-energetic Al kOl x-rays causing photoelectrons to be
emitted from the sample surface. An electron energy analyzer is used to measure the
energy of the emitted photoelectrons. From the binding energy and intensity of a
photoelectron peak, the elemental identity, chemical state, and quantity of a detected
element can be determined. Physical Electronics XPS instruments function in a manner
analogous to SEM/EDS instruments that use a finely focused electron beam to create SEM
images for sample viewing and point spectra or images for compositional analysis. With
the PHI XPS instruments, a finely focused x-ray beam is scanned to create secondary
electron images for sample viewing and point spectra or images for compositional analysis.
The size of the x-ray beam can be increased to support the efficient analysis of larger
samples with homogeneous composition. In contrast to SEM/EDS which has a typical
analysis depth of 1-3 um, XPS is a surface analysis technique with a typical analysis depth
of less than 5 nm and is therefore better suited for the compositional analysis of ultra-

thin layers and thin microscale sample features.
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2.8 Literature Reviews

P. Junlabhut et al. [20] study effect of sputtering power on thermoelectric
properties of Sb2Te3 thin films deposited by DC magnetron sputtering technique. Effect
of sputtering power can be improved structural of Sb,Tes thin films as show in figure
2.26(a) and improved power of Sb,Tes; thin films as show in figure 2.26(b). The best
sputtering power for deposited Sb,Te; thin films about 45 Watt.
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Figure 2.26 Influence of sputtering power on (a) structural and (b) power factor of

films.
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N. Somdok et al. [39] study effect of sputtering pressure on thermoelectric
properties of Bi,Tes; thin films deposited by DC magnetron sputtering technique. Effect of
sputtering pressure can be improved structural of Bi,Tes thin films as show in figure 2.27(a)
and improved power of Bi,Te; thin films as show in figure 2.27(b). The best sputtering

pressure for deposited Bi,Tes thin films about 1.8x10-2 mbar.
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Figure 2.27 Influence of sputtering pressure on (a) structural and (b) power factor

of films.
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P. Fan et al. [18] study effect of annealing temperature on thermoelectric
properties of Sb,Te; thin films deposited by DC magnetron sputtering technique. Effect of
annealing temperature can be improved structural of Sb,Te; thin films as show in figure
2.28(a) and improved power of Sb,Tes; thin films as show in figure 2.28(b). The best

annealing temperature for improve Sb,Te; thin films about 400 °C.
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Figure 2.28 Influence of annealing treatment on (a) structural and (b) power factor

of films.
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Z. Zheng et al. [21] study effect of annealing temperature on thermoelectric
properties of Bi,Tes; thin films deposited by DC magnetron sputtering technique. Effect of
annealing temperature can be improved structural of Bi,Tes thin films as show in figure

2.29(a) and improved power of Bi,Te; thin films as show in figure 2.29(b). The best

annealing temperature for improve Bi,Tes thin films about 300 °C.
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of films.
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L. Francioso et al. [1] study the flexible thermoelectric generators base antimony
telluride (p-type) and bismuth telluride (n-type) were fabricated by DC magnetron
sputtering and improved thermoelectric properties with annealing process. Design
thermocouple leg for best conversion ability from the data of electrical conductivity and
thermal conductivity, and measuring open circuit output voltage and output power of the
thermoelectric generator from TEG flexible thin films as function of different temperature

gradients. The maximum power output about 32 nW.

(a) L, =10y (b)

Ly=250 um

L= 425 m

Figure 2.30 show (a) A pair of p-n couple of the device, and parameters that specify
the dimension of the device (b) Photograph of fabricated flexible TEG on Kapton

HN. and schematic of flexible thermoelectric generator.

In this work, the p-Sb,Te; and n-Bi, Tes film were by DC magnetron sputtering using
a single stoichiometric compound target. The influence of annealing treatment on the
chemical composition, structural, electrical and thermoelectric properties between p-
Sb,Tes and n-Bi,Te; were compared and discussed. The designed thermoelectric generator
from the thermoelectric properties of annealed p-Sb,Te; and n-Bi,Tes film were also
applied for the fabricate of thermoelectric generator and measurer power output from

thermoelectric generator.



Chapter 3

Research methodology

This chapter is to explain the p-Sb,Tes; and n-Bi,Te; film were by DC magnetron
sputtering using a single stoichiometric compound target. The enhancement on p-Sb,Te;
and n-Bi,Te; with annealing treatment. The designed thermoelectric generator from the
thermoelectric properties of annealed p-Sb,Tesand n-Bi,Te; film were also applied for the
fabricate of thermoelectric generator and measure power output from thermoelectric

generator.

3.1 Development of thermoelectric properties of bismuth telluride thick film

deposited by DC magnetron sputtering via post-annealing treatment.
3.1.1 Material and equipment

1. 25 4m polyimide film Kapton® Dupont
. Alloy Bi,Te; target (purity: 99.9%, Stanford Advanced Materials)
. Microscope slide

. Aluminum tape

2

3

4

5. Ultrasonic bath
6. Methanol and DI-water
7. Nitrogen gas 99.99%

8. Argon gas 99.99%

9. DC Power Supply

10. Diffusion pump

11. Rotary pump

12. Sputtering chamber
13. Mass flow

14. Water cooling syste

15. Monitoring system

16. DC Power Supply
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17. Halogen lamp

18. Thermocouple

Vacuum chamber
Ar i Vacuum
(- nJ_]: " control
1 o r A o

O Pressure gauge - =
Monitoring system

window ]:
Pump control(_sgstem
©)

© ©

Water cooling

T | system

Figure 3.1 Schematic of DC magnetron system
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3.1.2 Experimental procedures

Table 3.1 Conditions used for the deposition of Bi,Te; thick films by DC magnetron

sputtering with different post-annealing temperature.

Target Alloy Bi,Tes purity 99.9%

Base pressure 2.5x10™ mbar

Sputtering pressure 1.8x10% mbar

Sputtering power 45 W

Deposition time 75 min

Post-annealing 150, 250, and 350 °C for 30min

Thick Bi,Tes films were deposited on a polyimide-film substrate by using DC
magnetron sputtering from a three-inch-diameter Bi,Te; alloy target of 99.9% impurity.
Before sputtering, the polyimide substrates were ultrasonicated in methanol, acetone, and
deionized water for 15 minutes and then dried with nitrogen gas. Before deposition, the
base pressure in the deposition chamber was 2.5x10° mbar, and pre-sputtering was done
for 5 minutes to remove contamination from the target surface. Before deposition, the
substrate was pre-heated to 350 °C for 15 minutes. The DC sputtering power and pressure
were maintained at 45 W and 1.8x107% mbar, respectively, and the sputtering time was
fixed at 75 minutes. The films were annealed at 150, 250, and 350 °C under an ambient

argon atmosphere for 30 minutes.
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(a) (b)

IR camera -

! Silver paste electrode
Bi Te, film

m Cold side

Fig. 3.2 (a) Photograph of thick bismuth telluride film deposited by DC magnetron

sputtering on a flexible substrate. (b) Schematic illustration of apparatus for
measuring power output from thick, single-leg Bi,Te; film. (c) Infrared top-view image

of Bi,Te; film taken during measurement.

Figure 3.2 (a) shows a photograph of a thick Bi,Tes film, which can be flexed without
cracking. The thermoelectric power output of thick single-leg Bi,Te; film was measured by
using a heater and heat sink to create a temperature gradient and measuring the
temperature difference with an infrared camera (FLIR E40) [see Figs. 3.2(b) and 3.2(c)]. The
current and voltage produced between two silver-paste electrodes were measured by
using a digital multimeter. The output voltage, current, and power produced by the thick

single-leg Bi,Te; film were measured at several temperature differences.
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3.2 Development of thermoelectric properties of p-Sb,Te; and n-Bi,Te; films

deposited by DC magnetron sputtering via post-annealing treatment.

3.2.1 Material and equipment

1.
2.

Test chip, Si wafer and 25 4#M polyimide film Kapton® Dupont
Alloy Sb,Te; and Bi,Te; target (purity: 99.9%, Stanford Advanced

Materials)

3
a
5
6.
4
8
9

. Microscope slide
. Aluminum tape

. Ultrasonic bath

Methanol and DI-water

. Nitrogen gas 99.99%
- Argon gas 99.99%

. DC Power Supply

10.
11.
12.
13.
14.
15.
16.
17.
18.

Diffusion pump
Rotary pump
Sputtering chamber
Mass flow

Water cooling syste
Monitoring system
DC Power Supply
Halogen lamp

Thermocouple
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3.2.2 Experimental procedures

The p-Sb,Tes; and n-Bi,Te; films were deposited on silicon wafer and test
chips by using DC magnetron sputtering technique. High purity Sb,Te; (99.9%) and
Bi,Te;(99.9%) 3-inch dimeter targets. Sputtering parameters of the p-Sb,Te; and n-
Bi,Tes films as show in table 3.2. The chamber vacuum pressure was approximately
2.5x10” mbar. Before deposition process, pre-sputtering was applied for 5 minutes
to eliminate contamination and oxide layer on the surface of p-Sb,Te; and n-Bi, Tes
alloy targets. The p-Sb,Tes; and n-Bi,Te; thin films were deposited at sputtering
pressure of 2.6x10? and 1.8x102 mbar respectively. The p-Sb,Te; and n-Bi,Te;
were maintained sputtering power at 45 W, and the deposition process time was
about 5 minutes. The p-Sb,Tes; and n-Bi,Tes thin films were annealed at 200 °C

under argon atmosphere for 30 min.

’ Supply
Sb,Bi
e

E &
o
°
Substrate
Pump

Figure 3.3 Experimental procedures of the preparation of p-Sb,Te; and n-Bi,Te; films

via DC magnetron sputtering technique.
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3.2.3 Material and equipment

In this study, all equipment is the same as the preparation of p-Sb,Te;and n-Bi,Te;
films. The halogen lamp and thermocouple were added into the sputtering system inside

the vacuum chamber under the sample holder, as seen in the Figure. 3.4.

: Thermocouple

2 Halogen lamp w

Monitor

Figure 3.4 Set up heat treatment system in a vacuum chamber

Table 3.2 Conditions used for the deposition of the p-Sb,Te; and n-Bi,Te; films.

Sputtering parameter

Target Alloy Sb,Tes; purity 99.9% Alloy Bi,Te; purity 99.9%
Base pressure 2.7x10” mbar 2.7x10” mbar

Sputtering pressure 2.6x10 mbar 1.8x10 mbar

Sputtering power a5 W a5 W

Deposition time 5 min 5 min

Post-annealing 200 for 30min 200 for 30min
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3.3 Design and fabricate thermoelectric generator.
The transformation ability of TEG is depended on electrical conductivity, thermal

conductivity, and geometric cross-sectional areas of the thermocouple legs. The geometric

cross-sectional areas of the n-type and p-type thermocouple legs can be calculated by

[15]
An _  |Kpop

Where An are geometric cross-sectional areas of the n-type and Ap are geometric cross-

(3.1)

sectional areas of the p-type. Using typical material properties siven in electrical

conductivity and thermal conductivity (see Table 3.3).



Table 3.3 Data for calculate leg area of the p-Sb,Te; and n-Bi,Te; films.
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Temperature Electrical Electrical Thermal Thermal AJ/A,

(K) conductivity - conductivity - conductivity - conductivity -

Sb,Te; Bi,Te, Sb,Te, Bi,Te,

(S/cm) (S/cm) (S/cm) (S/cm)
303 226.42 204.43 0.44 0.47 1.018269
318 228.81 207.95 0.45 0.47 1.026397
333 231.23 211.82 0.46 0.47 1.033638
348 233.67 215.88 0.46 0.48 1.018483
363 234.39 220.13 0.47 0.49 1.010604
378 235 224.38 0.48 0.51 0.992836
393 235.47 228.63 0.49 0.52 0.985139
408 236.06 233.05 0.5 0.54 0.968445
423 236.73 237.56 0.51 0.56 0.952645
438 243.99 242.29 0.53 0.58 0.959273
453 252.43 246.85 0.54 0.6 0.959346
468 263.15 251.06 0.56 0.63 0.965243
483 271.47 251.91 0.58 0.67 0.965861
498 278.62 251.12 0.61 0.7 0.983289
513 285.76 250.33 0.63 0.74 0.985822
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The thickness of antimony telluride and bismuth telluride at the annealed films
approximately 0.9 pm. From the equation 1 ratio was only determined by the
proportionality between width of p-type and n-type. The main geometrical scale was

illustrated in Fig. 3.5, and design thermoelectric prototype masks.
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Figure 3.5 (a) The main geometrical scale of the device (b) the prototype of

thermoelectric generator.

Figure 3.6 show the fabrication method of the prototype necessary 3 masks, two
for Sb,Tes (p-type) and Bi,Tes (n-type) deposition and last one for electrode (Cu). Figure
3.7 show the mask for fabricate thermoelectric generator, mask with sputtered film and

sputtered film.
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P-type (Sb.Te,)

Electrode (Cu)

Figure 3.6 the prototype of thermoelectric generator (a) P-type (Sb,Tes) (b) N-type
(Bi,Tes) and (c) Electrode (Cu)

(o)

Figure 3.7 (a) The mask for fabricate thermoelectric generator (b) Mask with

sputtered film and (c) sputtered film.
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The optimum ratio was calculated to be An/Ap approximate 1:1. The archived
thermoelectric generator has an are approximately 70x18 mm? and integrates 6

thermocouples reports a photograph Fig. 3.8.
(a) —_—

Figure 3.8 Photograph of TEG integrates 6 thermocouples on Kapton substrate.

Figure 3.9 (a) Show the model and (b) photograph of two TEG integrates were
connected with silver conductive paint, then at the middle connected with copper tape
and graphene sheet for hot side. The cool side that connected with silicone as show in

fisure 3.10.
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Figure 3.9 (a) Model and (b) photograph of two TEG integrates were connected with

silver conductive paint.

(a) (b)

Figure 3.10 (a) Model and (b) photograph of two TEG integrates were connected with

Cu tape and graphene sheet (for hot), and silicone (for cool).
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3.4 Characterizations

3.4.1 X-ray Diffraction

The crystal structure, including crystal orientation, crystalline size and strain was
characterized by X-ray diffraction using a Rigaku diffractometer (Smartlab), as seen in figure
3.11, operated at 40 kV and 20 mA using Cu-K_ radiation. XRD patterns were recorded in
the 26 range of 10-70° with a scanning rate of 10°/min. The XRD system consists of three
main parts including the main instrument, computer, cooling system. The measuring the
samples are firstly optics set as slits controlled by the SmartLab Studio Il software at a
computer. After that, the samples were prepared with a dimension 1x1 cm and attached
to the center of the sample holder. Places the sample holder into the main instrument
and scans. By the sample scanning, qualitative analysis can be done automatically during

X-ray diffraction measurement. The XRD patterns were obtained.

(a) (b)

AU AU AL ‘LA_-_._LJ‘,.'L“;\,JJ

Figure 3.11 (a) Sample holder (b) SmartLab Studio Il software.
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° QO
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Figure 3.12 X-ray diffraction (Rigaku diffractometer Smartlab)

3.4.2 Field-emission scanning electron microscopy

The surface morphology and cross-section of the sample material were observed
by field-emission scanning electron microscopy (FE-SEM, JSM-7001F) operated at 10 kV.
FE-SEM is the electron microscope at high resolution that uses an electron to illuminate
the sample operated at the high vacuum. The samples are cut in small pieces and
attached the sample to the holder using the carbon tape. And places the sample holder
inside the vacuum chamber and pump out the gas. The samples were moved under the
electron column and turn on the electron beam to measure the surface morphology of

the samples.
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The elemental composition was examined by energy-dispersive X-ray
spectroscopy (EDX, Oxford Instruments X-Max 20) over a large film area typically three
times to obtain the average data. Additionally, EDX is qualitative and quantitative mapping
and line scan element analysis.
= =
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Figure 3.13 Field-emission scanning electron microscopy (JSM-7001F)
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3.4.3 Hall effect measurement.

(a)

Figure 3.14 (a) hall measurement state (b) sample mounting parts.

The electrical properties and carrier concentration were obtained by Hall effect
measurement system at room temperature (Ecopia, HMS-3000) using Van der Pauw
configuration. Before Hall measurement, the samples were prepared in dimension of 1x1
cm and attached to the microscope slide. Starting with turns on the Hall system software
(HMS-3000) and Swith on the hall system. Places the sample onto the hall measurement
state and adjust the four-probe contacts. Put the hall measurement state in the sample
mounting parts. Then, input the sample name, IV parameters, record info for the IV curve
and save the graph, respectively. Starting hall measurement with a-magnetic field of 0.55
Tesla, the software was run and automatically calculated the carrier concentration, the

electrical mobility and electrical resistivity of the sample.
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Figure 3.15 Hall effect measurement system (Ecopia, HMS-3000).

3.4.4 Seebeck Coefficient/Electrical Resistance Measurement System
The temperature-dependent Seebeck coefficient and electrical conductivity were
measured using a ZEM-3 apparatus (ULVAC-RIKO) at 50-300 °C. The ZEM-3 system consists
of a computer, the main body of the instrument which contains the power distribution
safety, interlock, temperature controller, the power supply and digital multimeter, infrared

furnace, vacuum pump and quartz chamber. The sample was cut with a dimension of

3X12 mm. Firstly, slides off the quartz chamber to the left-hand side of the instrument
to mount the sample. Take the thermocouple out of the nickel cover which is clamped
between upper and lower blocks. Before mounting the sample, the width and depth were

measured. After that, opening the clamping block, the sample can be mounted and then
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closing the clamping block. The thermocouple probes are fixed onto the surface of the
sample and then the chamber can be closed and pumped. Turn to the measurement
software on the computer, input the sample parameters such as sample name, width,
depth, probe distance and temperature. Starting the Zem-3 measurement, the
measurement system run completes automatically under the helium atmosphere. Finally,

analyze the thermoelectric data.

Seebeck coefficient & Electrical Resistance
Measurement System

(@) (b)

Figure 3.16 (a) sample clamping block (b) Seebeck coefficient and electrical

resistance measurement system software (V3.5 for SDC35).



Figure 3.17 Seebeck Coefficient/Electrical Resistance Measurement System (Ulvac

RIKO)

3.4.5 Thin Film Analyzer (LINSEIS TFA)

ellom, —

h G

Figure 3.18 Thin Film Analyzer (LINSEIS TFA)
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Figure 3.18 show the Thin Film Analyzer (LINSEIS TFA). The chip is combining the 3
Omega measurement technique for the thermal conductivity measurement with a 4-point
Van-der-Pauw setup for the determination of the electrical transport properties as show
Figure 3.19 (a) and the chip with shadow mask, before deposition as show Figure 3.19 (b).
The Seebeck coefficient can be measured using additional resistance thermometers
located near the Van-der-Pauw electrodes. For an easy sample preparation either a strip
off foil mask or a metal shadow mask can be used. This configuration allows for a nearly
simultaneous characterization of a sample which has been prepared by either PVD (e.g.
thermal evaporation, sputtering, MBE), CVD (e.g. ALD), spin coating, drop casting or ink-jet
printing in one step and the schematic of test chip for thermoelectric properties (Seebeck
coefficient, electrical conductivity and thermal conductivity) measurement as show Figure

3.20.

Figure 3.19 (a) Diagram of the chip ZT test structure for Van der Pauw, Seebeck

coefficient, and 3@ thermal conductivity measurement, (b) the chip with shadow

mask, before deposition
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Seebeck measurement (thermometer with hot contact
on membrane. Cold contact is needle contact)

Dack side of the chip.

El. Conductivity & Hall
measurement using
4-Point Van-der-Pauw
(needle contacts)

[hermal conductivity
(two suspended membranes
with heating stripe aligned to
the center)

Figure 3.20 The schematic of test chip for thermoelectric properties (Seebeck

coefficient, electrical conductivity and thermal conductivity) measurement.

3.4.6 X-Ray Photoemission spectroscopy

(@) o1 ' B () T T T —
TR T« RS gl ey s Do o8 R M 4R [ L P DS e ] ] B | @R
J > O QRS e glnlois sl 310wl Bl se) = 2]
C———— T, PE—

Figure 3.21 (a) samples were prepared in dimension of 1x1 cm and attached to the

microscope slide (b) X-Ray Photoemission spectroscopy measurement system

software.
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The surface chemical properties were obtained by X-Ray Photoemission
spectroscopy. Before X-Ray Photoemission spectroscopy measurement, the samples were
prepared in dimension of 1x1 cm and attached to the microscope slide as show in Figure
3.21 (a). Figure 3.21 (b) show the X-Ray Photoemission spectroscopy measurement system
software. Figure 3.22 show X-Ray Photoemission spectroscopy at Synchrotron Light

Research Institute.
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Figure 3.22 X-Ray Photoemission spectroscopy at Synchrotron Light Research

Institute.

3.47 The measurement thermoelectric generator as functions of different

temperature between hot and cold junctions.

The open circuit output voltage and output power of the thermoelectric
generator as functions of different temperature between hot and cold junctions. The
measurement was used heater (generate heat) and heat sink (cooling) to generate a
temperature different and temperature between hot side and cold side was measured by
using IR camera (FTIR E40) as show in Figure 3.23 Shot-circuit current (I,.) and open circuit

output voltage (V,.) were measured by using digital multimeter (Keithley 2100).
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Temperature different

IR camera Digital multimeter

TEG 12 thermocouple

Cold side m Cold side

Figure 3.23 Schematic illustration of equipment for measuring open circuit output

voltage and output power of the thermoelectric generator from TEG flexible thin

films.

Figure 3.24 show the (a) schematic illustration of apparatus for measuring power
output and (b) infrared top-view image of thermoelectric module taken during
measurement. Infrared top-view image of thermoelectric module taken during
measurement and Thermoelectric generator open circuit output voltage (Voc) with body

heat human as show in Figure 3.25(a) and 3.25(b).

(a) Temperature different (b)

IR camera _ Digital multimeter
&
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Figure 3.24 (a) Schematic illustration of apparatus for measuring power output and

(b) Infrared top-view image of thermoelectric module taken during measurement.

(@) (b)

Figure 3.25 (a) Infrared top-view image of thermoelectric module taken during
measurement and (b) Thermoelectric generator open circuit output voltage (Vc)

with body heat human.



Chapter 4

Result and discussion

4.1 Effect of annealing temperature on thermoelectric properties of

bismuth telluride thick film deposited by DC magnetron sputtering.
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Fig. 4.1 X-ray diffraction patterns from thick Bi,Te; films annealed for 30 minutes at

various temperatures.
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Figure 4.1 shows XRD patterns of thick Bi,Tes films annealed for 30 minutes at
various temperatures. The results reveal that the films are polycrystalline, with a
prominent peak at the (015) and (1010) orientation for all samples. On post-annealing
treatment, the relative intensity of the diffraction peak (110) slowly decreases, indicating
a change in orientation of crystallites with annealing process. In addition, XRD spectra for
annealing films at 150 °C, 250 °C and 350 °C, show peak shift towards a lower diffraction
angle compared with the as-deposited film. The peak shift increases with higher annealing
temperature. It means an expansion of lattice constant corresponding to the annealing
temperature. A compressive stress is induced in the bismuth telluride thick films during
the annealing treatment because of the different coefficient of thermal expansion
between polyimide substrate and bismuth telluride. This result can be indicated by the
apparent shift toward lower angle of the diffraction angle [40]. The average grain size of
Bi,Te; annealed at the various temperatures was calculated by using the Willianson-Hall

formula [41]

) :
BcosO = % + 4.&sinf, (4.1)

where D is the average grain size, A = 0.154 nm is the x-ray wavelength, [ is the
integral breadth of the diffraction peak, 8 is the Bragg diffraction angle, and € is the

microscopic strain.

When the annealing temperature increased to 250 °C, the average grain size
increases from 14.5 to 28.9 nm. However, the average grain size of the thick film decreased

at 27.4 nm as annealing temperature increased from 350 “C.
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Fig. 4.2 XPS spectra of as-deposited and annealed bismuth telluride thick films. (a)
Bi 4f core level with binding energies of 157.5 and 163 eV, corresponds to the states
of Bi 4f7/2 and 4f5/2. (b) Te 3d core level with binding energies of 572.5 and 583 eV,
corresponds to the states of Te 3d5/2 and 3d3/2. The inset shows peaks fitting XPS
data of Bi 4f7/2 and 4f5/2 for unbound (Bi) and bound (Bi**) chemical states of
annealed films at 150 °C (c) and 250 °C (d), and peaks fitting XPS data of Te 3d5/2

and 3d3/2 for unbound (Te) and bound (Te?) chemical states of annealed films at

150 °C (e) and 250 °C (f).

The surface chemical composition of the Bi,Te thick films was analyzed by using
x-ray photoelectron spectroscopy (XPS), which especially give information about chemical

bonding state on the surface. Figure 4.2 shows the XPS spectra of Bi 4f and Te 3d from
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the surface of the as-deposited and annealed Bi,Tes thick films. It was found that Bi 4f
core level with binding energies of 157.5 and 163.0 eV, corresponds to the states of Bi
af7/2 and 4f5/2 as shown in Fig.4.2(a). Fig. 4.2(b) shows Te 3d core level with binding
energies of 572.5 and 583.0 eV, corresponds to the states of Te 3d5/2 and 3d3/2 [18].

However, a slightly peak shift is observed toward the lower binding energy side for the

annealed films at 150 °C and 250 °C (in the circles). The XPS spectra are resolved into
two chemical states of unbound (Bi) and bound (Bi**) (in the inset of Fig. 4.2(c) and 4.2(d))
and unbound (Te) and bound (Te?) (in the inset of Fig. 4.2(e) and 4.2(f)). The unbound
states of bismuth and telluride peaks (light blue line) have a slight shift (0.2 eV) toward
the lower and higher binding from the bound states of bismuth and telluride peaks (blue
line), respectively [19]. In annealing processes, it takes energy to break the existing
chemical bonds of Bi,Tes. Bi ions (Bi**) and Te ions (Te?) resides at the surface with the

metallic Bi and Te states. On the other hand, the XPS spectra of thick film annealed at

350 °C did not show significant difference between as-deposited film. We speculate that

the metallic Bi and Te migrate from the surface due to high annealing temperature.
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Q0000000
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Fig. 4.3 Schematics of defect generation in Bi,Te; atomic structure from the annealing
process. In step 1, Vi, is formed by the volatile of tellurium atoms on surface. In
step 2, a Bife-Vpgi pair is formed by the migration of bismuth atom from an

adjacent Bi site.
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The influence of annealing temperature on electronic structure could be explained
by the volatile of tellurium atoms during the annealing process. Figure 4.3 shows the
schematic model of defect generation in Bi,Te; atomic structure from the annealing
process. This model is developed from the J. Kim et. el. work [42]. At typical annealing
temperature, the thermal energy that is absorbed to break the bonds in the Bi,Te;
structure and then cause the volatile of tellurium atom from surface (20). The volatile of
tellurium generates the tellurium vacancies (V'I.‘.e’ step 1), where it can be occupied by
adjacent bismuth atom. That leads to the generation of the pair of bismuth vacancy (Vé’i’)

and antisite defect (Bi-’re), step 2. This process can be described by equation (4.2) [43]

3
2

Bi,Tes = 2BiTe + 2Vgi + Vre + ( ) Teyg 1+ 80 (4.2)

where R’ is the resulting hole and T indicates the volatilization of tellurium. From
Eq. (4.2) the volatile of tellurium generates hole, and the carrier concentration of n-type
of Bi,Tes films would be reduced by the compensation of holes. The atomic ratio of

bismuth and tellurium may be estimated by using equation (4.3)

1 S
PTe L Te/STe @.3)

PBi IBi/SBi

where O, I, and S are the atom density, integrated intensity, and the atomic
sensitivity factor, respectively. This incorporates the calculated Bi 4f;,, and Te 3ds,, areas
with Sgj=2.9 and STe=4.9 for surface atoms [44]. Table 4.1 lists the calculated Te
content of thick Bi,Tes films annealed at different temperatures. The tellurium content
decreases from 59.02 to 57.38 as the annealing temperature increases from 150 to 350 °C.
This result indicates that elemental tellurium evaporates during annealing. The
evaporation is attributed to the inequivalent atomic bonds at the surface of the annealed

films, which is essential for the evaporation of elemental tellurium [20].
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Table 4.1 Calculated average grain size and Te content of thick Bi,Te; films annealed

at different temperatures.

Annealing temperature Bcose Average grain size Te content
‘o [D (hm)] (%)
As-deposited 0.0097 14.5 59.02

150 0.0083 23.8 58.79

250 0.0060 28.9 58.36

350 0.0063 27.4 57.38

PRSI
; As-deposited

Fig. 4.4 Cross section of thick Bi,Te; films (a) as-deposited and annealed at (b) 150 °C,
(c) 250 °C, and (d) 350 °C.
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Figure 4.4 shows a cross section of the as-deposited and annealed Bi,Te; films.
The film is about 10 pm thick and remains almost unchanged after annealing. As the
annealing temperature increases from 150 to 250 °C [Figs. 4.4(b) and 4.4(c)]l, the
crystallization and agglomeration of the thick films improve as the films begin to grow in
from a column structure, confirming that the crystallization can be improved by annealing.
However, Fig. 4.4 (d) reveals a crack in the columnar film after annealing at 350 °C. The
micro-cracks appeared at 350 °C is caused from the different coefficient of thermal
expansion between polyimide substrate (2.0 x 10~ K) [45] and bismuth telluride (5.08 x
10 K1) [24]. A compressive stress is induced in the bismuth telluride thick films during
the annealing treatment. This result can be indicated by the apparent shift toward lower
angle of the diffraction angle. At typical annealing temperature (350 °C), the compressive
stress inside the film is large enough, which can initiate the micro-crack growth [16]. These
results indicate that the film crack degrades the crystalline structure of the film, which is
consistent with the XRD spectra (cf. Fig. 4.1; the peak decreases after annealing at 350 °C).

In addition, the average grain size (see Table 4.1) decreases from 28.9 to 27.4 nm.
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Fig. 4.5 (a) Carrier concentration and mobility: (b) mean free path and mobility of

thick Bi,Te; films annealed at different temperatures.
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Figure 4.5(a) shows how annealing affects the room-temperature carrier
concentration and mobility of the Bi,Te; films. All films have a negative carrier
concentration because they are n-type semiconductors; the carrier concentration of the
film decreases from 2.62x10%° to 0.7x10% cm™ when annealing at 350 °C. The decrease
in carrier concentration with annealing temperature is attributed to the evaporation of
tellurium, which creates tellurium vacancies (Vo). Next, the antisite defect (Bipe) and
the bismuth vacancy (Vg;') become involved as bismuth enters the tellurium vacancies
as shown in equation (4.2). In addition, the mobility increases from 4.4 to 14.2 cm? V' 57
as the annealing temperature increases to 250 °C. The increase in average grain size (see
Table 4.1) decreases the grain-boundary intensity and reduces carrier scattering at the

=, S—l

grain boundaries. However, the mobility decreases to 9.46 cm? V/ upon increasing the

annealing temperature to 350 °C because the crystallization is degraded by the crack in
the film [see Fig. 4.4(d)]. Figure 4.5(b) shows the mean free path and mobility of the Bi,Te;

thick films. The carrier mean free path ( can be calculated by using [25]
1
h (3n\3
[l =— (—) 4.4
’ 2e\ ¥ (4.4)
where h and e > 0 are Planck’s constant and the fundamental charge, respectively.

Equation (4.4) indicates that the mean free path is related to carrier concentration and
mobility. The mean free path of thick films increases from 0.57 to 1.73 nm as the annealing
temperature increases to 250 °C and decreases to 0.79 nm as the annealing temperature
rises from 250 to 350 °C. The transfer of carriers is involved by grain size and grain boundary
preceding to increase of mobility. The decrease in the mean free path is confirmed by the

crack in the film annealed at 350 °C, which is due to resistance to carrier scattering.
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Figures 4.6(a)-4.6(c) show the electrical conductivity, Seebeck coefficient, and
power factor, respectively, as a function of temperature for thick Bi,Te; films annealed at
different temperatures. Figure 4.6(a) shows that, for all conditions, the electrical
conductivity increases from 50 to 150 °C and then decreases with temperature. The
electrical conductivity ranges from 0.99x10% to 1.32x10* S/m in as-deposited film and
increases to 5.4x10% to 5.82x10% S/m in film annealed at 250 °C. The low electrical
conductivity in as-deposited film is due to the low mobility and low crystallinity. Upon
annealing the thick Bi,Te; films, the crystallinity and mobility increases, which improves
the electrical conductivity. However, the lowest electrical conductivity occurs in the film
annealed at 350 °C (0.58x10% to 0.73x10% S/m), which may be attributed to low carrier
concentration due to the volatilization of tellurium and the decreased mobility due to

the cracked film annealed at 350 °C.

As shown in Fig. 4.6(b), the Seebeck coefficient of all Bi,Te; films is negative,
indicating that they are n-type semiconductors. The Seebeck coefficient ranges from -97
to -145 pV/Kiin as-deposited film and increases to —147 to -155 pyV/K in film annealed at
250 °C, then decreases to -108 to —-143 uV/K in film annealed at 350 °C. Therefore, the
thick Bi,Tes film has a maximum Seebeck coefficient when annealed at 250 °C. The greater
Seebeck coefficient in films annealed below 350 °C is due to the decrease in carrier
concentration from 2.62x10%° to 2.11x10%° cm™ [see Fig. 4.6(a)], which in turn is due to
the reduced number of donor defects [26]. The Seebeck coefficient for a degenerate
semiconductor is given by [15]

2
_entid .

| S = m'T (-)* (1 +R) @5)

3eh?
where kB is Boltzmann’s constant, h is Planck’s constant, m* is the effective carrier
mass, n is the carrier concentration, T is absolute temperature, and R is the scattering
function. Equation (4.5) implies that the Seebeck coefficient is directly proportional to the
measurement temperature and inversely proportional to carrier concentration. However,
the Seebeck coefficient for a thick film annealed at 350 °C decreases because the carrier

mean free path decreases [as shown in Fig. 4.5(b)], and the mean free path explains the
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degree of carrier scattering at defects in a grain. The increase in scattering decreases the

mean free path, which decreases the Seebeck coefficient [27].

The thermoelectric power factor of thick Bi,Tes films annealed at different
temperatures was calculated by using the Seebeck coefficient and the electrical
conductivity (5?0), with the result shown in Fig. 4.6(c). These results indicate that the
power factor increases with annealing temperature up to 250 °C, then decreases as the
annealing temperature increases further. The maximum power factor is 13.5x107*

W K2 m™, which occurs at the annealing temperature of 250 °C.
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Fig. 4.7 Power factor as a function of electrical conductivity for thick Bi,Te; films

annealed at different temperatures.

Figure 4.7 shows the power factor as a function of electrical conductivity for thick
Bi,Tes; films. The increased electrical conductivity is attributed mainly to the improved
crystallinity and the increase in carrier mobility upon annealing. The maximum power
factor occurs at the maximum electrical conductivity, which is obtained at the annealing
temperature of 250 °C. Thus, the power factor of thick Bi,Te; films improves significantly

with respect to the electrical conductivity. Table 4.2 compares the thermoelectric
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properties of thick Bi,Tes films deposited by room-temperature DC magnetron sputtering

with dispenser printing [28], co-evaporation [29], screen-printing [9], and thermally assisted

sputtering [30]. The power factor for Bi,Te; deposited by DC magnetron sputtering and

annealed at 250 °C is comparable to that obtained with various other deposition

techniques for thick Bi,Tes film.

Table 4.2 Room-temperature power factor of thick Bi,Te; films deposited by various

techniques.

Deposition technique Electrical Seebeck Power factor | Treatment process
. coefficient
conductivity (MW K=2m™)
V/K

(s/crm) O
Dispenser printing [46] 22 -230 0.12 Curing treatment at 350 °C
Co-evaporation [47] 363 -202 5 Substrate temperature 250 °C
Screen-printing [48] 2.1 Annealing treatment at 250 °C

(Bi and Te powders ambient)

Thermally Assisted 500 -150 1.12 -
Sputtering Method [30]
DC sputtering 502 -155 1.21 Annealing treatment at 250 °C

(this work)

(argon atmosphere)
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Fig. 4.8 Power output of single-leg, thick, thermoelectric Bi,Te; film as a function of

temperature difference for as-deposited film and film annealed at 250 °C.

Figure 4.8 shows the power output of single-leg, thick, thermoelectric Bi,Te; film
as a function of temperature difference (AT = 5-50 °C). The as-deposited film generates
a power output of 3.78 nW-at AT = 5°C and 0.42 uW at AT = 50 °C. The annealed film
at 250 °C generates an output power of 43.24 nW at AT=5°Cand 0.98 pW at AT =50°C.

This result indicates that annealing improves the output power of single-leg, thick,

thermoelectric Bi,Tes film.
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4.2 Comparison of the thermoelectric properties of Bi,Te; and Sb,Te, films

deposited via the DC magnetron sputtering technique.
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Fig. 4.9 X-ray diffraction spectra of the as-deposited (a) p-Sb,Te; and (b) n-Bi,Te;
films annealed at 200 °C.

Figure 4.9 presents the X-ray diffraction spectra of the as-deposited and annealed
films. All the peaks of the Sb,Tes thin films corresponded to the antimony telluride
crystalline structure (JCPDS card no. 15-0874). The as-deposited sample of Sb,Te; showed
low intensity peaks of the (015), (009) and (1010) planes. For the annealed sample, the
intensity of (015) and (1010) peaks increased, which indicated that annealing improved the
crystallinity of these thin films. All the peaks of the Bi,Tes thin films corresponded to
bismuth telluride crystalline structure (JCPDS card no. 15-0863). The XRD intensity of the
(015) peak was the highest for all of the Bi,Tes thin film samples. After annealing, the
intensity of the (015) and (1010) peaks increased. Compared to the structure before
annealing, the Bi,Te; film had a higher crystallinity than Sb,Tes, with identical deposition
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parameters. The structure difference can be explained by thermodynamic properties of

p-Sb,Tes; and n-Bi,Te; [36], as shown in Eq. (4.6);
AG = AH -T(AS) (4.6)

where AG is the free energy, AH the enthalpy and AS the entropy. The free energy value
for n-Bi,Te; was -82.9 KJ/mole and for p-Sb,Te; -62.4 KJ/mole [49, 50], the free energy are
negative suggesting that the reaction was spontaneous. The free energy of the formation
of n-Bi,Te; is less than p-Sb,Tes. Therefore, the Bi,Tes structure has a higher crystallinity

than Sb,Tes, since the structure of n-Bi,Tes is easier to form that that of p-Sb,Tes.
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Fig. 4.10 Optimal annealing temperatures for improving the thermoelectric
properties of p-Sb,Te; and n-Bi,Te; obtained from LV et. el.[12], Fang et. el.[19],
Junlabhut et. el.[20], Zeng et. el.[21], Wang et. el.[23], Kianwimol et. el.[25], Hong et.
el.[27], Wang et. el.[28], , Lin et. el.[29], and Hosokawa et. el.[30].
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Figure 4.10 illustrates the optimal annealing temperatures for improving the
thermoelectric properties of p-Sb,Tes; and n-Bi,Te; previously [12, 19-21, 23,25, 27-30]. We
can see that the optimal annealing temperatures for p-Sb,Tes; were higher than those of
n-Bi, Tes films. This indicated that improving the structure by annealing p-Sb,Te; required

a higher temperature than for n-Bi,Tes.

0 i 5 pm

Fig. 4.11 Atomic force microscopy (2D) topography of as-deposited and annealed
(@-b) p-Sb,Te; and (c-d) n-Bi,Te; films.

Figure 4.11 shows topography from atomic force microscopy (2D) of as-deposited
and annealed films. The scan size for all films was fixed at 5x5 um. Figs 4.11a and 4.11b
illustrate that the both as-deposited films were smoother than the annealed films,

because annealing caused the grains to ¢grow and induced surface roughness.
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Because of the low quality of XRD patterns, the average grain sizes of the thin films
were estimated from atomic force images. The grain sizes and roughnesses are listed in
Table 4.3. The average grain size of the Sb film increased from 116 to 135 nm, and for the
Bi film from 143 to 156 nm, after annealing. In addition, the RMS roughness increased
from 10.4 to 13.1 nm for the Sb films and from 15.9 to 17.5 nm for the Bi ones. The
chemical compositions, measured by EDS, are shown in Table 1. The atomic fraction of
Te atoms in the films decreased from 59.94 to 58.82 for p-Sb,Te; and from 58.92 to 57.85
for n-Bi,Tes, after annealing. The Te content decrease was caused by evaporation of Te

during annealing [7, 38].

Table 4.3 Chemical composition, RMS roughness and mean grain size from as-

deposited and annealed films.

Sb Bi Te RMS roughness Mean
Sample (at%) (at%) (at%) (nm) grain size
(nm)

p-Sb,Tes 40.06 - 59.94 10.4 116
(as-deposited)
p-Sb,Tes 41.18 . 58.82 13.1 135
(annealed)
n-Bi,Tes . 41.08 58.92 15.9 143
(as-deposited)
n-Bi, Tes - 42.15 57.85 17.5 156
(annealed)
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Figure 4.12 shows FE-SEM images and cross-sectional morphology of as-deposited and
annealed films. The surface morphology changed little with annealing. The thickness of

both films slightly decreased after annealing, due to evaporation of Te atoms [20].

Fig. 4.12 FE-SEM images and cross-sections of the as-deposited (a-d) p-Sb,Te; and
(e-h) n-Bi,Te; thin films annealed at 200 °C.
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Table 4.4 Electrical properties of as-deposited and annealed films at room
temperature.
Sample p-Sb,Tes n-Bi, Te,
Carrier Mobility Carrier Mobility
concentration (x109 m2/Vs) concentration (x10° m2/Vs)
(x10% m?) (x10%°m™)
As-deposited 0.21 3.86 -1.22 1.02
Annealed 1.42 10.22 -5.98 2.21

The carrier concentration and mobility of all films was measured at room
temperature by Hall effect, see Table 2. The carrier concentration of the p-Sb,Te; film
increased from 0.21x10%® to 1.42x10% m> with annealing. The increase of carrier
concentration was due to evaporation of Te atoms, which generated Te vacancies ( V).

"

Subsequently, Te antisite defects (Shy,) were generated and lead to Sb vacancies ( Vg ).

The interaction between Shy, and Vg is explained by equation (4.7) [511:
SbyTes = 2Sbfe + Viig +2V4 +=Te(g) 1 +2k, @.7)

where b and T denote the created hole and the evaporation, respectively, of Te.
From equation (4.7), the evaporation of Te created holes, which enhanced the carrier
concentration. The carrier concentration of as-deposited n-Bi,Tes film, on the other hand
was about -7.22x10%° m™ and decreased to -5.98x10%° m™ after annealing. The reduction

in the carrier concentration resulted from the evaporation of Te atoms, which generated
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Vre. Subsequently, Bit, (bismuth antisite defects) and Vg; (bismuth vacancies) become
involved as Bi atoms entered the V’I'"e7 as explained by equation (4.8) [43]:
" . 3 '
BiyTes = 2Bige + 2Vgi + Ve + (E) Texg T+8h, (4.8)
From equation (4.8), the evaporation of Te atoms created holes, and the carrier

concentration of Bi,Tes thin films was decreased filling in those holes.

From Table 4.4, we see that the carrier mobility of both films after annealing was higher
than that of the as-deposited films. The carrier mobility of p-Sb,Te; film increased from
3.86x10* to 10.22x10™* m?/Vs and for n-Bi,Te; from 1.02x10* to 2.21x10* m?/Vs, with

annealing. The carrier mobility increase was due to larger film crystallites.
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Fig. 4.13 (a) Electrical conductivity and (b) Seebeck coefficient vs applied

temperature for as-deposited and annealed films.

The electrical conductivity (O) of the as-deposited and annealed films versus the
applied temperature is shown in Fig. 4.13a. The conductivity, O, of the annealed p-Sb,Te;
film increased from 0.13x10% to 0.81x10* S/m to 2.26x10* to 2.85x10* S/m. Similarly, the
conductivity of the n-Bi,Tes film increased from 1.14x10% to 1.24x10* S/m to 2.04x10* to

2.52x10* S/m on annealing. The conductivity of the annealed p-Sb,Tes films increased
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more than that of the annealed n-Bi,Tej; films, owing to the changed mobility and carrier
concentration (see Table 4.4). Evidently, the carrier concentration of the annealed p-
Sb,Te; films increased whereas that of the annealed n-Bi,Te; decreases due to Te

evaporation.

The Seebeck coefficient, O, of the as-deposited and annealed p-Sb,Te; and n-

Bi,Tes films versus applied temperature is shown in Fig. 4.13b. The O for the p-Sb,Te; thin
films was positive, demonstrating that they have p-type behavior. For the as-deposited

film, the Seebeck coefficient ranged from 152 to 174 uV/K, and this decreased to 110 to
146 uV/K on annealing. @ for the n-Bi,Tes films was negative, indicating n-type behavior.
In the as-deposited films, O ranged from -61 to =106 pV/Kand increased to -91 to -120
uV/K in the annealed films. Normally, Q is inversely proportional to the carrier

concentration. Therefore, the change in O for the annealed films is as expected from the

conductivity measurements, as shown in Table 4.4.
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Fig. 4.14 Temperature dependent (a) total thermal conductivity, (b) calculated
Lorentz numbers, (c) electronic thermal conductivity and (d) lattice thermal

conductivity for as-deposited and annealed films.

The temperature dependence of total thermal conductivity, ki of the as-
deposited and annealed films is presented in Fig. 4.14(a). k. for both films increased with
applied temperature, due to the carrier (electron or hole) concentrations beginning to
play a dominant role at high temperatures [52]. In addition, k. for both annealed films
was larger than that of the as-deposited films, attributed to improved crystallinities, as
shown in Table 4.3. This is consistent with previous research on the influence of the nano-
structure and decreased phonon scattering, at the grain boundaries, on thermal
conductivity of annealed films [53-56]. We see k;; of both films was lower than that of

the bulk thermoelectric materials (~1.3 W.m'K?") [57-61]. The electronic thermal
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conductivity, k. , and lattice thermal conductivity, k., can be expressed as total thermal
conductivity: Kii=Kior+Kee- Generally, the relationship between k., and O can be

calculated with the Wiedemann-Franz law, k,.=LO T, where L is the Lorenz number,

calculated from Equation (4.9) and shown in Fig. 4.14(b) [62]:

L=15+ex [—M] (4.9)
- P 116 '

Figure 4.14(b) shows the temperature dependence of L for the as-deposited and annealed
films. L for the annealed p-Sb,Te; film is larger than that of the as-deposited film, because
of the reduction in & after annealing. Conversely, L value for the annealed n-Bi,Te; films

was smaller than that of the as-deposited films, because & increased with annealing. ku(e
for both films is shown in Fig. 4.14(c). k.. of the annealed films increased with annealing.
In Fig 4.14 (d), ks can be estimated as Kii=Kiota-Kee- Kiat for both films increased with
applied temperature. The increase in ki at high temperature was attributed to the bipolar
effect [52,53]. The bipolar effect is observed in small band gap materials, since these
materials have a mixture of carriers (electrons and holes) in each band [54]. k for the
annealed films was larger than that of the as-deposited films, due to the crystal growth
on annealing. Crystal growth decreases grain boundaries, which reduces phonon scattering
at the boundaries and, in turn, increased kg, A similar result for thin films was also
reported by Masayuki et al. [54] and Park et al. [63]. Masayuki et al. reported that ki
increased from 0.29 to 0.39 W.m ™ .K! with a grain size increase from 38 to 93 nm; Park et
al. reported k. increased from 0.61 to 1.08 W.m™.K'with a grain size increase from 88 to

129 nm.
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Fig. 4.15 Dimensionless figure of merit vs applied temperature for as-deposited and

annealed films.

The ZT value versus applied temperature for all films is in Fig. 4.15. ZT increased
with temperature. ZT of the annealed films was enhanced by the annealing. In our work,
the maximum ZT of the annealed films was about 0.5 for p-Sb,Te; and 0.25 for n-Bi,Tes

at an applied temperature of 513 K.



Table 4.5 Different deposited conditions and thermoelectric properties of p-Sb,Te;

and n-Bi,Te; films deposited by DC magnetron sputtering at 513 K.
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Sputtering | Substate Annealing Electrical Seebeck Thermal ZT
Materials time temperature | conductivity coefficient | conductivity
(min) (°C) (x 10* S.m™) (LV.Kh (W.mtK?
p-Sb,Te; 60 polyimide 300 52 160 - -
[18] sheet
p-Sb,Te; 60 polyimide 350 2.5 225 - -
[20] sheet
n-Bi,Tes; 75 polyimide 250 5.6 -155 - -
[25] sheet
p-Sb,Te; 5 silicon 200 2.8 146 0.63 0.5
[This work] wafer
n-Bi,Te, 5 silicon 200 2.5 -120 0.74 0.25
[This work] wafer

Different deposition conditions and thermoelectric properties of p-Sb,Tes; and n-Bi,Tes

films deposited by sputtering with our previous work is presented in Table 3. Compared

with our previous work [18,20,25], this work p-Sb,Te; and n-Bi,Te; were deposited with

different sputtering time, substrate and annealing temperature. This indicated that factor

for improve thermoelectric properties depend on sputtering time, substrate and annealing

temperature. Therefore, enhanced thermoelectric properties depend on optimize

deposition conditions.

However, the result of electrical conductivity and Seebeck

coefficient insufficient for thermoelectric properties report. Thermoelectric properties

should be reported electrical conductivity, Seebeck coefficient and thermal conductivity

as reported in this work.
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Fig. 4.16 Thermoelectric compatibility factor, S, of as-deposited and annealed p-
Sb,Te; and n-Bi,Te; films.

For thermoelectric module fabrication, ZT values and also the compatibility factor,
S, must taken into account. The S factor is a thermodynamic property essential for

designing an efficient segmented thermoelectric nodule. The S factor is defined:

VI+ZT—-1
R e (4.10)
aT

Thus, the goal is to select high ZT values that have similar S factors. If the S factors differ
by a factor of 2 or less, both the thermoelectric materials and segmentation will be
efficient [64]. Thus, the S factors the films were calculated and compared, as shown in Fig.
4.16, which shows, both annealed n-Bi,Tes and p-Sb,Te; had appropriate S values, differing
by a factor < 2. However, we can reduce the difference in the S values, by improving the

ZT value of n-Bi,Tes.

We can see that n-Bi,Tes; had a higher thermal conductivity than p-Sb,Tes, indicating that

annealing was not sufficient to improve the thermoelectric properties or ZT value of n-

Bi,Tes. Therefore, the n-Bi,Tes film should improve O and reduce k. In previous work on
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n-Bi;Te; O was increased and ki reduced by doping. Table 4.6 shows O and ki for n-

Bi,Tes at room temperature with Cu [65], Sn, Cul, Cul-Sn [66] and Cul-Pb [67] dopins.

Table 4.6 Electrical conductivity and lattice thermal conductivity of n-Bi,Te; at room

temperature with various dopants.

Reference Doping type | Electrical conductivity Lattice thermal conductivity
(S/cm) (W/m.K)
un-doped doped un-doped doped

Han [65] Cu 500 700 1.15 0.65

Han [66] Sn 300 500 1.45 0.7

Han [66] Cul 300 2,000 1.45 0.45

Han [66] Cul-Sn 300 2,200 1.45 0.25

Han [67] Cul-Pb 300 3,700 1.45 0.1
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4.3 Fabricate and measuring power output from thermoelectric generator.
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Fig. 4.18 (a) Thermoelectric generator open circuit output voltage (Voc) and output

power (P,.) of the generator as functions of different temperature gradients.

Fig.d.18a-4.18b illustrate the experimental differentiation of the open circuit
output voltage and output power of the thermoelectric generator as functions of different
temperature between hot and cold junctions (AT = 5 — 40 K). The open circuit output
voltage at 40 K different temperature was generated about 32 mV, with an output power

of generator up to 3.2 pW.
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Table 4.7 compares output power of thermoelectric generator device was

deposited by DC sputtering on Kapton substrate with light weight method; self-rolled thin

film as TE leg [34], co-sputtering; Thick Kapton [15], Screen printing; Kapton [10], Sputtering;

Standard paper [35], Dispenser printing; PDMS [9] and RF-sputtering; Glass [36]. The output

power of thermocouple of antimony telluride (p-type) and bismuth telluride (n-type) thin

films prepared by DC magnetron sputtering and annealed at 200 °C is comparable to that

obtained with different method and substrate for flexible thermoelectric generator.

Table 4.7 A comparable maximum output power of TEG device with different

method and substrate.

Method and substrate Materials Different Open circuit Maximum
P-type | N-type | temperature output output
(AT, K) voltage power
(OCV, mV) (Prax, HW)
Light weight; Sb,Te; | BiyTes 60 - 5.0
self-rolled thin film as TE leg
[34]
Co-sputtering; Thick Kapton | Sb,Tes; | Bi,Tes 40 430 0.032
[15]
Screen printing; Kapton SbyTes | BiyTes 20 S 0.195
[10]
Sputtering; Standard paper Sb,Te; | BijTes 75 190.7 0.024
[35]
Dispenser printing; PDMS Bi, Tes Bi, Tes 19 7 2.1
[9]
RF sputtering; Glass Sb,Tes | BiyTes 28 32 0.15
[1]
DC sputtering; Kapton Sb,Tes | BiyTes 40 32 32
[This research]
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Fig. 4.19 Thermoelectric generator open circuit output voltage (Vo) with body heat

human.

Thermoelectric generator open circuit output voltage (Vo) with body heat human
as show in Fig. 4.19. The open circuit output voltage with heat from human body was

generated about 1.52 mV.



Chapter 5

Conclusion

5.1 Effect of annealing temperature on thermoelectric properties of bismuth

telluride thick film deposited by DC magnetron sputtering

In summary, we investigated in this work how annealing affects the structural and
thermoelectric properties of thick Bi,Tes films deposited by DC magnetron sputtering. The
XRD patterns show that the films have a hexagonal structure. After annealing, the
crystallinity of the films increases. The XPS spectra show that the surface chemical
composition of the films decreases with increasing annealing temperature. The maximum
electrical conductivity of 5.84 S/m is obtained by annealing at 250 °C. The Seebeck
coefficient ranges from 97 to 145 pV/K in as-deposited film and increases to 147 to 155
uV/K upon annealing at 250 °C. The maximum power factor of 1.21 mW K2 m™ is obtained
by annealing at 250 °C. The maximum power output of 0.98 pW at a temperature

difference of 50 °C for thick, thermoelectric Bi,Tes film is obtained by annealing at 250 °C.

5.2 Comparison of the thermoelectric properties of Bi,Te; and Sb,Te; films deposited

via the DC magnetron sputtering technique.

In summary, deposited p-Sb,Tes and n-Bi,Tes thin films were produced by direct
current magnetron sputtering. The formation of the structure of the as-deposited and
annealed n-Bi,Te; was easier than that of the p-Sb,Te; films, confirmed from XRD. The
electrical conductivity of the annealed p-Sb,Tes increases more than that of the annealed
n-Bi,Tes;, owing to changes in mobility and carrier concentration. Evidently, the carrier
concentration of the annealed p-Sb,Tes increased, whereas that of the annealed n-Bi,Te;
decreased, owing to Te evaporation. The changing of the Seebeck coefficient of p-Sb,Te;
and n-Bi,Te; was inversely proportional to the carrier concentration. The crystalline growth
had more noticeable effects on the increase in the total thermal conductivity of the

annealed n-Bi,Tes film than on the p-Sb,Te; film, because of the easier crystal growth in
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n-Bi,Tes, and therefore the lattice thermal conductivity of n-Bi,Te; was higher. In our work,
the maximum ZT value of the annealed p-Sb,Te; was 0.5 and for n-Bi,Teswas 0.25, at 513
K. The annealed n-Bi,Te; and annealed p-Sb,Te; films had appropriate S values, ie

differing by a factor < 2.

5.3 Fabricate and measuring power output from thermoelectric generator.

In summary, designed thermoelectric generator from the thermoelectric
properties of annealed p-Sb,Te; and n-Bi,Tes film. The open circuit output voltage and
output power of the thermoelectric generator increase with increasing different
temperature (hot and cold junctions), the maximum of open circuit output voltage about
32 mV and maximum output power about 3.2 yW at 40 K different temperature. The open
circuit output voltage with heat from human body was generated about 1.52 mV. In the
future, the open circuit output voltage and output power of the thermoelectric generator

can be further improved if higher ZT values.
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Bismuth telluride (BigTes) thin,films have been.deposited ontopolyimide sheet
substrates by direet-current (DC) magnetron sputtering-at different powers
and their amicrostructure, compesition, and electrical -and)thermoelectrical
properties studied. The. experimental results)indicated-that\the sputtering
power ‘was the key ‘parameter determining-their thermoelectric ‘properties.
X-ray diffraction“analysis confirmed the highly(015) preferred oeriéntation of
the films.-The Te content and\grain'size depended on the sputtering power.
The power factor-of BigTes deposited:by DC sputtering.at power of 60 W was

comparable to-that.obtained for /highly (00/) Bi,Tes thin-film:

Key words: Flexible bismuth! telluride, thermoeleetric thin film,; DC
sputtering, sputtering power

INTRODUCTION

Thin-film thermoelectric materials.have potential
for use in wearable devices. BiyTes thin film is one of
the best thermoelectric materials for room-tempet-
ature applications because of its relatively high
figure of merit, defined as ZT = S%¢T/k, where S is
the Seebeck coefficient (V/K), ¢ is the electrical
conductivity (S/m), & is the thermal conductivity (W/
m K), and T is absolute temperature (K). Low-
dimensional structures, particularly thin-film struc-
tures, have been proposed to achieve low thermal
conductivity and high ZT'. Physical vapor deposition
and chemical vapor deposition techniques have been
used for deposition of BisTes thin films, including
thermal evaporation,! metal-organic chemical

(Received September 17, 2018; accepted February 27, 2019)
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vapor.deposition (MOCVD),? pulsed laser deposition
(PLD),” and{radiefrequency (RF) magnetron sput-
tering AT REsmagnetron sputtering is one of the
most effectivesmethods for obtaining thermoelectric
thinfilms with good performance via further opti-
mization of deposition parameters such as the
sputterin§ pressure9 and powelr,10 annealing tem-
perature,’! and substrate temperature.'*

In the work presented herein, DC magnetron
sputtering was employed to deposit BigTes; films
using a Bi,Te; ceramic target, due to the sufficiently
conductive target and the lower cost and complexity
of this technique compared with RF magnetron
sputtering. In addition, DC magnetron sputtering is
the technique most widely used in industry. The
chemical composition, microstructure, and electrical
and thermoelectric properties of the BisTes films
deposited using different sputtering powers were
investigated for the first time.
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EXPERIMENTAL PROCEDURES

Bismuth telluride films were sputtered onto poly-
mer sheet substrates (DuPont™ Kapton® polyimide
films) using different DC sputtering powers. First,
the polyimide substrates were cleaned in an ultra-
sonic bath with methanol followed by deionized
water, then dried with Ns. The substrates were then
loaded into the vacuum chamber. A BisTes sputter-
ing target with diameter of 3 inches and purity of
99.9% was used for the sputtering process. The base
pressure in the vacuum chamber before the deposi-
tion process was 2.5 x 107° mbar; presputtering
was performed at 40 W for 4 min to clean the target
surface, followed by preheating of the substrate at
400°C for 15 min. The DC sputtering power was
varied from 50 W to 70 W, while the sputtering time
was fixed at 6 min. Cross-sectional images and. the
chemical composition of the BiyTes; films were
obtained by field-emission scanning electron micro-
scopy (FE-SEM, JEOL-JSM-7001F)-and energy-
dispersive spectrometry (EDS; Oxford ~X-MAX
50 mm?), respectively. The x-ray’ diffraction (XRD)
technique was used to analyze the /crystalline
structure of the Bi,Tes films (PANalytical-EMPYR-
EAN). The carrier mobility/and carrier concentra-
tion of the bismuth telluride~thin films\ were
determined by Hall-effect measurements (Hecopia,
HMS3000) at room temperature./ The Seebeck ‘coef-
ficient and electrical conductivity were measured
using a ZEM-3 instrument-(ULVAC-RIKO)-in the
temperature range between-50°C and 300°CL

RESULTS AND DISCUSSION
Effect of Sputtering Power on Composition

The Te content of the BigTes films deposited
under different sputtering powers was-obtained by
EDS analysis in several different areas of the film to
investigate the effect of thesputtering pewer on
their composition. EDS spectra'showed only Bitand
Te peaks, without impurities, with different Bi:Te

ratios as shown in Fig. 1. As the sputtering power
was increased from 50 W to 70 W, the average %Te
of the sputtered films changed to 59.28 at.%,
57.26 at.%, and 56.72 at.%, respectively, indicating
a decrease in the Te content with increasing sput-
tering power. As the sputtering power is increased,
the argon ions become more energetic and hence
could release more energy to target atoms during
sputtering, thereby affecting the ion energy (E;) and
sputtering yield (Y)'° given by Eq. 1:

356 ZZ, M, M,
- U() 2 2 %Mt+Mpa Mp Sn<8), (1)
(7+2)

Y(Es)
+Z3

where U, is the surface binding energy per atom.
The surface binding energies of Bi and Te are
2.163"eVeand 2.171 eV, respectively.16 (Z, M), are
the targetrandprojectile atomic number and mass,
respectively. o Isithe sputtering efficiency'® given by
Eq. 2:

M\ M\ 20
0=.0.08+0.164 <Z\Tp> 4-0.0145 (E) , (2
where' S}, (8)is'the nuclear stopping power per atom,
given by Eq.-3:'7
5 10.5In(1%%)
ile) 03 R 3)

where|the reduced energy ¢ isigiven by Eq. 4:

E;. 4

. AN ASRAN

Using- Eq.71, ‘'one can. calculate the sputtering
yield ratio of Te/Bi-with high<energy argon particles
(aswshown “in’ Fig. 2). /The sputtering yield ratio
decreases with“increasing argon energy. The trend
in.the sputtering yield.ratio is consistent with our
experimental data.

(a)

(b)

2 4 6 8 10 12

keV

keV

Fig. 1. EDS spectra of BiyTej thin films deposited at sputtering power of (a) 50 W and (b) 70 W.
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Effect of Sputtering Power on Structural
and Electrical Properties at Room Tempera-
ture

Figure 3 show the XRD spectra of the Bi;Tes films
prepared under different sputtering powers, reveal-
ing that (015) peak was the main diffraction peak
for all samples. In addition, the intensity of (015)
orientation increased as the sputtering power was
increased from 50 W to 60 W, but decreased on
further increase to 70 W.

Figure 4 show cross-sectional FE-SEM images of
the BiyTeg films prepared using different sputtering
powers, revealing an increase in film thickness with
increasing sputtering power. The thickness of the
BigTes films lay in the range of 1.35 ym to 1.51 um.
In addition, the sputtering power strongly influ-
enced the surface structure and cross-sectionof
these films deposited on a flexible substrate-~Up to
applied sputtering power of 60 W, the-film showed
dense columnar grain structure. Above sputtering
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Fig. 3. XRD patterns of BisTes films prepared under different
sputtering powers.

power of 60 W, the denseness of the structure began
to decrease. By increasing the sputtering power
applied, more atoms are sputtered from the target,
and their higher energy contributes to the film
growth. The crystallinity could be enhanced when
increasing the sputtering power. It was found that
the optimum sputtering power of 60 W produced the
highest crystal quality.

According to Scherrer’s formula (Eq. 5), the crys-
talline size (D) of BiyTes; obtained using different
sputtering powers was calculated as

kA
~ PBeosf’ (5)

where & is the Scherrer constant (typically 0.94), 11is
the wavelength of the =x-ray radiation
(0:1564056 nm), [ is the full-width at half-maximum
(FWHM) of the peak, and 0 is the diffraction angle.
The crystalline, size increased from 30.5 nm to
38.9'nm when thesputtering power was increased
to 60-W, but decreased with further increase of the
sputtering power. These results show that the grain
sizedn the filmswas larger than that in BiyTes thin
film deposited on-polyamine substrate by RF sput-
tering (16.13 nm to 20.08' nm”), indicating that DC
magnetron sputtering.enhances the grain size com-
pared with-the RE magnetron sputtering technique.
The carrier concentration; mobility, and electrical
conductivity-of the films obtained by sputtering at
different powers were measured at room tempera-
ture, and the obtained data are summarized in
Table 1. The variation in the carrier concentration
can ‘be. explained; by the lattice defects in and
chemical composition of:the BijTes thin films. Based

on a theoreticalmodel, antisite defects Biy, can form
easily because Bi atoms can be substituted at Te
vacaneies (Vrpe:) due to/the small difference in
electronegativity (Ay = 0.3) between bismuth (Bi)
and tellurium (Te).'® Then, antisite
defects (Bir,) lead” to’ formation of vacancy
defects (V5.)?The following relation for the inter-
action between” vacancies and antisites has been
propesed’%

2V 3V e + Bif, = Vi, + Big; + 4V1e + 6€/, (6)

where €’ is the electron generated from the interac-
tion, resulting in an increase in the electron con-
centration in the BiyTe; films. It can be seen that a
decrease in the at.% of Te will lead to an increase in
the electron density. This result indicates that the
carrier concentration in the BisTes films was
increased by Te vacancies. Therefore, stoichiometric
composition plays a vital role in reducing the carrier
concentration of BiyTe; films.?! In this work, a
carrier concentration of 1.17 x 10*! ecm 3 was
achieved at 59.28 at.% Te content, close to results
obtained on sputtered films by Huang et al.'?

The carrier mobility was approximately
15.82 cm?Vs with grain size of 38.9 nm when
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Fig. 4. Surface structure and cross-sectional FE-SEM images-of Bi;Tes, films, obtained-by, sputtering at.power of(a) 50 W, (b) 60 W, and (c)

70 W.

Table I. Crystalline size and electrical properties of BisTe; thin films deposited at various sputtering powers

Sputtering Power Crystalline Size

Carrier-Concentration

Mobility (cm?. Conductivity (x 103/

W) (nm) (%°10%"/cm?®) Vs) Q cm)

50 305 A7 8.04 1.50

60 38.9 —1.41 15.82 3.57

70 34.2 ~1.66 10.04 2.67

sputteri ng at power of 60 W, but “decreased. to power factor; respectively, measured on BigTes films
10.04 cm®/Vs when the sputterlng power * was in, the temperaturerange of 50°C to 300°C.

increased to 70 W with grain size of 34.2'nm.*The
effect of carrier scattering in-grain and at grain
boundaries on the carrier mobility is normallg deter-
mined by the corresponding mechanisms.?*** Based
on the FE-SEM results, the number of grain bound-
aries in the cross-section of the BigTes thin films
directly affected the carrier mobility. Grain bound-
aries act as barriers to carrier motion, reducing their
mobility in the BigTes thin films. According to these
data, the carrier mobility of the BiyTes thin films
depended on the grain size and grain boundaries.

Effect of Sputtering Power on Thermoelectric
Properties

Figure 5a, b, and ¢ show the variation in the
electrical conductivity, Seebeck coefficient, and

As shown .in" Fig. 5a, for all the samples, the
conductivity first increased then decreased with
increasing temperature. The maximum value of
electrical conductivity (~ 4.5 x 10° S/m) was
achieved in the BiyTe; film sputtered at 60 W, due
to the significantly increased moblhty and h1gh
carrier concentration (~ 10%! em™2) in this sample.
The Seebeck coefficient (S) of the BiyTes thin films
measured as a function of temperature is shown in
Fig. 5b. The results show that all the films exhibited
n-type semiconducting behavior, since their S val-
ues are negative, a result confirmed by the Hall-
effect measurements. The S value for a degenerate
semiconductor can be expressed as

)

2R3Tm* w23 (3
S =37 (31) (T @)
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Fig. 5. Temperature dependence of (a).electrical conductivity,(b) Seebeck coefficient, and (c) power factoriof BisTes films obtained by sputtering

at different powers.

where kg is the Boltzmann “constant;, 4-is the
reduced Planck constant, and y“is the scattering
factor. Equation 7 indicates that S isudirectly pro-
portional to the measurement temperature«(Z) but
inversely proportional to the carrier concentration
n. Figure 5b shows that S increases with increasing
temperature and a higher carrier concentration will
decrease the S value. These results are consistent
with Eq. 7. In addition, the effect of the film
thickness on the S value is expressed in Eq. 8,

- 31-p) U AB
Sp =8p |1 8 1+U ¢ (8)

where Sg, p, and A are the Seebeck coefficient, the
specularlty parameter and the mean free path of
carriers, respectively. 13,24 U=0In/g/0InE is the
exponent of the energy term for the mean free path
of the form Ag = AoEP. The exponent is 3/2, —1/2,
and 0 for impurity ion scattering, lattice acoustic

Scattering, and optical phonon scattering, respec-
tively; ¢ dsithe thieckness of the thin film. According
to Eq. 8, the S-value of the films should be directly
proportional to their thickness. According to Fig. 5b,
the highest Seebeck coefficient (S) was obtained for
the film sample deposited at 50 W (with thickness of
1.35 um), and the S value remained in the range of
90 uV/K to 125 uV/K. However, the sample depos-
ited at 70 W (with thickness of 1.51 ym) showed the
smallest S value of approximately 75 uV/K to
100 pV/K. This result indicates that the carrier
concentration has a dominant effect on the S value.

The thermoelectric power factor (PF) is used to
evaluate the performance of thermoelectric materi-
als. The PF of the BisTes films (Fig. 5¢) increased
with increasing temperature The maximum PF
value of 5.4 x 1072 W/m K? was obtained at tem-
perature of 300°C for the film sputtered at 60 W.
Table II compares the room-temperature thermo-
electric properties of BiyTes thin films deposited by



PF (x 1073
W/m K?)

o (x 10*
S/m)

Bi;Te; Thin Film
Type

Deposition Condition

Table II. Comparison of room-temperature thermoelectric properties of Bi,Te; thin films deposited by RF and DC magnetron sputtering
Power (W)

methods

Deposition Parameter

DC/RF

Kianwimol, Wanarattikan, Sakdanuphab, Pluengphon, Bovornratanaraks, and Sakulkalavek

S (uV/K)

o the RF and DC magnetron sputtering methods. The
- § PF of the BiyTes film deposited by DC sputtering
- —N o, power at 60 W in this work is comparable to that
i S2E obtained for highly (00/) BiyTes thin film.'"!*2
0
N CONCLUSIONS
BisTe; thin films were deposited on flexible
substrate by DC magnetron sputtering at different
Foo powers and their composition, microstructure, and
S LD electrical and thermoelectric properties studied.
~ ~ XRD analysis confirmed that all the films exhibited
highly (015) preferred orientation. The Te content
decreased as the sputtering power was increased.
- ~ The power factor of BisTes deposited by DC sput-
= R tering at power of 60 W was comparable to that
— o obtained for highly (00!) oriented BiyTes thin film.
These results suggest that DC sputtering at appro-
priate conditions represents another good approach
for enhancing the thermoelectric properties.
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Keywords: We report the thermoeleetric, propecties of: thick bismuth-telluride (Bi,Tes) films deposited on polyimide sub-
Bismuth telluride strates by DC magnetron’sputtering and annealed at various temperatures (150-350 °C). The influence of an-
Thick films

nealing temperatuire on_the microstructure and electronic structure-of thick Bi,Tes films is discussed. In this
work, the annealed filmat 250 °C has the best thermoelectric'property due to highest electrical conductivity and
Seebeck coefficient. The main effect of annealing temperature was really-helpful to improve crystalline structure
and-enhance carrier mobility, whereas the carrier concentration was reduced due to the volatile of tellurium
atom during annealing. Chemical states'of bound and-unbound-atoms (Bi, Bi® ¥, Te, and Te?) on the surface play
an’ important role in electrical properties. The exceed temperature ¢caused the micro-crack formation and affect
carrier transport by the scattering. The power factor of BisTe; deposited-by DC magnetron sputtering and an-
nealed at250-°C-is comparable to the power factors of thick BisTes film deposited by various deposition tech-
niques. The output power of single-leg, thick, thermoelectric. Bi,;Te; film annealed at 250 °C as a function
temperature generated a' power of 0.98 |uW (at a temperature difference of 50 °C.

Annealing treatment
Single-leg thermoelectric
DC sputtering

1. Introduction [9,10] “and" electrochemical..deposition [8,11-13]. However, these

techniques lead-to/'weak adhesion between the film and the supporting

The technology of thermoelectric “power«/generation ".conveits
thermal energy directly into electricity and'is used in several applica-
tions, such as mini-power-generation systems and,powering wireless
autonomous sensors [1-3]. Bismuth telluride (BisTes)wis one'of best
thermoelectric materials and has a high figure of merit near.room
temperature (ZT = S%0T/K, where S, o, T, and K are the Seebeck
coefficient, electrical conductivity, absolute temperature, and thermal
conductivity, respectively) [4]. To increase power density, several
studies of thermoelectric devices have used thin films, on the submicron
or micron scale [5-7]. However, in applications, thermoelectric thin
films still face challenges: for horizontal use, the problem involves the
difference in the temperature between the hot and cold side and, for the
vertical use, the problem is insufficient heat flowing into the thermo-
electric material [8,9] To solve these problems, we prepare thick Bi;Tes
films. In most studies, thick Bi,Tes films are prepared by screen printing

material, which can result-in the'release or breaking of the film. Thus,
we-used the sputtering technique to obtain good adhesion between
material-and substrate; and because it is a simple technique that re-
quires less time than ether techniques [14,15]. In addition, we use a
substrate for flexible thermoelectrics to increase the efficiency of use
with a.variety of heat sources, such as car exhausts, the human body,
etc.

In this work, thick, flexible Bi,Te; films were deposited by DC
magnetron sputtering, following which the thermoelectric properties
were improved by annealing. The structure, composition, and thermo-
electric properties of the Bi,Tes films were then investigated. Finally,
the output power was measured at various temperature differences.
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Silver paste electrode

Bi,Te, film

IR camera -

Fig. 1. (a) Photograph of thick bismuth telluride film deposited by DC magnetron sputtering on a flexible substrate. (b) Schematic illustration of apparatus for
measuring power output from thick, single-leg Bi,Tes film. (c) Infrared top-view image of Bi,Te; film taken during measurement.

2. Experiment

Thick Bi,Te; films were deposited on a polyimide-film-substrate by
using DC magnetron sputtering from a three-inch-diameter Bi,Te; alloy
target of 99.9% impurity. Before sputtering, the polyimide substrates
were ultrasonicated in methanol, acetone, and deionized water_for 15
minutes and then dried with nitrogen gas. Before depesition, the base
pressure in the deposition chamber was 2.5 x 10_° mbar, fand ‘pre-
sputtering was done for 5 minutes to remove contaminatien from-the
target surface. Before deposition, the substrate was pre-heated to 350,°C
for 15 minutes. The DC sputtering power and presstire were maintained
at 45 W and 1.8 x 10~ % mbar, respectively, and the sputtering time was
fixed at 75 minutes. The films were annealed-at 150,250, and 350 °G
under an ambient argon atmosphere for 30 ‘minutes.

Fig. 1(a) shows a photograph of a-thick BisTez film; which can be
flexed without cracking. The cross-sectional morphologies of the|thick
Bi,Te; films were analyzed by using.field emission scanning electron
microscope (JEOL-JSM-7001F). The crystallinesstructure of thick BiyTe;
films was analyzed by using x-ray diffraction (XRD; PANalytical-EMP-
YREAN) with CuKa radiation (A = 0,154 nm). The {ilms were scanned
over a 20 range from 10° to 80% The-room-temperature carrier-con-
centration and mobility of the thick BisTes films were inyestigated
through Hall-effect measurements  (Ecopia,» HMS3000). All 'samples
were investigated for the chemical state and,chemical composition of
surface using X-ray photoelectron spectroscopy .(XPS), techniques at
Beamline 5.3 (BL5.3) of SLRI. The electrical conductivity and Seebeck
coefficient were measured by using a +ZEM-3 (ULVAC-Riko) at
50-300 °C. The thermoelectric power output of. thick single-leg Bi,Te;
film was measured by using a heater and heat sink to _create a tem-
perature gradient and measuring the temperature difference.with an
infrared camera (FLIR E40) [see Fig. 1(b) and 1(c)]. The current and
voltage produced between two silver-paste electrodes were measured
by using a digital multimeter. The output voltage, current, and power
produced by the thick single-leg Bi,Tes film were measured at several
temperature differences.

3. Results and Discussion

Fig. 2 shows XRD patterns of thick Bi,Te; films annealed for 30
minutes at various temperatures. The results reveal that the films are
polycrystalline, with a prominent peak at the (015, 1010) orientation
for all samples. For post-annealing treatment, the relative intensity of
the diffraction peak (110) slightly decreased, indicating a change in
orientation of the Bi,Tes structure. In addition, XRD spectra of annealed
films at 150 °C, 250 °C and 350 °C, show peak shift towards a lower
diffraction angle compared with the as-deposited film. It means an
expansion of lattice constant with respect to its equilibrium lattice
constant. The peak shift increases with higher annealing temperature as

(015)

{1010)- - - -

Aoy

250 °C

(015) 2¥
AP or3)
{-> (021

(1010)___ ]

16y *--- -

Intensity (a:uy)

20 (degrees)

Fig. 2. X-ray diffraction patterns from thick Bi,Te; films annealed for 30
minutes-at various temperatures.

seen clearly from (1010) peak in Fig. 1. This result indicated that a
tensile stress is induced in the thick Bi,Te; films during the annealing
treatment [16]. The average crystalline size (D) of Bi,Te; annealed at
the various temperatures was calculated by using the Willianson-Hall
formula [17]

K1 .

Bcosb = o + 4esin 6, )
where A and 8 are the x-ray wavelength and integral breadth of the
diffraction peak, respectively, 0 is the Bragg diffraction angle, and ¢ is
the microscopic strain. The average crystallite size of as-deposited film
was calculated to be 14.5 nm, and increases from 23.8 to 28.9 nm as
annealing temperature increased from 150 to 250 °C (Table 1). How-
ever, the crystallite size slightly decreased from 28.9 to 27.4 nm with
annealing temperature increasing from 250 to 350 °C. This result sug-
gested that the crystallite size is related to the annealing temperature.

The surface chemical composition of the thick Bi,Te films was
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Table 1

Calculated average grain size and Te content of thick Bi,Te; films annealed at

different temperatures.

Annealing temperature (°C)  Bcos6 Average grain size [D Te content (%)
(nm)]

As-deposited 0.0097 14.5 59.02

150 0.0083 23.8 58.79

250 0.0060  28.9 58.36

350 0.0063 27.4 57.38

analyzed by using x-ray photoelectron spectroscopy (XPS), which
especially give information about chemical bonding state on the sur-
face. Fig. 3 shows the XPS spectra of Bi 4f and Te 3d from the surface of
the as-deposited and annealed Bi,Te thick films. It was found that Bi 4f
core level with binding energies of 157.5 and 163.0 eV, corresponds to
the states of Bi 4f7/2 and 4f5/2 as shown in Fig. 3(a). Fig. 3(b) shows
Te 3d core level with binding energies of 572.5 and 583.0 eV, corre-
sponds to the states of Te 3d5/2 and 3d3/2 [18]. However, a slightly
peak shift is observed toward the lower binding energy side for the
annealed films at 150 °C and 250 °C (in the circles). The XPSsspectra are
resolved into two chemical states of unbound (Bi)andbound (Bi® ™) (in
the inset of Fig. 3(c) and 3(d)) and unbound (Te)'and bound (Te)(in
the inset of Fig. 3(e) and 3(f)). The unbeund states of bismuth and
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Fig. 4. Schematics of defect generation in Bi,Te; atomic structure from the
annealing process. In step 1, Vq. is formed by the volatile of tellurium atoms on
surface. In step 2, a Bir.’-Vp;  pair is formed by the migration of bismuth atom
from-an.adjacent Bi site.

telluride peaks (light blue:line) have a slight shift (0.2 eV) toward the
lower-and higher binding from the bound states of bismuth and tell-
uride peaks (blue-line), respectively [19]. In annealing treatment, it
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Fig. 3. XPS spectra of as-deposited and annealed thick Bi,Te films. (a) Bi 4f core level with binding energies of 157.5 and 163 eV, corresponds to the states of Bi 4{7/2
and 4f5/2. (b) Te 3d core level with binding energies of 572.5 and 583 eV, corresponds to the states of Te 3d5/2 and 3d3/2. The inset shows peaks fitting XPS data of
Bi 4f7/2 and 4f5/2 for unbound (Bi) and bound (Bi* ") chemical states of annealed films at 150 °C (c) and 250 °C (d), and peaks fitting XPS data of Te 3d5/2 and 3d3/
2 for unbound (Te) and bound (Te*) chemical states of annealed films at 150 °C (e) and 250 °C (f).
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. As-deposited

takes energy to break the exlsth Ghemlealx”bf)
(Bi**) and Te ions (Te*) reside tEe?surf#f:e’ i

|
Te states. On the other hand, tlj S:?;pedﬁ*é
350 °C did not show mgmﬁcanﬁ

nealing treatment. Fig. 4 shows the‘
tion in Bi,Te3; atomic structure from'
is developed from the J. Kim et. al. | k § f ’ X
temperature, the thermal energy that is abs Qrbed | to break th o
the Bi,Tes structure and then cause the voli\léof te}lﬁxlum atom fro
surface [20]. The volatlle of tellurlum generateé\tht:telhmﬁmv%lcanc1es

tisite defect (Bite"), step 2. This process can be described ‘t;y quatio
(2) [21]

BiyTe; = 2Bif, + 2V + Vie + @)Tez(g) T+ 8, @
where h' is the resulting hole and 1 indicates the volatilization of tell-
urium. From Eq. (2) the volatile of tellurium generates hole, and the
carrier concentration of n-type of Bi,Te; films would be reduced by the
compensation of holes. The atomic ratio of bismuth and tellurium may
be estimated by using Equation (3)

& — ITe/ Ste
g Iei/Ssi 3

where p, I, and S are the atom density, integrated intensity, and the
atomic sensitivity factor, respectively. This incorporates the calculated
Bi 4f,,5 and Te 3ds, areas with Sp;=2.9 and St.=4.9 for surface atoms
[22]. Table 1 lists the calculated Te content of thick Bi,Tes films an-
nealed at different temperatures. The tellurium content decreases from

,suf)strate; (@) ,L@Kjﬁ
“‘[’ﬁ 1. At tgpjs ,ann/eahng temperature (350 °C), the thermal stress in-
“““side the film'is large enough, which can initiate the micro-crack growth.
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,\l
€ %ture increases from 150 to
eletrfenqél tellurium evaporates during

tp@ﬁt d to the inequivalent atomic
1%11]5 which is essential for the

p051ted and annealed Bi,Tes
nd remains almost unchanged

‘annealin -‘tev perature increases from 150 to
d 5(0)1, the d'ystall,{'zatlon and agglomeration of the
fove as the,ﬁlm@ bégm to grow in from a column

)_‘hg that @?@;(alhzanon can be improved by an-

eals a crack in the columnar film after
1 o-cracks appeared at 350 °C is caused
ix,éoejﬁf/ffeﬁt of thermal expansion between polylmlde

) [23] and bismuth telluride (5.08 x 10° K1)

from the jlffq

“These results indicate that the film crack degrades the crystalline
structure of the film, which is consistent with the XRD spectra (cf.
Fig. 2; the peak decreases after annealing at 350 °C). In addition, the
average grain size (see Table 1) decreases from 28.9 to 27.4 nm.

Fig. 6(a) shows how annealing affects the room-temperature carrier
concentration and mobility of the Bi,Te; films. All films have a negative
carrier concentration because they are n-type semiconductors; the Hall
carrier concentration of the film decreases from 2.62x10%° to
0.7x10%° ¢m ™3 when annealing at 350 °C. The decrease in carrier
concentration with annealing temperature is attributed to the eva-
poration of tellurium, which creates tellurium vacancies (Vr.). Next,
the antisite defect (Bir.) and the bismuth vacancy (Vg;") become in-
volved as bismuth enters the tellurium vacancies as shown in Equation
(2). In addition, the mobility increases from 4.4 to 14.2 em?v s las
the annealing temperature increases to 250 °C. The increase in average
grain size (see Table 1) decreases the grain-boundary intensity and
reduces carrier scattering at the grain boundaries. However, the
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Fig. 6. Room temperature (a) Hall carrier concentration and carrier mobility: (b) mean free path and carrier mobility of thick Bi;Te; films annealed at different

temperatures.

mobility decreases to 9.46 cm? V™! s~ ! upon increasing the annealing
temperature to 350 °C because the crystallization is degraded by the
crack in the film [see Fig. 5(d)]. Fig. 6(b) shows the mean free path and
mobility of the Bi,Tes thick films. The carrier mean free path [ can be
calculated by using [25]

,_1(3_:«)%
T 2e\7 ) 4

where h and e > 0 are Planck’s constant and the fundamental charge,
respectively. Equation (4) indicates that the mean free path is related to
carrier concentration and mobility. The [ value of thick films increases
from 0.57 to 1.73 nm as the annealing temperature increases to 250 °C
and decreases to 0.79 nm as the annealing temperature rises from 250
to 350 °C. The transfer of carriers is involved by grain size and grain
boundary preceding to increase of mobility. The decrease in the mean
free path is confirmed by the crack in the film annealed at 350 °C,
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Fig. 7. Temperature dependent (a) electrical conductivity o, (b) Seebeck coef-
ficient S, and (c) power factor S%o as functions of applied temperature for thick
Bi,Te; films annealed at different temperatures.
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Fig. 8. Power factor as a function of electrical conductivity for thick Bi,Tes
films annealed at'different temperatures.

which is due to resistanee to carrier scattering.

Fig-7(a)-7(e) show the'eleetrical conductivity, Seebeck coefficient,
and-power faetor; respectively, as a function of temperature for thick
Bi,Tes films annealed at different temperatures. Fig. 7(a) shows that,
for.all conditions; the-electrical “conductivity increases from 50 to
150 °Cand then decreases with temperature. The electrical conductivity
ranges from 0,99 x 10 to/1:32 x 10*'S/m in as-deposited film and in-
creases to 5/4x10%t0.5.82% 10% S/m in film annealed at 250 °C. The
low electrical conductivity in as-depesited film is due to the low mo-
bility and’low crystallinity. Upon annealing the thick Bi,Tes films, the
crystallinity-and ‘mobility. increases,, which improves the electrical
conductivity. However, the lowest electrical conductivity occurs in the
film annealed_at-350°C(0.58 X 10*to 0.73 x 10* S/m), which may be
attributed to low carrier.concentration due to the volatilization of
tellurium and the decreased-mobility.due to the cracked film annealed
at-350 °C.

As/shown in Hig. 7(b),-the Seebeck coefficient of all Bi,Tes films is
negative,-indicating that they are n-type semiconductors. The Seebeck
coefficientranges from —97 to — 145 uV/K in as-deposited film and
inereases to .~ 147 to —155-uV/K in film annealed at 250 °C, then
decreasesto~108'to —143uV/K in film annealed at 350 °C. Therefore,
the ‘'thiek BisTes film has a maximum Seebeck coefficient when an-
nealed at 250, °C..The greater Seebeck coefficient in films annealed
below,-350.°C is ‘due-to_the decrease in carrier concentration from
2,62 % 10%%t0 2.1°% 10%° cm 2 [see Fig. 6(a)], which in turn is due to
the reduced number of donor defects [26]. The Seebeck coefficient for a
degenerate semiconductor is given by [15]

871k
S = T Bm*T(l
3eh? 3n

2

3
) 1+ R), )
where kg is Boltzmann’s constant, h is Planck’s constant, m" is the ef-
fective carrier mass, n is the carrier concentration, T is absolute tem-
perature, and R is the scattering function. Equation (5) implies that the
Seebeck coefficient is directly proportional to the measurement tem-
perature and inversely proportional to carrier concentration. However,
the Seebeck coefficient for a thick film annealed at 350 °C decreases
because the carrier mean free path decreases [as shown in Fig. 6(b)],
and the mean free path explains the degree of carrier scattering at de-
fects in a grain. The increase in scattering decreases the mean free path,
which decreases the Seebeck coefficient [27].

The thermoelectric power factor of thick Bi,Tes films annealed at
different temperatures was calculated by using the Seebeck coefficient
and the electrical conductivity (S%0), with the result shown in Fig. 7(c).
These results indicate that the power factor increases with annealing
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Seebeck coefficient (UV/K) Power factor (mW K2 m™1) Treatment process

Electrical conductivity (S/cm)

Deposition technique

Room-temperature power factor of thick Bi,Tes films deposited by various techniques.

Table 2

Curing treatment at 350 °C

0.12
1.5

2.1

—230
—202

22
363

Dispenser printing [28]

Co-evaporation [29]
Screen-printing [9]

Substrate temperature 250 °C

Annealing treatment at 250 °C (Bi and Te powders ambient)

1.12
1.21

—-150
—155

500
502

Thermally assisted sputtering method [30]

DC sputtering (this work)

Annealing treatment at 250 °C (argon atmosphere)
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Fig.9..Power output of single-leg, thick, thermoelectric Bi,Tes film as a func-
tion of temperature difference for as-deposited film and film annealed at 250 °C.

temperature up to 250°C, then decreases as the annealing temperature
increases further. The maximum power factor is
13:5%x 107 W.K=2m ', which occurs at the annealing temperature of
250-°C.

Figi 8 shows the power factor as a function of electrical conductivity
for thick Bi,Tes films: The increased electrical conductivity is attributed
mainly to the improved crystallinity and the increase in carrier mobility
upon.annealing.. The maximum power factor occurs at the maximum
electrical conductivity, which'is obtained at the annealing temperature
of 250 °C: Thus, the-power ‘factor ‘of thick Bi,Tes films improves sig-
nificantly with respect to 'the electrieal conductivity. Table 2 compares
the thermoelectric properties of thick'Bi;Te; films deposited by room-
temperature DC-magnetion sputtering with dispenser printing [28], co-
evaporation f29];screen-printing [9];-and thermally assisted sputtering
[30}.-The power factor, for.Bi,Tes, deposited by DC magnetron sput-
tering and annealed at 250.°C is_comparable to that obtained with
various-other deposition techniques for thick Bi,Tes film.

Fig. 9 shows the power output of single-leg, thick, thermoelectric
Bi,Tes/filmas a function of temperature difference (AT = 5-50 °C). The
as-deposited film generates apower ouitput of 3.78 nW at AT = 5 °C and
0.42 pfW-at AT-= 50 °C. The-annealed film at 250 °C generates an output
power-of 43.24 nW at AT = 5.°C and 0.98 uyW at AT = 50 °C. This result
indicates that annealing improves the output power of single-leg, thick,
thermoelectrie BisTes films

4. Conelusion

In summary, we investigated in this work how annealing affects the
structural and thermoelectric properties of thick Bi,Tes films deposited
by DC magnetron sputtering. The XRD patterns show that the films have
a hexagonal structure. After annealing, the volatile of tellurium atom
occur with the formation of the pair of bismuth vacancy (Vg; ) and
antisite defect (Bit.). The micro-cracks appeared at 350 °C is caused
from the different coefficient of thermal expansion between polyimide
substrate and bismuth telluride. The maximum electrical conductivity
of 5.84 S/m is obtained by annealing at 250 °C. The Seebeck coefficient
ranges from 97 to 145 uV/K in as-deposited film and increases to 147 to
155 puV/K upon annealing at 250 °C. The maximum power factor of
1.21 mW K~2 m~? is obtained by annealing at 250 °C. The maximum
power output of 0.98 uW at a temperature difference of 50 °C for thick,
thermoelectric Bi,Tes film is obtained by annealing at 250 °C.
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