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Abstract

Thermoelectric technologyhas/leen utilized for ehegfgy harvesting in the
microwatt power range:—P-type ShyTes is a harrow band-gap sagliconductor with a
rhombohedral tayered crystal structure\and is.awell-known-thermpa&lectric material
for near room. temperature applications. —Te. date, ‘the spreparation of these
chalcogenide materials in film form is'teqguired to fabricate,on'a\flexibla substrate. For
energy harvesting apptications, the maximum.output peweris proportional to the film
thickness. This thesis; P-type Sb,Te; films with differéntithicknesses were deposited on
polyimide substrates wvia ‘heat treatment-assisted BC ‘magnetron sputtering. The
annealing temperature and annealting time were optimizeditorenhance thermoelectric
properties.” Theé ‘correlations. between the ‘thickness. \vagance and the structure,
dislocation. density, surfaceimorphology,ithermoelectric properties and output power
are investigatéd. As a result;thefilm, thickness andithe heat treatment process during
growth arey@dlated to thediffusion‘of deposited-atos-on thesubstrate surface, leading
to imperfectionhdefects inside thesfitms=The structure wevealed that the preferred
orientation plane'along the (00L), plane was changed to the (015) plane as the thickness
dimension of the film inereased,.indicatine that the atomic interactions between atoms
and substrate can obstruct nucleationiinthe vertical direction. This texture change had
a significant impact on electrical transportation. The residual stress typically
accumulates as the thick layer increases, which is related to the diffusion of deposited
atoms on the substrate surface and to the appearance of microstructure and
morphology. The thermal energy of the thick dimension is not enough cause diffusion
and agglomeration. The resultant surface morphology showed small compact grains
as the film thickness increased. All imperfections inside the films are affected by the
thermoelectric properties. The maximum power output factor of 2.73 mW/mK? for a
film thickness of 9.0 pm was obtained following annealing at 350°C for 30 min.

Experimental characterization showed that increasing the film thickness to 9.0 um at a



deposition time of 60 min can produce an output power of 0.032 uW at a temperature
difference of 58 K.

Keywords: Antimony telluride, Flexible substrate, Thermoelectric, Sputtering,

Annealing condition
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Chapter 1

Introduction

1.1 Research Motivation

Global warming and climate change are major problems for the world.
Strategies for dealing with these problems include increasing the use of renewable
energy (solar, wind, water and-biomass) and improving energy efficiency. One way to
improve energy_efficiency and. minimize Wwasted heat™is %@ use energy harvesting
technology. This technology-can directly/convert thermal enésgWto electrical energy
through thermoelectric materials, “based onwthel Seebeck and Reltier effects. The
conversion efficiencysof tharmeelectticsiis .eXpressed yathe thermdelectric figure of
merit (ZT). Antimony telluride, based on the general formula Sb,Tes, is @ well-known
TEs that/has attracted-much-attention foritsithermoelectriciapplication with a narrow
bandgap, E, < 022V SbsTe; compounds have thetthembohedralerystal structure
Sb,Te; lattice-consistsef layers Each layercomprises. five atomiciplanes oriented
perpendictlar to the c-axis acaording to . Te :Sb-Te’-Sh-Te'twle'-SbTeXSb-Te!. There
is thelvan der Waals dap between Te' atoms2]. Typically, the excetience ZT of Sb,Te,
is achieyed atnear recomytemperature [3-4] which:is conveniently close to the human
body température. Low-temperature, waste heat/(35-200°C)+s,the most interesting
because it cambe,found, the thermatwaste heat when doing the‘activities. Since waste
heat tends to be ‘agCessible ‘allrday. and night, it Maybecome an attraction for the
energy harvesting applications

As the adhesion problems and limited flexibility between waste heat and the
thermoelectric devices, Two dimensional atomic are the basic plane structures of bulk
layered materials and have attracted attention to improving the thermoelectric
performance through the rational nanostructure design [54]. The flexible film can be
manufactured into a variety of shapes and sizes to fit the needs of various areas. To
form a flexible thermoelectric device, a polyimide substrate was chosen due to its low
thermal conductivity (0.12 W/Km and its thermal expansion coefficient (12x10°K™)

closely matching the thermal expansion coefficient of Sb,Tes film, which reduces



residual stress and increasing adhesion [5]. Generally, Screen printing [6-8],
electrochemical [9], thermal evaporation [10], and magnetron sputtering [11] have
been extensively investigated to deposit the Sb,Te; film on a polyimide substrate.
Screen printing has been commonly used due to the short process time, low
fabrication cost and large coating area. However, these are requiring a mixing powder,
binder, glass powder and solvent along with a precursor, which leads to weak contact
between particles and highly porous products. Thermal evaporation is a common
method of film deposition. The material is evaporated in a vacuum by the thermal
process and travels directly to-the“substratesiowever, this method is performed at
high temperature and tow vacuum. Among the fitm, Beposition techniques, Direct
current (DC) magnetron_sputtéering\has been widely used betause it produces high-
quality films, extremely hicshradhesion and-exeetlant uniformity ‘@ver a large substrate
area. Moreover,-the Sb,Tes fitms-were sputtéred onto polyimide Substrates using a
single compound target. Many-reportswere shown that the compositional, structural,
electrical_and thermoelectrig {properties of . thes SbyFesz thermoelectric films were
controlled- by sputtering. parameters, such as’ sputtering. pressure, sputtaring power,
deposition temperature, deposition:time and heat treatment [12¢16]. 1t is affected by
the enhancing of the properties of the: SbaTes' film which'\eads'to the increase of the
energy\efficiency of thermoelectric applicationst

A this study, the SB,TesEhin- and thick<filoy Were'directlysdeposited on flexible
polyimide oy DC magnetron sputtering tsing asinglexcompound target. The influence
of sputtering,parameters onithe structuraly electrical and thermoelectric properties of
Sb,Te; flexible filhs, wasiimvestisated. The sputteringdparameters and heat treatment
processes were optimizedtedmprove thermoelectri€ properties. For practical use, thin-
and thick- film of Sb,Te; are interestingto'compare the output performance on a single

leg Sb,Tes.

1.2 Objectives of the study

The objective of this thesis is conducted in order to:
1. study the influence of sputtering power on thermoelectric properties of P-

type Sb,Te; flexible thin-film deposited by DC magnetron sputtering



2. study the enhancement of thermoelectric properties of P-type Sb,Tes
flexible thick-films via heat-treatment process.

3. study the thickness effect on the thermoelectric properties of P-type Sb,Tes
flexible thin- and thick-films deposited by thermal treatment-assisted DC magnetron
sputtering.

4. compare the output performance of a planar single-leg P-type Sb,Te; with

different thicknesses.

1.3 Scopes of the study.

The scopes of this thesis\are expressed as follows®

1. The P-type SbyTes thinfilms weré’deposited-on flexible polyimide substrates
using DC.magnetron sputtering with sputtering:power-density in the fange of 30-50 W.
The effect of sputtering power density oh thermoelectriciproperties Ware studies.

2. The structural, chemical electrical and thermaoelectric properties of Sb,Tes
thin films were'characterized andinvestigated.,

3. The. P-type” Sb,Te; | thick-films:. were  deposited’ on_flexible! polyimide
substrates usingithermaltreatment assisted DC maenetron sputtering'at temperatures
of 0,1150; 250.and 350 °G,for: 30, min.- To investicate the effect of annealing time, the
thick filmps'were alsarannealedsat 350 ¢Cyfor-15,.30 ahd60,min, respectively.

4 Whe structural,)chemical electrical @nd thermoelectric properties of Sb,Tes
thick films'were charactérized and. investigated.

5. Thinggnd thick- Sh,Te; films were depositedwithvarious deposition times
of 2, 30, 60 and 120wihwwith-optimizedsthermal*treatment conditions.

6. The structural, chémieal.electrical-and thermoelectric properties of Sb,Tes
thin- and thick- films were characterized and investigated.

7. Compare the output performance of a planar single leg with different

thicknesses.



1.4 Expected results

1. The relevant parameters of the deposited thin-and thick-films such as
suitable sputtering parameters, thermoelectric properties, thermal treatment

conditions and thickness will be notified.

2. The suitable conditions of the planar thin- and thick-film P-type Sb,Tes; in a

single leg were achieved for thermoelectric application.

OIIrTiTy
T T
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Chapter 2

Theory and literature reviews

In overview, the objective of this chapter is to investigate the fundamental of
thermoelectric, thermoelectric applications, antimony telluride thermoelectric
material, thin- and thick-film deposition techniques, and the characterization

technique. In this chapter, the relevant theories and literature reviews are explained.

2.1 Thermoelectric phenomena and their parameéters

The advent of thermoelectric devices)was discovered iR 1821 when Thomas
Johann Seebeck-found the deviation of a compass needledue to twioljunctions of two
dissimilar materials at'different temperatures. This now calledsthe Seabeck effect was
caused by the formation of«an electric, potential “differeénce, due to. a temperature
difference.-Ins1834 Jean Peltier discovered that an electric clrrent.passes through two
dissimilat:materials atter the temperature at-the junction. It is.called the Peltier effect.
Some years later,;Thomson explained found-that the connection between the Seebeck
effect and th& Pealtier effact within the framework of thermedynamics, known as the
Thomson effect. Allthermoeleétric phenomena aré described. ALhese effects are the
phenomenplagical foundations for the description ofithermoelectric materials and the
functioning'@fthermoelectrig devices andithermoelectric applications.

2.1.1 Seebeck Effect

The Seebeck™effeet_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. A thermocouple consists of two junctions of two
dissimilar materials. The two junctions are held at the temperatures Tc and Ty
experiencing a temperature difference (AT ) and thus exhibit a temperature gradient

along with the materials.
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difference:
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The total thermoelectric voltage is obtained.

TH
dv = j S(T)dT (2.3)

Te



The temperature dependence Seebeck coefficient along two different
materials allows expressing a combined coefficient for the material couple under given

thermal conditions.
TH
AV =(S,—Sg)[dT =(S, — S, )AT (2.4)
TC

Where S, and Sg are a Seebeck coefficient of material A and B. while P-type
materials possess a positive Seebeck-ceefficient, N-type materials offer negative ones.
The thermoelectric voltages drive current flowingsthrough the materials when their
junction kept the temperature-difference [17-18].

2.1.2 Peltier Effect

The Peltier effectis,a phenomenological effect reverse to tha,Seebeck effect.
When an electric current passes throushy two dissimilar mateérials are connected at two
junctions, heat can be-absorbed ih the junction, whilesitisireleased at the other one.
As al result, heat-flux-throush the materials\isyinduced.-The ‘heat flux at the junction
will be interpreted as energy conservation within the junctions and the . change of total
enefgy of the cafriers)when electrical current passing:The Rettier coefficients represent
how much,heat' Current.isscatried per unit change through a«material. The Peltier heat

(Q) abserbed by the'coldyunction per unittime is givenloy [17-18]

dQ “e. T (2.5)
d
#Z(HA—HB)I (2.6)

In this equation, [1, and [1; 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 dependent 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):(SA_SB)T (2.7)



[lyg =Sl (2.8)

material A

Cold junction Hot junction

material B

Current

In which Q is Thomson heat, £ denoted the Thomson coefficient, | is the current

intensity, U is time, and dT/dxis the temperature gradient along with the material.

Thomson coefficient is different from the 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:

¥ = Tj—_ls_ (2.10)



absorption

Electron current direction

Figure 2.3 Absorption of heat by current caring conductor exposed to a

temperature gradient. .=

2.1.4 Figure of Merit
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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.

X T (2.12)
O

2
L:”—("—j —245x10° (42 (2.13)
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Where k 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 semiconductors
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 increase 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-disorders-into.the crystalline structure. On the other
hand, the distortion inevitably blocks transport, Whichymay reduce the electrical
conductivity.

In general, the Fermi'level is used to desaribe the average\energy of a crystal
in a material at-a-given temperature; In the Fermi function-of a semiconductor, the
band theory.is-a gap betweensthe Fermijlevel andithe condudtien band.'At above zero
temperature, ;some—=électrons| can  bridses thesgap-ahRd pdkticipate, in electrical
conduction. Fhe electron. population depends on the product of the Fefmi function
andithe ‘electron:density-of states. The'band structure of the thermoelectric material
has ‘@ sharp band or, high‘density-of states near. the Fermi, [avel to enhance Seebeck
and dispersivebands 'to enhance the electrical’ conductivity. Fora ¢ged thermoelectric
materialj there shoutd“be a-high: density’of statesADOS)near the Fermi level but the
dispersive ands should ‘not becuthey the Fermilevel nor sheuld be touching. The
SemiconduGtdss are suitable, forthermoelectric materialS\Wwith* relatively low carrier
concentration ahd%ean-have larce Seebeck coefficients and high mobility. The relation
of carrier and Seebeckseafbe determined from a«relatively simple model of electron
transport. Two-dimensionally confined carriers in quantum well exhibits quantum
effects whereby the Seebeck can be increased due to increase the DOS without the
other properties decreasing. The effective mass of carriers is governed by the energy
surface shape in the valence and conduction bands, which can, along with the carrier
and phonon scattering behavior, strongly affect electronic phenomena [52-53].

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
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material. A good thermoelectric should have an absolute value of S in the range of
hundreds of 4V /K. For semiconductors, the parabolic band, energy-independent
scattering approximation is used to derive the Seebeck coefficient shown in Equation

2.14.

2 2 %
s(r)=8” " m*T(”j

geh® " L3n (2.19)
m*

S(T — 2.15

M « n% (2.15)

Where, h is the Plank’s constant, m* is the effective. mass and n is the carrier
concentration: Based on-the equation, the Seebeck-coefficient iS\iegative if carriers are
the electron, positive if-cartierssare. holes. sAsmaximunm Seebeckgdefficient can be
achieved for large-effective massanditow carrdar concehtration. On thejother hand, a
high Seebeck coefficient can' result in/low electrical conductivity. Generally, a high
Seebeck. coefficientris-always ‘found in semiconductors {\-type and|P-type). This

relation.can be described based/on:the band medel [18-19]:

3
Ky | [ 5 2(2 R, T) 2
S)= -2 (~+sj+ln ( % ) (2.16)
g 2 h°n
In whiCk S.is the scattering,parameter;.assuming tha{'thecarrier relaxation time
can be expresseel,wterms of carrier energy (z' = rOES), 7 _is the carrier relaxation time,

7, is a constant and BwiS*the carrier energy. It cansbe expressed as:

i 227k, T) 2

2.17
Hen (2.17)

S(T)=+%eny (§+sj+l
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 (O') is a 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 ofssemiconductors spans a wide™anee from insulating to almost
metallic conduction.

The electrical conductivity is inversely)proportional to the &lectrical resistivity.
Sl unit of time the-electricaliresistivity is ©.m*Wwhile the etectrical €opductivity is per
Q.m or(S/m). The electrical-conductivity and mobility canbe.related to relaxation

time as equations

(2.18)

In an\ intrinsic.semicendudetor, the carrier mobility(,u) is\determined by scattering with
phona@ns. Further seattering is‘introdueed by impurities, defects oralloy/disorder. The
electrical\conductivity-is, propottional to thescarrier concentration (n) the electron

charge (e) and the carrier mobitity(y), whichrisigiven by:
o =enu (2.19)

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

U=— (2.20)
m

In the presence of both electrons and holes,

o =0,+0,=—eny, +eny, (2.21)
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Where tis the charge carrier relaxation time which depends on the charge
carrier scattering, u,and g, is the mobility for electrons and holes, respectively. These
are given by u, =—er/m" and g, =+ez/m". As the unit for mobility, usually cm?/Vs
is used. In small bandgap semiconductors, high mobility is caused by its small effective
mass [18-21]. The majority carriers greatly outnumber minority carriers, so that Equation

(2.21) can be reduced to a single term involving the majority carrier. [22]

ZT

0 —— = S
1018 {019 1020 102"

Carrier concentration (cm=2)

Figure 2. Carrier concentration on thermoelectric properties of a material [19].

According to/ equation (2D Na“high™ ZT requires as increasing carrier
concentration. Béth“electrical , conductivity agdk electronic thermal conductivity
increase with increasing the.Carriersconcentration,-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 nx 10" cm™.

2.1.7 Carrier mobility

According to equation (2.19), the electrical conductivity is proportional to the
carrier concentration and carrier mobility. The carrier mobility is a measure of how well
the carrier will flow through the material. Generally, if the mobility is high and the

carrier density is moderate, the Seebeck coefficient remains high, resulting in good
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thermoelectric material. 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-canbe generated in terms of phonons. In
metals, carrier-carrier scattering affects the electrieal "egnductivity, but the carrier
concentration.in semiconductors\is low. As-a result, carriémCagrier scattering can be
ignored in.a semiconductory For lattice scatteringythe scatterind\tige (z') in terms of

a scattering cross-section (S) is eiven by:

(2.22)

Where w15 the mean speed of the carriers (thermal welocity) and NS s the
number of scatters per unit Volume.

if a’is the arhplitude oflattice vikration of two<dimension scattering, S = 7a®.
The a Ipdredses with inctéasing-temperaturesandfience the Siincreases. In terms of

Uy, , an eleetren in the conductior-band is equal 1o its kinetic energy so that

1 & 3
P Moy, = P KeT (2.23)
Uy € JT (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:

ocT 2 (2.25)
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Since the scattering time is directly proportional to the mobility. This means
3
that u 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.

2. Impurity scattering

Impurity scattering-is based-on-thesienizEdsdonor and acceptor impurities. At
room temperature the impurities. are fionized, there™is*an electrostatic attraction
between the’carriers traveling-in-the lattice and-the impufiti@s. The probability of
impurities scattering-is, independant of the-dopingidensity and the fonized impuirities.
As seen in Figure. 2.5;/as a‘donor the.scattering ‘cross-section is calgllated from the
balance between the=KE and the PE: of the carrier due-to the ionhized\impurities. The
carrier/wilkbe scattered if RE ‘dominated: The scattering radilis (r, ):is'the distance at

whichl both effects-areequal:

2\ KE=1/2mav?
e b, Mg

o >
@

Figure 2.5 Carrier scattering from an ionized As donor.

2
ST=t

= (2.26)
2 Areye, T,

S—m? o« T (2.27)
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The scattering time due to impurities (T,) is given by:

(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, theseharee carriers are moving faster and

this makes the interaction with the impurity for'a-shorter timg@sThe carrier mobility due
3
to impurity scattering decreases‘as 2

50000 3
- =1.
] BT
wy
= =1014
NE 100004 Ne%1Q \
E : Na=10'¢ o Y N4=10'3
2 T NS 1O =
:5 1000 -'j
O 3 ;
E 7 -
o 7 Y Ne=10'8 /’\
o
G 100 3 N=T0" /V————\
)
T
4 m_‘f
10 oL
70 100 300 800

Temperature (K)

Figure 2.6 Temperature dependence on carrier mobility due to lattice and

impurity scattering with various donor concentrations of semiconductor.

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 [23]. At low donor concentrations, lattice scattering dominates over the entire

temperature range. As increasing donor concentrations impurity scattering starts to
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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 [23]. 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 N ). The optimal temperature range ¢ is nearly the saturation region n.

The carrier concentration in a semiconductor is affected by temperature, as
seen:

oo exp(— kETJ (2.29)
B

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

while at'the high-temperature donoer er-acceptor atoms-are.increasinglyionized.

log{n} | ‘ lag()
\

Intrinsgic

Exirinsic

LogarithtaiC scale

log(p) Impurity

scattering

>1/T

high temperature Low temperature

Figure 2.7 Temperature dependence on electrical

conductivity, carrier
concentration and carrier mobility.
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During the ionization, 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 (2 oc T™3'?) can be expected. At high-temperature
measurement, E is the energy gap (Eg) and at low-temperature measurement, E is
the activation energy (E, ).

2.1.8 Thermal conductivity

Thermal conductivity (K‘) is the ability of thermoelectric material to describe
the heat transfer via mainly twostransportersssuch as charge carriers and lattice waves
(phonons). Thermal.eonductivity is measure in units of\WMsmK . According to Equation
(2.11), low thermal conductivity.is required. It is_an importdmt factor to be controlled
when optimizing for a hish ZT (ifhe total-thermal conductivityirysemiconductors is
classified into two-main comiponents; electronic thermal:conductivity (K'e) and lattice
thermal conductivity (/q) based on the contribution of charee carriefs transporting
heat and lattice waves{phonens),respectively.

The thermal conductivity of semiconductors is temperature-dependent. Total

thermal ‘Conductivity-is-given by:
K=K, +K (2.30)

1% Electrical thermal conduetivity,

The'electrical thermal conductivity is.mdinly reldted tO carriers transporting
heat. The ratio 'ef ‘the ‘electronic transporting heat-torthe electrical conductivity of a
metal is directly propostional.to the temperature-throush the Wiedemann-Franz law,
in Equation (2.12). In theory, the vatue*E=2.45x10"° (WQ/K?) 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
0y is Debye temperature (6, = 160 K for Sb,Tes).
The «, 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
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conductivity due to a small proportion of total thermal conductivity generated by
electrical thermal conductivity, the impact of k, can be neglected at low temperatures
[19, 22, 24].

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:

(2.31)

A

Il
[GONE =

(@)

o

<

In'which, C, isdhe spedific-heat:at constant volume, d is the average phonon
mean/ free pathfand:¥:is the average phonon velocityrAtiabove Debyetemperature,
C
temperature, C, isproportional to 1% following thetawof Debye (CV ocT3).

. epprodches’ the -classical\value of 3R, where - R is ay8as ‘constant. At low

Since |Equatien, (2.31) is_nat valid for a wide range “of materials. Then, the lattice

thermal conductivity, Using the:Callaway formalism, as seeh:

X
kB B

%
k. TF x'e

2 —B/ /3 d 2.32

K| ZHZVS( h j !TC(X)M X (2.32)

N 3
In which, huis the reduced-Plank’s constant(h :2_j X is the dimensionless
Vs

parameter with X = @ is the frequency of phonon and vis the speed of

@
27k,
sound 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 [20], can be
written as
-1

[ e R |
T, =T, +7p +7g +7gp

(2.33)
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In which, 72" is the total probability of scattering, z-;lis the probability for
phonon-phonon scattering, 7' is the probability for point defect scattering, z5'is the
probability for grain boundary scattering and zz} is the probability for electron-phonon
scattering. The total phonon scattering mechanisms are described [19-24].

2.1. 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:
7 =Bo’Texp o (2.30)
’ 3T '

Theseffect of phonon-phonon scattering-totemperdtute dependence on

thermal.conductivity is-expressed by,
K0 exp —0@—1 (2.35)
2T '

At the above.*Debye temperature,\the ithermal conductivity, is inversely
propottional to temperaturenAsithe: temperature below,~the thermal conductivity
should be raised exponentially_until other scattered)predominate.

2.2. Point,defect:phonon scattering

The point defect.stich as Vacanciesydistocations, uncharged impurity sites and
different isotOgas, of the host constitdents’is an atom with different forms. There has
little effect on thawlomg-wavelength (low:enargy of phonon). But short wavelength,
high energy phonons are strengly scatteredby point defects. The Point defect phonon
scattering is given by:

75 = Aw® (2.36)

2.3. 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 terms of grain size (d) and

film thickness (t)as:
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== s (2.37)

2.4. 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:

peim—m (2.38)

Therefore, gcood thermoelectric materials-are crystallingMaterials that manage

to scatter phonon without significantly disrupting the electrical copductivity.

2.2 Thermoelectric’Applications

Thermoelectric - technology is widely used.due-to increasing renewable energy
and! improving, energy-efficienay.. 1t was stated, that thermoelectric-devices directly
convert heat into'a temperature difference and heat flow andvice versa which is made
up ofithree differénteffects: the Seebeck effect,'the Peltlereffect and Thomson effect.
A recepty development in theoretical-studies- on’ the thermoetectric /provides new
opportunities for. wide-applications stich as equipment-used by the military, medical,
industrial, and‘scientific.

GenerallJp, thermoelectric devices. contain \more” than one thermoelectric
couples consist of N-type“and P-type  semiconducters, which are different charge
carriers. The voltage for the Seebeck effect and the cooling and heating power for the
Peltier effect is 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 semiconductors, the major carriers are

electrons. In P-type semiconductors, 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 hot side to cold side. 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
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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 thermoelectric modules. 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 figure. 2.8. ~

Therméelectric devices \‘t{ prowde advantages over'g

e semiconductors, as seen in

ernative technologies.

The S|gn|ﬁcant features-of t §rmé‘electrrc moduleilndude there\are no moving parts

lead to, mcreased retlabm ng,, ife TQ te ‘arte.much smaller ¢
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Figure 2.8 Schematic of the thermoelectric module.
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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 hot to cold sides. 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-eleetrical-power, The output voltage is increased
directly proportional to the number of couples (n)

The output voltage (V) can.be generated as:
V =nfS7)~ 5, AT (2.39)

Where; Sp =S s the'\Seebeck coefficients of TEG, AT isuthe temperature
gradient between-het-ana:cotd junctions:

The outputpower (P) of the TEG can be calculated as:

V2

PRR € SR,
iRp+Rni

(2.40)

Where\R ++ R is the internalresistance of TEG ahd” R{is the external load.

When R+ R, &glals Ry, the maximum power (P *can'be obtained:

max

o (S5 =S, FAT? )
4R

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

power drawn from a heat source (QH )

Qu (2.42)
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If the R, is chosen to maximize the maximum output, the maximum efficiency

(7, ), is given by:

AT  A1+ZT -1

Max = %7~ —— T (2.43)
o NJ1+ZT +_I_—c

h

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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2.2.2 Thermoelect
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.
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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.

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

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

P (2.44)

The maximum~COP'is given by:

NEHZ —:Ir_C

SOZHIIENY 5" 1S (2.45)
L NS T S

Equatienr (2.45) shows'that the maximum coefficiencyiof the performance of
TEC|is depending-on=the= Zls, of materials, thextemperatures<of the haot and cold

junctions.

2.3 Antimony telturide thermoelectric materiat

Aptimony telluride (Sb,Tes) isapromising P-type thermeelectric material from
the V —VINgreups The atondic arrapggment.is based on‘general formula AYB;' (A
=Sb and B =TélWith a narrow bandgap (Eg< 0.2 eWy Sb,TFe; compounds have the a
rhombohedral crystalsstreture with five ‘atoms_per unit cell belonging to the space
group R3m. The Sb and Te atoms consistofa Sequence of layers, each layer comprising
five atomic planes oriented perpendicular to the c-axis according to the scheme:
TeV-sb-Te?-5h-Te . TeV-5h-Te!?-Sb-TelV..., as seen in Figure. 2.10. Such a sequence
is repeated in parallel layers and a single sequence known as quintuple. The subscript
of Te refers to various types of bonding with antimony. The Te!"-Sb and Sb-Tel? were
bonded by a covalent and ionic bond and there are the van der Waals gap between

Te'” and Te' atomes.
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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 [18]. The non-cubic structure of Sb,Tes; contributed to anisotropic in
thermoelectric properties, the electrical and thermal conductivities are higher along a
plane parallel to the cleavage than perpendicular to them.

Recently, tuning the carrier conduction or lowering the phonon conductivity
through a reduction in the dimension of thesstructure have been studied to enhance
thermoelectric efficiency. In nanostructured materialtsygrain boundary scattering plays
an important role to suppress thelattice thermal conductivig/with phonon, while the
electronic thermal conductiyity can be. controlled efficiently byAcarrier concentration
[26].

Typically, the ‘excellence "ZT of Sb, ez Isyachieved approximately near room

temperature (300 Ko, “which cerresponding te the-human-body heat souree [27-28].
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Figure 2.10 Atomic layers of Sb,Tes crystal structure. Dash line indicates van der
Waals gap of one quintuple layer (QL).
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2.4 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 Speeies_on the substrate directly or via a
chemical reaction with-reactive constituents, forming*assolid deposit.

In atomic processes, the-salid film is formed by con@ighsation of the atoms in
the vapor phase onto,the substrate and migrationtto.nucleation an@ growth sites. The
adsorbed atoms-require enoughienergyto occupy, their-lowest endrdy configurations
avoiding structural imperfegations«.The microstructure and morphelegy of the deposited
film ‘are a.result ofthetenerey of the atoms which is dependant on:the deposition

process deposition parameters [29].

Table, 2.1 Several techniques of the film deposition

Chemical vapor deposition!(CVD) Physicalivapor deposition (PVD)
techniques techniques

® Plaska-enhanced-CVD (P’ECVD).:‘ : . 0 Thermal evaporation

® Atmospheric pressure CVB ® ' Sputtering

® | ow-presstige ' €VD(LPCVD) Er ® Moleculesbeam epitaxy

® \Very low-pressure, CVR._(VLPCVD)

2.4.1 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.
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2.4.2 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. tosremove thessurface contaminants and to roughen the
surface of the substrate. The molecular beams émi{*a, small amount of material
through a shutter; which then collects on the substrate.
. Sputtering: Plasma isigenerated; thisplasma contains argdplions and electrons.
The atoms from-the tarcet,are ‘ejected after Heing struck-by-argomidns. Atoms from
the target travel through the plasma and form.aslayer on thesubstrate §30].

2.4.3 Advantages‘and Disadvantages of film depeosition

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

CVD processes run at'a.much higher temperature thanPVD processes. A
furnace,\RF _coil, or-taser!always ‘eenerates)substrate “temperature./Stbstrates that
cannot telerate this temperature must*have filins/deposited by, the physical form of
vapor depdsitioninstead. The benefit ofi the substrate ¥emperature in some CVD
processes is thaf “here jis-less waste deposition; ‘especially in cold-wall reactors,
because only the hedted suifaces are coated. Withrthe“use of a laser heating system,
the CVD process becomes selectivetothe 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.
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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 largessubstrate-area.

2.5 Sputtering process

The sputtering process isva wildly used tachnique for dep@sition of the films,
defined as the removal of surface atoms of the-target by-energetic ion bombardment.
Momentum transfer.theoryand Thermat vaporization theory have been proposed for
sputtering. Sputter-atoms are ‘emitted: when_kinetic-moments of .incident ions are
transferred to the targetisurface.

Thelsurface of‘the tarcet is hedtéed ‘tol be vaparized dya.tasthe bombardment of
energetic 1ons,

Rirect current (DC) sputtering system/is composed of a pair offplanar electrodes.
One is & Gathode and anothen onelis@n andde, The top of plasma-facing surface is
covered withha sputterine targetzand the reverse sideis water-tooled. The substrate is
placed on thehghgde. Fhe sputtering chamber is set, tosVacuum and filled with inert
gas, mostly Argon. Thg“slow dischareeis generated under the applied of DC voltage
between two electrodes. The*Arkions generatedin 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 materials. The film
thickness can be controlled with proportional with the current. The deposition rates
of the DC are higher than the RF mode. And adhesion strength is high because of the

high energy process. However, the main disadvantage of the DC system is required high
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Ar pressure. The 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.

Incident ion

R\
Sputter atom N
v Target atom
N
\

-~ Target surface
a0 PoeN
7 ZAONN772, 90,

@ ¢ longimplantation

Figure 2,11 Physical sputtering process

Sputtered-atoms: collide’ with Ar eas and.diffuse to the substrate since the gas
pressureds_hish“and the ‘mean free path - of the sputteredsatoms is less than the
electrodesspacing, The amouhtof sputtered atems depesited on a unit'substrate area

(W) is\determined by deposition rates (R)

WY=L 0 (2.46)

(2.47)

Where, K, is a constant, W, is the amount of sputtered atoms from the unit
cathode area, p is the discharge gas pressure, | is the electrode spacing and t is the
sputtering time.

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

] A
W, =| = |St| — 2.48
’ [ej (Nj (248
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The |, is nearly equal to the discharge current |, and the sputter yield is
proportional to the discharge voltage V., the total amount of sputtered particles
becomes VI t/pl. Thus, the sputtered deposit is proportional to discharge voltage,
discharge current and sputtering time (Vslst).

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 bombardine by=installing of the magnet in the rear of the
sputtering target. The magnetic flux on the cathode surface is terminated to the
magnetic cores A magnetic-fietd s, assumed on the catho@iewhich parallels to the
surface of the target. The electron in the glow,discharge shows cyicteid motion and the
center of orbit-drifts in a_directien of ExB_ with/the drift velocity ‘of % where E
and B denotes the electrie field, and the magnetic field,.respeetively. The magnetic
field/lines.trap the=escapingienercetic electrons;, and-the trapped electrons make
ionizing collisions.

The increasing:of;the ionization increases the-ion;current to the cathode target
and lowers the operating gas)pressure resulting in  hisher depasition rates. The incident
flux affionized "particles;increases. in the magnetron increasing deposition rates. The
incident ionized flux modifies, the srowth process’Moreover, highyion current density

will enhapce the chemical reaction atthessubstrate during the film growth [31].

Added :
concentrationafions

/\\\ Magnetic field

..........

- \ - .. Erosions profil

i - s

Figure 2.12 Schematic of the magnetron sputtering system.
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2.5.1 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 field can be used to control ions.

The process begins with applying a 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 chareedsion,

8+ Ar 28+ Ar’ (2.49)

The interaction resultiexhibits twoatoms of the etectron whighican collide with
other gas atoms and iohize by creatingia cascading process unpiil the gas\breaks down.
The breakdown'voltage'depends on the pressuresand thedistanee between the anode
and the cathode. The interdctions bétween, the incident ions and the farget are not
only the sputtered atoms: but,also’cause the ‘generation of secondary electrons and
reflacted 4on and neutrals., lons-bombardment ‘may be, imptanted. into the target
material [20]."The secondary:electron is maintained the slowdischarge process. The
sputtered atoms are-ceated.ontd the substrate’inthe form of neutralatoms.

The, sputtered atems aré sputtered by bombardment with’ions having a few
hundred electonwolts. These sputteredatoms are partialljenized,i.e., a few percents
of the sputter@d ‘atoms,sin the discharge region ofithe sputtering system. An alloy
target, if low energy ofintident 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.
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1. Momentum and Energy
Momentum (P)
P=mv (2.50)

Kinetic energy (K)

(2.51)

./ g‘j [ (2.53)
sl o) 3
g‘yﬁsan r géfiﬂvee‘{; two masses in
en Eli'e,r'n- ésa,tel,:e
b
(2.54)

Figure 2.13 (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
Vi (2.55)

Where ¢, is.the sputtered atoms velocity and W, is the collision frequency
between sputtered atoms and-sputtering gas. The sputteréd atoms velocity is larger

than the sputtering gas, v, ,ias siven by:

2
V12 . 7Z'(r1 + r2) C1n2 (256)

Where, I; and I, are the atomic raditis of Sputtered atoms and sputtering gas,

respectively, Myisthe-densitysaf discharge gas. The mean-free path is given by:

gk 2oary
()

R

2 (2.57)

2.5.2%puttering yield
Theyshuttering yield(S)/i5,.defined as-the mean“gumbeér of atoms removed

from the targethdtie to bombardment per incident iers.andsis given by:

==Sputtered atoms
Incidentions (2.58)

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

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

The sputtering yield can be measured by the following methods: Weight loss
of sputtering target, Decrease of thickness target, Collection of the sputtered material
and 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 capsidered in detail for the
following three different energy tesions.of the'incident ions.

1. Threshold region (B < 4007eV)

2. Low-energy region(E > 100 &V)

3, High-energy-region (E{=10-100'keV)

The threshold region isthe energy for gjecting target atoms. The sputtering
yield lincreases with-increasing/ the “higher>energies-in_thelow-energy region. The
saturation” of sputtering Vield ‘has occurred 'at the high-energy region for heavier
bombarding

According to the elasticseollisiontheory, the possible energy transferred in the

collision‘precess (T, ). is followed by

L (259
(M, £M,)°

Where, M, and M, 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:

1 M,M,
A(E)cosd (M, + M, }

(2.60)
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Where k is a constant which depends on the target material, A is the mean
free path for elastic collisions near the target, @ 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-issexpressed by the relationships where

1. <1 keV

S(E):(B//A'”Z)a-rm/uo (2.62)

2.1-10 keV

S(E) = 042005, (E)/U, (2.63)

Where; T=s:the-possible energy 'transferred:irstheseoltision process, U, is a
heat of sublithation.and’ & is the function of M,/ M

Hewever, thé sputtering yield is‘depending on the energy of thefincident ions,
target materials andsangle of incidence ions:Sputter yields.increase as/ the mass of
incident ‘ion"increases_due te @i process of/miementum transferrand/also tends to
increase as the kineticcenergy afincident fons:above the threshold energy [20].

2.5.3 TheVpractical aspect-of sputtering systems

For the Opgration ©of the sputtering 'system,*many equipments are prepared
including the sputtering targetsputtering gas;stbstrate and monitor systems.

1. Sputtering target

The sputtering target is typically made from metal or alloy compound disks.
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.
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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 has 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 distributionsefsthe sputtered atom, the collisions between

sputtered atoms and sputtering cas and the constructien of the target shield.

2. Sputtering gas

Typically, the depositionyprocess of the film isaffected by“e deposition rates
(the power density) andthaigas pressure, Thesputteringgas is widely Used as an inert
gas (generally a heawy:gas, Ar). Inthe sputtering processyaplasia is'ereated by ionizing
a sputtering gas. The sputtering eas bombards the target and sputters off the material
to deposit.

At low pressures, higher iohs erergy increasescthe deposition rate/sputtering
yield. There are not enoushi'coltisions between ions and splttering target atoms to
contribute a plasma which, depositionrate. On the otherihand, at high pressures, there
are manyicollisions that electrohs do net have-enoush time to gather energy between
collisions tonpé able tovonize the/atoms. Thereforerthe sputtéring gas was optimized
for providingthe deposition rateNof” the’ film™ production. .The optimum pressure
depends on targetssUbstrate 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.
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The substrate temperature is the most important thing and yet difficult to
control. In convention sputtering system, the substrate is mounted on a temperature-
controlled. However, the heat of surface target and the bombardment by high-energy
secondary electrons heat the substrate surface. To reduce the effect of the heat of
the substrate, the surface of the target must be cooled. Bombardment by the
secondary electrons are avoided by negatively biasing the substrate. 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 menitoring of sputtering conditions is-importanttdycontrol the properties
of the film/production. The parameters.to be,;monitored are as fellows:
1. Sputtering discharge

Voltage

Current

Power, density
2. Sputteringyeas in the sputtering chamber

Residual gas

Total/partial pressurerof the sputter gas
3. Substrate temperature

4.1 Sputtering discharge

The'discharge parameters(the sputtering/voltage ahd the ‘sputtering current)

can be easily Magasuredyby a conventional _high-ifpedance voltmeter and a low

impedance current meterfer, DC sputtering.

§1-DCS00E Multipurpose DG Pomer

Figure 2.14 DC power of the sputtering system.
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2.6 Thin/thick-film growth process

In term of thin-film are not only defined by the thickness but also by the way
they are deposited. Thin-film is mostly deposited on a substrate by vacuum deposition.
The smooth surface and the fine structure are obtained. The thickness of thin-film can
vary from 50 angstroms to several thousands of angstroms. In term of thick-film is
defined from the fact that the fired film is fairly thick, varying from 1-50 gz m. There are

considerable possibilities for building multilayer structures [54].
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The growth processes of thin- and thick- film consist of a statistic process of
nucleation, a surface-diffusion-controlled growth of the three-dimensional nuclei, and
a formation of a network structure leading to give a continuous film. The formation of
the films occurs via nucleation and growth processes. The step by step growth process
can be presented as follows: [32-33]

When sputtered atoms are transported to a substrate, their velocity is lost and
is physically adsorbed on the substrate surface. The adsorbed are not in thermal
equilibrium with the substrate initially and move over the substrate surface. In this
process, the bigger clusters are-formed. The-adatoms are thermodynamically unstable
and may tend to desorb in time, depending on the Beposition parameters. If the
adatoms collide with others, it will \be getting desorbed, themystarts growing in size.
After reaching a certain critical size, the ctuster hecomes thermo@lynamically stable.
This step related-tothe formiation of stable, chemisorbed, critical-sized nuclei is called
the nucleation-stage.

The critical ngcteus erews,continuously untit a-5attration nucleation density is
obtained: The nucleation density and. the averace size are depending-onithe energy of
the impinging materials, the rate/of impingernent, the-activation energies ofladsorption,
desarption, thermal diffusion, terperature; topodraphy, and'chemical reaction of the
substrate.

A, nugleus can“grompoth parallél to)ithe substrate by surface/diffusion, and
perpendigllarto direct impingementsefthe incidentatoms. Theirate of lateral growth
is generally’puch higher than the perpendicdlar growth. Te grown nuclei are called
islands.

The next stagetin the.process offilm growthris the coalescence stage, in which
the small islands start coalescing with'each other in an attempt to reduce the substrate
surface area. This tendency to form bigger islands is called agglomeration, which is
enhanced by increasing surface mobility. The increasing of substrate temperature
affects the formation of new nuclei which may occur on areas exposed as a
consequence of coalescence. Larger islands grow together. The porosity of the film
structure has occurred. A completely continuous film was obtained by filling the

porous.
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Depending on the thermodynamic parameters of the deposition process and
the substrate, the initial nucleation and growth stages were described by (a) island
type, called the Volmer-Weber model, (b) layer type, called Frank-van der Merwe
model, and (c) mixed type, called Stranski-Krastanov model.

In the Vomer-Weber model, equilibrium exists in a three-dimensional crystal of
the film in contact with the substrate. The mechanism of island growth happens when
the interaction between the atoms is stronger than the interaction with the substrate
surface. Nucleation occurs in the form of discrete nuclei on the substrate. The number
of nuclei and the size of the nueletis increasesleads to intersperse with each other to
form a continuous fitm.

In the Frank-van der ‘Merwe' model, nucleation ‘ecéurs in the form of a
monolayeristand. The monalayer srows together to form a layertoylayer to complete
the continuous.of- the deposit. The interaction®oetween the-atom andythe substrate is
stronger than.neishboring tayer.atoms.

The Stransky-Krastanoy imodelicombines;the features ofilayer-by-layer growth
and/ discretey three-dimensional "nucleation.” This,_model) is ‘deposited at a low
temperatureyin whichthe surface mobility \Is low: The conditions' of isrowth are
explainedsin terms of thermodyhamics and surface energys e hucleation'and growth
occuk as inth&tayer-by-layerimode, soia finite number. of the monotayer/is produced.
The filn\growth occurs'by'the formation’of discrete nuctei.

The, lattice mismatel’ betweeh<the substrate_and the deposit cannot be
accommodatad when the filg thicknessiincreases! Alternatively;the orientation of the
overlayers concerhing thessubstrate might be respansiblefor the production of this
model. [20]

The growth model of the fitmsfs'conducted by the surface energy of thin films
(7¢), the surface energy of substrates (y,), and the interfacial energy between films
and substrates (y,). The island growth or the Volmer-Weber model will be
predominant at y, >y, —y, and the layer-by-layer growth or the Frank-van der
Merwe model aty, <y, — ¥, . In this growth, the surface energy of the substrate shows

the minimum free energy [34-35].
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2.6.1 Microstructure and Temperature
When the sputtered atoms are transported to the substrate. All atoms diffuse
on the surface of the substrate. Diffusion of adatoms on the surface depending on the
energy of adatoms and interactions at the substrate. The adatoms form chemical
bonding with the other adatoms or the substrate. The formation of the films is related
to the mobility of adatoms during growth. The energy supply to the adatoms is

provided by the following mechanism:
® Thermal effect
® |onic bombarding

® The chemical reaction at the substrate

Thesereffects can-be explained by the structure zon&mgdel (SZM). The SZM
model can determine the microstructure and the morphatosy of thetfilms as a function
of the adatoms. The-parameterssthat.the SZNM model includes fok determining the
microstructure and ithe: morphotesy of the-filmstare theisubstrate.temperature, the
working pressure, the voltage applied:and.the thermal characteristics.of| the target.

Inithe ‘erain-growth-anayecrystallization studies;‘one-expects usefullrelations in
terms, of T/Ty. where T¢ is-the substrate temparature and’ T, is'the material melting
point. After.examinirig fitm coatings, Movchan-and Demchisshirn 1969 divided the T/T,,
into three zones.

The first zone is T/ 1w <-0.37 This zone is formed by smatl grains that form a
columnafstructure with perous-morphology. and weakly binding'grains. The columnar
structure wasyproduced by a%tow diffusieny low=mobility of*the adatoms adsorbed by
the surface of the “substrate;, which is produced. by varying velocity. The various
incidence angles of sputtered*atems.arrive.at-the substrate.

The secondary zone is 0.3 < T¢/T,, <0.45. The substrate temperature increasing
homogeneous which leads to a higher diffusion of the adatoms. The dense structure
with a higher degree of binding between the columns is produced. The grain size of
the film can be increased and the grains extended in equiaxed form.

In the third zone, Ty/Ty > 0.45, the volumetric diffusion size has a great
influence on the film morphology due to the increase in the diffusion into the grains,
which produces grain growth. The formation of the equiaxed grain and re-

crystallization. In this zone, a greater crystalline structure is produced [32].
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Moreover, the growth parameters can change the kinetic energy of the adatoms
that arrived at the substrate and the mean free path of the particles. Sputtering
pressure allows an increase or decrease in the ion bombardment of the surface, which
in turn determines the mobility of the adatoms at the surface. The bias voltage of the
substrate has the same effect on mobility and adsorption of the atoms as increasing
temperature. When it is increased resulting in denser films and a high degree of
crystallinity.

The bias voltage also influences the mechanical properties of the films. At a
high voltage, the deformation of the lattice at the substrate increases due to the high

residual efforts and the low adhesion between.film and substrate.

Furthermoregsthe growth parameters that affetythe microstructure are the
power supply and the gas flows."Changing the gas flow ratésdUsing film growth changes
the preferred orientation.

The deposition withiwell>defined large erains is\formed at qish temperature
(substrate and source)which results’in/high surface’mobility. The effegtiof temperature
has exhibited the increasesithekinetic/energy of the incident'atom.and also increases
in the 'surface mobitity:

Howeyer; with the sufficiently kinetia energies; the surface. mobility is reduced
due to the penetration of thesincident ions inte the.substrate, resulting in small grain.
Thisleffect of the kinetic energy of the ions-on.grain: size'is"more pronounced at high
substrate temperature: The effect of substrate tempefature enrerainssize is prominent
relatively with the film'thickness. Fhe post-annealing may also improve the larger grain
size. Theygkain growth is obtained ddkine postzannealing because of the high activation
energy pro@ess, of thermal diffusion,ofthe ,condensate adatems:

The effégthef anhealing temperature on graifssize is' prominent relatively with
the film thickness. The, &ffect of substrate temperature; post-annealing temperature,
kinetic energy, and thickness on“thesgrain=size is summarized in Figure 2.18. It can be
seen that the grain size cannot be increased indefinitely because of the limitation on
surface mobility.

The parameters of grain growth are high surface mobility as obtained at high
substrate temperature, low supersaturation, clean, smooth, and inert of substrate
surfaces and crystallographic compatibility between the substrate and the material

[32, 36].
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2.6.2 Surface roughness and density
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The small grain size and smooth surface of the film deposited have become

when the low nucleation barrier, the high supersaturation and the high nucleation

density occur, leading to small film thickness. On the other hand, if the nucleation

barrier is large and the supersaturation is low, few nuclei are formed, resulting in larger

grain and rough surface which become a large thickness. The surface roughness occurs

when the incident ions are not falling normally on the substrate during the deposition

process. The Frank-van der Merwe model provides the smooth surface and the

Volmer-Weber model provides.the=roughwsurface. The strains due to the thermal

expansion mismatch between film and substrate affect'the surface microstructure and

roughness [37].
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Where Y denotes the Young’s modulus of the film. The store energy in the

unit area of the film (u )becomes:

u.=ud=—d (2.65)
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Where d is the film thickness. When uqis higher than the adhesive energy, the
film deposited will peel off from the substrate. Under an adhesive condition, the
critical film thickness is obtained. Stress can be introduced by the thermal expansion
between films and substrates. The internal stress (9 ) is expressed by measuring the

strain (&) using an XRD analysis.
&Y
o=

=— (2.66)
2v

Where & denotes the strain and V is the Poisson's ratio of the film [32].
2.6.4 Two-dimension.material

Two-dimension (2D) material\is characterized by*egmpressing of electrons and
holes inside the highly limited space.of nano-size resulting fromygaiantum confinement.
Quantumiwell, thin film and'supértattice are elassified into 2D matekial.

Quantum effects obtains in 2D material which can be confinedy carriers during
the physical size of=the confinementpotential™is, comparable“to the de Broglie
wavelength. The Fermi enereyiis used to describe the-averagesenergy-of a crystal in a
material.at a giventtemperatlre, and ‘the corresponding-Fermi wavelength is the de
Broglie wavelenhethyof \the relections. present' near the Fermi.energy level. In bulk
material (3D), the charge, carriers are free inthree directions which exhibit a continuous
energy ‘spectrum=In thia film(2D); the charge carriers are free inqtwo directions and
confinejif-one direction, Whern-the lensth /atong one-of these directions becomes
comparablehto Fermi wavelength, the corresponding momentum is quantized. The

quantized eneg8y (E;) can be calctlated by:

K=— (2.67)

Where k is the wavenumber in z direction and n is the quantum number. The
calculation of the wave function in quantum well with an infinite quantum well
potential of barriers and a finite width of the well (L). The energy level in x and y
direction are continuous and z direction is discrete energy.

The band theory is a gap between the Fermi level and the conduction band.

At above zero temperature, some electrons can bridge the gap and participate in
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electrical conduction. The electron population depends on the product of the Fermi
function and the electron density of states. The band structure of the thermoelectric
material has a sharp band or high density of states near the Fermi level to enhance
Seebeck and dispersive bands to enhance the electrical conductivity. For a good
thermoelectric material, there should be a high density of states (DOS) near the Fermi
level but the dispersive bands should not be cut by the Fermi level nor should be
touching [52-53].

The DOS is defined as the number of different states at a particular energy level

that electrons are allowed to.eceupy, withinskespace. It can be expressed by:

dN
D(E)=— 2.68
(E) iE (2.68)

Where D(E).is: theSDOS as a functionofyenergy; N is the Aumber of states
and E is the energy-ofdifférent states.

In the ‘case-of -2D 'material,<the carriers are free-on the surface of the film
structure (paralletitethegquantum well‘plane). The guantization'of the carriers occurs
in thel perpendicular direction to the quantun'well planeThe, thickness/of the well is
invetse proportiopal to the confinement energy, (L, <<'L jLy). Moreoyer, decreasing
the width of the wall calised the ‘quantized enefey in€réases-of canriers [20].

The'semiconductor.is suitable fer thermoelectric-materials with relatively low
carrier concentration and-ean kave.larce Seebeck ceefficientsliand hish mobility. The
relation of cawleg and Seebeck cansbe determined from'a' relatively simple model of
electron transports, wo-diméensionally  confined ‘earriefs in quantum well exhibits
quantum effects wherebysthe Seebeck=can be increased due to increase the DOS
without the other properties decreasing. The effective mass of carriers is governed by
the energy surface shape in the valence and conduction bands, which can, along with
the carrier and phonon scattering behavior, strongly affect electronic phenomena [52-

531.
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2.7 Characterization techniques

In this study, characterization techniques of sputtered thin/thick Sb,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, filteredto produce monochromatieradiation, collimated and directed
to the materials. The interaction, between the incidentsaus and sample material
produces constructive-interference and ‘diffraction rays -when“fe condition satisfies

Bragg’s law, as seen in the figuray 2.21.

2d'sin®.=nA (2.69)

Where d is{the spacingof the:atomicyplane measured perpéndicular to the
planes, @_is Bragg’s andte measured betiveen. thetincident.direction and the planes,
n isian inteser thatprésents the order of reftectioprand” 1Vis the wavelength of X-
rays.

Brago’s.law relatés o, the diffraction ianglerof X-rays radiation’and the lattice
spacing in%a\¢rystalline™material“The.X-rays diffraction weretabtained by scanning
sample materfalig the xange of 2 @ angles, all diffiactieh direction of the lattice are
attained due to the“andem orientation of thelnaterials [32].

The diffraction pattérms<.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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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 that are free of any defects including non-uniform lattice
distortion, dislocation, antiphase domain boundaries and grain surface relaxation.

The diffraction peaks can-be apparentto the crystalline size by the Scherrer
equation. And their.microstrain, Williamson and HalssUegested a method for finding
both, called the Williamson=Hatl (\\W-H) method [39]. The W-Fymethod is a formula that
relates to the effect of crystallitesize (ﬂD) and microstrain (4.}, & seen in equation

(2.71).
Bi= Bo +5s (2.71)

Where f;is.the total broadening,, Fy is the broadening due to crystalline size

and! f.!is the broadening dueto strain. From the Scherer equation (2:69) known that:

KA

= (2.72)
Fo Deosh
The peak'readening dueto, mictostrain is-given by:
S, =4ctan 6 (2.73)
Where ¢ is the strain and @ is the peak position. So,
= +4etand
/"~ Deosé (2.74)

Or

B cosO = 4e sin9+% (2.75)



53

Equation (2.75) represents a straight line, which & is the slope of the straight
line and % 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.

The electron microscope that works with an electron in a negative charge
instead of visible light in-an opticat microscope.. Therefore, all samples work with FE-
SEM must be conductive under vacuum: The electronSswere created by a field
emission source made from-tungsten filament. A-direct currehg s, passed through the
filament which heats/it about 2700 K: At temperature, the filanteit emits electrons
into the ‘'surroundingsvacuum by“the procéss, ‘called  thermionic erission. The high
energy electronlis aceelerated from the filament by applied veltage (01530 kV) within
the ‘high. vacuurn columnyicalled primary ‘electrons. -Fhe.anode has'al pinhole to
collimate the electronssbeam.The collimated electrons pass throughia magnetic lens
whichl focuses ‘them! tolspet-on the specimen:The ‘scan coils deflect|the electron
beam ‘overthe object according to a zie-zag pattern. The farmation.of /the image on
the monitor occurs. ih synchrany with the scan“movement! The objective lens is the
lowest in'the column-it cansfocus the electroh beam on-the object./After the primary
electrons'are focused andwdeflected. by electronigdenses tosproduce a narrow scan
beam that bogkards'the specimen=Fhaatomic electropns’ejected from the specimen
at low energy (lessythan 100s of eV) as alresult ‘ofvinelastic scattering are emitted, as
known that secondary eléetQns:

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



54

is amplified and transformed into a screen. FE-SEM provides great topological, chemical

compositions that come from different detectors.

Electron
source

Scan generator

‘:dact‘ndetaaar’ 23

< Y \\
Qg4 \\
tlc of fi eld- emvssm}n s‘canmr@e’(ectron microscope.

Figure 2.22
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 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.
Finally, the fatigue-cracked specimen surfaces, cross-sections and elemental

composition of the specimen were obtained. [20, 40-42]
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RH = (276)

Where ] is the current density of the carrier of electron and Eis an electric

field. Charge carriers in a magnetic field are subject to the Lorentz force, given by:

F=q(vxB) 2.77)
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Where q 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 (2.78)

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

current density, expressed as equation (2.79).

J=n.qv (2.79)

Where n, -is-the-chargecarrier; concentrdtion. So,-the &l&ctric field can be
defined as:
1B,
U,

E (2.80)

From,the Hall coefficient/ definition in equation (2.76), the carrier type and the

carrier concentrationis darived to be:

1
Pe="—7 (2.81)
R4
If the Mal,coefficient is positive, the carrier typesis-hole or P-type and the Hall

coefficient is negatiugisthe “carrieritype is electron or N=type. The carrier mobility (,u)

is determined by the electtieal.resistivity (p) and-hall coefficient, given by:
u=—" (2.82)

In general, a few simple instruments of Hall effect measurement are required
a current source (100 mA-10 PA), a voltmeter, a current meter 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 film was placed on a square substrate. The
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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]:

o
-

”.
7 -
¢

(2.83)

onfiguration Will b rearranged. the

combination of revassin rce current
\ taie

f ditional terminals, and
reversing the direction 6fdhesmagnetic field [1¢
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Figure 2.25 Schematic of Var\der Pawn set up (a aterial resistivity and

(b) for hall voltage measureme;r;fs i

= ’\ »
i*f ) 1,

.\}L

radxént, he. sc"F’iematl
v;‘,\l, .‘r \ J

upies We‘re esé‘e;i,attt(e sulcface’ of/the sam\ple-'to mgeasure the thermal
\\-/\—/ \7 ‘s,

resistance (R) is measure
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) [20], as

seen in equation (2.84).

R_PL (2.84)
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2.8 Literature reviews

Previously,.many researchers ‘have -been reported™ the_influence of the
sputtering_parameters’ such as- sputtering pressure,; substrate temperature, pre-heat
substrate) post-annealing treatmentiand sputtering power. of thermoelectric materials
using spUtterings It sy affected’ by enhang¢ing /the thermoelectric properties of
thermoelectfig Wpaterials whichleatls tothe increase of the dutput performance of the
thermoelectric applications.

Shen et al. [12]%epOrted=that. the=enhancing thermoelectric properties of
Sb,Tes flexible thin-film through the adjustment of the sputtering pressure (1.0-4.0 Pa).
The mechanism of influence of Ar pressure on crystalline, microstructure, grain of the
Sb,Te; thin-films have been presented. The growth rate and the binding energy are
dependent on the deposition rate and the energy of the particles of the film. In the
case of low Ar pressure, the kinetic energy of absorbed atoms on the surface is high
lead to a high deposition rate which decreases the diffusion time of atoms on the
substrate surface. It can be formed to porous film. On the other hand, when the

sputtering pressure is raised, the energy of the particles arriving at the substrate
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decrease because the backscattering rate increases lead to obtain the lower deposition
rate and kinetic energy. The films will get enough time to diffuse and reach the lattice

point to form a crystallized structure. As the result, this work develops a sputtering Ar

pressure to improve the thermoelectric properties of Sb,Te; thin films.

,4':.?“&1.‘\

350 360 \370\-330 /m
W S
'\’ T;q{,‘

Figure 2.28 In-plane power factor of Sb,Te; thin-film with various sputtering Ar

pressure.

Chen et al [13] studied the effects of substrate temperature on the
thermoelectric properties of Sb,Tes thin films by RF and DC Co-sputtering. During the

sputtering process, the substrate temperature was varied from room temperature to
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300°C while keeping other parameters constant. As a result, Substrate temperature
above 250°C can enhance the crystalline quality and prefer c-axis orientation. Larger
grain can be obtained due to a diffusion of atoms. Moreover, the substrate temperature
can be adjusted the composition at near stoichiometric due to re-evaporation of
volatile tellurium during the deposition process. All improvements lead to improve
electrical transport and thermoelectric properties of the films. The optimized power
factor of samples deposited at 250°C was 3.26X10°> W/mK? which is a high value
compared with those obtained by the other techniques such as MBE, pulsed
magnetron sputtering Co-sputtefing anneal, ctosespace vapor, co-evaporation and ion-
beam sputtering.

Khumtong et al. [141reported that the influence of'gresheat temperature on
Te content of Sb,Tes thin-filmsWsing RF magnetron_sputteringNhe result indicated
that Te content-increases jnear’stoichiometric. with. increasing pre-h&at temperature
from 200-400°C. It suggestedsthat the Teatomsaecumulationsihplasma have occurred
at the high substrate temperaturesWhen'theitemperatare s slighily decreased, the Te-
enriched plasma redeposits.on the substrate, Moreover; the pre-heat'temperature can

be improvedithe crystalline quality of the film,\as seen;in:Fieure 2.31 (B-C).
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Figure 2.29 XRD patterns of Sb,Te; thin-films with various substrate temperature.
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thermoelectric propertie d by RF magnetron sputtering. In
this work, post-annealing temperature were performed at 373, 423, 473, 523 and 573
K for 6 h under N, atmosphere and as-deposited films were studied the effect of
annealing time by annealed at 523 K for 3, 6, 9 and 12 h, respectively. It can be seen
that the annealing temperature is significant to the crystalline quality of the films. In a
deposited film, the atoms do not have enough energy to diffuse and agglomerate.
After annealing, a hexagonal structure of Sb,Te; was obtained. The peak intensity is

intense as the annealing temperature increases to 573K. At above 573K, some phase

separation of Sb and Te atoms are exhibited. Moreover, the Seebeck coefficient of the
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annealed films increased while annealing temperature was further raised. It is related
to the decreasing of carrier concentration due to the decrease in carrier concentration.
The increase in electrical transportation may be due to the decrease of defects inside
the films and the increase in mobility. In order to optimize the annealing time, an
annealing treatment was performed with varying times at 523 K. The results indicated
that the highest power factor of the films is obtained of 18.02 x#W cm™ K, which is
annealed at 523K for 6 h. In summary, the annealing treatment may effectively improve

the thermoelectric properties of the Sb,Te; thin films.
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Figure 2.32 XRD patterns,of Sb,Te; thin-films annealed at . different temperatures
for 6 h.
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properties and ermoeLectrlc performance of th@ﬁlm,&w,a’s also enhanced by the
annealing treatment. 7

In the case of the sputteri many researchers [15-16, 58] are reported
that sputtering power is the important factor in the deposition process of DC
magnetron sputtering, directly affecting film quality, crystalline structure, electrical
properties and optical properties. It may be attributed that the sputtering power plays
an important role in deposition films, which affect the plasma density and particles
energy during deposition. The kinetic energy of the ejected atoms that arrive on the

substrate. If atoms have enough kinetic energy, they can rearrange themselves in the

growth process resulting in a crystalline film. However, there are few reports of the
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sputtering power effect on the deposited Sb,Te; films with a single compound target.
This thesis is to optimization the suitable sputtering power density of the Sb,Tes films
on the chemical composition, structural and thermoelectric properties which leads to
the increase of the energy efficiency of the wearable thermoelectric application.
After achieving the suitable sputtering power density of the films, the wearable
thermoelectric applications are continuously studied [59-64]. For practical use, it was
found that a temperature difference (AT ) between both sides of the thermoelectric
generator applications can diffuse the charge carriers lead to produces a high voltage

potential. In Peltier applicati also taken with the charge carrier

transport. The carriers"i*ﬁfor\'ié?b the higher energy b heat and release heat at

the lower energy.side. The chargégamer movement can be to pump heat against

f/

the direction it naturally flows ag‘]d produce tookmg and heatifgNIn these results, it
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Figure 2.35 Structure zone model of thick-film.
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Table 2.2 A review of the thermoelectric Sb,Te; thick-films.

Power
Thickness Resistivity
Researchers Method Processes factor
(um) (Q.m) 2
(mMW/mK?)
300 nm thick .
L c Deposition temp. at 250°C 1 Wm ; 16x10
SiO layer, Co .
S G, il Deposition time for 40-500 1 & 10,and 16 o | SLRImEEE
evaporation TRl 10 Um ; 20x10
Si/SiO2 wafer Py
iti 1 Um; 10x10 1 Um; 28
substrate, Co Deposition temp at250°C 2 2
Shen et al. . ime f 1, 4,10, and 18
evaporation Deposition time for 40-600 % '
: 10 Um ; 25x10 4 Hm;26
Bi,Tes films
-
AlLOs sub/trate Jf Paste and dried 100°C for
Screen" prmtlr\g N \1\0 min
’( | 7 Annealed260°C|fo r/}})
; ~ (powder, :
NImEEEt 7 § min; 2 tEps annealed- al y !
/ ~ binder;gtass = #
i ’ | 300\ for min and g
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Table 2.3 Characteristics of s model of thick-film.
Area Temperature microstructure
1st Zone Low temp - low diffusion, low mobility of the atoms

- porous morphology and weakly binding grains
2nd Zone 0.3 < TS/Tm <05 - higher diffusion, a dense structure

- The grain size increase
3rd Zone T/T >05 - the diffusion into the grains increase

- a greater crystalline structure
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However, by increasing the thickness of the Sb,Te; material, the maximum
amount of heat through the film at a given temperature. Rudez et al. [65] reported
that the growth process of the thick layer is obtained from the weak contact for the
surface layer resulting from a high porosity and consequently, higher resistivity of the
thick-films maybe affect to the thermoelectric properties. Wasa et.al. [32] reported
that the temperature treatments such as substrate temperature and post-annealing
process are affected to improve these problems. The treatment process can yield a
better connection between the grains. In the structure zone model, as increasing of
the substrate temperature, diffusions and-aselemeration of atoms are accelerated and
hence better densification to achieve a low porosity, hthis thesis, strongly carriers
transport and thermoelectrie properties were studied followiggannealing. Little effort
appears tohave been made on the effectsof thefmal treatmention,the structural and
electrical transport-properties ofysputtered SbsTes thick fitms.

Now,.the sputteringpower, density  and, thermal treatmentyonditions are
optimized to improyé-the maximum thermaoelectric pfopéartiesiof Sb,Tes films. Then,
2D thermoelectric thin-and thick- films'Sb,Ties dre inferesting to-comparel the output

performanceyon a-single teg.
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Chapter 3

Research methodology

This chapter is to explain the preparation and enhancement of thermoelectric
properties of thin and thick Sb,Te; film deposited on polyimide flexible substrate
preparation by the DC magnetron sputtering technique. The preparation of thin- and
thick-films was deposited under various sputtering parameters with optimized post-
annealing conditions. The study~of the output. performance of a single leg P-type

Sb,Tes; was achieved:

3.1 Preparation_of P-type Sb,Te; flexible: thin-films Viaa,DC magnetron

sputtering technique.

Assis well known, P-type SB, Tes thermoelectric material has attracted potential
applications inswearabtethermnoelectric ' devices: ln-general, the excellence ZT of
Sb,Tes ‘is ‘reguired for thermoelectric materials BC.magnetron sputtering technique is
commonty. used‘to provide uniform-high purityfitms with (arge~areas with a single alloy
targeti \The compositional, structural,’ erain-erowthy elecatrical and /thermoelectric
properties of ithe films werencontralled by sputtering'parameters (sputtering power,
sputteringypressure, etectrede distance, déposition, time-and deposition temperature).
However, it hasbeen’little discussion on theveffect of gputtering power density on
flexible Sb,Te; filPagypically; the sputtering power density is an important factor that
affects the plasma denSity, ahes=particle energy during the deposition process. Thus,
this section is to study the effect of power density (30-50W) on the physical, chemical,
electrical and thermoelectric properties of the flexible Sb,Te; thin-films using DC
magnetron sputtering technique.

3.1.1 Materials and equipments

1. 25 um polyimide film Kapton® Dupont

2. Alloy Sb,Tes target (purity: 99.9%, Stanford Advanced Materials)

3. Microscope slide

4. Aluminum tape
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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 system

15. Monitoring system

16./AC Power Supply

17. Halogentamp

18. Thermocouple

3.1.2 Experimental procedures

Firstlyy 225X 75" mm', of ‘polyimide substrates ' was. cut and-aftached to a
microscope slide with-atuminumy/ tape:and-ultrasonicatly cteaned.in methanol and then
de-ionized water (each fors10 minyand then-dried with thexnitrogen das flow. The alloy
Sb,Tes\compdund. (puritys 99.9%, Stanford Advanced ‘Materials)y with a/diameter of 3
incheswas used as a‘sputtetingsinele target: The substrateswas placed/into the sample
holder insidethe vacuum:schamber=Before:the deposition process, the electrode
distance was, Set to"50.mm. 'Secondly, theyvacuum chamberwas maintained at based
pressure below™2. 107 fbar using a diffusion. pumpsdacked by a rotary vane pump.
The rotary pump was asetisio_achiéve a medium.vacuam (10 mbar) in the chamber,
a higher vacuum (10” mbar) was obtained by the diffusion pump.

After that, the flow of argon gas was then introduced into the vacuum chamber
and the sputtering pressure was controlled at 2.6x10? mbar by mass flow. Before the
shutter was opened to expose the film, the sputtering power density was applied for
10 min to remove the contaminations and the oxide layer on the target surface.
Consequently, the substrate pre-heat was applied at 400 °C for 15 min using the

halogen lamp which was set under the substrate at the same vacuum chamber.
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Thirdly, opens the target shutter. The various sputtering power densities of 30,
35, 40, 45 and 50 W, were applied for 6 min to start the deposition process. After
finishing, switch off the vacuum pumps, open the vent valve and removes the sample

out of the vacuum chamber. Finally, the flexible Sb,Tes film was obtained

Table 3.1 Sputtering parameters for the preparation of P-type Sb,Te; flexible
thin-films.

Sputtering parameters

Target e; purity 99.9%

Electrode distance”™ . 40mm

Substrate ,7 4 - %ﬁylmid@/ ==
Base pressure | K \?*0x105 mbqr’«
Sputt j 'g pressurqi 3 Z'Qx \g\zﬁgg\ﬂ\wba

~Y \\ *200@29 min - '
------ \\6’ <,_ ( ; 5%'\ \ s

Ihgpowﬁﬁ"'\f]fo

45 50‘\/\F¢'~"~‘v“‘v

‘-\_\\

/ ,/ :
Elec eld ¢
M}. field | %
V " / Plasma

\k‘ M/I Q‘ﬁﬂm/\s [ . 5‘ .

Target atoms
© Arions
@ r atoms e

Dimension 25x7 pre
/ Flexible Polyimide substrates

Crystallinity- XRD
Chemicalelement-EDX
Surface morphology, Thickness- FE-SEM
Carrier concentration, mobility- Hall
Measurement

Resistivity, Seebeck coeff. - ZEM-3

1. Based pressure 3.0x10mbar
Target-substrate distance 4 cm
Pre-heat 400°C 20min

Pre-sputt 10 min, Depaosition time 4 min
Vary sputtering power 30-50 W
Sputtering pressure 2.6x102mbar

Figure 3.1 Experimental procedures for the preparation of P-type Sb,Te; flexible

thin-films via DC magnetron sputtering technique.
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ncern ';a_bpt&t ﬂl@ flexible’ ﬂwer;no,ekec/trlc devices for practical
use. In a typical, they ar : "lh—/ﬂlm. In bulk thermoelectric, a
temperature difference (AT) between the hot and cold sides can be achieved and
results in a relatively high electrical power [48]. The disadvantage of the bulk
thermoelectric is that it is difficult to reduce the size of the electronics device. One
important thing for wearable thermoelectric, the limitation flexibility design integrates
into the human body waste heat. The cost of bulk material is also high because of the

batch process requires for their manufacturing. Thin-films thermoelectric is safe cost

comparing with bulk due to fewer amounts of the material.
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Moreover, it is easy to integrate into compact electronic circuits and can be
deposited on flexible heat sources [49]. However, it is difficult to produce a satisfactory
temperature difference across the thin films [50]. An attractive strategy is to combine
the advantages of bulk and thin-film thermoelectric devices. Flexible thermoelectric
thick films could potentially solve this problem to induce a large temperature
difference. There is an attractive approach because of their ability and suitability to
power miniature electrical devices for wearable applications. Thus, in this section,
Sb,Te; thick films were directly deposited on flexible polyimide by heat treatment-

assisted DC magnetron sputtei ealing conditions including annealing

temperature and anrfégiiﬁéftime of thick-films timized to enhance the

thermoelectric pfoperties. ¢ \

3.2.1 Materials and equipme t y =4 .‘
9
In this study; all equl n%nt/f,s the\ sé??ﬁ or the prepara‘uo P-type Sb,Te;

(

. ﬁ \ - YA .
flexible thm ﬂlms ;I_b‘ge )\’{oggg ‘Larmp)} arza‘ rrrloi;c?gf)\la"% ed into the

Figure 3.3 Set up of heat treatment system in a vacuum chamber.
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Table 3.2 Sputtering parameters of the development of P-type Sb,Te; flexible
thick-films.

Sputtering parameter

Target Alloy Sb,Tes purity 99.9%
Electrode distance 40 mm

Substrate Polyimide

Base pressure 3.0x10™ mbar

Sputtering pressure 2.6x102 mbar

Pre-heat ~800-°C_15"min

Sputtering power " 45 W N

Deposition. time 60, min N
Post-annealing N= O, 552256& 750 Br30miN\
Post-annealing time X, ! 0\ 15581, 60 min \

3.2.2 Experimental -procedures

All expetimentat procedures ©of P-type Sb;Tes flexible thick-fitm are the same
as forl the preparation ‘ef thin-film.procedures. The difference isithat the deposition
time\was-increased.to 60 min:indetail,-theShole, films were deposited for 10 min
followed by heat-treatrient with'a halogen/larp at 400/°Cfor 5min/under 2.6x107
mbar. This-process was repeatedi6 times to/reach the designated film thickness. After
finished theydeposition, precess; the flexible Sb,Tes thick-filmas were post-annealed
using a heal tieatment system “apder“an argon atmbsphere of approximately
2.6x10% mbar at teiperatures: of -0, 150,.250\ard*350.°C for 30 min to improve the
film quality. To investigatesthe optimized-annealing conditions of the thick layer, the

annealing time was also varied at 0, 15, 30 and 60 min, respectively.

3.3 Study the thickness effect on the thermoelectric properties of P-type
Sb,Te; flexible thin- and thick-films deposited by thermal treatment-
assisted DC magnetron sputtering

To fabricate a thermoelectric device with high output power, it is important to

pay attention to properties of thermoelectric material such as the Seebeck coefficient,
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electrical conductivity and thermal conductivity. The thermal resistivity of the
substrate is also important [51].

From the above study, it can be found that thick films are significant for
practical use compared with thin films. However, the suitable thickness of flexible
Sb,Tes thick-films should be optimized before designing the thermoelectric device
leads to improve the thermoelectric output performance. This condition is well suited
for the fabrication of the wearable thermoelectric device.

3.3.1 Materials and equipment

In this study, all equipment, the“sputtering power 45W, the post-annealing
temperature and the post-annealing time are maintainealike the development of P-
type Sb,Te; flexible thick-fitms:The thickness effect on thetmelectric properties was

studied by.varying the deposition, time-to obtain the designated¥ilhn thickness.

3.3.2 Experimental procedures

Several flexibte: SbsTes thin-land ghick=fitms—with warying -thickness were
deposited using thermal treatment-assisted DC magnetfon sputtering. The deposition
time of'sputtering-was. performedfor:2;:30;, 60120 min, respectively.’All samples are
coated in“the same; conditions with-the above. study followed by ‘post-annealing at
350°€ for_30 “min._The tRickness effect on the thermoelectric properties of P-type
Sb,Tes\ flexible thin=-and’ thicksfitms..deposited by thermal treatment assisted DC
magnetronsputtering. Allldepositionyprocess to obtain the desienated'deposition time

and the proedss were shown,in figlire 3.4.
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Table 3.3 Sputtering parameters of the preparation of the thin- and thick-films

P-type Sb,Tes with varying film thickness on thermoelectric properties.

Sputtering parameter
Target

Electrode distance
Substrate

Base pressure
Sputtering pressure
Pre-heat

Sputtering power
Deposition. time

Post-annealing

| Start |

=300°C-15"Min

Alloy Sb,Tes purity 99.9%
40 mm

Polyimide

3.0x10™ mbar

2.6x10% mbar

45 W
2,/30, 60, 120°min
350 fOF 30min

Keep constant
base pressure:3.0x 10> mbar

and'working pressure:2:6%10; mbar
Jthen pre=-sputtered for IO minavith sputtering power 45 W,

Substrate pre-heat 300 °C for/ 20 min
Using halogenlamp

4

Carried outisputteringawith
deposition time for 0 min

Obtaincdithe designation
depositiontime

l Yes

Bake.at 400 °C
for 5 min

Annealed at 350 °C for 30 min

4

| Sb:Te:), film I

Figure 3.4 Schematic of deposition method.
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3.4 The comparison of the output performance of a planar single leg

P-type Sb,Te; with different thickness

3.4.1 Materials and equipment
Silver paint, heating platform, digital multi-meter (Keithley 2100), and thermal

infrared camera have been used for the comparison of the output performance of a

planar single leg P-type Sb,Tes with different thickness.

3.4.2 Experimental proced

To obtain the "d'G{pU"E:Berformance of the Sb,Tes; leg as different film

ith 1.0 cmX 0.2 cm and

laced on the cold

thickness. In the’meéasurement; the., depOSIted fitms-were C
tested by placing on the-heating pla’cform and the other sides

state to determine the tem eraihte dlfferent\wﬁ &1 the Single leg moelectric. The

heat travels through j;jbe tﬁerrqg&ecg{gdeg« en tﬁ.g hot and
the cmers alsq traasgort\»%’s*the de\ZJ»ge reached a ﬁwdm t

short circuit
current aqq o e.n CR‘EU%‘G vo( %eakqfem tgmae'm‘kéw bz\jlgltal (timeter. At

the s3me: t|me, the*?éfﬁﬁe\tur dlfféénfce between*bofh ‘smles of single planar was

S red by a thermaL ln‘%rared cam [

junction and

Q

* e
chema‘uc set’ up}a be

aif b cam'oiéféld\basé'?d on

me n in figure

measured

u Ter /

Heat flow

Figure 3.5 Schematic of the measurement of the output performance.
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3.5 Characterizations

3.5.1 X-ray Diffraction
The crystal structure, including crystal orientation, crystallite size and strain
were characterized by X-ray diffraction using a Rigaku diffractometer (Smartlab), as seen
in figure 3.5, operated at 40 kV and 20 mA using Cu- K, radiation. XRD patterns were
recorded in the 2@ range of 10-70° with a scanning rate of 10°/min.
The XRD system consists of three main parts including the main instrument,
computer and cooling system. The measured samples are firstly optics set as slits

controlled by the Smafel:é

io Il software uter. After that, the samples
were prepared Wrth a dmensmh{ixl cm and attache

holder. Places the sample-hotder-into the’fma\m instrument an

)
scanmng/ qualltatlve analyis %ﬂ be'! dor@/au:!)
9

ma‘ucally duri
E //‘1 _\\ s S
measu e/“nent The Xﬁ@ patterns Werasﬁ?étarﬁe

y —.——*— A 23
§ 'ii ’ '- t’r’r 7, \g__\-z
\ »«-c ﬁg»fum-wm»ag—»»/\
A ‘ ‘: [{%’nh\ﬂl‘#
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Figure 3.6 Itigger and (b) Smartab
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| =2 : Figure 3.7 Xeray difﬁ'a‘c_tb_meter‘(Rig'aku'; Smartlab) :

3512 Fleld em|55|on scanmng electron mlcroscopy
The surface morpho[ogy and cross sect|on of the sampte material were
observad\ by field- emlss|on scanning» eLectron mlcroscopy (FE-SEM, JSM-7001F)
operated at {0 KV FE-SEMNS the etectron macroscope at h|gh resolut|on that uses an
electron to |Llummate the sampLe operated at a high yacuum. The samples were cut
into small p|eces and attached to.the ‘hotder‘,_usmg carbon tape. The sample holder
was placed inside the vactm _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.
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.



[0}
(@)

= = =
FE-SEM JSM-7001F

p—
£ Z
Zz =
= =
= =
- -
= =
= =
=z =
=
= =
= =
= =
= .
= —

Figure 3.9 (a) Hall measurement stage and (b) sample mounting parts.

3.5.3 Hall effect measurement
The electrical properties and carrier concentration were obtained by a Hall
effect measurement system at room temperature (Ecopia, HMS-3000) using Van der
Pauw configuration. Before Hall measurement, the samples were prepared in a

dimension of 1x1 cm and attached to the microscope slide. Starting with turning on
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the Hall system software (HMS-3000) and Swith on the hall system. Places the sample
onto the Hall measurement stage and adjust the four probe contacts. Put the Hall
measurement stage in the sample mounting parts. Then, input the sample name, IV
parameters, and 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.

\/\ L ‘\,
10 Hatl effect measurement syste(n‘(tcopla HMS 3000).
iy »(. N \ [N
e /7_//
3.5.4 Seebeck Coefficient/ istance 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, sliding off the quartz chamber to the left-hand

side of the instrument to mount the sample. Taking the thermocouple out of the



82

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 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.
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Chapter 4

Results and discussion

4.1 Study the influence of sputtering power on thermoelectric properties
of P-type Sb,Te; flexible thin-film deposited by DC magnetron
sputtering

The formations of P-type Sb,Tes thin-films dépgsited on polyimide substrates
with various sputtering powerwere prepared by DC magnetror, Sguttering. Interestingly,
the sputtering power parameterds importantin the magnetron Sputtering technique.
The effect of the sputtering power associated.with-the plasma density and particles

energy during film formationf66] are investigated:

The' x-ray diffraction, patterns of ‘the Sb,Te; thin films depesited at various
sputtering power;as seenin fisure 4.1 After depositing;attfitms showa polycrystalline
structure, belongingto'the space group ofShyTa; (JCRDS No. 15-0874). The four main
diffraction-peaks at 17.44°, 28.24°-38.28°% and 44:59° corresponded.te the/(006), (015),
(1010) and (1015)-planes; respectivelys The sharpness intensity of (015) peak increases
with ingreased sputtering power; indicating that the increase of sputtering power is
well-defined, crystallization,of the formation of Shytes films. ‘As, the sputtering power
is increased, thé&areon ions becomamore-energetic and could release more energy to
the sputtering tareet™i6 71, ledto.the hisher kingtic energy of the deposited atoms.
During ions bombardmentuthéirkinetic-energy was dissipated and converted to the
vibration of the ions. When the atoms accumulated sufficient vibration energy, they
gjected from the target surface, rearranged the crystal structure and increasing surface

migration on the surface of the substrate [15,69].



85

However, when increases the sputtering power up to 50 W, the intensity of
(015) peak dropped and the crystallinity dropped further [16,70]. Variation of the power
can be correlated with the accumulation of surface and strain energy during the coating
process [72]. As the power was increased, a preferred orientation along (015) shifted
slightly toward a lower angle. The peak shifting was related to the change in the lattice
size, as seen in the figure 4.3. The lattice parameters of the g-axis are little changed,
while those of the c-axis are increased with increasing power. The increase of lattice
parameters was described by the antisite defect. Because Sb atom has a larger atomic
radius than Te (Sb 1.60 and Te4:56"A) Whensthe Sb atoms will enter Te vacancies,
lattice parameter is altered, leading to crystal imperfeetion, [72] The XRD peaks shifted
corresponding.to Te gradually decrease as the power densifiaincreases as seen the

elemental.composition.

Table 4.1 Electrical and” thermoelectric: properties of Sbyles at diffekent sputtering

power at room temperature!

Sputtering Te Carrier Carrier Electrical Seebeck Power factor
power content ' concentration: mobility: conductivity: +Coefficient :S :PF
(Watts) | | (%-at) — N10Y con®)0 - ptem?Afsy 0 (x10%S/m) (L V/K) (MmW/K?m)

30 \\623 32, 8047 287 173 0.77
35 60.0 4.3 446 3,28 185 1.12
40 58% AN (&), 54 T \&2) el y8 NY 7Y 1.16
45 58.6 4.4 619 4.32 168 1.22

50 58.5 2.5 361 7§ N5 182 0.43
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Figure 4.1 XRD patterns of Sb,Te; films deposited on polyimide substrate at
different sputtering power (a) 30 (b) 35 (c) 40 (d) 45 and (e) 50 W.
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Theselemental composition:-of Teare shiown in fabled.1. \When the power was

increased, the Tesvatancy. defectsyin the SbyTes films.increased. The deviation of Te

composition.of the fitms-produces holes, which increase the carrier concentration. The

surface migrphology and- atomic/concentration’ of<le in SbaTes films deposited at

different sputichine power were investigated by SEM.and EDS; and the results are

shown in figsure 48, All deposited films_exhihited*a hemogeneous grain distribution

which are almost free of eracks“targer-grains formed as the power increased due to

coalescence of small grains and diffusion of sputter atoms. The elemental composition

of Sb,Tes deposited films was considered to be the stoichiometric relationship of the

power. The results indicated that Te content decreased with increasing the power. The

stoichiometric film was obtained at a sputtering power of 35 W.
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Figure 4.3 Surface morphology of Sb,Te; films at different sputtering power (a)
30 W (b) 35 W (c) 40 W (d) 45 W and (e) 50 W.
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The composition is ve e electrical property. Te-rich film was
observed for low sputtering power (30 W). Excess Te content affects the low
conductivity [1]. As the power was increased to 50 W, the deposited films became
significantly Te deficient leading to increases the degree of non-stoichiometric. This
result indicated that the thermal transport in thin film increased and affected Te
evaporation from the surface of the film at high sputtering power due to the differential

vapor pressure, Te compared with Sb [16,74].
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The film thicknesses were measured by SEM on cross-section. The deposited
films have thicknesses between 600 nm and 1000 nm depending on the sputtering
power density [66,75]. The deposition rate and thickness of the Sb,Tes; films show
almost a linear relationship with the sputtering power in the power range from 30-50
W as seen in Figure 4.4. The deposition rate increased with the sputtering power could
be associated with increased flux of sputter atoms. An increase in the sputtering power
enhances the probability of ejection of atoms from the compound target. It was
concluded that the sputtering power was a major factor affecting the sputtering yield

of a target, which, in turn, affected-the fitmthickness.
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Figure 4.4 Thickness and deposition rate of Sb,Tes films at different sputtering power.

Electrical properties at room temperature of Sb,Tes films are summarized in

Table 1. All deposited Sb;Tes films present as P-type semiconductors due to the
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positive mobility. The carrier concentration (n) increased with increasing sputtering
power up to 45 W. Then, it decreased slightly as the sputtering power was increased
to 50 W. Typically, the carrier concentration is sensitive to chemical composition and
lattice defects: excess Te content led to higher resistivity [74]. Secondly, the Te
deficiency led to weak Van der Walls bonding between Te(1) - Te(1) layers - Sb,Te;

structure. Te vacancies (V;, ) were produced by increasing sputtering power, which

vaporized Te contents. The antisite defects are occupied by Sb atoms. Sb atoms will
enter Te vacancies due to the small difference in electronegativity. The antisite defects

(Sby,) were produced and led to the formation of Vg . The interaction of antisite

defects and vacancies is shown by-equation.4.1 [76].
SbyTes = 28bie + Vi, A 2Vsy F 5Ty T +2h (@.1)

where h® denotes jtheyprodiuced- hate @nd=Tdenoted the vaporized Te
contents in Sb,Tes films. The deviation, fromstoichiometry of the filmsiproduces holes
which/increase: the carriex «coencentration.. Theselectrical conductivityy ( o) of the
deposited films increased with sputtering’ power, Bip fo=45"WAUp to this point, the
sputtering power. affected filon ‘crystatlinity. Fhefilms:were more uniformicrystallinity
with less defects 'which ted*td enhanced, electrical“conductivity. As the sputtering
power reached 50 W, 'the resistivity-noticeably increased due to the reduction of carrier
concentration and excessive!crystallization, The electrical resistivity.( p) dramatically
increased-and reaching-a maximum of 7.40x10> 2m sTheresistivity-is determined by
carrier, Goncentration“and™carier _mobility/following, o = 1/mgn # The electrical
conductiyity increased considerablyswithwincreasing the sputtering power. The highest
electrical cenductivity of 4.32x10%S/Chawas dbtained withsputtering power 45 W. The
change of eléglfical<conductivity with inCreasing the«sputtering power expected to
increase the crystallifity, increase the deposition rate-and increase the grain size as
evidenced from XRD an@sSEM=images. [/(=f8}~A large electrical conductivity of the
thermoelectric material is required in thermoelectric efficiency. However, as sputtering
power was increased to 50 W, the reduced crystallinity and increased defect
concentration caused a decrease of conductivity. The carrier mobility ( ) of the
deposited films was increased according to the larger grain growth with increasing

sputtering power.
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Figure 4.5 Temperature dependence of (a) Electrical conductivity (b) Seebeck

coefficient and (c) power factor of the deposited Sb,Tes films at different sputtering

power as a function of applied temperature.
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The Seebeckcoefficient(S’) of the ShaTe; films:aslincreased sputtering power
demonstrated that all films are \P=type semiconductors which confirmed by ZEM-3. The
maximum$aebeck coefficlent,~165 /K, was observed with*35" W sputtering power
matching theleXgected, stoichiometric ratio [79]. Whenythe sputtering power density
were increased, the Seebeckicoefficient declined slishtly and then stabilized as seen
in Table. 1. According testhestheory, the Seebeckcoefficient, S, is inversely related to

the carrier concentration:

(4.2)

Where kg denotes the Boltzmann’s constant, € denotes the electron charge,
N(E) denotes the density of states, n denotes the carrier concentration and T
denotes the temperature. The Seebeck coefficient is inversely proportional to the
charge carrier concentration. The power factors of Sb,Tes thermoelectric films was

based on two factors, i.e. electrical conductivity and Seebeck coefficient - PF = S%c.
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The highest power factor of deposited with sputtering power 45 W was 1.22X107
W/K?m measured at room temperature. Khumthong et al. reported that the deposited
Sb,Tes film fabricated on polyimide substrate using RF magnetron sputtering and
obtained PF=1.06X10" W/K?’m [80]. Shen et al. reported a maximum PF=5.20X10"
W/K?m was obtained for the Sb,Tes film fabricated on polyimide substrate using DC
magnetron sputtering with in-situ annealing t in Ar atmosphere for 20 min [81]. This
measurements led to the highest power factor with high crystallinity films, which led
to high electrical conductivity and high Seebeck coefficient.

The temperature dependence of electrical conductivity, Seebeck coefficient
and power factors at different sputteringspawer of the deposited film are presented in
figure 4.5 as a function-of applied temperaturetnsfigtire 4.5(a) shows the conductivity
of the deposited films increased with applied temperattsewhich indicates a typical
semiconductor-like behavier, with~a maximum of 4.90x10"$/fa at 300°C, with the
sputtering’ power—in i the gpange of (40 and 45 W- [fhe maxifaum conductivity
corresponded to-the maximum*crystallinity,and (conseguently- the inrease of carrier
mobility/in the film with increasing the sputteringpower. The temperature dependence
of Seebeck coefficientis, shown imfigure 4.5(b). /A maximum seebeck coefficient of 209
UV/K at 'sputtering=power 35 W (j.evclose te the fideal:staichiometry)lat 300°C was
obtained. In the theory, the Seebeck coefficient directly"depends onthe temperature
(T )land inversely ‘depends on' the carrier.coneentration’[82]. Ficure 5(c) shows the
temperatlre dependence of,power factors that, describethe. ability 'of/a material to
produce electfical power from a'given temperature differepnce’™ Theresults show that

the p@wer factors arel strongly dominated by electricall conductivity, leading to a

maximumnPFof 1.95X 102 W/Kem withisputtering power 45 W applied temperature at
300°C.

4.2 Study the enhancement of thermoelectric properties of P-type
Sb,Te; flexible thick-films via post-annealing treatment assisted DC

magnetron sputtering

For the practical use of thermoelectric devices, the flexible thermoelectric
materials are important factor to fabricate on flexible heat sources. However, it is
difficult to produce a satisfactory temperature difference across the thin-films [50].
Thermoelectric thick-films could potentially solve this problem to induce a large

temperature difference and their ability. Thus, in this section, Sb,Te; thick-films were
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directly deposited on flexible polyimide by DC magnetron sputtering. Heat treatment
process, annealing temperature and annealing time, was optimized the Sb,Te; thick
films to enhance their properties. The influence of heat treatment process on the
structural, electrical and thermoelectric properties of Sb,Tes flexible thick films were
investigated.

The crystal phases of the as-deposited and annealed Sb,Tes; thick film are
exhibited in the XRD pattern Figure 4.6(a). All diffraction peaks show the characteristic
of the rhombohedral crystal structure with a space group of R3m with the major peak
position at 28.24°, 38.27°, 42.36%and 51.69%which are corresponding to (015), (1010),
(110) and (205) plane orientation, respectively. The XRR patterns of all deposited films
reveal only the pure Sb,Tes. The.deposition and-heat treatgle@nt process are related
to the mobility of the adatoms at the substrate surface during 8gowth process. When
increasing the substrate temperature, the adatoms have sufficient enekgy to overcome
the surface_diffusion barders fo preferential erientation. The, sufficient substrate
temperature was leading to-the nucleation in thesin-ptaneicrystal srowth along c-axis
[83-84]. Aninarease in.annealingtemperature results in higher diffusion ofithe adatoms,
which (eads to grain-growth and highercrystallinity [85]-To-achieve the'designated film
thickness,low mobilitysatems afrive-at the surface of substrate"with«various angles of
incidence, Th&annealing process was incorporated with the aim ofiimproving crystal
growthy As the annealing temperature.ifcreases from 0-to 3500C, the/atoms of the
Sb,Te; thick filn have more energy e diffuse, agslomerate, and. finally rearrange into
a crystal structure'[48]. Thenintensity of aypreferred orientation(015) plane increases
with increasing apfealingitemperature. This implies that thickfilms are obtained with
highly orientated crystallifityfollowing annealing.at350°C for 30 min. XRD patterns of
thick films annealed at 350°C for 15;"30"and 60 min are shown in figure 4.6(b). The
average crystalline size and the atomic composition are shown in table 4.2. The results
suggest that that annealing for 30 min leads to the highest crystal growth, which
potentially improves the power factor of the film [87]. The (015) XRD peak of annealed
film is sharper and narrower than that of the as-deposited film. This suggests that high
quality thick films with good crystallinity and a large grain size are formed as the
annealing temperature increases. Crystal imperfection in the film as evidenced from

the lattice strain were also examined. Size-induced and strain-induced of Sb,Tes thick
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films under the different annealing conditions can be considered by Willianson-Hall

formular [88]
,Bcosé’:%+4gsin9 (4.3)

Where, D is the average crystalline size, 1 is wavelength of X-ray radiation
(0.154 nm), p is the integral breadth of the diffraction peak, @ is Bragg diffraction
angle, and g is microscopic strain. The average crystalline size and strain of Sb,Te; thick
films increases from 72 to 425 am with increasing anncaling temperature. The highest
crystalline size of 425 nm is obtained after annealing at™350°C for 30 min, as shown in
table 4.2. The results indicated that post“dnnealingis significantlyselated to the lattice
strain. The lattice strain decreased slightly with inéreased annealifg temperature. The
decreased lattice strain atslarger.crystalling\size; were=due to reduétion of lattice
imperfection, whichifdicated the formation of a high érystalline fitm. The variation of
strain was related to the-ehange inthe d-spacing of the-film; which indicated a variation

of the lattice structure {89].

Table) 4.2-Calculated strain, average crystattine size and percentage of Te of Sb,Tes

thick films.

Annealing conditions Strain (&)( “W-H crystalline

Temp. (°C) “Time (mln) g x 107 size<nm) veTe
Asdep NN 0.00327\-3.29 W, 59.28
150°C A0z @2 @ Asr 59.21
250°C 30 0/003 fece3:08 141 57.34
350°C 30 00028 229 182 57.10
350°C 15 00030 222 144 57.30
350°C 30 00028 229 182 57.10

350°C 60 0.0029 2.37 163 56.22




97

350 °C 30 min

S
oo
S
(015)
(205)

(110)

F_
. (1010)

200 °C 30 min

E“S‘\T_ty\(\arb.units)

‘.‘t‘\ex.

\

ﬁ

g

fl ¥
vy

e - eﬂbsﬂ@d
; { ® 4 &i
W2 AN =S

,
i N Ve .
ok (A g

S /'

Figure 4.6 XRD patterns of Sb,Tes thick films at different (a) annealing temperature

and (b) annealing time



98

(b) 350 °C 60 min

(110)

S

350 °C 30 min

ensity {arb.units)

Figure 4.6 XRD patterns of Sb,Tes thick films at different (a) annealing temperature
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The atomic composition of as-deposition and annealed thick films were
measure by EDX, as seen in table 4.2. The %Te slightly decreases from 59.28% to
57.10% as annealing temperature increase. This is caused by the evaporation of volatile
element Te during annealing. Atomic bonds of the thick films are not equivalent in all
the directions at the surface, which leads to the evaporation of Te [90-91]. In order to
further optimize the annealing time, the annealing temperature was performed at
350°C. The %Te slightly decreases with increasing annealing time, this result show that

the annealing time do not significantly change the %Te.

Figure 4.7 Surface morphology of Sb,Te; thick films (a) As-deposited and annealed at
(b) 150°C (c) 250°C (d) 350°C for 30 min. Inset show the porosities as red areas.
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Surface morphology of Sb,Tes thick films annealed at 0, 150, 250, and 350°C
for 30 min are shown in figure 4.7. FE-SEM images of the as-deposited film show loose
and vertical flakes, and the surface appears rough and incompact. Flakes with a larger
lateral size are observed when the annealing temperature increases to 150°C, as
indicated by the red circles in figure 4.7(b). The size distribution, grain density and
surface smoothness increase as the annealing temperature increases to 250°C and

then to 350°C. The flakes are well crystallized because of the high film surface energy.
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Annealing provides sufficient energy to allow the diffusion of condensing particles,
leading to lattice points that form an ordered crystalline structure. This is consistent
with the XRD results. The film porosity at surface of the film reduces with increasing
annealing temperature, which potentially benefits carrier transport and phonon
scattering. Figure 4.8 shows FE-SEM images of thick films annealed at 350°C for 15, 30
and 60 min. The size distribution, grain density and surface smoothness of the
deposited films increase with increasing annealing time. During the thickness of the
deposited films increased, weak contacts between particles generally result in high
porosity and higher resistivity={28]."“Post-anpnealing can improve the particle
connections. In support of this, FE-SEM images werésproeessed using ImageJ software
package to calculate the area ratioof the surface-pores [6]:

Figure 4.7 insets andficure 4.8 insets showithe porosity ofythe Sb,Te; thick film
(as red areas) for-the variousyanmealing conditions. The porosities agey15.2, 13.1, 11.7
and 10.3% for-the as-deposited.thick film and fitms annealedat.150, 250, and 350°C,
respectively. The décreaseini number’, of fpores “at -higher ,.ahnealing time is also
confirmed.-The film anhealed at 3502C for 15 min’has.a porosity-of12.1%. However,
the porosity ef the fitm stightlyydecreases o 10'3% after-annealing for.30 min and then
increases to 13:2% after annealing for 60 min:

Cross-Sectional FESSEM fimages of the SbiTe filmis anneated for different times
are shewn-in fisure 4.9 Colummpar-shaped srowth’is apparent. Ahe thickness slightly
decreasas with increasinglannealing timesgecause ofthe evaporationof Te. A smooth
surface is obfained at hichenannealing times:-A crack is observeéd across the columns
of the film annealgd,for 60.min. The crack would leadtd anincrease in trapped carriers
in the ¢rain boundafies, “an._increase “in* resistivity. Typically, the intensity of the
diffraction peak is proportional to the“etectron density of the film. For 60 min, the
crack would lead to a decrease in the electron density and the intensity also decreases.
This result is consistent with the XRD results. The Sb,Te; thick film with a highly
orientated crystalline structure is obtained after annealing at 350°C for 30 min.

Annealing for 60 min leads to a decrease in film crystallinity, as shown in figure 4.6(b).
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(b) 15 min (c) 30 min (d) i . s the porosities as red areas.
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(b) 15 min (c) 30 min (d) i . s the porosities as red areas.
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Figure 4.9 Cross-sectional FE-SEM images of Sb,Te; thick films (a) As-deposited and
annealed for (b) 15 min (c) 30 min (d) 60 min at 350°C.
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Figure 4.10 shows the annealing temperature dependence on the in-plane
electrical transport properties and thermoelectric properties of the Sb,Tes films
measured at room temperature. All films have a positive carrier concentration, implying
that the majority of carriers in the thick films are holes. As seen in figure 4.10(a), the
carrier concentration (n) of the films slightly decreases from 4.56x10" to 3.67x10"
cm® and the electrical conductivity (o) dramatically increased from 237-386 S/cm as
annealing temperature increase from 0 to 350°C. During deposition, the Sb,Tes thick
films contain many point defects including vacancies and antisite defects. The carrier
concentration is related to defectinside the<fikns. Post-annealing reduces the number
of point defects which decreases the carrier concentration[94]. The decrease in carrier
concentration with increasing annealing temperature has beep¥greviously reported for
the Sb,Tes films [95-97]. The results indicated that a significanty reduced amount of
carrier concentration in the,Sb,Tes films leadsto increasine-the eledtrical conductivity
of the/annealed films:

Besides the-féductionyof ithe point defect of théthickyfilms, the increase in
carrier mobility. () from 27,35 to 55.36'cn?/Vs with increasine annealing temperature
is attributedy, to :grain-growthy Post-annealing\eads to-a-slight change in surface
morphology, as seen in, fleure 4.7 -The transfer.of carriers,is'mainly affected by grain
boundaries leading to'antincrease in mobility. The towielectrical conductivity of the
as-deposited: films could’ be “attributed’ to//the lower-mobility,_owing to the low
crystallinityy, small crystalline size: and-nor-campact erain. As increasing the annealing
temperaturg, the Sb,Te; film,beecemes mare-compact with better crystallinity leading
to improve eléglrical conductivity. It is assumeds that the increased electrical
conductivity is largely*atlributed to*theimproved.erystal orientation, larger crystalline
size, low porosities grains and increased carrier mobility. The mean free path of the
films is collectively affected by the internal crystal structure, which strongly influences
the carrier mobility. According to the value of carrier concentration and carrier mobility,

the mean free path of carriers of thick films can be estimated using the formula [81]:
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f
=] (3—nj3 U (4.9)

“2el x

Where | is the mean free path of the carriers, h is plank’s constant and e is
the electron charge. The | increases with increasing annealing temperature due to the
decreased film porosity, as shown in figure 4.10(b). The in-plane Seebeck coefficients
of the Sb,Tes films are positive, indicating that all deposited films are P-type. The S
does not significantly change with increasing annealing temperature, as shown in figure
4.10(c). This is because there is_little-ehangesin.carrier concentration, as shown earlier.
The power factor (PF'=8%¢ ) is shown in figure 4 10(d)*The power factor of the thick
film increases with increasing-annealing temperature, redefing 1.72 mW/K’m after
annealing at 350°C for 30 min. This is attributed to the competition of the decreased
carrier concentration, increased knobility,and largely constant.Seeback coefficient with
increasing annealing temperature.

The thermoelectric properties of the.SB, e thick films annealediat 350°C for
15-60 min, as’ seenin fisure 411,71t shows the electricat conductivity, Seebeck
coefficient, and power factoryof Sbh,Tes thick\fitms annealed at 350°C| for different
annealing-time as a function, of ‘applied-temperature. The, stectrical.conductivity was
slowly 'decrease withlincréasing applied temperaturerange from50:t0 300°C, reaching
a maximum of 386 S/cmtat 58°C- This_indicates typicat metallic transport behavior.
When at’y sufficient temperaturen.the  electrical transport .across the grain

boundariesfinterfaces can be expressed:by thermionic erfigsionfexpression:

1

a(T ) ~T 2exp|—E; /kT] (4.5)

Where E; is the height of the grain boundary/interface potential barrier. For
certain temperature and grain boundary/interface potential barriers, Ao/ AT ratio can
become negative or positive, which is consistent with the previous reports [11,28,99].
The conductivity of Sb,Tes thick films increases as increasing annealing time up to 30
min. When the annealing time increase to 60 min, the crystallinity, fracture cross
section, and chemical composition of samples decreased, which reduces the electrical

conductivity.
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The maximum Seebeck coefficient of 237 uV/K is obtained at an applied
temperature of 300°C after annealing at 350°C for 30 min. The increase in the Seebeck
coefficient of the Sb,Te; thick films could be attributed to the decrease in the carrier
concentration [48]. The temperature dependence of thermoelectric power factors of
the Sb,Tes films as a function of annealing time is calculated from the value of S and
o . The thermoelectric power factor slightly decreased with increasing applied
temperature 50 to 300 °C. A maximum power factor of 1.72 mW/K?m is obtained at an
applied temperature of 50 °C. This is lower than that reported by H. Shen et al. [10]
2.5 mW/K’m for co-evaporated=40-pim-ShsFesthick films at room temperature. The
current value is comparable to that reported by M. "Mizdshiri et al. [11] of 1.6 mW/K?m
for 100 um thick Sb,Te; Deposited\by Thermally Assisted Sputiering Method at room

temperature.
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Figure 4.11 Temperature dependence of the in-plane (a) electrical conductivity (b)
Seebeck coefficient and (c) power factor of Sb,Te; thick film annealed at 350°C with

different annealing time.
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The current value is higher than that reported by O. Vigil-Galan et al. [63] of
0.38 mW/K?*m for 15 um Sb,Tes thick films deposited by close space vapor transport
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at substrate temperatures 450°C. The results indicated that the suitable Sb,Te; thick
films deposited by DC magnetron sputtering at low power density and post-annealed

at 350°C for 30 min has enhanced thermoelectric properties.

4.3, Study the thickness effect on the thermoelectric properties of P-
type Sb,Te; flexible thin- and thick-films deposited by thermal

treatment-assisted DC magnetron sputtering

To fabricate a thermoelectric-deviceawith high output power, it is important to
optimize the properties of Sb,Te; thermoelectric material such as Seebeck coefficient,
electrical conductivity and thickness. From the above studgitcan be found that thick
films can generate the electrical voltage-byy increasing the ta&gigerature difference
which s’ significant-for-practicall Use compared with-thinfilms. ®og thermoelectric
generator application, ! the \maximumoutptt “power s requested 'and defined as
|82 AT *tw

4l
themoelectric device andis inverse to the, resistivity (o) and the lengthi(l). To obtain

P

max

, which' is, proportienalstorthe” thickness: (thrand width (w) of the

the maximum-output pewer, thermoelectric material 'should be a large/power factor
and simuttaneously, reducing the internal resistance ;that relates o, a thick layer of
thermoelectric material:’ The film 'thickness is_one/jof the key parameters that play
importaptroles in thermeelectric efficiency and generating output power.

However, the,suitable thickness:of flexible-SbyTe; thiek films should be optimized their
properties before desicning the “thermoelectric, deviee deads to improve the
thermoelectric outputsgerformance. In this werks the designated a suitable thickness
layer of flexible Sb,Te; films.on their-properties is studied. The Sb,Te; films were
deposited using thermal treatment-assisted DC magnetron sputtering with different

deposition times. The influence of film thickness on their properties is investigated.
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Figure 4.12°XRD patterns.of deposited Sb, Tes/films with different deposition time. Inset

shows the fescaled pattern of 2 min.

XRD pattemshef SbsTes; films with varigus deposition time are shown in figure
4.12. AUl films can be ThdeXed.to rhombohedrat crystal structure that confirms the
Sb,Tes pure phase. As the lowest deposition time, there are evident broad diffraction
peak. The broad peak should be attributed to the nano scales of the film [68]. It was
seen that, the orientation planes (009) and (0015) arose at the lowest deposition time
with a relative high substrate temperature during deposition process. The orientation
plane along (001) was observed, indicating the atomic interactions between the Sb,Te;
atoms and the substrate can obstruct the nucleation in the vertical direction [3, 33].
Thickness of Sb,Tes films with various deposition time are shown in table. 4.3,
monitored by cross-section FE-SEM. Thickness was increased as the deposition time
increase. The growth rate of all films are approximately 0.15 pm/min. As increasing the
deposition time to 30, 60 and 120 min, the peak positions and their intensities were

(] 80
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change and become shaper. The preferred orientation of the (015), (1010), (110) and
(205) lattice plane are observed, which indicated that the atoms of the thick layer
cannot obtain enough energy for lateral movement on the surface, leading to random
growth in direction vertical to the substrate [3,71]. During growth to the designation
thickness, the residual stress is generally accumulated as increasing of the deposition
time [73]. Furthermore, the uneven distribution of thermal energy of thick layer affects
the growth process leading to surface diffusion of adatoms to growth in ab-plane [3,71].
All results suggest that all films are formed with a high crystallinity in (015) plane. The
sharper and intense of the diffraction peaks evidences the grain refinement along with
the large strain [78]. The calculated crystalline size, lattice strain and dislocation
density are examined by-Debye-Scherer’s equation.-“ihe calculation of crystalline size,
dislocation and lattice strain were presented in table 8, e crystalline size at (015)
orientation plane of depeosited SbxTes films are N/A,-43, 40 3gAkl8 nm for deposition
time 2, 30,60 and 120 min, respectively. It hasbeen observed thagthe FWHM increases
with increased the depositigh time from 30 to 220 min, and-thus the'aVerage crystalline
size decrease. Thesé results indicated that-the 'crystatlinity_of depdsited film are
decreased as inCreasing the deposition time. Copsequently, the increasingiof the lattice
strain (&) andidislocation (v ) ofsthe deposited films-as-a function-of increasing the
deposition time may-be-dueite the generated ofitheresiduat stress during deposition
leadine te obtainthe variation in'lattice parameters and the change of thelimperfection
inside the-film 72, 85].

EDS prevides'the average atomic percentageof Te’of alkannealed Sb,Tes films,
as shown in'table &3/ The percentase‘ofyl e elements were indicated that all samples
are close to'the stoichiometria of 2:3 (Sb:Te)./A small.change of the stoichiometric can
be obtainedhdue to thermal treatment process, which caused by the evaporation of

Te elementsyCensidering théwaporpressures of constityent elements [3, 91].

Table 4.3 Thickness, pereenldce~of=Te~elements, lattice stain, dislocation and

crystalline size of deposited Sb,Tes films with different deposition time.

Deposition Thickness %Te Crystalline size  Dislocation Strain

time (pm) (D: nm) (6 X10" lines/m?) (€ X10° line*m™)
2min 0.3 58.73 N/A N/A N/A

30min 4.5 58.11 42.6 5.4 0.81

60min 9.0 58.09 40.3 6.2 0.86

120min 16.7 58.51 183 30.8 1.89
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Table 4.4 Hall measurements of deposited Sb,Tes films with different deposition time.

Deposition time Thickness  Carrier concentration Mobility  Resistivity

(min) (m) (X10%cm™) (cm®/Ns)  (X102.02.cm)
2 0.3 8.9 58 1.21
30 a5 4.1 75 2.16
60 9.0 5.6 68 1.50
120 16.7 11.3 42 1.31

Figure 4.13 shows the surface morphotegiessof Sb,Tes films with various
deposition time. It isobvious that the plate structures andsgieoth surface are obtained
in the deposition time of 2'min, as-seen inthe red eircle of figure ®,13(a). The deposited
film has a'layered-microstructurgy indicating that the-grains-growaleng the c-axis in a
direction parallet-to the substrate, which agrees-with XRD-resultsy Ia order for the
deposition time-to increase 30,60 and|120 min,sthe ordinary,stcucture is obtained. As
the deposition time inereases, theynucleation intheswertical direction is faster occurred
comparingito in-planegrowth. The deposition 'atoms-cannot Nave enough energy to
lateral movement-on-the surface leading to randem growthi It dmplies that the
distribution of energy leadsito surface diffusien ‘ef the'\deposited atoms, Which greatly
affects the graingrowth in the ab-plane and the c-axis direction. ' However, at high
orden, with> thickness 'at depasition time 120 min, the Surface"motphology is clearly
differenty The rougher surface with'a small-compact erain/was obviously observed, as
seen in figure™d.13(d). Noh-unifermity of the deposited film was occurred in the multi-
layers coating due to improper-adherent preblems between-deposited layers.

Figurend™d shows the schematicief the growth, pfocess of Sb,Tes thick films
with different depeStion times. All films were, srown"under-the same conditions with
different deposition times,to%earry out the effect-of desienated films on thermoelectric
properties. During the deposition method, the deposition and thermal treatment
processes were repeated to reach the designated deposition time. In the sputtering
process, the deposited atoms were diffused on the surface of the substrate by giving
up their kinetic energy and thermal diffusion. The diffusion and agglomeration between
the grains can be yield by thermal treatment. The mobility of the deposited atoms is

also related to the appearance of the microstructure [33, 36].
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Figure 4.13 Surface morphology of the deposited Sb,Tes films with different deposition
time (a) 2 min, (b) 30 min, (c) 60 min and (d) 120 min.
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Figure 4.13 Surface morphology of the deposited Sb,Tes films with different deposition
time (a) 2 min, (b) 30 min, (c) 60 min and (d) 120 min.
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(a) (b)

Figure 4.14 Schematic of the growth process of the deposited Sb,Tes films with
different deposition time (a) 2 min, (b) 30 min, (c) 60 min and (d) 120 min.

Figure 4.15 Temperature profile of pre-heat treatment of deposited Sb,Te; films
as a function of deposition time.

In the case of the low deposition time at 2 min, a relatively high pre-heat
temperature of 220°C has remained as seen in the temperature profile in figure 4.15
during the deposition process. The higher diffusion of the deposited atoms is occurred
due to thermal diffusion. The interaction between atoms is smaller than their bonding
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to the substrate. The layered structure two-dimensional parallel to the substrate is
obtained. As increases the deposition time to 30 and 60 min, the effect of pre-heat
temperature was decreased due to the decrease of pre-heat temperature to 130 °C
during sputtering, as seen in the temperature profile, leading to reduce the surface
mobility of the deposited atoms. As the thickness of the film increases, the interaction
between their atoms is stronger than the interaction with the substrate surface, causing
the atoms to bond strongly to each other and growing into many three-dimensional.
Generally, it usually occurs in the case of the generated stress impact after two-
dimensional growth. The transition from the layer structure to island growth occurs at
a critical layer thickness which is dependent on the physical properties such as surface
energy and lattice parameters:tiis clarified that.thesdeposition periods and the pre-
heat temperature have significantly contributed to the“etOwth process. After increase
the deposition time to a-relatively high at 120 min, a small ggdig occurred. It may be
thermal energy during, srowth thigck layer ishot eneugh to diffusehahd agglomerate the
deposited atom on-the surfacenof the film 361 eading to-obtaining a small compact
grain on the film surface.

The Halll measurements -are “confirmed that the majority of ‘carriers of the

deposited films ‘are-holes.\Carder concentration and.mebilitysmeasurement at room
temperature are showrrintable 4.4, The carrier concentrations are 8.8x10% 4.1x10%,

5.6X 10" and’ 11.3X10%cm > at’ déposition’tita. 2; 30,760, and 120 min,| respectively.
Typically, the carrier concentration of the deposited filmshis typically sensitive to the
chemical composition’and the intrinsic defect of the fitm.durihg the growth process
[86]. Less intrinsic ledto reducing the cafrier/concentration. In this worky the chemical
composition of. all films is;nearly=staichiometric. Te’cantents were slightly disappeared
by the theymal process~The changeaf carrisr'concentratjon,of the deposited films is
quite dependig&on the intrinsic defeet wside the films..FtomXRD patterns, the broad
peak is obtained“aptkthe intensity diffractionipeak.tends to decrease while increases
the film thickness. The esigmated thick tayer leadsto the deposited atoms are created
that constitute small nuclei and ctasters which is observed that the crystalline size
decreases whereas the increase in lattice strain. The lattice strain is increased due to
the prevailing recrystallization during the growth process [89-90]. These results
observed that the thickness of the deposited film when increasing the deposition time
destroys the crystallinity of the films leading to the variation in lattice parameters and
the change of the imperfection inside the films. It can be described by calculated
lattice strain and dislocation density from XRD patterns. As increase the deposition
time, the lattice strain and dislocation density is relatively increased, as seen in table
4.3. This is attributed to the multilayer in the growth process leads to the presence of

the voids at the interface leading to the propagation of the dislocation lines in the
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lattice [90, 92]. The variation in lattice parameters has confirmed the change of
imperfection inside the film as increase the thickness, as seen in figure 4.16. The a-axis
is a little changed while those of the c-axis increased as the deposition time. The lattice
parameter is altered when the antisite defect increases leading to crystal imperfection
[72]. AUl results indicated that the variation of lattice parameters, lattice strain and

dislocation density could be affected by a high carrier concentration.
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Figure 4.16 Lattiee™parameters. of the depasited Sb,Te; films with different

deposition time.

The electrical mobility at room temperature normally depends on the
scattering dominated and carrier concentrations. Relatively high mobility can have a
moderated carrier concentration [93]. Moreover, the grain of the thick films will grow
larger compared with the thin layer, resulting in the reduction of grain boundaries
scattering. Thus, the mobility of deposited thick films at a high deposition time is
relatively increased. Further increase the deposition time up to 60 min, the mobility
slightly decreased, resulting in a rise in carrier concentration. Rougher surface with a
small compact grain was obtained as increasing deposition time to 120 min leading to

a decreased in electric mobility. As film thickness increased, the variation in the
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imperfection inside the crystal is drastically increased [95, 97]. Low electrical mobility
was obtained.

The variation of electrical resistivity as a function of deposition time of the
Sb,Tes films is exhibited in table 4.4. The results indicated that the electrical resistivity
decreases as the film becomes a thin layer. Thin layered structure growth along the
in-plane direction (001) orientation provides a preferential way for carrier transport
along the ab-plane as well as gains in the carrier mobility and reduces the electron
resistivity [84]. In cases of increasing the film thickness, the electrical resistivity is
2.16X10°, 1.50X10° and 1.31X10° .cm, which decrease with increasing the
deposition time 30, 60 and 120, respectively. It is well known that the resistivity is

determined by the expression of p =%e,u’ Where Nwis the carrier concentration, e

is the charge unit and p is.the mobility. The decrease reSistivity is mainly caused by

the increase of the carrier-concentration, leading to-a-rise in elégthical resistivity in the
films.
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Figure 4.17 Carrier concentration and Seebeck coefficient of deposited Sb,Te;
films as a function of deposition time



121

Carrier concentration and Seebeck coefficient variations as a function of
deposition time are exhibited in figure 4.17. The positive Seebeck coefficient of all
deposited films is indicated the P-type behavior, related to Hall measurements. At near
room temperature, the Seebeck coefficient of the layered microstructure film was
found at 131 x V/K. This is thought to be related to the deficient of Te that increases
the average carrier concentration [98, 101]. The S values are rapidly increased as
increasing the thick layer at deposition time 30 min, reached the maximum was 219
1 V/K observed. The improvement of crystallinity at a high deposition time leads to
an increase in the Seebeck coefficient. Up to increases the deposition time above 30
min, the S values slightly decrease linearly. The variation in S values as a function of
deposition time is clearly-related inversely=to “the carrier concentration. The
relationship between the Seebeck coefficient and the“eafier concentration can be
expressed by the Mott relation in equation (4.2).-Seebeck ‘agefficient is a factor to
reflect the entropy-transported per charge carfier and-thus-decreags@s as increasing the
carrier concentration [102].,As axesult, the Seébeck coefficient decreased significantly
as the film thickness. This-decrease’can be explained by the morpholdgy defect inside
the films which.is-observed in latiicetstrain and dislocationsdensity as'the deposition
time/increases {103}

Température dependence of the electrical conductivity of all.deposited Sb,Tes
films |at “different s deposition’ times ‘shows \in_ thes figure.” 4:18(a). The electrical
conductivity is slightly decreased:during the increase in thevapplied temperature range
of 50-300 °Crwhich' indi€ated ‘the typical metallie” transpert™behavior, In order to
increase\the applied temperature;. the carriertransportisignificantly interacts with the
impurityyihside the fitm cause ta decrease in‘mobility proportionally to T%[84, 104].
The temperature'dependence of the.Seebeck coefficient shows an increasing trend in
performanceNasythe applied temperatite-increases, as, seen.in the figure. 4.18(b). In
theory, the Seebagkepefficient is directly dependent'on the temperature and inversely
depends on the carferConcentration*[82]. The=maximum Seebeck coefficient was
obtained at 240 4 V/K at 300°C*withsa=deposition time of 30 min. As the deposition
time is above 30 min, the Seebeck coefficient is slightly decrease. The electrical
conductivity and the Seebeck coefficient of the deposited films are calculated to
obtain the thermoelectric power factor. The temperature dependence of the power
factor as a function of deposition time is shown in the figure. 4.18(c). It can be seen
that the power factor of layer structure at room temperature is less than 1.5 mW/mk?.
As increasing the deposition time up to 60 min, the maximum power factor is obtained
at 2.6 mW/mK? due to the enhancement of the electrical conductivity and the Seebeck
coefficient. In case of the variation of the applied temperature, the deposited Sb,Tes

films exhibit the optimum thermoelectric properties, and the maximum power factor
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is raised to 2.73 mW/mK? observed at deposition time 60 min with increasing the
applied temperature up to 100°C.
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Figure 4.18 Temperature dependence of the thermoelectric properties of Sb,Tes
films as a function of deposition time: (a) electrical conductivity, (b) Seebeck
coefficient and (c) power factor.
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The comparison of thermoelectric properties of deposited Sb,Tes thick
film with a few micrometers thickness using various methods is shown in table 4.5.
Although this method is a complex and long-term process, the obtained power factor
is quite high when compared with another. Thus, it is evident that the selected method
with an optimized growth process such as the increase of the deposition time, the
change of designated film thickness and the suitable thermal treatment process are
important to develop a high efficiency of the deposited Sb,Tes thick films.

Table. 4.5 Comparison of thermoelectric properties of deposited Sb,Tes films in this

work and other studies.

Researchers Method Thickness  Resistity PF (mW/mK?)
{gm) (£2.m)
H.Shen [43] co-evaporation 1070 5 0%10” -5
S.J. Kim [11] screem prnting < < 10
Z. Cao [6] screen printing 35 5.O><1O_3 0.2
0. Vigil‘Galan [42] Close space %3 305010 04
Vapor
M. Mizoshiri £8] thermal)/assisted”100.0 2,0><1O_5 1.6

BC sputtering
This'work DG sputtering 9.0 1.5%107° A

4.4 The comparcison of the output performance of a planar single leg

P-type Sb,Te; withndifferent thickness.

In typically, thermoelectric materials are usually characterized by figure of
merit. A high figure of merit is an equation to high efficiency of thermoelectric modules
AT V1427 -1
Th V1+ZT +_-::°

h

(Max ) @S S€EN IN equation e = with an average figure of merit
between the hot and cold side temperature. This equation was initially derived by an
assumption that the three factors (S,o0,k ) were constants, which were independent

of temperature. From this equation, a high-temperature difference and figure of merit
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values may produce a high conversion efficiency. In practical use, the efficiency of the
design of the thermoelectric generator modules is described by the thermoelectric

force, E; also depends on these factors (S,o,x), as seen in the equation.
E.=n-S-AT =n-(S,-S,)-(T, -T.) (4.6)

Where n is the number of thermoelectric modules. To achieve a high
thermoelectric force, E; can effectively be multiplied by connecting the
thermoelectric junctions electricatty “in“series._and thermally in parallel. Internal

resistance R, :%l is‘a key factor to obtain the highwefficiency of a thermoelectric
-W

material which-depends on-electrical resistivity and structur&dimensions (length: I,
thickness: 't and width: wy). - The- output electrical power of %the thermoelectric

materials was described asithe efficiency (&adind to thespractical useyin a design of
thermoelectric ‘generator modute. Theymaximum, output pewersis faquested and
defined as, P, :—S—Z—Z‘};Iitﬂ. Teo obtain the ‘Maximum-ocutputiypower, thermoelectric
material, should be ‘a large power factor and, simultaneously;reducing the internal
resistance that relates tothe dimension ahd temperature difference of thermoelectric
materials.

The variable of the thickness dimensions-and their preperties of the deposited
Sb;Tes\thermoelecttic material-are peasure andcompared. The“eutput performance
of a planaisingle leg with different*thickness (all/samples have the'same | and w
dimensionshare investigated.,

In typicallys, the practical thermoelectric modules are constructed by the both
n- and P-type thermgOelectric legs=The,single lee thermoelectric was only used to
evaluate the output charaeteristies=ef=SbsTes with various thickness thermoelectric
modules. The measured output characteristic results for the single leg Sb,Tes
thermoelectric films on flexible substrate with various thickness dimension are
illustrated for five temperature differences (AT =18, 23, 28, 38 and 58 K). The
temperature difference on surface of the single leg between hot and cold sides was
taken by the IR camera, as shown in figure 4.19. The thermoelectric open circuit voltage
(Voo ) and current (1. ) of the single leg as a function of temperature difference were
measured. The results indicated that the output voltage increased proportionally
temperature difference increase. The variable of the electrical potential is derived

from the temperature gradient when the sample contact with the heat source [105].



125

As increases the thickness of the single leg thermoelectric material, the output voltage

is increased in linear relationship with the thickness, as illustrated in figure 4.20(a).
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the element increases, a higt ndjoutput power are obtained [41].
As the results, the highest values of planar thermoelectric leg, with thickness 9.0 um

at deposition time 60 min, are 0.75 mV at AT = 58 K and the maximum P, are also

out

obtained at 0.032 xW. The results observed that a cross-section areas of the planar

single leg and their properties (S,0) are significantly affect to the output efficiency.

When increasing the thickness up to 16.7 um, the V., and P

out

were slightly
decreased compare with thickness of 9.0 um. It may be the reduction of the film

properties during growth as increasing the film thickness resulting in the decrease of

the output efficiency. The results indicated that the limit of the growth process are
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obtained at deposition time of 60 min with film thickness 9.0 xm, which is partially

affect to output performance.
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Figure 4.20 (a) the electrical voltage and (b) the calculated output power of single
planar Sb,Tes films as different thickness.
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Chapter 5

Conclusions and suggestions

5.1 Conclusions

Thermoelectric Sb,Tes thin films were deposited on polyimide flexible
substrate by thermal-assisted DC magnetron sputtering operated at the pre-heat
substrate of 400°C and sputtering pressure of 2.6x10? mbar. The various of sputtering
power densities of 30, 35, 40, 45 and.50. W were applied. As increase the sputtering
power, the argon ions become more energeticand ceuld release more energy to the
compound targetded to the higher kinetic energy of thésdeposited atoms. The results
show that the sputtering-power had a significant effect and eéghgrolled the structural,
chemical stoichiometry,-electrigat and, thermoelectric propertigshof the films. The
deposited film_had-larger gfains, and crystallifiity improved-as the\power increased.
Howeyer, the stoichiometry of ‘thesdeposited, films “slishtly changad due to Te
evaporation as.thermal transport /intreased. As welllas, ehemical composition, Te
evaporation affected carriet-concentration and, the number of lattice defects which
led to areductedsSeebeck coefficient. The largest 'Seebeckscoefficient) 209 pV/K at
300°C, was obtained at a sputtering power, of,35 Wdue to the nearly staichiometric
composition. The maximum power factor, 1.95.mW/K2m,was found-at jan optimized
sputtefing power.of 45 Wawithitemperature operated'at 300°C

SbsTes thick(fitmsymore than™ 10 ‘nm +in  thickness were ‘deposited by DC
magnetron sputtering operatedsat a pré-heatssubstrate of 400°C, sputtering pressure
of 2.6x10% ‘bar and spuittering power-45W.- The<enhancerment of thermoelectric

properties ofithe thick films Was daveloped bythe annealing treatment process. Both
of deposition and¥y&at treatment processes 'of theditmsare related to the mobility of
the atoms at the substrate, strface.during.growth. If ‘atoms have sufficient energy to
overcome the surface diffusion barriers, the atoms will have more energy to diffuse,
agglomerate, and finally rearrange into a fine structure. As the results, the crystalline
size and atomic composition of thick films depend on the annealing temperature and
annealing time. The largest crystalline size with a slightly decreased %Te is observed
for the film annealed at 350°C for 30 min. The correlation between porosity and carrier
transport/phonon scattering was illustrated. The pore surface area significantly

decreases with increasing annealing temperature and annealing time. A maximum
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power factor of 1.72 mW/K?m with annealing of 350°C for 30 min with temperature
operated at 50°C is obtained.
In order to identify the practical use of the Sb,Tes; films, the designated

thickness layer is studied with operating conditions at a pre-heat substrate of 400°C,
sputtering pressure of 2.6x10% mbar, sputtering power 45W and post-annealing
temperature of 350°C for 30 min. To obtain a high output efficiency, thermoelectric
material should be a large power factor and simultaneously reducing the internal
resistance that relates to the dimension and temperature difference of thermoelectric
materials. The designated thickness dimension with different deposition time of 2, 30,
60 and 120 min were prepared:-The correlationsbetween the thickness variance with
increase deposition«time and the structural, graimssize, surface morphology and

thermoelectric properties are investigated. Asincreasing thégthickness, the atomic ratio
of all deposited films is-shown a near stoichiometry. The crystallinity, grain size and
surface roushness_enhancelas jincreasing.thezdeposition.time to %0, min. when the
deposition time.increases to 120-mih, the clustersize reduces leading te their structure,
grain and thermoelectric properties are rélative decreased: As agesult, itlis,cleared that
the sputtering srowth-and the heat treatment process arerelated to thediffusion of
deposited atoms.'on the substrate surface\ and .related to the-appearance of

microstructuretand -morphology. The residual stress is. senerally, accumulated as

increasing of thesdeposition time. It mMay belthermal eqersysis,not enough to diffuse
and agglormerate the deposited-atom‘en, the surface of the critical'thick'layer leading
to obtaiped a small conipact gfain lend’increased-the imperfection defect inside the
films. They ipperfections Ninside” the filmare; /affected (Y. itheir electrical and
thermoelectrigzproperties. The obtained maximum, pewer_output factor is 2.7 mW/
K’m obtained with defesition time60 min with applied temperature of 100°C.

In the case of the measured.and compared the output performance of a planar
single leg of the Sb,Tes films with different thickness. To obtain the maximum output
power, thermoelectric material should be a large power factor and simultaneously
reducing the internal resistance that relates to the cross-sectional areas of the planar
single leg of the deposited films. The electrical output was generated by the
temperature gradient along the single leg, the open-circuit voltage and short circuit
current are obtained. Experimental characterization showed that the increased the

thickness of the film of 9.0 g m at deposition time 60 min can produce 0.032 xW

(0.75 mV) at the temperature difference of 58 K. Up to 16.7 u m thickness at deposition
120 min, the V. and P

o were slightly decreased which may be the reduction of their
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properties, resulting in the decrease in the power factor. As the results indicated that
the increase of thickness of the planar single leg (cross-sectional area) is partial effect
on the output efficiency. The properties of thick films are also expected for the
practical use of thermoelectric elements.

The practical thermoelectric modules is constructed by many parts of n- and
P-type thermoelectric legs which generated the output power from nanowatt to sub-
microwatt to use with electronic devices as a temperature sensor or LED lights. The
expectation of this thesis implies that the focused on the improvement of the Sb,Tes
thermoelectric materials to design the thermoelectric device with efficient energy

harvesting abilities in the future.

5.2 Suggestions
1. Long-term stability-of flexible SbzTes; planar single leSghguld carried out with

the human body waste heat.
2. Thick fitm thermogouples and a'systematic.measurement sheuld be studied

to comprehensively studythe-stability and reliability of the fabricated devices.
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Antimony telluride (SboTes) films were deposited on flexible polyimide sub-
strates by DC magnetron ‘sputtering technique wsing a 99.9% alloy ShoTes
target.:-We measured structural, electrical, thermoelectric fand mechanical
properties with  sputtering ‘power density. in the range 30-50 W. X-ray
diffraction’ confirmed-that.all Sb,Teg films have high-crystallinity with a sig-
nificant preferential growth along the (015) plane. Surface morphologies were
verified by scanning electron’ microscope: depesited film grain size increased
with sputtering power density. The ¢lemental composition‘was determined by
energy dispersive x-ray spectroscopy. Electrical transport properties, carrier
concentration; was measured by Hall effect' measurement at.room tempera-
ture. Electrical conductivity "and Seebeck coefficient were simultaneously
measured by a DC four-terminal method, (ZEM:3). The power factor was
strongly dominated by electrical conductivity, leading to a maximum of
1.95 mW/K?m with sputtering power-45 W’ at 300°C. The wettability test,
based “ony the* contaet “angle; ‘evaluated. surfacesenergy and-hydrophilicity.
Nanoindentation was megsured on’aNHT? CSM Instrament‘with diamond
BerkovichWdindenter (B-P 31) at reem ‘temperature. The.hardness and elastic
modulus of deposited SbyTes films increased with ‘the'power density.

Key words: Flexiblesthermoelectric, antimony telluride, DC magnetron
sputtering, sputtering power density

INTRODUCTION

Thermoelectric (TE) materials have been exten-
sively studied due to their important properties and
their potential application for waste heat recovery
and cooling. TE materials can directly convert
thermal energy to electrical energy and vice versa

(Received June 12, 2019 ; accepted September 27, 2019)

Published online: 11 October 2019

through Seebeck and Peltier effects. Devices based
on TE materials are interesting due to environmen-
tal friendliness, high durability, scalability and
maintenance free operation. TE power generators
and small-scale cooling systems have been devel-
oped for electronic devices and microelectronic
components.’ The TE efficiency of materials are
often described by a thermoelectric figure of merit,

ZT = S% T/K, where S is the Seebeck coefficient, o is

electrical conductivity, T" is the absolute tempera-
ture and « is the total thermal conductivity. The S%¢
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term in this expression is the power factor. High
performance TE materials combining high Seebeck
coefficient and electrical conductivity as well as low
thermal conductivity are desired. Recently, several
research groups have studied thin films of TE
materials, used to improve thermoelectric perfor-
mance:*® these materials enhance both density of
Fermi level states and increase phonon scattering
based on the quantum confinement effect.”

TE materials, based on general formula, A;IB;’I,
are promising materials. Antimony telluride (where
A = Sb, B = Te) is promising, with a narrow band
gap, E;< 0.2eV. SbyTe; compounds have the
rhombohedral crystal structure with five atoms
per unit cell belonging to the space group, R3m.
This material has attracted attention because of its
excellent figure of merit at 300 K. To form a flexible
thermoelectric device, polyimide used as a substrate
was chosen due to its low thermal conductivity
(0.12 Wm~YK) and thermal expansion coefficient
(12 x 1079 K1) which closely matches that of the
SbyTe; films. In addition, polyimide can reduce
residual stress and increase adhesion in tha film.®
Several techniques have been investigated for depo-
sition of SbyTes films including evaporation,’ chem-
ical vapor de;)osition,10 pulse laser deposition,'" co-
evaporation'” and sputtering.’® Among these depo-
sition techniques, direct ‘current (DC)-magnetron
sputtering has been widely used because it produces
high quality films, extremely high adhesion ‘and
excellent uniformity over a\large substrate area.
Several researchers have deseribed the deposition of
the sputtered SbyTe; films. ' The compositional,
structural, electrical and thermoelectric properties
of the deposited films depend on parameters such as
working gas pressure, working distance, sputtering
time and substrate temperature. However, there
has been little discussion on the sputtering power
density of SbyoTes depositedifilms. Sputtering power
density is an importanty factor .in SbhyTes film
deposition; it affects the plasmaidensity and particle
energy during the deposition.™

Several previous researchers ‘have studied. the
structural, electrical and thermoelectric properties
of TE materials.*® We also assessed the reliability
of flexible SbhyTes films: wettability, suface energy
and nanoidentation were measured, because the
surface properties affect the mechanical integrity of
the device, in particular, the metalized contact layer
durability and hardness. The mechanical properties
are crucial factors when designing and fabricating
TE devices. Assessed SboTes; films with various
grain sizes and found that mechanical properties
were size-dependent.'® Hydrophobicity  or
hydrophilicity of the resultant surface was also
governed by chemical comll)osition and microstruc-
ture of the deposited films.!?

We deposited SbyTes films on flexible polyimide
substrates using the direct current magnetron

sputtering and measured the effect of the sputtering
power density associated with the plasma density
and particles energy during film deposition on the
structural, electrical and thermoelectric properties.
Changes in crystallinity, chemical composition,
grain size, and film thickness were attributed to
the wettability and mechanical properties.

EXPERIMENTAL PROCEDURE

SbyTes films were deposited on flexible 0.025 mm
thick polyimide substrates (DuPont Kapton) using
DC magnetron sputtering. Firstly, the polyimide
substrates were attached to a glass slide and then
ultrasonically cleaned in order with methanol and
de-ionized water for 10 min, these substrates were
dried with nitrogen. A 75 mm antimony telluride
alloy target «(SheTes; purity: 99.9%, Stanford
Advanced Materials) was used as sputtering target.
Before the deposition‘process, the electrode distance
was set to 50mm. They, base pressure in the
deposition chamber was kept below
2.0 %10 7 mbar using a diffusion pump backed by
a votary vane pump. The Arigas working pressure
during*sputtering -was kept \at 2.6 x 10 2 mbar.
Before the shutter: was opened to expose the film,
sputtering power .density was applied for 10 min to
remove contaminationand the oxide layer on the
target, surface, After that, substrate pre-heat tem-
perature was set-to-400°C for 15 min. Finally, the
various sputtering power. densities, from 30 W to
50 W, were applied for 6 min to generate deposited
ShyTes films:

The structural properties.of the SboTes films,
including crystallinity, erystal size, micro strain and
dislocation were investigated by x-ray diffraction
(PANalytical Empyrean) operated with Cu-Ko
(A ='0.154 nm) radiation. The data was recorded in
the 10°-70° of 20 range. The surface morphology
and ‘thickness of the SbyTes deposited films were
obtained by scanning electron microscope (EVO
MA10). The elemental composition of the deposited
films was estimated from energy-dispersive x-ray
spectroscopy (Oxford Instruments X-Max 20). The
electrical property, carrier concentration, was mea-
sured by Hall effect measurement at room temper-
ature (Ecopia, HMS3000). The temperature-
dependent Seebeck coefficient and electrical con-
ductivity were also measured by ZEM-3 (ULVAC-
RIKO) at 50-300°C. The wettability was measured
with a contact angle OCA 20 machine for a 10 uL
de-ionized water droplet placed on the film surface
equipped and monitored with a CCD camera at
ambient temperature with three different positions
for each sample. The hardness (or nanoindentation)
was measured on a NHT? CSM Instrument with
diamond Berkovich indenter (B-P 31) at room
temperature, averaged over three different posi-
tions for each sample, which leading to the hardness
and elastic modulus.



Influence of Sputtering Power Density on the Thermoelectric and Mechanical Properties of
Flexible Thermoelectric Antimony Telluride Films Deposited by DC Magnetron Sputtering

RESULTS AND DISCUSSION

The x-ray diffraction patterns of SboTes films
deposited at different sputtering power densities
are shown in Fig. 1: the films showed a polycrys-
talline structure, belonging to the R3m space group
of SbyTes films (JCPDS No. 15-0874). The four main
diffraction peaks at 17.44°, 28.24°, 38.28° and 44.59°
corresponded to the (006), (015), (1010) and (1015)
planes, respectively. XRD results show that a
significant preferential growth along the (015) plane
developed with increased sputtering power density.
Especially when the power rose to 45 W, the (015)
peak became very strong. Increasing sputtering
power density led to higher kinetic energy of the
deposited atoms. During ion bombardment, their
kinetic energy was dissipated and converted to
vibration of the ions. When the atoms accumulated
sufficient vibration energy, they ejected from. the
target surface, rearranged the crystal structure and
increasing surface migration on the substrate.’”
However, when the sputtering pewer was increased
to 50 W, it is seen that the (015) peak intensity
dropped and the crystallinity dropped! further **
Variation of the power density of the films ean' be
correlated with the accumulation of surface and
strain energy during the coating process.” As the
power density were inereased, a preferred orienta-
tion along (015) shifted. slightly toward “a. lower
angle as seen in Fig. 1." The peak shifting was
related to the change in the 'd 'spacing 'of the

deposited films, which indicated a variation of the
lattice size as shown in the Fig. 2. It shows that the
lattice parameters of the a-axis are little changed,
while those of the c-axis increase with the power
density. It is well known that the lattice parameters
increase, when the antisite defect increases, since
Sb has a larger atomic radius than Te as seen in
Fig. 2. The lattice parameter is altered, leading to
crystal imperfection.” The XRD peaks shifted cor-
responding to Te gradually decrease as the power
density increases as seen the elemental composition
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Table I. Electrical and thermoelectrical properties of SboTe; versus sputtering power density at room

temperature
Te content Carrier Carrier Electrical Seebeck Power

Sputtering (at.%) concentration: mobility: conductivity: coefficient: factor: PF
power (W) 7 (x 10" em™3) 1 (cm?/Vs) 6 (x 10* S/m) S (uV/K) (mW/K?m)
30 62.3 3.2 50.4 2.57 173 0.77

35 60.0 4.3 47.6 3.28 185 1.12

40 58.7 4.8 54.7 4.18 167 1.16

45 58.6 44 61.9 4.32 168 1.22

50 58.5 2.3 36.7 1.35 182 0.43

62.2 %Te

versus sauttenpg,powar (a) 30

58.6 Y Te

f

JV( )45 W and (e) 50 W.

mt_

sition of the films produces ho es)
carrier concentration.

sputtering power densities were 1nvest1ga ed
SEM and EDS, and the results are shown in Fig. 3.
All deposited ﬁlms exhibited a homogeneous grain
distribution which are almost free of cracks. Larger
grains formed as the power density increased due to
coalescence of small grains and diffusion of atoms.
The elemental composition of SbyTes deposited films
was considered to be the stoichiometric relationship
of the power density. The results indicated that Te
content decreased with increasing the power den-
sity. The stoichiometric film was obtained at a
sputtering power of 35 W. The composition is very
important for the electrical property. Te-rich film
was observed for low sputtering power (30 W)
Excess Te content affects the low conductivity.?°

As the power was increased to 50 W, the deposited

O entra.tlon >

W (b) 35 W () ) 40

k ﬁ'hns became s1gn1ﬁcgﬁt1y Te deficient, i.e., the
~_degree” of /fon-st ichjom

o{\

étry increased. At h1gh
-sgyttemné power density, the thermal transport in
hin film increased and affected Te evaporation from
the film, du to the differential vapor pressure, Te
_compa ed W1th Sb.4?! The film thicknesses were
“measured” by SEM on cross-section and the thick-
ness was used in calculation of the electrical
property. The deposited films have thicknesses
between 600 nm and 1000 nm depending on the
sputtering power density.'”??

The deposition rate and thickness of the SbyTes
films show almost a linear relationship with the
sputtering power density in the power range from
30 W to 50 W as seen in Fig. 4. The deposition rate
increased with the power density could be associ-
ated with increased flux of atoms. An increase in the
power density enhances the probability of ejection of
atoms from the compound target. It was concluded
that the sputtering power density was a major
factor affecting the sputtering yield of a target,
which, in turn, affected the film thickness.
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Electrical properties at room temperature. of
Sb,Tes films are summarized in Table I. All depos-
ited SbyTes films present as p-type semiconductors
due to the positive mobility. As seen in Table I, the
carrier concentration (n) increased with.increasing
sputtering power up to 45 W. Then, it decreased
slightly as the sputtering power Wwas increased to
50 W. Typically, the carrier concentration. is sensi-
tive to chemical composition and- lattice \defects:
excess Te content led to,higher resistivity.?’ Sec-
ondly, the Te deficiency led to weak Van der Walls
bonding between Te(1)-Te(1) layers—Sb,Tes struc-
ture. Te vacancies V. wereproduced by increasing
sputtering power density, which: vaporized Te.-The
antisite defects are occupied. by.Sb atoms) The Sb
atoms will enter Te. vacancies due to the small
difference in electronegativity. The antisite.defects;

"

Sby,, were produced andled to the formatien-of Vg;.
The interaction of antisite defects and vacancies is
shown by Ref. 23.

! m 3
SbaTe; = 28by, + Vi, 2V, +5Te() 1 20, NI

where A denotes the producedshole and | denotes
the loss of Te. The deviation from stoichiometry of
the films produces holes which increase the carrier
concentration.

The electrical conductivity (¢) of the SbyTes
deposited films increased with sputtering power
up to 45 W. Up to this point, the power density
affected film crystallinity. The films were more
uniform with less defects which led to enhanced
electrical conductivity. As the power reached 50 W,
the resistivity noticeably increased due to the
reduction of carrier concentration and excessive
crystallization. The resistivity dramatically
increased and reaching a maximum of
7.40 x 107° Om. The resistivity is determined by
carrier concentration and carrier mobility following,
p=1/ugn. The electrical conductivity increased
considerably with increasing the sputtering power

density. The highest electrical conductivity of
4.32 x 10* S/em was obtained with sputtering
power 45 W. The change of electrical conductivity
with increasing the power density expected to
increase the crystallinity, increase the deposition
rate and increase the grain size as evidenced from
XRD and SEM images.”?* A large electrical con-
ductivity is required in thermoelectric efficiency.
However, as sputtering power density was
increased to 50 W, the reduced crystallinity and
increased defect concentration caused a decrease of
conductivity. The carrier mobility (1) of the depos-
ited films was increased according to the larger
grain growth with increasing sputtering power
density.

The Seebeck coefficient (S) for the films with
increased. sputtering power density demonstrated
that all filmstare p-type semiconductors which was
confirmed by ZEM-8. The maximum Seebeck coef-
ficient, 185 uV/K, waswobserved with 35 W sputter-
ing power matchingithe expected stoichiometric
ratio.”. When the sputtering power density were
increased, the Seebeck coefficient declined slightly
and then stabilized as seen in Table I. According to
the theory, the Seebeck coefficient, S, is inversely
related to.the carrier concentration:

N(E) dln u(E)
L +( 9E >E—EF‘|’ 2)

where kg denotes the Boltzmann’s constant, e
denotes*the electron charge, N(E), denotes the
density of states; 7 denotes the carrier concentration
and T denotes the temperature. The Seebeck coef-
ficient is inversely proportional to the charge car-
rier concentration. The power factors of SboTes films
was based on two factors, i.e., electrical conductivity
and the Seebeck coefficient—PF = S2¢. The highest
power factor at room' temperature was 1.22 mW/
K%m. Khumthong'et/al. reported that the SboTes
film fabricated" on polyimide substrate using RF
magnetron, Sputtering and obtained PF = 1.06 x 10
4 W/K?m.* Shen et al. reported that a maximum
PF = 5.2 x 10° W/K?m was obtained for the film
fabricated on polyimide substrate using DC mag-
netron sputtering with in situ annealing for
20 min.”® Our measurements led to the highest
power factor with high crystallinity films, which led
to high electrical conductivity and high Seebeck
coefficient.

The temperature dependence of conductivity,
Seebeck coefficient and power factors are presented
in Fig. 5 as a function of applied temperature and as
a parameter of sputtering power density. Figure 5a
shows that the conductivity of films increased with
applied temperature, which indicates a typical
semiconductor-like behavior, with a maximum of
~ 4.90 x 10* S/m at 300°C, with the sputtering
power in the range of 40 W and 45 W. The maxi-
mum conductivity corresponded to the maximum

kAT

S(T) sy
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crystallinity and consequently the increase of car-
rier mobility in the film with increasing the power
density. The temperature dependence of Seebeck
coefficient is shown in Fig. 5b. A maximum Seebeck
coefficient of ~ 209 uV/K with 35 W sputtering
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Fig. 6. Contact.angle (black filled circle) and surface energy (blue
filled square) for. ShyTes films versus sputtering power density.
Images of water droplets,on the film surface are placed next the
corresponding black filledicirele at a level matching the contact angle
on the left axis (Color figuresonline).

power (i.e., close to the, ideal stoichiometry of
ShyTes) at 300°C was obtained. In the theory, S
directly. depends on the temperature (T) and
inversely depends on the carrier concentration.?”
Figure ¢ shows the ‘temperature dependence of
power factors. The power factor describe the ability
of. a material to produce electrical power from a
given‘temperature difference. Our results show that
the power factors are strongly dominated by elec-
trical conductivity, leading to, a maximum PF =
1.95mW/K’m, with 45 W sputtering power at
300°C.

Wettability of ShyTes films-was measured by the
static 'water: contact.angle method are shown in
Fig./6. The contact angle was taken as an average of
three ‘points of deposited at different sputtering
power.” densities.~ The contact angle gradually
decreased from 26.2° to 10.7° as the power was
increased. It.can be seen' that the water droplets
completely spread ‘ever the surface of the films at
the higher sputtering power. This indicated that the
highly - hydrephilic' states were obtained at the
higher power density. The change of the wettability
depends on the grain size with increasing power
density. With the larger grains, the water could fill
the grooves of the rougher surface, making it more
hydrophilic.'® Typically, the wettability test is used
to determine the surface energy, which can be
calculated using the Fowkes—Girifalco-Good (FGG)
relation. The interaction of the dispersive force or
the Van der Waals force between liquid and solid
interface give information about the different sur-
face energies. Following FGG,?® y,, is the surface
energy corresponding to the liquid solid interface
calculated from

s = Vs + 7 — 20/ 78, (3)

where y, and y; are the surface energies measured
for the solid and liquid and ¢ and 7 are the
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Table II. Nano indentation results of SbyTe; films versus sputtering power density

Sputtering Average hardness Hardness Average Modulus
power (W) (MPa) uncertainty modulus (GPa) uncertainty
30 237 0.14 8.0 1.70

35 304 0.13 8.9 0.77

40 313 0.10 8.9 1.00

45 377 0.06 9.1 1.80

50 408 0.09 9.1 2.30

dispersive portions of the surface tension for the
liquid and solid surface, respectively.

Young’s equation quantifies the surface energy by
measuring the angle of the cross-section of a liquid
droplet when contacting a solid surface®® and given

by:
Vs = Vis 78 71 COS 0: (4)

where 0 is the contact angle between the liquid and
solid. Using Young’s equation, combined with Eq. 3,
and, employing de-ionized water (72.8 md/m?) as a
testing liquid, ¢ = 7,.”® Equation 4becomes dndthe
surface energy of the caleulated materials, % is:

’/s

1
1 = 2(Co 41 (5)

The calculated surface energies of the ShyTes
films with increasing sputtering power density-and
decreasing contact -~ angles were .34.5 md/m>;
35.1 mJ/m?, 35.6 mJ/m?, 36.0 mJ/m* and'36.1 mJ/
m? The surface energy“is ‘wery ‘important in a
number of industrial applicationg, such as'bonding,
coating, sealing and cleaning.

Hardness values. (H) were obtained..from the
applied indentation load divided by the ‘projected
contact area:

H NN (6]

where P,, denotes a perfectly “sharp.Berkovich
indenter and A, denotes the projected contact-area
between the indenter and the sample surface
(A, = 24.56 h? for Berkovich indenter and A, is the
true contact depth). Following Oliver and Pharr,*’
the elastic modulus of the specimen, E, can be
calculated from reduced elastic modulus E* in Eq. 7

g S 7

28\/A,/n’

where [ denotes the geometric constant (f = 1.034
for Berkovich indenter) and the elastic modulus E is
computed from:

1 1-v2 1-0v?
E-E Tm (®)

where v is the Poisson’s ratio of the indenter
(v =0.07). v are the Poisson’s ratio of the film
(v = 0.25). and E’' = 1141 GPa is the elastic modu-
lus of‘the indenter.

The hardness and elastic modulus of the SbyTes
films are shown'in Table II. The hardness increased
with sputteringspower density while the elastic
modulus slightly “ehanged only with the power
density:

The SEM images indieated that the grain size has
a significant effect on the mechanical properties of
the SbyTes films. The increased sputtering power
density results in the increase of the grain size and
film density from the kinetics of film agglomeration.
The larger grain with high density films used more
energy during nane indentation, which led to a

higher surface stress;?4:>082

CONCLUSION

Flexible antimeny: telluride, SboTes, films were
deposited on’'polyimide substrates using DC sputter-
ing. Sputtering power density had a significant effect
and controlled the structural, stoichiometry, electri-
cal, thermoelectric, wettability and hardness proper-
ties of the films. The deposited film had larger grains
and ‘crystallinity improved as the power density
inereased. However, the stoichiometry of the depos-
ited films slightly‘changed due to Te revaporation as
thermal transport increased. As well as chemical
composition,"Te evaporation effected carrier concen-
tration and number of lattice defects which led to
reduced Seebeck coefficient. The largest Seebeck
coefficient, 209 ;V/K at 300°C, was seen at sputter-
ing power density of 35 W due to the nearly stoi-
chiometric composition. The maximum power factor,
1.95 mW/K?m, was found at 45 W sputtering power
at 300°C. Wettability tests indicated that
hydrophilicity, which showed the interaction
between liquid and solid interface, depended on the
grain size which increased with sputtering power
density. The calculated surface energy, hardness,
and elastic modulus of the SbhyTes is very important
in a number of industrial applications, such as
bonding, coating, sealing or cleaning.
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ARTICLE INFO ABSTRACT

Keywords: Sb,Tes films of mere than 10 um in thickness were deposited on flexible polyimide substrates by heat treatment-
Antimony telluride assisted DC magnetron sputtering. The post-annealing ‘parameters including the temperature (150-350 °C) and
Thick film time (15-60 min) were varied to investigateithe microstructure, chemical composition, porosity and thermo-
:tii:;fj;mem electric properties of the thick films. X-ray diffraction showed.that both the as-deposited and post-annealed films

were polycrystalline with significant preferential growth along the (015) plane. The films showed slightly off-
stoichiometrie compositions after post-annealing treatment. Increasing the annealing temperature and annealing
time led to an increase in crystalline size and a decrease in porosity of the thick films. This was related to grain
growth, agglomeration and!surface improvement. The electrical transport.and thermoelectric properties in-
cluding carrier concentration, carrier.mobility, electrical conductivity.and Seebeck coefficient were investigated
using Hall effect measurements and ‘a ZEM-8 apparatus.'A maximum power factor of 1.7 mW/K?m was obtained

DC magnetron sputtering

following annealing‘at 350 °C. for 30 min.

1. Introduction

Global warming and climate change are major problems for the
world. Strategies for dealing with these problems inelude increasing the
use of renewable energy and improying energy efficiency. One way to
improve energy efficiency and minimizeywasted heat is to use energy
harvesting technology. This technologyican,directly convert thermal
energy to electrical energy through thermoelectric materials (TEs),
given a suitable temperature. The conversion efficiency of TEs is ex-
pressed by the thermoelectric figure of merit (ZT). Antimony-telluride
(Sb,Tes) is a well-known TE that has attracted much attention for its
potential application in microelectronics [1]. SbyTes lattice consist of
layers. Each layer comprises five atomic planes oriented perpendicular
to the c-axis according to ...Te'-Sb-Te®Sb-Te'... Te'-Sb-Te?-Sb-Te’.
There are the van der Waals gaps between Te' atoms [2]. Typically, the
excellence ZT of Sb,Tejs is typically achieved at near room temperature
[3,4] which is conveniently close to the temperature of the human
body. Devices integrated into the human body can access this heat
source day and night. There are two kinds of thermoelectric devices:
bulk and thin film. In bulk thermoelectric devices, a temperature

* Corresponding author.
E-mail address: rachsak.sa@kmitl.ac.th (R. Sakdanuphab).

https://doi.org/10.1016/j.surfcoat.2020.125510

difference (AT) between the two sides of the device can be easily
achieved and results in a relatively high electrical power [5]. However,
it is difficult to reduce the size of bulk thermoelectric devices, due to
adhesion problems and limited flexibility. The cost of bulk thermo-
electric devices is alsoshigh because of the batch process required for
their manufacturing. Thin film thermoelectric devices involve lesser
amounts of materials, are easily integrated into compact circuits, and
can be deposited on flexible heat sources [6]. However, it is challenging
to produce a satisfactory temperature difference across the thin film
[7]. An attractive strategy is to combine the advantages of bulk and thin
film thermoelectric devices. A flexible thermoelectric thick film could
potentially induce a large temperature difference. There are an attrac-
tive approach because of their ability and suitability to power miniature
electrical devices for wearable applications.

Screen printing [7-9], electro chemical [10], thermal evaporation
[11], and magnetron sputtering [12] have been extensively in-
vestigated to deposit the Sb,Tes thick film. Screen printing [7-9] has
been commonly used due to the short process time, low fabrication cost
and large coating area. However, these is requiring a mixing powder,
binder, glass powder and solvent along with a precursor, leads to weak
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Fig. 1. XRD patterns of SbyTe; thick films at different (a) annealing temperatuie and (b) annealing time.

Table 1
Summary table of calculated strain, average grain sizes and percentage of Te of
Sb,Tes thick films.

Annealing conditions B cosO + Strain (¢) + W-H crystalline size %Te
x107% ()

Temp. (°C) Time

(min)
As deposited 0.0037 < ~3.29 72 59.28
150 °C 30 0.0086 " 3.21 137 50.21
250 °C 30 0.0031 '3.08 141 57.34
350 °C 30 0.0028 2.29 182 57,10
350 °C 15 0.0080% 222 144 57.30
350 °C 30 0.0028 1.2.29 182 57.10
350 °C 60 0.0029, 2.37 163 56.22

contact between particles and highlysporous products. There have been
few studies on sputtering thick filmsyusing a single Sb,Te; target.
Magnetron sputtering is commonly used toyprovide uniform high purity
films with large areas. Polyimide was chosen‘as a'substrate because of
its low thermal conductivity (0.12 W/Km) and itsithermal expansion
coefficient (12 X 10~ ° K™ ') closely matching the thermal expansion
coefficient of Sb,Te; thick film, which reduces residual stress and in-
creasing adhesion [13]. However, increasing film thickness during de-
position generally leads to weak contacts between particles, high por-
osity and consequently, higher resistivity compared with thin films [8].
Heat treatment and annealing process has been shown to yield the
better connections between the particles and thus improved films
crystallinity [14]. Strongly electrical transport and good thermoelectric
properties were reportedly obtained following annealing. Little effort
appears to have been made on the effects of annealing on the structural
and electrical transport properties of sputtered Sb,Tes thick films. The
annealing temperature and annealing time also require optimizing.

In this study, Sb,Tes thick films were directly deposited on flexible
polyimide by heat treatment-assisted DC magnetron sputtering. The
annealing temperature and annealing time were optimized to enhance
thermoelectric properties. The influence of heat treatment and an-
nealing process on the structural, electrical and thermoelectric prop-
erties of Sb,Te; flexible thick films were investigated.

2. Material and method

P-type Sb,Tes thick films were grown on flexible 25-um-thick
polyimide substrates (DuPont Kapton) by DC magnetron sputtering
technique using the ‘alloy Sb,Tes; (purity: 99.9%, Stanford Advanced
Materials) with a diameter of 3'in. Before deposition, a 25 X 75 mm of
polyimide were attached to a glass slide (glass transition temperature
(Tg) = 557°C and 1 mm thickness) and ultrasonically cleaned in me-
thanol and then de-jonized water (each for 10 min) and then dry under
a N gas flow. The distance between the target-substrate was 40 mm.
Before deposition, the chamber base pressure was maintained below
2.7 %/ 10~ > mbar using-a diffusion pump backed by a rotary vane pump
before< deposition. A flow of Ar gas was then introduced into the
chamber ' and © the deposition pressure was maintained at
2.6.X-107 % mbar and DG power was maintained at 45 W. Before the
shutter was opened to expose the film, the target was pre-sputtered for
10 min to remove the contaminations. The substrate pre-heat was ap-
plied at 400 °C'for 15 min under the substrate with the same vacuum
chamber. The process was repeated 6 times to reach the designated film
thickness. Finally, thick films were annealed using halogen lamp in Ar
atmosphere of approximately 2.6 X 10~ mbar at temperature 0, 150,
250 and 350 °C for 30 min. To investigate the effect of annealing time,
the thick films were also annealed at 350 °C for 15, 30 and 60 min,
respectively. The crystal structure, including crystal orientation and
average crystalline size was characterized by X-ray diffraction (XRD)
using a Rigaku diffractometer (Smartlab). XRD patterns were recorded
in the 26 range of 10-70° at 40 kV and 20 mA with a scanning rate of
10°/min. The elemental composition was examined by energy-dis-
persive X-ray spectroscopy (EDX, Oxford Instruments X-Max 20) over a
large film area. The surface morphology and thickness were observed
by field-emission scanning electron microscopy (FE-SEM, EVO MA10)
operated at 10 kV. The electrical properties and carrier concentration
were obtained by Hall effect measurements at room temperature
(Ecopia, HMS3000). The temperature-dependent Seebeck coefficient
and electrical conductivity were measured using a ZEM-3 apparatus
(ULVAC-RIKO) at 50-300 °C.
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Fig. 3. FE-SEM images showing surface morphology of Sb,Tes thick films (a) As-deposited and annealed for (b) 15 min (c¢) 30 min (d) 60 min at 350 °C. Inset shows
the porosities as red areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion of R3m (JCPDS card no. 15-0874) [15]. The polycrystalline Sb,Tes
thick films show XRD peaks at 28.24°, 38.27°, 42.36° and 51.69° which

The crystal phases of the as-deposited and annealed Sb,Te; thick are corresponding to (015), (1010), (110) and (205) plane orientation,
film are exhibited in the XRD pattern Fig. 1(a). The XRD patterns are respectively. The growth process and heat treatment at substrate are
characteristic of the rhombohedral crystal structure with a space group related to the mobility of the adatoms during film growth. In other
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nucleation in the in-plane crystal growth"
crease in annealing temperature results in higher diffusion of the ada-
toms, which leads to grain growth and higher erystallinity [1]. To
achieve the designated film thickness, low mobility atoms arrive a

surface of substrate with various angles of incidence. The annealing
process was incorporated with the aim of improving crystal growth. As
the annealing temperature increases from 0 to 350 °C, the atoms of the
Sb,Tejs thick film have more energy to diffuse, agglomerate, and finally
rearrange into a crystal structure [5]. The intensity of a preferred or-
ientation (015) plane increases with increasing annealing temperature.
This implies that thick films are obtained with highly orientated crys-
tallinity following annealing at 350 °C for 30 min. XRD patterns of thick
films annealed at 350 °C for 15, 30 and 60 min are shown in Fig. 1(b).
The average crystalline size and the atomic composition are shown in
Table 1. The results suggest that that annealing for 30 min leads to the
highest crystal growth, which potentially improves the power factor of
the film [17]. The (015) XRD peak of annealed film is sharper and
narrower than that of the as-deposited film. This suggests that high
quality thick films with good crystallinity and a large grain size are
formed as the annealing temperature increases. Crystal imperfection in
the film as evidenced from the lattice strain was also examined. Size-

ature ‘was leading to
Ofg c-axis [15,16]. An in-

th:
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induced and strain-induced of Sb,Te; thick films under the different
annealing conditions can be considered by Williamson-Hall formula
[18]:

kA .

Bcosé = ) + 4esind a
where, D is the average crystalline size, A is wavelength of X-ray ra-
diation (0.154 nm), f3 is the integral breadth of the diffraction peak, 6 is
Bragg diffraction angle, and ¢ is microscopic strain. The average crys-
talline size and strain of Sb,Te; thick films increases from 72 to 182 nm
with increasing annealing temperature. The highest crystalline size of
182 nm is obtained after annealing at 350 °C for 30 min, as shown in
Table 1. The results indicated that the post-annealing is significantly
related to the lattice strain. The lattice strain decreased slightly with
increased annealing temperature. The decreased lattice strain at larger
crystalline size was due to reduction of lattice imperfection, which in-

ed formation of a high crystalline film. The variation of strain

of thick films was measured by EDX.
entage of Te (%Te) for thick films an-

The %Te slightly decreases from
mperature increase. This is cause by

“evaporation of volatile ele
b‘onas-of t 1

ﬂ leadsa the evaporation of Te [1,13]. In order to further

annealing | tim ‘Gh%l.:a :
> J‘at 350 C T %Tﬁﬁghtly creases with increasing annealing time;

AN

sult ,sh(Nrs angA,lmg time does not significantly change
ﬁe) == : N \
FE-SEM nhag*e of the ‘surface morph

}f aRpeé‘hg rough ani nﬁompqct lakes with a larger lateral
e bsbrv&i whe L\'i?e}annealmg,teme rature increases to 150 °C,
( | by the "Fed Circles in F;gx (b). The size distribution, grain
s&rx?a(:\qrﬁootél}s mtrease s the annealing temperature
1n0reases¢o 25 t}na then to 35(%(': '}’h flakes are well crystallized
nealing provides sufficient
energy-to allow the diffusion of ¢ densi hg particles, leading to lattice
Oll’ltS\ a(t form"an ordered crystallme structure. This is consistent with
)gi]} res lrs\ The film pq;*qsuy reduces with increasing annealing

. te perature, which p(ﬁg TalTy’beneﬁts carrier transport and phonon
e%’e/\scatter}g Fig. 3 shq_vvs FE-SEM images of thick films annealed at

350 °C for 15, \1‘{&1 60 min. The size distribution, grain density and
surface, smoothness 1ncrease with increasing annealing time. During
n of the thick film, weak contacts between particles generally
result in high porosity and higher resistivity [20]. Post-annealing can
improve the particle connections. In support of this, FE-SEM images
were processed using the ImageJ software package to calculate the area
ratio of the surface pores [7].

Fig. 2 insets and Fig. 3 insets show the porosity of the Sb,Te; thick
film (as red areas) for the various annealing conditions. The porosities
are 15.26, 13.19, 11.74 and 10.39% for the as-deposited thick film and
films annealed at 150, 250, and 350 °C, respectively. The decrease in
number of pores at higher annealing time is also confirmed by porosity
tests. The film annealed at 350 °C for 15 min has a porosity of 12.18%.
However, the porosity of the film slightly decreases to 10.39% after
annealing for 30 min and then increases to 13.28% after annealing for
60 min.

Cross-sectional FE-SEM images of the Sb,Tes films annealed for
different times are shown in Fig. 4. Columnar-shaped growth is ap-
parent. The film thickness slightly decreases with increasing annealing
time because of the evaporation of Te. A smooth surface is obtained at
higher annealing times. A crack is observed across the columns of the
film annealed for 60 min. The crack would lead to an increase in



P. Junlabhut, et al.

(a)

4.8

—e— Carrier concentration

390
—m— Electrical conductivity

4.6
360
4.4
330
42

300
4.0

270
3.8

Carrier concentration (x10'° cm™)

240
3.6

150 250
Annealing temperature (°C)

as-dep 350

(c)

300

270

240

210 L]

150

Seebeck coefficient (uV/K)
| |

120

150 250
Annealing temperature (°C)

as-dep 350

Surface & Coatings Technology 387 (2020) 125510

(b)

50

4.8

55 —e— Carrier mobility
—m— Carrier mean free path

o
N

Carrier mean free path (nm)

45

(e
o

40

o
o

35

30

Electrical conductivity (S/cm)
N
»

Carier mobility (cm?/Vs)

25

N
[

20

150 250
Annealing temperature (°C)

as-dep 350

(d)

2.0

1.8

1.6

12

1.0

Power fagtor (mW/Km)

038 -

0.6

150 250
Annealing temperature (°C)

as-dep 350
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of the Sb,Tej3 thick films.

trapped carriers in the grain boundaries, an increase in'resistivity. The
microstructure of the films was analyzed by XRD spectrum and SEM
cross-sectional images. Typically, there is the relationship-between the
crystallinity and microstructural morphology of the films. The higher
intensity XRD peaks indicate the more crystallinity and the larger
crystalline size. It is related to theimorphology of films'that is-con-
tinuous, compact and large grain size. Fer annealing at 350 °C for
60 min film, it was observed discontinuous,lateral erack in a columnar
film. The crack affects the lower peak intensity and smaller crystalline
size of the films. Sb,Te; thick film with a highly orientated crystalline
structure is obtained after annealing at 350 °C for 30 min. ‘Annealing for
60 min leads to a decrease in film crystallinity, as shown in Fig. T(b).
Fig. 5 shows the annealing temperature dependence on the in-plane
electrical transport properties and thermoelectric properties of the
Sb,Tes films measured at room temperature. All films have a positive
carrier concentration, implying that the majority carriers in the thick
films are holes. As seen in Fig. 5(a), the carrier concentration (n) of the
films slightly decreases from 4.56 x 10'° to 3.67 x 10'? cm ™2 and the
electrical conductivity (o) dramatically increased from 237 to 386 S/cm
as annealing temperature increase from 0 to 350 °C. During deposition,
the Sb,Tejs thick films contains many point defect including vacancies
and antisite defect. The carrier concentration is related to defect inside
the films. Post-annealing reduces the amount of point defects which
decreases the carrier concentration [21]. The decrease in carrier con-
centration with increasing annealing temperature has been previously
reported for the Sb,Te; films [12,22,23]. The results indicated that the
significant reduction of carrier concentration in the Sb,Te3 films.
Besides the reduction of the point defect of the thick films, the

increase in carrier mobility (u) from 27.35 to 55.36 cm?/Vs with in-
creasing annealing temperaturesis attributed to grain growth. Post-an-
nealingleads to a slight change in surface morphology, as seen in Fig. 2.
The transfer of carriers is mainly affect by grain boundaries leading to
an-increase in ‘mobility. The low electrical conductivity of the as-de-
posited films could be attributed to the lower mobility owing to the low
crystallinity, small erystalline size and non-compact grain. The Sb,Tes
film becomes -more compact with better crystallinity as increasing an-
nealing temperature, so the electrical conductivity is improved. It is
assumed that the increased electrical conductivity is largely attributed
to the improved crystal orientation, larger crystalline size, low poros-
ities grains and increased carrier mobility. The mean free path of the
films is collectively affected by the internal crystal structure, which
strong influences the carrier mobility. According to the value of carrier
concentration and carrier mobility, the mean free path of carriers of
thick films can be estimated using the formula [24]:
_h ( 3n )%#
2e\ 7

(2)

where 1 is the mean free path of the carriers, h is plank's constant and e
is te electron charge. The [ increases with increasing annealing tem-
perature due to the decreased film porosity, as shown in Fig. 4(b). The
in-plane Seebeck coefficients (S) of the Sb,Tes; films are positive, in-
dicating that all deposited films are p-type. The S does not significantly
change with increasing annealing temperature, as shown in Fig. 5(c).
This is because there is little change in carrier concentration, as shown
earlier. The power factor (PF = S0) is shown in Fig. 5(d). The power
factor of the thick film increases with increasing annealing
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temperature, reaching 1.72 mW/K>m after annealing.at 350 °C.for
30 min. This is attributed to the competition of the decreased carrier
concentration, increased mobility and largely constant Seebeck-coeffi-
cient with increasing annealing temperature.

The thermoelectric properties of the Sb,Tes thick films annealed at
350 °C for 15-60 min. | shows the electrical conductivity; Seebeek
coefficient, and power factor of Sb,Tes thick films annealed at 350 °C
for different annealing time. The values are shown-as a function of
applied temperature. The electrical conductivity, was.slowly decrease
with increasing applied temperature range from 50 t0:300 °G;xeaching
a maximum of 386 S/cm at 50 °C. This indicates typical metallic
transport behavior. When at sufficient temperature, the electrical
transport across the grain boundaries/interfaces can be expressed by
thermionic emission expression:

o (T)~T~"?exp[—Ep/kT] 3

where Ej is the height of the grain boundary/interface potential barrier.
For certain temperature and grain boundary/interface potential bar-
riers, Ao/AT ratio can become negative or positive, which is consistent
with the previous reports [3,12,20]. The conductivity of Sb,Te; thick
films increases with increasing annealing time up to 30 min. When the
annealing time increase to 60 min, the crystallinity, fracture cross
section, and chemical composition of samples decreased, which reduces
the electrical conductivity.

The maximum Seebeck coefficient of 237 uV/K K is obtained at an
applied temperature of 300 °C after annealing at 350 °C for 30 min. The
increase in Seebeck coefficient of the Sb,Tes thick films could be at-
tributed to the decrease in the carrier concentration [5]. The

temperature dependence of thermoelectric power factors of the Sb,Tes;
films /as a function of annealing time is calculated from the value of S
and ¢;" The thermoelectric power factor slightly decreased with in-
creasing applied temperature:50'to 300 °C. A maximum power factor of
1.72 mW/K?m is obtained at‘an applied temperature of 50 °C. This is
lower than that reported” by H. Shen et al. [11] 2.5 mW/K?m for co-
evaporated 10-pm-thick Sb,Tes films at room temperature. The current
value is comparable to that reported by M. Mizoshiri et al. [12] of
1.6 mW/K?m for 100-um-thick Sb,Te; Deposited by Thermally Assisted
Sputtering Method at room temperature. The current value is higher
than that reported by O. Vigil-Galan et al. [25] of 0.38 mW/K?m for 15-
um-thick Sb,Tes films deposited by close space vapor transport at
substrate temperatures 450 °C. The results indicated that the suitable
Sb,Tejs thick films deposited by DC magnetron sputtering at low power
density and post-annealed at 350 °C for 30 min has enhanced thermo-
electric properties, with a maximum power factor of 1.7 mW/K?m.

4. Conclusion

We enhanced the thermoelectric properties of Sb,Tes thick films by
post-annealing treatment. The crystalline size and atomic composition
of thick films depends on the annealing temperature and annealing
time. The largest crystalline size with a slightly decreased %Te is ob-
served for the film annealed at 350 °C for 30 min. The correlation be-
tween porosity and carrier transport/phonon scattering was illustrated
using the ImageJ software package. The pore surface area significantly
decreases with increasing annealing temperature and annealing time. A
maximum power factor of 1.7 mW/(K?m) at 50 °C is obtained.
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