CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
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Fossil fuel had been used as the main energy source tcwﬂ!rate electricity for

decades ago. Nowadays, as the main source is running ou e heQxeyng to find

an alternative source that can be used to generate glectricity. They ﬁndvnore
| | o) | &
effective, clean, and sustainable energy resources wer generation. One aﬁernatlve

s b
W er and@fling based

phq}\ﬁnon is related

is to use thermoelectric materials that can be usWro

on thermoelectric phenomena (Mohsen, ZQN%.her

to the production of electrical potential p ce fromvx

versa caused by three reversible t;%@ctg%

o
effect, the Peltier effect, and QK mson“effect Ro@QS)(Nadhrah Md. Yatim,

2012)(Bensebaa, 2013). It is?”d-staf devige that h@\no vibration and noise because
‘ : [
there is no moving part. The device isa +eli ﬂ@y converter, small in size and light

in weight. IQ @ %%(J

&)
\ 5 [ C’jn _
Another(ove of renew }'neEgy at used temperature differences to produce

electrici is%wn as DclyT er nergy Conversion (OTEC). OTEC technology

erature’ difference or vice

idlf‘,'; known as the Seebeck

b4
is not n& because it was first Q_ﬂg&ed in 1881 by a French physicist, Jacques Arsene
N

Nval. The first OTEC plant with low—pressure turbines was built in Cuba in 1930
bywhis student which produced 22 kilowatts. Later in 1935, another plant with 10-kilo
n pipe was secured away from the coast of Brazil. However, both plants were

destroyed by waves before they were able to generate power. Therefore, another OTEC



plant was designed in 1956 with a capacity of 3 megawatts in West Africa. The plant
was never completed because it was too expensive. Later in 1974, the United St?ms
involved in this research by establishing the Natural Energy Laborator% walii

Authority which has become one of the test facilities in OTEC technoldgk

The electrical energy created by OTEC is produced @emperature
difference between the surface layer, the warmer part, and the Iwmyer, the deep cold
water of the ocean. It is reported that OTEC woulo@ ith a temperature

m

t
difference is about 293 K (20°C). To tap the heat energy e
plant is immersed a mile or more into the deepn%the ocean.
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diameter intake valve will be needed to bring UFW|

t and no working

In contrast, a thermoelectric gen@G) has
inside it. This type of generator alsmsa long+hi /r}iuorking under a stable
operation (W. He et al., 2015). licafions EG @e found either in daily

uses or space applications. \ ’

N l
¢
Since Eﬁ%moe ctric efron@ is heat energy transformed into electrical

Y
energy, % it igvalv at en&y being transferred from one system to another
syst@at transfer is the pro@é of heat is shift from a body of higher temperature
N

t%%ﬁer body of low temperature. The shift causes the particle to move which
roduces kinetic energy. Therefore, heat is the measure of kinetic energy caused by the

ovement of particles. The temperature is proportional to the kinetic energy of



particles. Heat transfer from one system to another system can be represented in

equation 2.1: Y~
Q = mcAT 1%\(2.1)

Where Q is the heat supplied to the system, m is the mass of the syste is'the specific

heat capacity of the system and AT is the change of temperature Wystem.

There are three main processes occurs involved gtra sfer which are

conduction, convection and radiation. The differences in%every ro‘?esgd’shown in

Table 2.1. é ' _\('}Y'
s N

Table 2.1: Processes occur in mnstg\\% bhi, 2@
ot .é\

N
CONDUCTION S@cno RADIATION
7
Definition | A process where the h eat tranﬁ\ﬂﬂnt e Heat is  transferred

of an object in di id. \}Nithout any physical
contact is transferre @ q Q(:) contact between
\j <° objects.
\ A
> o ey
Concept | How does nsfer L—(ow at flo ough | How heat is emitted
from one abj luidgl | through empty spaces.
directly. g &,

Causes Causgmperabre \Cause.éby density | Occurs for all objects

differerees. diﬁef\mces. with a temperature
greater than 0 K.

h -_x'; LIl &
P g 7
Place ccyfs in Csllids, h ugh~\ curs in fluids, by the | Occurs at a distance and
ecuI? llisions: €~actual flow of matter. does not heat the
- 4 e intervening substance.
2
Form 0= H (Thot — Teatadt | Q
\ d = HCA (THot - TCold) = O-(T:Iot B Tgold)A
Q: Heat transferred
K: Thermal conductivity | Q: Heat transferred Q: Heat transferred
t: Time He: Heat  transfer | - Stefan Bltzmann
A: Area of the surface coefficient Constant
d: thickness of the | A:areaof thesurface | A: area of the surface
material




2.3 Thermoelectric Effect \i

The mobile charge carriers in semiconductors and metals are fr fgve just
like the gas molecules although when carrying charge as well as hT caused the
thermoelectric effect to rise. According to Synder (2008) (Kok W 2018), when a
material is applied by a temperature difference, the charg amt the hot end tend
to move to the cold end. The build-up mobile charge carri ro uce%rge which
is a positive charge for holes, h* and negative char r electrons, e tre.cel)génd,
resulting in the production of an electrostatic potﬁwg.a voltage. Hébever, as

NV

observed by Muto (2008) (Kok S. Ong, 2018) heat'energ ved when an electrical

current flow through a material. The nmNLa er
the Seebeck effect then the later eff(tt is ca e%ﬁe

Two thermoelectric applicati e shown in |gu%§-2, . Figure 2.1 (a) shows
q

s is based on the Seebeck

3

effectds firstlyknown as

that the thermoelectric modu

Effect mode where a perature gr

However, in Figure %(b‘) et i
Peltier Effect is sl& er lcur flow('& luences heat flow through the material



(a) Apply Heat (b)

Cold Side
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Power generation mede Refrigeration mode

Figure 2.1: Thermoelectric Effect Modul Puiet,2013)

2.3.1 Seebeck Effect .
|
Seebeck effect () also known as thermopo has begp ed the@touples
rmoc ugl\e’s are made
are o§ortional to the

i p&@ conversion where

of metal alloys or metals. They produc@/olt e
temperature differences. This is similar to 0
it used the Seebeck coefficient ( aD, ZQP uto,
“« Q-
a. is defined as the generation& ectric a g@@[emperature difference in a
N
material (Nilourfa Gha uri,%z; Zuolet al 12@% thermoelectric emf (voltage),
is produced by a temperat grad.% eeh Zdifferent thermoelectric materials (1

and 2) such as s@ctc:@alsz} wn in Figure 2.2.

S | ; S
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Figure 2.2: Seebeck Effect (Niloufar Ghafouri, 2012)
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OP@,)V e Seebeck coefficient
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The mathematical relation of the Seebeck coefficient can be seen in equation 2.2:
AV = (a1 — a2)AT %\;.Z)

where a, and «, are the relatively the Seebeck coefficients ofWals 1and 2

respectively in units of volts per degree temperature (V/K) or ew in (uV/K), AT
uc

is the temperature difference and AV is the voltage that is d in the circuit. The

Seebeck coefficient could be negative or positive de ing ‘\&and p-type
(3

material precisely (Nguyen and O’Leary, 2000)(Nad d. Yatim 11) _\"}

\'e
2.3.2 Peltier Effect %VY.‘W 3%

The complementary Seebeck phen non |s known, as th&ltier effect which
describes that when an electric ¢ ss S S\/o rent materials such as
semiconductors or metals tha\%nnect t Jurg& heat will be liberated at

one junction and absorbed a Tther,.l JF\

ncti
ups while the other coo lying qQn r.remglrectlon (Niloufar Ghafouri, 2012).

\

Therefore, the Pelti Nt IS almeas emen@he amount of heat (Q) carried by holes
or electrons a ro ortional to [heé)ﬁr)[ric current (I) that is flowing through the
'
I

circuit (Al tle Eoéfflment x, IS a measure of how much amount

hus%\hls causes one junction to heat-

of hea 5@ IS I‘EJECt or at the junction of two dissimilar materials when

on& b of electric char@'c&'ﬂows through the junction. This can be observed in

N

n2.3:

7tab = QI (at AT = 0) (2.3)
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where map is the Peltier coefficient of material a to material b which has a?ﬂ'n
Volts or Watt/A. On top of that, the p-type will produce a positive Pelti \cient

and the n-type will produce a negative Peltier coefficient (Nguyeﬂ'&O’Leary,

2000)(Nadhrah Md. Yatim, 2012). ?

2.3.3 Thomson Effect z

Another phenomenon occurs when current flows across
!t ameltler

external temperature difference applied to the m : The S ee e
Effect are connected through thermody ler |C|ent is

X

n an ideal t oduce the third

straightforward, the Seebeck coeffiuet Ilesnot mperﬁfxu\re Thus, the
S0

derivation of thermodynamics gives

\3 Y

thermoelectric effect which is fami h th E &Q\In this effect, when the
gl

current flows in a medium Wi\

Der%entt at is released or absorbed
(Ghafouri et al., 2012). The rtionate to b \the temperature difference and

electric current. The propo onallty P n as the Thomson coefficient is

correlated to the Sgebe oe@ther{v%amcs.
N
@)

Thus, t j b€ a ge!j oﬁ-lyjected by the network heading to the third
ect ‘ga

—'8-

O

thermoel ed the o@n effect. In this effect, the rejected or absorbed

‘\

heat isﬁ ional to both the w&ﬁ temperature difference and the electric current as

S:Nn equation 2.4 (Pooja Puneet, 2013):
0 VQ = Y.LAT (2.4)
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where Y are the Thomson coefficient and this effect occurs in a special case which

2.4 Thermoelectric Materials YV

A good thermoelectric material has high electrical cond

is in the absence of Joule heating.

and low thermal
matgrials consist of
semiconductors or metal. In an earlier era of thermoelectrig; BizTes, ,‘and%iGe

N capbrhis G
were known to be low medium and high-temperat ermoelectric rials\shown in

Figure 2.3. As time goes by, the study of ther?ﬂric f:ar rivedxproduce

more options for thermoelectric materiatw use rmoelﬂ&c generators.

Hence, there are oxides and organics tN

harmful and expensive materials u%bismmhsd
? (]

(f)
(PbTe) based materials. “
N\‘O

conductivity which lead to a high value of ZT. Thermo

ctric mate

2.0 v T d T 14 T 5 T ) Ll
Pb-Te (p)°
Skutterudite (n))
1.5 |- Bi-Te (p)° -
§ Si-Ge (n)"
utterudite (p) Half-Heusler (p)™
10 B
Si-Ge (p)’
:% 05 -
0.0 1 1 1 1 1
0 200 400 600 800 1000
Temperature (°C)

Figure 2.3: Overview of the performance of thermoelectric materials (Chen,
2013)

13



2.4.1 Inorganic Thermoelectric Materials

"4

have high

LGy

Inorganic thermoelectric materials are widely used as these ma

performance and are also known to be classic thermoelectric mate s shown in

'51

Figure 2.4. Hasan et. al. reported that inorganic materials can b egorlzed into 3

temperature ranges which are near-room, medium, a tem erature ranges.

ermoele |c erials are

bF
<

Examples of ZT value for high-performance inorga

discussed in the next subtopic and shown in TableZ%

é

I‘

é\‘?

Metal chalcogenides Metal oxides Metal silicides Clathrates
/ BiTe; \ ( BayGaySig

& Baatom ¢ GaorSi

@ Sn
© Se Skutterudites
$ i {_2 o ® CoorFe
] <
tt?__g é_j% r_! 1_3 @ Prictogen
.I . - . = ‘ _i : -
Half-Heuslers Metalloids
FbTe @ po HfCoSh P T
©Te AL '*-)\,)‘\'/'
AW W
® Coatom 2 M
& Sbatem { R ey .\./
& Hf atom s W
b © Teatom

&,

&lgure 2.4: Types of inorganic thermoelectric materials (Minxiang Zeng et al.,
% 2022)
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2.4.1.1 Near-room Temperature Range

Since the 1960s bismuth telluride (Bi,Tes) based materials are most widelyiused
in thermoelectric manufacturing. This material is known to have high pe &@ce ata
temperature range of 300 — 500 K. Hasan et. al. mentioned that usually p-type Bi.Tes
based produce higher ZT value than n-type Bi,Tes based. A valug,of 2.42 is the highest

m?ﬂls measured at 500

amupgraded ZT value of

ZT value reported by Sharma et. al. for n-type Bi>Tes base

K. Meanwhile, for p-type Bi>Tes based materials, at 32

around 1.86 can be achieved. In addition, silicon nangwires fiave been tws\wdied
as part of near-room temperature range inorgani oelectric m riali.‘z~ Siis
0 4

o

M f 0.@’4 at room
ed a&ﬁowires due to

not efficient in thermoelectric manufacturingYWe

temperature has been reported by Gaynect I has

Boukai et. al research resulting in a hi%/alu{ne?

[/}
N Aj K
2.4.1.2 Medium Temperat?ihnge’ %\

Moreover, the chalcogeni s\u.@ eaa.,@per, tin, clathrates, andskutterudites
have been revie&ppl' ltio
(450 — 850 I@Re e‘%, ‘-l\'lAﬁﬁgQﬁas used the radioisotope thermoelectric
generator, &‘Eoniisb
Sy el

s
Y

ther@ﬂectric at a medium temperature range

of Jead. F@ermore, clathrates and skutterudites have been
widely'usedin many commerciakmz?moelectric generators. PbTe-based thermoelectric
M{Is have been widely Eed for nearly 50 years of thermoelectric generator
‘%’ﬂion. According to Jood et. al, the combination of nanostructures PbTe and
pant resulting a high ZT value of ~1.9 for both n- and p- type thermoelectric materials

at around 805 K. In addition, Xiao et. al reported that the

15



ZT value of 1.2 at 673 K for Se and Sn doped in PbTe. The enhancement of PbTe-based

materials can improve the ZT value to more than 2. Y~

performance thermoelectric materials for medium temperature range applications.
Zita

Similar to the mentioned thermoelectric-based materials above, the lue of CuzSe

can be enhanced by nanostructuring and doping methods. Liu e ?ﬂmorted that iodine-
doped Cu.Se has obtained a high ZT value of 2.3 at 4 lNhI|e Hu et. al
reported a ZT value of 2.14 at 973 K is obtained for doping alkali qun %Se
By using the nanostructuring method in Cu.Se ma ,Yangetalo |ned ag? value
of 1.82 at 850 K. Furthermore, the use of carbon=bas d aﬁu{g CuZS@éterlals has
been studied recently to improve thermo@%erforman Hu etg\eported azZT

value of 1.98 for the use of carbon nm in CuZSe 73 oreover, Li et. al

obtained a ZT value of nearl athl b u carbon-coated-boron

nanoparticles in CuzSe. The wﬂ d gr%ﬁoplﬁ&to CuzSeresulted ina ZT
value of nearly 2.44 at 873?‘Fﬁmlar J S@oduces remarkable properties

such as a simple com un consisti QQ/a undant elements and has great
stability. To enh el erforlnanc nanostx@turmg and doping are widely applied.
Chandra et.al p dth tSn opqd vt)@e (Sno.97Geo.03Se) has a high ZT value of
2.1 at 87 oreo i ta cqborted that the research of Sno.o4sCdo.023Se
microplates, r. ulted in fvalw-of nearly 1.7. Liu et. al. used both methods of
na S ring and dopmg\&% polycrystalline SnSe with Zn and Pb dopant

bo 01Zno.01Se)which resulted in a high ZT value of 2.2 at a temperature of 873

oMeanwhlle Zhang et. al obtained a high ZT value of 2.6 at 923 K for the pure crystal

of SnSe measured along the b-axis of the unit cell. High performance at a lower



temperature can be obtained by increasing the n dopant. Peng et. al doped SnSe with Na

dopant which produce a ZT value as high as 2 (at 800 K). Y~

The origin of “Skutterudites” refers to the activity of CoAs3-base %ts that

were mined in huge quantities from a small mining city known as “Skutterud” located

in Norway. The other compounds that exhibit a homogeneous str ilar to CoAss

are also known as Skutterudites. In 1928, Oftedal introd cea?lmneral formula of
Skutterudites is MX3where M represents the transition e su@ Ir, or Co
and X denotes pnictogen elements such as As, S$ h value nea{{rl.s

Ca)
at a temperature of 725 K reported by Hu et. inducing the diu!n '#H.Ier into

0 4

Y-
Co4Sh1o. According to Hasan et. al, almost aIIWru M bit ZT@’dre than or
equal to 1 which indicates that it has higf@cy i mer Iectrizﬁ)lications.

N O

op s{e{‘*&he term “Clathrates”.
Similar to skutterudites, Clathr forried fr qthe ?r}\edral formation of the

—

crystal structure of coordinate m

Various types of clathrces irzlassi
hrat arl f

i, @Ge, Sn, and Ga with voids.
eir number of voids and shape.
Type | and type 1l clat

represented by th!&ula Yo While‘:\lbe general formula of type Il is XgY 16E136

\ : | O
where X ano&)( elementsyfrom vﬁ@different sites and E is the tetrahedrally
coordin@ent? imi "r 0 tbé*}ther materials, the doping method has a high

impact %on adjusting the ZTc\j§Je of clathrates. Chen et. al doped Yb into

N
EMOHNi0_07Zno_38Gal4_02G830.25 which resulted in a ZT value of 0.91 at 900 K.

while, Shen et al obtained a ZT of 0.63 at 537 K for BagGaisSnso doped with Zn.
iu et. al reported a ZT value of 0.52 at 537 K for BagGaislnxGesox doped with Ge. In

addition, Sun et. al reported that n-type Yho.sBarsGaisGeso bulks fabricated using high

17



temperature and high pressure (5 GPa) sintering produced a high ZT of 1.13 at 773 K.

Hence, this concludes that general ZT values of clathrates are in the range of O?ﬁ

2.4.1.3 High-Temperature Range Y’

The high-temperature range of thermoelectric materia

silicon-germanium (SiGe), oxides based and Zintl phase as re':ently reviewed

for thermoelectric application at a high-temperature range®in 2013, shas-been
bla N
using the radioisotope thermoelectric generator consisting of SiGg al ca)%g? it has
4
a very high operating temperature range of 107?13 K{Q e S@ostly has

a higher ZT value of 1.3 at 1173 K, where% lue of\p-t SiGeTé\'uearly 0.5. The
en

nanostructuring method has a huge irM

A\ -
Usenko et. al produced the n-type uctu Léng the ball-milling and
0 e,

spark plasma sintering technix‘ét 107%(? pf‘og@' a ZT value of nearly 1.1.
However, p-type nanostructTGe s'mpl ve z@v value of ZT. Thus Usenko et
! Q
al fabricated a nanostr% isoGe.go%Lil'zgmgls oped with boron using the spark
plasma sintering MThe s#mp\roduc igh ZT value of 0.72 at a temperature
&
N, . c,)(.z
) @,
Ear, &ﬂde}) ed er@ have been ignored in the thermoelectric
4

application,Showever, after the\@aies done by Terasaki et. al in 1997 on single

hancingythe Z'@Iue. For instance,

S50

ul

of 1073 K.

NS
C NLine NaCo204 which resulted in a moderate power factor, the exploration of
de-based materials started. Oxide-based materials can be divided into narrow and
iIde bandgap materials. Among the studied oxide-based materials, narrow bandgap

materials such as CaMnQ3, CazC0409, NaC0204, SrTiOs, SrTiO4 and BiCuSeO,

18



whereas wide-bandgap oxide-based such as TiO, In203, SnO2, V205, and ZnO are the

promising thermoelectric material. For instance, at a temperature of 773 K, wa

produced a ZT value of ~0.7. Cﬂ}

The work “Zintl phases” is derived from a subclass of inte llic compounds
that consist of electropositive cation usually alkali metal (group 1), alkaline earth metals
(group 2), and metalloids or post-transition metals (group 13},147%15, and 16). Even
stuw chemical
bonding and structure started long ago in the 1920s avhich'Was intro by Eq-uard
| )
Zintl. In 1941, Laves created the “Zintl phases” n conjunction'with tY" under.

0 4
Among n-type and p-type Zintl phases, the Zintlf1-2-2 &ﬂp& S sho@d excellent

properties in the low-medium temperatuew. e;ow i

range of 975 — 1275 K, the Zintl 14-1-1 po%&
type Zintl phases. EL , o >y

t

though this material is new in the thermoelectric appli

, at a Mgh-temperature

tte@rformance than p-

D



Table 2.2: Examples of inorganic thermoelectric materials

Temperature Materials ZT Value Referencesg '_'
Range
n-type Bi;Tes 242
Shafma e
Near-Room p-type Bi.Tes 1.86
(300-500K) | gy i 0.0004 etal.
Si nanowires 1 kai et al.
n- and p-type PbTe ~1.9 ood et al.
Se & Sn doped in PbTe 1.2 iao et al.
lodine doped Cu.Se ue
Li doped CusSe
Nanostructuring Cu,Se
Carbon nanodots in Cu.Se
Carbon-coated-boron in Cu,Se .
Integrated graphene na W in
Medium Cu,Se % | ‘ZXV]- ‘:ng tal.
450-850 K
( ) | SnosGeousSe \ = 2.( : _J Chandra et al.
So5Plo 0120 0:Se C,) fo J A [ Livetal
Pure SnSe O 2.6 . ~ Zhang et al.
Na doped SnS 2‘4:"&' Peng et al.
Indium filler in M Hu et al.
Y
Bas 7Y 'ZlV&%G*M)ZGg@Z’S e 91 Chenetal.
- ' \
BagGa168M30 doped Wlilzvn_j‘p ¢, 1063 Shen et al.
BagBasInGesoy ™. 0" |os2 Liuetal.
e 0.55%3?30 _Q% 1.13 Sun et al.
- 1.3
: ¢ NASA
High iGe 0.5
(>850K) 1.1 Usenko et al
0.72 senko et al.
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2.4.2 Organic Thermoelectric Materials

Alternatively, organic thermoelectric materials have been approached4o replace
inorganic and harmful materials used in conventional thermoelectric gen a(frs)&rge—
scale production methods, low cost and proposes unique mechanical tability are the
properties for conducting polymers to be chosen to replace ther% ic materialsin
large-area applications. They have flexibility in geometrics T'can integrate into
complex 3D (three-dimensional) shape objects such a@w rlbles, nd so on.
The conductive polymer that has been studied nowadays is polyaniline )] t@ause
it is easy to process and prepare from solution for&p ol: that, ithas g’o@q ermal

and chemical stability with a high electrical comity i itsuitable to be
used as thermoelectric material. Next t(Wis

dioxythiophene): polystyrene sulfomhiw p_r\g@sed using water
dispersions. In addition, it has go %r}czrn’%e ies such as electronic and ions

7]
carriers which results in hi& rical uctivitie ﬁ&netheless, PEDOT: PSS

shows low resistance to w{‘!
hygroscopic behaviourw .

up of organic Iig@ metal ions known %oordination polymers (CPs) has been
considered bys?&her sipce }QGO&)G:L\Owever, only a few studies have been done

SS ,(poly(3,4-ethylene

dur@the PSS phase because the

m{ﬁx basic unit of a compound made

regarding properties. Campoy-Quiles M. reported that the

thermoelgct
tempe range of or nlctﬁ\ermge ectric materials or organic thermoelectrics is 300

N
— im et. al reported thatyp-type organic thermoelectric materials (PEDOT: PSS)

ed a ZT value of 0.42 at 300 K while at a temperature of 440 K the n-type

OOrdination polymer poly [Kx(Ni-ett)] ) produce ZT value of 0.20.
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2.4.3 Hybrid Thermoelectric Materials

Hybrid thermoelectric materials are made up of a combination wgnic-
inorganic compounds which consists of organic semiconductors Sg'larganic
ectri

thermoelectric materials. According to Huile J. et. al, morganlcthermqs materials

that are mostly combined with PEDOT: PSS can be categorlzed types such as

carbon-based nanostructure and metal-based materials ( |2TYR nanoparticle, Au

nanoparticle, and CasCo0409). Most of the applicatio oel c ric devices that

consist of these materials has the advantages in the Igw surreunding a at!bn Qeom

temperature). This is because the uses of orga aterlals that era{eﬁha low-

Y—-

e r ower@ératorsand

temperature range make them more suitable forw

cooling generators. c\/

6
n ¥,
2.5 Thermoelectric Structur ‘% <8~'
X
\oll IS
o vj' S
2.5.1 Thermoelement 2 &
9

Thermoeledw\glve ' rtan tribution to renewable energy because

most of the en \du xe' a t{ea waste that can be converted into electricity.
The co te s ccording to their temperature range which for low-
temp stem range such as.BlTesz (300 — 500 K), intermediate temperature range

0]

0 type of structure is only limited to a specific range.

e (450 — 800 K), and hig\h-temperature range of SiGe (600 — 900 K). However,

;z



2.5.2 Segmented

To have a thermoelectric generator that can operate at a high-temperaturew han
a single structure, a segmented or cascaded structure has been introduc@vented
structure is a combination of two or more thermoelectric materials as shown in Figure

2.5. The famous segmented leg was using bismuth telluride (Bi2des) and lead telluride

(PbTe) based material segmentation. Bi,Tes-based material isw used as the low-
temperature part of the segmented leg because it is know

e Qe\tt?noelectric
material which can be performed at a temperature gange ffom roo perz{t(e to

/

around 500 K. For medium or higher temperat rt of the Segmented ‘rég many
4 N~
ferials, alf-He@ér and lead

are Qleﬁrfect material

gene@ors because it has

materials can be used such as skutterudite, Zint%s?
telluride (PbTe) (D’angelo et al., 2011). ENed
for the high-temperature part of segrmmer%el

AN
outstanding performance at a t r renr c}/\aoo K. Therefore, the
q
erature r Q“-of 300 K —800 K.

segmented leg will be able to p& ata

c,;?' | 3} s

PbTe

/&\ . Bi:Tes
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2.5.3 Cascaded

A cascaded thermoelectric generator (CTEG) is known as a stacking str% of a

thermoelectric generator. CTEG is made of more than one stage o@lectric
module structure. Ferrotec has reported that the common shape of CIEG is a pyramid
as shown in Figure 2.6 and Figure 2.7, but not all structur@gmid shape.
Regardless of the structure shape, the lower part of CTE skTﬂave a higher heat
pumping capacity than the upper part. According to%U ] Corporation, a

cascade structure can be constructed in up to six or seEen stages. However, eco\wmon

stages for cascaded structures are usually two e stages./ Th or’e é&ges are
s N

tremel compl@s the value

eeds ﬁe determined

(<

added, the thermal analysis of the structure can We

temperature in between the stages (inte@@mpe

before the performance can be establis For ex

module must determine only one i grst);e t((‘em%ve if
o

more interstage temperature e%o bMed &ﬁgﬁ)tec (USA) Corporation,

2001-2021). Y~ ’ %\

{ Ty

,Lac
Te 2nd stage with Nz
Number of Couples

Twaz
— 1st Stage with N1

™ * Mumber of Couples

- Qh

N

igure 2.6: Two stages of CTEG structure (Ferrotec (USA) Corporation, 2001-

0 2021).



Te J,Qﬂ 3rd Stage with N3

ﬁl\lumber of Couples

Tuzs 2nd stage with Nz
Tunz Number of Couples
™ - 1st Stage with M1
*Qh Number of Guuplm&

Figure 2.7: Three stages of CTEG structure (Ferrotec (USA) Co coration, 2001-
2021).

254 Thin Film .\d,
T

I _$
Thin-film thermoelectric normally has thickn‘gs of icronﬁﬂ.l e (um)

NV
Nﬂ ere a WVO structures

ne dQLice. An out-plane

scale which can be developed using electrochemical dep

of a thermoelectric thin-film an in-plane % nd

TE, current moves vertically through,the hi ﬂl@ the_\Emperature difference

is between the top and bottom sUrface’of the devi (er%dong Yu et, al., 2019).
“« Q-

However, for in-plane TE, th@m rature di nceﬁﬁﬂfside the plane because the
N

current moves parallel with Q plane.lﬁn il st‘ra@}gure of the out-plane device is
nd a

shown in Figure 2.8 a n-p.l@ |c€.'t4jhown in Figure 2.9. Normally the

thickness of the @is i L]ic S, thi@lts in current moving through the TE

leg of an out-@&evi w%ajde cﬁegsl-sectional area and a relatively short path.
Therefo%% a low/integna
p

itisth te forani -pIa'rTe @ure. As the high cooling flux is crucial in a cooler,
&

esistance and large maximum cooling flux. However,

t Naolane device has been used for thermoelectric coolers (TECs).

S
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Figure 2.8: Schematic diagram of typical outuﬁwhin iIWucture.
| 2
g

Electrode
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2.6 Fabrication Method

Fabrication techniques for thermoelectric materials had been carned{?ears

ago. Thermoelectric materials have been fabricated in various ways. The S swere
synthesized using a wet chemical method of undergoing energy- eff|C|ent routes before

the sintering process in some approaches. The energy-efficient outes volved in the

fabrication of thermoelectric materials such as mlcrowave d, soIvothermaI—
reduction, and electrodeposition (Liu Chia-Jyi, 2021): drowave assisted
synthesis has the advantage of providing a higher, reac uQetrlc
reaction, and shorter reaction compared to conven@aﬂng tech et al.,
2009)(Pradhan et. al., 2017). Meanwhile, solvo al-re synth reqU|res a

odepo ion is a simple

long reaction rate and high pressure (Ya%t\*/ZOOQQ)WEI

tenSQ um, but resultant

process with high deposition rates whic achiev
films present low ZT. In addltl e rod L&ft "fhls technique needs an
expensive template with aspe a ucture dep d n ever, this material has to
undergo the sintering proce?we itsithermee ectr@bpertles of the material can be
studied (Sakamoto et.al’ ). ,-L

Neve SS, th mmo thods in the sintering technique were
spark plasma g ( ot per;('(HP) The difference between SPS and HP
technlq e>:Js ?ryof eI current flow during the sintering process.
Ans I ur|n| 2019 repo e that the SPS process starts with a fine powder
P usmg uniaxial pressure W|th|n low vacuum surroundings. The use of low

uum is to prevent the graphite tools from oxidizing and thermal reduction. Usually,
Oert gas is used in the machine to prevent explosive samples from evaporating. The

graphite dies as casting is used due to its high thermal conductivity but it has the
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limitation pressure of 60 MPa. Therefore, the process conducted undergoes a pressure

process of 20 MPa to 50 MPa at a high-temperature range of 773 K to 1373

sintering process started with a heating rate of 50 — 200 degrees Celsius p hus,
it will take only a few minutes to achieve a high temperature for fabricamN addition,
it is conducted under an argon (Ar) atmosphere to avoid oxidation Whe process.
After the sintering process is finished, the samples need tMooled at room

temperature before they can be discharged from SPS.

Meanwhile, for the HP technique, th p er r|c
materials were loaded into a mould before the si p ocess ke Péfaously,
the HP techniques only used conventional hy pré&slk achlngi\hwlthout Ar

atmosphere. Nowadays, to avoid oxida%‘ urrlnb\d th&%?cess, the HP

techniques were carried out under the osphere uyen@ al, 2018). As for

AN
pressure in HP, the limitation de the u dérd machine used. Using
0
graphite mould, the pressure imite me pm&re as SPS, while for other
moulds the pressure can be (Y e al. @6) In addition, the HP method

can reach up to 96 M a sum';b ]r.l gz/ in graphite furnace HP machine

(Achraf Kallel, 2 & thern{10re
of HP was 10 s Ce CIUS in ( /m|n) to achieve the high vacuum of 10°

gi ’ 4
mbar at % v)o a Io@ time to acquire high temperature than SPS

cordlng:\:s Achraf Kallel (2013), the heating rate

method.
S
;\A lead-free thermoel&ric generator that used oxide-based material was
r

0 icated in 2001 using the sintering technique (Matsubara, 2001). They reported that

e p-type thermoelectric material Caz.75Gdo.2sC0409 Was constructed using SPS under

the pressure of 50 MPa at 1073 K for 5 min while the n-type material Cao.g2L.ao.0sMnO3
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was constructed using conventional sintering technique. After that, the sintered samples
undergo annealed under O condition at 1173 K for 20 hours to eliminate carbo?ﬂe
surface. The resistivity obtained for n- and p-type thermoelectric matenal@}(% uQ
and 6.6 uQ respectively. In 2012, fabrication of the material of Mg Plasma-
activated Sintering (PAS) using monobloc sintered under the pressug of 30 MPa at
1113 K for 11 min. The Ni electrode is sintered simultaneously with*he thermoelectric

material providing 6 mQ of contact resistivity. The overall

was about 10.5 mQ (Sakamoto et. al., 2012). ‘\d
"X

Later, a study on manipulating O — 4 perc ol congent or’ oﬂ‘é?l'e for
P 4

Y-
hh.Q cent f Na. The
samples were fabricated in the form of i@Wmelti forover 10h,at 1323 K and

guenching to room temperature at ZQN m&ts
it

isintered sample

PbTe-SrTe thermoelectric material was done bmg w

go p@er processing and

sintered with Spark Plasma Sinteri 0 dé*the pressure of 60 MPa
in argon atmosphere (Biswas 9\ Olz)wmuxﬁlalue that can be achieved
when using the above steps arly 2.2 at K compared to the ZT value of nearly
1.7 at 800 K of the in ple. Tyl roved @m uses of SPS can increase the
performance of th thrlc lsam prod . Other than that, a SnSe sample was
first synthe3| e fo mo gt ]&)@ for over 9.5 hours then soak for 6 hours
followed b -coo ng tkﬁl.plerature before being heated up to 1223 K over
9.5 ho ertlca B I and cooled to room temperature with moving

rate of 2 mm h! (Zh? et. al., 2014). The ZT value reported was 2.62 at 923

‘@ a lower lattice thermal conductivity of 0.23 Wm™*K™, It is a high ZT value for a

0«/ thermal conductivity material. Therefore, most of the research has been done by
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using SPS because this method is known to be a short time and effective method in

N\

Nevertheless, Yan et al. (2016) studies the properties of bulk ma h type-I

fabricating thermoelectrics.

clathrate BagCuasgSis1.2 Which were fabricated using both SPS and HP techniques. The

study found that the sintered sample using HP with a temperaturg of 1;3 K shows the

highest ZT of 0.3 at 870 K as compared to SPS sintered sampvbis might be due to

the formation of a simulated Cu-rich phase during the SPS process. I\/Ie'anwh'le, Achraf

ith v‘%;o us
N

ctric-properties
Y'

of the dense sintered material have the closest vaWe alley samp (@He previous
study (Achraf Kallel, 2013). c\/ é

Kallel’s research on SiGe alloy was fabricated using th¢¥HP meth

pressure, temperature, and holding times. The stu dthat therm

-
£

All of the mentioned above %ca r Tg gmoelectric material.
Generally, fabrications of a segme ermoelectr mate@i}t are the same as single
o

thermoelectric material. ThisM use t segmé‘rfted thermoelectric leg, the
N

single legs will be for firgfollowe by j nin@egs together.
’ $ &
RS
N
2.7 Thermoe ctNer rma J" C.)(J
%5 &
T% ctri tepial, offe direct energy conversion of heat to electricity.

Theﬂ&ial used is usually @;}e:j semiconductor that carries holes for p-type and

e \hs for n-type material. Each thermoelectric material has its working temperature

:a where it can perform energy conversion. The performance of the material is

own by the value of dimensionless figure-of-merit (ZT). Generally, a ZT can be
determined by
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2 (2.5)

_a‘cT
ZT = "
where a is the Seebeck coefficient, o is the electrical conductivity of the m@ean
temperature, T and thermal conductivity, . A

Seebeck coefficient, «, electrical conductivity, ¢, and 4 dep@ mperature, T.
A good thermoelectric material should have a high Seebeck (?Hﬁent and electrical
conductivity but low thermal conductivity which is no@air‘e(‘\ﬂ??higher the
ZT value, the better efficiency could be provided. Many ways to enhan e effi(stency

N | | | &
of thermoelectric material have been introduc fabrication“to des‘,z~ ng the
0 4

generators. ? \ o~

Each thermoelectric material po % ZT va 0\ t pe@é&tive temperature

&

range. Therefore, the operation tente'rasjre pg he n}iuectric generator built
by a single material is limited a@ erialiused n onl@e a maximum ZT value

at a certain temperature rangeMnnI/ omb'{ﬁng the materials has captured

the attention of reseagChers zcause ec
:
temperature range Qa in 1al. T@}' combined material is known as
segmented therméw' i
. l_h a L :
of ZT. Thus, eve |g'h VErsion efficiency, it is necessary to use combined

thermoe ct%ateri‘al uthjlx el i@\hedifferent temperature ranges.
f

Acan be seen from t ﬁ'roduction of designing the segmented generators by

-

hin aterial will operate in a wide

nver.@n efficiency is proportional to the value

us%mputational analysis in 2013 (Hadjistassou et. al., 2013), followed by the
Qﬁ rimental work of segmenting the material in 2015 by (Hung L. T., 2015), where
he way of fabrication also being manipulated by researchers where they used different
fabrication technique to find the best technique to fabricate the materials. Determining
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the ZT value of each material is the main objective in every research to know the
efficiency of the material. The technique to measure ZT value has become on?&e
challenges that need to be faced by researchers. The ZT value can ce'\sbmned

analytically or experimentally where it can be the direct or indirect me&%ent

Recently, most of the experimental approaches to galw ZT value is

involving 2 different sets up where the Seebeck and electric tivity commonly

being measured simultaneously by one apparatus set up while th@nductivity

is measured by another setup. Then those values will be inSerted jinto on

ZT = oo/k to get the ZT value. For examp ao et all h n!eaé:%d the

0 4
thermoelectric properties of SnSe crystals by UWO appara Wher@#e Seebeck

sly u@the ULVAC-
&

RIKO ZEM-3 instrument system Wh|| |ty v@dlrectly measured

by using another instrument th r fI@V‘/ c;ﬁ}calculate the thermal
.y

conductivity of the crystals (Zha Y . This t& Ique is also being used by

the ific heat of the material using

coefficient and electrical resistivity were cea d simulta

ermal diff

Zhang et al., but they do so ent

an apparatus which is entlal gc ning e ?etry thermal analyzer instead of
directly deriving y@greprelserh sam@fhang et al., 2015). In addition, there
are also studi olvi | e|m zﬁwement of electrical resistivity, Seebeck
coefﬂmen % mal onduc vﬂy@ére those measurements were using a 4-point

probe, e setup, £er f respectively. Then, the ZT value can be obtained

ing those measuren‘ls(é?s together.
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2.8 Conclusion

All in all, most fabrications of bulk thermoelectric material {g for
thermoelements or segmented legs are using the Spark Plasma Sintering 1&01ethod
e.SP

due to its ability in high temperature and high pressure under a short tim technique

is the best method for the time being due to its ability to produc%zhermoelectric

sample performance. However, using SPS techniques require S machine which

is not available in Malaysia. Therefore, despite using S b ic‘itingthe sample

feasibility of using the HP technique has been investi

As for the materials, the traditional thermoeleCtgi mate‘sia which ar?morganic

Z' Y
thermoelectric materials have been chosen i%is dy. \.«Wpe a@t’ype low and

intermediate thermoelectric materials c(ﬁu

in this research. Despite the physi% characteri Th materials, these materials

have been studied a lot and th@ alsahbeen_used in mercial thermoelectric

generators. Y\. 'Aj ; \A%
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