CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction \,z
In this chapter, the results of all measurements are es&égand discussed. Eight

newly developed samples of Bi.Tes- and PbTe-ba rmoelWaterials were

successfully fabricated using a hot press machineWwith different Specifi ns. The
ol

specifications such as temperature, pressure anq tim ding rlca{e‘/&amples were
different based on thermoelectric material nd e \useo@; instance, both

Bi>Tes- and PbTe-based alloys were pré@vg a hot ma@ﬁe in UKM under the

same pressure of 20 MPa for about 3 tes at %t

523 K respectively. Meanwhile f\ les fabrlc e‘UsQ@c‘%t pressed in USIM, Bi,Tes
and PbTe based samples Wg.yesse!j under 13 gPa pressure for 17 minutes at
I

temperatures 473 K and 4% spectively. ‘- %

Besides that, t@nt lna I ne@ to construct the samples from powder to

O

bulk was calcula \vo Iff&re {hoﬂgwhlch are volume ratio (VR) and atomic mass
@

'»atures such as 473 K and

C

ed hapter 3. The compositions of the fabrication samples

.

(AM) techn % dIS?J
were confirmed using EDS and '&}.ermoelectric properties of Seebeck coefficient and

elect |st|V|ty were measured In addition, measurements of the Seebeck coefficient

ﬁ ge temperature differences were carried out in a special develop high-temperature

m chamber to represent the actual operating condition.



4.2 Samples Analysis

N- and p-type Bi>Tes and PbTe based thermoelectric samples fabri Rn.g AM
method are labelled as samples A, C, E, and G while samples fabricated using the VR
method are labelled as samples B, D, F, and H. The weight and thickn he successfully
fabricated samples were measured and recorded in Table 4.1. Thewt of samples before
and after the HP process was slightly different might be b wne'powder melted and
some of it remained unpressed. In addition, the expec ickness“ef samples based on

"X
both calculations for Bi>Tes-based n-Bi,Te2.7Seo.3 an losSbysTe aﬂw@-D) was

ss_fof as ‘Qmples of n-
352‘111\0 4 ;g/
. and 0. .

&

The thickness and compound ratio abricate Te&&?ed samples using the

atomic mass (AM) method shows Era aar%e'withcn)% expected thickness. It is
g

“ &
constructed was‘Significantly different with

\
percentage difference beCeen % to 25%. [JThe @ence is bigger with VR method
calculation compared ,to A d |th‘-€%r' and 9% for sample Bi>Tes-based

0.2 cm and 0.35 cm, meanwhile, the expected

PbTeosSeo.2 and p-Pho.sSnosTe (samples E-

observed that the thickness a

respectively. The teMure he pr for samples A and B is 473 K which is

\ I @,
lower than the mGﬂ) poi (T\/I ?Seb(merefore, the difference between both samples

IS because (Qe/ erept pressure an%%ldlng time used during the HP process. The same
Y-

goes for, lesCand D Wher@d fabricated below the melting point (MP) of Sb (903

K). \Dse Bi,Tes-based samples, both methods are affected by pressure and holding

@ ing the HP process. Samples A and C can prove that AM method in calculating the



weight of raw powders is more accurate due to the % difference in thickness being lower

when using AM method compared to the VR method. \q

On the other hand, for sample PbTe-based, AM method prod (ea greater %
difference from the expected thickness of the samples compared withTR method. This
becomes more obvious for p-type samples as shown in Table 4.1. difference between
samples E and F might be because of the duration of holding,ti thallwas applied during
the HP process. Although both samples undergo tempé e bey. nWIting point of

e
Se (494 K), it can be seen that holding time plays a role\which the mor oIﬂi@e during

the HP the less % difference will be produced. Iso{ ed %‘Gamples of p-

T
Pbo4SnosTe (sample G and H) during the w tem?!‘arat of
&'l &

which is above
the melting point (MP) of tin (Sn) whichyis<604.9 K, entdge) error of 20% for its

thickness is obtained. From the resul ned, etho |@etter in calculating the raw
6 v,
powder weight before the fabricatl rocwit‘fon&(ﬁr' samples in low-temperature

range materials, the melting p P) of dopan doe@i matter because the samples will
N
emp

only be measured at low temperatures. M eth,hlgher temperature range samples, the

melting point, press@ oI@e ma eﬁs these samples will experience a high-
e
temperature mea@re t. ) e 2 Gy

Q= L2 _ |
AItho% fabriecated thic ne%\)f sample E using the atomic mass (AM) method

Y-
IS slighWer than sample F @gthe volume ratio (VR) method, its compound ratio is

almo \same as the expected compound ratio. This might be because fabricated n-
85e0.2 samples (atomic mass method) have unpressed powder left after the pressing

process making the thickness a little bit lower than the expected sample.
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Table 4.1: Thickness and weight of fabricated samples.

N
S

68

Place .
. Expected | Thick ()
Expected (Temperature, | Calculation ) .
Samples . Thickness | A Difference
Compositions | Pressure, Method .
L (cm) ( Thickness
Holding time)
) USIM
n-Bi;Tez7Seo s
A (473 K, 13 MPa, | AM 0.2 1 5
(MP Se: 494 K) )
17 min) |
n-Bi;Te27Se0s | UKM (473 K, v
B ] VR 9
(MP Se: 494 K) | 20 MPa, 30 min) o
p-BiosSbisTes | USIM c:}‘
c (MP Sb: 903 | (473K, 13 MPa, | AM 5
K) 17 min)
p-BiosShisTes | UKM
D (MP Sh: 903 (473 K, 20 MPa % 9 9
K) 30 min) \
b
USIM y
n-PbTepsSeo2
E (493 K, 20 MPa, AM‘ 6
(MP Se: 494 K) )
30 mi }
U %
n-PbTeosSeo.2
F 523K, 20 MPa,f| V % 3
(MP Se: 494 K) (
L. : :‘Q)
-Pbo.4SnosT )
Al SIM t49> é’
G (MP Sn: AI\4Q 0.4 0.3 25
9 by
o |
p—Pb 49MNoe ke )
H ( 504 VR 0.35 0.27 20
ALt 8
S
N




4.2.1 Compositions of Elements in Samples

To confirm the composition of elements in a sample, an analys%@mental

composition using EDS of FESEM has been done (Figure 4.1). The mw nt analysis
was focused on different surface areas of samples with a magnificati?&lOOx. All of the

composites can be seen in the synthesized composite thru the wectrum. Details of

shown in Table 4.2. \d
]4 N
Each sample was measured five times at a di nt'spot. It sh ox:&(:tﬂe analysis
P 4

dw mass ) calculation

dc und ratio. As for

measured percentage weight, as well as the calculated average ratio flor each sample, are
"X

that most of the sample fabricated using HP in Wa

method (sample A, C, E) has the closest Nth

sample F, the composition obtaine‘(é?DSnsH%’ sarfﬂ';b E has a better result. This
“« Q-
shows that AM method is betteN ula@%eilw @S‘der weight before the samples

S
be fabricated %Y'\:,Dj‘-,g
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Table 4.2: Weight % of elemental composition in each sample obtained from

EDS measurement.
Expected o tio of
Samples Compositions Weight % EDS \Qﬁlement
A n-BixTe»7Se03 22:26:0.2
B n-BioTes7Sep 3 09:35:0.6
C p-BiosSbisTes @Y' 1.6:2.8
=
D p-BiosShisTes 0.2:16:3.2
E n-PbTegsSep > 1.1:0.7:0.2
i
F n-PbTeo S ey — 05:1.1:0.4
28.31) | J[56.10 20.60
1 f &
\“\Rb’ sn Te
G ~ 0.7:02:1.1
33.81~7 |[10.81 55.38
S
Rb, i Sn Te
Pb}4 N 05:1.1:04
7 33.50 56.72
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4.3 Seebeck Coefficient (a)

One of the properties to determine the performance of thermoelectriz megcls IS by

measuring the Seebeck coefficient. Seebeck coefficient, o can be obtainm epresence

of temperature difference (AT) and voltage, V measurement of sampl?&an becalculated

as, \)
a=_" Y. | (4.)

AT
(3 \Y'
In this study, the Seebeck coefficient of all&s was/m re’d gaer a large
temperature difference (IAT< 385 K). The measum?w?cs ?N‘.t\a n outs@B' and inside the
vacuum chamber (Figure 3.7). For compari benc g, les A and E were

also measured under a small temperature%enc%’% 5 Ii) ing apparatus outside
A

of the chamber (Figure 3.17). D) o >y S
‘% Q-

'S
4.3.1 Small Temperatur rence (sAT)/ » &,
S

To confirm t@ple hat awere f\ icated using this method, the Seebeck
coefficient at sA’%\wjur%d

? O
Bi :e - a_@\\@bTe-based thermoelectric materials. Few sets of

measurtﬂ re made, thus er ar plotted in graphs represented the deviation of the
AN

meas% alue from the average value. The Seebeck coefficient of sample A (n-
S

Q nTeze6) under sAT measured using a hot probe setup outside the vacuum chamber
|

own in Figure 4.2. The highest error bar calculated from sample A is +0.013. For

;g)mﬁa}ed with the literature. Samples A and E were

=7,

selected whieh esenje

comparison, samples from You et al. (2019) were used. They prepared the sample of
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Bi>Seo3Tez7 using ball milling and hot-pressing method with the pressure of 50 MPa at a
temperature of 700 K for 50 minutes holding time. Sample A has o of -53 Vm.hich is
65% lower compared to samples that were reported by You et al. whi %@150 uV/K
reported in 2019 at room temperature. The difference in a in both sa &)ecause of the
different fabrication methods and composition of the sample. lt,is eXpected for the HP

sample to have a lower a value than the SPS sample. Ho Vme results still comply

with Gharsallah et al., in their report that pure Bi>Tes unds tlrica by different
physical and chemical methods have a Seebeck coefficient in the range '50? 60 pV/K

A
(Gharsallah et. al,2017). 2
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measurements for sAT and You et al., (2019).

Qm 4.2: Average Seebeck coefficient of sample A obtained from different sets of

73



The a value of sample E measured under sAT using a hot probe outside the vacuum
chamber compared with Li et al. is shown in Figure 4.3. The a of aR;E (n-
Pb11Teo7Seo.2) is -245 uV/K measured at room temperature which is ~6 er than the
a of n-PbTeogs5Seo.1s was -150 uV/K reported by Li et al., (2011). Li et al., prepared the
samples using ball milling and then SPS methods. Thus, this HP @:having a higher
Seebeck than the reported sample. Although it has a highego \Wﬁ’t cannot be compared
directly as the ratio and fabrication method are not the s he me%is in the range

of -200 to -250 uV/K at a temperature range of (300-5 ) whichiis al Oit STE:;KF to pure
=
a

PbTe (-230 to -310 uV/K) fabricated with the s method by LA et ak~at the same

g- v
temperature range. This is because the sample,contains ngﬂr\vhicr@zy:es it behave like
&

pure PbTe. \c') O

Seebeck Coefficient (mV/K)
o
N
8

-0.2 &£
0.250 | NS
-0.300< s 4 s
Y" ® n-Pb11Teo7Seo.2
| \(.}’ @ n-PbTeossSeoss

(2011)

Ny
@e 4.3: Average Seebeck coefficient of sample E obtained from a few different sets
of measurements for sAT compared with PbTeogsSeo.15 by Li et al., (2011).



4.3.2 Large Temperature Difference (1AT)

A large temperature difference (IAT) measurement was made with K, by
increasing hot side temperature Tr while maintaining cold side temperatuke T¢' In general,
all measurement outside the vacuum chamber under IAT has a error bar than
measurement inside the vacuum chamber because of the high hea to the surrounding

during outside measurement. Samples A and G represent Biglies gd PtITe samples to show

the different error bars produce from both measurements: .\d
® \T
As for sample A, the highest error bar for insi acuum m urgmétﬁ? is £0.005
4 X
while outside measurement is £0.025 shown inw NQ |gger@7br can also be

le utside and inside

er&@is +0.014 higher than
to /&,the discussion regardin
that garding

7]
measurement under IAT will corﬁd& ore th urernéﬁfs inside the vacuum chamber.
\
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Based on Figure 4.6, The results of the a value of sample A (n-type Bi,Tes) are
comparable to the n-type Bi>Tez from previous researcher Nadhrah MY (2012) which also
measure o under IAT. The a value of measurement inside the vacuum %&r shows a
similar trend to the previous study. The different a value is becau%thi sample of the

previous study was fabricated using the SPS technique. \’
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Do e SN
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Seebeck Coefficient (mV/K)

The av%
itgoms

e
methods i ompare res@ for n-type Bi>Tes of sample A using AM method
AN -
and s using the VR meﬂ@ are measured inside a vacuum chamber as shown in
Fi *f. The temperature difference for IAT was kept in the range of up to 122 K. The a
alug'of sample A at room temperature is -50 uV/K. The average Seebeck coefficient of

sample B calculated from a series of data at room temperature is -25 pV/K which has a
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50% lower value than sample A. It is expected that sample B produce an a value less than
sample A due to its composition that is way too far from the expected ratiQ\:E highest

error was +0.005 for measurements of sample A whereas a higher ers‘@bserved in

<&

measurement of sample B with +0.013 error.
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N &

N

e a of fabricated samples C and D are shown in Figure 4.8. The measurements
re'done under IAT up to 177 K with a temperature range (Tmean) UP t0 391 K. It is

observed that the results of sample C and D obtained from measurements inside of vacuum
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chamber has a similar pattern to those reported by Kim et. al, (2011) where the a increase

with the increase of temperature until it reached Tmean= 450 K, then it will s%lidecrease

by temperature. ! c‘)
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4.3.3 Comparison between sAT and IAT

Only two samples were measured for their Seebeck coefficient (o)) u N which
were samples A and E to represent Bi>Tes-based and PbTe-based respg:@ Moreover,
the fabricated ratio of the compound is closer to the required COV-‘d ratio. The a
measured under sAT and IAT are compared to see the difference Wen both conditions.
Figure 4.9 shows the measurement of sample A under sA m lThe a of sample A
measured under sAT and IAT inside the vacuum cham Alth: uw values were
L]
slightly different in both conditions the pattern shows similarity. The di fete@r: a value
is feasible as this agrees with the measurement p% eare@. that o under

é\‘?

IAT is lower than under sAT.

—=

-0.040 ) }/§ .

Seebeck Coefficient (mV/K)

Ay
8 o AT
\ﬂ s Figure 4.9: o comparison of sample A under sAT and 1AT.
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4.4 Electrical Resistivity

This is the added value to this study whereby the electrical resistivitE&{icamples

was measured using a 4-point probe (Jandel RM3000+). 10 mA of currgﬁw supplied to
all samples and the electrical resistivity was recorded in Table 4.3.vnver, there is no

further study on resistivity. Thus, only a comparison to a previo dy has been made.
The 4-point probe measured sheet resistance, Rs therefore the bulk resistance is calculated
using the average Rs measurement of the samples. E n 3.3 ISW calculate the

bulk sample resistance. For example, sample A ha@a Rs 0f 0.07 4sq_\ a height
(thickness) of 0.21 cm: \/‘T

e A
Since samples A and ere\e\ ﬁd‘}ye a compound ratio of BixTe27Seo 3,

produced the ratio ricate 2 Tex6Seo.2 and Bio.gTessSeos respectively,
thus electrical r \y M?g-et ﬁb('()2014) is compared. M. Fusa et. al, (2014)
WY y i2TesxSex (x = 0.2 - 0.6) was in the range of 10 to

reported tha &Q tl’l(?| esi
21 mQ. room temperature. "El})e.tefore the electrical resistivity of samples A and B is

a bit Igmman the range of the reported values which is 15 and 27 mQ.cm respectively.

addition, the electrical resistivity of Bi2xSbxTes (x = 1.4 t0 2.0) and (x = 1.2 to 2)
prepared by various methods had been reported to have electrical resistivity in the range of

0.2 to 2.4 mQ.cm and 2.5 to 0.8 mQ.cm respectively (Xie et.al, 2013, Zhang et.al, 2015).
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Meanwhile, Nagami et. al (2019) recorded that electrical resistivity for BiosSb1sTes was
~4 mQ.cm at room temperature. Wang et.al, (2018) revealed that the electr@tivity
at room temperature for Bio.4Sb1sTes was 1.3 mQ.cm. In this study, the g@i electrical
resistivity at room temperature for samples C and D were 11 and 5.8 m€.cm respectively
which is slightly higher than the reported value. This may be affeeted by'the presence of an

oxidation layer on the surface of samples that are not prop IyWed.

l

Li et. al, (2011) reported that the electrical resistivityof PbT, xw 0.2,0.3,0.5,
0.85 and 1.0) was between 2.8 — 9.5 mQ.cm at tem re of B0O 6]3@ hey also

obtained ~6.8 mQ.cm at 300 K for a pure PbTe . Tn additi Unu@z‘ et al. (1998)

fabricated a pure PbSe sample using press% ntemig where the@btamed electrical

resistivity of 167 Q.m at room temperatu ). The sure@ectrlcal resistivity for

samples E (Pb1.1Teo7Seo2) and F (P e04 31 @3 8 and 2.7 Q.cm at room
0

temperature respectively. The e al rewf‘bo mples in this study is much

higher than the one reported i al. ’1 cal y the low pressure and holding
l

sb&/ggause they were using the ball milling

time used in the HP process o hIS stu

5‘

hichvare llnow to be‘l% best method for modifying the grains

\
interface betwee co ou]ds. 0 ?kr, study’s method is better than pressureless

and SPS technlques

%

@

sintering as ical resistivit oéms study lower than Unuma et al.
‘v’

s ut not least, the ele@tal resistivity of samples G and H are 0.18 and 1.8

mQ.c om temperature respectively. Zhu et. al, (2002) reported that PbogSno2Te has

ctrical resistivity of 0.51 to 0.25 mQ.cm at room temperature. Therefore, themeasured

result for both samples agrees well with the reported electrical resistivity.
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Table 4.3: Electrical resistivity of all samples.

2

Electrical
Compositions Literature trical
Samples Resistivity
Sample Composition Resistivity (Q.cm)
(Q.cm)
A BizoTes6Se02 | 15x10°3
0-21) x 1073
B BiooTessSeos | 27x107°
C Bio2Shi1sTezs
D Bio2Shi1sTes2
3
E Pb11Teo7Seo2 (2.8-9.5) x10
~6.8 x10°°
F PbosTe11Seo4 L t'% 11) 167
nu tal. (1998
| gfbrumtal. osg
G Pbo.7Sno2Te; 1.8}{%?} &
,\ |\\ q?-Uo.sSno.zTe (0.51-0.25) x 107
T
3 Zhu et. al, (2002)
H PDo2Shg 7 Tera |1 BX107
e D,
—- f . (j’
| $
% ’ b 4 Y’é\
NV
S
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45 Conclusions

All samples have been successfully constructed using a hot press maEﬁnKZased on

the elemental compositions of samples analyzed from FESEM, the am ss method
used in determining the mass of powders for each ratio was better ﬂ?&e ratio method.
Although the samples from the ratio method used higher pressMn the atomic mass
method, the FESEM shows that the ratio of constructed sa swzni mass method) was
nearly close to the expected ratio. Therefore, the ato mass Wn be used in

calculating the powder needed for certain samples in

L ]
ess techni slso_kha?r;aterials

wasted can be avoided. In addition, for fabri
available in USIM the optimum pressure, te

based alloy are 13 MPa, 473 K and 17 —

_ N2 ) A
PbTe based on thermoelectric, to fal the s , the Qable pressure, temperature
0 )
and holding time were 13 MPa, and 17.minufes re ively.
I S

The thermoelectric perforthance such a ¢ S ck coefficient () of all fabricated
samples was successfully mgsur "d SA{@ IAT. According to the measured o

results, n-type BizTefshgd th elegtric m@ls (sample A) measured under sAT lower

\ RSV

than the reporte s (literaturé)sH v‘\'/'él/er, the pattern of the measured values was
_ % N

similar bet\% T and IAT

urprisingly, the o of PbTe based thermoelectric materials
Yv
(sample der sAT has a hig@ﬁalue than the reported o value at room temperature.

4

The bé ur of measured a was almost the same between sAT and 1AT.

N
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On the other hand, the electrical resistivity has successfully measured using 4-point probe
equipment. It can be concluded that samples A, B, G and H have electrical re@ithin
the range of the reported value. Meanwhile, for samples, C, D, E an % electrical
resistivity was higher than the reported values. The samples fabric &KM (B,D, F
and H) have a lower error difference from the reported electrica%ssmy value. This is
because of the higher pressure used (20 MPa) during the f riWsamples. This causes
the space between the grains to be closer to each ot anwhi e! the high electrical

resistivity is affected by the space between grains aSwwell as the oxi t’on‘&';ia on the
. =~

surface. Thus, improvement in modifying the int betwe ins can be done to
v

pre%{( can reduce the
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