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ABSTRACT

This dissertation aims to investigate thermoelectric properties of the CuFeO, delafossite compound, to
improve the properties by substituting the Pt, Al, Sn and Pb atom, to use the Finite Element technique to
compute the output voltage on the thermoelectric models, and to invent the prototype of thermoelectric modules
to measure the output electric voltage, current and power. This research, the CuFeQ;, Cu;.PtFeO,,
CuFeg sAlg s0;, CuFe,.xSn,0,, and CuFe;..Pb,0, (x=0.01, 0.03 and 0.05) samples were
synthesized by solid-state reaction. Then, all samples were measured the thermoelectric
properties (Seebeck coeffigient, electrical and thermal properties) from room temperature to
960 K. The results of thermoelectric properties of all samples were used for analyzing to improve the
properties of the CuFeO, compound. The measurement results of the CuFeO, sample at960K are 300 uV/K,
13, S/cm, 3.5 W/m-K and 0.03 for the Seebeck coefficient, electric conductivity, thermal conductivity and
ZT value, respectfvely. In addition, the results of the substituted samples show that the properties of the
CuFeO, can be improved. The electrical conductivity can be increased by the Pt'*-substituted into the Cu'" sites
as the Cug osPtq osFeO sample containing 23 S/cm as high as the CuFeO, in 10 times. The
Seebeck coefficient can be increased by the small amount Sn?*-substituted into the Fe®* sites as the
CuFeg 99Sng.010; containing 370uV/K as high as the CuFeO,. The thermal conductivity can be
decreased by substitution the large atomic weight of the Sn or Pb atoms into the Fe** sites as the
CuFeg.99Sng,0;07, CuFeg 97Pbg 0302, and CuFe95sPbo.0sO2 samples containing approximately 1 W/m-K as low
as the CuFeO; in 3.5 times. The n-type of the CuFeO, can be produced by the Pb*-substituted into the Fe’*
sites as the CuFe;.,Pb,O,sample playing n-type conductor. The maximum ZT of this work is 0.1 of
the CuFeg 955000502 at 970 K which is higher than 4 times of the CuFeO;. The Finite Element
analysis was applied on the model of CuFeq sAly sOsthermoelectric module as the results
corresponding to the experimental resuits. In the preliminary prototype of the p-CugssPtoosFeOz
and n-CuFeg ¢sPbg osO; thermoelectric modules, the output values of electric power, electric current and
voltage are 2.5 nW, 0.035 nA and 80 mV, respectively, on the 4 legs of thermoelectric module at temperature
difference 160 K. This research can be concluded that the CuFeO, Delafossite compound can be

improved to good thermoelectric properties at high temperature.

Keywords: Thermoelectric; CuFeOy; Delafossite; Seebeck coefficient; Finite Element analysis.
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A The cross-sectional area of bulk sample.
Gy The heat capacity.
D The atomic density.
D, The ratio of bulk density to theoretical density.
E The electric field.
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E, The energy band gap.
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Eg The optimal energy gap.
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m The weight of bulk sample.

n The carrier concentration.

n(g) The carrier density as a function of energy.

q The heat flux.

r The specific resistance.

t The time.
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1 The Peltier coefficient.

Iy

The transport distribution.

a The absorption coefficient.

o The proportionality constant of the Umklapp.

£ The energy.
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c The electrical conductivity.

o(¢) The electronic conductivity as a function of energy.
O The system entropy.

@ The angular frequency.
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results indicate that the major effect of thermal conductivity of the CuFeO, sample is controlled

by the phonon mechanism as contribution by the Umklapp scattering.

The slope of the graph in Figure 4.12 is 1.05 W/m which is the relation of the thermal
conductivity () vs. 1000/T. In the Umklapp relation, the proportionality constant () is related
by the equation:

'S _
5= - [(Tm)mM( 7/6)102/3]'l (4.16),

T

From the slope of graph, the & value of the Umklapp process for the CuFeO, sample is 8.79 x
10* W-mg"¥/K>?; where T,, = 1356 K, M = 454.14 g, and p= 5.22 g/lem’. Nolas et al. [54]
have reported the & value is 1.3 x 10° W-mg'2/K*? for covalent materials, 1.5 x 10 W-m®
Dgl"2/K3for ionic materials, 6 x 10 W-mg"”/K**for semiconductor. Also, the & value of the
CuFeO, sample shows the behavior of semiconductor. In addition, following the Umklapp
relation, the minimization for thermal conductivity of the CuFeO, sample occurred in high

temperature closely to melting point.

4.1.3.12 OPTICAL PROPERTIES
The absorption coefficient(a) [55] spectrum of the CuFeO, sample at room temperature

is shown in Figure 4.13. The absorption coefficient is measured in ranging of energy from 0.5 to
6 eV. The results exhibit that the heavy steep absorbability is in the spectrum ranging from 4 to 6
eV (the UV light), and the week absorbability is in the spectrum ranging from 0.5 to 3.5 eV (the
Near IR and the visible light).
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Figure 4.13 Absorbance spectrum of the CuFeO; sample at room temperature.

The energy gap is calculated from absorption coefficient by using the relation [56]:

(ahv)" = A(hv-E,) 4.17),

where a is the absorption coefficient,
hv is the photon energy,
E, is the optical band gap,
A is the constant which does not depend on Av,

m is 1/2 and 2 for the indirect and the direct transition gap, respectively.

The region of energy spectrum of visible light is in the range from 1.5¢V to 3.1eV. Also,
the energy gap (Eg) of material for transparent visible light is must higher than 3.1 eV. The
optical energy gap is obtained from a plot of (@hv)™ vs. hv with taking the intercept on the energy
axis[55, 56]. The indirect transition gap and the direct transition gap are indicated by m = 1/2

and m = 2, respectively.
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Figure 4.14 (a) Direct optical gap of the CuFeO; sample (b) Indirect optical gap of the CuFeO,

sample.

The results show that the indirect and the direct energy gap at room temperature exhibit
1.15 eV and 3.45 eV as shown in Figure 4.14 (a) and (b), respectively. Evidently, the direct
energy gap of the CuFeO; sample (3.45 eV) is larger than 3.1 eV. Consequently, the CuFeO,

sample can transmit photons energy in region of visible light.
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4.1.3.13 THE RELATION OF ENERGY GAP WITH TEMPERATURE
The experiment and approximation of the direct band gap (Eg) of the CuFeQO, sample as a
function of temperature is shown in Figure 4.15. The temperature dependence of the E; value is

calculated by the empirical formula[57]:

B _ aT?
E,(T)=E,(0) [(b : T)] 4.18),

where E,(T) is the band gap approximated at temperature T K,
E,4(0) is the band gap approximated at 0 K,

a and b are parameters.

The values of a and b for delafossite are 0.00075 eV/K and 385 K, respectively, reported
by Dittrich et al.[57]. The E,(0) value is obtained 3.45 eV by fitting with experimental value of
E, at room temperature. The result exhibits that the direct E, decreases with increasing
temperature. The fitting curve of the optical direct gap (E,) shows that the E, is obtained value
under 3.1 eV with the temperature above 700 K.
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Figure 4.15. Temperature dependence of the direct band gap (Eg) of the CuFeQ; sample.
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4.1.3.14 ENERGY DIAGRAM
The band energy level diagram of the CuFeO, delafossite at room temperature is

predicted from the obtained value of activation energy, Fermi energy level and optical energy
gap, as shown in Figure 4.16. The band energy diagram shows the direct energy gap (E,) of the
CuFeO; samples is 3.45 eV. The Fermi’s energy (Er) level is above the valence band edge for
0.0275 eV, and the acceptor level (E,) is above the valence band edge in 0.049 eV. In all energy
measurement results, the energy level of the CuFeO, sample can be calculated as shown in

Figure 4.16.

Direct CBM
Indirect CBM
Eg345eV 4
Eg 1.15 eV
Acceptor level
Fermi energy ) AEG 49 meV
J 4B, 27 mev
- VBM
CuFeO,

Figure 4.16 The energy level diagram of the CuFeO; delafossite (not exact to the scale).

4.1.3.15 RELATION OF MELTING POINT TO ENERGY GAP

For application at high temperature, Schwartz et. al. [31] have described the relation
between energy gap and melting point of temperature for the good thermoelectric materials in the
relation:

EG = 4kBT}, (4.19),

where Eg is the optimal energy gap,
kp is the Boltzmann’s constant,

T, is the operation temperature.
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The optimal band gap plays important role for the best thermoelectric materials, so it can
neglect the behavior in small and large band-gap. For example, the Bi;Te; has the highest ZT
(~1) at 400 K with E, = 0.13 eV corresponding to the relation of Eg = 4kgT), = 0.14 eV at T, =
400K. Another, the SiGe has the highest ZT (~1) at 1200 K with E, = 0.43 eV corresponding to
the relation of Eg = 4ksTy = 0.413 eV at T; = 1200K. The small band-gap causes to thermally
excite minority carriers to reduce the Seebeck coefficient, and causes to increase the thermal

conductivity to decreased low thermoelectric performance.
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o
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Temperature (100 K)

Figure 4.17 The relation curve of energy gap and temperature.

For high ZT value, Schwartz et. al. [31] has suggested that the range of T}, is used in the

relation:

Ty = 0.9T, 4.20),

where T}, is the operation temperature.

T,, is the melting point of materials.
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For the CuFeO, sample, the melting point (T) is 1365 K. Also, the Tj value of the the
CuFeO, sample in the optimum indirect energy gap (Eq) is 1228.5 K. Figure 4.17 shows the
relation of the temperature dependence of indirect energy gap (Ey). The results shows that the Eg
of the CuFeO, delafossite at 0.9T, (Tx = 1228.5 K) is 0.55 eV. Also, the constant for the
optimum Eg is 5.2ksT at T=T} which stays above the constant line of 4kT as shown in Figure
4.17. This result implies that the optimum Eg constant of the CuFeO, delafossite is closely to
4kpT), at the high temperature. For the constant of Eg = 4kpT), of the CuFeO, sample at 0.97,, the
E, must has 0.42 V. This result implies that the CuFeO, delafossite can improve to the high
performance of the thermoelectric material by reducing the energy gap to constant of 4kgT. In
conclusion, the optimum band-gap (Eg) for good thermoelectric materials of the CuFeO;

delafossite occurs in the high temperature near the melting point.

4.1.4 SUMMARIES

The CuFeO, sample was synthesized by conventional solid state reaction method for
investigation of the thermoelectric properties in high temperature with compared results to the
well-known materials of the Bi;Tes and the Nag sCoO, compounds.

The results show that the CuFeO, sample displays in p-type thermoelectric materials. The
Seebeck coefficient displays in the range from 261 to 300 uV/K with the temperature ranging
from ambient to 960K. The maximum Seebeck value is 300 at 960 K corresponding to the
Hiekes formula as 321.90 pV/K which is maximum limit of Seebeck value in high temperature.
The results of electrical conductivity increasing from 3 to 13 S/cm while, the results of thermal
conductivity decrease from 5.8 to 3.5 W/m-K, with increasing temperature from ambient to
960K. The maximum value of the ZT are 2.96 x 102 at 960 K. In comparing results, the Seebeck
value of the CuFeO, sample is higher than that value of the Bi,Te; and NagsCoO,, whereas, the
value of electrical conductivity is lower than that value of the Bi,Te; and Nag sCo0,. Clearly, the
7T value is lower than that value of the Bi;Te; and Nag sCoO».

The activation energy of conductor, of production of free carriers, and of carrier mobility
are 49, 27 and 22 meV, respectively. The optical band gap property at the room temperature is
1.15 eV for the indirect energy and is 3.45 eV for direct energy. The constant value of energy
gap relating to operation temperature is 5.2kpT at the temperature in 90% of melting point that is
above the guide line direction of Eg = 4kpT}.
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4.2.3.4 SEEBECK COEFFICIENT

Figure 4.22 shows Seebeck coefficient (S) of the CuFeO, sample and the Cu;_Pt,FeO,
(x 0.01, 0.03 and 0.05) samples as a function of temperature in the range of temperature from
300 to 960 K. The results show that the Seebeck coefficients are positive sign over the measured
temperature range for all samples, and remain positive upon substitution. These results indicate
that the Cuj_Pt,FeO, samples as the Pt'* ions substituted into the Cu'" sites with show p-type
conductor of the thermoelectric materials. In addition, the Seebeck coefficient of the
CuPtyFeO, samples tends to increase with increasing temperature. However, the results of
Seebeck coefficient minimal decrease as a result of increased the Pt content of the x. The
Seebeck coefficients at room temperature are 261, 249, 242 and 240 pV/K for the content of the
x = 0, 0.01, 0.03 and 0.05, respectively. The average value of the Seebeck coefficient of all
samples increases from 250 to 290 uV/K with increasing the temperature. The maximum value
of the § value at 960 K is 290 pV/K. This operating point is suitable for using at high
temperature for thermoelectric devices. The above results can be concluded that the Seebeck
coefficient of the Cu;_PtyFeO, samples, which are the Pt'* jons substituted into the Cu'" sites,

depends on temperature and minimal changes with the Pt substitution of the x content into the Cu

site.
340 [ 7 T T T v 1 r 1T v 1 v T v ] 340
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Figure 4.22 The Seebeck coefficient of the CuFeO, and the Cu;Pt,FeO, (x=0.01, 0.03, and
0.05) samples vs. the temperature.
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According to the results in Figure 4.22, the minimum Seebeck coefficient of the
Cu_«Pt,FeO, sample at room temperature is 240 uV/K in the content of the x = 0.05 which
approximately reduce 8% from the CuFeO, sample-based as in 261 pV/K. The height value of
Seebeck coefficient reducing of the Cu;Pt,FeO, samples as in 8% is less than the reducing
value of the CuFe|_y\NixO2 as in 26% [59] and the CuFe;Zn,O, as in 43% [60], at room
temperature. These results imply that the Pt'* substitution into the Cu*! site of the CuFeO,
delafossite is weakly influence in Seebeck value than the doped impurity of the trivalent into the

Fe** site of CuFeO, compound.

4.2.3.5 THE HEIKES FORMULA
The Heikes formula[34, 35] as applying to localized carries, the Seebeck coefficient (S)

in high temperature is expressed in relation:

__ky 4
S= 1n|: iz c)] (4.21),

where c is the carrier concentrations.

The S value is obtained in S= -86.17(In[c/(] - ¢)]) by using the ¢ = 0.01, 0.03, and 0.05
for content of the x = 0.01, 0.03, and 0.05, respectively. Also, the results of S value are obtained
395.96, 299.53, and 253.72 uwV/K for the x = 0.01, 0.03, and 0.05, respectively. For the CuFeO,,
the S value is 321.90 uV/K that is displayed in the section 4.1.3.6. All results indicate that the
limit of calculating the S value for the Cu,PtFeO, delafossite in high temperature is good

agreement with the experimental results.

4.2.3.6 ELECTRICAL CONDUCTIVITY
The electrical conductivity (o) of the CuFeO, sample and of the Cu,Pt,FeO, samples as

a function in the range the temperature from 300 to 960 K is shown in Figure 4.23. The results
show that the electrical conductivity of all samples is rapidly raised with increasing the
temperature and the x content of the Pt substitution. The values of o at room temperature, the

CuFeO, sample-based is 3.5S/cm, and the Cu;Pt,FeO, samples for content of the x = 0.01, 0.03
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and 0.05 are 3.5, 5.0, 8.0 and 11.0 S/cm, respectively. For the high temperature at 960 K, the o
value of the CuFeO, sample-based is up to 12.5 S/cm , and the Cu;Pt,FeO, samples are up to
16.5, 19 and 23 S/cm for the content of the x = 0.01, 0.03 and 0.05 respectively. There results
point outs that the electrical values the Cu,;_Pt,FeO, samples are larger than that value of the
CuFeO, sample-based. For the x = 0.05 at room temperature, the o value as in 11.0 S/cm is
approximate four times larger than that of the CuFeO, sample-based as in 3.5 S/cm. The
maximum of the ¢ value is obtained 23 S/cm for the x = 0.05 at temperature 960 K. This result
points out that the Pt-substituted into the CuFeO, compound is suitable for using in the high
temperature for thermoelectric devices.

In summary, the electrical conductivity of the Cu;_4Pt,FeO, samples highly increases as
the Pt substitution of the x content is increased. Therefore, the electrical conductivity of the
Cu;_«Pt,FeO, samples, which are the Pt'* ions substituting into the cu't sites, can be improved
by the large substitution of Pt content into the CuFeO, compound. In addition, the electrical
conductivity of the Cu;Pt,FeO, samples is increased as increasing of the temperature. Also, the

Cu Pt FeO, samples are good conductor for using at high temperature.

24 [T 1 T T T T T 24
22[ ‘/O—""‘ 122
- 120

14:- ¢ _* 114
12| ‘/ /‘ / N

Electrical conductivity (S/cm)

[

10 | 'S - 410
of g / /l/ Cu, ,PtFeO, 1 8
of a—N —a—x=0.0 le

- A —a—x=0.01
o A 4
[ B —e—x=0.03 ]
2t —e—x=0.05 2
0 i — A —l . [] 1 1 0

A I i 1 " &
300 400 500 600 700 800 900 1000
Temperature (K)

Figure 4.23 The electrical conductivity of the Cu; «PtiFeO, (x=0, 0.01, 0.03, and 0.05) samples
vs. the temperature.
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According to the Figure 4.23, the maximum value of the conductivity at room
temperature is 11 S/cm for the x = 0.05 as approximately 4 times higher than the CuFeO,
sample-based as in 3 S/cm. The highest of conductivity as in 11 S/cm for the Cu;xPt,FeO, of the
x = 0.05 samples at 300K is clearly higher than the high value from the most of delafossite
compounds such as CuxAgsRhO, (5 S/cm) [61] and Cu,.Ag,AlO; (2 S/cm) [62],
CuFe;—NixO; (8 S/cm) [59]. These results imply that the Pt'* substitution into the Cu*' site of
the CuFeO, delafossite has higher sensitively effect in electrical conduction than the Ag
substitution in the Cu side and the doped impurity of the trivalent (such as Ni**, Mn**, Co®") into

the Fe'* site.

The difference value of the electrical conductivity of the CuFeO, samples between before
and after substitution the Pt substitution imply that the difference transport mechanisms in the
CuFeO, sample-base and the Cu;_,Pt,FeO, (x = 0.01, 0.03 and 0.05) samples as effecting from
the Pt substitution into the Cu-site. The p-type (hole) conductivity of the CuFeO, sample is
dominated by the d-orbital of holes in the Cu* (3d'®) with charge compensation of the cu** (3d%).
For the Cu,.PtyFeO, samples, the number of hole carriers is increased and easy ionized from the
d-orbital of the Pt*(5d°) cations. In conclusion, the increasing of electrical conductivity of the Pt
substitution in CuFeO, delafossite is enhanced by increasing of hole carriers introduce into the

the Cu-sites effected from the Pt substitution at near the edge of the valence band.

Figure 4.24 shows the results of the activation energy (E,) reduced with increasing the Pt
substitution of the x content. These results exhibit that the E, value tends to fall to zero in
heavily substitution for level content around x = 0.15, over which metallic conduction is

occurred.
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Figure 4.24 The activation energy (E,) as a function of the Pt substitution in x content.

Figure 4.25 shows the plot of the Mott’s model[35] for the Cu;_Pt,FeO, (x = 0.01, 0.03

and 0.05) samples with fitting temperature dependent on the equation:
T 1/4
o =Bexp| - —7% (4.22),

where B and T, are constants,

The zero slope of the Mott equation implied the temperature independent of conduction
which is metallic behavior. The plotted results of the log ¢ vs. 1/T" in Figure 4.8 display that
the x = 0.05 is closely to zero slope. This confirmed that the Cu;«Pt,FeO, sample of the content
of the x = 0.05 is good semiconductor. In addition, the linear slope of the log o vs. /T in
Figure 4.8 suggests that a variable-range-hopping mechanism is reasonable for all samples of the

Cu;«PtyFeO; sample.
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Figure 4.25 The log o vs. 1/T 14 curves.

4.2.3.7 POWER FACTOR

The power factor (PF = 05%) of the CuFeO, sample and the Cu;_Pt;FeO, samples in
content of the of the x=0.01, 0.03 and 0.05 calculated from the measured electrical conductivity
and the Seebeck coefficient as a function of the temperature in the range of temperature form 300
to 960 K as shown in Figure 4.26. The power factor for all samples is increased with increasing
temperature. The power factors at room temperature of the CuFeO sample-based is estimated to
be 0.2x10™* W/mK?, and the Cuy_PtiFeO, samples are estimated to be 0.3x10™, 0.5x107* and
0.7x10~* W/mK? in the content of the x = 0.01, 0.03 and 0.05 respectively. The high of power
factors at 960 K of the CuFeQO, sample-based is 1.1x 10 W/mK?, and the Cu;_.Pt,FeO, samples
are 1.5x107, 1.7x10™ and 2.0x10™ W/mK? for the content of the x = 0.01, 0.03 and 0.05,
respectively. The maximum value of the power factor at room temperature is 0.7x10™* W/mK? at

the content of the x = 0.05.
The Cu,_Pt,FeO, sample for the content of the Pt substitution of the x = 0.05 shows the

high value of power factor by reaching 2.0x 10~ W/mK? at temperature 960 K. The PF value for
the sample of the content of the x = 0.05 at 960 K displays 2 times and 3 times higher than that
value of the CuFeO, sample-based at 960 k and at 300 K, respectively.
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Figure 4.26 The power factor of the Cu;Pt,FeO, (x =0, 0.01, 0.03 and 0.05) samples vs. the

temperature.

Moreover, the high of the PF value of the Cu,4Pt,FeO; sample in the content of the x =
0.05 at 960 K is higher than those reported for the CuFeO; as in PF = 1.4x10~* W/mK? [60],
CuFe,_,Ni,O; as in PF = 1.8x10™* W/mK? [59], CuAl,_Fe,O; as in PF = 0.9x107* W/mK? [63],
respectively, at 960 K.

In summary, the Power Factor of the Cu;Pt,FeO, samples, which are the Pt'* ions
substituting into the Cu'" sites into the CuFeO, compound, is enhanced by the increasing the
content of the Pt substitution.

4.2.3.8 THERMAL CONDUCTIVITY

The temperature dependence of the thermal conductivity (k) for the Cu;<Pt,FeO, (x =
0.01, 0.03 and 0.05) samples as a function of temperature in the range of temperature from 300
to 960 K is shown in Figure 4.27. The thermal conductivity is measured by using a laser flash
method with the relation x = dC,a, where d, C, and a are the bulk density of sample, specific
heat and thermal diffusivity respectively. The bulk density of the CuFeO; sample is 5.22 g/em’,
and the Cu;_Pt,FeO, samples for the content of the x = 0.01, 0.03 and 0.05 are 5.21, 5.20 and
5.19, respectively. The ratios of bulk density to theoretically density of the CuFeO, sample are
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96.84%, and of the Cu;_PtyFeO, samples are 95.94%, 94.20% and 91.97%, for the content of the
x =0.01, 0.03 and 0.05, respectively.

The results of thermal conductivity of all samples are decreased as a result of increased
the temperature as shown in Figure 4.27. The « values of the Cu;Pt;FeO; samples lead to
minimal increased with increasing the Pt substitution of the x content. The x values of the
CuFeO, sample-based are in the range from 5.8 to 3.5 W/mK with a region of temperature 300 to
960 K respectively. For the sample of the content of the x = 0.05, the x values are slightly higher
about 1.1 time than the CuFeO, sample-based. The minimum of the « value of the CuFeO,
sample-based is 3.5 W/mK at high temperature 960 K. The yield of thermal conductivity exhibits
that the Cuy_cPt,FeO, (0.01, 0.03 and 0.05) samples are decreased as the increasing temperature.
Therefore, the high value of the Z and the ZT of the Cu;PtsFeO; samples are dominant to occur
at high temperature because the x value is still contained the minimum value.

In summary, the thermal conductivity of the Cu;_Pt,FeO, samples, which are the pt'*
ions substituted into the Cu'* sites, show the value closely to the CuFeO, sample-based. This
result can be concluded that the Pt'* substitution into the Cu*' site of the CuFeO, delafossite is

weakly effect to change the thermal conductivity
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Figure 4.27 The thermal conductivity of the Cu;xPtyFeO, (x =0, 0.01, 0.03 and 0.05) samples

vs. the temperature.
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The total thermal conductivity (x) consists of the two components of the lattice (phonon)
component (k) and electronic (hole) component(x,) From the Wiedmann-Franz law [7, 33], the
K, is related by «, = L,To where L, is the Lorenz factor (2.45x10"8 WQ/K? ), T is the absolute
temperature, o is the electrical conductivity. From the highest o value of the Cu;_PtyFeO,
samples as 23 S/cm of the x = 0.05 at 960 K, the &, value is obtained 5.409x107 W/mK which is
1.545 % of the total x value. This result indicates that the major effect of thermal conductivity

for the CuFeO, sample is dominated by the phonon mechanism part.

4.2.3.9 DIMENSIONLESS OF FIGURE OF MERIT (Z7)

The temperature dependence of the ZT value of the CuFeO; sample and the Cu;Pt;FeO;
samples for the content of the x= 0.01, 0.03 and 0.05 in the temperature range from 300 to 960 K
are exhibited in Figure 4.28. The ZT values are also calculated from the Z value and the
temperature value. The results show that the ZT values of all samples are rapidly raised with
increasing the temperature. In addition, the ZT values of the Cu,Pt;FeO, samples are increased
with increasing the Pt substitution of the x content. The maximum of ZT values at temperature
960 K of the CuFeO, sample is 0.03, and the Cu,_Pt,FeO, samples are 0.038, 0.044 and 0.05 for
the content of the Pt substitution of the x = 0.01, 0.03 and 0.05, respectively. Obviously, the
sample of the content of x = 0.05 exhibits the high value of ZT at temperature 960 K. Moreover,
the sample of the content of the x=0.05 has value higher than 1.5 times than that value of the
CuFeO, sample-based at high temperature. The sample of the content of the x= 0.03 and x=0.01
has value higher than 1.4 and 1.2 times than that value of the CuFeO; sample-based. These
results point out that the Pt'* ions substitution into the Cu'* sites of the CuFeO, sample is

affected to enhance the ZT values at high temperature.

In summary, the Cu;_,Pt,FeO, compounds, which are the Pt'* ions substituted into the
Cu'* sites into the CuFeO, compound, can be improved the ZT value to good thermoelectric

materials in high temperature.
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Figure 4.28 The ZT value of the Cuj_,Pt,FeO, (x = 0.01, 0.03 and 0.05) samples vs. the

temperature.

The ZT value of the Cu,_<PtyFeO, samples is higher than value of previous reported of
the delafossite of the CuFeO, as in ZT = 0.025 [60], CuAlO, as in ZT = 0.004 [64],
Cui»Ag:AlO; as in ZT = 0.016 [63], CuFe,Ni,O; as in ZT = 0.045 [62] at 960 K. At the
important aim point is suitable for selected material in the application of high temperature of

~

thermoelectric devices.

4.2.3.10 ACTIVATION ENERGY
4.2.3.10.1 ACTIVATION ENERGY OF PRODUCTION OF FREE

CARRIERS (Ey

In applying p-type semiconductor, the relation of the Seebeck coefficient is given [25,
53] by S = (kg/e)[(Er — E\)/ksT], where kg is the Boltzmann’s constant, e is electronic charge
constant, E, is the energy of the valance-band edge, Er is the Fermi energy level and T is the
absolute temperature. The activation energy for the production of free carriers Es = ( Er —-E)is
obtained by plotting the S vs. 1000/T as shown in the Figure 4.29. An average of E; value for all
the Cu,—Pt,FeO, samples is 27.5 meV. The result is slightly higher than value of the thermal

energy at room temperature (kgT3p0x =25 meV). Thus, this value indicates that the Cu;_Pt,FeO;
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samples is a good semiconductor material for thermoelectric because the acceptor charge carriers

are ionized near the room temperature for conduction.
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Figure 4.29 The Seebeck coefficient vs.1000/T curve.

4.2.3.10.2 ACTIVATION ENERGY OF CARRIER CONDUCTION (E,)
Figure 4.30 shows an Arrhenius plot of the Cu;PtyFeO, samples plotted by the logovs.
1000/T with temperature. The Arrhenius plot corresponds to the temperature dependent of
equation[35, 53] of o = A.exp(-E/ksT). The activation energies (Eg) in the Arrhenius plot, log
o vs. 1000/T are 49, 46, 33 and 28 meV for samples of the content of the x = 0.0, 0.01, 0.03 and
0.05, respectively. These results show the tendency of the activation energy (E4) to decrease with

increasing the x content which is the semiconducting of transition oxide behavior.
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Figure 4.30 The log o vs.1000/T curve.

4.2.3.10.3 ACTIVATION ENERGY OF CARRIER MOBILITY (E,)
The overall activation energy for conductor (E,) is a combination of two components as a
relation [35, 53] of E, = E,+E,, where E, is the activation energy for carrier mobility (hopping

energy). The E,, is obtained by the mobility of carriers as following by a equation:
# =D exp(-E/ksT) (4.23),
where p is the mobility of carrier and D is constant.

From the average value of the E, as in27.5 meV and the value of the E as in 49, 46, 33
and 28 meV for the content of the x = 0.0, 0.01, 0.03 and 0.05 respectively, of the Cu - PtiFeO,
samples, the value of the E, is obtained 21.5, 18.5 5.5 and 0.5 meV for the x = 0.0, 0.01, 0.03
and 0.05, respectively, which are less than the thermal energy at room temperature (ksT300x = 25
meV). The small value of the E, implied that the temperature dependent for conductivity of the
Cu,Pt,FeO, samples is major activating from the activation energy for carrier production and
tiny activating from the mobility activation energy by a small polaron mechanism. Thus, these

results confirmed that the p-type (hole) conduction of the Cu;<Pt,FeO, delafossite is a good
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semiconductor because of the ionization of free carrier occurring in thermal activation energy
nearly the room temperature and the carriers moving with high mobility due to requiring the

activation energy of mobility less than the thermal energy at room temperature.

4.2.3.11 UMKLAPP RELATION
For the lattice (phonon) thermal conductivity (&), Umklapp scattering contribution in the

phonon scattering process is expressed [31] by the relation:
= (T M0 7T (4.24),

where &, is the Umklapp phonon thermal conductivity,
Jis a proportionality constant,
T, is the melting temperature,
M is the average atomic mass,
p is the density,

T is operation temperature.
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Figure 4.31 The thermal conductivity vs.1000/T curve.
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The Umklapp relation implies that the x, value is proportion to inversion of temperature.
From the Figure 4.31, the thermal conductivity of the Cu,xPtxFeO, samples can be plotted in
function of inversion temperature as a relation of the x vs. /000/T. The curve can show the
thermal conductivity of the Cu;PtFeO, samples linearly with 7™ ! corresponding to the
Umklapp relation. This result indicates that the major effect of thermal conductivity of the Cu,-
Pt,FeO, samples is controlled by phonon mechanism with contribution by the Umklapp
scattering. From the Umklapp relation, the minimization of thermal conductivity for the Cu;-
Pt,FeO, samples is occurred by operating temperature in high value with nearly melting point

(1365 K).

4.2.3.12 OPTICAL PROPERTIES

The measurement of absorption spectra of the CujPt,FeOz (x = 0.01, 0.03 and 0.05)
samples at room temperature are shown in Figure 4.32. The absorption coefficient ()[55] is
measured in wavelength ranging from 250 to 800 nm. The results of all samples exhibit that the
heavy absorbability is in the spectrum ranging 250 to 300 nm which is region of the UV light,
and the week absorbability is in the spectrum ranging 300 to 800 nm which is region of the Near
IR and the visible light.
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Figure 4.32 The absorption spectra of the Cu;.PtxFeO, (x = 0.01, 0.03 and 0.05) samples.
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The results of absorption coefficient are used to calculate the optical energy gap
according to the equation of [54] the (ah )™ = A(hv — E,), where «is the absorption coefficient,
hu is the incident photon energy, E, is the optical band energy gap, 4 is the constant which does
not depend on the Av. The optical energy gap is obtained from a plot of the (ah V" vs. hv with
taking the intercept on the energy axis[56]. The direct energy gap are indicated by m=2. Figure
4.33 presents approximately 3.45 eV on the optical direct band gap of all samples at room
temperature as corresponded to previous work of Benko and Koffyberg[47]. The indirect energy
gap are indicated by m=1/2. Figure 4.34 displays the indirect band gap E, = 1.15, 1.1, 1.05 and
1.01eV for x= 0, 0.01, 0.03 and 0.05, respectively.
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Figure 4.33 The direct optical gap of the Cu;..PtsFeO, (x = 0.01, 0.03 and 0.05) samples.
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Figure 4.34 The indirect optical gap of the Cu..Pt,FeO, (x = 0.01, 0.03 and 0.05) samples.

4.2.3.13 THE RELATION OF ENERGY GAP TO TEMPERATURE

Figure 4.35 is given the approximate and experiment for the direct energy gap (Eg) of the
Cu,.PtyFeO, samples as a function of temperature. The temperature dependence of direct band
gap is calculated by an empirical formula[S7] Eg(T) = Eg(0) ~ [aT? /(b + T)], where E,(0) is the
band gap approximated at 0 K, and a and b are the parameters. The values of a and b used for
0.00075 eV/K and 385K, respectively which estimated value from the CuAlO, delafossite
reported by Dittrich et al.[57]. The value of the E,(0) is obtained 3.575 eV by fitting with
experimental value of the direct band gap at room temperature. However, the fitting curve
exhibits that the direct energy gap is decreased as a result of the increased temperature.
Moreover, the fitting curve shows that the direct energy gap contains value under 3.1 eV with the

range of temperature above 850K.
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Figure 4.35 The temperature dependence of the direct band gap of the Cuy.PtxFeO, samples.

4.2.3.14 ENERGY DIAGRAM

The band energy level diagram of the Cu;.Pt,FeO, delafossite at room temperature is
predicted from the obtained value of activation energy, Fermi energy level and optical energy
gap, as shown in Figure 4.36. The band energy diagram shows the direct energy gap (Eg) of the
Cu,Pt,FeO, samples as in 3.45 eV. The Fermi’s energy (Er) level is above the valence band
edge as in 0.0275 €V, and the acceptor level (E,) is above the valence band edge in 0.049, 0.046,
0.033 and 0.028 eV for the content of the x = 0, 0.1, 0.3, and 0.5, respectively. The experiment
value of the electron affinity (%) of the CuFeQ; is in 4.21 eV which obtained from previous work
[65]. From all energy measurement results, the energy of work function (¢) ,which is in the range
of Fermi level to vacuum level, of the Cu;Pt,FeO, samples can be calculated as shown in

Figure 4.36.
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Figure 4.36 The energy level diagram of the Cu;.«Pt,FeO; delafossite (not exact to the scale).

4.2.3.15 RELATION OF MELTING POINT WITH ENERGY GAP

For application at high temperature, the relation between energy gap and melting point of
temperature for optimal operating thermoelectric materials, Schwartz et. al. [31] have described
in relation of Eg = 4kT}. The optimal band gap plays important role for the best thermoelectric
materials due to it can neglect the behavior in small and large band-gap. The small band-gap
causes to thermally excite minority carriers to reduce the Seebeck coefficient, and causes to
increase the thermal conductivity leading to low thermoelectric performance. In addition, the
large band-gap causes to reduce the mobility of majority charge carriers to reduce the electrical
conductivity leading to low ZT value. For high ZT value, Schwartz et. al. [31] has suggested that
the range of T, is used in 0.9T,; where T, is the melting point of materials. For CuFeO; sample-
based, the 7,, value is 1365 K contributing to the 7 value containing at 1228.5 K for the
optimum indirect energy gap (Eg). Figure 4.37 shows the relation of the temperature dependence
of indirect energy gap (E,) of the Cu,Pt;FeOzsamples. At Ty, = 1228.5 K, the Eg of the CuFeO
sample-based is obtained 0.55 eV. For the Cu,.Pt,FeO2 samples with the content of the x = 0,
0.01, 0.03 and 0.05, the indirect energy gap (E,) decreases with the increasing the Pt content of
the x, and the E¢ value at Ty, = 1228.5 K decreases with the increasing the Pt content of the x to

the constant line of Eg = 4kgT,. This effect relates to the increasing of the ZT value in section
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423.9. This result shows that the optimum the Eg constant value of the Cu, Pt FeO;
delafossite is closely to 4kpTy at the high temperature as affected from decreasing the indirect
energy gap by the Pt-substituted into the Cu site. This result implies that the CuFeO, delafossite
can improve to the high performance of the thermoelectric material by reducing the energy gap
to constant of the 4ksT. In summary, the optimum band-gap (Eg) for good thermoelectric

materials of the CuFeO, delafossite can be occurred at high temperature.
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Figure 4.37 The relation curve of energy gap and temperature.

4.2.4 SUMMARIES

The thermoelectric properties (Seebeck coefficient, electrical conductivity and thermal
conductivity) of the Pt substituted into the Cu site of the CuFeOz samples in content of the x =
0.01, 0.03 and 0.05 samples were measured in the high temperature ranging from 300 to 960 K.
The results of the Seebeck coefficient of the Cu;_Pt,FeO, (x = 0.01, 0.03 and 0.05) samples
display the p-type semiconductor. The Seebeck value of the Cu,_Pt,FeO, samples increases as
temperature increasing, while mini changes as increasing the Pt substation. The average Seebeck

coefficient of all samples is 240 uV/K at room temperature and is 290 uV/K at 960 K. In
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4.3.3.9 ACTIVATION ENERGY
4.3.3.9.1 ACTIVATION ENERGY OF PRODUCTION OF FREE
CARRIERS (Eg)

In applying the p-type of semiconductor, the relation of the Seebeck coefficient is given
[35] by S = (kp/e)[(EF — E,)/ksT]. The activation energy for the production of free carriers E; = (
Er —E,) is obtained by plotting the S vs. 1000/T as shown in the Figure 4.49. An average of E;
value for the CuFesAlysO; sample is obtained 30 meV, for the CuFeQ, sample is 27 meV, and
for the CuAlO, sample is -83.4 meV and -282.9 meV in the Es(1) and the Es(2) region,
respectively. The results of the CuFegsAlysO, and the CuFeO, samples are higher than the
thermal energy at room temperature (kgTaok = 25 meV). Thus, this value indicates that the
CuFegsAlosO, and the CuFeO, samples are a good semiconductor material for thermoelectric
because the charge carriers are ionized near the room temperature for conduction. The minus
sign of the CuAlO, sample represents that the activation energy for the production of free carriers

requires from external system.
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Figure 4.49 The Seebeck coefficient vs. 1000/T curve.
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4.3.3.9.2 ACTIVATION ENERGY OF CARRIER CONDUCTION (E,)

The Arrhenius plot of the CuFeysAlysO,, the CuFeO,, and the CuAlO, samples plotted
by the logo with invert temperature is shown in Figure 4.50. The Arrhenius relation
corresponds to the equation of electrical conductivity by the following relation of & = g,exp(-E,
/ kgT) [35] where kj is the Boltzmann’s constant, £ is the activation energy of conduction , T is
the absolute temperature and o, is the constant. The activation energy (E,) which is obtained by
slopes of the Jogo with invert of temperature corresponds to the activation energy of acceptor
levels in a p-type semiconductor. Figure 4.50 exhibits the slopes of the logo vs. 1000/T of the
CuFeg5AlpsO,, the CuFeO; and the CuAlO; samples. The results show that the slopes are
straight lines with negative slope in all samples indicating that the positive of activation energy
(Es). The E, values of the CuFeO, and the CuFesAlysO, samples are 0.049 and 0.203 eV
respectively. The activation energy (E,) of the CuAlO, is found 2 regions of linear slopes with
value of 0.124 eV for the E (1) region and 0.2554 ¢V for the Es(2) region, respectively. The
activation energies are presentation in shallow or deep acceptor levels in the band gap of the p-
type semiconductor. All so, the E values show that the activation energy of the CuFeqsAlysO;
sample is closely to the CuFeO, sample and is lower than that energy of the CuAlO, sample. The
lower activation energy of the CuFegsAlpsO, and the CuFeO, samples corresponds to the
shallow acceptor level, while the higher activation energy of the CuAlO, sample corresponds to
the deep acceptor level. In addition, the activation energy in the 2 regions of the CuAlO; sample,
the E, values of the E,(1) region lower than that of the £,(2) region contributing to acceptor
level of the E,(1) region shallow than that of region of the E«(2) region. All results of activation
energy of conduction exhibit that all samples are thermally activation in all temperature range.
The slope of the E, for the CuFeO, and the CuFey sAlpsO, samples imply the behavior of metal-
like, while the slope of the CuAlO, sample implied the behavior of semiconductor. In summary,
the results imply that the haft trivalent of the Fe and the Al of the CuFegsAlysO, sample is

affected to enhance the value of the activation energy of conduction.
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Figure 4.50 The log o vs. 1000/T curve.

4.3.3.9.3 ACTIVATION ENERGY OF CARRIER MOBILITY (E,)

Electrical conductivity of non-metals is activated by thermal energy which is energy to
cross barriers for production carries and energy to motion of charge carries. The equation of the
electrical conductivity is described by o = eNu. Totally, the relation of electrical conductivity is
expressed by o = c,exp(—E/kpgT) = e(Noexp[—-E/kpT])(1oexp[-E/kT]) [35, 53], The E,, Es, and
E, represent the activation energy of conduction, of carries production, and of carries migration
(hopping energy for polaron conduction), respectively. Consequently, the total activation energy
for conductor is expressed by E, = E,+E, The activation energies of the E, for the
CuFeo5Alg 5O, and the CuFeO, samples are 0.5 and 22 meV respectively. The E, value of the
CuAlO; sample is 0.1858 eV and 0.5383 eV for the E, (1) and the E,(2)regions, respectively.
The results of the E, of the CuFeO; and the CuFeqsAlysO, samples are less than the thermal
energy at room temperature (kgT300x = 25 meV), while the value of the E, in 2 regions of the
CuAlO; sample higher than the thermal energy at room temperature. The E, of the
CuFesAlgsO, sample is lower than that energy of the CuFeO, and the CuAlO, samples. In
summary, these imply that the haft trivalent of the Fe and the Al of the CuFegsAlosO2 sample is

affected to enhance in reducing of the value of the activation energy of carries migration.
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4.3.3.10 OPTICAL PROPERTIES

The absorption coefficient(q) spectrum of the CuFesAlgsO,, the CuFeO, and the
CuAlO, samples at room temperature were measure as shown in Figure 4.51. The absorption
coefficient is measured in ranging of energy from 1.5 to 6 eV. The results exhibit that the heavy
absorbability of all samples is in the spectrum range from 4 to 6 eV (the UV light), and the week
absorbability of all samples is in the spectrum range from 0.5 to 3.5 eV (the Near IR and the
visible light).

—— CuFe Al O,
- — CuFeO,

CuAlo,

Absorption Coefficient (a.u.)

[t 1 1 i

10 15 20 25 3.0 35 40 45 50 55 6.0
Energy (eV)

Figure 4.51 Absorbance spectrum of the CuFeO; the CuAlO,, and the CuFeq sAly 5O, samples at

room temperature.

The optical energy gap is obtained from a plot of (@hv)™ vs. hv with taking the intercept
on the energy axis. Figure 4.52 shows the indirect and direct energy gap of the CuFeqsAlysO,,
the CuFeO; and the CuAlO, samples, at room temperature. The results show that the indirect
energy gaps of the CuFeo 5AlosO;, the CuFeO, and the CuAlO, samples are 1.1, 1.15and 2.2 eV
as shown in Figure 4.52 (a) and the direct energy gaps exhibit 3.5, 3.45 and 3.2 eV as shown in
Figure 4.52 (b). These can see that the direct energy gap of all samples is larger than 3.1 eV.
These results indicate that the haft trivalent of the Fe and the Al of the CuFeysAlysO, sample is
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effect to reduce indirect energy gap, and it has direct energy gap higher than 3.1 eV contributing

to transparent conducting oxide materials.
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Figure 4.52 (a) Indirect and (b) Direct energy gap of the CuFeq sAlg sO2, the CuFeO, and the
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4.3.3.11 RELATION OF ENERGY GAP WITH TEMPERATURE

The results of the direct band gap (E) of the CuFeosAlosO,, the CuFeO, and the CuAlO;
samples as a function of temperature are shown in Figure 4.53. The temperature dependence of
the approximation of the E, is calculated from the formula[57] of E,(T) = Eg(0) - [aT’/(b+T)].
The values of the a and the b for delafossite are given in 0.00075 eV/K and 385 K,
respectively[57]. The Eg(0) value is 3.6 eV for the CuFegs5Algs02, 3.57 eV for the CuFeO,
sample and 3.3 eV for the CuAlO, sample obtained from the fitting with the experiment E, at

room temperature. All results exhibit that the direct E; decrease with increasing the temperature.
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Figure 4.53 The temperature dependence of the direct band gap of the CuFeo.sAlosO2, the
CuFeQ, and the CuAlQ; delafossite.

4.3.3.12 ENERGY DIAGRAM
The band energy level diagram of the CuFegsAlysO2, the CuFeO; and the CuAlO,

samples at room temperature is predicted from the obtained value of activation energy, Fermi
energy level and optical energy gap. The band energy diagram of the CuFeg sAlosOz, the CuFeO,
and the CuAlO, samples are shown in Figure 4.54 (), (b) and (c), respectively. The band energy
diagram shows that the direct and indirect energy gaps (Eg) of the samples are 3.5, 3.45 and 3.2
eV, and 1.1, 1.15, 2.2 eV for the CuFe(sAlysO,, the CuFeO; and the CuAlO,, respectively. The

Fermi’s energy (Es) level and the acceptor level (E,) as above the valence band edge are 30, 27,
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and 282.9 meV, and 30.5, 49, and 255.4 meV for the CuFegsAlosO2, the CuFeO, and the
CuAlO,, respectively. These results show that the haft trivalent of the Fe and the Al of the
CuFeqsAly 5O, sample is effect to reduce indirect energy gap and to reduce the acceptor level for
contributing to enhance the electrical conductivity, hole concentration, and electrical mobility
from the based delafossite of the CuFeO, and the CuAlO,. In conclusion, the CuFeqsAlgs02

sample can improve the properties for thermoelectric and optical materials.
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Figure 4.54 The energy level diagram of the (a) CuFeO,, (b) CuFesAlg 502, and (c) CuAlO;

delafossite (not exact to the scale).

4.3.3.13 RELATION OF MELTING POINT TO ENERGY GAP

The relation between energy gap with melting point of temperature for optimal operating
thermoelectric materials is described in relation of Eg = 4kgT,. For high ZT value, the range of
Ty, is used in 0.9T,,; where T,, is the melting point of materials.

For the CuFeO; sample, the T,, value is 1365 K contributing to the T} value containing at
1228.5 K for the optimum indirect energy gap (Eg). For the CuAlO; sample, the T, value is 1359
K contributing to the T}, value containing at 1223.1 K for the optimum indirect energy gap (Eg).
For the CuFe;sAlgsO; sample, the T, value is averaged from the value of the CuFeO, and the
CuAlO, samples obtained T, = 1363 K. Also, the T}, value of the CuFeqsAlgsO; is 1226.7 K.
Consequently, the calculation of optimum energy gap in the relation of E¢ = 4kgTh of the
CuFeg sAly sO2, the CuFeO, and the CuAlQ, samples mush contain 0.442, 0.423, and 0.421 eV at
T, = 1226.7, 1228.5, and 1223.1 K, respectively.

Figure 4.55 shows the relation of the temperature dependence of the indirect energy gap
(Eg) of the CuFeq sAlgsO,, the CuFeO; and the CuAlO, samples. For the CuFegsAlysO2 sample,
the Eg is obtained 0.51 eV at Ty, = 1226.7 K. For the CuFeO; sample, the Eg is obtained 0.55 eV
at T, = 1228.5 K. The results shows that the experiments of the optimum Eg for the

CuFeg sAlgsO, and the CuFeO, samples are above closely to the constant line of 4kgT}, at the
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high operation temperature of 0.9 time of melting temperature. The experiment of optimum Eg
of the CuAlOQ, sample is far from the constant line of the 4kgTy at the high operation
temperature. The experiment of the optimum Eg for the CuFeqsAlysO, sample is closely to the
constant line of the 4kgT, more than that value of the CuFeQ; sample. Therefore, the ZT value of
the CuFeqsAlgsO, sample is larger than that value of the CuFeO; and the CuAlO, samples which
is correspondent to experimental of the ZT value in section 5.3.9. In summary, the optimum
band-gap (Eg) for good thermoelectric materials of the CuFeg sAly 50, and the CuFeO, occurs in
high temperature. The improving thermoelectric properties of the CuFeosAlosO2 and the CuFeO,

delafossite can be improved by reducing the E value to the constant line of the 4kpTh.
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Figure 4.55 The relation curve of the energy gap and the temperature.

4.3.4 SUMMARIES

The objective of this section aims to study the thermoelectric properties of the haft-mixed
in B-site of CuFe,sAlysO, prepared to the properties of the CuFeO, and the CuAlO; sample-
based. The properties of Seebeck coefficient, electrical conductivity and thermal conductivity
were measured in the high temperature range from 300 to 960 K. The results display that the
Seebeck coefficient of the CuFegsAlysOa, the CuFeO,, and the CuAlO; samples display the p-

type semiconductor in all temperature range. In addition, the Seebeck coefficient of the
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CuFeqsAlg 5O, and the CuFeO, samples are increased with increasing the temperature, while the
CuAlO, sample is decreased with increasing temperature. The thermal conductivity of the
CuFeO, and the CuAlO, samples are decreased with increasing temperature, whereas the value
of the CuFeqsAlgsO, sample is minimal change with temperature. The maximum ZT values of
the CuFeqsAlgsO,, the CuFeO, and the CuAlO, samples are 0.04, 0.03, and 0.015 at temperature
960 K. These results suggest that the power factor and the ZT value of the CuFeg5Alp 50, sample
higher than that value of the CuFeO, and the CuAlO, samples. For optical properties, the
CuFeg sAlo 5O, sample displays the indirect energy gap lower than that value of the CuFeO; and
the CuAlO, samples, whereas the direct energy gap higher than that value of the CuFeO; and the
CuAlO, samples. These results indicated that the haft mixed B-site of the trivalent of the
CuFeqsAlysO, delafossite can enhances the ZT value, electrical conductivity and electrical

mobility, and can reduces indirect energy gap and the acceptor level.
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CuFe|xSn,O2 samples display values higher that that value of the CuFeO, sample-based. In
addition, the Seebeck values of the CuFe,..Sns0O, samples rapidly decrease as a result of
increased the Sn content. The average values of the Seebeck coefficient of all samples increase
from 250 to 290 uV/K with increasing of temperature. The Seebeck values at room temperature
are 261, 320, 300 and 270 uV/K for the content of the x = 0, 0.01, 0.03 and 0.05, respectively,
and the Seebeck values at 960 K are 290 330, 300 and 320 pV/K for the sample of the content of
the x =0, 0.01, 0.03 and 0.05, respectively. The Seebeck values of the content of the x= 0.01 are
higher than that value in all temperature range. The value of the x=0.01 is in the range from 330
to 370 uV/K. This value is higher than approximate 1.3 times than that value of the CuFeO,
sample-based. In summary, the Seebeck values of the CuFe;«SnO, samples largely decrease
depending on the Sn substitution of the x content. Therefore, the Seebeck values of the CuFe,.
xSn,0; samples, which are the Sn*" ions substitution into the Fe*" sites, can be improved by

small substitution of the Sn content into the CuFeO, compound.
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Figure 4.71 The Seebeck coefficient of the CuFe,; .Sns0, (x=0, 0.01, 0.03, and 0.05) samples vs.
the temperature.
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4.5.3.5 EXTENSIONS HEIKES FORMULA
The Heikes formula as application of the spin and orbital degeneracy and association
with the carries concentration of the CuFe;.,Sn,O, delafossite, the Seebeck coefficient at high
temperature is expressed in the relation:
S .. =_"_Bln(&J-"_Bln[—f_J (4.38),
9 \&) g d-9
where g, is the spin and orbital degeneracy associated with the Fe?" for the CuFeO,
delafossite,
g3 is the spin and orbital degeneracy associated with theFe** for the CuFeO,
delafossite,

c is the concentration of the g, state.

The Heikes formula (4.38) as application for the CuFe;..Sn,O, delafossite, the transition
octahedral oxide of FeOs layer produces the degeneracy of electronic state of the Fe?* and Fe**
ions during to crystal filed effect to spiting 3d energy state into two state of the tag and the e;.
The mixed Fe-trivalent of the Fe’* and the Sn** in the Fe site of the CuFe;.xSn,O, compounds
induces to mixed valiancy of the Fe’* and the Fe?* as chemical formula Cu'[Fe*];.
2[Sn**1[Fe?*],0,. The general state of the Fe** and the Fe** in the CuFeO, compounds occurs in
high spin state. Also, the electronic configuration of the Fe’*(3d”) ion is 3 in the tag state [(tzg)z]
,and is 2 in the e, state [(eg)z]. The Fe**(3d®) ion is 4 in the tag state [(tzg)4] and 2 in the e, state
[(eg)’]. The g; state of the Fe*" is 6 and the g, state of the Fe** is 15.

The ¢ which is the carrier concentration of concentration of the g, state is set to equal the

x=0.01, 0.03 and 0.05.

Therefore, the S value of the CuFe;.,Sn,O, delafossite at high temperature is expressed in

the relation;

6
15

S=—(86.17)ln( )—(86.17)ln[ X J (4.39),

(1-x)

The S values for the content of the x = 0.01, 0.03, and 0.05 are 474.91, 378.49, and
332.67 uV/K. This result is the limitation of the S value for the CuFe..SnO, compound in high

temperature corresponding to the experimental results at 960 K which is not more than the S
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value. The equation (4.39) implies that the S value is decreased as increasing the content of x

corresponding to the experimental results as in Figure 4.71.

In summary, from experimental results and the Heikes formula, the Seebeck value of the
CuFe;xSn,0O; samples, which are the Sn** ions substitution into the Fe** sites, can be improved
by small substitution of the Sn content into the CuFeO, compound due to the mixed valency of
the Fe** and the Fe?* from small substitution of the Sn atom in the transition octahedral oxide of
FeOg layer caused to crystal filed effect spiting the 3d energy state into two state of the t2g and
the e;.

4.5.3.6 ELECTRICAL CONDUCTIVITY

The electrical conductivity (o) of the CuFeO, sample and the CuFe;.,SnsO, samples as a
function of the temperature in the range from 300 to 960 K are shown in Figure 4.72. The results
show that the electrical conductivity of all samples rapidly increases with increasing the
temperature. The electrical values of the CuFe;,SnO, sample in content of the x= 0.01 are
lower than that value of the CuFeO, sample-based, while the electrical values of the CuFe,.
»Sn;0, samples in content of the x= 0.03 and 0.05 are higher than that value of the CuFeO,
sample-based. The electrical values at room temperature of all samples are 3.5, 1, 2.5 and 8
S/em, for the content of the x = 0, 0.01, 0.03 and 0.05, respectively, and the electrical values at
960 K, are 12.5, 5, 13 and 20 S/cm for x = 0.0, 0.01, 0.03 and 0.05 respectively. For the sample
of the content of the x = 0.05 at room temperature, the electrical values as in 8.0 S/cm is
approximate two times larger than that value of the CuFeO, sample as in 3.5 S/cm. The
maximum of electrical values is obtained 20 S/cm as in the content of the x = 0.05 at temperature
960 K. In summary, the electrical conductivity of the CuFe;.,Sn,O, samples largely increase
depending on the Sn substitution of the x content. Therefore, the electrical conductivity of the
CuFe,..SnxO, samples, which are the Sn** ions substitution into the Fe** sites, can be improved
by the large substitution of the Sn content into the CuFeO, compound. In addition, the electrical
«conductivity of the CuFe; xSn,O, samples is increased as increasing of the temperature. Also, the

CuFe; xSn,O; samples are good conductor for using at high temperature.



130

30 T T T T T T T~ T T T 30
+ CuFeSn, O, 1

T 25} —e—x=0 {25
o —A—x=0.01 ]
22 —e—x=0.03 ¢e—0—0
> 21 —e—x=005 ./‘/ 120
g 15| /‘ {15
3 —
o ¢ -
G 10+ 2 [ | 410
O ¢ - /.
= /'._--I A 1
e 5 /’/ A.—-——A"" -5
g | ® a—Aa—4 '
@ ol A—A— i
G 0 0

300 400 500 600 700 800 900 1000
Temperaure (K)

Figure 4.72 The electrical conductivity of the CuFe,;.,Sn,0, (x=0, 0.01, 0.03, and 0.05) samples
vs. the temperature.

o

4.5.3.7 POWER FACTOR
The power factor (PF = O'S2) of the CuFeO; sample and the CuFe;,Sn,O, samples in

content of the of the x=0.01, 0.03 and 0.05 calculated from the measured electrical conductivity
and the Seebeck coefficient as a function of the temperature in the range from 300 to 960 K are
shown Figure 4.73. The power factor for all samples is increased with increasing temperature.
The PF values of the CuFe; ,Sn,O, sample in the content of the x= 0.01 are lower than that value
of the CuFeO, sample-based, while the PF values of the CuFe;Sn,O, samples in the content of
the x= 0.03 and 0.05 are higher than that value of the CuFeO, sample based. The PF values at
room temperature are 0.2x107%, 0.01x107, 0.25x10~ and 0.6x10™* W/mK? for the content of the
x =0, 0.01, 0.03 and 0.05, respectively, and the PF values at 960 K are 1.1x107, 10.6x107,
1.25%107* and 2.25x10™* W/mK? for the content of the x= 0, 0.01, 0.03 and 0.05 respectively. For
the sample of the content of the x = 0.05, the PF value at room temperature displays 2 times
higher than that value of the CuFeO, sample-based, and the PF value at 960 K displays 4 times
higher than that value of the CuFeO, sample-based. In summary, the Power Factor of the CuFe;.
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«Snx0; samples, which are the Sn®* jons substitution into the Fe®* sites into the CuFeO,

compound, is enhanced by the increasing the content of the Sn substitution.
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Figure 4.73 The power factor of the CuFe,.«SnO; (x=0, 0.01, 0.03, and 0.05) samples vs. the

temperature.

4.5.3.8 ACTIVATION ENERGY
4.5.3.8.1 ACTIVATION ENERGY OF PRODUCTION OF FREE

CARRIERS (Ey)

The relation of the Seebeck coefficient is given by S = (kp/e)[(Er — E,)/ksT]. The
activation energy for the production of free carriers E; = ( Er — E,) is obtained by plotting the S
vs. 1000/T as shown in Figure 4.74. The average of the E; value of the CuFeO, sample is 27.5
meV and the CuFe,,Sn,0, samples are 7.47, 18.04, and 29.55 meV for the content of the
x=0.01, 0.03, and 0.05. The results of the content of the x = 0.01 and the x=0.03 are lower than
the thermal energy at room temperature (ksT300x =25 meV), while result of the content of the
x=0.05 is higher than the thermal energy at room temperature. Therefore, the CuFe;.SnyO;
samples, which are the Sn?* jons substitution into the Fe®" sites into the CuFeO; compounds, can
improve to good conductor by increasing the Sn content to ionize the charge carrier for

conduction near the room temperature.
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Figure 4.74 The Seebeck coefficient (S) vs. temperature and 1000/T curve.

4.5.3.8.2 ACTIVATION ENERGY OF CARRIER CONDUCTION (E,)

An Arrhenius plot of the CuFeO, sample and the CuFe;.xSn,O; samples plotted by logo
vs. 1000/T with temperature ranging from 300 to 960 K are shown in Figure 4.75. The
Arrhenius plot corresponds to the temperature dependent of the equation o = A4 exp(~E/ksT).
The activation energies of carrier conduction (£,) in the Arrhenius plot, log o vs. 1000/T is 49
meV for the CuFeO, sample, and are 104, 58 and 32 meV for the CuFe,..Sn,O, samples in the
content of the x = 0.01, 0.03 and 0.05, respectively. The activation energies of the carrier
conduction for the content of the x = 0.01 are higher than that values of the CuFeO; sample-
based, while values for the content of the x= 0.03, and x=0.05 are lower than that values of the
CuFeOsample-based. These results show the activation energy for conduction of the CuFe;.
»Sn,0, samples, which are the Sn?* ions substitution into the Fe® sites into the CuFeO,

compounds, are decreased by increasing the Sn content.
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Figure 4.75 The log ¢ vs.1000/T curve.

4.5.3.8.3 ACTIVATION ENERGY OF CARRIER MOBILITY (E,)

The electrical conductivity for semiconductor is expressed [35] by o = eNr
exp[~(Er-E,)/ksT] uoexp(-E/kT). The overall activation energy for conductor (Eg) is a
combination of two components as a relation [35] of E; = E,+E;, The E, is obtained by the

mobility of carriers as following by a equation y = D exp(-E,/ksI).

From the activation energy for the production of free carriers (Ey) and activation energy
for conductor (E,), the activation energy for carrier mobility is 49 meV for the CuFeO, sample
and are 96.53, 39.96 and 2.45 meV for the CuFe;.,Sn,O, samples in the content of the x = 0.01,
0.03 and 0.05, respectively. The results show that the activation energy for carrier mobility of
the CuFe,.xSnxO, samples, which are the Sn?* ions substituted into the Fe®* sites, can decrease by
increasing the Sn content. The value of the E, implied that the temperature dependent for
conductivity of the CuFe,..Sn,0, samples is major activating from the activation energy for
carrier production and tiny activating from the mobility activation energy from a small polaron

mechanism.
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4.5.3.9 THERMAL CONDUCTIVITY

The thermal conductivity of the CuFe;.,SnyO, samples ware measured by using a laser
flash method by the relation of x = dCpa. The bulk density of the CuFeO, sample is 5.22 glem’,
and the CuFe;Sn,O; samples are 5.27, 5.17 and 5.11 g/cm3, for the content of the x=0.01, 0.03,
and 0.05 respectively. The percentage ratios of bulk density to theoretically density of the
CuFeO, sample are 96.84%, and of the CuFe;xSn,O2 samples are 95.85%, 94.26% and 93.76% ,
for the content of the x=0.01, 0.03, and 0.05 respectively. All results show that the density of

prepared samples is closely to theoretical density.
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Figure 4.76 The thermal conductivity of the CuFe; Sn,02 (x=0, 0.01, 0.03, and 0.05) samples

vs. the temperature.

The results of thermal conductivity (x) of the CuFeO, sample and the CuFe;xSnxO2
samples are shown in Figure 4.76. The results show that the thermal conductivity of the CuFe;.
Sn,0, (x=0.01, 0.03 and 0.05) samples is lower than that value of the CuFeO, sample-based in
all temperature range. The « values of the content of the x= 0.01 show smaller value than that
value in all temperature range. The low value of the x= 0.01 is in the range from 1 to 2 W/m-K.
The x values of the content of the x=0.03 and x=0.05 display value middle between the CuFeO,
sample-based and the sample of the content of x=0.01. In summary, the thermal conductivity of

the CuFe;.xSn,0O, samples, which are the Sn2* ions substitution into the Fe** sites, show the
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smaller value than the CuFeO; sample-based. Therefore, the thermal conductivity of the CuFe,.
«Sn,0, samples can be decreased by substitution of the Sn content.

In the lattice thermal conductivity, the phonon scattering process is expressed [31] by

s[ 132 p
K, = FI:-——-—M7 e (4.39),

where x; is the Umklapp phonon thermal conductivity,
o is the proportionality constant,
T, is the melting temperature,
M is the atomic mass,
p is the density,

T is the operation temperature.

The equation (4.39) shows that the thermal conductivity is function of the invert of
atomic mass. This implied that the thermal conductivity can decrease by selected the compound
that has large of atomic mass. For atomic mass, the Fe atom is 55.84 g, and the Sn atom is
118.69 g. In obviously, the atomic mass of the Sn atom is higher than the Fe atom. Therefore, the
thermal conductivity of the CuFe,.,Sn,0,, which are the Sn*" ions substitution into the Fe** sites,
samples are lower than that value of the CuFeO, samples-based corresponding to experimental
results. In summary, the lower the thermal conductivity of the CuFeO, compound is occurred by

substitution the large atomic mass into the Fe** sites.

4.5.3.10 DIMENSIONLESS OF FIGURE OF MERIT (Z7)

The temperature dependence of the ZT value for the CuFeO; sample and for the CuFe,.
Sn,0, samples for the content of the x= 0.01, 0.03 and 0.05 in the range from 300 to 960 K are
shown in Figure 4.77. The results show that the ZT values of all samples are rapidly raised with
increasing temperature and increasing the Sn content. The maximum ZT value is 0.1 occurring at
960K in the CuFe;.,Sn,O,sample of the content of the x=0.05. Moreover, the sample of the
content of the x=0.05 is higher than 5 times than that value of the CuFeO, sample-based at high
temperature. The sample of the content of the x= 0.03 and x=0.01 is higher than 2 and 1.5 times
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than that value of the CuFeO, sample-based. These results indicate that the Sn** jons substitution
into the Fe** sites of the CuFeO, sample is affected to enhance the ZT values at high temperature.
In summary, the CuFe;xSn,O, compounds, which are the Sn?* ijons substitution into the Fe**
sites into the CuFeO, compound, can be improved the ZT value, which is thermoelectric

properties, to good thermoelectric materials in high temperature.
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Figure 4.77 The ZT value of the CuFe;.,Sn; <0, (x=0, 0.01, 0.03, and 0.05) samples vs.

temperature.

4.5.4 SUMMARIES

The objective of this section aims to investigate the thermoelectric properties of the
substitution of the Sn with 2+ oxidation state into the Fe*" site of the CuFeO, compound. The
properties of Seebeck coefficient, electrical conductivity and thermal conductivity were
measured in the high temperature ranging from 300 to 960 K. The results display that the
Seebeck coefficient of the CuFe;,Sn; O, samples display the p-type semiconductor in all
temperature range. The Seebeck coefficient of the CuFe;,Sn; O, samples is decreased with
increasing the Sn contents. The high of Seebeck coefficient is occurred in small substitution of
the Sn content as the content of the x=0.01. The electrical conductivity of the CuFe;xSnixOz

samples is increased with increasing the Sn contents. Furthermore, the thermal conductivity of
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the CuFe;.,Sn;.xO2 samples is lower than that value of the CuFeO, sample-based due to the large
atomic mass of the Sn-substituted atom. Obviously, the ZT values of the CuFe;xSn;.xO2 samples
increase with increasing the Sn content. The high ZT value of this experiment is 0.1 in the
content of the x=0.05 at temperature 970K. Indeed, the Sn** ions substitution into the Fe’" sites
of the CuFeO, compound is affected to enhance thermoelectric properties in the CuFeO,

delafossite.
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Figure 4.96 The output of electrical current of thermoelectric modules with temperature

difference.

4.7.5.2 OUTPUT POWER N

The output of electrical power of thermoelectric generator (P,,;) is calculated from the

output voltage and the electric current as in the relation [29, 30]:
Bt = Voulou (4.43),
Where P, is the output electrical power,

Lyu is the output of electrical current by setting Rioad = Rinternat,

Vou 1s the output of electrical voltage.

Figure 4.97 shows the output of electrical power of the 1 couple and the 2 couples of the
n-p leg module. The 1 couple of the n-p leg module shows output power ranging from 0.0171 to
0.26765 nW, while the 2 couples of the n-p leg module display output power ranging from
0.0649 to 2.57114 nW. The results show that the 2 couples of the n-p leg module contain the
output power higher that that value of the 1 couple of the n-p leg in 10 times.
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Figure 4.97 The Output power of the thermoelectric modules with temperature difference.

The output voltage and output power are plotted with the output current are shown in
Figure 4.98 and Figure 4.99, respectively. The results shows that the output voltage and the
output power of the 1 couple and the 2 couples of the n-p leg module are increased with
increasing the electrical current. The 2 couples of the n-p leg module contain the voltage value
higher than that value of the 1 couple of the n-p leg module. In addition, the 2 couples of the n-p
leg module contain the electrical power value higher than that value of the 1 couple of the n-p leg
module. The high output of the electric power in this woke is 2.5 nWatt as in the output current
0.035 pA of the 2 couples of the n-p leg module. These results imply that the large number of the

thermoelectric couple leg leading to high output of electric power.
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Figure 4.98 The output voltage of the thermoelectric modules with output current.
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Figure 4.99 The output power of the thermoelectric modules with output current.
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4.7.6 SUMMARIES

The prototype of thermoelectric modules was invented in model of 1 couple and 2
couples of the p-n leg module. The module components were used the p-leg from the
Cuo.95Pto.0sFeO, specimen and the n-leg from the CuFeg9sPby 050, specimen. The dimension of

3 and the n-leg is 2.0x5.0x5 mm’. The output power of the

the p-leg is 3.0x5.0x5 mm
thermoelectric generator modules was measured by applied the temperature difference ranging
from 10 to 160 K with increment in the stepping of 10 K. The results show that the output of
electric voltage and electrical current of the 1 couple and the 2 couples of the p-n leg module are
increase with increasing temperature. The 2 couples of the p-n leg module displays output
voltage ranging from 0.012 to 0.0341 pA, which is higher that value of the 1 couple of the p-n
leg module in 6 times. Furthermore, the 2 couples of the p-n leg module display output electrical
power ranging from 0.0649 to 2.57114 nW, which is higher that value of the 1 couple of the p-n
leg module in 10 times. These results confirm that the 2 couples of the p-n leg module show the
output value higher than that value of 1 couple of the p-n leg module. The high value of the
output of the electrical power on the 2 couples of the p-n leg module is 2.5 nW with the range of
the output electric current in 0.035 pA, and with the temperature difference 160 K. In summary,

the compound of the CuFeO, delafossite can be used for the thermoelectric generator device.
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CHAPTER 5
RESULTS AND DISCUSSION

This thesis aims to investigate and improve the thermoelectric properties of the
CuFeO, compound as the low-cost materials for invention of thermoelectric device with
operation in high temperature. This section deals with the discussion of the experimental

results. The detail of the discussion of each experimental result is reported below.

5.1 DISCUSSION OF EXPERIMRNTAL RESULTS

This topic concerns with the comparison of the experimental results of the
improvement of the CuFeO, compound by substituted the Pt, Al, Sn and Pb atom. In
comparing results, the thermoelectric properties of the Cu;4Pt,FeO,, CuFegsAq.sO,, CuFe,.
«Sn,0; and CuFe;..Pb,0, samples were compared to results of the CuFeO, sample-based.
Obviously, the best materials of thermoelectric occur in high ZT value as high Seebeck
coefficient and electrical conductivity, and low thermal conductivity with operation in high
temperature. Also, the detail of the comparison is reported by separating in each property as
the Seebeck coefficient, electrical conductivity, thermal conductivity and the ZT value on all

sample results as following:

» The Seebeck coefficient:

The comparison of the Seebeck coefficient of the CuFeO,, CuyggsPtgosFeO,,
CuFeo5A0.502, and CuFe,Sn,0; (x=0.01, 0.03, and 0.05) samples is shown in Figure 5.1.
The results show that the CuFe ¢9Sng 0, sample as the Sn®* ions substituted into the Fe**
sites exhibits the highest value of the Seebeck coefficient of in this experiment. The high
value of the CuFe.99Sng0;0; sample is 375 pV/K, which is higher 1.3 times than that value
of the CuFeO, sample-based.
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Figure 5.1 The Seebeck coefficient of the Cug gsPty.0sF€O2, CuFeq sAq.502, CuFe;xSn,O,
(x=0.01, 0.03, and 0.05) samples and the CuFeO, sample-based.

» The electrical conductivity:

The comparison of the electrical conductivity of the CuFeO,, Cug 95Pt.05FeOo,
CuFegsAqsO,, and CuFeg9sSno0s0, samples is shown in Figure 5.2. The results show that_
the CugosPtoosFeO, sample as the Pt'* ions substituted into the Cu'* sites exhibited the h
highest value of the electrical conductivity from all samples in this experiment. The high
value of the CugosPtoosFeO, sample is 23 S/cm at 960 K, which is higher 2 times than that
value of the CuFeQ, sample-based.
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Figure 5.2 The electrical conductivity of the Cug.osPto 0sFeO2, CuFeq 549502,
CuFeg.95Sn9,050, samples and the CuFeO, sample-based.

» The thermal conductivity:

The comparison of the electrical conductivity of the CuFeO, Cuo,gsPto,osfeOZ,
CuFe, sAg.s0,, CuFe;Sn,0, (x=0.01, 0.03, and 0.05) and CuFe;+Pb,O, (x=0.03 and 0.05)
samples is shown in Figure 5.3. The results show that the low thermal conductivity occurs in
the CuFeg99Sng;O0; sample as the Sn?* ions substituted into the Fe®* sites and the
CuFeg 97Pbg 030, and CuFegg5sPbg 050, as the Pb** ions substituted into the Fe** sites. These
results are effect from the high atomic mass of the Sn and the Pb atom substituted into the Fe
site. The thermal conductivity of the CuFeg99Sng,0102, CuFeq.97Pbo.0302, and CuFeg 95Pbg 0502
sample is approximately 1 W/mK which is lower 5 to 7 times than that value of the CuFeO,

sample-based.
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(x=0.01, 0.03, and 0.05), CuFe;.,PbsO, (x=0.03 and 0.05) samples and the CuFeO, sample-

based.

» The ZT value:
The comparison of the ZT value of the CuFeO,, CuggsPto.osFeOs,, CuFegsA050,,
CuFeg95Sng 0502 and CuFeg 9sPbg 05O, samples is shown in Figure 5.4. The results show that

the CuFeg.95Sngos0.sample exhibited the highest value of the ZT value from all samples in

this experiment. The high value of the CuFeg95Sno0sO2 sample is 0.1 at 960 K, which is

higher 4 times than that value of the CuFeO, sample-based.
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Figure 5.4 The ZT value of the Cug 9sPt.05F€O2, CuFeq sAq50;, CuFeg95Sng,05032,
CuFeg.95Pbg 95O, and the CuFeO, sample-based.

5.2 SUMMARIES

The above results can be concluded that:

1) The high electrical conductivity of the CuFeO, compound can be improved by
substituting of large number of the Pt'* ion into the Cu site.

2) The high Seebeck coefficient of the CuFeO, compound can be improved by
substituting the small amount Sn** jons into Fe site.

3) The low thermal conductivity of the CuFeO, compound can be improved by

substituting the Sn or Pb atom as high atomic mass into Fe site.

In conclusion, the high ZT value in this experiment occurs in the CuFeq 955190502 compound

as valuein 0.1.



166

CHAPTER 6
CONCLUSION AND SUGGESTION

This thesis aims to investigate the thermoelectric properties of the CuFeO, compound
as the low-cost oxide materials, to improve the thermoelectric properties of the CuFeO,
compounds for thermoelectric materials, to use the Finite Element technique for computing
of the output thermoelectric generator performance, and to preliminary invent the prototype
of thermoelectric device from our synthesized samples. The details of each purpose are
separated as following:

1) For investigation the thermoelectric properties of the CuFeO, compound, the
specimens were synthesized by the conventional solid state reaction method from the CuO
and the Fe,O; starting powder. The thermoelectric properties of the CuFeO, sample were
analyzed and compared their properties to conventional thermoelectric materials of the
Bi;Te; and the NaCoOa.

2) For improvement the thermoelectric properties of the CuFeO, compound, the
samples were synthesized with substituted the Pt, Al, Sn, and Pb atom by using the starting
powder of PtCl,, AL,O3, SnCl, and PbO,, respectively. The Cu,.,Pt,FeO, samples were using
to investigate the effect of thermoelectric properties of the Pt'*-substituted into the Cu'" sites.
The CuFeosAlysO, sample was using to investigate of the effect thermoelectric properties of
the haft-mixed trivalent with compared the properties to the CuFeO, and CuAlO, sample.
The CuFe;_Sn,O, samples were using to investigate the effect of thermoelectric properties of
the Sn*'-substituted into the Fe** sites. The CuFe;..Pb,O; samples were using to investigate
the effect of thermoelectric properties of the Pb**-substituted into the Fe* sites.

3) For the Finite Element computing, the results of output voltage of the
thermoelectric generator of the CuFegsAlysO, model were compared to the results of the
experiment from the CuFeg sAly sO, sample.

4) For the thermoelectric prototype, the thermoelectric modules were invented from
one p-leg from the CuggsPto.0sFeO2 sample and one n-leg from the CuFeo95Pbo 502 samples.
The modules in thermoelectric generator were measured the output voltage, current, and

power.
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6.1 CONCLUSION
From the structure of the CuFeO, delafossite, its structure is alternative stacking by
the layers of O-Cu-O dumbbell and FeO, edge-shared octahedral along with the c-axis. The
Cu" cation is linearly connection with O antion in c-axis. The [FeO,] octahedral-shaped are
formed by charring of edge FeO,. The trivalent Fe** ions occupy in the middle of the
octahedral block.
From the experimental results, the improvement of the CuFeO, delafossite to the high
performance for the thermoelectric materials can be concluded that:
1) The electrical conductivity can be enhanced by partial substitution the monovalent
of the Pt'* (5d° ions) cations into the Cu'* (3d'? ions) site.
2) The Seebeck coefficient can be improved by small amount substitution the Sn**
cations into the trivalent Fe*” site.
3) The thermal conductivity can be decreased by substitution the Sn** or Pb*
cations, which have large atomic weight, into trivalent the Fe** site
4) The production of n-type in the CuFeO, delafossite can be synthesized by

substitution the Pb** into the trivalent Fe*" site.

From the Finite Element computing and the output of electrical power of the
prototype of thermoelectric module of p-CugosPtsFeO2 leg and n-CuFeg 9sPbg.0sO2 leg, the
experimental results can be concluded that:

5) The output of electric voltage, current, and power can be increased by increasing

the number of leg in the module.

Indeed, the low-cost materials of the CuFeO, delafossite can be improved to high

performance for thermoelectric device using in high temperature.

6.2 SUGGESTION AND FUTURE WORK

From the conclusions, the high electrical conductivity occurs on the Pt-substituted
into Cu site, high Seebeck coefficient occurs on the case of the tiny Sn-substituted into Fe site
Sn, and the low thermal conductivity occurs on the case of the Sn- or Pb- substituted into Fe
site. From the above results, the high thermoelectric performance of CuFeO; delafossite may
be occurred in Cu;.Pt;Fe;,SnyO, and Cu,..Pt,Fe;yPbyO.compounds. Also, these compounds

will be synthesized and investigated in future work.
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POWDER DIFFRACTION DATA
FOR PHASE CHARACTERIZATION

BOLD FACE ITEMS ARE CONSIDERED ESSENTIAL
{ ) INDICATES STANDARD DEVIATION IN LEAST SIGNIFICANT DIGIT/S

SAMPLE CHARACTERIZATION

NAME (CHEMICAL, MINERAL, Trivial)

CHEMICAL FORMULA
Cu0.95Pt0.05Fe02

CHEMICAL ANALYSIS NO

SOURCE/PREPARATION
CuO (Merk, 99.98%)+ Fe203(Sigma-Aldrich, Inc., 99%) +PtCl2 (Sigma—Aldrich)/(Solid State Reaction)
sintered on alumina boat in furnace at 1050 C under air atmosphere for 15-25 h.

CHEMICAL ABSTRACT REGISTRY NUMBER

PEARSON ALLOY DESIGNATION

TECHNIQUE

RADIATION TYPE, SOURCE
Cu

A VALUE USED 1.4505600 A

A DISCRIM. (Filters Mono, etc) Ni

A DETECTOR (Film, Scint, Position Sensitive, etc.) Proportional Xe

INSTRUMENT DESCRIPTION (Type, slits, etc.) Soller s]it0.04 rad

DIV= ltheta REC= ltheta

INSTRUMENTAL PROFILE BREADTH AT °20

TEMPERATURE (°C) 25

SPECIMEN FORM/PARTICLE SIZE Solid (d=1cm)

RANGE OF 26 FROM 5 °20 TO 100 °26, SPECIMEN MOTION

INTERNAL/EXTERNAL 28 STD(if any)

20 ERROR CORRECTION PROCEDURE

INTENSITY MEAS. TECHNIQUE
PEAK HEIGHT PEAK AREA

MINIMUM INTESITY THRESHOLD (IN RELATIVE INTENSITY UNITS)

INTENSITY STD USED

26'S OF INTENSITY STD

INTENSITY RATIO VI

CONVERSION FACTOR IF CORUNDUM NOT USED

RESOLUTION (FWHM) FOR THIS MATERIAL: °20 AT °26

26 REPRODUCIBILITY FOR THIS MATERIAL: °20 AT °20
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CELL DATA

METHOD OF CELL DETN.

CELL REFINEMENT METHOD

‘a= 3.0481

(A

b= 3.0481

( YA

¢=17.166

( )A

a=90

°( °)

B=90

°( %)

v= 120

V=138.199

A’ =3

Dp=35.19

D;"—'

( ygem®

Formula Wi=

CRYSTAL SYS.

SPACE GROUP R -3 m (166)

NUMBER

CRYSTAL DATA INDEX No.

FIGURE OF MERIT TYPE

VALUE

Refl:(XRD run)

By:Wutthisak Prachamonb.

REFERENCES

At:Department of Physics, Faculty of Science, Ubon Ratchathani University, Ubon

Ratchathani 34190, Thailand

Ref2:(Article and Experiment)
By: Dr. Chesta Ruttanapun

Site: C. Ruttanapun, A. Wichainchai, W. Prachamon, A. Yangthaisong,
A. Charoenphakdee, T. Seetawan, "Thermoelectric properties of Cul—xPtxFeO2

(0.0<x<0.05) delafossite-type transition oxide",J. Alloy. Compd. 509 (2011) 4588-4594.
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ESSENTIAL DESIRED
26 EXP* I, Dexp hkl ®20%+
(DEGREES) (1-1000) (A) (DEGREES)
(%)
31.2889 22.66 2.85648 006
34.5498 6.17 2.59398 101
35.749 100 2.50966 012
40.2595 16.2 2.23828 104
43.1696 3.22 2.0939 015
47.2044 1.9239 3.97 009
55.2691 13.21 1.66073 018
61.0726 16.9 1.51608 110
64.875 75 1.43611 1010
65.2089 321 1.42956 0012
70.1779 6.09 1.34001 0111
72.7791 4.84 1.29839 202
75.6521 2.8 1.25606 024
86.8857 228 1.12022 208




D: CRYSTALLOGRAPHIC REFERENCE

D.1: CuFeO, ICSD#10-075-2146
D.2: CuO JCPSD#05-0661
D.3: Fe;0;  JCPDS#07-0322
D.4: CuAlO, JCPSD# 35-1401
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Date: 24/9/2009 Time: 14:40:42

D.1

CuFeO;: ICSD#10-075-2146

File; 01-075-2146

User: Administrator

Name and formula

Reference code:
ICSD name:

Empirical formula:
Chemical formula:

01-075-2146
Copper Iron Oxide

CuFeO,
CuFeO,

Crystallogqraphic parameters

Crystal system:
Space group:
Space group number:

a(?):

b(?):

c(7)

Alpha (7).
Beta (?):
Gamma (?):

Calculated density (g/cm*3):
Volume of cell (106 pmA3):
Z

RIR:

Subfiles and Quality

Subfiles:

Quality:
Comments

Additional pattem:

Rhombohedral
R-3m
166

3.0351
3.0351
17.1660
90.0000
90.0000
120.0000

5.51
3.00

5.49

Inorganic
Corrosion
ICSD Pattern
Calculated (C)

See PDF 39-246 and 85-605.

ICSD collection code: 031918

Primary reference: Caleulated from ICSD using POWD-12++, (1997)

Structure: Prewitt, C.T., Shannon, R.D., Rogers, D.B., Inorg. Chem., 10, 719, (1871)

Peak list

No. h k 1 d [A) 2Theta[deg] I [&]
1 0 0 3 5.72200 15.473 2.9
2 0 0 € 2.86100 31.238 29.6
3 1 0 1 2.59819 34.492 8.1
4 0 1 2 2.5132¢6 35.696 100.0
5 1 0 q 2.24146 40.200 34.2
6 o] 1 5 2.08704 43.319 2.4
7 0 0 9 1.90733 47.640 1.1

10f2
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Date: 24/9/2009 Time: 14:40:42

File: 01-075-2146

User; Administtator

8 1 0 7

9 0 1 8
10 1 1 0
11 1 1 3
12 1 0 10
13 0 ] 12
14 1 1 6
15 0 2 1
16 2 0 2
17 0 2 4
18 2 0 5
19 1 1 9
2 1 0 13
21 0 2 7
22 0 0 15
23 2 0 -]
24 0 1 14

Stick Pattern

Intengity (%)
10

1.79308
1.66221
1.51755
1.46684
1.43725
1.43050
1.34063
1.31040
1.29910
1.25663
1.22738
1.18753
1.17994
1.15837
1.14440
1.12073
1.11119

50.884
55.216
61.007
63.356
64.817
65.161
70.141
72.007
72.733
75.612
77.746
80.881
B81.511
83.363
B4.614
86.837
87.771
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D.2

CuO: JCPSD#05-0661

050661 Wavelength= 15405 i
Cu0 29 int h k 1 2¢ Int h k 1
Copper Oxide 32519* 12 1 1 0 103.502 4 T 15
35450t 49 0 0 2 107.098 3 420
35551 100 T 1 1 109.447 <1 T 3 3
Tenorite, syn 38.726* 96 1 1 1 110227 4 1 2 2
*
Rad: CuKal & 15405  Filler: Ni BelaM  d-sp: PEEAEN 0200 e 20 94
Cut off: Int.: Diffract. I/lcor.: 1.90 48759+ 25 £ 0 2 115.651 2 133
.
Ref: Swanson, Tatge, Natl. Bur. Stand. (U.S.). Circ. 539, 1, 49 I neser 1 511
(1953) 58312 14 2 0 2
61587 20 T 1 3
Sys.: Monoclinic S.G.: C2/c (15) 65.803* 12 0 2 2
. . . . . 66.224* 15 3 1 1
a: 4.084 b: 3.425 c: 5.129 A: 13878 C: 1.4975 68137 19 2 2 0
al p: 99.47 y: Z 4 mp: 72.411° 7 311
S 75.019* 6 0 0 4
Ret: bid. 75228 7 Z 2 2
80.17v* 2 Z 0 4
¥
Dx: 8.510 Drm: SS/FOM: Fag=18( .037. 46) beorz 3 g 13
Color: Black gggg‘:: f 2 é g
X-ray pattern at 26 C. Sample from Johnson Matthey Company. 88582+ 2 7 0 2
Speciroscopic analysis: faint traces of Fe and Mg. Opaque 89.759’ 6 T 3 1
mineral optical data on s(fecimen from Cornwall, England: o167 2 1 3 1
R3RX=211-25.7, Disp.=Std., VHN100=304—-339, Ref.: IMA 95.842' <1 20 4
Commission on Qre Microscopy QDF. Cu 0 type. C.D. Cell: oB382* 3 0 2 4
8=5.129, b=3.425, c=4.684, =99.47, 8/b=1.4975, §9.741* 4 3 | 3
¢/b=1.3678, S.G.=A2/a(15). PSC: mC8. Mwt: 79.55. 101881 <1 4 0 2

Volume[CD): 81.18.

©1998 JCPDS~International Centre for Diffraction Data. All rights reserved.
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Fe,05: JCPDS#07-0322

220

07-0322 Wavelength= 1.7002
Fe0.Fe203 2e¢ Int h k 1
Iron Oxide 21226* 30 1 1 1
35.081* 60 2 2 O
41.430* 100 3 1 1
Magnetite 43.322* 10 2 2 2
" 50.635* 50 00
Rad. CoKa & 17002  Filter: Fe BetaM  d-sp: ey 0 4123
Cut off: Int.: Estimation 1/lcor.: 67.317* 60 5 1 1
i - 74.104* 70 4 4 0
Ref: Rooksby, X-Ray Identification and Crystal Structures of 84014* 10 6 2 O
Clay B86.820* 30 5 3 3
89.988* 10 6 2 2
Sys.: Cubic S.G.: Fd3m (227) 95.525* 20 4 4 4
. . . . . 106.107 20 6 4 2
a: 8.380 b: c A (o4 110258 50 7 3 1
al B y: 7.8 mp: 117322 20 8 0 O
. 129909 10 6 8 0
Ret: Ibid. 135243 40 7 5 1
145208 30 B8 4 O
Dx: 5.208 Dm: 5.175 SS/FOM: Fig=8( .090. 25)
sa: nof: 2.42 o Sign: 2V
Ref: Tbid.

Color: Black

PSC: cF56. Delete: Weissmann letter for December {961, Mwt:

231.54. Volume[CD}: 590.59.

©1996 JCPDS-Intcrnational Centre for Diffraction Deta. All rights reserved.
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D4

CuAlQ;: JCPSD# 35-1401

35-1401 Wavelength= 1.5418 .
CuAlo2 Re Int h k 1 Re Int h k 1
Copper Aluminum Oxide 15890 10 0 0 3 112.087 4 1 2 2
31.696* 40 0 O 6 112.994 1 0 117
36720* 47 1 0 1 115.187 2 21 4
37.881* 100 0 1 2 128.637 3 128
*
Rad.: CuKa  a: 1.5418 Filler: Ni Beta.M d-sp: Diffractomeler :ggé?, 23 (l) g ; }ggégl}; g g (l) 18
Cut off: Int.; Diffract. 1/lcor.: 52.914* 4 1 0 7 146.765 1 0 2186
Rof: Ishizawa, N., Tokyo Institute of Technology. Tokyo. Japan, 2'57:23;}: gg (1) i g 148.234 1 0120
Private Communication, (1984) 66161* 5 0 012
66.930* 156 1 010
Sys.: Rhombohedral $.C.: R3m (166) 67632* 1 1 1 3
v
a: 2.8567(1) b c: 16.943(1) A c:sgst0 724 2 PR
a: g T Z:3 mp: 77330t 2 0 2 1
*
Rel:’Ishiguro, T. et al., Acta Crystallogr.. Sec. B: Structural ggggé. g (2) (z) E
Secience, 39, 564 (1983) 85284* 3 1 1 O
Dx: 5.007 Dm: 5.080  SS/FOM: Fag=45(.0159, 42) 0 2 o iu
Color: Dark blue ig?ggg g é é }(2)
Prepared by solid state reaction of Cu2 O and Al2 03 at 1373 K 104.724 2 1 016
in N2 atmosphere. Chemical analysis (wL.%): Cu 51.8, Al 22,1, O 109'964 2 0 018
26.1. 3R polytype. Silicon used as an external stand. PSC: “1'325 1 211

hR4. To replace 9—185. Mwi: 122.53. Volume[CD]: 119.74.

©1996 JCPDS~International Centre for Dilfraction Data. All rights reserved.
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