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Figure 4.2 Rietveld refinement result for the powder X-ray diffraction pattern of CulnTez. Inset
shows dependence of lattice constants (a on left axis, ¢ on right axis) with respect to
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Figure 4.3 Temperature dependence of magnetic properties for Culni-xMnsTez with x=0.0-0.02.
(a) Magnetic field dependence of magnetization M measured at 5 K (b) Magnetic field
dependence of magnetization M measured at 300 K..........ccccceeevviviiiiiiiieee e, 55

Figure 4.4 Inverse of magnetic susceptibility verses temperature. Contribution from pristine
CulnTez has been subtracted from measured susceptibility. Black solid lines shows
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Figure 4.5 Temperature dependence of electrical properties. (a) Electrical resistivity, (b) Seebeck
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Figure 4.7 Plots of Seebeck coefficient at temperature 324, 370, 420, and 463 K as a function of
Ino. Black dotted lines have the slope of -86.14 nV/K. For x=0.02 sample, data (shown
with triangles) lie above the slope line of non-doped sample (shown with squares),
indicating improvement in the effective mass term with Mn doping. ........ccccccevveennne 59

Figure 4.8 Relative power factors of CulnixMnxTez with respect to that of x = 0 as functions of
temperature. Yellow regions (T < 450K) corresponds to the degenerate semiconductor
region, and white (> 450K) indicates the intrinsic semiconductor region. In degenerate
semiconductor region below 450 K relative power factor values increases and then
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Figure 4.9 Temperature dependence of thermal transport properties. (a) Total thermal
conductivity, (b) electronic thermal conductivity, (¢) Figure of merit (Z7) for Culni-
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Figure 5.1 Powder XRD patterns of polycrystalline samples of CuGai-xFexTez (x=0, 0.01, 0.02,
0.03). At the bottom of the XRD patterns standard reference card data is shown.64
Figure 5.2 (a) Powder XRD patterns of polycrystalline samples of CuGai-xFexTes (x=0.04, 0.05).
Clearly showing secondary phase peaks in the inset. (b) Plot of Lattice constants with
respect t0 F'e COMPOSITION. .....c..uviiiiiii ittt e e e e e eeeare e e e e e e e eeeaens 65
Figure 5.3 BSE images captured in EPMA for (a) CuGaTe: (b) CuGao.gsFeooiTes (c)
CuGao.gsFeoo2Tez, (d) CuGaogrFeoosTes, (e) CuGaossFeo0sTez, (f) CuGao.gsFeo.o5Tes.
MI[1,2,3,4,5,] are the points mentioning the main phase and S[1,2,3] are the points
referring to secondary PRASES. .........oouiiiiiiiiiee i e e 67
Figure 5.4 displays mapping of the elements (Cu), (Ga) (Fe) (Te) and (O) for the sample (a)
CuGaTez and (b) CuGa0.99F€0.01Te2.....c.cvrevevieiiereeiieteeieeeteeeee ettt 68
Figure 5.5 displays mapping of the elements (Cu), (Ga) (Fe) (Te) and (O) for the sample (a)

viil


file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165258
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165258
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165258
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165259
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165259
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165259
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165260
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165260
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165260
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165261
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165261
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165262
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165262
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165263
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165263
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165263
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165263
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165264
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165264
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165264
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165264
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165264
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165265
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165265
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165265
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165266
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165266
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165267
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165267
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165267
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165268
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165268
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165268
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165268
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165269
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165269
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165270

CuGao.sFeo.02Tes.and (5) CUGA0.97F€0.03TO2 ...uveeeeeeeeeeeeeeeeeee e et eeeeeeeeeeeeeeeeeeeen 69
Figure 5.6 displays mapping of the elements (Cu), (Ga) (Fe) (Te) and (O) for the sample (a)

CuGao.96Fe0.04Tea. (b) CuGa0.95F€0.05T 2. ...ovevvivieieieeeieeeeeeee ettt 70
Figure 5.7 (a) Plots of electrical resistivity (b) Seebeck Coefficient as a function of temperature
for CuGaixFexTez where x = 0.070.05........ccooviiiiiiiiiieieeiieee et eereee e e e 71

Figure 5.8 Plots of Power factor as a function of temperature for CuGai-xFexTez where x = 0.0-
LU0 L5 T PP P PP PP PP PP PPPPPPPPPPPPPPPPRt 72
Figure 5.9 Plots of (a) total thermal conductivity (b) lattice thermal conductivity as a function of
temperature for CuGai<FexTe2 where x = 0.0-0.05. (c) Lattice thermal conductivity
plot with inverse of temperature. Black dotted lines shows linear fitting. (d) Lattice
thermal conductivity values at different temperature as a function of Fe doping
CONCENTTATION 1..uetieiiiieiite ettt ettt et ettt e ettt e st e s bt e e sabeeesabeeebbeesabeeesabeeenaeeenas 73

Figure 5.10 Figure of merit (Z7) values as a function of temperature for CuGai-xFexTe2 where x

1X


file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165270
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165271
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165271
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165272
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165272
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165273
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165273
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165274
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165274
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165274
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165274
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165274
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165275
file:///C:/Thesis%201/thesis%2012-012019/Thesis_Fahim_Ahmed%20(1).docx%23_Toc535165275

List of Tables

Table 1: shows values of lattice constants, and relative densities for all the nominal

[eTe) ] oY1) 1 (o) s 1= T 39

Table 2: Values of effective magnetic moment, Curie constant and Weiss temperature for

CuGai-xMnyTez obtained by data fitting. ........cooevveeiieiiiiiiieiiiee e 45

Table 3  Values of Curie constant, Weiss temperature and Effective magnetic moment (pies).



Introduction

Energy harvesting has become the most important research topic in the modern world. There is
swelling demand for electricity. Most of energy is extracted using natural energy resources. This
led to depletion of fossil fuel [1], [2]. Besides this, abundant use of fossil fuel have increased
environmental pollution. Hence, alternate energy sources should be in high priority to tackle
energy related issues. Renewable energy sources like solar cell, Fuel cell, Wind power are
already being used as a substitute. Most of the energy generated form fossil fuel is being wasted
in the form of heat. For example, in vehicles (> 60 %) of energy produced from gas is wasted and
only 40 % is used [2]. Similarly in homes major part of electricity is wasted in the form of heat.
Thermoelectric (TE) energy conversion can help in recovering this waste energy. TE devices are
capable to convert waste heat directly into useful electricity. Generally, dimensionless Figure of
merit, Z7T=5%0T/k is used to evaluate TE material. Where Sis Seebeck coefficient, ois electrical
conductivity, x represents thermal conductivity and 7'is symbol for absolute temperature [3].
Short detail of mechanism and other important equations to understand working of
thermoelectric generator (TEG) are presented in chapter 1. Good thermoelectric materials have
high Seebeck coefficient and electrical conductivity, whereas thermal conductivity should be low
to maintain temperature gradient inside the material. This is very difficult for a material to
have these qualities simultaneously [4]. Various approaches and techniques are used to de-link
these parameters in order to enhance overall Z7 value. i.e. Nano structuring, Band gap
engineering, charge carriers optimization, Nano inclusions etc [1], [4]-[7]. High ZT'is mandatory
to make TE devices more common. In comparison with other renewable techniques,
thermoelectric energy conversion offers multiple advantages [8], [9]. First of all, there are no
moving parts in a thermoelectric device thereby TE device need no maintenance and work for
longer period of time. TE devices are compact in size which enables them to extract waste heat
from most of working places. TE devices can be designed to withstand harsh environment
conditions as well. Hence, quest for new and efficient thermoelectric materials is in high demand.
In this thesis we discussed an alternate method to improve the Z7 value. In this context we
studied chalcopyrite type materials and carried out their TE properties. CuGaTe: based
materials are being studied extensively for TE applications [10]-[19]. Because of their Diamond
and zinc blende type structure their properties are most favorable for an ideal TE material.
Moreover their Z7T value is higher than most TE materials being under research making them
very close to be used in TE devices. The aim of this research is to improve TE properties by new
and previously developed methods. We proposed that by substituting a magnetic ion into a dilute
magnetic semiconductor we can enhance power factor value, thereby overall Z7 of TE material.
The interactions between charge carriers and magnetic moments of magnetic element

contribute towards enhancement of power factor by increasing effective mass. (Magnetic

x1



enhancement). The other part of the thesis discuss about secondary phase assisted
thermoelectric properties enhancement. In this part we discussed importance of microstructure
analysis. By controlling microstructure we can reduce lattice thermal conductivity more
effectively. Highest Z7 value of 0.83 was achieved by implying Mn ions in CuGaTez [20]. Which
1s 40% enhancement of Z7value. In the other case we measured Z7value of 0.92 by controlling
microstructure and reducing thermal conductivity. Which is around 60% of Z7' enhancement
[21]. We expect to apply these mechanisms in order to enhance thermoelectric properties of

various other TE families and materials.
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Outline of Thesis

In the first chapter of this thesis we present a brief introduction to thermoelectricity. We
discussed the thermoelectric effects which are Seebeck effect, Thomson Effect and Peltier effect.
Moreover we discussed equations governing Figure of merit (Z7) and efficiency. Also commonly
used thermoelectric materials and approaches to enhance TE properties are briefly discussed.
Lastly this chapter pictures the current state of thermoelectric materials for energy conversion

applications.

In the second chapter we discussed the synthesis method used in fabrication of materials. This
chapter presents various stages of synthesis as well. Also we present mechanism and working

of essential experimental techniques used to characterize materials.

In the third chapter we showed results of thermoelectric properties of CuGaixMnxTes. A new
idea of magnetic enhancement in power factor is presented. It has been demonstrated that by
substituting a magnetic ion in CuGaTez, a significant enhancement in the power factor is
observed. Using theoretical model interpretations and evaluating magnetic properties we
showed power factor surpass normal carrier tuning effect. Owing to reduced thermal
conductivity and carrier magnetic moments correlations we observed around 40 % enhancement
in the power factor. Results demonstrate that magnetic ion doping is an effective technique to
enhance thermoelectric properties. In addition, open an opportunity for research on other

thermoelectric families.

In Fourth chapter we presented thermoelectric and magnetic properties of Culni<xMnxTes.
Results showed that the Mn ions doped in CulnTez are in the Mn3* state. From the Curie-Weiss
fitting, a strong antiferromagnetic interaction between Mn and carriers was inferred, which
suggests the magnetic interaction is a probable origin for the enhanced power factor.
Thermoelectric and magnetic properties of CulnixMnyTez provides further evidence of carrier
magnetic moments correlations presented in Chapter 3. Results reinforced the idea of magnetic

enhancement in chalcopyrite type compounds.

In the fifth Chapter we report results of Fe substitution and its effects on thermal transport and
structural properties in chalcopyrite-type CuGaTez. In this work role of secondary phases and
microstructural analysis towards improvement in thermoelectric properties of chalcopyrite
CuGaTe: is demonstrated. Power factor has been improved with Fe addition. Thereby, Figure of
merit (Z7) was enhanced and maximum value of 0.92 is obtained at 770 K for composition

CuGao.gsFeo.02Tes. This is around 60 % improvement as compared to pristine CuGaTes.
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Chapter 1- Thermoelectric Phenomenon and Brief Background

Chapter 1:
Thermoelectric Phenomenon and Brief

Background

1.1 Thermoelectricity

Thermoelectricity is the phenomenon which enables waste heat conversion into useful electricity.
This conversion of heat into electricity is based on Seebeck effect [3]. In thermoelectricity there

are three main effects discussed as follows.
1.2 Seebeck Effect

The process in which voltage differential is developed across the junctions of two dissimilar
materials when subjected to temperature gradient is known as Seebeck effect [22]. (See Figure
1.1). When a TE material subjected to a temperature gradient, the charge carriers inside the
material tend to move from hot side to cold side producing an electric current. The Seebeck effect
was first discovered in 1821 by Thomas Johann Seebeck. A schematic illustration of Seebeck
effect for power generation in a p-type material is shown in Figure 1.1 Voltage difference (AV)
is developed across the material. This change in voltage is directly proportional to the

temperature gradient (AT). Eq. 1 relates Seebeck coefficient with temperature gradient.

Material A

Material B Cold

junction

Figure 1. 1 Illustration of Seebeck effect for power generation for two dissimilar
materials (b) shows schematic moving of charge carriers when subjected to temperature

gradient for p-type material
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av
S = T (D
8m2kE .23
= —3eh2 (ﬁ) m*T (2)

Where

% kg Boltzmann and Planck’s constant,
< h Planck’s constant

< m* Effective mass
¢

n  Carrier concentration

Eq. 2 is another way of expressing Seebeck coefficient for a degenerate semiconductor [23].
Seebeck coefficient depends on no of parameters as described in the Eq. 2. From equation 2
Seebeck is inversely proportional to amount of carriers n. Thereby, Large carrier concentration
leads to lower Seebeck coefficient. It has been recommended for a material to have only one type
of charge carriers to produce maximum value of Seebeck coefficient [24]. In opposite case, mixed
charge carriers will cancel out the effect. Large effective mass also contribute to high Seebeck
coefficient value. Effective mass is related to band structure. High density of states at fermi

surface results in high effective mass [25].
1.3 Efficiency and Figure of Merit (Z7)

Performance of thermoelectric materials is evaluated by Figure of merit (Z7) [3]. According to

the equation

S?%0T S%a6T
T = =

Ktot  Kiatt T Ke

3)

Hot Junction T, =700 K

Concﬁltor (b)

AT =400 K

N
o
1

p

N
o
1

AT =300 K

-
(8]
1

Electrical

Insulitor

" Cold Junction
AV :

AT =200 K

-
o
1

AT =100 K

(4]
1

Genereating Efficiency, n_(%)

Figure 1. 2 (a) Schematic working of thermoelectric couple producing electric power.
(b) Plot showing relationship between Power generating efficiency and average Z7

for specific temperature difference.
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Chapter 1: Thermoelectric Phenomenon and Brief Background

Where S'is Seebeck coefficient, ois electrical conductivity and kg, Kiqee, ke are total thermal
conductivity, Lattice thermal conductivity and electronic thermal conductivity. Total thermal
conductivity is sum of electronic and lattice thermal conductivity k;o; = Kiqer + Ke- Efficiency of

thermoelectric material for power generation is defined as [26]

AT T+ 7T~ 1 @
e Thot Teola
1+ ZTowg + 7
ot

Here, AT is difference in temperature, Thot, Ttold are the temperature of hot side and cold side.
Figure 1.2 (a) shows schematic working of single TE module. It contains both n-type and p-type
leg with heat source and heat sink. Difference in energy drives the charge carriers from hot to
cold side generating potential difference (AV). As described in Eq. 4 efficiency of TE device
depend on Z7 value of a material and temperature gradient A7 Figure 1.2 (b) shows
relationship between percentage efficiency and Z7 value of a material at specific A7, For
instance, efficiency of around 20 % can be achieved with a material having Z7'= 2 with AT of
400 K [27]. Hence, materials with high Z7 value is first priority for efficient TE devices. For a
long time Z7~1 remained highest value [24], [28]. Thereby, applications of TE materials were
restricted to government sector i.e. deep space missions. Now with advanced research and
technology materials with Z7'>1 are also available in the market. Thus, TE materials are

gaining importance in niche applications as well. E.g. Watches, cell phone charging, fans etc.

1.4 Peltier Effect

Peltier effect is reverse of Seebeck effect. The process in which temperature differential is
developed across the junctions of two dissimilar materials when an electric current pass through
it is known as Peltier effect [29]. Peltier effect was discovered after Seebeck effect discovery in
1834 by Jean Charles Athanase Peltier. Peltier Coefficient mab (T) is defined as follows [29]

40
Tap(T) = = (5)
< AQ= fraction of heat absorbed or liberated at the junctions

< I= Current

Peltier effect provides an alternate method of refrigeration [30]—-[33]. Peltier cooling have
multiple advantages over normal refrigeration. Such as no harmful gasses are used in the
process, light weight, noiseless and enhanced reliability due to solid state devices [30]-[32]. A

schematic illustration of Peltier effect is shown in Figure. 1.3.

16



Chapter 1- Thermoelectric Phenomenon and Brief Background

Material A

et
I
I
|
I
I

Heat
Released

absorbed

Figure 1. 3 Schematic working of Peltier

Effect for two dissimilar materials

1.5 Coefficient of performance (COP).

Figure. 1.4 (a) illustrate schematic working of thermoelectric refrigerator (TER). Cooling efficiency
in terms of Z7 can be written by equation 6 [29], [31], [32]. Similar to power generation performance
of thermoelectric refrigerator will be higher for materials with high Z7'values. Figure. 1.4 (b) shows
typical values of cooling efficiency with respect to average Z7value [34], [35] .

Thot
Ty VT Zarg — 72

T,
e = cold (6)
AT 1+ ZTh +1

Thermoelectric cooling efficiency is also referred to as coefficient of performance (COP). COP is
defined as the ratio of cooling capacity (@) and energy supplied. Despite of their advantages over
traditional cooling techniques, TER are not commonly available yet due to low COP. New techniques
and methods were suggested recently to enhance COP [30], [32], [33], [36]-[38]. Based on these

advancements it is expected that TER will play a crucial role for alternate cooling applications in

future.

AT=20K

O

old Junction

o e

Concz::tor

Electrical

4 (b)

AT =40 K

Insulator

Cooling Efficiency, n_ (%)

|||||| 00 05 10 15 20 25 30 35 40
ZT
avg
Figure 1. 4 (a) Schematic working of thermoelectric couple as refrigerator. (b)

Shows typical values of cooling efficiency with respect to average Z7 value
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1.6 Thomson Effect

After the discovery of Seebeck and Peltier effect William Thomson discovered the third
thermoelectric effect in 1851 known as Thomson effect. According to Thomson effect, if current
1s passed through a homogeneous conductor having temperature differential. It will absorb or
release heat energy [3], [4]. The amount of heat absorbed/released depend on amount and

direction of current 7. Thomson coefficient (8) relation with heat (g) can be written as follows

2. Challenges in Thermoelectricity / TE Paradoxes

It is evident from preliminary introduction that high Z7 is utmost requirement for efficient
thermoelectric devices. In this discussion we highlighted some obstacles which come across in

enhancing efficiency of thermoelectric devices.
2.1. Seebeck coefficient and Electrical conductivity. (S~ o)

Seebeck Coefficient can be defined as the amount of induced voltage established in a material
as a result of temperature gradient. Z7 value get most effected by value of Seebeck coefficient
because it is directly proportional to the square of Seebeck coefficient as described in equation
6. Seebeck coefficient value varies with types of materials. Metals have the lowest Seebeck
coefficient values than semiconductors and insulators. As expressed in Eq. 2 Seebeck coefficient
1s inversely proportional to charge carriers concentration n, thereby in order to increase Seebeck
coefficient value it comes with expense of reduction in electrical conductivity o. For
semiconductor with single type of charge carriers electrical conductivity is related to carrier
concentration n as,
o = eny, )

So the first solution to this contradiction is optimizing carrier concentration to find optimum
power factor (0:5?). This can be best visualize by the graph of Seebeck coefficient and electrical
conductivity dependence of carrier concentration as seen in Figure 1.5. Generally semimetals
and degenerate semiconductors have favorable carrier concentration for high power factor. Band
structure engineering (BSE) is one of the commonly used technique to enhance power factor [17],
[39], [40]. Seebeck coefficient in terms of band structure parameters for a degenerate

semiconductor is given by Mott relation[41].

_ w2 kgT {d[ln(a(E))]}

3 e dE ©)

3 nzkgT{ldn(E) ld,u(E)}
3 e ln dE u dE

E=EF
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Figure 1. 5 Graph of Seebeck coefficient and Electrical conductivity
dependence on carrier concentration. Green region shows best spot for

power factor and usually for degenerate semiconductors

Where ks is the Boltzmann constant, e is the carrier charge, and i is the energy-dependent
carrier mobility. Eq. 9 explains increase in Seebeck coefficient by increasing local density of
states (DOS). However this optimization by BSE is quite challenging due to very weak control
over it [24], [25], [42], [43]. Another conflict exist between density of state effective mass (m?*
and mobility of charge carriers p. High effective mass m* which is related to flat band
contributes towards high Seebeck coefficient values (see Eq. 2) while large effective mass of
charge carriers will clearly have low motilities. Which again reduces electrical conductivity as
shown in Eq. 8. In the next section we will go through some advanced techniques reported to

overcome this tradeoff between (S~ 6) to achieve high power factor.
2.2. Electronic thermal conductivity and electrical conductivity (ke ~ o)

To hold the temperature gradient inside TE material thermal conductivity is required to be low
as much as possible. Mainly there are two main contributions towards total thermal conductivity.
Electronic thermal conductivity ke (heat transported through charge carriers) and &z« (heat

transported by phonons).

ktOt = ke + klatt (10)
For metals and degenerate semiconductors Wiedemann Franz Law is written as [44], [45]
k, = LTa (11)
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Where L is the Lorenz number, for degenerate limit its value is estimated as (2.4x108 WQK2).
Lorenz number value varies with carrier concentration n. From Eq.11 it is clear that electrical
conductivity will get affected in order to get low thermal conductivity. This is also a major

conflict we have to deal within thermoelectricity.
3. Approaches to tackle challenges

In context of the contradictions described above many techniques has been studied and applied
to TE materials. These techniques and methods helped in overcoming the challenges thereby
showed better properties. Here we discuss some of the commonly used methods to improve TE

properties.
3.1 Nano structuring

Nano structuring proved to be very useful in enhancing thermoelectric properties. For many
years highest Z7 value was confined to the range of 0.8-1.0 for bulk bismuth antimony telluride
(BiSbTe). B. Poudel et.al showed monocrystalline BiSbTe reached value of 1.4 [46]. There are
several other examples in which enhancement of thermoelectric properties via Nano structuring
were implied[47]-[56]. Nano structuring assists in improving thermoelectric properties in two
ways. Firstly thermopower (.$%0) can be enhanced with the help of increasing DOS near Fermi
level by quantum confinement[51], [57], [58]. Decrease in dimensionality can cause change in
DOS (see Figure 1.6) which allow to control .S and o independently to some extent. Hicks and
Dresselhaus were first to exploit the effects of quantum confinement and enhanced
thermopower (S%0) in BioTes.[59]-[61] Secondly with the help of Nano-structuring thermal
conductivity can be reduced greatly. The mechanism behind reducing thermal conductivity is
increase of interfaces and grain boundaries. These interfaces can scatter phonons more
effectively thereby decreasing thermal conductivity[47], [62]. Hence, Nano structuring is a

powerful technique to gain control over TE parameters and delink S and o.

g (E) g (E) g (E) g (E)

| 3D Bulk Semiconductor | | 2D Quantum Well ‘
(a) (b) — | (©) (d) \ ‘

]

E(eV) E (eV) E (eV) E (eV)

Figure 1. 6 Density of states (DOS) dependence of energy for (a) 3D Bulk
Semiconductor (b) 2D quantum Well (c) 1D Quantum Wire (d) Quantum Dot
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3.2 Phonon thermal Transport Engineering

It is seen in Eq. 10 Thermal conductivity consists of two major terms. Heat transported by lattice
vibrations (Phonons) ki« and charge carriers k.. In metals and degenerate semiconductors heat
transported through carriers is dominant, whereas in semiconductors and non-metals heat is
mainly transported via lattice vibrations. Thermoelectric materials are mostly semiconductors
so phonon thermal transport engineering plays an important role in enhancing Figure of merit
ZT. According to Kinetic theory lattice thermal conductivity can be expressed by following
equation[63], [64].

kpaee = 5 Cvl (12)

Where C, v; Irepresents specific heat, phonon velocity and phonon mean free path respectively.

Eq. 12 can be modified using | = vt, where 7 is phonon relaxation time.
kpaee = 3Cv%T  (13)

Generally, thermal conductivity can be decreased by decreasing phonon mean free path
(decreasing phonon relation time) via enhanced phonon scattering[5], [24], [29]. There are three
types of scattering. 1) Impurity scattering, it is the scattering of phonons due to dislocations,
defects and alloying process. Impurity scattering is elastic scattering. Impurity elements
usually have different mass and atomic radii as compared to the host crystal atoms. Thereby
act as scattering center for phonons. 2) Boundary scattering, it is the scattering of phonons due
to grain boundaries. This type of scattering helps in scattering low frequency phonons. 3)
phonon-phonon scattering, It is inelastic scattering explained by Umklapp process [65] and this
type of scattering occurs due to lattice anharmonicity. Other methods to reduce thermal
conductivity includes decreasing of propagation velocity of phonons. Proven techniques to
reduce velocity of phonon is by bond softening[64], [66]. If the restoring force is weak it leads to
low phonon prorogation velocity. Secondly it was observed that heavy atoms inside the crystals
also assist in decreasing phonon velocity thereby reduced thermal conductivity. Third parameter
in Eq. 13 is Specific heat. Decreasing specific heat can help in decreasing thermal conductivity,
however this is considered as a difficult task. W. Kim[64] discuss large unit cell approach to

tackle specific heat.
3.3 Band Structure Engineering (BSE)

To improve thermoelectric Figure of merit (Z7), mostly research is based on reducing thermal
conductivity. However, phonon thermal conductivity cannot be decreased after amorphous limit
[8]. Hence other principles and techniques must be explored in order to further improve Z7'

value. Although other techniques involving band structure engineering are seldom used. The
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reason is very weak control over the parameters and strong interdependence [31]. These reasons
make it very challenging task. It is proved that taking control of electronic properties will give
boost to thermoelectric performance. In 1959, Chasmar and Stratton introduced another
performance indicator parameter for electronic properties also known as quality factor and B
factor( 8), which is proportional to mobility and effective mass as[9], [67], [68]

,uNVm %3/2
M —_—

B (14)

klatt

Here m* is the density of state effective mass and N, is valley degeneracy. It was
experimentally proved that large valley degeneracy will enhance Quality factor without any
detrimental effect on other parameters [39]. Ny can be related to the effective mass as m* =
N‘f/ >mj;, (m}, is the mass of single valley) [31]. Hence if Ny is increased there will not be any
negative effect on mobility. Other techniques to enhance power factor which involves Band
structure engineering are Band convergence, Energy filtering, Carrier Pocket engineering etc.
[39], [40], [43], [69]-[72]. There are several other examples of enhanced thermoelectric
performance through BSE. Liu et al [42] showed increased values of Seebeck coefficient in
Mg2Sii-sSnx by enhancing density of state effective mass through band convergence without

affecting mobility values.
4. Promising thermoelectric materials.

Since the discovery of Seebeck effect many materials were discovered having excellent
thermoelectric properties. State of art thermoelectric materials includes BisTes, PbTe, SiGe,
SnSe. As performance of thermoelectric materials are temperature dependent. Bi2Tes is the
well-known champion material around room temperature. PbTe show good performance in mid
temperature range. SiGe and SnSe exhibit good thermoelectric properties at higher
temperatures. In this section we will look briefly into the properties of these well-known

thermoelectric materials.
4.1 Bismuth Telluride BisTes

In 1954 Goldsmith and Douglas reported BizTes having promising TE properties for refrigeration
applications [73]. Bi2Tes exhibit hexahedral-layered structure which consists of five atomic layers
(Te1-Bi—Te2-Bi—Tel) with the band gap of 1.3 eV [1]. Pure Bi2Tes have Seebeck coefficient of 220
pVK1, Electrical conductivity value of 400 (Q.cm)* and thermal conductivity value of 2.1 W/m K [73].
Since then Biz2Tes based alloys captured much attention for power generation applications around
room temperature. Both n-type and p-type Biz2Tes display favorable thermoelectric properties

[26]. One of the reason behind excellent thermoelectric properties is multi-valley character of
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BisTes [1], [4]. For many years Figure of merit for BizTes remained around unity [24]. To further
improve thermoelectric properties many techniques were applied to optimize carrier
concentration and for reduction of thermal conductivity [26]. Z7 value of 1.33 at 398 K was
reported by alloying 20% Bi2Tes with 80% SbeTes [74]. Poudel et al. Utilizing Nano structuring
technique helped in enhancing Z7 value of BiSbTe up to 1.4 at 373 K [46]. Major contribution
in this enhancement was attributed to reduction in phonon thermal conductivity. By combining
melt spinning technique with spark plasma sintering Xie et al reported 50 % enhancement
(~1.5) in the ZT value for p type Bi2Tes nanocomposites [75]. Furthermore, Incorporation of SiC
nanoparticles in Bio.sSb1.7Tes improved overall thermoelectric properties and highest Z7" value of
1.33 obtained at 373K [76]. One of the highest Z7 value of 1.8 was obtained for bismuth antimony
telluride with composition BiosSb1.s5Tesby a squeezing out technique [77]. Properties of n-type BisTes
were also improved since then. Fang et al reported improved Z7 value of 1.21 for the composition
Yo.2Bi1sSeosTes7 synthesized using hydrothermal method [78]. Effect on Z7 value by various

synthesis routes for Bismuth telluride based materials can be seen in a recent review [26].

4.2 Lead Telluride PbTe

Another material known for many decades with promising thermoelectric properties is PbTe [1],
[3], [4], [24]. PbTe and PbSe are also presented with the formula PbX, Where X = Te, Se and
referred as lead chalcogenides [1]. PbTe as compared with BioTes have lower Z7 values. On the
other hand it is well stable up to higher temperature. Melting point of BioTesis 858 K whereas
for PbTe it is 1196 K. Thereby PbTe is favorite in mid temperature waste heat recovery
applications [4], [29]. Another advantage PbTe have over BioTesis higher energy band gap ( PbTe
band gap is is 0.32 eV which is higher than Bi:Tes 0.13 eV) which restricts unwanted
contributions of minority charge carriers [1]. Both n-type and ptype PbTe can be synthesized
by stoichiometry change. Pb-rich will make n-type PbTe and Te-rich will form p-type PbTe [79].
Considering the potential of PbTe in thermoelectric applications many attempts were made to
further enhance its thermoelectric properties by band structure engineering, alloying, nano-
structuring and other techniques [39], [55], [62], [70], [80]-[83]. Hsu et al reported that alloying
PbTe with AgSbTes lead to exceptional high Z7 value of 2.2 at 800 K [84]. Heremans et al.
utilized distortion of density of states by the use of Thallium impurity to enhance thermoelectric
Figure of merit and reported value of 1.5 at 773 K for the composition Tlo.02Pbo.gsTe [70].
Enhancement of power factor was made through Cr and I co-doping [85]. Recent reviews on
thermoelectric materials advancements discussed various techniques applied to enhance Figure
of merit in PbTe based materials [1], [26].
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4.3 SiGe Alloys

SiGe alloys are considered promising thermoelectric materials to be used in high temperature TE
applications (> 900 K) [4], [86]. SiGe alloys have an advantage of containing non-toxic elements over
state of art thermoelectric materials like BizTes and PbTe which are comprised of toxic elements
[86]-[88]. Figure of merit (ZT) of SiGe is around 1 at 1000 K. However, at room temperature Z7'is
only 0.1 due to considerably large thermal conductivity. Thereby most of the research is focused on
minimizing lattice thermal conductivity. In 1981 D. M Rowe showed large reduction of thermal
conductivity ~ 28% by decreasing grain size in n-type SiGe. Results demonstrates that thermal
conductivity was decreased through increased phonon scattering at grain boundaries [89]. In 1991
C. Vining et.al showed further reduction of thermal conductivity in pressure sintered Si-Ge alloys
by reduced particle size up to 2 pm. Results demonstrates about 50 % reduction in thermal
conductivity but could not improve Z7 from previous value of 1 due to equivalent decrease in
electrical conductivity [90]. This barrier was later crossed via nano-structure approach. Z7'value of
1.3 was reported by Wang et.al for mtype Si-Ge alloy. High power factor was maintained
simultaneously with reduction in thermal conductivity [91]. Thermoelectric performance for n-type
SiGe alloys is usually superior than p-type. Recently in p-type SiGe large Z7 value of 1.3 was
obtained thru TiO2 nano-inclusions and modulation doping [92]. Apart from bulk Si nanowires were
also developed with applications towards flexible thermoelectric modules [93], [94]. Another study
on Si nanowires suggested controlling roughness can further limit thermal conductivity due to
frequency dependent phonon scattering [95]. A recent review by D. Beretta et.al compiled brief

research history and advancements in Si-Ge alloys [96].

4.4 SnSe

Efficient and economically viable thermoelectric materials is essential for thermoelectric energy
applications. Tin Selenide emerged as high performance thermoelectric material in mid to high
temperature range [97]. SnSe compared to other state of art materials exhibit less toxic and more
earth abundant materials [98]. SnSe crystalizes in an orthorhombic structure with space group
(Pnma) below 800 K. In 2014 Zhao et.al reported high Figure of merit ~2.3 at 923 K for SnSe single
crystals [99]. This ultra-high Figure of merit is based on very low thermal conductivity (0.2-0.3
W/mK) and large Seebeck coefficient due to large anharmonicity in crystal lattice and multi valley
band character [98], [100]. Power factor was further enhanced for hole doped SnSe which was
facilitated by multiple electronic valance bands [101]. Considering the large potential of SnSe in
thermoelectric applications vast amount of research has been done since the discovery in 2014 [97],
[98], [102]-[104]. Initially high Z7 value was obtained in single crystal SnSe. Thereby to be able to
produce it on large scale SnSe was synthesized using alternate methods [102]-[110]. Yiwen et.al

reported SnSe poly-crystals were synthesized using powders obtained thru Solvothermal technique.
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Which demonstrates enhanced performance in mid temperature range. Overall SnSe exhibit
remarkable thermoelectric properties making it an exciting material for energy applications. Chen
et.al summarized various strategies and their impact on SnSe transport properties. This review also

elaborates solutions to overcome challenges in future enhancement of SnSe TE properties [100].

4.5 Other High Performance TE Materials

Quest for efficient thermoelectric materials started since the discovery of Seebeck effect. Apart from
materials discussed above various other classes and materials have been shown great potential for
thermoelectric applications [1], [4], [29], [111]. These types/classes of materials are usually based on
the possessing specific features in crystal structure or elements. Relationship between crystal
structure and thermal/electrical transport properties assisted in understanding linkage between
thermoelectric parameters. A brief introduction of some of high performance thermoelectric
materials and types is given below.

Skutterudite is well known class of thermoelectric materials [22], [29], [68]. Skutterudite possess
general formula type of MX3 where M = Ir, Co, Rh and X = Sb, As, P. It exhibits octahedral structure
with empty space at center so called “void” [4], [87]. These voids referred to as key feature of
skutterudites. Void inside skutterudite can be filled with donor or accepter atom. Thereby, charge
carriers concentration can be easily optimized. Voids when filled with heavy or light weight atoms
produce distortion in crystal lattice thereby acts as phonon scattering centers [1], [112], [113]. Thus
leads to low lattice thermal conductivity. The effect of multiple filler atoms on skutterudite based
CosSbi2 was studied by Jennifer et.al. [112] Thermoelectric properties were significantly enhanced
by reduction in thermal conductivity and Z7 value of 1.3 was achieved. Other studies also showed

significantly improved thermoelectric properties [112], [114]-[117].
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Figure 1. 7 Figure of merit values for state of art thermoelectric materials
as a function of temperature [Reprinted with permission Copyright
Elsevier Ref 87]
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Clathrates is another class of thermoelectric materials which also falls in the type of caged like
compounds like skutterudite [4], [29], [87], [118]. Clathrates exhibit general formula AxByCae-y [118].
Clathrates like skutterudite have voids which can be filled with guest atoms. Guest atoms works as
rattlers which enable low lattice thermal conductivity. Based on atoms coordination system
Clathrates are divided into two types Typel Clathrates and Type2 Clathrates. Clathrates have been
extensively studied for thermoelectric energy applications [118]-[123]. High Figure of merit was
obtained in BasGaisGeso (Z7 = 1.3) thru Czochralski technique [124]. Falmbigl et.al reported
improved Figure of merit value of 0.9 through band tuning in type 1 clathrate [125].

Another important class of thermoelectric materials are Half-Heusler alloys (HH)[29], [126]. Half-
Heusler are intermetallic compounds exhibiting general formula XYZ [87], [127]. Where X is usually
rare earth element or nobel/ transition metal and Y is noble or transition metal and Z is main group
element. Half-Heusler compounds are renowned for stability at higher temperatures and strong
mechanical properties [6], [127]-[130]. Recent developments in Half-Heusler compounds are
compiled by Chen et.al and Huang et.al [6], [131]. Figure. 1.7 Shows Z7 values with respect to

temperature of various class of thermoelectric materials [87].
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Chapter 2:
Characterization Techniques and
Synthesis Process

This chapter is devoted to the synthesis process and characterization techniques used in this
thesis. In the start we will discuss overview and important stages of synthesis process. Later
we will present basic working principle of characterizations techniques along with data analysis

details.

1. Synthesis Process.

All materials were synthesized using melt and anneal method followed by spark plasma
sintering. High purity starting materials usually in the form of powders were weighed in
stoichiometric amounts and dry mixed. After dry mixing starting materials were then inserted
in the quartz tubes. These quartz tube were then evacuated and sealed. For heat treatment
these tubes were then placed in heating furnace. Heating scheme was carefully selected. For
the case of CuGaTes heating scheme is displayed in Figure 2.1 (a). After heat treatment obtained
ingots were fine crushed into powders with mortars. Powder obtained was pressed into pellet
and sintered using Spark Plasma Sintering (SPS). Spark Plasma Sintering or field assisted
sintering is the method used for consolidation of powders and offers multiple advantages e.g.
rapid sintering, less grain growth and can be applied to sinter wide range of materials [132],
[133]. Schematic process of SPS can be seen in Figure 2.2. Spark Plasma Sintering (SPS) utilizes
uniaxial pressure simultaneously along with electric current to achieve rapid densification.
Effect of heating rate, applied pressure and role of current in SPS is reviewed by Munir.et.al
[134]. SPS heating scheme is displayed in Figure. 2.1 (b). Sintered samples were then cut and
used for characterizations. A schematic of various steps in synthesis process are shown in Figure.
2.3.

Heat treatment 1173K SPS Heating
Scheme v @ (a) Scheme 823K (b)
/ 12h \6h S 7@
/ U — @ ke . SMin TN 673K
/ v ... & @{ 4 min Smin
Gradual / 12h \ y ol %
/ | , y 4 -
Heating /' 24h Slow 323K ../ 4 min N
/ \ - N_373K
/ Cooling \ 10min NNg
/ \ i
‘,,S’\ 12h \ (‘; 1 min
RT - RT

Figure 2. 1 (a) Heat treatment scheme (b) SPS heat treatment scheme, RT represents room

temperature
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Figure 2. 3 Shows various steps and process involved in solid state reaction synthesis of a material
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2. Laser Flash Analysis (LFA)

Thermal conductivity measurements were carried out using Laser flash analysis (LFA). Sample
is prepared in the form of thin disk (thickness~ 2mm, diameter ~ 10mm). Both round and square
samples can be measured using LFA. Measurements are performed in controlled atmosphere by
heating the sample from one side with finite energy pulse and infrared detector on the other
side of the sample measure the change in temperature. Schematic illustration of LFA is seen in
the Figure 2.4. The typical output signal (red line) also called thermogram is shown in the
Figure 2.5. Thermogram is the plot between change in back side temperature and time. Thermal
diffusivity (A) is obtained by the formula shown in Figure 2.5. In the formula tos represents half
rise time and d2 is the cross sectional area. Thermal conductivity is then calculated by the

product of specific heat (C,) thermal diffusivity (1) and density (D) of sample.

k=C, .D
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Figure 2. 4 Schematic illustration of working principle in laser flash

analysis (LFA)

AT

AT,

max ey —

EATmax ..................... A= 0,138;1—2

ti

Figure 2. 5 Typical output signal also called
thermogram obtained in LFA

29



Chapter 2: Characterization Techniques and Synthesis Process

3. Seebeck Coefficient and Electrical resistivity Measurement

ZEM-2 have been used to measure electrical resistivity and Seebeck coefficient simultaneously.
A schematic working of ZEM-2 is shown in the Figure 2.6. A rectangular sample with dimension
of 2 mm x 2 mm x 8 mm is required for the measurement. Sample is placed vertically between
the upper and lower block. Lower block also serve as a heater. For Seebeck coefficient,
temperature is measured at two points (Hot side temperature, Th and Cold side Temperature,
To by two thermocouples which are pressed on the side of rectangular sample to get temperature
gradient (47). Seebeck voltage (A1) is also measured by the thermocouples as shown in Figure
2.6. Resistivity is measured by four probe method. For temperature dependent data sample is
heated by infra-red image furnace. For homogeneous temperature sample is shielded by a nickel

cover. Seebeck coefficient and electrical resistivity is then obtained using following equations.

oA
B Th_Tc
V W=xL
= — %
P=T""4d

where Wx Lis cross sectional area of the sample and dis separation between the two probes.
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Figure 2. 6 Schematic working of Seebeck and

resistivity measurement apparatus ZEM-2
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4. Electron Probe Micro Analyzer (EPMA)

Electron Probe Micro analyzer (EPMA) is a powerful tool for elemental analysis of a compound.
EPMA has ability to scan materials up to a micro area (5 pym). EPMA is non-destructive analysis
technique and can be applied analyze wide range of materials. As shown in the schematic
structure of EPMA in Figure 2.7 (obtained from [135]). EPMA consists of an electron source and
number of electromagnetic lenses to generate a focused electron beam to interact with the
specimen. Samples are required to be well polished and mounted on 1-inch epoxy as shown in
left bottom of the Figure. Non-conductive samples are also required to be coated with carbon. In
EPMA, a fine polished sample is irradiated with a fine beam of electron generating
characteristic X-rays, secondary electrons and back scattered electrons. These X-rays are unique
to an element are then collected by highly sensitive wavelength dispersive spectrometers (WDS).
More information regarding morphology is obtained by measuring intensities of Back scattered
electrons (BSE) and secondary electrons (SE). BSE and SE are useful in imaging a surface also

provides information on composition of material.

Electron source
Ion pumps

Cptical source and
ZC0 camera

Diffracting
crystals
(1tod) —

Figure 2. 7 A schematic of Electron micro probe analysis (EPMA). A fine polished sample used for analysis

is shown in left bottom Ref [135]
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5. Magnetic Property Measurement System (MPMS)

Magnetic properties of samples were measured by using a superconducting quantum
interference device magnetometer, MPMS-5S (Quantum Design, Co.). Temperature dependence
of magnetization was measured in the temperature range of 5-330 K. Field dependence of the
magnetization was measured from 0 to 50 kOe. MPMS is a powerful tool for analyzing magnetic
properties of materials. Essential components of MPMS are temperature control system,
superconducting SQUID amplifier system and computer operating system. Usually sample is
wrapped by thin plastic sheet and enclosed in plastic straw and attached with sample rod. Then
Sample rod is inserted in electronic control assembly. To get the correct value of magnetic
moment Full DC scan is recommended. This is to ensure all the coils can be able to sense
magnetic moment of specimen. Measurements are performed by moving the sample through
superconducting sensing coils as shown in Figure 2.8 [obtained from [136]]. When sample is
moved through the coils an induced electric current is developed in the coils due to magnetic
moment of the sample. The amount of change in current cause change in SQUID voltage which

1s directly proportional to magnetic moment of sample.
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Figure 2. 8 Magnetic property measurement system (MPMS) and superconducting pick up
coil on (left) Ref [136]
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6. Physical Property Measurement System (PPMS)

Carrier concertation and Hall coefficient was measured by Physical Property Measurement
system (PPMS). Measurement was done under the applied current of 10 mA and scanning
magnetic field from -70 kG to 70kG. AC transport Measurement system (ACT) and Thermal
transport option (TTO) in PPMS is used to measure Hall effect and low temperature
thermoelectric property measurements respectively. For Hall coefficient measurement both four
and five wire configuration are available in ACT option. Sample is mounted on AC transport
Puck (sample holder) as shown in Figure 2.9 [obtained from [137]]. Then AC transport puck is
inserted into cryostat chamber for measurements. Hall Resistivity as a function of magnetic

field is measured and using below equations hall coefficient and carrier concentration was

estimated.
Pu
R -
H= H
Ry=+—
H™ =ne

Where Ry is Hall Coefficient, py is hall resistivity and n is carrier concentration.

Figure 2. 9 shows physical property measurement system (PPMS) and AC
Transport Puck used as sample holder on the right side Ref [137]
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Chapter 3:
Mn Incorporated CuGaTez: Power Factor
Enhancement

1. Background

Generally, dimensionless Figure of merit, Z7= S?0T/x is used to evaluate TE material. Where S
1s Seebeck coefficient, ois electrical conductivity, x represents thermal conductivity and 7'is for
absolute temperature [22]. Commonly used techniques to elevate Z7 value for developing
efficient thermoelectric materials are briefly discussed in chapter 1. These techniques are being
applied in wide range of materials. However, Z7T value is restricted for a certain period of time.
It appears we have extracted possible improvements from these techniques already. For
example, after discovery of Seebeck effect, BizTes, was known to be the best thermoelectric
material at room temperature with Z7 value of ~1 [62]. This value was limited to 1 for long
period of time. Then, this barrier was crossed with the help of Nano structuring [62]. Thus, for
further improvement it is necessary to discover new TE materials as well as to develop novel
strategies and mechanisms [2]. In this regard, we studied the method of magnetic enhancement
towards power factor in chalcopyrite type compounds. Motivation behind this research work
comes from previously obtained large power factor around 1 mWK2m in carrier doped CuFeS2
[11]. Tt has been suggested that origin of this high power factor was related to charge carriers
and magnetic moments interactions. The purpose of this study is to understand mechanism of
power factor enhancement in dilute semiconductors as well as to investigate if this kind of
magnetic interactions can be applied to other thermoelectric materials as well. In this regard

we studied Mn ion doping in similar type of chalcopyrite type compound CuGaTeo.
2. Literature Review

We chose CuGaTe: because it exhibit similar tetragonal structure to that of CuFeSz. Secondly
CuGaTez has a large potential to be used in TE devices in near future. CuGaTez was recently
discovered as a potential candidate for thermoelectric applications. Plirdpring et.al. reported
remarkably high Z7value of 1.4 at 950 K [10]. However, this value was not achieved afterwards.
But the study opened an opportunity for chalcopyrite type materials for thermoelectric
applications. Since then many studies were done on CuGaTez based compounds reporting good
thermoelectric properties. For example, CuGaTesz composite with CuzSe showed remarkably

reduced values of thermal conductivity and at the same time improvement in electrical

34



Chapter 3° Mn Incorporated CuGales: Power Factor Enhancement

conductivity which led to 74% improvement in Z7 value [138]. CuGaTe: exhibit high values of
figure of merit at considerably higher temperature region (>800 K) and show poor performance
at mid temperature region (500-700 K). Thereby, large effort was put towards enhancing
thermoelectric properties of CuGaTezin the later region. Yusufu et.al. reported Z7 value of 0.7
at 700 K by replacing Cu with Ag. This enhancement was owed to lower lattice thermal
conductivity. [139]. Compared with an ideal thermoelectric material chalcopyrite type materials
have large thermal conductivity. Jiawen et.al showed 75% reduction to thermal conductivity. It
was achieved via generating strain fluctuations in the matrix of CuGaTez by means of mass
difference between substituted elements [14]. Another report showed more than 70 % of
reduction in thermal conductivity by combined doping effect of Gd and Te [140]. Introducing
graphite nano-sheets in CuGaTe: matrix showed positive effect in simultaneously altering
electric as well as thermal transport properties and led to around 20% Z7 improvement [141].
An effort to decrease thermal conductivity using nanostructure effect was done which showed
positive impact on thermal conductivity, However electrical properties were adversely effected,
Hence no overall improvement was observed by Kumagai et.al [16]. Seebeck coefficient
improvement was shown by Li et.al by In substitution at Ga site [15]. Numerous other studies
also reflect the capability of chalcopyrite CuGaTes based compounds to be used as potential

thermoelectric material in near future [142]—[146].

3. Abstract

In this Chapter we present results of thermoelectric properties of CuGai<xMnyTes where x= 0.0,
0.01, 0.02, 0.03. We synthesized Mn doped CuGaTe2 by melt and anneal method followed by
spark plasma sintering. All samples synthesized were phase pure and exhibit tetragonal
structure which was confirmed with Powder X-ray diffraction technique. Furthermore
Mn?*/Ga3* substitution was confirmed by increase in lattice parameters values. This
substitution was supported by further evidence obtained from Hall measurements and magnetic
properties analysis. Thermoelectric properties were then evaluated and analyzed. Large and
improved power factor obtained after Mn substitution in wide temperature range. Role of charge
carriers and magnetic moment of Mn interactions towards this improvement in power factor is
discussed in detail. Large negative wises temperature was obtained in magnetic susceptibility.
Which indicates strong antiferromagnetic interactions on Mn spins. We then performed
magneto transport measurements and observed distinct anomalous Hall Effect. Which
reinforces contribution of magnetic moment and charge carriers interactions towards
enhancement in power factor. We obtained Z7'value of 0.83 for CuGao.e9Mno.o1Tes, which is 40 %
enhancement to that of pristine sample. All results clearly indicates carrier and magnetic

moment co-relation plays an essential role in enhancement of power factor.
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4. Experiments

Polycrystalline samples of CuGaixMnyTez where x= 0.0, 0.01, 0.02, 0.03 were synthesized using
melt and anneal method followed by Spark Plasma Sintering. Synthesis process is presented in
Chapter 2 section 1. Densities of all synthesized samples were measured by the mass and
volume ratio method. Relative density values were in the range of 98-99 %. See Table 1.
Structural analysis was performed using RINT TTR-3 diffractometer (Rigaku Co., Akishima,
Tokyo, Japan) with Cu Ka radiation. Cathode current of 150 mA with an accelerating voltage of
40 kV was used. Lattice parameters values were obtained by performing Rietveld Refinement
using FullProf Suite Software. Thermal properties were analyzed using Differential Thermal
Analysis (DTA) and thermogravimetric analysis (TG) measured by Thermo-Plus EVO (Rigaku
Co.). Thermoelectric properties, Seebeck Coefficient and Electrical resistivity were measured
using ULVAC ZEM-2 with a bar shaped sample with the dimensions of 3 mm x 3 mm x 8 mm.
Laser Flash method (ULVAC TC7000) is used to measure thermal diffusivity of samples.
Thermal conductivity was then measured from equation k= A.Cp.p, Cp value was measured by
DSC. Below room temperature TE properties were measured by using Quantum Design
Physical Property Measurement System (PPMS). Magnetic properties were measured using
superconducting quantum interference magnetometer, MPMS-5S (Quantum Design, Co.).
Temperature dependent magnetization was measure in the range of 5-323 K under constant
field of H = 50 kG.

5. Structural Analysis

Powder X-ray patterns of CuGai<MnxTez where x= 0.0, 0.01, 0.02, 0.03 are presented in Figure
3.1 (a) All samples were found to be phase pure and exhibit tetragonal structure with space
group /-42d. All the peaks were indexed with that of chalcopyrite structure (PDF#047-1454). To
check how lattice parameters were changed after Mn substitution Rietveld refinement analysis
was performed and are shown in Figure 3.1(b). Rietveld refinement was done for structural
analysis by using FullProf Suite software. Tripled pseudo-Voigt function was employed to
analyze peak shape. Brag positions are shown on black line which agreed with synthesized
structure peaks. Refinement results depicts single phase chalcopyrite structure for all nominal
samples. Refined Lattice parameters were plotted against Mn percentage doping as shown in
Figure 3.1 (b). Lattice parameters were linearly increased with increase in Mn doping % almost
obeying Vegard law. Linear increase in lattice parameters indicates successful substitution of
Mn2+* at Ga3* site. Further evidence of this substitution (Mn2*/Ga3*) were obtained from Hall
measurements and Magnetic properties. Values of lattice parameters and density are listed in

Table 1. A schematic structure of CuGaTe: along c-axis is shown in Figure. 3.1 (c) [20].
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Figure 3. 1 (a) Powder XRD patterns of polycrystalline samples of CuGai-

MnxTe2 (x = 0-0.03). At the bottom of the XRD patterns we showed standard

reference card data. (b) Lattice constant dependence on Mn doping

concentration (c) Schematic crystal structure of chalcopyrite CuGaTes shown

along c-axis [21].
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Table 1 shows values of lattice constants, and relative densities for all the nominal compositions.

Sample Density (% Th) Lattice parameters

a(nm) c(nm)
CuGaTez 99% 0.6018 1.1930
CuGao.g9sMno.o1Tes 98% 0.6023 1.1940
CuGao.9sMno.o2Tes 99% 0.6025 1.1943
CuGao.97Mno.osTez 98% 0.6029 1.1951

6. Thermoelectric Properties

6.1 Electrical conductivity, Seebeck and Power factor.

Temperature dependent electrical conductivity and Seebeck coefficient values are presented in
Figure 3.3 (a) and (b) respectively. Upon increasing temperature above 500 K electrical
conductivity showed increase. This indicates an intrinsic semiconducting behavior. Which is
attributed to thermal excitation of charge carriers above 500 K. Electrical conductivity values
for pristine sample was found to be in good agreement with literature data [18], [138], [147],
[148]. Large improvement in electrical conductivity value is observed after Mn substitution as
seen in Figure 3.3 (a). At 325 K, value of ¢ increased from 2.49 k (Q-cm)! for pristine CuGaTe:
to 25.26 k (Q-cm)? for sample composition CuGao.s7Mno.osTes. This increase in conductivity is
attributed to increase in charge carrier concentration n, as a result of Mn?* substitution at Ga3*
site. In case of Mn substituted samples, temperature dependence of electrical conductivity
revealed shift from degenerate to intrinsic semiconducting behavior. Below 500 K electrical
conductivity decreases with the increase in temperature while above 500 K, ¢ increases with
increase in temperature. This behavior was also seen in literature for chalcopyrite type
compounds. Although, this shift is weak as compared to silver doped chalcopyrite [18]. In Figure
3.3 (b) Seebeck coefficient values are presented. All samples exhibit positive values of Seebeck.
This indicates p-type behavior where holes are majority charge carriers. Temperature
dependence of Seebeck coefficient revealed typical semiconducting behavior. Interestingly,
Seebeck exhibit high values even after Mn substitution. For example, at 670 K Seebeck
coefficient is 280 nV/K for pristine CuGaTes, but Seebeck coefficient for CuGao.g7Mno.osTesz is
nearly as large as 230 nV/K, However electrical conductivity at same temperature increased by
twofold. As a result, Power factor S?ois enhanced significantly in the wide temperature range.
Temperature dependent graphs of power factor S?c are displayed in Figure. 3.3 (c). Power factor
S?0, for the case of Mn doped samples increased to 0.6-0.9 mW/K2m. Which is around double of
its value compared at room temperature. Moreover, at 670 K power factor further increased to
1.3-1.4 mW/K2m. This is more than 30 % enhancement from that of pristine CuGaTes.
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For single parabolic band model considering the degenerate semiconductor limit
Seebeck Coefficient relationship with carrier concentration and effective mass can is described
by Mott formula,

8m?k3 2
= 2oz G T
Where ks, hindicates the Boltzmann constant and the Planck’s constant respectively, n and m*
represents carrier concentration and charge carrier effective mass. From above equation,
Seebeck Coefficient is inversely proportional to the charge carrier concentration and directly
proportional to effective mass. This implies that with increase in carrier concentration Seebeck
coefficient will decrease automatically. However, for the present case Seebeck stayed at higher
values even after hole doping. Here, we propose enhancement in effective mass could be the
possible reason which prevented drop in Seebeck Coefficient values. To clarify, we carried out
Hall measurements. Figure. 3.4 (a), (b) shows graphs of Hall coefficient and charge carrier

concentration. In Figure 3.4 (c) estimated values of effective mass and mobility is displayed.
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Figure 3. 4 (a) Hall coefficient Ru of CuGaixMnyTez as functions of temperature. (b) Hole
concentration as a function of temperature for CuGai--MnyTes (c) Carrier mobility and
effective mass in CuGai--MniTes at 325 K as functions of composition x. Lines in (c) serve as

guides for the eye [21].
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From Figure. 3.4 (b), It is evident that carrier concentration increased systematically as a result
of Mn doping which is consistent with electrical properties as well. Furthermore, this increase
in carrier concentration also endorses Mn substitution at Ga site.‘

In Figure 3.4 (c), the important result is large enhancement in effective mass. Effective mass
increased from 0.66.mo for CuGaTez to 1.82mofor CuGao.esMno.o2Te2, where mois the mass of free
electron. Therefore, as proposed earlier the most probable reason behind high values of Seebeck
effect 1s this increase in effective mass of carriers by magnetic moment and charge carrier

interactions.

6.2 Seebeck vs In oPlot
Hall measurement were performed below room temperature therefore effective mass and carrier
concentration values for higher temperature are unknown. However, improvement in Seebeck
coefficient and power factor was observed in wide temperature range. To clarify this point, we
plotted graph between Seebeck coefficient and In ¢ as shown in Figure 3.5. According to a
theoretical model, relation between Seebeck coefficient and conductivity can be written as [149],
S =m(b — Ino)
In this equation, bis the parameter which includes the effective mass term, 7%2(m *moP?u, and
m= kp/e=86.14 uV/K. This relationship described above also been applied for various materials
including degenerate semiconductors [150]-[152]. Figure 3.5 show graph between Seebeck vs In
oat 324 K, 374 K, 426 K and 475 K. The slope of broken and dotted lines is -86.14uV/K as
suggested by the model. The negative sign indicates holes as majority carriers. It is clear that
data points for doped samples lies above the line to that of pristine sample. This indicates
enhancement in the b value (which includes effective mass term).
Increase in effective mass is higher for 1% Mn doped sample as compared with 2 and 3 % doped
Mn samples. This is attributed to the decrease in mobility with excess Mn doping. In Figure 3.6,
Plots between Seebeck and log of conductivity is plotted up to 669 K.
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Figure 3. 6 Plot of Seebeck coefficients and Ino for CuGai-xMnxTez2. Slope of broken lines is -86.14
1V/K, as proposed by the model. [21]

From the relationship described above power factor was evaluated considering the assumption
of constant gz and m*[149]. Observed values of Seebeck coefficient and electrical conductivity
was used to calculate power factor of pristine sample. Power factor vs conductivity plots at 324
K, 475 K and 621 K are presented in Figure 3.7. Here, increase in electrical conductivity
represents increase in carrier concentration. Solid purple lines in the Figure 3.7 represents
calculation based on theoretical model and the maximum values of power factor obtained
through carrier concentration optimization, whereas red dots are values of power factors
observed in experiment. Figure. 3.7 demonstrates that the observed values of power factor are
consistently higher than the optimized values. The enhancement is seen significantly up to 524
K. These results reinforces that enhancement in power factor is larger than which is achievable
through carrier tuning. In the next section we will demonstrate strong coupling between
magnetic moments and charge carriers through magneto transport results analysis. Previously
this type of mechanism was proposed for CuFeS: [11]—[13] Furthermore, it has been reported in
a theoretical study for CuFeSs, that Seebeck coefficient have larger values for ordered magnetic

state as compared with disordered state [153].
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Figure 3. 7 shows plots of power factor dependence on electrical conductivity for the CuGai-xMnxTesz.
Purple (solid) lines indicates the calculation on the basis of theoretical model. Red circles indicates

observed values of power factor [21].

7. Magnetic Properties

7.1 Magnetic Susceptibility

Magnetic properties were investigated in order to clarify interactions of magnetic moments and
charge carriers. Inverse of magnetic susceptibility of CuGaixMnx<Tez with respect to
temperature is shown in Figure 3.8. For a paramagnetic system magnetic susceptibility is

usually expressed by Curie Weiss function,

c-20
Xn = + Xo
Where C is Curie constant, 81is Weiss temperature and y, is temperature independent term.
Xo 1s usually originates due to diamagnetism of core electrons. We estimated Mn contribution
in susceptibly ymn, by subtracting y, (susceptibility value measure for pristine (CuGaTes).
Figure 3.8 shows 1/yu, follows a linear function as expected. Weiss Temperature (6) and

effective magnetic moment (Pe) values were obtained by fitting data and are shown in Table 2.
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The values of effective magnetic moment are roughly close to the expected values for Mn2* Weiss

temperature exhibit negative values which are usually associated with antiferromagnetic.
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Figure 3. 8 shows temperature dependence of inverse of magnetic
susceptibility as a result of Mn ions. CuGaTesz contribution in

measured susceptibility has been subtracted [21]

Table 2 Values of effective magnetic moment, Curie constant and Weiss temperature for CuGai-

xMnxTez2 obtained by data fitting.

CuGai-Mn;Tez C (emu K/mol)  pett/in 0 (K)
x=0.01 0.0344 5.24 -59.1
x =0.02 0.0788 5.61 -129.0
x=0.03 0.1073 5.35 -108.5

interactions on Mn spins. Weiss temperature show large negative value of 59.1 K for 1% Mn
doped CuGaTes. Usually negative Weiss temperature values are linked with indirect super
exchange or antiferromagnetic exchange interactions between magnetic ions. However, it is
hard to explain large negative Weiss temperature for very low doped CuGaTes. Weiss

temperature can be written as following.
NyJj
0=-25(5+1) Tk
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Where, jis exchange interaction between magnetic ions, and Ny is the neighboring magnetic
ions number [154]. For CuGai«MnxTez system j value is unknown. Thereby, we supposed it to
be similar to Zni-xMnxTe, which is -10 K [154], [155]. If we use this value of exchange interaction
(j=-10 K). The observed Weiss temperature, @ is reproduced only if Ny~1. Since, in CuGaTe:
there are only eight cation sites thereby the large value of Weiss temperature (8 = -59.1 K) is
hard to explain on the basis of Mn-Mn interactions. Considering Mn ions are only substituted
at Ga site, the distance between Mn-Mn ions would become longer than Zn:xMnxTe system and
j value will become much shorter which further contradicts with observed Weiss temperature.
Thus, the possible origin of this large negative Weiss temperature is because of interactions
between Mn spins and valence or conduction band electrons.

This type of onsite exchange interactions can be explained by sp-d model [154]. These
interactions are similar to Kondo type interactions. Theoretically, influence of magnetic
impurities were discussed by Kondo [156]. Previously, large thermopower in metallic
ferromagnetic Gai«MnxAs was explained on basis of Kondo model [157]. It has been reported
that Seebeck coefficients values for Ga1«MnxAs and are significantly larger than non-magnetic
GaixBexAs [157]. The origin of this large thermopower was explained by two possible reasons.
Firstly contribution from Mn-3d impurity band and secondly Kondo type exchange interaction
with similar carrier concentration. They showed that the contribution from Mn-3d band plays
the major role. However, for CuGa:xMnxTez Mn concentration is smaller to that Gai-<MnxAs.

Hence, Kondo type exchange interactions would become more important in the present case.

7.2 Magneto-transport properties

To obtain more evidence of correlation between magnetic moment and carriers we measured
magneto-transport properties. Hall resistivity can be described as

Pry = RoH + ATMR

Where, M is magnetization and R, and R, are constants. The first term in above equation is
known as normal Hall effect whereas second term represents anomalous Hall effect (AHE).
Large value of AHE has been reported for ferromagnetic materials like, Yb1sMnSbu1 [158], Gai-
MnxAs [159], and Fe1xCoxSi [160] and other magnetic semiconductors. Therefore, magnitude of
anomalous Hall Effect (AHE) is good indication of magnetic moment and charge carrier
correlation. In paramagnetic materials, H is linear to both normal and anomalous Hall term
and cannot be separated. However, at low temperature M depends on H non-linearly and it is
possible to separate the anomalous Hall term. Therefore, field dependence of magnetization was
measured for 3 % Mn doped sample. Magnetization as a function of Hat 5 K, 10 K, 15 K, 20 K
and 50 K are shown in Figure 3.9 (a). Figure 3.9 (a) demonstrates increase in magnetization
with convex curvature for the temperature below 20 K. Figure 3.9 (b) displays Hall resistivity
as a function of H. Hall resistivity is linear to A at 325 K having positive slope. This indicates

ptype conductivity. When temperature is decreased further, a negative contribution develops
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and Hall resistivity becomes nonlinear to H. This result is in agreement with the convex
curvature of M at 20 K indicating AHE contribution is dominant. The observed data was then
fit with the above equation to separate AHE contribution. Data above H = 50 kG was
extrapolated using phenomenological Landau expansion of free energy with equilibrium
condition d dM = 0 [161].

F(M) = —HM + (5)M? + (3) M* + -
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Figure 3. 9 (a) Magnetization as a function of magnetic field A (b) Hall resistivity as a function
of magnetic Field (H) for the composition CuGao.97Mno.0sTez. Dashed lines indicates Landaus

expansion fitting [21].

Dashed lines in Figure 3.9 (a) shows the fitted results. p,, was then analyzed using M(H) data
and results are displayed for 7= 5 K in Figure 3.10. As seen in Figure 3.10 the AHE contribution
1s multiple of 104 Q-cm. This is remarkably large as compared with AHE ~106 Q-cm for Fei-

«CoxSi [160] and also comparable to AHE ~5 x 104 for Gai-«xMnxAs [159]. Negative value of
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constant Ksis indicative of antiferromagnetic coupling between magnetic moments of Mn and
charge carriers and is in agreement with negative Weiss temperature. The other reason for
nonlinear Hall resistivity is existence of multiple carrier bands with different mobilities [162]—
[164]. However, for CuGao.s7Mno.osTes we observed positive Seebeck coefficient values down to 5
K as shown in Figure 3.11. Hence, no evidence for multiple carrier bands is observed for the
present case. Overall large anomalous Hall Effect is indicative of strong coupling between

magnetic moments and carrier correlation.
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Figure 3. 10 Hall resistivity as a function of H for the composition CuGao.e7Mno.o3Tez. Open and
filled circles indicates AHE contribution and measured values of Hall resistivity respectively.

Whereas, NHE contribution is represented by crosses in the figure [21].
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Figure 3. 11 Seebeck coefficient values for CuGao.97Mno.osTez at low

temperature [21].
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8. Thermal Conductivity and Figure of merit.

Temperature dependent plots of total thermal conductivity (.., lattice thermal conductivity
(#21) and electronic contribution towards total thermal conductivity (x.) are shown in Figure
3.12. As seen in Figure. 3.12 (a) thermal conductivity for CuGai-xMnxTe2 decreases with increase
in temperature for all samples. For Mn substituted samples thermal conductivity was decreased
compared to the pristine sample. This reduction is seen in whole temperature range. This
decrease in thermal conductivity is attributed to enhanced phonon scattering. Mn substituted
at Ga site acts as an effective scattering center. For x= 0.01, lowest thermal conductivity value
of 1.6 WmK! was observed. Electronic thermal conductivity was estimated by Wiedemann-
Franz law kg = LoT where L, o0 and T are Lorentz number, electrical conductivity and
temperature respectively. Lorenz number value for degenerate limit (2.44 x 10-8 WQK2) was
used in estimation. Major contribution towards total thermal conductivity comes from lattice

vibration as seen in Figure. 3.12 (b) and (c).
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Figure 3. 12 (a) Total thermal conductivity as a function of temperature for the CuGai-
MnxTe2, x = 0.0, 0.01, 0.02, 0.03. (b). Plots of Lattice thermal conductivity (c) Plots of

electronic contribution towards total thermal conductivity [21].
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In all synthesized samples a peak in thermal conductivity was observed around 630 K. This
peak was originated in heat capacity and Differential Scanning Calorimetry (DSC). All
chalcopyrite samples showed this cusp in DSC at similar temperature. To check for any phase
transition we performed high temperature XRD for CulnTez sample. As for the case of CuGaTez,
atomic numbers of Cu and Ga are very close thereby it is quite difficult to distinguish ordered
and disordered state in CuGaTez through XRD. Results can be seen in Appendix Figure A. No
phase transition is observed up to 773 K.

Finally we calculated Figure of merit (Z7) for CuGai-xMnxTez where x = 0.0-0.03. Temperature
dependent Z7 values are shown in Figure 3.13. Maximum value of 0.83 was calculated for 1 %
Mn doped sample at 870 K. This corresponds to 40% enhancement in Z7 value with that of
pristine sample. This improvement in Z7 value is attributed to enhancement in power factor
due to increase in effective mass and lower thermal conductivity simultaneously. Overall

magnetic ion doping proved to be an effective strategy to improve thermoelectric properties of
CuGaTe:.
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Figure 3. 13 Thermoelectric Figure of merit (Z7) as a function of

temperature for the CuGai-xMnxTes, x = 0.0, 0.01, 0.02, 0.03 [21].
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9. Summary

Polycrystalline samples with composition CuGai-«MnyTez where x = 0.0-0.03 were successfully

synthesized by solid state reaction method. Following are important highlights of research.

1. Electrical conductivity was greatly enhanced while Seebeck coefficient retains large values.
1.e., Seebeck coefficient value of 280 mVK! observed at 7'= 670 K for pristine CuGaTez,
while, for CuGao.97Mno.osTez 1s almost as large as 230 mVK'. However, at the same
temperature electrical conductivity remarkably increased to around twice the values when

the Mn doping concentration was increased from x= 0 to 0.03.

2. Power factor was improved greatly as a result of improved carrier concentration and
effective mass simultaneously. Effective mass was improved by magnetic moment of Mn

and charge carrier interactions.

3. To differentiate the carrier tuning effect from magnetic enhancement Seebeck coefficients
were plotted as a function of Ino. Based on theoretical model Seebeck vs Ino plot revealed
enhancement in effective mass term 7%2(m*/m0)¥2u. We also evaluated power factor from
the linear relationship of S and Ing; S = m(b -Ino). The plot between power factor and o
revealed that power factor values for Mn incorporated samples are higher than maximum

values expected after carrier tuning effect.

4. Reciprocal of magnetic susceptibility due to Mn ions as a function of temperature revealed
large negative Weiss temperature values 6= -59.1 K for CuGao.eoMno.o1Tes. Negative values
indicates antiferromagnetic interactions on Mn spins. Large Weiss temperature value for
dilute system was discussed to be more likely due to onsite exchange interaction between

Mn spins and conduction and/or valence band electrons.
5. Evidence of strong coupling between Mn magnetic moments and carrier holes was also seen
from Anomalous Hall effect (AHE). Contribution from AHE term (10* @ cm) was

comparable to ferromagnetic Gai-«MnxAs and Fe1-«CoxSi was observed.

In conclusion we demonstrated that magnetic elements like Mn doping into semiconductors can

be an effective strategy to improve power factor and thereby Figure of merit (Z7).
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Chapter 4:

Thermoelectric and Magnetic Properties of
Mn Doped CulnTe:

1. Introduction

In the previous chapter we discussed synthesis and thermoelectric properties of CuGaixMnxTez
where x = 0.0-0.03. We demonstrated that enhancement in the power factor by magnetic ion
doping is an effective strategy for chalcopyrite type compounds. To elucidate this mechanism of
magnetic enhancement further we selected another member of chalcopyrite family CulnTesz. In
this study, we report the Mn-doping effect to CulnTez. It was demonstrated that the interaction
of magnetic moment with charge carriers can be helpful in enhancing power factor in CuFeS:
and in CuGaixMnxTe2.[20] In the former compound, first-principles calculation studies have
revealed that the antiferromagnetic state in CuFeS2 is essential for the high power factor. [153],
[165] For the latter compound, power factor enhancement beyond the carrier-optimized value
was achieved, and was explained by the interaction between Mn?" magnetic moment and
carriers, as observed by the magnetization and anomalous Hall-effect measurements. Recently,
Mn-doping effect has been argued in Mgi-«Mn.Si [166]. Other magnetic semiconductors have
also been found with good thermoelectric properties. [167], [168]

CulnTez belongs to chalcopyrite family and attracted much attention for its favorable
thermoelectric properties [15], [19], [169]-[171]. Many theoretical and experimental studies
confirms CulnTes based compounds can be promising for thermoelectric applications. For
example, Z7T value of as high as 1.72 was predicted by calculations based on density functional
theory. This study also discuss Cu and In site as potential doping site to tune its thermoelectric
properties [172]. Enhanced carrier concentration was achieved by Cd doping and as a result
power factor was improved. At the same time Cd incorporation decreased thermal conductivity.
Thereby about 100% improvement was observed at room temperature reported by Cheng et.al
[171]. Kucek et.al reported Ni doping at Cu site improved 50 % Z7 value in mid temperature
range [173].

We synthesized polycrystalline samples of CulnixMnxTes with x = 0.0, 0.01, 0.02. Electrical
resistivity decreased slightly while maintaining high Seebeck values, which led to improved
power factor. Thermal conductivity showed noticeable decrease by Mn-doping. As a consequence,
maximum Z7 value of 0.82 was observed at 854 K for x = 0.02 sample. Magnetic properties are
measured and are discussed in relation to thermoelectric properties. Inverse of magnetic

susceptibility with temperature is fit with a Curie Weiss function. The results show that the Mn
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ions doped in CulnTe: are in the Mn?* state. From the Curie-Weiss fitting, a strong
antiferromagnetic interaction between Mn and carriers was inferred, which suggests the
magnetic interaction is a probable origin for the enhanced power factor. Temperature
dependences of electrical resistivity and Seebeck coefficient change their character at 450 K
from degenerate semiconductor behavior to intrinsic semiconductor one, and the power factor
enhancement rapidly diminishes above 450 K. This suggests that electronic correlation inside
Mn-related impurity band plays an important role for the enhanced power factor at the low-
temperature side.

2. Experimental Section

Experimental process is same as we used for CuGaixMnxTez. See the details in chapter 1,
Section 2

3. Results

3.1 Structural Analysis

Powder XRD patterns for Culni<MnxTes, where x= 0.0, 0.01, 0.02 are presented in Figure 4.1.
All synthesized samples were found to be phase pure and exhibit tetragonal crystal structure
with space group 7 -4 2 d. No secondary phase peaks were detected in XRD patterns [174]. All
the peaks observed were matched with that of chalcopyrite structure. Bar symbols at the bottom
of the graphs are showing 26 positions from the ICSD Reference card (PDF # 01-081-1937). In
order to obtain lattice parameters Rietveld refinement was performed using FullProf software.
Rietveld refinement results are plotted in Figure 4.2. Obtained lattice parameters were plotted
as a function of Mn doping concentration as shown in Figure 4.2. Lattice parameters were
scarcely changed attributed to minute Mn doping concentration. Values of lattice parameters

were in good agreement with previous reports, Cui—x-sAgxInTes [175] and Cui-«xInTes [176].

x=0.02
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Figure 4. 1 XRD patterns of Culni-«MnxTesz with x = 0.0, 0.01, 0.02. All peaks observed in X-ray
patterns were matched with those of the chalcopyrite structure. ICSD Reference card (PDF #
01-081-1937) 26 positions are shown in the bottom of the graph with bar symbol
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Figure 4. 2 Rietveld refinement result for the powder X-ray diffraction pattern of CulnTes:.
Inset shows dependence of lattice constants (a on left axis, ¢ on right axis) with respect to

Mn composition

4. Magnetic Properties

Magnetic Properties for Culni-xMnxTez (x = 0.0, 0.01, 0.02) were carried out to investigate the
effect of magnetic ion substitution. Field dependence of magnetization for all synthesized
samples are presented in Figure 4.3 (a) and (b). As expected, non-doped sample (CulnTes) shows
diamagnetic behavior. However, for Mn substituted paramagnetic behavior was observed at 5 K
and 300 K. Magnitude of magnetization increased with increased Mn doping concentration.
Inverse of magnetic susceptibility (xu,) as a function of temperature plots are shown in Figure
4.3. (xmn) Was determined by subtracting the magnetic susceptibility of pristine CulnTes from
Mn doped samples. Here, (xyn) represents the Mn contribution towards total
susceptibility(x;o¢). Graph demonstrates linear behavior between 1/(xy,) and temperature.
This suggests that around room temperature magnetic susceptibility is governed by Curie Weiss
function.

C

X=Xotr 9

In above equation, C is Curie constant, € is Weiss temperature and y, is temperature-

independent susceptibility. We subtracted any effects other than from Mn and now only dealing
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with (xyr). Linear relationship is demonstrated in Figure 4.4 by black solid lines. Here, the

Curie constant is expressed as follows

_ N.Ugff
3Ky

Where Nis the number of magnetic moments and ks the Boltzmann constant, and s is the

C

effective magnetic moment. Here, p.sf is
terr = 24/S(S + Dup

In the Table values of Weiss temperature, effective magnetic moment and Curie constants are
summarized. Effective magnetic moment u.rr calculated values are roughly close to 4.89 us
which is expected value for Mn3+ valence state. Also these values are much smaller than 5.92
B, which is expected value for Mn?* valence state. Therefore, in Culni-<MnxTe2 Mn ions are most
likely exhibit trivalent state. This is in contrast to the case of CuGai-«MnxTes [20] and Culn-
MnxS2 [177], where Mn2* states were suggested for both the compounds. As shown in Table 4.4
Weiss temperature exhibit negative values. This indicates antiferromagnetic interactions on Mn
spins as discussed in detail in Chapter 1. This large negative Weiss temperature can be best
explained by Kondo-type interaction i.e., on-site interaction between charge carriers and
magnetic moments. It is possible these interactions contribute in maintaining high Seebeck

values or even results in enhanced values by increasing carrier effective mass.

3
b
50 |- (a) ; 2 L 300K (b)
5K / i
40 | 1+
s o CO0~0—0-0~0—0—0
- hadl§ F D = I o =
= K A 2-1r
E r-a £ |
g 20 K P £-2 |
g N —— CulnTe, o |
AT Pl
10 | ; —C— Culng goMn ,, Te, =-3 | —&— CulnTe,
ol & " Culng ogMn, oT€, # | 9= Culng ggMn, , Te,
I %ﬂ _5_— = Culng ogMng o€,
golo & 1 ¥ e ¥ o4 4 | .3 S TR HEPI WU PR
0 10 20 30 40 50 0 10 20 30 40 50
H (kOe) H (kOe)

Figure 4. 3 Temperature dependence of magnetic properties for Culni-xMnxTe2 with x =
0.0-0.02. (a) Magnetic field dependence of magnetization M measured at 5 K (b) Magnetic

field dependence of magnetization M measured at 300 K
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Figure 4. 4 Inverse of magnetic susceptibility verses temperature. Contribution from
pristine CulnTez has been subtracted from measured susceptibility. Black solid lines

shows fit with linear function

Table 3 Values of Curie constant, Weiss temperature and Effective magnetic moment (jief).

Sample composition  Culno.goMno.o1Tes Culno.9sMno.o2Tes
6 (K) -19.02 -47.80

C (emu K/mole) 0.024 0.049

Lett (11B) 4.40 4.46

5. Thermoelectric properties

Plots of electrical resistivity as function of temperature for CulnixMnxTe2 where x = 0.0, 0.01,

0.02 are presented in Figure 4.5 (a). Electrical resistivity shows an increasing behavior below

450 K making a small peak followed by the decrease in resistivity with further increase in

temperature. Initial increase in electrical resistivity is a typical behavior for degenerate

semiconductors for which electrical transport is governed by charge carriers produced from

defects and impurities.

Above 500 K, decrease in resistivity as a function of temperature suggest intrinsic
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semiconducting behavior. In this region electrical transport is dominated by thermally activated
charge carriers. Electrical resistivity showed decrease in the temperature region 323 — 500 K
for Mn substituted samples. This is most probably due to an increase in the charge carriers
concentration. This change in carrier concentration is small which is contrary to our previous
research work of Mn doped CuGaTe: [20]. Where we observed large increase in hole carriers
with Mn doping concentration. As seen in Chapter 1 magnetic properties confirmed Mn2*
valence state. Hence, reduction in electrical resistivity for Mn substituted samples was
naturally expected. In another report of Culni«MnxS2 [177] electrical resistivity also show
reduction due to Mn doping. However, in the present case of CulnixMnxTez resistivity change
showed small decrease. This is in agreement with the Mn3* valence state observed in the
magnetic properties. In this case, carrier concentration is not sensitive to Mn concentration. For
higher temperature T > 550 K resistivity difference between doped and pristine samples is

diminished because thermally excited charge carriers overcome doping effect.
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Figure 4. 5 Temperature dependence of electrical properties. (a) Electrical

resistivity, (b) Seebeck coefficient, for Culni-xMnxTes
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Figure 4.5 (b) shows plots of Seebeck coefficient for Culni<MnxTe2 where x= 0.0, 0.01, 0.02. All
synthesized samples showed positive Seebeck coefficient values. This indicates to holes as
majority charge carriers. Seebeck coefficient showed decrease with increase in temperature for
all samples. This behavior is attributed to thermally activated excess charge carriers at higher
temperature and is consistent with resistivity response. Hence, it is expected that increase in
the carrier concentration causes decrease in the electrical resistivity while Seebeck coefficient
also drops. At lower temperature region this is in agreement with resistivity behavior.
Interestingly, Seebeck coefficients for Mn doped samples did not show any decrease as compared
to value of pristine sample. Furthermore, slightly higher Seebeck values were observed for
Culno.9gsMno.02Tez. These results suggests increase in m*3/2u term for Mn substituted samples.
Where p represents carrier mobility [149]. Since u is expected to be reduced by Mn-doping
because of the concomitant disorder, this indicates that the increase in the effective mass m¥*is
significant. Here, we propose charge carriers and magnetic moment correlation is the reason
which stop the drop of Seebeck coefficient values. As a result of which power factor S%p values
are improved. Power factor for all samples as a function of temperature are presented in Figure
4.6.

Mn Te
098 002 2

0_02.|.1.|.|.'|.
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Figure 4. 6 Power factor as a function of temperature for

Culni-xMnxTe2 where x= 0.0, 0.01, 0.02

For sample composition Culno.esMno.o2Tez power factor value at 323 K is 0.52 mW-m1K2 which
1s almost 50% enhancement to the power factor value of 0.36 mW-m*K2observed for pristine
sample (CulnTes) at same temperature. As seen in plots power factor enhancement with respect
to non-doped CulnTe: is greater at lower temperatures while this enhancement becomes smaller
at higher temperature, and especially, above 700 K, there is little enhancement. We observed
change in the temperature dependence for resistivity and Seebeck coefficient around 450 K, this

behavior if analyzed can give some hints to the detailed conduction mechanism as shown later
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To investigate further Seebeck coefficient is plotted as a function of Ino. Results are
presented in Figure 4.7. Seebeck coefficient as a function of Ino plot were suggested by Min and
Rowe as a better thermoelectric performance indicator [149]. Seebeck coefficient based on
theoretical model can be written in the form; .S = m(bIno), where b is the parameter which
involves the term T%2(m*/mo)¥2u, and m = ke/e = 86.14uV/K. Figure 4.7 shows plots of Seebeck
coefficient as a function of Inoat different temperature (324, 370, 420, and 463 K). In the Figure
4.7 broken lines have the slope -86.14 nV/K. Slope is negative because of holes as majority
carriers. Data for Mn substituted samples lies above the line that passes through the data of
pristine sample CulnTes. This graph demonstrates improvement in b value (~7%¥2(m*/m0)32p)
with Mn doping. However, the enhancement is smaller for 1% doped sample only at 420 and 463
K.
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Figure 4. 7 Plots of Seebeck coefficient at temperature 324, 370, 420, and 463 K as a function
of Ino. Black dotted lines have the slope of -86.14 nV/K. For x = 0.02 sample, data (shown
with triangles) lie above the slope line of non-doped sample (shown with squares), indicating

improvement in the effective mass term with Mn doping.

To analyze conduction mechanism relative power factors values of CulnixMnxTes with respect
to that of x= 0 as functions of temperature were plotted. Results are presented in Figure 4.8.
Two regions were distinguished from the graph. Below and above 450 K Power factor values
tends to increase in extrinsic region and drops after 450 K in intrinsic region. This behavior is
consistent to that observed in electrical properties. Below 450 K, (degenerate semiconductor
region) Carriers are mainly condensed in the impurity related band, therefore strong interaction
is expected for Mn d-levels and carriers. On the other hand, at elevated temperatures inter-

band excitation of carriers dominates thereby the coupling between charge carriers and

59



Chapter 4: Thermoelectric and Magnetic Properties of Mn Doped CulnTez

magnetic moment of Mn becomes smaller. As pointed out in magnetic properties that Mn ions
exists in trivalent state and so does the In ions thereby coupling with hole carrier and Mn ions
may not be strong. Which leads to weaker interactions at elevated temperature. Contrary to
study of CuGaixMnxTez in which carriers were doped as a result of Mn2* and Ga3* substitution.
Thereby, in CuGai-xMnxTez system, holes and Mn ions tend to couple more strongly than in the
present case of Culni-«MnxTe2. Nevertheless, it should still be emphasized that even for the case

of 1soelectronic substitution, power factor enhancement is significant up to about 500 K.
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Figure 4. 8 Relative power factors of Culni-xMnxTez with respect to that of x = 0 as functions of
temperature. Yellow regions (T < 450K) corresponds to the degenerate semiconductor region, and
white (> 450K) indicates the intrinsic semiconductor region. In degenerate semiconductor region

below 450 K relative power factor values increases and then started decreasing in intrinsic region.

Plots of thermal conductivity as a function of temperature are presented in Figure 4.9. For all
nominal samples thermal conductivity value decreased with increase in temperature. This is
attributed to dominant Umklapp scattering of phonons at higher temperature. Upon Mn
substitution reduction in thermal conductivity is observed. Estimated reduction of 15 to 20 % in
thermal conductivity is observed as compared with that of pristine CulnTes. For example, for
sample composition Culno.esMno.o2Tez, value of thermal conductivity at 324 K is 4.8 Wm1K'!
whereas, for CulnTe:z value is 5.9 Wm1K'! at same temperature, which is 20 % reduction. This
decrease in thermal conductivity can be attributed to the difference in mass and ionic radii of
substituted elements. Klemen’s and Callaway model suggests that mass difference can cause

increased scattering parameter which leads to lower thermal conductivity [178], [179]. To
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account for electronic and lattice part of thermal conductivity we estimated electronic thermal
conductivity by using Wiedemann Franz Law k, = LTo [42], where L, and k,, symbolizes Lorenz
number and electronic thermal conductivity respectively. Here, Lorenz number value for the
degenerate limit, L = 2.4x108 WQK2 is assumed. Results are plotted in Figure 4.9 (b). Figure
4.9 (b) confirms that contribution from carriers are minimal and major contribution towards
total thermal conductivity is from lattice thermal conductivity.

By combining all the properties we obtained Figure of merit value. Results are plotted in Figure
4.9 (c) as a function of temperature. For Culno.ssMno.o2Tez, highest Z7 value calculated is 0.82 at
854 K for Culno.osMno.o2 which corresponds to around 30 % enhancement from that of the non-
doped CulnTez. This improvement in Z7 value was achieved by reducing thermal conductivity
and enhanced power factor simultaneously. Z7 can be further improved by reducing thermal
conductivity utilizing other methods i.e. nano structuring [8] and/or incorporating micrometer

sized secondary phases [21]
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Figure 4. 9 Temperature dependence of thermal transport properties. (a) Total thermal

conductivity, (b) electronic thermal conductivity, (c) Figure of merit (Z7) for Culni-«MnxTes.
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6. Summary

In this research we studied influence of Mn substitution with In in CulnTes. Polycrystalline
samples of CulnixMnxTe2 where x = 0.0, 0.01, 0.02 were synthesized and characterized for

thermoelectric and magnetic properties.

® Seebeck coefficients did not show any decrease after Mn substitution and even slightly
higher Seebeck values were observed for Culno.ssMno.o2Te2. As proposed in the previous
section magnetic moment charge carrier interaction could be the possible reason in the

enhancement of Seebeck coefficient via increased effective mass.

® To clarify Seebeck coefficient as a function of Ino were plotted. Graph revealed Seebeck
values for Mn doped samples reside above the line that passes through Seebeck coefficients

of pristine sample. This indicates enhancement in effective mass term after Mn doping.

® Power factor calculated at 323 K for non-doped CulnTe: is 0.36 mW-m1K2, while a higher
value of 0.52 mW-m'K2 is observed for CulnoesMno.o2Tez at the same temperature. This is

close to 50% 1mprovement.

® (Conduction mechanism change was observed after 450 K. Two regions were distinguished.
Major improvement in the power factor was seen in extrinsic region while at higher
temperatures carrier and magnetic moment coupling become weaker. Hence, the difference
in the power factor to that of non-doped sample becomes smaller. This suggests that
electronic correlation inside Mn-related impurity band plays an important role for the

enhanced power factor at low-temperature side.

® DMagnetic susceptibility verses temperature showed paramagnetic behavior with large
negative Weiss temperature, which suggested antiferromagnetic interactions on Mn spins
are dominant. Fitting to the magnetic susceptibility data indicated that the doped Mn ions

are most likely in the trivalent state.
Overall thermoelectric properties were improved. These results also reinforces previous

research results for Mn doped CuGaTez. Results presented in this chapter are submitted to

journal of electronic materials and are under revision [174].
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Chapter 5: Secondary Phase Assisted
Enhancement in TE Properties of Fe doped

CuGaTeq

1. Introduction

Since the discovery of thermoelectric phenomenon many techniques were introduced to resolve
the existing conflicts inside the thermoelectric materials. Some of them were discussed in
chapter 1. In the third and fourth chapter we discussed influence of magnetic ions as an effective
strategy towards improvement of power factor on chalcopyrite type compounds. In this chapter
we will present results of microstructure analysis and secondary phase assisted improved
thermoelectric properties of CuGaTes by Fe doping. Solubility limit of Fe was discussed through
morphological analysis. Solubility limit inside CuGaTez was found to be very less. Therefore,
secondary phases were generated. Impact of secondary phases on thermoelectric properties was
also analyzed through microstructure analysis. Secondary phases plays a crucial role on altering
thermoelectric properties. Pure phase compounds are always considered for good properties.
However, impurity phases can also be helpful if controlled through careful synthesis and
microstructural analysis.

In this Chapter we report results of Fe substitution and its effects on thermal transport and
structural properties in chalcopyrite-type CuGaTesz [21]. Polycrystalline samples with the
composition CuGaixFexTe2 where x= 0.0 to 0.05 were synthesized by melt and anneal method
followed by Spark plasma sintering. Structural and morphological analysis were done using
powder XRD and Electron probe micro analysis (EPMA). Which indicates poor solubility of Fe
inside CuGaTez and presence of secondary phases. E.g. CuTe and FeTe:. However we observed
large reduction in thermal conductivity especially for 2 % Fe doped sample. However, further
addition of Fe results in greater thermal conductivity. Power factor has been improved with Fe
addition as well. Thereby, Figure of merit (Z7) was enhanced and maximum value of 0.92 is
obtained at 770 K for composition CuGao.ssFeoo2Tez. This is around 60% improvement as
compared to pristine CuGaTes. In this work role of secondary phases and microstructural
analysis towards improvement in thermoelectric properties of chalcopyrite CuGaTe: is

demonstrated.
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2. Method and Materials

Polycrystalline samples having composition CuGaixFexTezs where x = 0.0 to 0.05 were
synthesized by melt and anneal method followed by Spark plasma sintering. Specimens with
high purity were used for synthesis Fe (99.99%), Cu (99.99%), Te (99.9999%), Ga (99.9999%).
Details of synthesis process can be seen in Chapter 2. For microstructure analysis we used
electron probe micro analysis (EPMA) using JEOL JXA-8900F. Wavelength dispersive
spectroscopy (WDS) was used to check the chemical composition of the samples. Cu, Fe, Te, and
GaP were used as standard materials for chemical composition analysis. For other techniques

details see Chapter 4.
3. Structural Analysis

X-ray diffraction patterns for all the synthesized samples are presented in Figure 5.1. All the
peaks were indexed with that of tetragonal structure (space group /-4 2 d). Small peaks of
secondary phases like Fe and FeTe: were observed for the composition CuGao.gsFeo.osTes and
CuGaogsFeoosTez as seen in Figure 5.2 (a). Lattice parameters were refined by Rietveld
Refinement Technique. Lattice parameters obtained were consistent with previously reported
results [180], [181]. Figure 5.2 (b) shows plot of lattice parameters values as a function of Fe
concentration. As expected, Lattice parameters did not showed any significant change because
of similar ionic sizes for Fe3* and Ga3*. Refined lattice parameters values along with relative

densities are summarized in Table 4.
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Figure 5. 1 Powder XRD patterns of polycrystalline samples of CuGai-xFexTez (x =0,
0.01, 0.02, 0.03). At the bottom of the XRD patterns standard reference card data is

shown.
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Figure 5. 2 (a) Powder XRD patterns of polycrystalline samples of CuGai-xFexTes (x=0.04, 0.05).
Clearly showing secondary phase peaks in the inset. (b) Plot of Lattice constants with respect to

Fe composition.

4. Microstructure and compositional analysis

XRD patterns clearly indicated minority phases inside Fe doped CuGaTez system. This was an
indication for poor solubility of Fe. To investigate this point further Electron probe micro
analysis (EPMA) was used to analyze all nominal compositions for elemental compositions. SEM
Images obtained in EPMA are shown in Figure 5.3. Arrows inside images refers to the points
analyzed.

Figure 5.4-5.6 shows Cu, Fe, Ga and Te elemental maps for all samples. It was observed in

Figure 5.3 that small amount of oxygen is dispersed over grain boundaries. Main phase chemical
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composition was homogeneous. In Table 4 we summarized analyzed and nominal compositions.
Results clearly shows poor solubility (< 1%) of Fe at Ga site whereas main phase composition
for all nominal samples is close to Cui.o0GarooTez.00. Small amount of Fe seems to be substituted
in CuGaTe: phase (only about 0.02 atomic % for composition CuGao.ssFeo.01Tes). Secondly, EPMA
analysis confirms presence of secondary phases like CuTe and FeTez. Initially, up to the 2 % of
Fe substitution secondary phase FeTez have small size of few micrometer as seen in Figure 5.5
which shows Fe-rich phase is dispersed over grain boundaries. However, when Fe doping
concentration is increased (for x > 0.03) we observed increase in the grain size of Fe-rich
secondary phase. E.g. for 5% Fe doped sample it size grows to the order of 10 pm almost similar
to the grain size of CuGaTe2 phase. These results are also consistent with results of XRD
patterns. Where secondary phase appears for higher doped samples. For low doped samples
peaks were not seen because of low grain sizes. In the next section we explained the effect of

these secondary phases on thermoelectric properties.

Table 4 shows nominal and analyzed composition along with lattice parameters and relative

density
S.no Nominal Analysed composition Relative Lattice constant (nm)
composition Density a c
1 CuGaTez Cuo.964Gar.o24Tez.012 99% 0.60186(50) 1.19308(10)
2 CuGao.goFeo.01Te2 Cuo.992Gai.oi0Feoo0iTero9s  97.6% 0.60210(20) 1.19362(41)
3 CuGao.gsFeo.02Te2 Cuog91GarooFeoo0iTero9s  98.3% 0.60201(07) 1.19343(20)
4 CuGao.g7Feo.0sTe2 Cuo.992Gai.004Feo.002Te2 99.1% 0.60204(06) 1.19351(17)
5 CuGao.gsFeo.04Tes Cui.00GaioizFeo.002Ter9ss  96.1% 0.60199(08) 1.19359(28)

6 CuGao.gsFeo.05Te2 Cuo.996Gai.o04aFeooosTero06  95.0% 0.60203(04) 1.19360(15)
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A

A

CP — 50 ‘un;%

Figure 5. 3 BSE images captured in EPMA for (a) CuGaTe: (b) CuGaossFeooiTez (c)
CuGao.gsFeo02Tes, (d) CuGaooerFeoosTes, (e) CuGao.ssFeoosaTes, (f) CuGao.gsFeoosTes. M[1,2,3,4,5,]
are the points mentioning the main phase and S[1,2,3] are the points referring to secondary

phases.
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Fe — 20 um Te — 20 um

Fe — 20 um Te — 20 um

Figure 5. 4 displays mapping of the elements (Cu), (Ga) (Fe) (Te) and (O)
for the sample (a) CuGaTez and (b) CuGao.g9Feo.01Tes.
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Figure 5. 5 displays mapping of the elements (Cu), (Ga) (Fe) (Te) and (O) for
the sample (a) CuGao.9sFeo.02Tes.and (b) CuGao.97Feo.03Tez

69



Chapter 5° Secondary Phase Assisted Enhancement in TE Properties of Fe doped CuGaTes

Figure 5. 6 displays mapping of the elements (Cu), (Ga) (Fe) (Te) and (O)
for the sample (a) CuGao.gsFeo.04Tez. (b) CuGao.gsFeo.05Tez.
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5. Thermoelectric Properties

Figure 5.7 shows plots of electrical resistivity as a function of temperature for CuGai-<FexTesz
where x=0.0-0.05. As seen in Figure 5.7 (a) Resistivity values drops as temperature increases
for all synthesized samples. This is usual behavior for a semiconductor. Below 600 K electrical
resistivity values for Fe doped samples exhibit lower values as compared to pristine CuGaTez.
However, Above 600 K first electrical values shows decrease with Fe concentration up to x =
0.02, and then slightly increased for x> 0.03. As discussed in previous section small amount of
Fe was incorporated in the main phase of CuGaTes. This behavior of resistivity is might be due
to the influence of minority phases. FeTez is a narrow band gap semiconductor and exhibit much
smaller values of electrical resistivity as compared to that of CuGaTes. [182], [183]. Therefore,
the secondary phase might assist in the decrease of electrical resistivity up to 3% of Fe doping.
However, for higher doping concentration (x > 4%) as seen in elemental mapping secondary
phase like CuTe starts to grow as seen in Figure 5.6. This may be one of the reason behind the
resistivity increase with Fe concentration at high 7 range. However, small change in the
chemical composition of the samples or the densities might influence the behavior of electrical

resistivity as a function of Fe doping.
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Figure 5. 7 (a) Plots of electrical resistivity (b) Seebeck
Coefficient as a function of temperature for CuGai-<FexTes

where x = 0.0-0.05.
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Seebeck coefficient graphs as function of temperature are presented in Figure 5.7 (b). All
samples exhibit positive values of Seebeck coefficient indicating p-type behavior. All samples
show drop in the Seebeck coefficient values with increase in temperature. This trend was also
observed in previous reports on CuGaTe:z [10], [16] and attributed to thermally excitation of
charge carriers at elevated temperature. Slight reduction in the values of Seebeck coefficient
was observed after Fe doping thereby, power factor, S%p is improved as seen in Figure 5.8.

Maximum value of power factor was 1.61 mW/K?m for 2 % Fe doped sample at 770 K.
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Figure 5. 8 Plots of Power factor as a function of

temperature for CuGaixFexTez where x = 0.0-0.05.

6. Thermal Transport Properties

Thermal conductivity measurements were carried out using Laser flash analysis. Results are
plotted as a function of temperature in Figure 5.9. Thermal conductivity comprises of two main
contributions can expressed as follow
Ktot = Ke + Kigrt

Here, k., represents electronic contribution towards total thermal conductivity and was
evaluated using Wiedemann Franz Law, k, = LT/p Here, L denotes Lorenz number, and its
value for degenerate limit (2.44x108 WQK2) was used in calculation. Subtracting electronic
contribution we obtained lattice thermal conductivity. Figure 5.9 (b) shows plots of lattice
thermal conductivity as a function of temperature. From Figure 5.9 (a) and Figure 5.9 (b) it is
clear that electronic contribution has small contribution whereas main contribution is from that
of lattice thermal conductivity. As temperature increases thermal conductivity values drops.
This type of behavior is usually observed for a crystal and is attributed to Umklapp scattering
at higher temperature [184]. Usually x;5; < T™1 trend is observed for Umklapp scattering.
Figure 5.9 (c) shows graph between inverse of temperature and lattice thermal conductivity. A

linear relationship was observed as expected.
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Another interesting behavior is observed by looking at Fe doping dependence on thermal
conductivity as shown in Figure 5.9 (d). Initially we observed 30-40 % decrease in thermal
conductivity up to x = 0.02. For higher doping concentrations x> 0.03 an increase in thermal
conductivity was observed. This trend is closely related to microstructural change as shown in
Figure 5.4-5.6. Below 3% Fe doping secondary phases like FeTez had small size and dispersed
on grain boundaries as seen in elemental mapping graphs. This leads to enhanced phonon
scattering and results in lower thermal conductivity. However, for higher Fe doping
concentrations x> 0.03 thermal conductivity shows increase as secondary phase grows to the
order of 10 pm and CuGai-zFesTes acts as composite material. Thermal conductivity value of
FeTes 1s higher as compared to CuGaTes. Hence, thermal conductivity is reduced by addition of
secondary phase as long as doping concentration is restricted below where FeTe: particles

scattered only at grain boundaries.
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Figure 5. 9 Plots of (a) total thermal conductivity (b) lattice thermal conductivity as a function of
temperature for CuGai<FexTez where x=0.0-0.05. (c) Lattice thermal conductivity plot with inverse
of temperature. Black dotted lines shows linear fitting. (d) Lattice thermal conductivity values at

different temperature as a function of Fe doping concentration
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In the end we calculated Figure of merit (Z7) for all nominal samples. Results are plotted as a
function of temperature in Figure 5.10. Significant increase in Z7'value as observed as a result
of Fe doping. Maximum Z7 value of 0.92 calculated for CuGao.gssFeo.02Tez at 870 K which is
substantial enhancement as compared to pristine CuGaTez. Overall Fe incorporation was
beneficial in improving thermoelectric properties. Secondary phases assisted in lowering
thermal conductivity which contributed in improving Z7'to the large extent. In a range of 1% to
2 %, Fe incorporation had useful effect on electrical properties as well which contributes towards

improved power factor.
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Figure 5. 10 Figure of merit (Z7) values as a function of
temperature for CuGaixFexTez where x = 0.0-0.05.

7. Summary points

1. Fe substitution and its effects on thermal transport and structural properties in
chalcopyrite-type CuGaTe: were studied. In this work role of secondary phases and
microstructural analysis towards improvement in thermoelectric properties of chalcopyrite
CuGaTe: is demonstrated.

2.  Fe has poor solubility inside CuGaTez2 and as a result created secondary phases like FeTeo.
Secondary phases helped in reduction of thermal conductivity up to certain limit of doping (x <
3%).

4. Power factor has been improved with Fe addition as well. Thereby, Figure of merit (Z7) was
enhanced and maximum value of 0.92 is obtained at 770 K for composition CuGao.ssFeo.02Tes.
This is around 60 % improvement as compared to pristine CuGaTes

5. This work points to the significance of monitoring the microstructure of samples to improve

thermoelectric properties
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Conclusions and Outlook

A new idea of magnetic enhancement in power factor is presented. It has been demonstrated
that by substituting a magnetic ion in CuGaTez, a significant enhancement in the power factor
is observed. Using theoretical model interpretations and evaluating magnetic properties we
showed power factor surpass normal carrier tuning effect. Owing to reduced thermal
conductivity and carrier magnetic moments correlations we observed around 40 % enhancement
in the power factor. Results demonstrate that magnetic ion doping is an effective technique to
improve thermoelectric properties. In addition, open an opportunity for research on other
thermoelectric families. We also presented thermoelectric and magnetic properties of Culni-
MnyTe2. Results showed that the Mn ions doped in CulnTe: are in the Mn3* state. From the
Curie-Weiss fitting, a strong antiferromagnetic interaction between Mn and carriers was
inferred, which suggests the magnetic interaction is a probable origin for the enhanced power
factor. Thermoelectric and magnetic properties of CulnixMnxTe2 provides further evidence of
carrier magnetic moments correlations presented in Chapter 3. Results reinforced the idea of
magnetic enhancement in chalcopyrite type compounds and also revealed that magnetic
moment and charge carrier interactions plays an essential role in enhancement of
thermoelectric properties. In the last section of thesis we report results of Fe substitution and
its effects on thermal transport and structural properties in chalcopyrite-type CuGaTes. In this
work role of secondary phases and microstructural analysis towards improvement in
thermoelectric properties of chalcopyrite CuGaTe:z is demonstrated. Power factor has been
improved with Fe addition as well. Thereby, Figure of merit (Z7) was enhanced and maximum
value of 0.92 is obtained at 770 K for composition CuGao.ssFeoo2Te2. This is around 60 %
improvement as compared to pristine CuGaTes.

Study in this thesis show that doping magnetic ion is feasible and bring extra contribution to
improve the thermoelectric properties of chalcopyrite family. In future we aim to imply this
mechanism of magnetic enhancement in other thermoelectric material families such as Silicides.
We also believe that utilizing this technique in combination with other available mechanism i.e.

Nano structuring will be an interesting research in future.
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