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Abstract

Chalcogenide thermoelectric materials have gained significant attention in recent years due
to their potential for high-performance thermoelectric energy conversion applications. While
enhancing their thermoelectric performance has remained a core area of research, significant
current interest has been shifting to address other important issues, including improving the
reproducibility and reducing the toxicity of these materials. Chalcogenides offer numer-
ous advantages over other classes of thermoelectric materials. These advantages include the
fabrication of both n-type and p-type thermoelectric legs, often from the same parent mate-
rial, through doping, low thermal conductivity, and high thermoelectric performance across
a wide temperature range. For instance, Bi-based alloys exhibit high thermoelectric perfor-
mance at room temperature; PbTe-based TE materials often reach their peak TE performance
in mid-temperature range; and, Cu-based superionic compounds show excellent performance
at high temperatures. However, it is important to note that sample stability under applied
current and temperature gradients over several thermal cycles is an essential requirement for
practical applications. This stability is crucial for achieving reproducibility and ultimately
ensuring the success of thermoelectric devices.By successfully developing and implement-
ing an efficient and optimized synthesis method, researchers can achieve a breakthrough in
resolving the stability concerns of chalcogenide-based TE devices. This advancement would
not only enable enhanced reproducibility but also pave the way for achieving superior TE
performance in practical applications. This thesis addresses the issue of irreproducibility in
the electronic transport properties of superionic thermoelectric materials of the Ags X family
(X =S, Se, and Te), and the metavalent alloys derived from SnTe. Ag,Te has long been
recognized as a superionic compound with a decent figure of merit (zT) spanning from room
temperature to the mid-temperature range. However, the sample-dependent transport prop-
erties of Ag,Te have hindered its potential as a thermoelectric (TE) material for practical
applications. In Chapter 3 of this thesis, we investigate this issue in great details. We show
that the primary reason for the observed irreproducibility is Ag metal ion migration during

furnace/hot press or spark-plasma sintering at high temperatures. Above superionic transi-



tion, the Ag ions tend to migrate if the temperature or voltage gradient the material is subject
to exceeds a temperature dependent threshold value. We then propose a novel synthesis
method that operates at room temperature, resulting in the fabrication of highly dense and
reproducible samples. This newly method also offers the advantage of controlling the for-
mation hierarchy in particle size. As a result, the thermoelectric performance of the n-type
AgoTe is significantly enhanced by reducing the lattice thermal conductivity below its su-
perionic limit. Thus, a high zT of 1.2 in n-type AgsTe and close to 0.7 in p-type AgsTe is
obtained at 570 K. Through our research, we have also show that 570 K is a safe temperature
limit for Ag,Te, below which reproducible properties can be obtained as the Ag metal ion

migration under the applied voltage and temperature gradient remains local.

Chapter 4 explores the thermoelectric properties of Ag,Se, which suffers large variations
in transport properties for similar composition samples due to sample inhomogeneity and
meta-stable phase formation. Such irreproducile behavior is reported in high temperature
processed samples. In this chapter, our all-room-temperature synthesis approach, described
in detail in chapter 3, is utilized to achieve high thermoelectric performance with excel-
lent reproducibility and homogeneity. The role of Se excess in enhancing the zT is studied,
revealing the suppression of Ag interstitial defects and reduction in carrier concentration,
leading to improved thermoelectric properties compared to pristine Ag,Se. A high and re-

producible zT value of 0.9 at 370 K is obtained without any extrinsic doping.

In chapter 5, we employed our all room temperature synthesis technique to fabricate
high density, nanostructured pellets of Ag,S. The thermal conductivity of our Ag>S sample
is significantly suppressed compared to the ingot sample due to grain boundary scattering.
By synthesizing anion excess samples, the thermal conductivity is further decreased, and a
significantly improved zT value of around 0.9 at 670 K is obtained. The underlying reason of
such reduction in thermal conductivity due to anion excess is studied via detailed differential

scanning calorimetery (DSC) and temperature dependent electrical resistivity.

In Chapter 6, the thermoelectric properties of SnTe are investigated, considering its low

Seebeck coefficient and high thermal conductivity caused by Sn vacancies. A novel furnace



sintering method is employed to fabricate nanostructured SnTe samples with significantly
reduced thermal conductivity. We show that during the furnace sintering of a cold-pressed
pellet, the nanoparticles of SnTe precipitates at the grain boundaries, leading to a nanostruc-
tured pellet which further enhances the thermoelectric properties. Band engineering with Ag
doping is also explored, resulting in improved power factor and thermoelectric performance
due to both valence band convergence and an increase in the band gap.

Overall, this thesis successfully resolves the issue of irreproducibility in the electronic
transport properties of Ag,Te and Ag,Se. High TE figure of merit is obtained in AgsTe,
AgsSe, AgsS superionics and SnTe metavalent compounds through innovative synthesis
methods, including grain-size reduction, and hence nanostructuring, and band engineer-
ing techniques. The reproducibility of the observed properties is solidly established. The
findings contribute to the understanding and development of thermoelectric materials with

enhanced reproducibility and improved performance.
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Chapter

Introduction

1.1 Motivation

One of the greatest challenges facing humanity in the 215 century is to meet the world’s
increasing energy requirements while reducing greenhouse gas emission [37]. Therefore, it
is important to discover efficient renewable energy methods to reduce reliance on fossil fuels.
The most recent global energy consumption spectrum is shown in Figure 1.1 [1]. It indicates
that in 2022, 84.3% of our energy requirements are met through natural reserves: oil, coal,
and natural gas which have limited availability on earth and may get exhausted in another
100 years or so. Hence, increasing focus on renewable energy research is also urgent, which
is currently limited to hydropower, nuclear, wind energy, solar, bio-fuels etc. Other than
the limited amount of energy supply from current energy resources, significant losses in the
form of heat occurs throughout the energy supply chain, which further reduces the overall

efficiency of both devices and energy sources.

The production of useful energy from omnipresent or lost energy is called "energy har-
vesting" (EH) and has gained significant attention to fulfill energy requirements of the world.
As a consequence, the increased scientific interest in this field led the discovery of wearable
devices, portable medical kits, flexible electronics, etc. Thermoelectric (TE) energy harvest-

ing is currently rising in popularity in the scientific community. The TE devices produce

1



2 Chapter 1. Introduction

useful electrical energy from waste heat [38]. Interestingly, by supplying an external elec-
tric current the same device can also work as a refrigerator [39]. According to U.S. energy
flow record [40], about 65% of energy gets wasted in the form of heat. Even if the 10% of
it can be harvested to produce clean electricity that would make the whole energy system
more efficient and save the environment from increasing temperature. TE finds applications
in heat recovery from automobiles, utilities (burning coals and natural gas) and chemical
plants. Several advantages of TE energy harvesting technique include their compact design,
robustness, zero gas emission, noiseless and maintenance free operation. This makes the TE
devices a more attractive renewable energy source. NASA has been using the TE generators
for their deep space projects which use Radioisotope Thermoelectric Generators (RTGs) that
produce nearly 300 W power and has been running uninterrupted for the last 40 years. [41].
Lack of any moving parts and hence their vibrationless operation attracts their application as

cooling units in sensitive scientific instruments like laser systems, etc [42,43].

Low-carbon sources: 15.7%
«— Fossil fuels: 84.3% > —

0il (33.1%) Coal (27%)  Gas (24.2%)

Hydropower (6.4%) I
Nuclear (4.3%)

wind (2.2%)
Solar (1.1%)
Biofuels (0.7%)

Other renewables (1%) —

Figure 1.1: Global energy consumption spectrum for year 2022. Figure regenerated from Ref [1].

However, due to their low efficiency, the current state-of-the art thermoelectric gener-
ators (TEGs) are only used in some niche applications, such as deep space missions, [2]
high-end automobiles for climate control car seats, etc. This motivates the TE research

community to work for further development of the field. Recently, the hybrid photovoltaic
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(PV)-thermoelectric generator (TEG) has gained attention due to the improved efficiency of
PVs resulting from the heating control provided by TEGs [44]. Hence, TE research has been
growing very fast in the last decade, where many new TE materials have been discovered
with efficiencies comparable to or little less to the commercial PVs [45-48]. Figure 1.2
shows the advancement in TE material research from 1950 to 2017, where chalcogenides are
among the most studied TE materials; these include metavalent (PbTe, GeTe, SnTe, etc) [49],
superionic (Cus X and Ag, X, X = Chalcogen) [8], Bi; X3 based alloys [50], etc., with around
10% experimental and 16% theoretical conversion efficiencies. But the lead toxicity, use of
high cost elements like Ge, and sample instability and hence the irreproducible TE properties
are additional challenges besides increasing the TE energy conversion efficiency. Since there
is no upper limit on the TE figure of merit (see section 1.3), the working efficiency of TE
materials can be enhanced further, which will bring down the fabrication cost, making TE

devices more affordable for day-to-day use.

In this thesis, we studied two classes of chalcogenide TE materials: superionic and
metavalent, with major focus on attaining reproducibility, improving the TE properties, and
avoiding toxic materials, e.g., finding an alternative for Pb containing TEs based on PbTe.
This chapter deals with some necessary concepts required for understanding the current re-

search in TE materials, and ways to improve the TE efficiency.

1.2 Thermoelectricity

Thermoelectricity refers to the reversible conversion of heat into electricity. It was discov-
ered by Thomas Johann Seebeck in 1821. When two dissimilar metal wires are joined at
their ends to form junctions; and one of the junctions is heated with respect to the other, a
current flows through the circuit, as shown in Figure 1.3(a), signifying conversion of heat
into electricity. This effect can be used to generate electricity when the two dissimilar metal
wires are replaced by n- and p-type semiconducting blocks or legs, such that the resulting
voltage is significant enough to power a load connected in series, as shown in Figure 1.3(b).

This device is called a thermoelectric generator (TEG). A single TEG consisting of a pair
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[ Chalcogenides (37%)

I Skutterudite (7%)

[ Clathrate (1%))

Bl Half-Heusler (8%)
Miscelleneous (4%)

I Nanostructures (6%)
Metal oxide (14%)

I Miscelleneous (4%)

= Conducting polymer (4%)
Hybrid (7%)

6% 14% I Doped semiconductors (7%)

4%

5%

8% 4%
1%
° 7%
7%
7%

37%

Figure 1.2: Pie diagram showing development in TE materials from 1950 to 2017 [2].

(a) Cold b
0 (b)
Metal B
Metal A
© N P
¥ ¥
O P B
Hot Heat - electricity electricity - cooling

Figure 1.3: Schematic diagram for (a) thermoelectric effect, (b) thermoelectric generator, and (c)
thermoelectric refrigerator.

of n-type and p-type legs can generate power up to 125 W [38]. However, for practical ap-
plications, an array of n- and p-type legs are connected electrically in series and thermally
in parallel to generate electrical power output up to 5 kW. Conversely, passing an external

electric current in the circuit produces cooling at one of the junctions with respect to the
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other. This is known as the Peltier effect and it can be used in designing Peltier coolers or

refrigrators, a schematic of the same is shown in Figure 1.3(c).

1.2.1 Seebeck Effect

The Seebeck effect is the underlying mechanism on which the thermoelectric generators are
(TEGs) based [51]. The Seebeck effect refers to the appearance of a voltage in the presence
of a temperature gradient across the ends of a metallic or semiconducting block as shown in
Figure 1.4. The voltage generated is directly proportional to the temperature gradient and the
constant of proportionality is known as Seebeck coefficient. Thus, the Seebeck coefficient, S
= AV/AT, where AV is the voltage obtained when a AT temperature difference is applied.
Sometimes, S is also called the thermopower, depicting the relationship between temperature

(thermo) and electricity (power).

Th AT=Ty-Te Te
S= AV
AT

Figure 1.4: Schematic diagram for Seebeck effect.

The Seebeck voltage appears as a consequence of the diffusion of charge carriers from
the hot end to the cold end of a material. Hence, the sign of S depends on the type of ma-
jority charge carriers present in the material. For p-type materials (holes as majority charge
carriers), the Seebeck voltage is positive, and similarly for n-type materials (electrons as ma-
jority charge carriers), the Seebeck voltage is negative. However, the negative (positive) sign
of the Seebeck coefficient does not necessarily mean the carriers are electrons (holes). For

example, in a multiband semiconductor where both types of charge carriers are present, the
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sign of the Seebeck coefficient depends on other factors as well including the relative carrier

concentrations, of the two types of carriers, band curvatures and the band degeneracies.

1.2.2 Peltier Effect

The Peltier effect is the underlying mechanism of a thermoelectric refrigerator. When a finite
current is passed across the n- and p-type semiconductors connected electrically in series,
cooling is produced at one of the junctions with respect to the other, as shown in Figure 1.3
(c). At a microscopic level, one can understand this as follows: the application of a potential
difference causes the charge carriers to drift. These moving charge carriers carry heat with
them, producing a cooling effect at the starting end. This effect was discovered in 1834 by
J.C. Athanase Peltier. For a single conductor, the heat absorbed per unit time at its end is
defined as,

Q = II1 (1.1)

Here, II represents the Peltier coefficient of the material, and I represents the current passing
through it. Similar to the Seebeck coefficient, the Peltier coefficient for a p-type semicon-
ductor is generally positive, while for an n-type semiconductor negative. There is a direct
correlation between the Seebeck coefficient and the Peltier coefficient, given by II = TS.
The heat flow rate (Q) may also be affected by Joule heating or a temperature gradient, as

discussed below.

1.2.3 Thomson Effect

The Thomson effect was discovered by Sir Lord Kelvin in 1851. Under the conditions of
simultaneous temperature gradient AT and current density (J) in the conductor, the heat
absorbed or rejected per unit volume, after neglecting the Joule heating, can be defined by
the relation:

qd= —AJAT (1.2)
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Here A is the Thomson coefficient. Its relation with Seebeck and Peltier coefficients given
by equation,
dIT

A= — - 1.
aT S (1.3)

1.3 Thermoelectric Efficiency

A thermoelectric generator (TEG) is equivalent to a heat engine where the charge carriers
act as the fluid that carries the heat. We first consider a single-leg TEG which basically
consists of a single n-type or p-type element whose end are at maintained at temperatures
T;, and T,, leading to a temperature gradient AT due to which the resulting Seebeck voltage
drives a current through an external load Ry, (see, Figure 1.4). However, due to the finite
electrical resistance of the thermoelectric material, the voltage across the load will be less
than the open-circuit voltage (V = IR ) by an amount equal to the voltage drop in the internal
resistance. The maximum efficiency in this scenario is obtained when the load resistance is
equal to the internal resistance, known as load matching condition. If one assumes AT to
be small and the physical properties of the material to be constant across the length, the

thermoelectric conversion efficiency (1) can be expressed as [38]:

_AT V1+z7zT -1 NAT\/1+ZT—1 (1.4)

ma T V1+2T+ 5 T Vi+zT+1

Here, AT/T is the Carnot efficiency (7),,.,) and n remains a small fraction of 7,,,, unless
the dimensionless quantity zT in eq. (1.4), called the thermoelectric figure-of-merit of the
material, becomes sufficiently large (7 — 7,4, as ZT — o0). The approximate variation of 7
with zT for various values of AT is shown in Figure 1.5 where T,,. = (T}, + T.)/2 is the av-
erage temperature. However, zT depends of the contra-related properties, namely, electrical
conductivity (o), Seebeck coefficient (S) and thermal conductivity (x) of the material and is

given by the equation:
oS’T
K

zT =

(1.5)
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Figure 1.5: TEG efficiency variation with ZT,,. for different cold end temperatures while hot end
kept at 700 K, adapted from Ref [3].

As is evident from eq. (1.5), for a high value of zT, the material should be a simultane-
ously good conductor of electricity (high o) and a poor conductor of heat (low x). But this
is counterintuitive since at any temperature T, the electrical conductivity and the electronic

component of x (designated as x.) are directly related via. the Wiedemann-Franz law:
ke = LTo (1.6)

where L is a constant called the Lorentz number whose numeric value is 2.44 x 1078 V2 K2
for metals. Similarly, high o prohibits a high Seebeck value, the two having opposite ten-
dencies: while Seebeck effect creates a voltage gradient, high o tends to nullify it. This is
nicely exemplified in Figure 1.6 where o, S, o S? (called the power factor and designated as
PF), and « are plotted as a function of carrier concentration (n) using the Single Parabolic
Band (SPB) mode approximation. Within the simplified SPB model, S is given by:

(1.7)

S — 8m2kzm* (W)§

3eh? \3n

o = nep (1.8)
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Figure 1.6: Relationship between S, o, S?0, k. and k; with carrier concentration, adapted from

Ref [4].

Here kg is the Boltzmann constant, m* is density of state effective mass, e is the elec-
tronic charge, h is Planck constant, n denotes the carrier concentration, and L is Lorentz
number. For small n (bad insulators), S is very high but ¢ is very low and consequently the
PF is also very low. In the other extreme of high values of n (a metal), o is very high but S
is very low, and, once again, the resulting PF is low. In the intermediate range of values of
n, which extends from 10'® to 10** cm~2 depending on the material under consideration, the
PF attains its peak value. This is the optimum window over which high PF can be expected.
Hence, the first step in the process of improving the PF of any new thermoelectric material
is to find the optimal carrier concentration.

Eq. (1.4) can also be used for the TEG shown in Figure 1.3(b) where both n-type and
p-type elements are connected in series electrically; however, in this case zT replaced by the
effective figure-of merit of the device, which is given by the expression [52,53]:
Sz,

‘T G

(1.9)
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where S,,, is the thermopower of the whole module, and x,,/, and o,,/, are the thermal and
electrical conductivities of the individual legs. Thus, high zT of the individual legs is the

starting point in the search of a good TE material.

1.4 Transport properties

Transport properties can be categorized into two parts, electronic and thermal. Apart from
a few exceptions, the average values of the three primary transport quantities for insulators,

semiconductors and metal are listed in table 1.1.

Table 1.1: Typical values for transport properties, Seebeck coeffcient (S), electrical conductivity (o)
and thermal conductivity () in insulators, semiconductors, and metals at room temperature

Transport property Insulators Semiconductors Metals

S| (uVK™h) ~1000 ~200 ~5
o(Scm™) ~10716 ~10° ~10°
k(Wm™ K™ <1 <100 >300

We will separately discuss these transport properties in great details in the following.

1.4.1 Electronic Transport Properties

Electrical Conductivity

Electrical conductivity (o) is a measure of the ability of a material to conduct electric cur-
rent. The easier the passage of electricity, the higher the electrical conductivity. For example,
metals such as silver, aluminum, etc, are good conductors of electricity. As mentioned in the
previous section, ¢ can be expressed using equation (1.8), where n denotes the charge carrier
concentration, e represents the electronic charge, and p represents the carrier mobility. For a
given value of p, the variation of o with n is shown in Figure 1.6. n is negligible for insula-
tors, which is why they show extremely low o. Metals have larger n (10> cm~3), resulting in
their very high electrical conductivity. In semiconductors, n varies from 10 cm=3 (intrinsic
semiconductors) to 10?° cm™3 (highly doped or degenerate semiconductors).

Carrier mobility ;o determines the ability of charge carriers to conduct, which depends
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upon their effective mass (m*) and relaxation time (7) via the relation y = e7/m*. Theoreti-
cally, m* can be calculated from the curvature of the electronic band near the Fermi energy
using the expression: )

m* = % (1.10)
where E is the energy and k is the wave vector associated with the Bloch electrons.

Bands with steep dispersion near the Fermi energy signify low carrier effective mass,
and hence, high carrier mobility. High mobility materials are desirable for TE applications.
However, with increasing temperature, depending on the scattering mechanism involved,
mobility decreases following a T~* dependence. For example, for the alloy scattering and
electron-phonon (lattice) scattering « takes values 1/2 and 3/2, respectively. The impurity or
defect scattering, on the other hand, weakens upon heating, resulting in a negative value of
« which can be shown to be equal to -3/2.

Using the Matthiessen’s rule given by equation (1.11), the effective temperature depen-
dence of mobility can be estimated when different scattering mechanisms are simultaneously
present [54].

1 1 1 1

- = + + + (1.11)
1% Himpurities Halloy Hiattice

In thermoelectrics, the quantity j is one of the key parameters for maximizing the TE per-
formance of a material. For example, in p-type BiyTes semiconductor, the zT has been
enhanced to values as high as 1.8 by maintaining a high mobility value of 280 cm? V~1 ™1
in the melt-spun samples with poor thermal conductivity [55]. Similarly, a zT of 2.5 was
attained in p-type PbTe by maintaining a reasonably high mobility value of 80 cm? V~1 57!
despite alloying with SrTe [56]. In conclusion, the optimum value of carrier concentration

and high mobility results in a high value of o, which often leads to high PF values. We shall

now look at the strategies for enhancing or maintaining high y and hence o.
Strategies for increasing the electrical conductivity

One way to enhance the power factor of a thermoelectric material is to increase its o to

reasonably high values without having a significant adverse effect on the Seebeck coefficient.
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The highest o can be achieved in single-crystalline materials, but they also exhibit very high
lattice thermal conductivity, making them less desirable for TE applications. Therefore,

polycrystalline TE materials are generally preferred.

In a polycrystalline material, the electrical conductivity can be increased by simultane-
ously increasing the carrier concentration (n) and carrier mobility (1). Aliovalent doping
can be employed to increase n, while creating coherent grain boundaries can enhance pu.
Coherent grain boundaries offer negligible resistance to the flow of electrons. For exam-
ple, Kim et al. reported that Bi;Tes bulk polycrystalline samples, with coherent and semi-
coherent grain boundaries, exhibit very high carrier mobility of 280 cm? V=1 s~ compared
to a polycrystalline samples where incoherent grain boundaries lowers the value of pu to

190 cm? V~! s [55].
Seebeck Coefficient

The Seebeck coefficient S is defined in Figure 1.4. Physically, S in a material can be under-
stood as the entropy transfer per unit charge. Since zT is directly proportional to the square
of the Seebeck coefficient, understanding the factors that affect the Seebeck coefficient of a
material is important to design high zT thermoelectrics. This motivates researchers to find
appropriate thermoelectric materials that can provide maximum output emf or voltage. For

a semiconductor, Mott defined S as [57],

k3T (1dy  1dn

_ S 1.12

> 2e (udE i ndE)E (1.12)
F

here kp, e, i1, E, and n are, respectively, the Boltzmann constant, electronic charge, carrier
mobility, energy and carrier concentration. We can see that, like o, S also depends on n and
1, but with different functional forms. If a material shows a larger j—]’; (carrier filtering) or
g—g (resonant states), then high S can be obtained. Under the SPB model approximation with
electron-phonon scattering mechanism, S in equation (1.12) reduces to equation (1.6), which
is often referred to as the Pisarenko relation. From equation (1.6), one can see S is directly

proportional to density of state (DOS) effective mass, m}; and, T but inversely proportional
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Energy

PbTe fraction

Figure 1.7: Schematic showing heavy hole valence band (32, with band degeneracy of 12) and light
hole valance band (L, with band degeneracy of 4) getting converged with increasing Pb alloying in
SnTe, figure adapted from Ref [5].

to the carrier concentration, n. The m}; can be expressed in terms of band effective mass, m*
as [49],
m}; = N?/3m* (1.13)

where N, is the valley degeneracy. A schematic diagram for understanding the band

curvature and band degeneracy is shown in Figure 1.7.

Strategies for increasing the Seebeck coefficient

For high PF it is desirable to have a high Seebeck coefficient (S). There are several strategies
reported for increasing S, and we discuss these briefly in this section.
1. Optimizing carrier concentration

Equation (1.6) implies that S can be increased by decreasing the carrier concentration through
defect manipulation or chemical doping. The variation of S as a function of n is shown in
Figure 1.6. However, in order to obtain a high value of PF, both ¢ and S should be high. This
means that the carrier concentration cannot be reduced beyond an optimal value. The optimal
carrier concentration varies across different materials, but it can be controlled through dop-

ing level and defect optimization. Optimizing the carrier concentration is the most common
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approach to enhance the Seebeck coefficient and hence the PF value [58].

2. Resonant impurity states
Resonant impurity states, which are sharp distortions created in the density of states (DOS)
by elemental doping in the host material (see Figure 1.8(a)), are known to significantly affect
electronic transport when they appear near the Fermi level of the host material [59]. The
introduction of resonant impurity states results in an additional, less dispersive band near
the Fermi level of the host material. This induced flat band or sharp DOS significantly
increase the overall S of the host material according to Mott equation (1.12) [57]. Along
with the significant enhancement in S, the electrical conductivity of the material also remain
high as it was for the host material resulting in high values of PF. Typically, the best results
for achieving high PF due to increased S through resonant doping were reported for very
dilute doping concentrations (< 1%). Overall, resonant impurity states can have a significant
impact on the electronic transport properties of a material, and their introduction can be used

to tailor the Seebeck coefficient and power factor values of the host material.

3. Band Degeneracy
Band degeneracy (N,), also known as valley degeneracy, is another way of enhancing S
without compromising the high o of a material when intervalley scattering is negligible. As
is evident from equation (1.13), increasing m; via N, can increase S. N,, increases when
multiple bands appear within a small energy range of a few kgT. Materials that have a more
symmetric crystal structure but possess carrier pockets at low symmetric points (for example,
L-point and, 2-point as in metavalent class of materials such as PbTe, SnTe, and GeTe) tend
to have high band degeneracy [49]. For example, in SnTe, the > band with N, = 12 lies
within 0.35 eV below the valence band maxima at L-point. These bands can be easily made
to converge by appropriate dopants, resulting in increased band degeneracy, see Figure 1.7.
For example chemical doping in PbTe with Mg, Na, and other elements results in band
convergence [60]. Schemtic diagram in Figure 1.7 depicts the band degeneracy between

light hole and heavy hole valence bands due to Pb doping in SnTe.

4. Energy Filtering Effect
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Figure 1.8: Schematic representation of (a) resonant impurity states and (b) charge carrier filtering
via Pb nano-precipitates in PbTe matrix.

In the energy filtering (EF) effect, low energy charge carriers and minority carriers are selec-
tively filtered, resulting in an overall enhancement of the Seebeck coefficient with negligible
deterioration of electrical conductivity. It has been reported that materials with nanograined
core-shell heterostructures enable, the selective scattering of low energy charge carriers by
the potential barriers at the interface works as a carrier filter [61]. Heremans reported an
enhanced Seebeck coefficient due to energy filtering using ~ 30 nm Pb nanoinclusions in
PbTe bulk samples [62]. Similarly, grain boundaries in semiconductors become electrically
active due to charge trapping in the gaped states localized at the interface and create a po-
tential barrier (see Figure 1.8(b)). Now depending on the strength of the potential barrier,
charge carriers can be reflected back and filtered out, allowing only the propagation of high-
energy carriers. Additionally, these potential barriers can be utilized to control the flow of
charge carriers in nanoscale devices, making energy filtering an important concept in the

development of advanced electronic and thermoelectric devices.

The net result of the filtering process is that the average kinetic energy of electrons in-
creases, which, in turn, enhances the Seebeck value. As the Seebeck coefficient (S) is a
measure of the entropy carried per charge carrier, the increase in the average kinetic energy
of electrons due to energy filtering, leads to an increase in the entropy carried per charge

carrier, which, in turn, enhances the Seebeck coefficient.
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1.4.2 Thermal Transport Properties

Thermal Conductivity

According to the Fourier’s law of heat conduction, the rate of heat transfer per unit time
is proportional to the negative of temperature gradient and area through which the heat
flows. The constant of proportionality is known as the thermal conductivity of the speci-

men. Fourier’s equation can be expressed as:

Q= —rAS (1.14)

Here () is the heat flow measured in Watts (W). dT/dx denotes the temperature gradient
across the positive x-axis; A is the cross section area normal to the heat flow, and « refers
to thermal conductivity. The negative sign in equation (1.14) signify that the temperature
decreases along sample thickness. A schematic illustration of ~ is shown in Figure 1.9
where T; and Ty (T; > Ty) are the temperatures of the left and right ends of the sample of
cross-sectional area and width w.

The most commonly used method for determining the thermal conductivity (k) of ther-
moelectrics is through the measurement of thermal diffusivity (D) in steady state. The ther-
mal conductivity can then be estimated using the formula x = Dp,,,C,,, where p,,, represents
the mass density of the sample and C,, is its specific heat. For most semiconducting materials,
C, above room temperature tends to a constant value given by the Dulong-Petit limit. How-
ever, some materials with very high Debye temperature may have their C, still increasing
with temperature even above room temperature.

x comprises two parts: thermal conductivity due to the lattice, called x;, and thermal
conductivity due to the charge carriers, called .. Due to high «., metals conduct heat very
quickly, while insulators are the opposite unless their lattice thermal conductivity is high as
for example in the case of diamond. The high «. value of metals is due to their significantly
higher electrical conductivity (o) compared to the insulators. The o and k. in a metal are

related through the Weidemann Franz law given by equation (1.7).
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Figure 1.9: Illustration of thermal conductivity in terms of heat flow per unit time (Q) and tempera-
ture gradient Ty - To across thickness (w) of a specimen of cross sectional area A.

For TE applications, most of the materials used are semiconductors having electron-
phonon scattering as the dominant scattering mechanism. For such materials, the Lorenz
number differ considerably from its ideal value of 2.44x10~® V2 K~2 which is generally
valid for metal. In semiconductors L is typically estimated by simulating the temperature

dependent Seebeck coefficient under single parabolic band approximation, using the expres-

sion:
kp <2F 1(n) >
- s — (1.15)
e \ () "
Here F;(n) is Fermi integral, defined as, F;(n) = fooo #ﬂt—n) where ¢ denotes the reduced

energy (,CBLT) and 7 represents the reduced Fermi energy (,i—’}). After finding 7 vs tempera-

ture from above equation, L(T) can be easily determined by using expression,

;o (k_B)23F0(77)F2(77) — 4F?(n) (L16)

e 5 (n)
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Furthermore, the SKB model can be utilized to estimate L(T) for semiconductors with non-
parabolic bands, taking into account the band non-parabolicity factor [63]. The determina-
tion of k. using the Weidemann Franz law enables the estimation of x;, which is obtained by

subtracting k. from the total thermal conductivity «.

In addition, Slack’s model predicts the thermal conductivity of any insulator by consid-
ering the fact that only acoustic phonons transport heat. Slack’s equation can be used to
theoretically calculate the minimum «; limit for a material having n atoms per unit cell [64].

M63s

.W (1.17)

R] =

In this equation, M represents the average atomic mass, @ is the Debye temperature, § is
the cubic root of the average volume per atom in angstroms, and y denotes the Griineisen
parameter. The Grineisen parameter measures the departure from harmonicity in a crystal
and is experimentally determined from thermal expansion data. Even for a perfect crystal
the thermal conductivity does not become infinitely large due to unavoidable anharmonicity
associated with it. Notably, SnSe has been reported to exhibit strong anharmonicity along
its a-crystallographic axis, resulting in an extremely high value of v around 4.1. This anhar-
monicity contributes to the ultra-low thermal conductivity along the a-axis [65]. It is also
evident from equation (1.17) that x; decreases with increasing temperature. This decreasing
behavior is attributed to the anharmonic umklapp scattering processes of phonons [66] in

crystalline materials.

In addition to lattice thermal conductivity, some small band gap semiconducting TE ma-
terials such as BiyTes [55], PbTe [67], NbCoSb [68], among others, have a third thermal
contribution arising from bipolar diffusion due to minority charge carriers. Separating the
bipolar thermal conductivity from the total thermal conductivity can be a challenging task.
For a comprehensive explanation of bipolar thermal diffusion, details can be found in an

article by Wang et al. [69].
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Strategies for decreasing thermal conductivity

The thermal conductivity of a material is influenced by the independent contributions of
charge carriers, phonons, and bipolar diffusion. The contribution of charge carriers is op-
timized via n, similar to o, whereas the contribution of bipolar diffusion in small band gap
semiconductors is controlled by increasing n and/or widening the band gap through chemi-
cal doping. The contribution of phonons or lattice component can be obtained from equation
(1.19).

1
K] = gcvvglp (1.18)

The specific heat, denoted by c,, and the phonon group velocity, denoted by v, (v, =
\/F/M, F denotes bonding strength and M is the atomic mass), as well as the mean free
path of phonons, denoted by Zp (vgTp), are important parameters that contribute to the lattice

thermal conductivity of a material.

In order to reduce the thermal conductivity due to phonons (x;), there exist many material

engineering strategies, which are described as follows.

1. Nanostructuring
Researchers have investigated the TE performance of several nanostructured materials, such
as nano-composites and superlattices, and have found that they outperform their bulk coun-
terparts. This is because nanostructures strongly scatter heat-carrying phonons that have
a mean free path length comparable to their size. For example, endotaxially embedded
nanocrystals of alkaline earth telluride (5% CaTe) decreased the x; of the PbTe-1%NasTe
system from 1.2 W m~! K~! t0 0.43 W m~! K~! [70]. In addition, Venktasubramanian et
al. achieved a zT of 2.4 in a superlattice device of Bi;Te3/SbsTes [71]. Roychowdhury et al.
reported a huge improvement in the zT of 2.6 in a nano-structured bulk AgSbTe, [47]. More
recently, zT of Ag,Te have also been increased from 0.9 to 1.2 by reducing the lattice thermal
conductivity to 0.32 W m~! K~! due to nanostructuring [72]. Therefore, nanostructuring has

proved to be a very efficient strategy for lowering x;.
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2. Alloying and point defect scattering
Alloying or doping with a small concentration of any element can efficiently reduce the
lattice thermal conductivity of a host material. This reduction occurs as a result of mass
fluctuations and induced local strains in the matrix of host material. When heavy elements
are doped in place of lighter ones, the phonon group velocity decreases via \/F/—M , leading
to a reduced r;. For example, in PbTe, the x; value reduced from2.25Wm' K1 t0 1.25W
m~! K~! at room temperature by 2.5% Se doping due to mass fluctuation [60]. A significant
reduction in ; due to alloying was also achieved in half-Heusler alloys by doping the mas-
sive Hf element [73]. With a higher doping percentage of foreign elements, nano or micro-
precipitation may occur, which subsequently scatters more phonons of comparable mean
free path. In a class of materials known as (TAGS-x), which includes (GeTe),(AgSbTes); .,
ultra-low thermal conductivity is achieved due to point defect scattering in addition to scat-

tering from nano-precipitates [74].

3. All-scale hierarchical nanostructuring (ASHN)
It combines the effect of point defects, nanostructures and grain boundary scattering effect
all together to reduce the lattice thermal conductivity significantly. The local strains induced
due to point defects and dislocations, nano-inclusions and messoscale interface scatters the
small, mid and long mean free path (Zp) phonon, respectively. Great enhancement in zT of
PbTe was achieved by Zhao et al. via all-scale hierachical nanostructuring by Mg alloying
and more than 100% decrement was obtained [75]. This concept is vastly used for every
class of materials like chalcogenides [47, 72], half-Heusler alloys [76], skutterudites [77]
and oxide [78]. The schematic representation of ASHN effect in scattering different range

of mean free path phonon lengths is shown in Figure 1.10

There exist some materials which inherently possess very low lattice thermal conductivity
due to their unique crystal structure, for e.g. Clathrates [79] and superionic compounds [80].

We will discuss about different class of TE materials in the subsequent section.
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Figure 1.10: Schematic illustration of all-scale hierarchical nanostructuring (ASHN) for scattering
of different mean free path lengths phonons. Figure regenerated from Ref [6].

1.5 State of the Art

There is a vast verity of TE materials with interesting properties. In this section we will

discuss a few of state of the art class of materials.

1.5.1 Heusler Alloys

Heusler compounds crystallize in the face-centered cubic (FCC) phase with the chemical
formula XYZ (half Heusler) and X,YZ (full Heusler), where X and Y are transition metal
elements and Z is a p-block element. This class of materials possesses great mechanical
strength and excellent sample stability at high temperatures (above 1000 K). Moreover, mod-
erately high electrical conductivity and their highly symmetric structure results in high band
degeneracy, making these intermetallics potential candidates for high-temperature TE ap-
plications [81]. However, due to the presence of strong covalent bonding, their thermal
conductivity is also typically high, making them difficult to use for TE applications unless ;
is somehow reduced. However, by using some of strategies for reducing the lattice thermal
conductivity, discussed in the previous section, one can improve the zT of these materials
significantly. Indeed, in some half-Heuslers high zT value of exceeding 1 has been achieved
, as in (Nbg ¢Tag 4)0.8Tig.2, Where, by FeSb after introducing the defects like cation vacancies

and appropriate doping, a peak zT of 1.6 at 1200 K has been reported [73].
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1.5.2 Oxides

Oxide thermoelectrics have gained significant attention due to their various advantageous
features such as low cost, environment-friendly nature, and structural stability at high tem-
peratures. However, despite these benefits, zT of these materials is difficult to enhance due
to their low electrical conductivity and high thermal conductivity [82]. The most promising
oxide thermoelectric materials to date are n-type ZnO, SrTiO3, and CaMnOg [83], as well
as p-type Ca3Co,Og [84]. Bi-doped CazCo,0q single crystals have achieved a high zT of
0.9 at 973 K [85]. Pollycrystalline NaCo,04 with Cu doping at Co site resulted zT value
of 0.5 at 573 K for Na(Co;_,Cu,),0, composition [86]. In addition, Al-doped nanocrystals
have exhibited a significant enhancement in zT up to 0.44 at 1000 K for n-type ZnO [87].
Overall, oxide thermoelectric materials exhibit great potential as thermoelectric candidates

due to their structural robustness and environmentally friendly nature.

1.5.3 Clathrates and Skutterudites

There are inorganic materials that have open crystal structure frameworks in which a guest
atom can reside [88]. The foreign guest atom is loosely bound to the host and rattles inside
the oversized voids in their crystal structure. This rattling gives rise to low energy optical
phonon modes, which interact with the heat-carrying long-wavelength acoustic phonons of
the host material, resulting in an increased phonon scattering and, therefore, a low thermal
conductivity. However, electronic transport occurs through the covalently bonded frame-
works of the host matrix, providing an uninterrupted electronic motion. As a result, these
materials are also known as phonon glass electron crystals (PGEC) [88], a term first intro-
duced by Slack [89]. Examples of such materials include clathrate BagGa;5Gesy [90] and
filled skutterudite Bag gsLag g5 Ybo.04CogSbis [91], which show high zT values of 1.35 at
900 K and 1.8 at 800 K, respectively.
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1.5.4 Chalcogenides

This class of compounds offers a variety of crystal structures. For example, at room temper-
ature, PbTe and SnTe stabilize in cubic, while GeTe and SnSe stabilizes in rhombohedral and
orthorhombic forms, respectively. These compounds are very interesting and find applica-
tions in phase change materials [92], topological insulators [93], and thermoelectric energy
conversion [94]. In fact, this is the most studied class of compounds in the thermoelectric
research for low and mid-temperature range applications. The name "chalcogenides" orig-
inates from the three chalcogen atoms S, Se, and Te. Starting from their elemental forms,
such as Te (a p-type semiconductor), they exhibit superior thermoelectric performance with
zT~ 1 [95-97]. Many studies have achieved zT~ 2 in their binary compound forms, such
as PbTe, PbSe, Cu,Se, SnSe, and BisTes [55,75, 80, 98,99]. Moreover, in ternary chalco-
genides, such as AgSbTe,, Roychowdhury et al. reported a very high zT of 2.6 at 573 K [47].
It is advantageous to work with chalcogenides due to the sample stability and ease of tuning
to obtain n-type and p-type behavior with appropriate doping. Chalcogenides TEs usually
consist of heavy elements, large anharmonicity and soft chemical bonding, which are re-
sponsible for their low thermal conductivity [49].

In the chalcogenide class of compounds, there are two categories which are studied in
this thesis work: superionic materials and metavalent compounds. Within this subset of
materials, we will focus on two specific types: silver chalcogenides (Ag,X, where X =S, Se

and Te) in the superionic category, and SnTe in the metavalent category.

Superionic Compounds

After Slack’s concept of PGEC where one obtains a glass-like thermal conductivity, it was
discovered in 2012 that thermal conductivity beyond the glass limit can be realized in supe-
rionic materials [100]. As a result, this class of materials are called phonon-liquid electron-
crystal (PLEC). The PLEC class includes materials such as copper chalcogenides Cuy_sX
(X =8, Se, Te) [80, 101], silver chalcogenides Ags_sX (X =S, Se, Te) [19,20,72,102,103],
Ag-Agyrodites [104], Cu-Agyrodites [105], and AgCrSe, [106].
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The common feature of superionic compounds is their anomalously high ionic conduc-
tivity compared to other solid materials. Superionic compounds are also known as mixed
ion conductors. Ionic conductivity of a good superionic conductor falls in the range of
o; ~107! to 10° S cm~*. [107] For comparison, the electronic conductivity of metals varies
from 0.~ 10% to 10° S cm™!. [107] The origin of the high ionic conductivity of these mate-
rials is related to the migration of one type of sublattice inside the framework formed by the
rigid sublattice. Due to the availability of a large number of vacant sites in the rigid frame-
work compared to the number of ionic entities in the composition, this leads to unimpeded

ion migration via hopping from one vacant site to another. [8, 107]

At low temperatures, both the cations and anions occupy fixed lattice sites in the crystal
structure and stabilize in a low-symmetry phase, such as monoclinic or orthorhombic. How-
ever, as the temperature increases, they undergo a structural transition to a more symmetric
phase, usually a cubic space group. The details of the crystal structures of a few superionic

compounds are shown in table [1.2].

The superionic transition is also called as diffuse transition or Faraday transition [108].
In the superionic phase, while the anions forms a rigid sublattice, the cations become liquid-
like [100], as shown in Figure 1.11. The liquid-like flow of cations occurs via hopping over
the interstitial sites or voids in the anionic sublattice [8]. These compounds have gained sig-
nificant attention recently due to their high zT. In these compounds, high zT value of up to 2
has been reported [47, 56, 98].
The unique, part-liquid part-solid, hybrid behavior of superionic compounds
The hybrid state of mixed liquid-like and crystalline species in superionic compounds sig-
nificantly affects their thermal and electronic properties. The mobile sublattice is weakly
bonded to the rigid sublattice, resulting in high disorder and enhanced phonon scattering,
which lowers the lattice thermal conductivity (x;). Due to melting of one of the sublattices,
the specific heat of superionic materials lowers below the Dulong-Petit limit per formula
unit, as reported for CuySe [100], Cu,S [23], and AggoGaSes [109]. As a consequence of in-

creased phonon scattering due to the mobile sublattice, these materials exhibit exceptionally
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Table 1.2: Crystal structure of superionic compounds

Superionic phase

P2na;

Compounds Normal phase at RT
AgsTe Monoclinic 2K pec
P2,/c Fm-3m
Ag,Se Orthorhombic 2K, Bee
P212121 Im-3m
Ag,S Monoclinic DK gee 2K pec
P2,/c Im-3m Fm-3m
CuyTe a-Hexagonal and Rhombohedral
P6/mmm and P3m1
S=e88 K poc
Fm-3m
RN B-Hexagonal,
B—v 597 K
——  7-Orthogonal,
=5 627 K
—— J-Hexagonal
bS8 K, oo
Fm-3m
CusSe Monoclinic M FCC
C2/c Fm-3m
CusS Monoclinic A0 K kec
P2,/c Fm-3m
. . 310 K
Argyrodites Orthorhombic —— FCC
F43m




26 Chapter 1. Introduction

Rigid lattice

*—0 0 0 0 ¢
. 9

L I’ X

Figure 1.12: Electronic band calculations for (a) rigid phase, and (b) superionic phase of CusSe.
Reproduced from Ref[ [7]]

ultra-low thermal conductivity of 0.2 W m~tK~! - 0.7 W m~! K~!, which is lower than that

of various state-of-the-art materials (>0.8 W m~! K1), see Figure 1.13(a).

On the other hand, the electrical transport in superionic compounds is governed by the
crystalline rigid sublattice, which provides pathways for the charge flow. Band calculations

have also shown that the bands residing near the Fermi level are from the rigid sublattice; for
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Figure 1.13: (a) Temperature variation of x; of superionic compounds and compared with the state
of the art materials, and (b) shows the zT of superionic compounds reported in the literature. Figure
regenerated from Ref [8].

example, from Se in CusSe [7]. Sun et al. reported ab initio calculations using the Projector
Augmented Wave (PAW) method in the Vienna Ab initio Simulation Package (VASP) to
calculate the band structure of both the rigid phase and superionic phase of CusSe. In the
band calculations, they utilized the Perdew — Burke — Ernzerhof (PBE) type Generalized
Gradient Approximation (GGA) as the exchange—correlation functional. [110] The triclinic
structure (space group, P-1) was employed for the room temperature phase, while the cubic
antifluorite structure was used for the high superionic phases in the calculation of their band
structure, as shown in Figure 1.12. [7] From the band structure and the calculated electronic
transport properties, it has been found that the mobile sublattice has negligible effects on
electronic transport and only impedes the heat carrying phonons.

Hence, it can be seen that the existence of two types of sublattices favors superionic
materials as suitable candidates for thermoelectrics.

Progress on TE properties of superionic materials
Cu,X: The binary Cu.X superionic compounds are extensively investigated systems. They
exhibit very complex crystal structures at room temperature. For example, there are contro-

versies regarding the room temperature phase of CuySe, which has been reported to stabilize
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in monoclinic [111], orthorhombic [112], and trigonal phases [113]. These materials undergo
simultaneous structural and superionic phase transitions at elevated temperatures. CusS un-
dergoes two phase transitions at 373 K and 700 K, while Cu,;Se undergoes one structural
transition at 400 K [113]. CusTe possesses five successive phase transitions between 300 K
and 900 K [8]. Due to the presence of unavoidable Cu vacancies, which occur in different
concentrations depending on the bonding strength in CuyX, these materials form as p-type
semiconductors with different ranges of hole carrier concentration. In 2012, Liu et al. re-
ported the exceptional high zT of 1.5 at 1000 K in Cu;_;Se superionic material [100]. With
further material processing, such as nanostructuring and chemical doping, zT of Cu;_sSe
has been improved to 2.6 at 1030 K [114]. In 2014, He et al. reported the high zT of 1.7
at 1000 K in Cuy ¢7S [23]. For undoped CusTe, zT of 1.1 at 1000 K has also been reported
by He et al [115]. Furthermore, zT values above 2 has been reported for solid solutions of

Cuy,X [116,117].

Ag,X: Silver chalcogenides, Ag,X, exhibit similar superionic transitions as Cuy X ma-
terials. However, their room temperature crystal structures are well known to be either mon-
oclinic (AgyS or Ag,Te) [118,119] and orthorhombic (Ag,Se) [36]. In the superionic phase,
AgyS shows two structural transitions at 450 K and 800 K to BCC and FCC superionic
phases, respectively [120]. In contrast, Ag,Se and AgsTe transform to BCC and FCC around
400 K and 450 K, respectively [120].

AgoX materials are n-type semiconductors [19,103,121] in their room temperature phases,
but Ag-deficient Ag,Te exhibits p-type behavior in the superionic phase [122]. The band
gap of the room temperature phase of Ag,S is 1.1 eV, with a low carrier concentration of
10* cm™3, resulting in a very low zT value (<1), despite having ultra-low thermal conduc-
tivity [123]. However, in its superionic BCC phase, the band gap reduces to 0.42 eV, and
the carrier concentration increases by orders of magnitude to 10'® cm™2 due to increased Ag
interstitial defects, along with low thermal conductivity, resulting in a zT value of 0.55 at

575 K without any doping [123].
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Unlike Ag,S, AgoSe and AgyTe exhibit reasonably high values of zT in their regular
structure (orthorhombic and monoclinic, respectively), below the superionic phase transition
with zT values reaching as high as 1 in Ag,Se [16, 19] and 0.6 in Ag,Te [72]. In the supe-
rionic phase, Ag,Se becomes metallic, and the Seebeck coefficient decreases significantly,
resulting in a deteriorated zT value to <0.2 [13]. In contrast, Ag,Te becomes a semiconduc-
tor with increased band gap (E,) compared to rigid phase and shows enhanced thermoelectric
performance in the superionic phase, with a zT value of around 1 at 550 K, obtained with
the help of Pb alloying [121]. The high zT values in Ag,Se and Ag,Te at temperatures
much lower compared to Cu,X materials has been attributed to their high carrier mobil-
ity (3000 cm? V~! s7! [16, 124]) and comparatively low thermal conductivity, as shown in

Figure 1.13.

Argyrodites: Argyrodites have complex crystal structure that displays superionic or
liquid-like behavior. These materials have a chemical formula of the form Af, , B"*XZ",
where AT is Lit, Cu™, or Ag™, B"T is AI**, Ba’*t, Sn**, Si*t, or Ge*t, and X2 is S72,
Se~2, or Te~? [125]. They crystallize in orthorhombic, monoclinic, or cubic phases at room
temperature, and undergo a structural transition to more symmetric hexagonal or cubic phase
at higher temperatures [125]. In the liquid-like high-temperature phase, A cations become
delocalized and disordered inside the rigid sublattice formed by B cations and Q anions.
Argyrodites have a very complex and heavy unit cell, as well as a part-liquid sublattice,
which results in an ultra-low thermal conductivity varying between 0.2 W m~! K= to
0.4 W m~ K~! [104, 126-128]. It is worth noting that Cu-based Argyrodites exhibit p-
type conductivity, while Ag-based Argyrodites show n-type conduction with higher mobility.
This feature of n-type and p-type conduction is reminiscent of copper/silver binary chalco-
genides discussed above. In p-type Argyrodites, a high zT value of above 1 at 800 K is
reported for Cu; gAgy.4GeSes1Teg g [129]. In n-type Argyrodites, a zT value of 1.5 at 850 K
is reported for AggGaSes [130].

Challenges associated with superionic materials

Despite very high TE figure-of-merit in some superionic materials, their practical utility is
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Figure 1.14: Ion migration and metal deposition in superionic materials (a) Metallic Cu deposition on
the surface of CusS induced by high current density, and (b to f) are schematics showing, (b) energy
profile associated with ions, (c) random ionic motion in the absence of any external force resulting
net zero ion flux, (d) oriented ionic motion under applied directional field due to which superionic
materials either reach, (e) steady state without metal deposition, or (f) deposits metal (Cu), if local
Cu concentration reaches a critical value determined for the stability of superionic material. Figure
adepted from Ref [9].
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limited due to sample degradation issue, which arises due to liquid-like flow of cations in the
presence of applied external electric field or temperature gradient, see Figure 1.15. Dennler
et al. discussed in their review about the sample degradation of CuyX family of superionic
compounds at high temperatures and under high current density (J) values [80]. Under a
thermal or electric field gradient, the cations diffuse to the colder end or to the positive
electrode and once their concentration exceeds the solubility limit, they are extruded out
from the sample in the form of flakes or wires as shown in Figure 1.15 for the specific case
of AgsS and Znj5 gSbyy. The schematic shown in Figure 1.14, explains the mechanism of
ion migration in superionic materials.

The phase stability at a given temperature in the superionic phase is determined by thresh-
old voltage V. That is, if the applied voltage exceeds V¢ (V >V ) then the metal-ion ex-
pulsion is observed. Of course, the higher the operating temperature the lower the V. This
sets an upper temperature limit beyond which the material becomes unusable. Since most
superionic materials possess high zT values at very high temperatures, far above the superi-
onic transition temperature where the metal-ions are relatively easy to flow or migrate under
a temperature or voltage gradient and hence leak out of the sample. A detailed mechanism
of ion migration and discussion on strategies for its suppression are explained in the review
article by Qiu et al [9]. An alternative way to avoid ion migration due to external applied
field in superionic materials is by obtaining high zT at low temperatures (i.e. a temperature
not too high above the superionic transition). V¢ is also found to be a function of sample’s
chemical composition and is higher for cation vacancy samples which explains the reason

behind the better thermal stability of Cu; 97S compared to Cu,S [9].
Metavalent compound SnTe

A subgroup of chalcogenides that includes IV-VI compounds, such as PbTe, GeTe, and SnTe,
possess a unique bonding mechanism known as metavalent bonding, which refers to a type of
bonding with mixed ionic, covalent and metallic character. Mostly these materials are com-
posed of heavy constituent elements and have soft chemical bonding, resulting in their low

lattice thermal conductivity [131, 132]. Due to their highly symmetric crystal structure, they
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Figure 1.15: Material degradation in superionic compounds (a) is the FESEM image of sintered
AgsS pellet at 773 K showing Ag migration at the edges of pellet (from our study), (b) is the FESEM
image of Znj2 gSb1y sample showing Zn migration after current flow experiment when a high current
density of 68.8 A cm~2 was applied for continuous 26 minutes while keeping Tj,; at 473 K, and (c,
and d) shows the photographs of top view and whole sample view of Znj5 gSbig degraded samples
when exposed to high current density experiment taken from Ref [10].
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Figure 1.16: Recent progress in SnTe thermoelectrics. Figure adepted from Ref [11].

possess a unique band structure that results in high band degeneracy (N,) [49]. As a result,
single crystals of n-type obtained via Br doping in SnSe and p-type SnSe, show very high zT
values of 2.8 and 2.6 at 773 K and 923 K, respectively [133,134]. p-type Gey9—,Pbo.1Bi, Te
show a zT value of 2.4 at 600 K [135], and p-type Nag g3Eug.03Sng 02Pbg 9o Te outperformed
with a maximum zT of 2.6 at 850 K [136]. SnTe is a promising material for thermoelectric
applications due to its high thermoelectric performance, relative abundance, and low tox-
icity [11]. The thermoelectric performance of SnTe is due to its unique crystal structure,
similar to that of the champion material PbTe, which features a layered arrangement of Sn
and Te atoms and dual valence bands, namely at L and > point of the Brillouin zone, with
nearby energies [30]. Recent research has focused on improving the thermoelectric prop-
erties of SnTe by doping it with various impurities, which reduces the difference between
the two valence bands [11]. Theoretical first-principle calculations revealed that the energy

difference between L and X (AE.yx) is 0.35 eV, which reduces to 0.22 eV with 2% Sn va-
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cancies [137]. Further doping elements, such as Mg, Mn, Cd, and Hg, decreases the AE 5
to 0.13 eV, 0.13 eV, 0.067 eV, and 0.028 eV, respectively, and enhances the Seebeck coeffi-
cient significantly [137]. At higher temperatures, Mn doping results in the highest S value of
270 nV K1 at 870 K compared to other doping elements [138]. The Indium doping results
in resonant impurity level near Fermi level which in turn increases the S to 80 yVK™! near
room temperature [139]. Single metal elemental doping increased the zT of SnTe from 0.4
to 0.7 at 873 K [140]. However, co-doping of Mn and Sb has significantly improved the zT
to 1.8 at 873 K as a consequence of synergistic improvement in PF and lowered x; [141].
The lowest k; of 0.4 W m—1K~! has been achieved via Cu doping, resulting in a zT value of
1.6 at 873 K in Mn and Cu co-doped SnTe [142]. Therefore, monovalent cation doping has
shown significant improvement in TE properties of SnTe, making it comparable to the best

Pb-based compounds, motivating further investigation.

1.6 Synopsis of this thesis work

This thesis focuses on the study of the thermoelectric properties of several chalcogenides
belonging to the superionic family and the family of metavalently bonded materials. In the
first chapter, we introduce the TE research field, including the challenges involved and the
materials landscape in TE research. Chapter 2 details the experimental techniques and meth-
ods used for the synthesis, structural and thermoelectric characterizations of the materials
investigated in this thesis. In chapters 3, 4, 5, and 6, we present and discuss the work carried
out during this thesis on superionic AgsTe, Ag>Se, Ag,S, and metavalent SnTe compounds,

respectively.

In chapter 3, we investigate the TE properties of AgsTe compound and address the prob-
lems of irreproducibility and sample stability. We present a new method for synthesizing
both n- and p-type Ag,Te samples via precise compositional tuning and nanostructuring,
achieving an enhanced zT value of 1.2 at 570 K, which is the highest ever reported value
for any n-type Ag,Te sample. We demonstrate the sample reproducibility, thermal stabil-

ity, and electrical sample stability at a higher current density value of above 15 A cm~2 in
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the superionic phase at 570 K. Our synthesis method can easily be scaled-up for large scale
production, making it promising for industrial-level application.

In chapter 4, we investigate the TE properties of Ag,Se and address the issue of sample-
dependent TE properties reported in previous literature due to compositional inhomogeneity
arising due to metal-ion migration during high temperature sintering . By using an all-
room temperature synthesis method discovered by us in the context of Ag,Te as discussed in
chapter 3, we resolve the irreproducibility issue associated with Ag,Se samples and obtain a
comparable high zT value as reported in previous studies. Additionally, we shed light on the
role of slight anion excess in Ag,Se responsible for its high zT value near room temperature.

In chapter 5, we study the TE properties of an environmentally friendly sulfide material,
AgsS. We investigate the effect of anion excess on the TE properties of Ag,S and show that
amere 1% S excess sample shows an ultra-low thermal conductivity resulting in a high ZT
value of 0.83 at 670 K. For n-type AgsS, this is the highest reported value for any sulfide
material in the temperature range of 450-670 K.

In chapter 6, we investigate the TE properties of metavalent compound SnTe. We show
for the first time that upon furnace sintering a cold-pressed pellet, nanoparticles of SnTe
precipitate in the grain boundary region, resulting in bulk nanostructuring via grain bound-
ary engineering. Previously, grain boundary engineering was reported using complex and
sophisticated procedure of coating the SnTe grains with CdTe layers; compared to this our
method is simple, unsophisticated, and economical and does not involve the of toxic Cd. We
report a 67% enhancement in zT compared to the ingot SnTe sample. We also performed
band engineering by doping Ag to enhance the Seebeck coefficient, confirmed via DFT cal-
culations, and obtained a zT value of 0.92 at 820 K.

Finally, in chapter 7 we summarize the results obtained in Chapters 3-6 and give an

outlook on the future research direction on these materials.
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Experimental Methods

The properties of most TE materials are often highly sensitive to the stoichiometry and pres-
ence of interstitial defects, both of which results in self-doping, changing the carrier con-
centration and hence the basic properties such as electrical conductivity (o) and Seebeck
coefficient (S) on which thermoelectric (TE) figure of merit depends. Therefore, the synthe-
sis techniques used, unambiguous structural and physical characterizations of TE materials
is very important. In this chapter we give details of the synthesis methods used in this the-
sis. The structural characterization techniques used are discussed in details. And, finally the
experimental techniques employed in this thesis work for thermoelectric characterization,
including electrical resistivity, Seebeck coefficient, thermal diffusivity and Hall effect etc are

presented.

2.1 Sample Synthesis

One of the major challenges in thermoelectric is to obtain reproducible results. To obtain
reproducible properties it is important to optimize the sample synthesis method. In this

section we describe the synthesis methods used during this thesis work.

37
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2.1.1 Mechanical Alloying

Ball Milling

A top-down synthesis approach is employed for fabricating nanoparticles in this study. The
ball milling technique is utilized to prepare samples with low enthalpy of formation using
elemental powder precursors. This technique, initially developed by Benjamin and cowork-
ers in 1960, is commonly known as mechanical alloying. It is known to produce a uniform

distribution of oxide particles, such as Al,O3 in nickel-base superalloys [143].

The ball milling process involves the use of hard-material balls, typically stainless steel
(SS), silicon carbide, agate or tungsten carbide, within a stainless steel jar, which can also
have a lining of a suitable material. During milling the balls cold weld with the powder,
reducing the particle size down to nanometer. The planetary mills or horizontal ball mills
are commonly used for this purpose. We used a locally procured low-frequency (2 Hz) mill,
with a stainless steel milling jar of ® = 19 mm (and volume = 12000 mm?) and ® = 4 mm
SS balls. In this set-up, the SS jar is placed inside an aluminum jacket, which vibrates back
and forth about its mean position, as indicated by the double-sided orange arrow in Figure
2.1. In order to prevent oxidation of the precursor material, the jar was loaded and sealed in

an argon filled glove-box.

In this study, AgoX (X = S, Se, and Te) powder samples are synthesized under an Ar
atmosphere by ball milling Ag and X elemental powders in the desired proportions. The
ball milling process results in the formation of Ag,X nanoparticles as shown in Figure 2.1(c)
where a low-resolution transmission electron image is shown. To investigate the transport
properties of the ball-milled samples, the powder is consolidated by cold-pressing it into
® = 8 mm diameter pellets, achieving nearly 100% pellet density. Ag,X materials, though
semiconducting exhibit a metal-like ductile behavior because of which a mere cold-pressing
allows us to achieve 100% dense pellets (i.e. the measured density is nearly the same as the
theoretical density). These pellets are then cut into the desired shapes for measurement pur-

poses. The transport properties of a few sintered pellets were also examined for comparison.
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The details of the sintering process will be described later in this section.
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Figure 2.1: (a) Ball Mill used for mechanical alloying synthesis, (b) AgaX powder obtained after
milling, and (c) low-magnifaction image showing formation of in our synthesized AgsX samples.

Hand Grinding

We also synthesized phase pure Ag>X samples simply by hand grinding the elemental pow-
ders of Ag and X (either, S, Se or Te) using agate mortar-pestle. The clear evidence of Ag,X
phase formation can be observed by the change of color from gray to black, as the reaction
proceeds, see Figure 2.2. The detailed reaction mechanism for the formation of pure Ag,X
phase is given by Yang et al. [19] The time required for phase pure AgsTe sample ( 2 g)
by hand grinding is approximately 1 h; where as for Ag,Se ( 2 g) the time required is more
than 1 h. On the other hand, to form phase pure Ag,S sample it requires about 2 h of grind-
ing after which it should left for 24 h for any unreacted Ag and S to react completely. The

hand grinded powders were also consolidated by cold-pressing as discussed previously for
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the ball-milled powders.

Figure 2.2: Gradual color change from gray (a) to black (c) during the synthesis of AgsS. Panel (b)
shows the color during an intermediate stage.

Sintering Process

A few of the CP pellets (both, ball milled and hand grinded) were sintered at high temperature
using Nabertherm box furnace. For this purpose, the pellets were vacuum sealed in preheated
quartz tubes under 10~° Torr pressure and then sintered at 673 K for 24 h. In order to avoid
any temperature gradient the tubes were placed at the center of the box furnace. The cold-

pressed pellet, sealed quartz tubes and furnace used for sintering are shown in Figure 2.3
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Figure 2.3: Image of cold-pressed pellet, the vacuum sealed cold-pressed pellets and the furnace used
for sintering.

2.1.2 Solid-State Melting Method

We have used the solid-state melting method to prepare the ingots of Ag>S, Ag,Se, Ag,Te
and SnTe samples. In the solid state melting synthesis method, precursors were vacuum
sealed in silica tubes (ampules) as described above and melted in a box furnace in the tem-
perature range 1173 K to 1273 K depending on X in Ag>X and SnTe samples. Few repre-
sentative pictures of the synthesized ingots are shown in Figure 2.4. Depending upon the
desired compositions, details are given as follows:

Ag,S: Ag powder (> 99.9%) and S flakes (99.999%) were filled in a quartz ampule that was
preheated overnight at 1173 K to remove any moisture adhered to its walls. The precursor
were filled in an Ar-filled glove box to avoid oxidation of elemental precursors. The quartz
ampule was then evacuated to 10~ Torr pressure and sealed. This ampule was placed in a
box furnace and heated to 1173 K at the rate of 50 K h=! where it kept for 24 h. At the end
of this the furnace was turned off to allow the ampule to cool down to the room temperature.
Ag->Se: Elemental powders of Ag (>99.9%) and Se (99.999%) were taken in 2:1 ratio in the
preheated quartz ampule and vacuum sealed by following exactly the similar procedure as
described for Ag,S above. The ampule was heated to 623 K with a rate of 50 K h™! where
it was kept for 10 h before heating again to 1193 K with a heating rate of 100 K h~! and
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dwelled there for 24 h. Ampule was then cooled to room temperature at a cooling rate of
100 K h~!. We also synthesized an Ag,Se ingot by following a temperature profile recently
reported by Jood et al. [16].

Ag,Te: Elemental Ag (>99.9%) powder and Te (99.999%) pieces were taken in the desired
composition of 2:1 ratio filled inside a preheated quartz ampule and then vacuum sealed in
same manner as described above. The ampule was then heated to 1273 K at a heating rate of
100 K h=! where it dwelled for 24 h. After that the ampule was cooled to 873 K at a cooling
rate of 50 K h™! and stayed at this temperature for 24 h before quenching it in ice water.
We also synthesized an Ag,Te ingot using the temperature profile similar to that reported by
Capps et al. [144].

SnTe: To synthesize the pristine and doped SnTe samples we have used the preheated quartz
ampules containing alumina crucible. Sn (99.9%), Te (99.999%) and Ag (>99.9%) elemen-
tal powders were taken in the desired proportions to synthesize the Sn; g3Te, SnAgg o3Te,
Sng.97Ago.0sTe and Sng g4Ago.09Te. The synthesis was carried out in vacuum sealed ampules
that were heated to 1173 K in 7 h. After staying at this temperature for 12 h, furnace was
cooled to room temperature at a cooling rate of 70 K h=!. A few representative images of

ingots obtained by solid-state melting method are shown in Figure 2.4.
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Figure 2.4: Few representative pictures of ingot samples obtained from solid-state melting method.

2.1.3 Sample Processing For Transport Property Measurements

For bulk property measurements like electric and thermal transport, samples with different
geometries are required. To shape the pellets (cold-pressed or sintered) or the ingots into
desired form, we need to cut and polish them. Rectangular bar shaped samples are used for
the electronic transport measurements, and polished 6x6 mm? square or 8 mm disc shaped
samples are used for thermal transport measurements. Cutting and polishing procedures are

explained below.

Cutting and Polishing

Pellets and ingots were cut into rectangular bar shapes using a low-speed cutting machine
(South Bay, USA) loaded with a diamond-coated disc-shaped blade. A few representative
images of the rectangular shaped specimen obtained after cutting is shown in Figure 2.5.

Such samples were used to perform electronic transport measurements such as resistivity
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and Hall carrier concentration. Furthermore, for thermal diffusivity measurements, a square
sample measuring 6x6 mm? obtained after cutting the ingot or an 8 mm diameter pellet,
polished using SiC polishing paper with a 1000 grit size to prepare a sample of constant
and uniform thickness. The large flat faces were coated with graphite layer prior to the

measurement.

2 o o o

Figure 2.5: Samples (left panel: ingot and right panel: pellet) for electronic and thermal transport
property measurements obtained after cutting and polishing process.

2.2 Characterization Techniques

After synthesizing the samples by using any one of the earlier discussed synthesis pro-
cedures, structural characterizations were done to confirm the phase purity, composition,
micro-structure and presence/absence of defects etc. In this section we will explain the char-

acterization techniques used.

2.2.1 Powder X-ray diffraction

X-ray diffraction was discovered by Max von Laue in 1912 and later in 1914 he was awarded
with the Noble prize for his discovery. X-ray powder diffraction (XRD) is a primarily ana-
lytic technique used for phase identification of a crystalline material and provide the infor-
mation about the atomic arrangement in lattice. For X-ray powder analysis, material must be
homogeneous and finely ground.

Working principle of X-ray powder diffraction: It works on the principle of constructive
interference. Due to the comparable length scale of interatomic spacing with X-ray wave-
length, the atomic arrangement can diffract X-rays because of the periodic arrangement of

atoms in a crystalline material acting as a 3D grating, which diffracts the incident monochro-



2.2. Characterization Techniques 45

matic X-rays, see Figure 2.6(a). The interaction of X-rays with the crystalline material forms
constructive interference when the Bragg’s equation in (2.1) is satisfied. Atoms diffract in-
cident X-rays primarily through interaction with their electrons, which is elastic scattering
and hence sensitive to the atomic number of the element present in the crystal structure.
The diffracted X-ray beam is then detected and counted by scanning the sample over any
260 range. Depending on its constituent atoms and their arrangement in the lattice, each

crystalline material results in a unique diffraction pattern.

2dsinf = n\ 2.1)

Powder X-ray diffraction instrument: The instrument majorly consists of three elements,
X-ray source, sample holder and a detector, and it is used in two different geometries de-
pending upon the rotation and fixed positions of its three constituent elements. The two
geometries are (1) Bragg-Brentano (BB) and (2) parallel beam (PB). In this thesis, Bruker
D8 Advance diffractometer was used for carrying out the crystal structure analysis of powder
samples in the BB geometry. The schematic for the same has shown in Figure 2.6(b).
X-ray source: X-rays are produced in a cathode ray tube by heating a filament to generate
electrons which are accelerated by an applied voltage and bombarded on a target. Usually,
the target used are of elemental metals like Cu, Mo, Cr etc. The incident high energy elec-
tron beam knock out the core-shell electrons from the target metal. The vacant site of knock
out electron is filled by the outer shell electrons and this transition emits the X-ray of en-
ergy or wavelength corresponding to the energy difference between the atomic shells. K,
is produced for the transition of electron from L-shell to the K-shell. In case of Cu target,
K, consists of K,; and K,2. K, has slightly lower wavelength but significantly closer to
Ko (1.54059 Aand 1.54432 A). The produced monochromatic x-rays are collimated and
incidence on the sample.

Sample: For powder XRD, sample should be finely grounded which can avoid any preferred
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orientation present in powder samples. A thin layer of amorphous oil (paraffin oil in our
case) applied with the help of an earbud at the center of a microscope slide is used on which
the finely grounded powder is sprinkled as a thin layer. This slide then fits into the aluminum
sample holder provided with a spring arrangement in Bruker D8 Advance instrument. This
thin layer of powder sample gives sufficiently good statistics of diffracted counts for strongly
diffracting crystalline samples to analyze the data such as using the Rietveld refinement anal-
ysis.

Detector: In Bruker D8 Advance, LYNXEYE, a semiconductor 1-D detector based on the
silicon strip technology is used. This technology allows count detection operation at much
higher rate compared to a scintillation detector while maintaining all the benefits. The 192
silicon strips act as individual 192 0-D detectors. Optimum tuning of silicon strip sensor to
the requirements of X-ray energy from 6 keV to 15 keV is provided which is factory opti-
mized for our Cu-K, X-ray detection. More benefits of using silicon based detector is the
absence of gas, water cooling or liquid nitrogen cooling making it very compact, robust and

maintenance free.

(b)

Sample holder

Figure 2.6: (a) Schematic diagram for x-ray diffraction from crystalline material, (b) schematic
diagram for Bragg-Brentano geometry used in our PXRD analysis

The experimental geometry of the instrument is shown in Figure 2.6(b). The sample
holder rotation of 15 rps were used while collecting diffraction data to minimize the effect of

preferred orientation on the observed intensity. Rietveld refinement analysis technique was
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used for fitting the experimental diffraction pattern with their theoretical model to precisely
estimate the lattice parameters of the crystalline powder sample.

How to interpret the data: The X-ray diffraction generate peaks on various 26 values along
with background. Any X-ray diffraction pattern can provide the following information about
the sample:

1. 26 positions corresponds to certain d-spacings of the atomic planes.

2. Peak intensity signifies the number of atoms or molecules present in a plane.

3. Width of the diffraction peaks provide information about the crystallite size and strain
present in the sample. The sharper the peak, bigger and strain free the crystallites.

4. Diffraction background indicates the degree of amorphous component associated with
the crystalline material which usually give broad hump in the background along with sharp
diffraction peaks.

5. The diffraction pattern for an unknown compound can be compared with the literature to
verify the crystalline structure, matching both the location, width, and relative heights of the

diffraction patterns.

2.2.2 Rietveld refinement

Rietveld refinement technique is used to analyze the X-ray diffraction data by fitting it with
theoretical model. It works on the principle of one-to-one correspondence between the ex-
perimental pattern and theoretical pattern. FullProf Suit is the software used to perform the
Rietveld refinement analysis for finding the lattice parameters, atomic positions and their oc-
cupancy. Since, refinement is about finding the best fit between theoretical and experimental
pattern, it is necessary then to quantify the quality of fit. The goodness of fit is determined

by three parameters in the refinement process, x?, Ry, and R.,,. If yo; is the intensity

observed at 200 ; with an uncertainty of o(yo,] = \/{(vo,; — (yo,))?). Similarly, yc; is
the calculated intensity at 20 ;. Then the goodness of fit parameters obtained from the

refinement are given by equations (2.2), (2.3), and (2.4).
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x? can also be written as g;—f;. And a x? value of ~1 is usually considered to be best quality
fit. But the best to confirm the fitting quality of experimental is by visual analysis of fit by
plotting the experimental and calculated pattern on the same scale. In that case, even higher

values of x?, 4-5 are acceptable for correctly analyzing the crystal structure.

2.2.3 Electron Microscopy

Electron microscopy works on the principle of electron waves diffraction from the sample
of interest. Electron microscope (EM) are used to study the structure of organic, inorganic
and biological samples including polymers, alloys, large molecules, cells etc. EM are widely
used for sample imaging because they produces high resolution images compared to optical
microscope. When high energy electron beam of known wavelength comparable to inter-
atomic distance, interact with the crystalline material, they interfere with electronic cloud
associated with atoms. The emergent electron beam from the sample contains information
about the morphology, elemental constituents, atomic arrangement and defects etc. The
scanning electron microscope (SEM) and transmission electron microscope (TEM) tech-
niques are used to study the electron diffraction response from crystalline materials.

Steps involved in EMs

1. Stream of high energy electrons generated by heating filament or field emission cathode
are accelerated in vacuum towards the sample of interest with the positive electric potential.

2. The electron beam is focused by using metal aperture and magnetic lens to form a thin,
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focused and monochromatic beam.

3. The incident beam interacts with the specimen and

4. Scattered electrons are then detected by different types of detectors to construct the image
and extract other atomic information.

Now, we will discuss two electron microscopes, SEM and TEM in detail.

Scanning electron microscope (SEM): Electron beam generated from the electron gun are
focused on sample by means of a lens system. The selected area of the sample scanned
under the control of current across the scan coil in final focusing lens. Highly magnified
images of 200 KX can be possible with SEM. The sample preparation technique is very sim-
ple for conducting samples but a thin gold layer coating is required for insulating samples.
A tiny sample quantity is mounted on an aluminum stub with the help of carbon adhesive
tape. The incident electrons interact with the sample and produce various signals containing
information about the sample topography and chemical composition. The various emerging
electrons from the specimen and complete schematic diagram of a field emission scanning

microscope is shown in Figure 2.7(a and b).
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Figure 2.7: (a) Various emergent signals from the specimen in scanning electron microscope (b)
schematic diagram for field emission scanning electron microscope.

Various types of electrons produced when electron beam interacts with specimen such
as, secondary electrons (SEs), back scattered or reflected electrons (BSEs), X-rays, Auger
electrons and photons etc. Most of the SEM systems are equipped with the secondary elec-
tron and back scattered electron detectors and the X-ray detector equipped externally to the
microscope. SEs and BSEs are used for imaging the sample surface and X-ray signal used to
analyze the chemical composition. SEs emerge from the topmost few layers of sample thick-
ness nearly 20 nm and localize at the point of primary incident electrons and hence able to
provide sample morphology information. SEs usually have low energy (50 eV) and can pro-
duce 1 nm resolution image. On the other hand, BSEs produced by elastic scattering emerge
from more deeper depths in the sample. Since, the BSEs are produced by elastic scattering
from atoms, their intensity depends upon the Z value of elements present in the specimen
and can create the contrast image of the samples having different elemental distribution over

the space. Auger electrons are emitted when incident electron beam creates electron holes
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EHT= 300kv  SignalA=inlens  Date 14 Sep 2021
WD= 27mm  Mag= 2596KX Time 10:15:49
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Figure 2.8: Representative FESEM images showing morphology of AgsTe for (a) cold-pressed, and
(b) sintered pellets on freshly fractured surfaces taken at 3 kV.

in innermost shells, K, L, M etc. which is filled by outermost shell electrons. During this
transition, the produced X-ray energy is transferred to another electron which is then emit-
ted. This is the auger electron. These are used for auger electron microscopy for analyzing
thin film and coatings.The final useful signal is X-ray produced from the depth of specimen
when incident electron beam dislodge the innermost shell electrons, whose vacancy then
filled by outer shell electrons results in the production of characteristic X-ray signal. These
characteristic X-rays can be measured by Wavelength-dispersive X-ray spectroscopy (WDS)
or Energy-dispersive X-ray spectroscopy (EDS) to analyze the elemental composition.

In this work we have used the Ultra Ziess Plus microscope equipped with Oxford Inca EDX
detector. We have used the 20 keV incident energy electron beam for finding the chemical
compositions of our samples and both low (3 keV) and high incident energies (20 keV) for
morphology analysis. Few of the representative images accessed from SEM are shown in
Figure 2.8

Transmission electron microscope (TEM): The transmission electron micrscope works
on similar principle of an optical microscope. Additionally it produce high resolution images
as a result of much lower wavelength associated with electrons as compared to optical wave-
length. Since electrons are very small entities and can easily be scattered by hydrocarbons or

air molecules, very high vacuum medium is required for transmission electron microscopy.
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Hence, a series of vacuum pumps are required to achieve the ultra-high vacuum column for
the transmission of electron beam. Rotary pump used first in the column to lower down the
pressure to 0.0001 Pa. This stage of vacuum is also called low or roughing vacuum. Rotary
pump sets enough low pressure for the usage of turbo molecular or diffusion pump to reach
the vacuum level of 1078 Pa in the column. For ultra-high TEMs, vacuum level of 10~ Pa
is required near the cathode to prevent an electric arc. The schematic diagram of TEM is
shown in Figure 2.9. TEM has four components namely, electron source, electromagnetic
lenses, lens aperture and the data collection.

Electron Source: It consists of three components: a filament, Wehnelt cap and an anode.
Electrons can be pumped from the filament by connecting it to the negative voltage. Wehnelt
cylinder connected to higher negative voltage than the filament, providing the emergent elec-
tron beam in converging pattern. Further, electron beam pumped into the column via anode.
Electromagnetic lenses: Electromagnetic (EM) lenses serves the same purpose as the op-
tical lens, to converge electron beam at their focal point. TEM uses electromagnetic coils
made up of iron, iron-cobalt or perm-alloy etc. to make convex lens. Focal point of lens can
be controlled by altering the current passing thorough coils. There are five EM lenses used
in the TEM, first and second condenser lens, objective lens near the specimen, intermediate
lens and projector lens for image collection.

Lens aperture: Annular metallic thick discs are used to block the excessive electron beam
and passes only axial electrons. Aperture filter-out the unwanted electrons scattered from
lens defects at higher angles. At the same time it also reduces the beam intensity, as it re-
moves some electrons from the beam.

Imaging: The exiting electrons from the sample form the image after passing through three
lens assembly. Depending upon the intensity and phase of electrons, it possess information
about the sample and the beam itself. TEM has two operation modes namely, imaging mode
and diffraction mode collected from two types of exiting electrons, unscattered and scat-
tered. For imaging mode, objective aperture is placed at the back focal plane of objective

lens. When objective aperture made selective for the unscattered electrons only and block
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Figure 2.9: Schematic diagram of transmission electron microscope (TEM).
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other diffracted electron, then the obtained image is called bright field image. And if only
scattered electrons are allowed and axial electrons are blocked then the dark field image
formed. The selected electron beam magnified and projected on the viewing screen with the
help of intermediate lens. Abbe criteria is measure of resolution d, of any microscope, given

as:
A

nsimo

d = 0.61

(2.5)

where ) is the wavelength of incident electron beam which depends upon the accelerating
voltage. Here, n is refractive index of the medium and « is cone agnle of the exiting beam
from specimen and nsina is called numerical aperture which is 0.01 for electron microscope
and 1 for optical microscope. For diffraction mode of TEM, the scattered electrons projected
on the viewing screen by changing the current through intermediate lens.

Sample preparation: In our study we have used the drop-cast method to prepare TEM
specimen. Amorphous carbon coated copper grid of 300 mesh size was used for holding the
drop-cast sample. We have performed the TEM analysis on powder samples dispersed in any
organic solvent like, acetone or ethanol. Very thin sample of around 100 nm is required for
the transmission of electron beam in TEM imaging. The TEM grid and few representative

TEM images are shown in Figure 2.10
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5 1/nm

Figure 2.10: (a) Copper grid coated with amorphous carbon, (b) TEM image lower resolution show-
ing nanoparticle distribution, (c) high resolution TEM image, and (d) electron diffraction taken on
our synthesized AgsS nanoparticle.

Scanning transmission electron microscope (STEM): TEM can be modified to STEM
by reversing the point of source and point of observation with respect to the direction of
electron beam. A convergent electron beam raster the sample surface and image is formed
when combined with suitable detector. In STEM various detectors on different collection
angles are used to capture the diffracted electrons of interest. However, we have not used
STEM in this thesis work.

In this thesis, we have used the JEOL JEM 2200FS transmission electron microscope work-
ing at 200 kV electron beam energy. Few representative images accessed from our TEM

set-up are shown in Figure 2.10.
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Information obtained from the TEM: There are many advantages of using TEM in mate-
rial science and few of them are listed as:

1. It provides the highest possible resolution images for organic or inorganic samples.

2. TEM provides the information about crystal structure and the atomic arrangement in a
crystalline material.

3. One can analyze strain, defects, voids, grain boundary features in materials.

4. In-situ TEM is a powerful tool for monitoring chemical reactions and phase transition

phenomenon in crystalline materials.

2.2.4 Thermogravimetric analysis and Differential Scanning calorime-

try (TGA and DSC)

TGA and DSC are thermal analysis techniques. TGA measures the sample weight change
over time with increasing temperature and DSC is a measure of heat rejected from the sam-
ple or absorbed by the sample depending upon the exothermic or endothermic processes
involved. In TGA, sample weight can change due to several reasons like, oxidation, reduc-
tion, decomposition, evaporation etc. It tells about the sample thermal stability. There are
three types of thermogravimetry.

e Isothermal or static TGA: sample weight is measured over time at constant temperature.
¢ Quasistatic TGA: when sample temperature is increased in steps followed by isotherms
and weight is recorded at each isotherm.

e Dynamic TGA: sample weight is measured over time when temperature increases linearly.
In DSC, heat rejected or heat absorbed is recorded with increasing temperature or time. It
is a powerful technique for evaluating glass transition temperature, melting, crystallization,
structural transition etc. STA 449 F1 Jupiter allows simultaneous measurement of TGA and
high performance Heat Flux DSC with nanogram resolution thermobalance. It is advanta-
geous of measuring both the thermal analysis, TGA and DSC in identical environment. For

measurements, a small amount of powder (10-15 mg) was taken in Al;O3 crucible and kept
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under temperature controlled heating sequence for data acquisition under an appropriate gas
environment. A second empty Al,O3 crucible used as a reference. Weight change and heat
flow was measured across the sample crucible in a controlled steady state of heating/cooling
thermal cycles. STA 449 F1 offers the highest resolution of 25 ng in TGA signal and <1 pW
in DSC signal. We have evaluated the phase transition temperature of our samples using the
DSC signals. The schematic diagram of STA 449 F1 Jupiter is shown in Figure 2.11 and the

experimental data obtained for one of our sample is shown in Figure 2.12.

10
11
12

Figure 2.11: STA 449 F1 Jupiter from Netzsch used for TG-DSC ananlysis, schematic is adapted
from Ref [12] where number denotes different component of the set up such as 1 furnace thermo-
couple, 2 heating element, 3 sample carrier, 4 protective tube, 5 radiation shield, 6 evacuation system
inlet, 7 balance system, 8 gas outlet valve, 9 hoisting device, 10 purge 1 gas inlet, 11 purge 2 gas inlet,
12 protective gas inlet.
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Figure 2.12: Experimental data showing mass loss (TGA) and phase transition (DSC) measured
simultaneously for our AgsTe sample under No atmosphere using STA 449 F1 Jupiter from Netzsch.

¢ Differential Scanning Calorimeter DSC7000 Series

We have used the DSC7000 Hitachi setup to conduct DSC and heat capacity measurements
on few of our samples at temperatures above room temperature (specifically Ag,S com-
pounds). It is a heat flux DSC setup and operates within an inert N, atmosphere, covering
a temperature range from room temperature to 700°C. To ensure accurate estimation of spe-
cific heat, it is crucial to achieve uniform heating across the sample. This requires the use of
a metallic furnace and metallic crucible. In the case of the DSC7000, an aluminum crucible
is employed, and uniform heating is maintained through a heat sink connected to a resistance
heater. Furthermore, we employ a standard sapphire sample for C, calculations.

C, calculation method

To estimate specific heat using DSC, three different measurement data are required which

include, empty pans data, data from known standard specimen (Sapphire in our case) and
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sample data for which C, is required. The following formula can be used to calculate spe-

cific heat.

x Cpy (2.6)

C,s: Specific heat of sample

C,,: Specific heat of known standard sample

Y,: DSC curve difference between empty pan and sample

Y,: DSC curve difference between empty pan and standard sample
M,: Weight of standard substance

M,: Weight of sample

The experimental results of C, measurement of one of our sample is shown in Figure 2.13.
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Figure 2.13: Estimation of C,, using DSC7020 differential scanning calorimeter for AgoSe sample (a)
shows the variation of DSC curves with time, and (b) depicts the temperature dependent C,, variation
of AgsSe pellet.

2.3 Transport Property Measurement Techniques

2.3.1 Resistivity and Seebeck measurement set up (LSR-3)

Using LSR-3, Seebeck-coefficient and resistivity can be measured simultaneously up to a
maximum temperature of 1000°C'. Water cooling unit is required for high temperature fur-

nace. Measurements were performed under partial positive He pressure of 0.2 bar.
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Principle of Seebeck coefficient measurement: Seebeck coefficient is a measure of po-
tential difference generated as a result of applied temperature gradient to a material. The

schematic of measuring S is shown in Figure 2.14

Mode: Seebeck coefficient measurement . Vi Mode: resistivity measurement v, A
T, t

upper gradient heater (optional)

lower
probe-thermocouple

ower
electrode

lower gradient heater Schematic of the LINSEIS Standard LSR measurement system

Figure 2.14: Schematic diagram for measuring Seebeck coefficient and resistivity in LSR-3. (Figure
adapted from Linseis LSR-3 digital manual)

Rectangular bar or cylindrical shaped sample having cross section dimensions < 4 X
4 mm? is mounted between two Pt electrodes. Lower electrode contains a heating coil for
secondary heater which maintain the controlled temperature gradient across the sample. The
overall sample temperature is controlled by uniformly heating filament heater enclosing the
entire sample and electrode assembly shown in the schematic. There are two thermocouples
namely, upper and lower probe TC of S-type making pressure contacts near the center of
the sample. The quality of contact between the sample and probe’s TC is controlled by
spring adjustment. The probe TC measures the temperature as well as voltage at the point
of contacts. Here S can be measured as V,/(T;-T5), where Vg, is the voltage difference
between upper probe (TC1) and lower probe (TC2).
Principle of resistivity measurement: DC four probe configuration is used to measure
the electrical resistivity of the sample. While measurement, a constant DC current (Ip¢) is
passed by means of two electrodes in both the directions. In steady state of sample when
AT = 0, the voltage drop across the sample (V) is measured by probes TC1 and TC2
separated by a distance t. Depending upon the sample length, distance between the probes

can be adjusted in LSR-3 set up from 3.1 mm to 4 mm. Based on measured voltage, applied
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Figure 2.15: Temperature dependent (a) resistivity, and (b) Seebeck coefficient of standard sample
(constantan: an alloy of 55% Cu and 45% Ni) measured simulatnously using LSR 3 set-up.

current, cross section area of sample and inter probe distance, resistivity can be estimated as

VoA

p = 7. Schematic diagram of resistivity measurement in LSR-3 is shown in Figure 2.14.
DC

LSR 3 set up can measure Seebeck value from 1 to 2500 ¢ VK ! with a maximum uncer-
tainty of +7% in a repeatability error limit of +3%. It can measure electrical conductivity

values from 0.01 Scm~ ! to 2x10° S cm™*

within 5 - 8% uncertainty. Applied DC current
passing through sample could take values from 0.1 to 160 mA. Linseis company provided a
standard sample of constantan, which is an alloy of copper and nickel, for testing purposes.
This sample serves as a benchmark to validate the accuracy of the measured data for any
unknown sample that the user is interested in. The measured data for the standard sample is

depicted in Figure 2.15, demonstrating a close agreement within the measurement error limit

of the experimental setup.

2.3.2 Hall Carrier Concentration

When a current carrying conductor or semiconductor is placed under magnetic field per-
pendicular to current direction, then voltage is developed perpendicular to the current and
magnetic field direction. Measurement of this induced voltage is called Hall effect. It is

discovered by Edwin Herbert Hall in 1879. Sign of measured voltage provide information
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t1#+++++++++++

Figure 2.16: Schematic diagram of Hall effect in a semiconducting bar.

about the type of majority charge carrier (electrons or holes) present in any semiconductor.

Schematic of Hall bar is shown in Figure 2.16
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Figure 2.17: Home build automated high temperature Hall effect measurement setup.

For a semiconducting bar carrying current I and of thickness t, V is the hall voltage

induced when subjected to a perpendicular magnetic field of magnitude H. V; can be defined
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as,
I1H

Ve =
H net

2.7)

We have measured the charge carrier concentration at room temperature and at higher
temperatures using home made set up shown in Figure 2.17. Building this set-up is my col-
laborative work done with Dinesh Kumar Kedia where I was involved in the initial phase of
designing, assembling and calibration process.

Hall set up components:

e Polytronics water cooled electromagnet is used to generate 1 T uniform magnetic field
value in 25 mm space between the poles.

e Electromagnetic cage is used for fixing and isolating the electromagnet from environment
to avoid any disturbance in magnetic field exerted on sample.

e Sample chamber is made of high quality quartz tube enclosing the sample holder and sup-
porting alumina rod.

e For powering the electromagnets, polytronics power supply is used. It can provide maxi-
mum 30 A current to produce 1 T magnetic field.

o Ametek DSP lock-in amplifier is used for supplying constant ac voltage and for measuring
output ac signal. The voltage sensitivity is as low as 2 nV and high as 1V, full scale. It
provides highly stable ac signal in a wide frequency range from 0.001 Hz to 250 kHz.

e Resistance box is used to convert the constant ac signal of lock-in amplifier to constant ac
current signal. We have used carbon resistors of 250 €2, 1 K2, 10 K¢2, 100 K¢2, 1000 K2 in
the resistance box. Depending upon the ac voltage signal of lock-in, which is from 1 pV to
5V, current can be generated according to the requirement by using an appropriate resistance
value. In our hall measurements we have used the 5 V ac input signal and 1 K(2 resistance
but the range of current can be varied depending upon the requirement.

e [solation transformer is used to isolate the lock-in amplifier grounding from rest of the
components of hall setup for noise cancellation.

e Two Edwards vacuum valves are connected to create vacuum and an inert gas atmosphere

inside the sample chamber and vacuum gauge is used for monitoring the pressure inside the
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sample chamber.

e For high temperature hall measurements, cryocon temperature controller is used for con-
trolling the current passing through heater and for temperature sensing (Pt 100 resistance
sensor is used in our set up, details can be found below in sample holder section).

e The electromagnet, lock-in amplifier and temperature controller are simultaneously con-
trolled by computer through Labview program.

e Sample Holder: Sample holder is made from stainless-steel (SS) and shown in Fig-
ure 2.18(a). The schematic diagram showing the two color lines, dark black corresponds
to components made from stainless steel and light color denotes the alumina components,
rod and spacers. Alumina rod holds the entire SS sample holder along with several equally
spaced SS radiation shield along its length. Connections are separated from the SS base by
using alumina spacers. Cylindrical Pt 100 resistance sensors is mounted in grooved hole of
holder. Voltage and current connections (points, 1, 2, 3 and 4) are made up of thin sharp
notched SS strips. Thin copper wires of diameter, 100 ym covered with high temperature
sleeves are used for extending the connection from sample holder to amphenol connector.
The entire assembly is enclosed in a quartz tube where vacuum and inert gas atmosphere can

be maintained.
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Figure 2.18: (a) Shows the schematic diagrams of front side of sample holder, and (b) is the picture
of sample holder.

Our home setup is calibrated by using Ge n-type standard sample at room temperature.
And the temperature sensitivity was confirmed with temperature dependent hall measure-
ments of a phase change material, Ag,Te where transition temperature was previously deter-
mined by using DCS and HTXRD. We have measured the temperature dependent hall carrier

concentration of our samples under vacuum, using SS pressure contacts.

2.3.3 Laser Flash Analyzer (LFA)

Over past few decades, flash technique has become more versatile for measuring thermal
diffusivity and specific heat of various kinds of solids, powders and liquids.

Working principle of LFA: Sample held on a predetermined temperature, back side of
sample is irradiated by an infrared laser which homogeneously rise the sample temperature.
The laser radiation at the rear end of the sample is collimated by a lens called Irish before
going for detection. The resulting rise in temperature gets detected at the rear end of the
sample by a semiconducting IR detector. Both thermal diffusivity and specific heat can be

estimated from temperature vs time data. The working principle of LFA is also elaborated in
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the schematic shown in Figure 2.19.

AT) = a(T)pC, where A(T) = thermal conductivity,
a(T) = thermal dif fusivity,
L Rear surface p = sample density and,
/of sample Cp = specific heat

IR detector

Laser source

Front surface
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Temperature rise [V]

lens

Time [ms]
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Figure 2.19: Schematic diagram for laser flash technique for thermal diffusivity measurement.

Heat is diffused through thickness L, gives rise to increase in temperature at rear end
following the curve shown in schematic. Thermal diffusivity (a) of a sample depends upon
half time (t %) where t is the time for reaching maximum temperature at rear end of the
sample. The expression for finding o under adiabatic condition can be expressed as:

12
a = 0'1387975_1 (2.8)

3
In ideal cases, temperature of the rear end of sample should increase with time and attains a
maximum value under adiabatic conditions, denoted by dotted line in data acquisition shown
in schematic diagram. But, as a consequence of heat losses, temperature starts dropping
down after achieving a maxima. The time dependent temperature rise at rear end of the
sample can be theoretically analyzed by using different models like, Cowan [145], finite
pulse correction, heat loss correction, baseline correction, radiation and combined model
[146]. However, combined model is the one which takes care of all the corrections including,
finite pulse, heat losses etc. Radiation model includes the correction from the direct laser
pulse also called ballistic transport in case of porous or cracked samples. But the modified
combined model also incorporate the correction of radiation model. Hence, the combined
model is a universal model to fit voltage vs time experimental data taken under adiabatic

condition of sample. Here, the output signal is voltage obtained from the semiconductor
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detector after converting temperature at rear end to voltage. The obtained experimental curve

and its theoretical fitted curves are shown in Figure 2.20.
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Figure 2.20: (a)Voltage vs time experimental curve and, (b) fitted experimental data with different
correction models in LFA 1000 setup.

In LFA, thermal diffusivity is dependent on square of the sample thickness, hence sam-
ples should be well polished to attain the uniform thickness. For materials with low thermal
conductivity like glass, small sample thickness up to 0.5 mm is required but for highly ther-
mal conducting materials like graphite, it may vary from 1 mm to 3 mm. The experimental
data of thermal diffusivity of standard sample graphite, provided by Linseis company for

LFA 1000 set-up is shown in Figure 2.21.
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Figure 2.21: Temperature dependent thermal diffusivity (o) of standard sample, graphite, measured
using LFA 1000 set-up.

Table 2.1: Technical details of LFA 1000

LFA 1000
Temperature RT to 1250°C
Heating rate 0.01 to 20°C
Thermal diffusivity 0.01 to 2000 mm?sec ™!
Thermal conductivity 0.1 to 4000 Wm'K~!
Thermal diffusivity accuracy +2.4%
Repeatability +1.9%
Flash source laser Nd-YAG, 25], Pulse, software controlled
Vision control Pulse width = 0.05 to 5 msec
IR detector InSb: RT to 1250°C, liquid Ny cooled
Atmosphere inert, oxidizing and vacuum with S-type thermocouple
Vacuum up to 10~° mbar
Gas control Manual
Sample holders round (6 mm, 8 mm, 10 mm, 12.7 mm and 25.4 mm)and square (6 mm)
Sample numbers up to 6 samples
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After obtaining the thermal diffusivity of bulk sample using LFA, thermal conductivity
can be calculated by using formula, x = apC,. Where sample density p was calculated by
taking weight and volume of the measured sample and Dulong Petit limit, C, = 3nR, value
was taken for specific heat. Since, we have only measured the thermal diffusivity using LFA
1000 then our thermal conductivity have 2.4% data accuracy along with an additional error

associated with measuring sample density.

2.4 Electronic band calculations

We collaborated with Dr. Ankita Katre and Neeta Bisht from Pune University for Ag,Te

theoretical calculations. Kumar Ankit from IISER Pune performed the SnTe calculations.

24.1 Ag,Te

The first principles DFT calculations were performed using the Quantum Espresso code
(QE) [147]. The exchange correlation energy is represented by a generalized gradient ap-
proximation (GGA) functional proposed by Perdew, Burke and Ernzerhof (PBE) [110]. The
mess cut-off for the plane wave was kept as 50 Ry for the ground state calculations. The
crystal structure of 5-AgsTe is monoclinic with 4 fu per unit cell. The Brillouin zone is sam-
pled using a Monkhorst-Pack scheme, a 12 x 24 x 12 and 20 x 20 x 20 mesh of k-point is
used for the geometry optimization. Density of states (DOS) and band structure calculations
were performed using a more denser grid of 12 x 24 x 12 and 26 x 26 x 26. The structure is
relaxed until the force and energy convergence criteria of 107¢ eV and 10~7 eV A1, respec-
tively, are achieved. The lattice parameter chosen for 3 phase are, a = 8.30 A, b =4.47 A,
¢ =753Aand a = 6.70 A for cubic a-phase. These geometrical parameters are in rea-
sonable agreement with the theoretically reported values [148]. The band structures in both
the phases were also calculated for 6.5% Ag vacancy. For this we considered a 1 x 2 x 1
and 2 x 2 x 2 supercell of AgsTe for 5 and « phase. The DOS calculations for supercell
are performed using a k-mesh of 12 x 12 x 12 and 10 x 10 x 10 for the S and « phase.

The thermal transport properties of 5-Ag2Te are calculated within ab initio framework from
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complete phonon description. The normal modes of phonons are calculated using finite dis-
placement approach for 2 x 4 x 2 supercell to avoid periodic boundary effects on calculated
atomic forces. LO-TO splitting is accounted by including non-analytical term correction,
for which the dielectric tensor and Born effective charges (BEC) are required. These prop-
erties along with the atomic forces for each supercell with displacement are calculated us-
ing QE package, whereas the dynamical matrix extraction and diagonalization is performed
using Phonopy [149]. Anharmonicity is considered within Quasi harmonic approximation
(QHA) that required phonon calculations on +3 % of relaxed cell volume. GGA(PBE) and
LDA (PZ) [110] exchange-correlation functions, both are tested for computing phonon fre-
quencies and LDA results are further used to determine different phonon scattering rate (7)

contributions and the lattice thermal conductivity x;.

2.4.2 SnTe

The first-principles calculations were performed using the QUANTUM ESPRESSO soft-
ware [147, 150], which implements density functional theory (DFT) using a plane wave ba-
sis. Ultrasoft pseudopotentials were employed to describe the electron-ion interactions [151].
For Sn, Te, and Ag, the valence configurations used were 4d'? 5s2 5p?, 4d'° 552 5p*, and 4d°
5s2, respectively. The electron-electron exchange and correlation interactions were described
using the Perdew-Burke-Ernzerhof parametrization of the generalized gradient approxima-
tion (GGA-PBE) [110]. The electronic wave functions were expanded in a plane wave basis
with a kinetic energy cutoff of 60 Ry for all the compounds. To expand the charge density,
a kinetic energy cutoff ten times that used for the wave function was employed. Ag doping
was incorporated into a 3 x3x3 supercell, which consisted of 27 atoms of Sn and Te each,
by replacing Sn with Ag for 3.7%, 7.4% and 11.1% of doping. For Brillouin zone integra-
tions a 4 x4 x4 Monkhorst-Pack k-point mesh was utilized [152]. To accelerate convergence
Marzari- Vanderbilt smearing with a smearing width of 0.005 Ry was used. The experimental
lattice parameters were used as input for structure optimization. Our band structure calcula-

tion for pristine SnTe resulted in a very small band gap of around 0.06 eV, which was lower



2.4. Electronic band calculations 71

than the expected value of 0.3 eV [153]. This discrepancy can be attributed to the limita-
tions of DFT which tends to underestimate the small band gaps in semiconductors using
GGA-PBE exchange correlations. With Ag doping, the band gap increased and the energy
difference between the light hole and heavy hole bands decreased. Additionally, the effective
mass of the light hole band (m} ) increased from 0.14 m, for x = 0 to 0.45 m, for x = 0.074,
as shown in Figure6.14. This led to a decrease in the carrier mobility with increasing Ag
doping. At the same time, the energy difference AFEy between the light hole and heavy
hole bands decreased from 0.35 eV to 0.14 eV (x = 7.4%).
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IChapter 3

Synergistic approach towards a
reproducible high zT in n-type and

p-type superionic thermoelectric Ag,Te

3.1 Introduction

Here, we investigate the TE properties of superionic AgsTe which belongs to a technologi-
cally important class of semiconducting/superionic materials Ago X (X =S, Se, or Te). Upon
heating, Ag,Te undergoes a superionic transition near Ty = 420 K. In the room-temperature
phase, it has an intrinsically low thermal conductivity of 1.2 W m~! K~! which decreases
further to values as small as ~ 0.7 W m~! K~! in the superionic phase [122,144]. The
carrier mobility in AgoTe is high ~ 103 cm? V~1s™1 [144], and the carriers mobility ratio
(pe/ iy 1s around 6 [154]. The Seebeck coefficient at room-temperature is negative and has
a reasonably high value of —100 x4V K~! despite minority carrier excitations due to a small
bandgap E, of < 0.1eV [119,144]. These characteristics make Ag,Te a very promising ther-
moelectric material. Indeed, in AgyTe ingots prepared by solid state melting, a zT of 0.64
at 575 K was previously reported [144]. This was further enhanced to zT = 1 at 575 K by
PbTe doping through bandgap engineering [121]. These studies suggest that by further opti-
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mization, higher zT values can be achieved at temperatures not too high above the superionic

transition.

However, despite these remarkable properties Ag,Te has remained at the backseat in this
class of materials. The dark side of AgsTe relates to its extreme sample dependence. While
in some reports AgsTe is shown to undergo a sharp and reversible change in the sign of ther-
mopower (n to p while heating) across Ty [155—-158], in some other reports the thermopower
is shown to remain negative, featuring only a step-like jump at T [121, 144, 154,155, 158—
161]. It is believed that the n-type or p-type behavior in the superionic phase above T'; arises
due to very small Ag off-stoichiometry: n-type for a slight Ag excess and p-type for Ag
deficient samples. Hereafter, samples that undergo n-to-p transition at T; will be referred
to as p-type, and the samples that undergo n-to-n transition as n-type. Interestingly, within
the n-type samples also, the electrical conductivity in the room temperature phase exhibits
a significant dispersion varying from 2650 S cm~! in Ag,Te ingots [162] to 800 S cm™! or
even less in hot-pressed AgsTe nanopowders [155]. It is therefore evident that the thermo-
electric properties of Ag,Te are extremely sensitive to the exact Ag/Te molar ratio, which

varies unpredictably depending on the synthesis conditions.

We mitigate this issue by using an all-room-temperature method of fabricating 100%
dense Ag,;Te samples showing reproducible thermoelectric properties. We then go beyond
the PLEC limit by adopting a hierarchical nanostructuring approach spanning length scales
ranging from nm to ym. This is achieved by using a low frequency vibratory ball-mill which
produces a broad particle-size distribution along with a rich variety of particle shapes dis-
playing varying degree of crystallinity with dislocations present over length scale as small as
a few nm. The ball-milled nanopowders were directly cold-pressed to achieve densities close
to 100% of the theoretical density. This completely precludes the need for high-temperature
sintering or spark-plasma sintering, the primary reason for Ag offstoichiometry or inhomo-
geneity leading to unpredictability and the sample dependence discussed earlier. The realiza-
tion that Ag,X materials are ductile in nature played a crucial role in this innovation [163].

Further, by increasing the milling duration, the lattice thermal conductivity is systematically
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reduced. We thus obtain a very high zT of 1.2 at 570 K in our n-type samples and 0.64 at
570 K in the p-type samples. The zT values in our study not only supersede the best zT for
the undoped samples but even the doped samples previously reported. The highest average
zT 0of 0.99 in our n-type Ag,Te is also comparable to that of doped Bi,Tes, in the temperature
range of 300 K to 570 K [164]. The density functional theory (DFT) based electronic struc-
ture and thermal transport calculations are also performed to understand the n-type to p-type
transition, and the origin of intrinsically low thermal conductivity and its further suppression

by nanostructuring.

3.2 Sample Synthesis and Nomenclature

Several Ag,Te samples were prepared during this study using various methods, including (a)
solid-state melting (SSM), (b) Ball-milling followed by cold-pressing (CP) (no sintering),
(c) Ball-milling followed by high-temperature sintering (BS) of the cold-pressed pellet, (d)
Hand-milling followed by high-temperature sintering (HS) of the cold-pressed pellets.

A summary of all the samples reported here along with their short names is given in Ta-
ble 3.1. The short names are derived from the fabrication method used. For example, CP1,
CP2, etc., correspond to the Ag,Te samples with Ag : Te =2 : 1 obtained by ball-milling fol-
lowed by cold-pressing. For Ag excess (deficient) samples, the same nomenclature has been
used but with an extension +x (—x) where x depicts the percentage of Ag excess (+) or Ag
deficiency (—). For example, CP+1 corresponds to a sample of the CP series but with starting
composition Ag : Te =2.02 : 1 (i.e., 1% excess Ag). Similarly, CP-1 corresponds to a start-
ing stoichiometry of Ag : Te = 1.98 : 1. The relative density ( pm = Pexp /pwn % 100, where
Pexp and pyy, are respectively the experimental and theoretical density) of the pellets used for
thermoelectric investigations is also given in Table 3.1. pe, was obtained by measuring the
mass (M) and volume (V) of the pellet as pex, = M/V. This was further cross-checked by
measuring the density of several samples using the Archenemies method. The details of CP,
BS, HS and SSM methods are given as follows:

In all synthesize experiments, Ag powders from Sigma Aldrich (purity 99.98%) and Te pow-
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der from Alfa Aesar (purity 99.999%) were used. The purity and source of precursors was
maintained to avoid any variations among the synthesized samples due to unknown factors.
Ball-Milling (BM): For the synthesis of ball-milled Ag,Te powders, the elemental powders
were weighed in the molar ratio according to the desired stoichiometry (Ag/Te = 2 for sto-
ichiometric and 2 + ¢ for the off-stoichiometric samples) and transferred into the stainless
steel (SS) cylindrical vessel of the milling apparatus along with the SS balls. The vessel
was then closed with a lid having a teflon gasket to preserve sample atmosphere during ball-
milling. This step was carried out in an Ar-filled glove-box (Mbraun) to avoid any oxidation.
The loaded vessel was then removed from the glove-box and loaded in a vibratory ball mill.
The volume of the vessel is 6 cm®. The SS beads used were of diameter 0.4 cm. The charge
(Ag and Te powders) to balls mass ratio was kept around 1 : 2.5. The vessel was made to
oscillate along the arc of circle. The vibration frequency was 120 rpm, and amplitude of
vibration around £10° about the mean vertical position. At the end it results powder of the
desired Ag,Te phase.

CP: The ball-milled powders were cold pressed in a in KBr press die set to get the CP series
of samples.

BS: For the BS series, the cold-pressed pellets were sealed in quartz ampoules under a dy-
namic vacuum and sintered at 673 K for 24 hours in a muffle furnace with heating elements
on the two sides (which is the potential source of temperature gradient leading to Ag migra-
tion).

HS: The HS samples were prepared by hand-grinding the Ag and Te powders for 180 min-
utes inside an Ar-filled glove box. The samples were subsequently cold-pressed in a KBr
die-set and sintered in evacuated quartz ampoules as described above.

SSM: The SSM sample was prepared directly melting Ag and Te powder in an evacuated
quartz ampule. The ampoule was loaded in a muffle furnace and heated to 1000°C in 10
hours, kept there for 5 hours and then cooled down to 500 °C at a rate of 10 °C h~!. The

furnace was then turned-off to allow cooling down to the room temperature.
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Table 3.1: The details of various AgsTe samples used in this study are given here. The sample
name is given in the first column. Here, BS represents samples prepared by ball-milling followed
by sintering of the cold-pressed pellets at 673 K for 24 h; HS represents samples prepared by hand-
milling and sintering as in the BS series; CP represents samples prepared by ball-milling followed
by cold-pressing (no sintering); and SSM represents an ingot sample prepared by solid-state melting.
The second column (7,,) gives the milling duration where applicable. The nominal stoichiometry of
the starting Ag and Te powders in each case appears in the third column, and the last column (p;,)
gives the density of the pellets on which the thermoelectric measurements are done.

Name Tm Ag:Te Pm

Ball-milled & Sintered

BS1 300 2:1 90
BS2 300 2:1 93
BS3 300 2:1 92
BS4 300 2:1 89
Hand-milled & Sintered
HS1 300 2:1 96
HS2 300 2:1 98
HS3 300 2:1 97
Ball-milled & Cold-pressed
CP1 200 2:1 100
CP2 400 2:1 100
CP3 500 2:1 100
CP4 600 2:1 100
Off-stoichiometric: Ball-milled & Cold-pressed
CP+1 500 202:1 100
CP+0.5 500 201:1 100
CP-0.5 300 1.99:1 100
CP-1 300 1.98: 1 100

SSM - 2:1 100
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3.3 Chatacterization and transport property measurement

The phase purity of our samples was assessed using the x-ray powder diffraction technique
(Bruker, D8 Advance). The lattice parameters were estimated by performing the Rietveld
refinement using the Fullprof Suite. The microstructure was assessed using the Field Effect
Scanning Electron Microscopy (FESEM) (Ultra Zeiss plus) equipped with an Energy Disper-
sive x-ray (EDX) analysis attachment (Oxford Instruments). The high-resolution transmis-
sion electron microscopy (JEOL JEM 2200FS 200 keV) was done on ball-milled powder as
well as powders obtained by crushing a small piece of the sample that has undergone thermal
cycling between room temperature and 570 K. The ball-milled or finely ground powder was
mixed with ethanol in a vial. This was then centrifuged and the smaller particles from the top
of the vial were dropcasted onto a Cu-grid that was subsequently loaded on the TEM sam-
ple stage and plasma cleaned at 250 eV. The GMS-3 software package was used for further
FFT and IFFT analysis. The electrical resistivity and thermopower were measured simulta-
neously using Linseis LSR-3 set-up. The thermal diffusivity was measured on disc shaped
samples (¢ = 8 mm) using Laser Flash Analyzer (Linseis LFA 1000). The thermal conduc-
tivity is obtained by using the formula, x = C,p,,,D where C, is the specific heat at constant
pressure, p,, is sample density and D is the measured thermal diffusivity. The Dulong - Petit
limit (C, = 3nR) was directly used. This, of course, is incorrect around the phase transition.
For this reason, the temperature range around 7; ( Ty &= 100 K) is excluded from the analy-
sis of zT. Sample density was estimated by measuring the mass and dimensions of the disc
shaped samples. The measured values were cross-checked using the Archimedes method
for several samples and the two methods agreed with +£5%. Room temperature (RT) Hall
carrier concentration was measured using a Physical Property Measurement System (Quan-
tum Design). The longitudinal contribution was eliminated by measuring V., in positive
and negative fields (Vg = (1/2)(Vyy(H) = Viy(—H))), which removes any symmetric

contribution.
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Figure 3.1: (a) x-ray powder diffraction patterns for sintered and SSM samples, and (b) for cold-
pressed AgsTe sample; (c) Crystal structure of room-temperature monoclinic 5-AgoTe, and (d) Crys-
tal structure of the high temperature cubic a-phase.

3.4 Results and Discussion

3.4.1 Sample Characterization

The phase purity of our samples was checked using the x-ray powder diffraction (XRPD)
method at room-temperature. For all synthesized samples results are shown in Fig. 3.1 (a, and
b). The observed XRPD patterns can be satisfactorily indexed on the basis of the monoclinic
(P24 /c) symmetry with no extra peaks. The only exception to this are the samples prepared
with excess Ag where a small extra peak due to unreacted Ag metal is seen as shown in

Fig. 3.1 (b). The crystal structure of room temperature monoclinic and superionic phase are
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Figure 3.2: Morphology at 1 1 m length scale of freshly fractured bulk pellets of few representative
AgyTe samples synthesized BS, HS and CP methods.

shown in Fig. 3.1 (c, and d) respectively. For few representative samples, morphology of

freshly fractured bulk pellets is shown in Fig. 6.3. Sintered samples have shown the layered
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Figure 3.3: (a) Thermogravimetric analysis (TGA), and (b) differential scanning calorimetry (DSC)
of BS1, BS2 and BS4 samples.
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Figure 3.4: High temperature XRD of AgsTe.
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texture and CP bulk pellets contains large number of grains with varying sizes from few
hundreds of nanometers to micrometers. Thermal stability and the presence of structural
phase transition at Ty was confirmed using the Differential Scanning Calorimetry shown in
Fig. 5.6 and there was no weight loss observed till 570 K. While heating the samples showed
structural and superionic transition at 425 K and at 410 K while cooling indicating the first
order transition. The cubic Fm3m symmetry in the superionic phase was confirmed using
the high-temperature XRPD shown in Fig. 3.4. Hereafter, we shall refer to the monoclinic
phase below T as 5-Ag,Te, and the cubic phase above T as a-Ag,Te. The crystal structure
of B-AgsTe is layered comprising Ag(1) and Ag(2)-Te layers as shown in Fig. 3.1 (c), where
Ag(1) and Ag(2) are inequivalent Ag sites having different Te coordinations. In the high-
temperature phase shown in Fig. 3.1 (d), the Te ions form a rigid fcc network and the Ag
ions hop between various interstitial sites. The lattice constants obtained from the Rietveld
refinement are given in Table 3.4.1. A good agreement with the reported lattice parameters

is found for all our samples [35].

Table 3.2: Lattice parameters of all the samples and compared with reported values by Lee et al. [35]

Samples Nominal composition a(A) b(A) C(A) B(deg)
BS1 AgoTe 8.17 4.47 8.98 124.12
BS2 AgyTe 8.17 4.47 8.98 124.13
BS3 Ag,Te 8.16 4.47 8.97 124.04
BS4 AgoTe 8.16 4.47 8.98 124.12
HS1 Ag,Te 8.16 4.47 8.98 124.12
HS2 AgoTe 8.17 4.47 8.98 124.14
HS3 AgsTe 8.16 4.47 8.98 124.12
CP1 AgsTe 8.17 4.47 8.98 124.15
CP2 AgoTe 8.17 4.47 8.98 124.13
CP3 Ag,Te 8.16 4.47 8.98 124.10
CP4 AgoTe 8.16 4.47 8.98 124.11
CP-1 AgiosTe 8.17 4.47 8.98 124.15

CP-0.5 Agio9Te 8.17 4.47 8.98 124.15

CP+0.5 Ago o1 Te 8.16 4.47 8.98 124.10
CP+1 AgsoTe 8.16 4.47 8.98 124.08

Lee et al. AgyTe 8.16 4.47 8.98 124.16

A few representative HRTEM images of the ball-milled Ag,Te nanoparticles are shown
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in Fig. 3.5. The HRTEM samples were prepared by centrifuging the ball-milled powder
in an ethanol medium. This makes the heavier (and bigger) particles to settle down in the
centrifuged vial, allowing only the smaller particles to be picked for examination. The image
in panel (a) is a low-resolution TEM image showing the particle-size distribution in our
samples. The ball-milled nanoparticles show a surprisingly rich diversity in their shapes and
the degree of crystallinity. The image in panel (b), for example, shows a spherical particle
showing a high degree of crystallinity with nicely lined-up lattice planes. On the other hand,
the particle in (c) shows a hexagonal shape with lattice planes near the top and bottom aligned
parallel to the edges of the grain; the alignment is horizontal close to the left and right
edges, and vertical around the center of the particle. Similarly, in panel (d) a pentagonal
shaped particle, and in (e) a rectangular shaped particle with spatially varying crystalline
orientation over nanometer length-scale are shown. To demonstrate this diversity further,
a high-resolution HRTEM image of a nearly spherical nanoparticle of diameter 20 nm is

shown in panel (f).
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Figure 3.5: TEM analysis of the Ball-milled powders (a) a low resolution TEM image showing AgsTe
nanoparticles. Inset shows the particle-size distribution, (b - f) high-resolution TEM images showing
different morphologies and degree of crystalline order in the AgsTe nanoparticles in (a), (g) FFT of
nanoparticle in (g) showing the polycrystalline-like diffraction pattern on a single AgsTe nanoparticle
in (f), (h) a zoomed-in image on the bordered area (in white) in (f). The dashed lines showing the
grain boundaries are drawn as a guide to eye.

Unlike the spherical particle in (b), the particle in panel (f) shows a spatially varying
crystalline order akin to the other less symmetric particles in other panels. A zoomed-in
image of the region in the white box in (f) is shown in (h). It shows four differently oriented
grains over an area of 5 nm by 5 nm. In panel (g) we show the FFT of the nanoparticle shown
in (f). It reveals the polycrystalline-like electron diffraction pattern due to the presence of

nano-domains.

3.4.2 Electrical conductivity and Thermopower

Ag,Te sintered samples: BS and HS series

The temperature dependence of o of samples of the BS series, namely, BSx (x =1, 2, 3
and 4) is shown in Fig. 3.6 (a). The sample BS3 has the highest electrical conductivity of

1805 S cm™! near 300 K. For this sample, o increases upon heating above 300 K, exhibits a
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maximum around 330 K and drops precipitously thereafter due to the onset of the superionic
transition. In the superionic phase, o continues to decrease steadily showing a T~ tempera-
ture dependence with o = 1.2. Since the carrier concentration (n) is a temperature dependent
quantity with dn/dT > 0 (see, Figure 3.7), the actual scattering mechanisms seems to be
more complex than the simple acoustic-phonon scattering for which a T~3/2 behavior is
expected. In the superionic phase, among other factor, the mobile Ag-ions would act as an
additional source of scattering leading to departure from the T~3/2 dependence. On the other
hand, in BS1, BS2 and BS4, ¢ near 300 K has reduced to 1200 S cm™%, 900 S em ™' and
340 S cm™1, respectively. The large reduction for sample BS4 is particularly striking given
that all four samples were prepared under identical conditions and with the same starting
stoichiometry. The magnitude of o at 300 K correlates nicely with the carrier concentration
(n) at 300 K shown in Table 3.3, which is highest for BS3 (2.4 x 10'® cm~3) and lowest for
BS4 (0.7 x 10'® ¢cm~3). All the samples exhibit high Hall mobilities: ~ 5000 cm? V~1 571
for BSx (x =1, 2 and 3) and ~ 3000 cm? V! s~! for BS4. These mobility values far exceed
those of some better known state-of-the-art n-type thermoelectric materials. For example,
the carrier mobility in Bi,Tes alloys is ~ 200 cm? V~! s=! [165] or that in Mg;Sb, alloys
is ~ 100 cm? V! s71 [166]. However, the significant dispersion in the magnitude and tem-
perature dependence of o of the sintered AgsTe samples is what makes them less favorable.
This unpredictability is even more vividly revealed in the temperature variation of S shown
in Fig. 3.6 (b). While samples BS1, BS2 and BS3 show a n-type behavior, a p-type behavior
is observed for BS4. A similar sample dependence is found in the HS samples also. o and S

for three representative HS samples are plotted in Fig. 3.6 (a, b).

The observed unpredictability or sample dependence in our sintered samples is in line
with several previous reports where both n-type and p-type behaviors are found for the sin-
tered or hot-pressed Ag,Te samples. The underlying reason for this unpredictability is related
to the Ag-migration during high temperature sintering or spark-plasma sintering. It is known
from previous works that in the superionic phase at temperature T > T, the liquid-like Ag

ions form a steady concentration gradient inside the material without any metal deposition
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Figure 3.6: Temperature dependence of electrical conductivity, thermopower, and power factor for
our samples. (a - ¢) BS and HS samples, (d - f) stoichiometric CP samples prepared for different
milling durations, (g - i) CP samples prepared with different Ag/Te molar ratio (see text for details).

unless the applied voltage (or the electric current density) exceeds a critical value [167, 168].
The Ag migration can also get activated in the presence of a temperature gradient. How high
a temperature/voltage gradient a given superionic material can withstand without metal-ion
migration leading to deposition depends on temperature T above the superionic transition
temperature [169]. In Ag,Te, the current density at 570 K exceeds 15 A cm™2, and the

temperature gradient that the sample can withstand at 570 K is of the order of 20 K, see
Figures 3.10 and 3.9.

Ag,Te cold-pressed samples: CP series

Typically, the high-temperature sintering or spark-plasma sintering (SPS) is done to get high-

density nanostructured pellets. However, the AgoX family of materials exhibit an extraor-
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Figure 3.7: Temperature dependent Hall carrier concentration measured from 300 K to 506 K.

dinary metal-like ductility with a large plastic deformation strain [163]. This metal-like
ductility can be exploited to obtain high density pellets directly by cold-pressing. Indeed,
the cold-pressed pellets of Ag,Te exhibit mass densities lying within £5% of the theoret-
ical density. This property is lacking in the CuyX family, as similar cold-pressed powders
of CuyX resulted in densities in the range 70 £ 5% of the theoretical density as opposed to
100% for the AgoX compounds. This eliminates completely the need for high-temperature
sintering or SPS. Equipped with this knowledge, we fabricated a series of Ag,Te samples by
ball milling followed by cold-pressing and measured their thermoelectric properties between
300 K and 570 K. Samples CP1, CP2, CP3, and CP4 in Table 3.1 all have the same starting
stoichiometry (molar ratio Ag/Te = 2); however, the ball-milling duration has been varied to
influence the average particle-size for reducing the thermal conductivity, discussed later.
The temperature variation of o and S for these samples is shown in Fig. 3.6 (d, €). They all
exhibit a n-type behavior and their thermopower and electrical conductivity plots also overlap

showing no sample dependence. The measurements are limited to the highest temperature
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Table 3.3: Room temperature carrier concentration (n), electrical conductivity (o), hall mobility (u),

thermopower (S) and power factor (PF).

Samples n (10 cm™) o(Scm™) p(em?V1is™) SEVK™) PF(Wem 2K SatT,
Ball-milled & Sintered
BS1 1.45 1233 5315 -103 13 n-n
BS2 1 868 5425 -103 8.9 n-n
BS3 2.4 1805 4700 -85 14.7 n-n
BS4 0.7 345 3080 -87 2.6 n-p
Hand-milled & Sintered
HS1 2 306 956 -88 24 n-p
HS2 1.2 618 3219 -121 9.2 n-n
HS3 4.8 1728 2700 -88 12 n-n
Ball-milled & Cold-pressed
CP1 33 2247 4256 -94 20 n-n
CP2 33 2118 4013 -96 19.6 n-n
CP3 3.5 2291 4091 -92 194 n-n
CP4 3.5 2167 3869 -92 18.5 n-n
Off-stoichiometric, Ball-milled & Cold-pressed
CP-1 0.74 803 2550 -108 3.5 n-p
CP-0.5 1 375 2344 -115 5 n-p
CP+0.5 3.1 2118 4270 -97 19.6 n-n
CP+1 3.2 2118 4137 -95 19.3 n-n
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of 570 K above which the Ag migration becomes non-local under the temperature gradient
applied during the thermopower measurements, see Fig. 3.9. For comparison ¢ and S for
the SSM sample are also shown. The milling duration (or the average particle-size) has
apparently no measurable effect on o and S. These n-type CP samples exhibit high electrical
conductivity: o & 2300 S cm ™! near 300 K. This is higher than the electrical conductivity
of our SSM sample (=~ 1500 S cm™!) and comparable to the best ingot samples reported
previously in literature [144] (Fig. 3.6 (d)). The carrier concentration in all these samples
is around 3.4 4+ 0.1 x 10'® ¢cm™3, independent of the sample (see Table 3.3). This shows
that the Ag/Te stoichiometry remains intact in the CP series of samples leading to a highly
reproducible behavior.

Additionally, the reproducibility was further confirmed by synthesizing the two Ag,Te
samples with the same milling time of 500 minutes. The thermoelectric properties of these

two samples are depicted in Fig. 3.8.
Off-stoichiometric Ag,_ sTe cold-pressed samples: CP+x series

Having established that cold-pressing (without sintering) and limiting the highest temper-
ature to 570 K results in highly reproducible results, we now proceed to investigate the
effect of Ag-off stoichiometry in the cold-pressed samples. For this purpose, we synthesized
Ag-excess and Ag-deficient samples, namely: CP-0.5, CP-1 (0.5% and 1% Ag deficient),
CP+0.5, CP+1 (0.5% and 1% Ag excess). The temperature variation of o and S for these
samples is shown in Fig. 3.6 (g, h). The Ag-excess samples show a n-type behavior and their
o and S are comparable to the stoichiometric samples over the whole temperature range. In
stark contrast to this, the Ag-deficient samples exhibit a p-type behavior in the superionic
phase and for these samples o has also been significantly suppressed. Not only that, even the
qualitative temperature dependence of o(T') for the Ag-deficient samples has changed both
below and above T. In the superionic a-phase, these samples exhibit an increasing behavior
(do/dT > 0), whereas for the n-type samples do/dT < 0. The carrier concentration (n) in
our off-stoichiometric samples at 300 K is shown in Table 3.3. In the Ag-excess samples,

n = 3.1 4+0.1 x 10" cm™3 is nearly the same as the carrier concentration in the stoichio-
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metric samples. In the Ag-deficient samples, however, n decreases to 1.0 0.1 x 10'® cm ™3

for 0.5% and 0.7 £0.1 x 10*® cm ™3 for the 1% Ag vacancies. To understand why Ag-excess
sample behave more like the stoichiometric samples we recall that the XRPD of these sam-
ples showed Ag metal peaks indicating that only a very tiny amount of excess Ag can be
incorporated in the structure by mechanical milling at room-temperature. Previously, Taylor
and Wood [154] also reported the presence of unreacted silver in their Ag-excess samples
prepared by solid-state melting. Notably, the CP-0.5 and CP-1 samples exhibit a peak in
their thermopower near 350 K. No phase transition could be detected at this temperature in
our TGA/DSC or high temperature powder x-ray diffraction data. The reason behind the
appearance of this mysterious peak in the Seebeck coefficient is as yet unclear to us. How-
ever, we notice that only those samples that show a n-to-p transition at Ty exhibits this peak.
For example, not only CP-1 and CP-0.5 but also HS1 and BS4 show a peak in S near 350
K. What is common between these four samples is that they all exhibit a very low electrical
conductivity (of the order of 500 Scm™!). In previous literature also, a peak near 350 K can
be seen in Ag,Te samples showing n-to-p transition. [122, 162] Further detailed and more

focused studies to shed light on the origin of this peak are required.
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3.4.3 Estimation of critical temperature and critical current density in

Ag2 Te
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Figure 3.9: Composition analysis of LSR bars after measuring the electronic transport properties
upto 570 K and 610 K (showing Ag migeration).

We estimated the highest temperature up to which the Ag diffusion remained local in our
samples. For this two bar-shaped cold-pressed bars were heated at 570 K (sample 1) and
610 K (sample 2) under a 20 K gradient and with a small DC current flow of =~ 5 A cm 2.
The FESEM images of these samples after the experiment are shown in Fig. 3.9. While in
sample 2 some Ag aggregation can be seen at its colder end (see white rectangular box),
sample 1 shows no such deposition. Thus, within the superionic phase, the Ag migration
becomes non-local only at high temperatures, exceeding ~150 K above T;. Based on this,
we limited the highest temperature in our experiments to 570 K. In order to estimate the
critical current density, the sample resistivity was measured under a DC current at 570 K
2

continuously for 140 minutes for different values of current densities ranging from 3 A cm™

to 15 A cm~2 as shown in Fig. 3.10. No perceptible change in the sample resistivity could be
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observed up to 15 A cm 2. This suggests that at 570 K the critical current density in Ag,Te
is higher than 15 Acm 2.
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Figure 3.10: (a) Electrical resistivity measured for 140 minutes at different current densities, and (b)
relative change in sample resistivity with respect to the resistivity value for lowest current density.

3.4.4 Power Factor

The temperature dependence of PF for our samples is shown in Fig. 3.6(c, {, 1). As shown in
Fig. 3.6f, the PF for all our n-type CP samples ( ~ 20 W cm~*K~2 at 300 K) overlap over
the whole temperature range. In contrast, in the sintered BS or HS samples (Fig. 3.6¢), the PF
is not only low ( < 12 W cm 'K ~2 at 300 K) but the PF for these samples also varies from
one sample to other. This underpins the strength of the sample fabrication technique reported
here. In our n-type CP samples, the maximum PF obtained is close to 20 W cm~'K~2 in
the 3-phase and 11 W cm~'K~2 in the superionic phase where it shows a weak temperature
dependence. In the p-type CP samples (CP-0.5 and CP-1) the PF shows a linearly increasing

behavior in the superionic phase attaining a value of 6 W cm~K~2 at 570 K (Fig. 3.61).

3.4.5 Electronic band structure

To gain a qualitative understanding of the charge transport properties in Ag,Te samples, we

turn now to the electronic band structure calculations (done in collaboration with Dr. Ankita
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katre and Neeta Bisht from Pune University). The band structure for 5-Ag,Te is shown
in Fig. 3.11a (left panel) where an indirect bandgap of 0.07 eV has been observed upon

incorporating the spin-orbit coupling in good agreement with previous reports [119, 148].
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Figure 3.11: Electronic band calculation of (a) pristine (left panel) and 6.5 % Ag deficient (right
panel)AgsTe for room temperature monoclinic phase and (b) Fermi surface calculations with different
percentage Ag vacancy.

The small band gap suggests that both types of charge carriers contribute to the transport.
However, since the carrier mobility ratio p. /gy, in the S-phase is about 6 [154], the sign of
S is negative. The band structure for 5-Ag,Te with 6.5% Ag vacancies is also shown in
Fig. 3.11(a) (right panel). Due to Ag vacancies the Fermi level has been pushed down into
the valence band. This should have resulted in a positive Seebeck coefficient; however, the
amount of Ag vacancies in our samples is less than or equal to 1%, which is not high enough
to make S positive. This is depicted with the help of Fermi surface plots corresponding to
the experimental carrier concentrations. The electronic band structure for a-AgsTe is shown
in Fig. 3.12(a), which agrees favorably with previous literature [148]. The Fermi surface in
this case consists of a small hole-pocket centered at the I'-point and six equivalent electron

pockets around the L-point. This is expected to give rise to n-type behavior for stoichiometric
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a-AgsyTe as is indeed seen experimentally. In the 6.5% Ag-deficient sample, the Fermi level
goes deeper into the valence band resulting in a large hole-Fermi surface centered around the
['-point as shown in Fig. 3.12(b) which is expected to result in p-type behavior as is indeed

seen experimentally in the a-phase of Ag-deficient samples.
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Figure 3.12: Electronic band calculation of (a) pristine (left panel) and 6.5 % Ag deficient (right
panel )Ag,Te for high temperature cubic phase, (b) shows the Fermi surfaces in pristine and 6.5% Ag
deficient phases.

3.4.6 Effect of thermal cycling in Ag,Te cold-pressed samples

The effect of thermal cycling between 300 K and 570 K on o and S has been checked thor-
oughly. The results of thermal cycling are shown in Fig. 3.13. With the exception of the
first heating run in the 5-phase, all the subsequent runs for the 3 measurement cycles overlap
within the error bars of our measurements. In fact, in the superionic phase, even the data
taken during the first heating run overlaps the cooling data and also the data taken in the sub-
sequent runs. The hysteresis in the first run in the 5 phase is not understood as yet. Due to the
ductile nature of Ag,Te, during cold-pressing the grains are mechanically deformed at their

boundaries in order to fill the space, leaving no pores, and yielding a 100% dense sample.
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We believe that during the first heating run, the mechanical strain at the grain boundaries is
gradually relieved as the sample is slowly heated. In the subsequent runs, the changes in the
grain boundary region may not be significant enough to result in different properties. This

could be a part of the reason why our samples exhibit higher resistivity in the first heating

run.
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Figure 3.13: Thermal cycling effect to test the sample stability (a) electrical conductivity (b) ther-
mopower (c) PF and, (d)thermal conductivity of CP4 sample.

3.4.7 Thermal transport

The thermal conductivity (x) of our CP samples (CP1, CP2, CP3, and CP4) is shown in
Fig. 6.11(a, b). The data for SSM sample is also included as a reference. ~ for remaining

samples is shown in Fig. 3.15a. Since o for stoichiometric CP samples overlap over the
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whole temperature range, the . contribution is expected to be the same for these samples.
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Figure 3.14: (a) Temperature dependent x of CP samples prepared with different milling durations,
(b) Temperature dependent « of CP samples prepared with different Ag/Te molar ratio, (c) x; extracted
from the measured « using the SKB model for a few samples, (d) Calculate phonon dispersion for
B-AgsTe, (e) Theoretically calculated thermal conductivity showing effect of anharmonicity, grain-
size and Ag-vacancies/Te-interstitials, (f) a representative high-resolution TEM image of a CP AgsTe
sample after several thermal cycling. In (a), thermal conductivity of our ingot sample is also included
for comparison.

Hence, the effect of milling time (7,,) can be readily understood by comparing the total
measured thermal conductivity. x for these (and for n-type samples in general) shows the
same qualitative behavior characterized by a broad peak centered around 340 K, followed by
a precipitous drop across T and a gradually increasing trend (dx/dT > 0) upon heating up

to the highest temperature in the superionic phase.
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The fact that x in our SSM sample is significantly higher compared to x for any of the
CP samples despite having a much lower electrical conductivity, 1500 S cm ™! near 300 K in
SSM against 2300 S cm ™! near 300 K in CP, Fig. 3.6(d) clearly brings out the role of grain
boundary scattering in suppressing the lattice thermal conductivity. With increasing milling
duration, ~ decreases further in a systematic manner showing the effect of nanostructuring in
suppressing the lattice thermal conductivity of Ag,Te drastically. The lowest ~ is observed
for the sample that was milled for the longest duration (600 min). For this sample CP4,
Fig. 3.14(a), the maximum and minimum values of « are, respectively, 1.1 W m~—! K~! (at
350 K) and 0.51 W m~* K~! (at 460 K). The corresponding values for our SSM sample are
1.5 Wm™! K ' and 0.79 W m~! K™, respectively.

The gradually increasing trend observed in the superionic phase (dx/dT > 0) for all
the samples is contrary to the decreasing behavior shown by o (do/dT < 0) over the same
temperature range. This anomalous temperature dependence of « has recently attracted sig-
nificant attention. It is believed that the heat transport in PLEC class of materials cannot be

described by lattice vibrations alone. Wu et al., argued that this anomalous increasing trend
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may be associated with the convective heat channel due to mobile Ag ions, which is present
in addition to the conductive heat channel due to lattice vibrations associated with the Te

sublattice [170].

The effect of Ag off-stoichiometry is shown in Fig. 3.14b. « in a pristine (CP3) and
Ag excess samples (CP+0.5) and (CP+1) nearly overlaps. This is consistent with the fact
that excess Ag taken in the beginning of the reaction is not incorporated in the structure.
Compared to these samples, the thermal conductivity of 0.5% and 1% Ag deficient samples
has decreased which is mainly due to their very low electrical conductivity (Fig. 3.6g). It
was previously reported that estimating . in these intrinsically low x materials often yield
unsatisfactory results [171]. Nonetheless, to make a rough estimate of . we used the SKB
model as done previously for PbTe-doped n-type Ag,Te samples. The details are as follows:
Electronic and Lattice thermal conductivity: To estimate the ~. using Weideman Frenz
law, k. = LTo where L is the Lorenz number and for its estimation we have used the SKB
model which was previously used by Pei et al. [121]. The Lorentz number can be estimated

by simulating the temperature dependent thermopower data using following equation,

s =lo [

() [ G |

where, "F" (n,a) is the Fermi-Dirac integeral which includes nonparabolicity in SKB

model given by equation,

"E(n,a) = /000 (_?9_{) e (e+ae®)" (1+ 20ve)" de

where « is known as band nonparabolicity which depends upon the band gap of the material

(E—T> . The n, m, and k are indices of the integral whose values depend on the transport prop-
g

erty and charge carrier scattering mechanism. The energy dependence of the relaxation time
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A—1/2

(1) is given by the equation 7 = 7p€ where A\ depends upon the scattering mechanism.

For electron phonon scattering mechanism A is zero which we have used in our analysis.

In Fig. 3.14c, we show k; = k — Kk, for these samples. The temperature range over which
the phase transition occurs has been excluded due to large uncertainty associated with the
specific heat, which cannot be approximated by a constant 3nR value over this range. For
comparison, x; for the stoichiometric sample CP4 is also included. The value of x; at 300 K is
very low in the normal phase itself, ranging from 0.52 W m~* K~! (CP4) to 0.7 W m~! K~!
in (CP-1) at 300 K. It decreases further and becomes ultralow in the high-temperature su-
perionic phase, where it ranges from 0.32 W m~* K= (CP4) to 0.5 W m~! K~! in (CP-1)
at 440 K. Unexpectedly, the highest lattice thermal conductivity is shown by the 1% Ag-
deficient sample (CP-1). This shows that the atomic defects are not the main characters in
determining the heat flow mechanism of AgsTe. In both the structural phases o and j3, the
sign of dx;/dT is positive. As in the superionic phase, the total measured « itself exhibits
an increasing behavior (despite do/dT" < 0), we cannot attribute the observed increasing
trend in x; to any error in the estimation of .. These observations point to a complex heat
conduction mechanism in these materials, which is beginning to attract attention from the
theorists recently [170].

To understand the origin of the intrinsically low thermal conductivity in the [-phase of
Ag>Te, we studied the effect of anharmonicity, grain boundary and point-defects scatter-
ing theoretically. The phonon dispersion in - Ag,Te is shown in Fig. 3.14d. There are 36
phonon branches at each g-point, spanning a small energy range from 0 to 30 rad/ps. This is
due to the large average molecular mass of Ag,Te (114 amu). The low lying optical phonons
are prominently seen without an acoustic-optic phonon gap due to nearly similar atomic
masses of Ag and Te (ma,/mp. = 0.85). Both these factors contribute to a high intrin-
sic anharmonic phonon-phonon scattering in AgsTe. Furthermore, less dispersive phonon
branches indicate low phonon group velocities. Thus, a combined effect of these is expected

to result in an inherently low «; in this material.

To get further insight, different phonon scattering contributions in 3-Ag,Te are calcu-
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lated. The anharmonic scattering rate (7, ;) is calculated using the method in Ref. [172]. The
calculated Griineisen parameter v, are shown in Fig. 3.16a. As anticipated from the phonon
dispersion, the anharmonic scattering in Ag,Te is high, which is evident in Fig. 3.16b. The
grain boundary scattering is included as Téé = v,/D where v, is the phonon group velocity
and D is the grain size. The effects of Ag vacancy (Vaca,) is included using the T-matrix de-
scription as discussed in Ref. [173]. The defect scattering rates, 7, , are seemingly the least
dominant among all the contributions and could be anticipated to have less impact on cal-
culated ;. A full ab-initio treatment of phonon-defect interactions, taking into account the
bond perturbations also, may somewhat strengthen TC;}, however, its final effect on x; may
still remain less pronounced due to already very high anharmonic and grain boundary scat-
tering shown in Fig. 3.16b. The total scattering rate (7~ !) is calculated from full phonon dis-
persion and mode Griineisen parameters using the Matheissen rule: 771 = ;ﬁl + T(?)é + Td_e}.
Fig. 6.11e shows the calculated x; for Ag,Te including all the phonon scattering contribu-
tions. The calculated «; for Ag,Te (Fig. 3.14e, considering only the anharmonicity to begin
with, is already very low (~ 0.45 W m~! K~! at 300 K). Including the grain boundary
scattering, taking grain-size D = 50 nm and 25 nm, reduces «; further by more than 50%,
which is consistent with the observed low thermal conductivity of our nanostructured Ag,Te
samples. The effect of small concentrations of Ag vacancies on « is relatively very weak.

This is consistent with the experiments where the Ag-deficiency has not contributed to any

further decrease in thermal conductivity.
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Figure 3.16: Calculated results for (a) Griiniesen parameter and, (b) relaxation time with frequency
of phonons.

A more detailed view of the normalised k; at room-temperature varying with the grain
size is shown in the inset of Fig. 3.14e. This shows that grains, sizing below 1 zm, contribute
to the suppression of x and the smaller grains are most effective in scattering the mid- and
long-wavelength phonons. As elucidated in Fig. 3.17c and Fig. 3.18, our samples consists
of grains that vary in size from 1 ;m down to the less than 100 nm. These grains, however,
are themselves composed of nm sized particles of Ag,Te shown in Fig. 3.5 which cannot
be seen in the SEM micrograph. We therefore did extensive HRTEM investigations on our
CP samples before and after the thermoelectric measurements. A representative HRTEM
image collected after the thermoelectric measurements is shown in Fig. 3.14f (a few more
TEM images are shown in Fig. 3.18 & Fig. 3.19). One can clearly see the presence of a
large number of nm-sized grains oriented randomly. The grain boundaries are drawn as lines
as a guide to eye. These boundaries are not very sharp everywhere, neither do all grains
show high-crystallinity, acting thereof as potential scatterers that impede the heat flow. It
is well recognized that a wide size distribution and morphology of nanoparticles is more
effective in scattering different phonon modes and reduce thermal conductivity significantly.
The presence of grains of varying size with a broad distribution in our cold-pressed pellets

thus scatter phonons at all length scales leading to their much reduced thermal conductivity
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compared to an ingot sample.
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Figure 3.17: Morphology of freshly broken surface of CP4 sample of as cold pressed and sintered
pellet at 550 K (a) low magnification image of cold pressed pallet (b) is for sintered pellet (c) image
at 200 nm for cold pressed and (d) image at 200 nm for the sintered pellet.
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Figure 3.18: Few representative TEM amd HRTEM images of ball billed powder samples.
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Figure 3.19: HRTEM images of CP samples after multiple runs of transport property measurements
(a) HRTEM at 5 nm showing highly crystalline nanoparticle (b) IFFT image on rectangular area
marked as 1 in (a), (c) IFFT image on rectangular area marked as 2in (a) where green lines are showing
the line defects, (d) HRTEM image at 10 nm showing large number of nanometer sized grains oriented
in different directions (¢) HRTEM image of single nanoparticle containing multiple orientation of
planes and, (f) HRTEM image at 10 nm showing two grains and insets are their respective FFT on the
marked red and green regions.

3.4.8 Thermoelectric figure-of-merit zT

The zT of our stoichiometric CP samples (CP1, CP2, CP3, and CP4) is plotted as a function
of temperature in Fig. 3.20(a). The zT of the SSM sample is also included as a reference.
For the BS and HS series of samples, zT is shown in Fig. 3.15b. Since the specific heat near
the phase transition at T is expected to show an anomaly, we exclude the zT in the range
T £ 100 K (the shaded region) from further discussion. In our stoichiometric CP samples
(and for n-type Ag,Te samples in general), zZT shows an increasing trend over the whole

temperature range. In BS or HS samples, the zT at 570 K is 0.85.
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Figure 3.20: Temperature dependent zT variation for (a) stoichiometric CP samples prepared with

different milling times (SSM sample and literature data from J. Capps et al. study are included for
comparison), and (b) different Ag/Te molar ratio receptively.

In contrast, in our CP samples the zT at 570 K is higher, reaching values as high as 1.2
in CP4 (the sample with the lowest thermal conductivity). Within the CP series, zT shows a
systematic increase with decrease in the thermal conductivity due to increasing milling time.
Since ball-milling affects the particle-size and their morphologies, the observed suppression
reflects the effect of nanostructuring in these materials. Interestingly, the ball-milling has no
significant effect on the electrical conductivity and thermopower. This makes Ag,Te a rather
interesting material where the power factor and phonon transport are intrinsically decoupled,
providing thereby a huge scope for further improvement. In contrast, the zT of SSM sample
is only 0.68 at 570 K. This low value is mainly due to its fairly high thermal conductivity
compared to the CP samples.

The effect of Ag/Te molar ratio on zT of our cold-pressed samples is shown in Fig. 3.20b.
In the Ag-excess samples (CP+0.5 and CP+1), the zT nearly coincides with the zT for their
stoichiometric counterpart CP3. However, in the Ag-deficient, p-type CP samples (CP-0.5
and CP-1), zT shows a decreasing behavior below room-temperature but an increasing be-
havior in the superionic phase with zT reaching values as high as 0.64 at 570 K (Fig. 3.20b).
On the other hand, in the p-type sintered samples, zT is very small (< 0.15 at 570 K) and
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it also shows a decreasing behavior in the superionic phase (Fig. 3.15b) as opposed to the

increasing behavior observed for our cold-pressed p-type samples.

3.5 Summary and conclusions

The thermoelectric properties of Ag,Te samples, synthesized using four different methods,
namely, BS, HS, CP and SSM were investigated in detail. The sintered BS or HS samples
prepared under identical conditions and with the same starting stoichiometry (Ag : Te = 2
: 1) show highly unpredictable behavior with respect to the sign of S and the magnitude of
0. The leading reason for this extreme sample dependence is related to the Ag-ion diffusion
during high-temperature sintering. To over come this issue and to maximize the zT of pris-
tine Ag,Te, we developed a novel, all-room-temperature, fabrication technique that involves
vibratory ball milling followed by cold-pressing. The cold pressed pellets were highly dense
(within £5% of the theoretical density). We demonstrate excellent reproducibility of the
thermoelctric properties from one sample to another. To improve the zT of AgsTe beyond
the phonon-liquid electron-crystal value of about 0.64 at 575 K in the ingot samples, we
adopted a heirarchical nanostructuring technique, wherein nanoparticles with diverse mor-
phology and crystallinity (nanoscale) along wih larger grains (mesoscale) act together to
effectively suppress the thermal conductivity in our samples drastically leading to a signifi-
cant improvement in the zT values for both n-type and p-type Ag,Te: 1.2 in n-type and 0.64
in p-type at 570 K. This temperature is much lower than the temperature where the Cu-based
superionic materials attain their peak zT. In future, charge carrier optimization by doping in
Ag,Te using the fabrication technique described here can be considered to achieve higher
zT, and to suppress Ag-migration up to even higher temperatures than 570 K shown here for
the pristine AgsTe. As our fabrication technique for obtaining 100% dense pellets does not
involve high-temperature sintering or spark-plasma sintering, it can readily be scaled-up for

higher yields.
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4.1 Introduction and Motivation

The compound Ag,Se is a narrow band gap n-type semiconductor, offering a combination
of high carrier mobility (~10% cm? V~! s7!) and Seebeck coefficient (~-140 uV K1),
and an intrinsically low thermal conductivity (~ 1 W m~! K~1). The zT in Ag,Se; s ma-
terials has been occasionally reported to be as high as ~1, making them a potential alter-
native to replace the thermoelectric materials derived from Bi,Te; [14-16, 18-20]. Along
with promising thermoelectric properties, AgsSe also exhibits colossal, non-saturating lin-
ear magnetoresistance up to very high fields [174,175]. Upon heating above ~407 K, Ag,Se
becomes superionic. In the superionic phase, the Se ions form a rigid bcc lattice and the
Ag ions become mobile or liquid-like. Ag,Se owes its n-type behavior to the presence of
Ag interstitials (Ag*), that easily ionize (Eq ~ 2 meV) to add 1 e~! /Ag* to the conduction
band [176]. Controlling the density of Ag-interstitials via anion excess helps optimize the
carrier concentration, and hence in obtaining high zT (~ 1), as has been shown in several

recent studies [13, 15,16, 19].

The recent study by Huang et al. however, shows that Ag,Se samples prepared by spark-

107
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plasma-sintering (SPS) or solid-state melting (SSM) exhibit significant compositional varia-
tions over small length scales. Consequently, the samples examined from different parts of
the same spark-plasma-sintered (SPS) pellets show variations up to ~20% in their thermo-
electric properties [18]. In a superionic material, high temperature processing (temperatures
exceeding the superionic transition temperature) results in metal-ion migration leading to the
observed compositional inhomogeneties [8,9,72, 168,169, 177]. In the case of Ag,Se, this
problem is further compounded by the evaporation of volatile Se at high temperatures during
sintering. There is no guarantee then that two different samples prepared identically using
these commonly employed technique involving high temperatures will have identical proper-
ties too. This is apparent from a review of the previous literature where wide variations in the
thermoelectric properties of Ag,Se is found to be commonplace [13-16,16,18-20,178-182].
Since, AgsSe achieves its high-zT near the room temperature, a synthesis method that does
not involve high temperatures processing can solve this issue. The question, however, is
how should one get high density, preferably nanostructured, without resorting to the SPS,

hot-pressing or melting techniques?

Interestingly, Ag,Se also has some very unique properties, which, if exploited well, can
help overcome the issue mentioned above. First, the phase AgsSe forms readily when Ag
and Se powders are mechanically processed [19]. And, second is the metal-like malleability
and ductility of Ag,Se [163, 183—-185], which was pointed out as early as in 1963 by Simon
et al. [183]. Here, we combine these properties to fabricate highly dense and chemically
homogeneous Ag,Se; 5 pellets. We investigate the effect of stoichiometry § on the thermo-
electric properties, and establish the excellent reproducibility, thermal stability, and chemical

homogeneity along with high zT in our samples.

4.2 Sample Synthesis and Nomenclature

The Ag,Se;s samples studied here are listed in Table 4.1. We have mainly used two syn-

thesis routs to fabricate the samples mentioned in the table. The details are as follows:
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Table 4.1: Details of AgsaSe;. 5 samples studied in this work.

Name 1 Pm Extra
(%) Phase
AS1 0 ~100 Nil

AS2 0005 ~100  Nil
AS3 0025  ~100 Minor Se
AS4  0.025  ~100 Minor Se
AS5 005  ~100  Se
AS6 001  ~100  Ag
SSM 0 ~100  Nil

Ball-milling (BM): Ag (Sigma Aldrich, 99.9% purity) and Se (Alpha Aesar, 99.999%
purity) powders were taken in the desired ratio to prepare pristine AgoSe, Ag excess, and
Se excess samples. Powders were filled in stainless steel (SS) capsule along with SS beads
under Ar-atmosphere. The SS capsule was then loaded in a vertical vibratory ball mill which
operates at 2 Hz frequency for 600 min. The samples, named AS1, AS2, ..., AS6, were pre-
pared by ball-milling under Ar atmosphere followed by cold-pressing under 55 MPa pressure
using KBr press. The cold-pressed pellets were hard with densities reaching 100% of the the-
oretically calculated density. These pellets were glued to a aluminum platform using a cold
mounting epoxy and cut into desired shapes using a low-speed diamond saw. No chipping-
off or breaking could be observed. The cuts were neat, and the resulting bar shaped samples
were dense and shiny. The density was estimated from the spatial dimensions and mass
of the samples. The high density of our samples without SPS or SSM can be attributed to
the metal-like ductility of Ag,Se, which allows the powder particles to pack closely under

applied pressure in order to achieve 100% space filling.

Solid state melting (SSM): SSM sample was prepared by taking the elemental silver
beads (Sigma Aldrich >99% purity) and Se pieces (Sigma Aldrich, >99% purity) according
to the stoichiometric ratio (2:1) in a preheated quartz tube. The quartz tube was loaded in an
Ar filled glove box and thereafter vacuum sealed under a pressure of 10~° Torr and heated
to 350 °C with the heating rate of 50 °C/h. After waiting at this temperature for 10 h, the

temperature was raised to 920 °C at the rate of 100 °C/h where it was kept for 24 h before
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cooling back to the room temperature at a cooling rate of 100 °C/h.

4.3 Characterization and Measurement Details

The phase purity was checked using the x-ray powder diffraction (XRD) technique (Bruker,
D8 Advance). The lattice parameters were obtained using the Rietveld refinement. The mi-
crostructure was assessed using the field-effect Scanning Electron Microscope (FESEM) (Ul-
tra Zeiss plus) equipped with an energy dispersive x-ray (EDS) analysis attachment (Oxford
Instruments). The high-resolution electron micrographs were obtained using a transmission
electron microscope (JEOL JEM 2200FS 200 kev).The simultaneous Seebeck coefficient
and resistivity measurements were done on bar shaped samples using LSR3 setup (Linseis).
The maximum uncertainty in these measurements is <5%. The temperature dependent Hall
measurements were done on a home-built setup by sweeping the field between 1 T. The
thermal conductivity x was estimated by measuring the thermal diffusivity using the Laser
Flash method (LFA 1000, Linseis). The maximum uncertainty in our thermal conductivity

measurement is less than 6%.

4.4 Results and Discussion

The powder x-ray diffraction (XRD) patterns are shown in Fig. 4.1. All samples formed
in the previously reported orthorhombic structure (space group P2,2;2;) [186]. The stoi-
chiometric (AS1) and 0.5% Se excess samples (AS2) are found to be phase pure. However,
in Ag-excess sample (AS6) and in the higher Se excess (0 > 0.025) samples, small extra
peaks are observed. These are due to unreacted Ag in the Ag-excess, and unreacted Se in
the Se-excess samples. The Rietveld refinement for a representative sample (AS1) is shown
in Fig. 4.2. The lattice parameters given in Table 4.4, are in good agreement with previous
literature [36,179,187]. The Se off-stoichiometry did not show any appreciable effect on the
lattice parameters.

The chemical maps for our samples are shown in Fig. 4.3. In stoichiometric (AS1) and

0.5% Se excess (AS2) samples, a uniform distribution of Ag and Se is seen. In AS6, Ag
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Figure 4.1: Powder x-ray diffraction patterns for samples AS1, AS2, ..., AS6. Data for a SSM sample
is also shown. The simulated pattern for the space group P2;2;2; is shown at the bottom. Inset (right)
shows the crystal structure of AgoSe. Inset (left) shows a zoomed-in view of the diffraction pattern
for 1%Ag excess sample.
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Figure 4.2: The Rietveld refinement for a representative sample AS1.

metal precipitates are visible, and in ASS, Se precipitation is observed. In AS3 and AS4,
small Se precipitation is seen occasionally. These observations corroborate the XRD results.
This suggests that the homogeneity field 0 is extremely narrow in the Ag-rich side (6 <-
0.01) , but in the Se-rich side, the solubility limit is higher than 0.005 but less than 0.025.
These observations are in agreement with previous studies where 0 in the Se rich side was
estimated to be ~ 0.01 [16,183], and in the Ag-rich side the solubility limit is reported to
be practically nil [188]. In Fig. 6.3(a), the FESEM micrographs for a representative cold-
pressed sample (AS1) is shown. For comparison the corresponding microstructure for a SSM
sample is shown in and Fig. 6.3(b). While both the methods yield ~ 100% sample density, in
SSM the grains are macroscopic with lateral dimensions exceeding 1 pm, but in AS1, large
number grains varying in size from a few nm to several hundreds of nm can seen. This is also
depicted in the inset. The AS1 sample was reexamined after heating it up to 380 K, but this
has no detectable effect on the morphology, see Fig. 4.4. A representative high-resolution

TEM micrograph of sample AS1 showing highly crystalline grains with well-resolved atomic
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Figure 4.3: Chemical mapping of AgsSe samples studied in this chapter.
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Table 4.2: Lattice parameters of all the samples and compared with reported values by J. Yu et al. [36]

Samples Nominal composition a(A) b(A) c(A)

AS1 AgsSe 4.33 7.06 7.77
AS2 AgsSeq oos 4.33 7.06 7.76
AS3 AgQSel.o% 4.33 7.06 7.76
AS4 AgQSel_o% 4.33 7.06 7.76
AS6 AgsSep g9 4.34 7.06 7.77
SSM AgsSe 4.33 7.06 7.77
J. Yuetal. AgySe 4.34 7.07 7.77

planes is shown in Fig. 6.3(c). The inverse fast Fourier transform (IFFT) image of the area
enclosed within the white box is shown in panel (d). The interplanar spacing for the 112
family of planes is also shown.

The temperature dependent DSC scans for various samples are shown in Fig. 4.6. In the sto-
ichiometric Ag,Se sample (AS1), this combined structural/superionic transition takes place
at 407 K while heating and at 387 K during cooling indicating the first-order nature of the
phase transition. The small Se offstoichiometry as in AS2 (0.5% excess) and AS6 (<1% de-
ficient) appears to have no measurable effect on the transition temperature. Interestingly, in
2.5% and 5% Se excess samples the transition temperature decreases by about 10 K, but only
in the cooling run. The late onset of this transition in the cooling run in these samples can
be attributed to the increased concentration of Ag vacancies in the Se excess samples, which
leaves more room for the mobile Ag ions to diffuse around requiring therefore an extra bit of

cooling for stabilizing the room temperature phase.

4.5 Thermoelectric Properties

The thermoelectric properties of our samples are shown in Fig. 4.7. The highest temperature
was kept low (~ 380 K), well below the superionic transition temperature to prevent possible
changes in the microstructure due to Ag migration in the superionic phase. Also, the zT
of Ag,Se decreases significantly in the superionic phase, the normal phase around room

temperature is therefore of primary interest. As shown in Fig. 4.7(a), in all the studied
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Figure 4.4: Morphology of bulk (a) ball-milled, cold pressed sample, the grain size distribution is
shown in the inset, and (b) solid-state melted sample (c) shows the high resolution TEM image at 5
nm and inset is showing the FFT taken over marked rectangular area, (d) IFFT image of rectangular
area marked in (c) showing [112] planes.
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Figure 4.5: Morphology of AS1 sample before and after the LSR measurements.
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Figure 4.6: DSC measurements for all synthesized samples.
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Figure 4.7: Temperature variation of (a) electrical conductivity (), (b) Hall carrier concentration
(nm), and (c) Hall mobility (uy1), and (d) Seebeck coefficient (S) for the AgoSe samples studied in
this paper.
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samples, o shows an increasing trend upon heating but significant variations are observed
due to Se excess. Depending on the slope do/dT, we can group our samples as: X = {AS1
and AS6} (i.e., stoichiometric and slightly Ag excess), and Y = {AS2, AS3, AS4, and ASS5}
(Se excess samples). For group X, both o and do/dT are higher than for Y. In AS1, for
example, o ranges from ~1600 S cm™! at 310 K to ~2850 S cm™! at 370 K whereas in
AS2 the corresponding values are ~1000 S cm~! (310 K) and ~1300 S cm™* (380 K). Same
behavior, i.e., higher o, do/dT for stoichiometric and slightly Ag doped samples compared to
the anion excess sample, has been found in some previous studies (see, for example, Ref. 16).
This is due to the presence of a larger concentration of Ag interstitials in samples of group
X as compared to Y. Upon Se doping, Ag interstitials (Ag*) decrease, resulting in a decrease
in the carrier concentration, and hence o decreases [183]. The increasing behavior of o is
due to the minority carrier excitations. Fits using the Arrhenius relation, o oc e=4/2sT,
where k5 is Boltzmann constant and A is the activation energy, yields A ~ 0.19 eV for AS1
(representing X), and 0.05 eV for AS2 (representing Y). These values are in good agreement
with previous reports [16,189]. Due to a small band gap (E, ~ 0.025 eV [20]) and high self-
doping (~ 10'® cm?®), the activation energy A in these samples is essentially A = E, + ep,
where ey is the Fermi energy measured from the bottom of the conduction band. The number
density of Ag* determines ep. e (hence A) is accordingly higher for the samples in group X
compared to the samples in Y, which explains why do/dT is higher for X compared to Y. A
naive estimation of er using the Free electron model: ep = (37/7%n)%3/2m* (where symbols
have their usual meaning) gives correct order of magnitude by taking the experimentally
observed carrier densities and m* = 0.18m, (vide infra). Before moving on, we note that
o of our two different 2.5% Se excess samples (AS3 and AS4) exhibit a good overlap over
the whole temperature range. The temperature variation of Hall carrier concentration (ny) is
shown in Fig. 4.7(b). The sign of Hall coefficient is negative in all cases indicating n-type
behavior. For samples in group X, ny; and dny/dT are higher than for the samples in group Y.
In AS2, for example, ny at 370 Kis ~ 6 x 10'® cm ™3, but it is as high as ~ 14 x10'® cm~3 for

ASI1. Due to its small bandgap, the intrinsic regime (i.e., carrier excitation across the band
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Figure 4.8: Temperature dependent electrical conductivity for two representative cold-pressed sam-
ples AS1 and AS3 from 77 K to 300 K.

gap) in Ag,Se sets in well below 300 K [20], resulting in an increasing ng(T) above room
temperature. To confirm this, we measured o for two representative samples, AS1 (higher
A) and AS3 (lower A) down to 77 K. The results are shown in Fig. 4.8. Upon heating above
77 K, for AS1 ¢ remains nearly constant up to about 100 K, above which it increases slowly
due to the onset of intrinsic regime. On the other hand, in AS3, due to its low activation
energy, o starts increasing upon heating above 77 K itself.

The temperature dependence of Hall mobility (yy) is shown in Fig. 4.7(c). AS1 has a mo-
bility of ~ 1690 cm? V™! s~! at 310 K, which is highest among all the cold-pressed samples
investigated here. Upon heating, uy decreases following approximately a T~* dependence

with o« — 1.6, suggesting that the electron-phonon scattering is dominant in the pristine
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Ag,Se. This temperature dependence, however, gradually weakens as the off-stoichiometric
increases with @ — 0.6 in ASS, indicating the role of increasing defect scattering con-
tribution. Interestingly, while ny is highest for the sample AS6, uy is highest for ASI.
The decrease in uy on both side of = 0 suggests that Ag or Se doping introduces addi-
tional scattering centers (point defects) leading to a mixed scattering decreasing o below the
electron-phonon limit. In a recent paper by Jood et al., a similar behaviour is reported but
with py peaking at 1% Se doping and ny at 0% [16]. They argued that the lower mobility of
their stoichiometric sample is due to the presence of a minor metastable monoclinic phase
which coexists with the main orthorhombic phase and contributes to the electron scatter-
ing. They further claimed that the metastable phase can be completely suppressed by 1%
Se doping, which therefore has the highest mobility. In our samples, however, we do not
evidence any metastable phase. This may be due to the different synthesis procedures used
in the two studies. The temperature variation of S is shown in Fig. 4.7(d). Near 300 K, S
varies from -108 1V K~! (AS6) to -144 1V K~! (AS2). With further increase in Se doping,
S decreases to -132 4V K~1 in AS5. This decrease can be attributed to the presence of Se
precipitates in the higher doped sample. The elemental Se is a p-type semiconductor with
very low mobility (0.12 cm? V~! s71) and high value of S (~ 103 u V K~! at 300 K) [190].
The thermal excitation of minority holes may also contribute to decrease in S upon heating
above 300 K. Overall, the temperature variation of S follows the expected inverse correlation
with the temperature variation of ny. The plot S versus ny is shown in Fig. 4.9. The data
from several previous studies are also included. The Pisarenko plots fits the (nyg, S) data
points for m* (effective mass) between 0.18m, and 0.23m,, where m, is the free electron
mass in good agreement with literature [15]. This shows that excess Se does not affect ei-
ther the band structure or the carrier effective mass significantly, confirming that the higher
activation energy for samples AS1 and AS6 is not due to the band gap widening but rather
due to self-doping from interstitial Ag. Noteworthy is the fact that m* for Ag,Se is consid-
erably low compared to, for example, BisTes (m* = 1.8m,) [48]. This, in turn, explains the

relatively high carrier mobility of Ag,Se as compared to the other well investigated thermo-
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Figure 4.9: Pisarenko plots showing experimental S versus ny data from our study and several
previous reported data [13—16]. The solid lines are calculated within the single parabolic band ap-
proximation for carrier effective mass 0.18m¢, 0.20m, and 0.23m..

electrics [6,47,48,191]. The combination of high ¢ and S results in high power factor (PF).
The highest PF is recorded for AS2. The PF for this sample ranges from 22.2 yW cm~* K2
(B10K) to 24.3 uW cm~! K=2 (370 K), see Fig. 4.10. Comparable values of PF are reported
in previous studies: for example, 26.6 ;W cm~! K~2 at 380 K in a recent study on a very

well characterized, zone-melted Ag,Se sample [20].

Temperature dependence of x is shown in Fig. 4.11(a). ~ near 300 K decreases from
~14Wm™ K (AS1) to 0.8 Wm~! K~! (AS3 and AS4). Overall, a good agreement is

seen with previous literature [13,16,18,19,192]. « for the two 2.5% Se excess samples (AS3
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Figure 4.10: Temperature dependent power factor (PF) for AgaSe samples.

and AS4) overlap over the whole temperature range. It is apparent from the manner in which
T-dependence of « exhibits itself that the electronic contribution (x.) is rather significant.
The lattice contribution (x;) is obtained using the relation: x; = k - Lo'T, where L is the
Lorenz number, which is estimated using the Single Kane Band (SKB) model [193]. The

generalized expression for L in SKB is:

o kB 2 2FE2(77705) 1Fi2(77704) 2
L= (_) FL,(a) <0F12<n,a>) ’ D

here, "F}"(n, a) are the Fermi-Dirac integrals defined as,

" (n,0) = /OOO (g_f> € (e + ae®)™ (1 +2a¢)" de (4.2)

where the indices n, m and k take integral values that depend on the transport property

and carrier scattering mechanism being considered, factor a = kgT/E, (where kg and E,
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Figure 4.11: Temperature dependence of (a) thermal conductivity (x), (b) lattice thermal conductivity
(K1), and (c) figure-of-merit (zT). In (d) zT from literature [i] Li et al. [17], [ii] Huang et al. [18], [iii]
Mi et al. [13], [iv] Chen et al. [14], [v] Yang et al. [19], [vi] Jin et al. [20], [vii] Jood et al. [16], [viii]
Wang et al. [15] are plotted along with the zT of our 2.5% Se-excess sample.
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Figure 4.12: Temperature dependent electronic thermal conductivity estimated using Weidemann
Franz law k. = LTo where L calculated using single kane band (SKB) model.

are Boltzmann constant and band gap respectively) accounts for the band nonparabolicity,
and 7 is the reduced Fermi energy, which is estimated from the experimental value of S by
assuming acoustic phonon scattering by using equation (4.3). Our analysis is done by taking
E, = 0.05 eV, and by assuming that the acoustic phonon scattering is the dominant form of

scattering at high temperatures.

ks {1Fi2(77) B n} 4.3)

5= [or,m)

As anticipated, kK, = Lo'T', shown in Fig. 4.12, constitutes almost 60% of the total measured
. The variation of x; with temperature is shown in Fig. 4.11(b). Near 300 K, «; ranges from
0.6 Wm ! K (AS1) to 0.4 W m~! K~! (AS3 and AS4). For comparison, x; for SSM
sample (1 W m~! K~! near 300 K) is also shown, which is significantly high compared
to the cold-pressed samples, making apparent the role of grain boundary scattering in the

ball-milled samples. «; for the SSM sample shows a T~! dependence at high temperatures
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Figure 4.13: Temperature dependence of electrical conductivity and thermopower in two successive
cycles.

(T > 340 K), indicating that the acoustic phonon scattering mechanism dominates at high
temperatures.

The temperature variation of zT in our samples is shown in Fig. 4.11(c). The highest zZT
of 0.92 is obtained for sample AS3 at 370 K, which can be attributed to its lowest thermal
conductivity. It should be noted that the zT for our two independently prepared 2.5% Se
excess samples (namely, AS3 and AS4) overlap satisfactorily over the whole temperature
range. The 0.5% Se doped sample (AS2) with highest PF comes next with a slightly reduced
zT value of 0.82 at 370 K.

In Fig. 4.11(d), the zT of our 2.5% Se excess sample (AS3) is compared with some pre-
vious studies where high zT was reported. We see that zT in our samples is comparable to
some of the highest zT values previously reported for Ag,Se. We also show that the ther-
moelectric properties of AgsSe; s samples do not deteriorate in successive thermal cycles as

shown in Fig. 4.13

4.6 Summary and Conclusion

In conclusion, we show here that it is possible to prepare highly dense Ag,Se; s samples at
room temperature with very high and reproducible zT without employing any of the elabo-
rate methods used in previous studies, including spark plasma sintering, solid state melting,

high-temperature annealing, or zone-melting. As our method does not involve SPS for den-
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sification it can readily be scaled up for higher sample yields. Further improvement via
optimization of Se-doping, and by finding ways to further lower x. can be possible future re-
search direction on this material. Altogether, high zT, excellent reproducibility and thermal
stability, ease of preparation, and ductile nature of Ag,Se makes it an excellent candidate for

further considerations as a replacement material for Bi;Tes based alloys.
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5.1 Introduction and Motivation

Many TE materials known today can be efficiently used for power generation applications
due to their superior TE properties. For instance, materials such as BiyTes [50], PbTe [194],
GeTe [195], and SiGe [196] are known for their high zT values and are used in commercial
applications for power generation and solid-state coolers. However, the aforementioned bulk
materials are brittle, which limits their application in scenarios where flexible TE materials
are required. Moreover, synthesizing their flexible thin films often require complex tech-
niques and instruments [71, 197]. Additionally, their hazardous and costly components do
not allow their usage at a larger scale, and they can only be used in niche applications such

as deep space mission programs and laser cooling.

Despite these challenges, flexible TE devices can be made out of organic TE materi-
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als. However, their poor electrical transport leads to low zT values [197]. Recently, an
environment-friendly inorganic compound, AgsS, has regained interest due to its metal-like
ductility with high plastic deformation [163]. The crystal structure of room temperature
phase of AgsS is shown in Figure 5.1(a). Ag,S has three polymorphic crystal structures:
monoclinic acanthite (5-Ag,S), which is stable below 450 K; BCC also called argentite («-
AgsS), which is stable above 450 K; and the FCC phase (7-Ag,S), which is stable above
860 K. In literature, the names "«o" and "/" phases for Ag,S have been used interchange-
ably [163, 198]. Here, in this study, we will proceed with notions used by Junod et al. [198].
The (-AgsS is a ductile semiconductor having a band gap of 1 eV [198] and low carrier
concentration (1.6x10'* cm~?), which results in poor electrical conductivity [103]. More-
over, a-AgsS exhibits superionic conductivity, where Ag™ ions move like a liquid through
the BCC skeleton formed by S ions. The band gap of the BCC phase is reported to be
around 0.3 eV from high-temperature optical studies, and the high-temperature electrical re-
sistivity reports confirm its metal-like behavior [198]. According to the high-temperature
electrical transport properties reported by Junod et al. [198], the electrical conductivity of
a-AgsS depends on the thermal history of polycrystalline ingots. Their reported ingot sam-
ples showed metal-like behavior, except for one that exhibited exceptional semiconducting
behavior in terms of electrical conductivity. However, the explicit reason for this distinct
behavior of electrical conductivity between ingots having similar compositions is still un-
known. Despite this puzzle, a-Ags,S has been reported as a potential TE material in mid-
temperature range due to its low band gap and lower lattice thermal conductivity in supe-
rionic phase [103, 123, 199]. In fact, the ingot sample of a-AgsS prepared by solid-state
melting method has shown decent TE figure-of-merit of 0.55 at 570 K, where the samples
exhibited semiconductor-like temperature-dependent electrical conductivity [123]. Since the
field of environment friendly superionic TE material has recently garnered significant atten-
tion primarily due to the discovery of high zT values in Cu-based material, Cu,S. Hence,
exploring the TE properties of superionic Ag,S and understanding its electrical transport

behavior is of great interest. However, there are not many reports on the detailed TE study
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(a) Monoclinic P21/c (below 450 K) (b) BCC Im-3m (452 K- 859 K)
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Figure 5.1: Crystal structure of Ag,S, (a) monoclinic also known acanthite (or S-phase) stable below
450 K, (b) superionic BCC (or a-phase) phase also known as argentite stable below 859 K, and (c)
superionic FCC stable above 860 K. In both 5 and « phases, the S atoms are arranged on a body
centered cubic lattice. While in S-phase Ag atoms form a regular lattice, in a-phase the four Ag
atoms are randomly distributed on the 42 crystallographic positions.

of Ag,S, unlike the Cu,S thermoelectric material, where high zT values of 1.7 and 2.1 have
been achieved by materials engineering, creating small cation vacancies, and optimizing the

synthesis method, respectively [23,200].

There are only a few sulfide TE materials known to possess high figure-of-merit, and
most of them are p-type [171]. PbS is the only lead-based sulfide that exhibits n-type con-
duction and a high zT value of around 1.1 at 923 K [201]. But the toxicity of lead limits
its application. Therefore, further research is required to discover new, environmentally
friendly, n-type sulfide TE materials, and Ag,S could be one of the options worth exploring.
The ductility of Ag,S is one of the reasons that motivated us to investigate its TE properties
for flexible TE applications, which is absent in the existing superionic copper chalcogenide

compounds.

Hence, focusing on Ag,S superionic as a TE material, in recent years, several derivatives
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of AgsS heavily doped with Te or Se have been discovered to stabilize the superionic phase
at room temperature. These superionic compounds exhibit moderate PF and low thermal
conductivity, resulting in high zT values, such as 0.8 at 600 K in AgygTesS; [102], 0.7 at
600 K in AgyTeq6S0.4 [202], and 0.8 at 600 K in AgsSp.7Tegs [203]. These ternary AgsS
based derivatives are being well investigated now a days. However, there is a lack of detailed

reports on the TE properties of binary superionic silver sulfide, AgsS.

To address this, we conducted a study on the TE properties of stoichiometric Ag,S sam-
ples synthesized by both conventional solid-state melting method (SSM) and a facile room
temperature powder synthesis followed by cold pressing (CP). Our results showed a sig-
nificant improvement in zT from 0.49 in the SSM sample to 0.58 in the CP sample, due
to the largely suppressed thermal conductivity in the latter. Additionally, we show that by
adding a slight excess of sulfur (S), leading to a further decrease in thermal conductivity
from 0.75 W m~! K~! in the stoichiometric CP sample to 0.52 W m~! K~! in the 1% S
excess CP sample, the zT of AgsS can be enhanced to a value as high as 0.9. We have also
tried to understand the reason behind the lower thermal conductivity in the S excess sample

by using the DSC measurements.

5.2 Experimental Details

5.2.1 Sample Synthesis Using Hand Grinding and cold pressing (HCP)

We synthesized Ag>S,., (x =0, 0.01, 0.015, 0.02, and 0.05) powder samples by mixing
and grinding the stoichiometric amounts of elemental Ag (sigma Alrich, 99.99% purity)
powder and S (sigma Alrich, 99.999% purity) flakes. The mixing and grinding was done
for 100 min and then samples were collected in plastic vials and kept for 24 hours under
ambient condition for Ag and S to react completely. The powder x-ray diffraction of Ag,S
sample is shown in Figure 5.2 at intermediate stages of synthesis. For transport property
measurements, the powder sample was cold pressed into 8 mm pellets using a KBr press die

set. Since Ag,S sample was also prepared by solid-state melting, we named these samples
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Figure 5.2: Powder x-ray diffraction of Ag,S at different synthesis stages in ambient condition.

cold-pressed (CP) in further discussion. Unless otherwise stated, Ag,S refers to the sample

prepared by hand grinding followed by cold-pressing.

5.2.2 Sample Synthesis Using Melting Method

For the sake of comparison, we have also synthesized a pristine AgsS sample using the
solid-state melting method (SSM). For this purpose, elemental powder of Ag (sigma Alrich,
99.99% purity) and S flakes (Sigma Aldrich, 99.999% purity) were taken in a stoichiometric
ratio and vacuum sealed in a preheated quartz ampule. The ampule was heated to 1173 K
with a heating rate of 50 K h™! and stayed at this temperature for 24 h, after which the

furnace was turned off to allow it to cool down to room temperature.



Chapter 5. A facile room temperature synthesis method to prepare an inorganic
132 ductile superionic sulphide with high figure of merit

5.2.3 Characterization Techniques

For x-ray diffraction, a small section was cut from the ingot and grounded using mortar-pestle
dipped in liquid nitrogen. The phase identification of powder samples at room temperature as
well as at high temperature (by using an additional inbuilt heater sample stage arrangement)
is performed using the powder x-ray diffraction on Bruker D8 Advance, with Cu K, source.
A transmission electron microscope (JEM - 2200FS) is used to examine the particle size
distribution and to analyze the morphology of synthesized samples. The microstructure of
bulk samples and their compositions are analyzed by scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy using Zeiss Ultra Plus. To examine the structural
phase transition in our samples we have used Differential Scanning Calorimeter DSC7000
Series (Hitachi, Japan).

Electronic transport property measurements are performed on cold pressed pellets and
ingot samples on rectangular bar shape sample geometries. The Seebeck and resistivity are
measured simultaneously by four probe method using thermoelectric measurement setup
LSR3 (Linseis). The maximum uncertainty in the resistivity and seebeck measurement is
about 5%. Thermal conductivity « is estimated using formula, x = p,,,DC, where p,,, C, and
D are sample density, specific heat and thermal diffusivity. Thermal diffusivity is measured
on 8 mm diameter pellets using the laser flash analyzer (LFA 1000, Linseis) . The sample
density is calculated by taking the weight and dimensions of bar-shaped or pellet samples.

The maximum uncertainty in the thermal conductivity measurement are not more than 6%.

5.3 Results and Discussion

Figure 5.3(a) illustrates the powder x-ray diffraction (PXRD) pattern obtained at room tem-
perature. All the peaks in the observed pattern can be assigned to the monoclinic space group
P2,/c for all the synthesized samples. We observed negligible shifts in the (12-2) and (022)
peaks in the S excess samples, indicating minimal changes in the lattice parameters.

The Rietveld refinement of the AgoS PXRD data, is shown in Figure 5.4 where two

slightly different theoretical models that correspond to two sets of lattice parameters and
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Figure 5.3: (a) Powder x-ray diffraction at room temperature, (b) (12-2) and (022) peaks showing
negligible peak shift with S excess for the monoclinic phase, (c) shows the powder x-ray diffraction
of the BCC superionic phase, and (d) shows a zoomed-in view of the (200) peak in different samples.
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Wyckoff positions previously reported in studies by Blanton et al. (2011) and Frueh et al.
(1958) are tried [21,22]. Both models demonstrated similar goodness of fit with our experi-
mental data. The structural parameters obtained from these two different theoretical models
are given in the table 5.1.

Table 5.1: Room temperature crystal structure (Monoclinic, P2;/c) details obtained from Retvield
refinement analysis using two different previously reported models. [21,22]

Parameters Using Blanton et al. model Using Frueh et al. model
a(A) 4.222 4.224
b (A) 6.9186 6.921
c(A) 8.2703 7.8574
6] 110.559 99.658
Density (g cm™?) 7.28 7.37
x (Agl) 0.0458 0.7613
X (Ag2) 0.64335 0.29364
x (S) 0.26766 0.3636
y (Agl) 0.0157 0.0166
y (Ag2) 0.3214 0.3231
y (S) 0.2312 0.2294
z (Agl) 0.3075 0.3059
z (Ag2) 0.4362 0.4375
z(S) 0.1332 0.1337
x> 24.2 23.6
R, 12.5 12.3
Ryp 12.4 11.9

The Rietveld analysis of the lab based data did not help to identify the better of the two
models as both the models yield roughly the same values of the goodness of-fit parameters
(X2, R, and R,,;,). The main differences between the two models are: (a) the lattice parameter
along the c-axis, (b) the monoclinic angle 3, and (c) the x-coordinates of S, Agl and Ag2.

The powder x-ray diffraction pattern for the superionic body-centered cubic (BCC) phase
in the Im-3m space group is shown in Figure 5.3(c) at an approximate temperature value of
550 K. It is worth noting the broadening of peaks in the AgsS; o1 composition, and this effect
is magnified in Figure 5.3(d) for the (200) peak. Such xrd peak broadening can be expected

either due to small particle size or due to the presence of strain.
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Figure 5.4: Retvield Refinement of AgsS (a) by using theoretical model proposed by Blanton et
al. [21], and (b) using structure parameters reported by Frueh et al. [22].
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Figure 5.5: TEM analysis of AgsS powder sample where (a, and b) showing the TEM image at
100 nm with different nano-particle size (inset in (a) is the histogram showing particle size distribu-
tion), (c, and d) are HRTEM image at 10 nm showing two nano-particles having single crystalline and
polycrystalline morphology respectively.

To get the information about morphology of our synthesized powder samples we per-
formed the TEM analysis by dispersing them in ethanol and drop caste on amorphous carbon
coated TEM grid. Interestingly, our hand grinded powder samples consisted of nanoparticles.
We found a large variation in the nanoparticle size varying from 5 nm to 35 nm, see Figure 5.5
where inset in (a) shows the particle size histogram. In panel (c), we show a nanoparticle
having a single crystalline arrangement of atomic planes, and in (d) we show a particle with
polycrystalline-like arrangement of the atomic planes. Insets shown in (c) and (d) confirms
the single crystalline and pollycrystaline nature of different nanoparticles through FFT pat-
tern. Thus, by simple hand-grinding procedure, we not only get Ag,S nanoparticles but also

a diversity in size and degree of crystallinity.

To gain further insights into the room temperature phase, a more detailed HRTEM anal-
ysis of the nanoparticle shown in Figure 5.5(d) is presented in Figure 5.6. As shown in
Figure 5.6(a), the regions close to the top and bottom of the nanoparticle shown actually
confirm to two distict set of FFT patterns. Interestingly, the DSC of this sample shows the
presence of two peaks during heating and cooling (Figure 5.6(b)). While heating the peaks

are more closely spaced then while cooling, where these peaks are narrower and well sep-
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Figure 5.6: (a) HRTEM image a nanoparticle comprising of two different phases, insets shows the
FFT of green and yellow marked rectangular boxes, and (b) Differential scanning calorimetry (DSC)
of AgsS sample showing two transitions while heating (H; and Hs) as well as in cooling (C; and Cs)

arated. Since in the PXRD there are no signs of a secondary AgsS phase, the presence of
double peak DSC signal is due to presence of a metastable Ag,S phase which has the same
monoclinic symmetry but slightly different atomic arrangement. This distinct FFT patterns
observed in Figure 5.6(a) can also be attributed to the presence of the metastable phase.
Presence of such metastable phases have been also observed in Ag,Se superionic compound
by Liang et al. [204] and Jood et al. [16] using detailed HRTEM studies. This hypothesis
is further supported by the high-resolution transmission electron microscopy image of a dif-
ferent nanoparticle in Figure 5.7. Upon visual inspection, the particle appears to consist of
two distinct regions, which is further supported by the distinct fast Fourier transform (FFT)
patterns obtained from two separate areas of the particle. These distinct FFT patterns are

attributed to the presence of metastable phase as discussed above.

To gather further evidence for metastability, we conducted detailed DSC measurements
with multiple thermal cycles, and the results are presented in Figure 5.8. With consecutive
thermal cycling , the peaks corresponding to two distinct transitions evolved. In the 10th run,
we observed a sharp peak at 450.5 K with an elongated tail towards higher temperatures up
to 451.5 K during heating. While cooling, two peaks were observed at 448.4 K and 447.6 K.

However, the appearance of this doublet of peaks during cooling began from the 3rd run

446 448 450 452 454
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Figure 5.7: HRTEM analysis of AgsS powder sample where (a) shows rod like nanoparticle com-
posed of two family of planes (-121) and (-123) froming coherent boundary (inset shows the FFT of
particle), (b, and c) are the FFT of red and yellow marked rectangular areas in (a).

itself, and their peak shapes changed in subsequent thermal cycling runs, finally stabilizing

after the 8th run.

Through analysis of the DSC peaks, we found that the final peaks observed during cool-
ing were a re-adjustment of the C; and C, peaks observed in the very first run. The sharp
peak with an elongated tail during heating corresponds to the H; and H, peaks observed in
the initial run, which evolved with thermal cycling and stabilized by the 10th run. It can
be hypothesized that the H; and C; peaks correspond to a metastable phase that undergoes
changes during thermal cycling. Our observation of finding an additional two DSC peaks,
along with the superionic transition from the « to 5 AgsS phase, is similar to the twinning ef-
fect as discussed by Sadanaga et al. [205], which evolves significantly with thermal cycling.
Such twinning effect can also explain the intensity mismatch of PXRD peaks in Rietveld re-
finement, which was predominantly reported to occur along the (-104) plane [205]. Sadanaga
et al. investigated the crystal structure of single crystals of AgsS, which inherently possess
twinning. They studied the heating effect and found that the twining effect increases while
cooling the samples from the superionic phase to the room temperature phase, making the
transition more complex. They observed the existence of multiple domains of the superionic

phase along with the monoclinic phase.

The DSC data of AgsS.o; samples is shown in Figure 5.8(b), where a similar phase/peak
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evolution near the transition temperature is observed. However, by the tenth run, the anion-
excess sample seems to stabilize with broad peaks, both while heating and cooling. It shows
that the shoulder peak present in case of Ag,S, merges with the primary peak in AgsS; o

making it broad.

To understand the effect of the metastable phase on electronic transport, we performed
high-temperature resistivity measurements following a similar heating profile as for the first

three runs of the DSC.

The temperature-dependent resistivity, as depicted in Figure 5.9(a), exhibit significant
variations between the first heating run and subsequent cooling-heating runs. During the
initial heating run, the resistivity shows a sharp drop when cooled below 455 K. The resis-
tivity continued to drop at the same rate up to 473 K, and above this temperature a very slow
decrease is observed. However, during cooling, the resistivity shows a decreasing behav-
ior (dp/dT > 0) until 450 K and increases sharply as the temperature is further decreased.
Notably, a distinct kink around 450 K was observed during cooling, which was absent in
the heating data and likely corresponds to the Cs; peak in the DSC scan. A similar kink
also appear in the second cooling run, which is in line with the observation of C, peak in
the second cooling DSC scan also. In the third heating run, we observed the same kink at
the same temperature as in the second heating run but it disappeared in the cooling data,
when measurement extended up to 673 K. This could be attributed to the reduced differ-
ence between temperatures corresponding to the C, and C; transitions observed in the DSC
cooling data. Interestingly, it was noted that the resistivity magnitude decreases with each
heating and cooling cycle. For a clearer visualization, refer to Figure 5.9(c). In the third
run, the temperature-dependent resistivity initially exhibited behavior akin to a semiconduc-
tor during heating, but shifted towards metal like upon undergoing the structural transition
while cooling till transition temperature, ultimately returning to a semiconductor state be-
low 450 K in monoclinic phase. Therefore, our temperature-dependent electrical resistivity
exhibits anomalies corresponding to those observed in the DSC data and confirms that the

phase evolution with thermal cycling also affect the electronic transport significantly.
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Figure 5.8: (a, and b) Shows the effect of thermal cycling on DSC of AgoS, and AgsS; g1 cold-

pressed pellet samples respectively.
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temperature during run 3, and (d) DSC runs with three heating and cooling cycles.
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Figure 5.10: Temperature dependent electrical conductivity of AgoS with multiple heating and cool-
ing cycles.

Memory Effect in Ag,S
The metastability in Ag,S is manifested nicely in the form of a memory effect during the
resistivity measurements. To show this, in Figure 5.10, we have plotted the electrical con-
ductivity of an Ag,S sample as a function of temperature during successive thermal cycles,
recording data during both the heating and the cooling run in each cycle. The measurements
are performed only in the superionic a-phase, i.e., for T > 450 K, as the S-phase of AgsS is
highly resistive as shown in the previous section. In the very first run, while heating, sam-
ple showed semiconducting behavior (do/dT > 0), which becomes metal-like (do/dT < 0)
during cooling. In the next heating run o(T) follows the cooling curve during run 1 up to
the highest temperature to which the sample was heated during run 1, but on increasing the
temperature further (i.e., beyond the highest temperature employed during run 1), o starts to
increase (do/dT < 0) and this increasing behaviour persists up to the highest temperature dur-
ing run 2. Interestingly, if the increasing part of the heating curve during run 2 is extrapolated

back to the lower temperature it overlaps the heating curve during run 1. In the subsequent
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Figure 5.11: Thermal cycling effect on temperature dependent (a) electrical conductivity (o), and (b)
Seebeck coefficient (S) of AgsS ingot sample.

thermal cycles, the same phenomena persists. To see what would happen if the highest tem-
perature during the successive thermal cycles is not changed, during run 4, we performed a
second heating/cooling cycle. Interestingly, the heating - 2 curve followed the cooling - 1 up
to the same temperature as during run 3. However, in the 3"¢ and 4" heating/cooling cycles
during run 4, no further changes could be seen - i.e., the heating/cooling curves overlapped
as expected. The temperature dependent o data for the Ag,S ingot sample is shown in Fig-
ure 5.11 which also show the similar memory effect upon multiple heating-cooling cycles.
Seebeck coefficient of AgsS ingot sample is shown in Figure 5.11(b), demonstrating decreas-
ing values with subsequent heating/cooling runs before attaining saturation. The correlation
seen between the thermal history effect in o and DSC scans suggested that this phenomenon
is related to the pressure of the presence of the metastable phase. In further discussions re-
garding the transport properties of Ag,S samples, we will only present the final repeatable

data from the end runs.

The back-scattered electron FESEM images of the ingot and cold-pressed bulk pellets
are shown in Figure 5.12. As depicted by the red circled area, the secondary impurity phase
is embedded in the matrix. Furthermore, the chemical mapping displayed in Figure 5.13

confirms that the impurity phase is primarily unreacted sulfur. This suggests that there is a
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Figure 5.12: Morphology of freshly fractured piece from ingot and cold pressed pallets in back
scattered electron detector mode.
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Figure 5.13: Chemical mapping of AgsS 02 CP pellet.

very low solubility limit of excess sulfur which is in agreement with the phase diagram of

binary AgsS reported by Sharma et al. [206].
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Figure 5.14: Temperature dependent (a) electrical conductivity (o), (b) Seebeck coefficient (S), (c)
power factor (PF), and (d) total thermal conductivity (k7).

5.4 'Transport properties

The TE properties of all the samples investigated in this study are depicted in Figure 5.14,
which displays the final repeatable runs between 450 K and 675 K. For comparison, the ingot
samples data are also included. All samples exhibited a metal-like variation in electrical
conductivity i.e., do/dT < 0 over the whole temperature range. The temperature dependence
of ¢ indicates a mixed scattering mechanism of charge carriers with ¢ varying approximately
as T~!2. There is negligible temperature dependence of the carrier concentration, as shown

3

in Figure 5.15. The ny value of approximately 2.5x 10 cm™ in the a-phase is in good

agreement with previous report [198]. Initially, the electrical conductivity increased from
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Figure 5.15: Temperature dependent carrier concentration of AgsS ingot sample.

840 S cm™! t0 900 S cm™! at 450 K with a slight anion excess of up to 1.5%. However,
as the anion concentration further increased, larger S precipitates formed and subsequently
evaporated during heating (while measurement), resulting in the formation of pores that may
have led to a decrease in 0. Moreover, it is worth mentioning that the Seebeck remain
unaffected by anion excess, as evidenced from the overlapping Seebeck values observed
for all the cold-pressed samples. Notably, the ingot sample exhibits the lowest electrical
conductivity and consequently highest Seebeck coefficient, which can be attributed to its
lower carrier concentration compared to the Ag,S CP sample.

The ingot sample exhibited the highest PF values, ranging from 5 © W cm~! K=2 at
450 K to 7.5 pW cm~! K2 at 670 K. With the exception of the 5% sulfur (S) excess sample,
all CP samples displayed similar PF values, varying from 4.6 yW cm~' K=2 at 450 K to
7 uW cm~! K2 at 670 K. The presence of excess sulfur (5% S) led to reduced PF values



5.4. Transport properties 147

due to poor electrical conductivity.

The total thermal conductivity (1) depicted in Figure 5.14(d) demonstrates a glass-like
temperature dependence. The CP samples exhibited a significant reduction in £ compared
to the ingot, attributable to phonon scattering at the grain boundaries in our nanostructured
cold-pressed pellets. Additionally, a slight excess of approximately 1% S resulted in a sub-
stantial suppression of x7 from 0.76 Wm~!K~! to approximately 0.5 W m~'K~! across the
entire temperature range. The lowest xp values obtained in this study for slightly anion
excess samples (1% and 1.5% sulfur excess) are comparable to those previously reported
by Peng et al. [203] and Tuo et al. [123] in their ingot samples, which also exhibit similar
temperature dependence. However, their ingot samples exhibited much lower electrical con-
ductivity compared to samples in our study with a semiconducting temperature dependence
which could be resulting from their first heating run where nearly 50% lower x to its true
value is observed. For example, see thermal cycling effect on thermal conductivity of our
sample shown in Figure 5.16. Further, in our study, as the anion excess increased to 2% and
5%, k1 increased and became comparable to that of the pristine sample. The exact reason
behind this increase is not very clear but according to our HTXRD scans, there is no peak

broadening observed in 2% and 5% S excess sample unlike 1% S excess sample.

The observed decrease in k7 of 1% S excess sample can be understood from the broad
peaks in HTXRD and broadened DSC transition peak due to the presence of equally high
intensity of metastable phase. The presence of this metastable phase can result strain giving
rise to peak broadening in HTXRD. Additionally, from HRTEM analysis of sample Ag,S; o1,
we have found the multiple dislocation and stacking faults present along (014) plane which

helps in reducing the ~p, see Figure 5.17(d).

The temperature-dependent variation of zT is illustrated in Figure 5.18(a). Due to the
combination of consistently high PF values and significantly reduced xr, the samples with
slight anion excess (1% and 1.5%) exhibited elevated zT values: 0.4 at 450 K and 0.9 at
670 K. For comparison, we have included the zT variation reported by Peng et al. [203] in

their Ag,S ingot sample, which revealed an overall 80% increase in the highest zT value.
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Figure 5.16: Effect of thermal cycling on thermal conductivity (k1) of AgaS1 g2 sample.

The comparative zT plot clearly indicates that the Ag,S; o1 sample outperforms others
within the temperature range of 450 K to 670 K. Its superior thermoelectric performance,
coupled with its environmentally friendly characteristics, makes it an excellent candidate
for thermoelectric applications. Furthermore, the zT value can be further enhanced through

appropriate doping, similar to other sulfide materials based on Pb and Cu.

We have checked the sample’s stability under a unidirectional electric field for 200 min-
utes, as shown in Figure 5.19. Unlike Ag,Te, which was discussed in Chapter 3, there are
stability issues associated with the superionic AgsS thermoelectric material. The resistiv-
ity keeps decreasing with an increase in the measurement time. It is possible that the easy
migration of Ag ions in AgsS occurs due to its larger ionic character of bonding compared
to AgoTe. Therefore, additional efforts may be required to achieve stability under the ap-
plied field, such as using ion barriers around the grains or introducing appropriate doping

elements, like Fe in the case of Cu,S, to increase the critical voltage. [167]
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Figure 5.17: (a) HRTEM image at 10 nm and insets are showing the FFT taken over red and green
marked rectangular areas, (b) shows the selected area electron diffraction (SAED) of HRTEM image
shown (a) depicting presence of twinning in nanoparticle, (c) is IFFT image of red rectangular area
marked in (a) and (d) shows the IFFT image on green marked rectangular area of (a).
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Figure 5.18: (a) Temperature dependent zT of AgsS;.s samples, and (b) comparison of zT of our
outperforming AgsS sample and some reported n and p-type sulfides in previous studies by He et
al. [23], Qin et al. [24] and Xiao et al. [25].
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5.5 Summary and Conclusion

We have synthesized a series of Ag,Si., (x =0, 0.01, 0.015, 0.02, and 0.05) samples by
using an all room temperature synthesis method for the first time. Our detailed DSC analysis
and resistivity thermal cycling effect, sheds light on puzzling metallic and semiconducting
behavior of AgsS. We have obtained the substantially low thermal conductivity values in
our hand grinded and cold-pressed sample of pristine AgsS compared to the ingot sample.
Our CP sample showed 30% decrement compared to the ingot sample due to nanostruc-
turing which was further 35% decreased in anion excess sample. However, there was no
significant decrease observed in PF values for both CP and ingot samples. From our de-
tailed DSC thermal cycling study, we expect the ultra-low thermal conductivity in S excess
samples (1%, and 1.5%) is attributed to the stabilization of metastable phase in equally high
proportion to that of main semiconducting phase creating large strain at their interfaces. Our
high temperature XRD confirmed the peak broadening in 1% S excess sample. Hence, as
a consequence of largely supressed « and maintained high PF values, our 1% and 1.5% S
excess samples showed the high zT value of 0.9 at 670 K which is highest reported in this

range of temperature for any sulfide material.
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SnTe with enhanced thermoelectric

properties

6.1 Introduction and Motivation

The PbTe-derived thermoelectric materials are known for their high zT and dependable per-
formance in the med-temperature range from 600 K to 900 K [75,201,207,208]. PbTe has
a cubic NaCl-type structure. The valence band of PbTe consists of a 4-fold degenerate light-
hole ({h) band at the L-point where the valence band maxima (VBM) is located, and a 12-fold
degenerate heavy-hole (hh) band at the >-point of the Brillouin zone, a few kT below the
VBM. The bands at L and 3 points tend to converge, i.e., the energy difference, AE .y, be-
tween them tend to decrease with increasing temperature giving rise to a high thermopower
[75,142,209]. Due to heavy constituent elements and resulting large lattice anharmonicity,
PbTe and its alloys also show an intrinsically low lattice thermal conductivity [75]. All these
factors are highly conducive to obtaining a high zT. Indeed, in PbTe-based alloys, high zT
values, surpassing 1, are reported in the mid-temperature range [26]. However, the toxicity

of Pb severely limits the commercial usage of Pb-based alloys. Thus, a lead-free substitute

153
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Figure 6.1: (a) Crystal structure of SnTe/PbTe, (b) Brillouin zone for cubic SnTe or PbTe showing
8 half hole pockets at low symmetry L point resulting 4-fold band degeneracy and 12 hole pockets
along ¥ direction giving rise to 12-fold band degeneracy (adapted from Ref [26]), (c) electronic band
structure of PbTe and SnTe (adapted from Ref. [27]).

of PbTe with a comparably high zT is required.

In this regard, the environmentally friendly SnTe with an analogous crystal structure
has garnered a great deal of interest recently (Figure 6.1). The valence band structure of
SnTe [209] is similar to that of PbTe; however, the band gap (E,) of SnTe (0.18 eV) is smaller
than for PbTe (0.32 eV), and the energy offset between the [h and hh bands higher (AEy, =
0.35 eV as opposed to 0.15 eV in PbTe). While the smaller band gap induces bipolarity, the
higher offset (AEy) prevents the hh carriers from participating in the transport. Moreover,
SnTe has an intrinsically high concentration of Sn vacancies, resulting in p-type carriers with
carrier density (n ~ 10%*° — 10?* cm™3), about an order of magnitude or so higher than what

is desired. This not only affects the Seebeck coefficient of SnTe adversely but also enhances
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the k. contribution, which is undesirable given that x; of SnTe is already high compared to
that of PbTe. The intense research efforts of the last decade have made remarkable progress
in ironing out many of these issues as summarized in the next paragraph. To get more insight
into these issues and the progress made until the year 2020, the readers can refer to the

excellent reviews by Li ef al. [210] and Chen et al. [26].

In some previous studies, it has been shown that a slight Sn excess, i.e., using Sn:Te =
1+6 : 1 instead of 1 : 1, can help in suppress the formation of Sn vacancies [211]. The
optimized value of § has been shown to be around 0.03. The composition Sn; o3Te is ac-
cordingly called the ‘self-compensated’ SnTe, which has a high zT value of 0.6 at 873 [211].
In recent years, to achieve further higher values of zT, a diverse range of doping experi-
ments have been tried successfully. These include doping with Cd [211], Hg [212], Ca [213],
Mn [214,215], Mg [216], Pb [217], Ag [34,218], Ga[219],In [139,211], Yb [220], Gd [221],
etc.; or co-doping SnTe with Mn—Sb [222], V—-Sb [223], Cu—Sb [224], Re—Sb [225],
Ge—Sb [226], Mn—Bi [227], Cd—Bi [228], Ge—As [229], Ag—Cu [230], Ag—Cd [231],
Ag-Gd [232], Ag—La [231], Ag—In—1[233], Ag—Y [33], Li—Ce [234], Cd—Se [235,236],
In—Bi [237], Ca—I (via Cal,) [238], Cd—Se [236], Cd—In [239, 240], Mn—In [241], Mg-
In [242], Pd—In [243], Y—Cu [244], Sb—Se [126], Se—S [245], etc.; or via alloying with
AgSbTe, [211], AgSbSe, [246], AgInTe, [29], and AgBiTe, [247], etc.; or with AgBiTe,
and Mn [248], AgSnSe,—PbTe [249], BiBrs and Mn [250], Agy5Big5Se and ZnO [251],
AgCl and In [252]; or doping with Cu; ;Te to form SnTe-CusSnTes nanocomposities [253];
or through Te-deficiency which results in the formation of Te—nanoinclusions [254]. While
chemical doping has proven useful in controlling n, E; and AEy5;, which improves the PF;
concerted efforts on simultaneously lowering the thermal conductivity are scarce. strate-
gies to lower x; of SnTe includes introduction of nano-scale features, such as endotaxial
nanodots, point defect scattering, grain boundary engineering employing CdTe coating, and
nanoprecipitation of secondary phases or nanoinclusions [29,254-257]. Nanoprecipitation
involves the formation of nanometer-sized particles within the host mattrix which scatters

phonons with long mean free path, leading to a reduction in thermal conductivity. A very
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significant effect of nanoprecipitation was observed in reducing the lattice thermal conduc-
tivity of SnTe samples containing CdS and Cu,Te precipitates [211,258]. In a recent paper,
CdTe-coated (Sn, In)Te grains, where In-doping creates resonant levels while the CdTe coat-
ing enhances the phonon scattering cross-section by several orders of magnitude through the
acoustic impedance matching between the SnTe (grain) and CdTe (grain-boundary). This en-
hances the PF and lowers « substantially leading to a very high zT of 1.9 near 900 K [257].
While this is really state-of-the-art, due to the use of Cd the toxicity issue remains; addition-
ally, the method used in the sample processing is relatively complex from the point of view

of scalability.

In this study, we report a simpler and very effective grain-boundary engineering tech-
nique leading to a substantial reduction in the thermal conductivity of SnTe. We demon-
strate the growth of SnTe nanoparticles at the grain boundaries of SnTe cold-pressed pel-
lets upon sintering at 700°C. The cold-pressed pellets are obtained simply by hand-grinding
the solid-state melted SnTe ingots using an agate-mortar pestle. Due to the nanoprecipita-
tion of SnTe at the grain boundaries, the thermal conductivity of our furnace sintered SnTe
samples is among the lowest ever reported to the best of our knowledge, more specifically
64+ 0.5 W m~! K~! at 300 K and between 2 to 3 W m~! K~! near 825 K. This is almost
15% lower compared to the thermal conductivity of as-melted SnTe at 300 K despite their
oevrlapping electrical conductivities. Not only is the thermal conductivity low, the ther-
mopower of our sintered sample also surpassed the thermopower of the ingot SnTe quite
substantially due to its higher mobility and lower carrier concentration. As a result, the zT of
our sintered SnTe samples (0.7 near 850 K) exceeds that of the ingot SnTe by almost 75%.
Next, we extend this strategy to Ag-doped SnTe as in some previous studies, Ag-doping has
been shown to enhance the zT of SnTe through band convergence, carrier optimization, and
suppression of bipolarity [34,218]. We show that in the SnAg, o3Te, ~ further decreases to
4.24+05Wm K tat300Kand < 2 W m~! K~! near 825 K. These values are reduced by
~ 30%—40% over the whole temperature range with respect to the samples of the same com-

position prepared by solid-state melting. The resulting improvement in zT with respect to the
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best Ag-doped samples in literature is about 35%. The ease with which bulk-nanostructured
SnTe pellets can be fabricated in our method marks a significant development and should
pave the way for bulk-nanostructured SnTe production. This strategy when combined with

other dopants, such as, In or Mn may further improve the zT of bulk-naonstructured SnTe.

6.2 Experimental Details

Samples Sn; o3, Ag,Te (x =0, 0.03, 0.06, and 0.09) were prepared using Sn (Sigma Aldrich,
99.999%), Te (Alfa Aesar, 99.99%), and Ag (Sigma Aldrich, >99.9%) shots, taken in sto-
ichiometric ratio in an alumina crucible that was flame sealed under high a vacuum in a
preheated quartz tube. The precursor elements were weighed inside an Ar-filled glove box
to avoid oxidation. The sealed ampoule was placed vertically in a box furnace and heated to
1173 K in 13 h and held at this temperature for 12 h. The furnace was then cooled to room
temperature over a period of 13 h. This resulted in the ingots. Before grounding these ingots,
they were cut using a low-speed diamond-coated cutter to prepare 6 x6 square and 8x3x?2
rectangular samples for measuring thermal and electronic transport properties respectively.
The remaining pieces of these ingots were ground to fine powders using an agate mortar-
pestle. Subsequently, 8mm pellets were prepared by cold-pressing these powders using a
KBr press die set. These pellets were then vacuum-sealed in preheated quartz ampoules and
sintered in a box furnace that was heated to 973 K over a period of 7 h and held at this tem-
perature for 24 h. The furnace was then cooled to room temperature over a period of 7 h.
The sample with the highest Ag doping (x = 0.09) was sintered at 823 K. The sintered pellets
were then well characterized and their thermoelectric properties investigated. We also pre-
pared a bulk Sn; g3Te sample by hot press sintering (HPS). The HPS was performed on the
powder obtained from grounding the leftover pieces of ingot at 773 K under 45MPa pressure
for 5 minutes, resulting in a sample density of 99%. These details along with sample density

for other samples are summarized in table 6.2.

For phase identification and characterization, powder x-ray diffraction was performed

using a Bruker D8 Advance with a Cu K, source. The microstructure of the bulk samples
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Table 6.1: Synthesis details and sample density (pezp)/pih,
in % for samples Sn; g3_,Ag, Te (x =0, 0.03, 0.06, and 0.09).

Ingot Samples (I)

X synthesis temperature (K) sintering temperature (K) density (%)

0 1173 - 93
0.03 1173 - 92
0.06 1173 - 92
0.09 1173 - 93

Hot Press Sintering (HPS)
0 1173 773 99
Furnace Sintered (FS) Pellets

0 1173 973 93
0.03 1173 973 93
0.06 1173 973 94
0.09 1173 823 94
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was analyzed using a field-effect scanning electron microscope (FESEM) (Ultra Zeiss Plus)
equipped with an energy-dispersive spectroscopy (EDS) detector for compositional analy-
sis. Transmission electron microscopy (JEOL JEM 2200FS 200 keV) was performed on the
dispersed powders obtained by grinding the ingot or sintered pellet, after drop-casting on an

amorphous carbon coated support Cu-mesh grid.

To measure the transport properties of the synthesized samples, an LSR3 setup was used
for the simultaneous measurement of electrical conductivity (o) and thermopower (S). High-
temperature Hall measurements were performed using an automated home-built setup by
sweeping the magnetic field from +1T to -1T to estimate the temperature-dependent carrier
concentration in our samples. Linseis LFA1000 set-up was used to measure the thermal
diffusivity (D) of the samples. The thermal conductivity was estimated using the equation
k = pDCp, where p and Cp stand for sample density and specific heat at constant pressure.
The sample density was estimated using the formula p = W/V, by taking the weight (W) and
volume (V) of the specimen. A constant value from Dulong Petit’s limit of Cp= 3nR was

used for the specific heat.

6.3 Results and Discussion

6.3.1 Characterization

Figure 6.2(a) displays the powder x-ray diffraction of various Sn; g3Te samples prepared
here, namely, ingot (I), HPS, and furnace sintered (FS). All three samples exhibit XRD
peaks that are well-indexed using the Fm-3m space group reported in the literature [259].
However, significant peak broadening was observed for the FS sample as compared to the
HPS or I samples. To understand the reason behind this, we analyzed the microstructure
of our samples using the FESEM. As shown in Figure 6.2 (c), the morphology of the FS
sample differed significantly from those of the ingot and HPS samples. The FS bulk sample
contained grains decorated with numerous nanoparticles, whereas only a few nanoparticles

were observed at the grain boundary of the HPS sample and none in the case of the ingot
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Figure 6.2: (a) Powder x-ray diffraction patterns for Snj g3Te I, HPS and FS samples, (b) shows the
broadening of 200 peak after sintering the ingot powder using HPS at 773 K and furnace at 973 K,
and (c) shows the morphology variation at 200 nm for three I, HPS and FS Sn; g3Te samples.
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sample. The formation of the nanoparticles during sintering is presumably the reason behind

XRD peak broadening in the case of sample FS.

Figure 6.3: Microstructure comparison of sintered pellet and ingot Sn; g3Te sample.

To confirm whether the formation of nanoparticles was solely due to furnace sintering at
973 K, we sintered an ingot piece using a similar temperature profile. The morphological
comparison of both samples after sintering is presented in Figure 6.3. Interestingly, pro-
longed sintering of the ingot also resulted in the appearance of nanoparticles, albeit fewer
in numbers compared to the FS sample. This indicates that the nanoparticles at the grain
boundaries appear during the sintering process. Since, the FS sample was well grounded
prior to cold pressing and sintering, it has smaller grains resulting into the appearance of
a larger number of nanoparticles compared to the ingot sample where the grain-size ranges
from 1 pum to 10 um. Thus, a possible reason behind this unique morphology of FS sample
appears to be the sintering process. In some cases, it is thermodynamically favorable for the
vacancies to migrate towards the surface of the grains, forming nanoparticles that decorate
the micro-grains, resulting in the formation of nanoparticle-decorated micro-grains. This
phenomenon is well-known to occur in GeTe, where morphology can be easily manipulated
by varying the percentage of vacancies at the Ge site and changing the sintering tempera-
ture [260]. However, its appearance in SnTe is reported here for the first time. This makes

SnTe an interesting material to study the phenomenon of vacancy migration in addition to
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the known GeTe. However, due to the exorbitant cost of Ge, the discovery of SnTe showing

vacancy migration is important.

Spectrum 2

Spectrum 2

' L
¥Spectrum 19

600nm ! Electron Image 1

Figure 6.4: EDX analysis for determining the chemical composition of nanoparticles and bigger
micrometer grains in Snj g3 Te FS sample.

The chemical composition of nanoparticles and the underlying matrix was analyzed and
is shown in Figure 6.4. The EDX result show similar composition for the two. The absence
of any extra peak in the XRD and similarity of the EDX results confirm that the nanoparticles
have the same structure and composition as bulk SnTe.

Figure 6.5 (a) displays the powder x-ray diffraction results of Sn; ¢3Te ingot and FS
samples. A zoomed-in view of the region between 30° to 33° (inset) indicates the presence
of extra peaks of unreacted Sn at approximately 30.5° and 32°. Figure 6.5 (b) depicts the
presence of slight Sn excess (marked with red circles) in the self-compensated SnTe sintered
pellet. This was further confirmed by chemical mapping. Interestingly, upon 3% Ag doping,
the Sn peaks disappeared. The powder XRD of the Ag doped is also shown in Figure 6.5(a).

Figure 6.6 (a and b) shows the x-ray powder diffraction results of all the synthesized
samples with varying Ag doping. Again, the most striking difference between the x-ray
diffraction patterns of the ingot [Figure 6.6(a)] and FS [Figure 6.6(a)] samples is the peak
broadening discussed earlier. As shown in Figure 6.6 (c), the FWHM of the 200 peak is
significantly higher for the FS samples compared to the ingots. This broadening of the

diffraction is due to the nanoparticle formation as discussed earlier for the undoped Sn; g3Te



6.3. Results and Discussion 163

(a) (b)
Sn, ,,Te ingot
—3Sn, ,TeFS @ 973K

SnAg, ,,Te FS @ 973 K

31 32
2 0 (degrees)

SnL 52.73 54.53

Tel 47.27 45.47

Normalized Intensity (a.u.)

Totals 100.00

P— | ormalized Intensity (a.u.)
w
o

»

S——

»—

—

2 0 (degrees)

Figure 6.5: (a) Powder x-ray diffraction patterns for Sn; g3Te ingot and sintered pellet samples, (b)
the chemical mapping .

samples. The only exception to this is x = 0.09 sample where the FWHM of the FS sample
is comparable to its ingot counterpart. This may suggest that incorporation of Ag beyond a
certain level (x = 0.06) prevents the nanoparticle formation.

The variation of lattice parameters with Ag doping is shown in Figure 6.6 (d). The
lattice parameter decreased with increasing Ag doping due to the smaller cation radius of
Ag" compared to Sn?* [261]. In literature, it has been argued that Ag doping increases the
Sn vacancies, resulting in a reduced lattice constant [31, 34]. However, the size mismatch
between Ag™ and Sn*" provides a natural explanation for the observed decreasing trend with
increasing Ag-doping.

Figure 6.7 shows the morphology of freshly fractured surfaces from two representative
ingot samples. These images indicate a highly crystalline morphology with micrometer-sized
grains. In contrast, the morphology of FS samples in Fig 6.8 has changed significantly due to
the presence of a large number of nanoparticles around the micron sized grains. From a visual
inspection it is evident that the number of nanoparticles decreases and their size increases

with increasing x. Nanoparticles of much larger size are found in the x=0.09 sample which
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Figure 6.6: (a) Powder x-ray diffraction patterns for ingots, and (b) for sintered pellets (c, and d) rep-
resents the variation of full width at half maxima (FWHM) and lattice parameters of Sny g3_,Ag,Te
(x =0, 0.03, 0.06 and 0.09) ingot and sintered pellet samples.
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Figure 6.7: Morphology of freshly broken surfaces from Sn; g3_,Ag, Te (x =0, 0.03, 0.06 and 0.09)
ingot samples.
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Figure 6.8: Morphology of freshly broken surfaces from Sn; g3_,Ag,Te (x =0, 0.03, 0.06 and 0.09)
sintered pellet samples.

explains the variation of FWHM FS samples in Figure 6.6(c).
The chemical mapping of one of the representative FS samples, Sng g7 Ago osTe, shown

in Figure 6.9, confirms the absence of Sn precipitation of any impurity phase.

6.3.2 TE properties of Sn; o3Te

Figure 6.10 illustrates the thermoelectric properties of our Sn; g3Te I, HPS, and FS samples,
which are compared with the previously reported results for Sn; g3 Te ingot samples by Pathak
et al [28]. Remarkably, all samples exhibited equally high electrical conductivity (o), close
to 6x10% S cm~! at 300 K. In comparison, PbTe has a conductivity of 200 S cm~* [6]. The
higher conductivity of SnTe can be attributed to the high carrier concentration generated by

the intrinsic Sn vacancies.
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Figure 6.9: Chemical mapping of Sng 97Ago.osTe sample.
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Despite being a semiconductor, the electrical conductivity (o) of SnTe decreases with in-
creasing temperature, exhibiting metal-like behavior, as previously reported. Wu et al. [255]
attributed this to the combined effect of decrease in the hole carrier concentration and mobil-
ity with temperature. Our high-temperature Hall measurements (shown in Figure 6.12) also
revealed a similar variation in carrier concentration (nyz) and mobility (uz). Interestingly,
the FS and HPS samples showed significantly improved carrier mobility compared to the I
sample, as evidenced by ny and j1y measurements. This improvement can be attributed to
the decrease in Sn vacancies, which simultaneously reduced the hole carrier concentration

and improved the charge carrier transport in the FS and HPS samples.

In the complete measured range of temperature, the ingot sample exhibited lower See-
beck values due to its high hole carrier concentration of 2.6 x10%° cm™3, which reduced to
0.48 x10%° cm™2 and 0.62 x10?° cm™2 after hot press sintering and furnace sintering, re-
spectively. Our ingot sample showed good agreement with the previously reported values for
ingot samples by Pathak et al [28] and other literature [29,31,33]. The Seebeck coefficient

increased with increasing temperature, which agree well with the decreasing trend of o.

The power factor of our samples is shown in Figure 6.10 (d). The HPS sample ex-
hibited the highest power factor (PF) values among all samples, with a maximum value of
17.7 W ecm~'K~! at 830 K. The PF of the FS samples is slightly reduced compared to the
HPS sample, but it is significantly higher than the ingot sample over the whole temperature

range.

The total thermal conductivity (k1) of our FS sample has reduced significantly compared
to the HPS and ingot samples. This remarkable reduction in x7 can be attributed to the
nanostructured morphology for this sample as discussed earlier. Since all three sample have
comparable o over the whole temperature range, the reduction in s is due to reduced x;
(ky = K7 - ke = kr - LTo). The k. and ; at 340 K in different samples is shown in Fig 6.11.
The largest x. in the ingot sample from the study of Pathak et al. can be attributed to its
high electrical conductivity. On the other hand, due to their overlapping conductivities (o),

all three samples, I, HPS and FS, show similar values of x.. In contrast to this, x, variation
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Figure 6.10: TE properties of Sn; g3Te I, FS @ 973 K and HPS @ 773 K, (a, and b) represents the
temperature dependent o and S, (c) shows the hole carrier concentration and mobility in different
samples, (d,e, and f) represents the temperature dependent PF, total thermal conductivity (k1) and zT.
Inset in (f) shows the zT,,q; and zT,,, obtained in three different samples.

between these samples is rather significant with FS sample showing the lowest ~; among
all samples. As a consequence of the largely suppressed xp in the FS sample, it exhibited
the highest zT value of 0.68 at 830 K. The HPS sample also exhibited comparable high zT
values of 0.65 due to its highest PF. The zT value of our ingot sample is in agreement with

the highest zT of previously reported for an ingot sample [28].

We can see that the electronic transport of HPS is in agreement with the FS sample due
to their very similar carrier concentrations. However the thermal transport of HPS followed
the ingot sample due to similarity in their microstructure. After analyzing the overall TE
properties of Sn; o3Te samples, we found that the FS sample shows superior 27,4, and 275,
as shown in Figure 6.11(b). Having discovered and optimized the method for obtaining high
zT in SnTe, our further study will focus on examining the effect of Ag doping in samples

prepared analogously to the FS Sn; o3Te sample.
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Figure 6.11: (a) . and x; at 340 K, (b) shows zT,;,4, and zT,,4 for Sny g3Te I, HPS, and FS samples
from this work compared with their values from Ref [28].
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Figure 6.12: Temperature dependent (a) Hall carrier concentration, and (b) mobility variation of
Sn;j g3Te I, HPS, and FS samples.

6.3.3 Electronic Transport Properties of Sn; ;3 ,Ag,Te (x = 0, 0.03,
0.06, and 0.09)

Figure 6.13 shows the temperature-dependent electronic transport properties of Ag-doped FS
samples. It can be observed that near room temperature the electrical conductivity decreases
for Ag-doped samples. One can understand this through the combined effect of increased
carrier concentration and decreased carrier mobility due to Ag doping. Ag™ acts as an accep-
tor when doped at the Sn?* site, pushing the Fermi level deep into the valence band where
the heavy hole band, > with low carrier mobility also starts contributing to electronic trans-
port, consequently reducing the overall carrier mobility. Moreover, our ab-initio electronic
band structure calculations using DFT show that with increasing Ag-doping even the light
hole band at L-point flatens out a bit thus increasing the effective mass of the light holes
thereby contributing to the decrease in mobility. A slight increase in ¢ upon increasing the
Ag doping from x = 0.03 to 0.06 can be attributed to the increase in carrier concentration
which seems to dominate the reduced carrier mobility as the amount of Ag doping increases.
The variation of pz and ny as a function of Ag-doping concentration at room temperature
is shown in Figure 6.13 (b). At temperatures above 500 K, the o of the Ag-doped samples

exhibited enhancement compared to the undoped sample, suggesting the predominant influ-
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ence of increased carrier concentration in the Ag-doped samples. Moreover, this indicates a
modified temperature dependence of o, attributed to alloy scattering in addition to electron-
phonon scattering in the Ag-doped samples. Specifically, at 830 K, the conductivity nearly
doubled with Ag doping, increasing from 0.66 S cm™! in the undoped sample to 1.23 S cm™!

in the x = 0.06 sample.

The thermopower of our Ag-doped samples is depicted in Figure 6.13(c). The increase
in the Seebeck coefficient (S) can be attributed to a combination of factors, including band
convergence (as indicated by a decrease in A E';y,) and an increase in ny, leading to the par-
ticipation of heavy holes. As a result of band convergence, the Seebeck coefficient of our FS
samples exhibited an increase from 20.6 VK ™! for Sn; o3Te to 44 VK™ for Sng g7 Ago.os Te
near room temperature. Previous studies, such as those by Banik et al. and Xu et al., have
also reported similar band convergence effects upon Ag doping [29,33]. Figure 6.15 presents
a schematic diagram illustrating the impact of Ag doping on the electronic band structure of
SnTe, which was created based on our analysis of the calculated electronic band structure.
In the schematic diagram we have only shown the two valence bands namely, L. and 3, here
3] is the heavy hole band present along ['K symmetric direction of the brillouin zone called
>’ band having 12-fold band degeneracy. The introduction of Ag doping slightly flattens the
L band, increases the band gap by lowering the energy of the valence band maxima, and
brings it closer to the 3 band, resulting in band convergence. This phenomenon decreases

the energy gap A Ex, as the doping level increases.

For higher levels of Ag doping (i.e., above x = 0.074), the decrease in A Er 5, becomes
very small, leading to no further enhancement in the Seebeck coefficient, see DFT calculation
shown in Figure 6.14. Our experimental S values for Sn; g3, Ag,Te samples (with x = 0,
0.03, 0.06, and 0.09) align well with the theoretically calculated Pisarenko lines using a two-
valence band model, as shown in Figure 6.13(d). More details regarding the computational

methods and the two-valence band model can be found in Appendix B.

Similar to the temperature-dependent variation of conductivity (o), there is a crossover

of S values between undoped and Ag-doped samples at 500 K. However, after 500 K, the
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Ag-doped samples exhibit lower S values compared to the undoped sample, primarily due to

the dominant effect of increased carrier concentration.
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Figure 6.13: (a) Temperature dependent o, (b) hall carrier concentration and mobility variation with
Ag doping, (c) temperature dependent S, and (d) S vs n Pisarenko lines computed by using two va-
lence band model with varying AEy, (heavy hole band: SPB model with m7; = 0.35m,, and light hole
band: SKB model and m7 = 0.16 m, and 0.24 m,). Literature data is also included for compari-
son [29-32].
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Figure 6.14: Ab-initio electronic band calculations for SnyyTeor, SnogAgTesr, SnasAgoTeor and
SnayAgsTear compositions.
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Figure 6.15: Schematic representing the electronic band structure modifications after Ag doping

The power factor as a function of temperature is depicted in Figure 6.16 (a). In the entire
measured temperature range, remarkably improved PF values were obtained after Ag doping.
Near room temperature, we obtained an increment of 250% in PF values with increasing Ag
doping from x = 0 to x = 0.09. At 830 K, the PF value increased from 15.2 W cm~2 K~! for
the Sny g3Te to 19.7 W cm~2 K~! for SnAg o3 Te sample, indicating a significant enhance-
ment due to Ag doping. Similar high values of PF (around 22 W cm~2 K—!) was reported by
Pathak et al. [28] in 3% Ag doped SnTe synthesized by solid state melting method.

6.3.4 Thermal Transport and Figure of Merit of Sn; o3 ,Ag.Te (x =0,
0.03, 0.06, and 0.09)

Figure 6.16(b) displays the temperature-dependent total thermal conductivity (k) for all
Ag doped samples investigated in this study. Notably, the x = 0.03 sample exhibited the
lowest k1 among all the compositions investigated here over the whole temperature range.

To determine k;, we first estimated k., from the Wiedemann-Franz law, k.= LTo, where
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Figure 6.16: Temperature dependent (a) power factor (PF), (b) total thermal conductivity (x7), (c)
lattice thermal conductivity (x;) at 340 K, and (d)zT for Sn; g3_Ag,Te (x =0, 0.03, 0.06 and 0.09)
samples.
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L is the Lorenz number that was calculated by simulating the experimental Seebeck data
using the two-valence-band model at 340 K [153]. In Figure 6.16(c), we show kr, k., and
Ky = K - ke at 340 K. k. initially decreases with Ag doping and then increases for x>0.03.
The enhancement in x; can be attributed to the increased nanoparticle size and a smaller

number of particles in the x = 0.06 and x = 0.09 as depicted in Figure 6.8.

In order to understand the factors contributing to the reduced x; in the x = 0.03 sample,
we conducted a thorough transmission electron microscopy (TEM) analysis. For this, a piece
of the sintered pellet was grounded into a fine powder and dispersed it in ethanol to create a
suspension solution, which was then drop-casted onto a Cu TEM grid coated with amorphous
carbon. Our high-resolution TEM images, as depicted in Figure 6.17, reveal the presence
of nano-dimensional grains, dislocations and twisted atomic planes. These defects scatter
medium to small mean free path phonons, leading to the lowest lattice thermal conductivity
value of 0.58 W m~! K~! at 340 K in x = 0.03 FS sample. The low x; values obtained in
our study are slightly higher than those reported in the literature for Ge and Sb co-alloyed
SnTe samples with endotaxial CusTe nanostructured bulk samples [262], but are comparable
to those for CuyTe doping along with Ge and Mn alloyed samples [263]. To mitigate any
potential influence of slightly lower sample density on s in our study, we conducted a
comparison of our temperature dependent thermal diffusivity (D) data with existing literature
data. In Figure 6.18(a), we have included data for our ingot sample for comparison. Notably,
our FS sample exhibited the lowest D values throughout the entire measured temperature

range, reaffirming the lower thermal conductivity obtained in this study.

Figure 6.16(d) illustrates the temperature-dependent zT. In the case of the sample doped
with Ag at a concentration of x = 0.03, an increase in zT from 0.68 to 0.91 at 830 K is
obtained, owing to the improved power factor and maintained low value of thermal conduc-
tivity. It is worth noting that previously studied ingot samples [29, 31, 33, 34] reported a
maximum zT of 0.66, which is significantly surpassed by our FS sample, the comparison is
shown in Figure 6.18. Notably, the high zT of our SnAgg ¢3Te ingot sample is in good agree-

ment with that previously reported. However, in the FS sample of the same composition the
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Figure 6.17: High resolution transmission electron microscopy analysis of sintered SnAgg g3 Te, (a)
represents the multiple nano-size grain boundaries (b), and (c) shows the presence of semi-coherent
and coherent grain boundaries, (d) shows incoherent grain boundary formed between (220) and (200)
planes, (e, and f) denotes a IFFT image showing dislocation defects along (220) and (422) planes.

zT is enhanced by as much as 35% at 830 K.

To solidify the obtained results in the SnAg o3 Te sample, we synthesized a second sam-
ple using the same protocol. The results of the TE properties are shown in Figure 6.19.
Sample 2 also showed similarly high values of zT confirming the sample reproducibility.
Therefore, our synthesis method produced reproducible results establishing that sintering in-
duced nanoparticle formation in the bulk sample indeed enhances the zT of SnTe material
significantly.

Moreover, thermal stability was assessed by conducting multiple heating and cooling
cycles, as depicted in Figure 6.20. Our results demonstrate excellent repeatability across
consecutive heating and cooling runs, providing strong evidence for the robust thermal sta-

bility of our samples.
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Figure 6.18: Comparison of (a) thermal diffusivity (D), (b) total thermal conductivity s, and (c) zT
of SnAgg g3Te sample from our study with the literature data from Xu et al. [33], Pathak et al. [28],

Sarkar et al. [31], Lee et al. [34] .
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6.4 Summary and Conclusion

We have optimized the TE properties of self compensated SnTe by manipulating the micro
structure by synthesis method involving high temperature sintering of the cold-pressed pellet
obtained by grounding the ingot prepared by solid state melting. We show that this process
results in formation of nanostructured bulk sample with zT values enhanced by up to 35%
over the zT of the ingot sample of the same composition. The primary reason for zT en-
hancement is that in comparison to our ingot samples of Sn; g3Te, we observed a significant
reduction in thermal conductivity due to the nanostructuring process. Additionally, due to
L - X bands convergence due to Ag doping, the PF has been enhanced from 15 W cm=2 K—*
for Sny g3Te to 20 W cm 2 K~ for SnAg o3 Te. The increased PF and reduced r, together
increase the zT from 0.67 to 0.92 at 820 K. Theoretical band calculations have corroborated
our experimental findings, revealing band convergence and increased carrier effective mass
with Ag doping responsible for enhanced seebeck coefficient. Therefore, our study not only
provides a novel synthesis route for nanostructured bulk SnTe with improved zT, but also

advances our understanding of the effects of Ag doping through DFT band calculations.
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Summary and Conclusion

In this thesis, we have studied the thermoelectric (TE) properties of nano-structured bulk
binary silver chalcogenide superionic compounds (Ag,X) and an environmentally friendly
metavalent compound, SnTe. g, X compounds exhibit stabilization in either the monoclinic
or orthorhombic phase, depending on the specific X element, at room temperature. However,
upon heating beyond 400 K, these compounds undergo a transformation to a liquid-like cu-
bic superionic phase (FCC or BCC depending upon X). Superionic compounds exhibit low
thermal conductivity due to the liquid-like movement of the cation sublattice within the rigid
sublattice formed by anions. On the other hand, metavalent compounds demonstrate a high
power factor owing to their highly symmetric crystal structure and unique electronic band
structure. The superionic compounds investigated in this thesis were primarily synthesized
using a novel room temperature synthesis method. However, a few samples were also synthe-
sized using the conventional solid-state melting method for comparison purposes. Metava-
lent SnTe was synthesized using the conventional solid-state method followed by different
sintering routs. Our focus in the superionic compound class was on sample reproducibility
and stability, while simultaneously achieving an enhanced figure-of-merit. As for SnTe, we
synthesized a nano-structured bulk sample for the first time without the aid of any chemical

synthesis or high-frequency planetary ball milling.

In Chapter 3 of the thesis, we addressed the issue of irreproducibility in the electronic
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transport properties of furnace-sintered Ag,Te samples which was also reported in previous
studies for the samples prepared by involvement of any high temperatures (>500 K). Specifi-
cally, we observed inconsistent behavior in the thermopower (S), which sometimes exhibited
an n-to-n type transition and other times an n-to-p type transition at the structural and supe-
rionic transition temperature. Additionally, there was a significant variation in electrical

conductivity values among the samples.

To resolve this problem, we employed a novel synthesis method that allowed us to fabri-
cate nearly 100% dense pellets at room temperature, leveraging the ductile property of binary
silver chalcogenides. By preparing stoichiometric Ag,Te samples at room temperature, we
achieved highly reproducible transport properties up to 570 K. Moreover, we successfully
reduced the grain size of n-type samples, resulting in a remarkable enhancement of their
thermoelectric performance. In fact, we achieved a record-high zT value of 1.2 at 570 K for
the n-type Ag,Te samples. During our investigation, we discovered that there is an upper
measurement temperature limit for n-type Ag,Te samples. Beyond this limit, we observed
Ag migration, leading to a degradation of the electronic transport properties and irrepro-
ducibility. Therefore, it was crucial to carefully control the measurement temperature when

characterizing these samples.

Once we obtained highly reproducible n-type AgsTe samples, we successfully synthe-
sized their p-type counterparts by optimizing Ag vacancies in the composition. By introduc-
ing a 0.5% Ag deficiency in the Ag,Te composition, we achieved a remarkable zT value of
0.64 at 570 K for the p-type sample. Overall, our study highlights the successful resolution
of irreproducibility in the electronic transport properties and enhanced zT of Ag,Te through

the use of a novel room-temperature synthesis method.

In Chapter 4, we explored the thermoelectric (TE) properties of AgsSe. This compound is
renowned for its impressive TE performance, rivaling the state-of-the-art compound BiyTes,
near room temperature. However, the industrial implementation of Ag,Se faces a signifi-
cant obstacle: sample irreproducibility. Various reports have highlighted the high zT values

obtained for different compositions of Ag,Se,,, where x varies from 0.01 to 0.08. The
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observed variations in zT values are attributed to the inhomogeneity of the samples, arising
from high-temperature synthesis methods. To address this challenge, we have employed an
all-room-temperature synthesis approach, successfully achieving comparable high zT val-
ues to those reported in earlier studies. Additionally, our method ensures excellent sample

reproducibility and homogeneity.

Furthermore, we have focused on comprehending the role of Se excess in the enhance-
ment of zT in the Ag,Se compound. We have proposed a model that incorporation of the
addition of a slight anion excess suppress the Ag interstitial defects, resulting in a reduction
of the carrier concentration. This allows to achieve an equally high PF compared to pris-
tine AgoSe, while simultaneously lowering the total thermal conductivity. This synergistic
effect contributes to the enhancement of the zT value in the anion-excess Ag,Se compound

compared to the pristine Ag,Se.

Having established prior knowledge of obtaining highly dense pellets at room tempera-
ture, we utilized a similar approach to study the TE properties of Ag,S. In samples with a
slight anion (Sulfur, S) excess of approximately 1%, the thermal conductivity was found to
be significantly reduced compared to the pristine composition, while maintaining a similar
PF. Through a detailed differential scanning calorimetry (DSC) study of both pristine and
anion-excess samples, we observed the formation of a metastable phase that evolved with
consecutive thermal cycling. All samples exhibited two exothermic peaks during heating
and two endothermic peaks during cooling, indicating the presence of two distinct types of
transitions in the Ag,S samples. Moreover, the intensity of the peak corresponding to the
secondary phase was found to increase in the case of a slight anion excess sample, resulting
in a significant reduction in thermal conductivity in samples with 1% and 1.15% S excess.
Upon further addition of anion excess above 1.15%, the intensity of the secondary phase
peak diminished during heating, approaching the thermal conductivity levels similar to those
of the pristine Ag,S sample. As a result of the decreased thermal conductivity in samples
with 1% and 1.15% S excess, we achieved a remarkably high zT value of 0.9 at 670 K, which

is the highest ever reported value for Ag,S and its derivative compounds.
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In Chapter 6, we conducted a study on the TE properties of an environmentally friendly
metavalent compound, SnTe, which shares a similar crystal and valence band structure with
PbTe. However, SnTe exhibits inferior performance compared to PbTe due to its low Seebeck
coefficient and high thermal conductivity (k) caused by a high concentration of Sn vacan-
cies. To partially address the issue of Sn vacancies, we investigated self-compensated Sn'Te
samples in which an additional 3% of tin was used to compensate for the vacancies. Addi-
tionally, we fabricated a nanostructured SnTe bulk sample using a novel synthesis method
of furnace sintering, aiming to further reduce the . This is the first time we are reporting
the fabrication of nanostructured bulk SnTe without aiding any chemical synthesis or high
energy planetary ball mill. Our initial objective was to understand the origin of nanoparti-
cle formation in the furnace-sintered pellets. Through our investigation, we confirmed that
the presence of intrinsic vacancies led to the formation of nanoparticles on micrometer-sized
grains. Furthermore, we synthesized SnTe samples using the conventional solid-state melting
method and the hot press sintering (HPS) method, allowing us to compare the TE properties
of the nanostructured bulk obtained from furnace sintering with those of the ingot and HPS
samples. Remarkably, the furnace-sintered sample exhibited a significantly lower thermal
conductivity compared to the ingot and HPS samples, resulting in a very high dimensionless

figure of merit value of 0.66 at 820 K.

After successfully achieving a low thermal conductivity in SnTe through optimization of
the synthesis method, we shifted our focus to improving the PF through band engineering. To
simultaneously enhance the Seebeck coefficient and electrical conductivity, we chose Ag as a
suitable dopant, which effectively enhanced the PF values across the entire temperature range
under investigation. The introduction of Ag modified the band structure of SnTe by reducing
the energy gap between the L and . bands. Additionally, the L. band broadened, resulting in
an increased effective mass of the hole carriers associated with it. These effects enhanced the
Seebeck coefficient in the temperature range from room temperature to the mid-temperature
range (550 K). Moreover, Ag doping increased the hole carrier concentration, leading to an

increase in electrical conductivity from 550 K onwards. By combining the high Seebeck co-
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efficient near room temperature and the high electrical conductivity at higher temperatures,
we were able to improve the PF over the entire measured range of temperature. Specifi-
cally, it increased from 15 yW cm~! K~2 in undoped Sn; o3Te to 20 W cm~! K~2 in the
SnAg o3 Te sample at 820 K. Interestingly, the presence of nanoparticles in the SnAg osTe
sample maintained a similarly low thermal conductivity, resulting in an improved zT value

of 0.9 at 820 K.
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Appendix A

Thermoelectric Properties Of

Sn; o3_.Ag,Te Ingot Samples

Al

In Chapter 4, we presented the thermoelectric (TE) properties of furnace-sintered samples,
Sny 03— Ag. Te (x =0, 0.03, 0.06, and 0.09). In this appendix section, we will discuss the TE
properties of their ingot samples, as shown in Figure A.1. The introduction of Ag doping
resulted in a decrease in the electrical conductivity, o, particularly near room temperature,
due to the reduced carrier mobility. However, at the highest measured temperature, the effect
of increased hole carrier concentration surpassed the effect of decreased carrier mobility,
leading to a slight increase in o compared to the undoped sample. Specifically, the o values
increased from 0.72 x 10* S cm~! in the undoped sample to 1.08x 10* S cm~! in the Ag-
doped samples.

In Figure A.1(b), we illustrate the impact of band convergence on the Seebeck coefficient
(S) through Ag alloying. The Seebeck coefficient increased from 8 uV K~! to 43 yV K!
near room temperature. However, this increment diminished at the highest measured temper-
ature due to the increased hole carrier concentration in the Ag-doped samples. Consequently,

due to the increased S near room temperature and the enhanced o at higher temperatures,
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Figure A.1: Temperature dependent (a)o, (b) Seebeck coefficient (S), (c) power factor (PF), and (d)
total thermal conductivity (k) for ingot Sny g3_Ag,Te samples.

we achieved significant improvements in the power factor (PF) values of the Ag-doped in-
got samples. For instance, PF increased from 0.38 W cm~! K2 in the undoped sample
to 8.8 W cm~! K2 in the x = 0.09 sample near room temperature. Similarly, at 820 K,
a substantial enhancement was observed, with PF increasing from 12.2 W cm™! K72 to
18.8 W cm~! K~2 in the x = 0.03 ingot sample. The high PF values obtained in the ingot
samples are comparable to those discussed in Chapter 6 for the furnace-sintered samples.
Notably, the similar high values of PF have also been reported in previous Ag doped SnTe
studies [28,31,33].

The total thermal conductivity (k7), as depicted in Figure A.1(d), exhibits a similar qual-

itative and quantitative behavior to that of o, except for the x = 0.06 ingot sample, which
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Figure A.2: Temperature dependent figure-of-merit (zT) for ingot Sny g3—,Ag,Te samples.

displayed an increased «; compared to the undoped sample. ~; decreased with Ag dop-
ing due to the lowered electronic thermal conductivity (k.). However, the x = 0.06 sample
demonstrated slightly higher xr, and the specific reason for this behavior is currently un-
known to us. The temperature-dependent figure of merit, zT, is illustrated in Figure A.2.
Due to the increased power factor (PF) resulting from Ag doping, along with similar total
thermal conductivity (x7) compared to the undoped samples, the x = 0.03 Ag-doped sample
exhibited an enhanced zT value. Specifically, the zT value increased from 0.35 to 0.66 at
820 K. The zT values of Ag doped samples are in good agreement with literature values

reported for ingot samples.
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Appendix B

Computational Details and Two Valence

Band Model

B.1 Computational Details

The computational part of this work has been done in collaboration with Ankit Kumar who

carried out the DFT calculations. Details about the calculations are given in Chapter 2.

B.2 Two Valence Band Model

We used the two-band k.p model to describe the light-hole region around the L point com-
bined with a parabolic heavy-hole band lying A Ex; below the valence band edge [264]. We
used mj ; = 0.168 m, for the effective mass of the light holes and m%;;; = 1.92 m, for the
effective mass of the heavy holes, and AEx;, = 0.35eV [153,264]. The Seebeck coefficient

for a non-parabolic light-hole band is given as:

kg [lFiz(n,a) ]
S=—|—/—"—<— (B.1)
1FE2<77705) n
Er kT
= — B.2
n kBT’O‘ E, (B.2)
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where kg is the Boltzmann constant, e is the electronic charge, 7 is the reduced Fermi energy
and « is the nonparabolicity parameter. The function " F}"(n, «) is the generalized form of

Fermi integral given by:

"EM(n, o) = /OO N <g_£) (e +e?)™(1 + 2ae?)* (B.3)
0

where ¢ is the reduced energy F'/KgT, and f is the Fermi distribution function. The

carrier concentration (n,,) is given as:

1 2m2/€BT 3/2 0 13/2
MpLH = 33 ( 2 ) F25 (0, @) (B.4)
where £ is the Plank’s constant and mj ; is the light-hole effective mass.

The heavy-hole band is assumed to be parabolic. The choice of @ = 0 makes the band

parabolic. For this case Seebeck and carrier concentration are given as:

o kB 1FE2<77 - Ava 0)
5= a0 .
1 /2mt kT \>?
NpHH = ﬁ (%) OFEQQ(U - Av, 0) (B6)

Here, m};,, is the heavy-hole density of state effective mass and A, is AEx/kgT. The

total effective mass from the contribution of both bands is given as:

Stotal = (Seuory + Suuonn)/(oLy + onm) (B.7)
and
C 0 3/2
g = W F_2 (77,0) (BS)

where D is the acoustic deformation potential and C is a constant. We have taken the ratio

Dyy/Dyg = 0.5, as used in previous study by Zhang et al. [139]. The combined Seebeck
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can be obtained from equation:

Stotal = (stH + SHH)/(é + 1) where f = mHHD%,H/mLHD%H (B9)
The total carrier concentration is estimated as:
Ntotal = NpLH + NpaH (B.10)

Our experimental values obtained from the Hall measurements are fairly close to theo-
retically estimated values using equation for n;,,;. The Lorentz number is also estimated in

similar manner which we have used for calculating the x. using Weidemann Franz law.

Liotat = (€Lpw + Luu) /(€ +1) (B.11)
where
— kB ? 2Fl2(77’ Oé) IFEQ(U’ Oé) ’
b = (?> 0F12(77a04> - <0F12(77a04)> (512
and

kg2
P = (‘) OFL,(n—Ay,0)  \°Fly(n—A,,0)

2 1 _ 11 _ 2
Fly(n—A,,0) ( Fly(n AU,O)) ] (B.13)
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