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Thermoelectric Properties of Metal Qs
Chalcogenides Nanosheets and Nanofilms
Grown by Chemical and Physical Routes

Ananya Banik, Suresh Perumal, and Kanishka Biswas

8.1 Introduction

To alleviate the vivid surge of the worldwide energy crisis, furnishing renew-
able, sustainable and environment-friendly energy source holds precedence not
only to the scientific community yet added to the overall populace all in all
[1-3]. Thermoelectric (TE) materials are gaining attention in this area because
of their ability in waste heat to electricity conversion [1]. The efficiency of any
thermoelectric material is governed by the thermoelectric figure of merit, z7, which
is the function of electrical conductivity (o), Seebeck coefficient (S), total thermal
conductivity (k1) and temperature (7)) via the expression, zT = oS2T/Kt0ml
[3]. The quantity 0§? is called power factor (PF). k1 of a material depends
on electronic (k1) and lattice (kar) thermal conductivity (kiotal = Kel + Klar)- A
high performance thermoelectric material should have all together high electrical
conductivity (o) to minimize the internal Joule heating, a large Seebeck coefficient
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(S) to generate high voltage and low thermal conductivity (k1) to maintain the
temperature gradient. However, the major challenge relies on the improvement of
the material’s thermoelectric performance involving the optimization of these three
interdependent material properties [2].

During the last decade various novel strategies have been introduced to decouple
these interrelated physical parameters [2, 4, 5]. Approaches to improve the power
factor (0S?) include band convergence [6, 7], minority carrier filtering [8], quantum
confinement effect [9-11] and formation of sharp impurity states close to Fermi
level to increase density of states (DOS) [12]. To block the thermal transport
for maintaining temperature difference across a given material/device, increased
phonon scattering can be achieved by introducing mass-fluctuation [13, 14], nanos-
tructuring [15, 16], creating the hierarchical nano/meso-scale architectures [17]
and intrinsic bond anharmonicity [18, 19]. However, the highest reported z7" value
is still below 3, which limits the usage of thermoelectric energy conversion to
niche applications [20]. Low dimensional materials exhibit combination of both the
enhancement in power factor due to quantum confinement effect, wherein flow of
charge carriers is restricted and placed in a potential well with infinitely high walls,
and the increased phonon scattering, led to significantly low thermal conductivity,
by a large number of interfaces and grain boundaries [11, 21]. Confinement in the
dimensionality significantly distorts the density of states of a given material and
introduces the large interfaces that scatter phonon effectively rather than electrons
and reduces the thermal conductivity drastically. For instance, Fig. 8.1a illustrates
the schematic diagram of 3D (bulk), 2D (quantum well), 1D (quantum wire) and
0D (quantum dot) solid. Their corresponding DOS is given in Fig. 8.1b. In low
dimensional systems, the thermoelectric parameters, such as S, o and ko can be
effectively tailored independently. Previous literature reports revealed that ultrathin
nanosheets and nanofilms can exhibit enhanced densities of states (DOS) and carrier
mobility (1) compared with their bulk counterparts [22]. Significant increment in
Seebeck coefficient has been achieved for n-type PbTe/Pbg 927Eug 073 Te multiple
quantum wells (MQW) as compared to bulk PbTe material [10], which is consistent
with theoretical calculations, as shown in Fig. 8.1c. A zT of 0.9 at 300 K and
2.0 at 550 K have been achieved in PbSeq.93Teg 02/PbTe quantum-dot structures
[23, 24]. Further, the theoretical calculations suggested that Bi; Te3-based quantum
well (2D) and quantum wire 1D materials would exhibit extremely high z7 as
compared to bulk materials due to quantum confinement induced remarkable
enhancement in power factor and large interfaces driven low thermal conductivity.
Figure 8.1d presents the exponential increase in z7 of BiyTe; with decrease in
thickness or diameter of quantum well (or quantum wire), respectively [9-11, 25,
26]. Thin film superlattices structures utilize the acoustic mismatch between the
superlattice components to reduce k1, While retaining the electrical transport intact
(phonon-blocking/electron-transmitting) [24]. These result in high thermoelectric
performance which is rather impossible using the conventional alloying approach,
thereby potentially eliminating alloy scattering of carriers [5].
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Fig. 8.1 (a) Schematic diagram of 3D (bulk), 2D (quantum well), 1D (quantum wire) and 0D
(quantum dot) solid. (b) DOS vs. E plot for 3D, 2D, 1D and 0D, (c) the plot of S%n vs.
well thickness for n-type PbTe/Pbg 927Eug 973 Te multiple quantum wells (MQW) at 300 K, (d)
calculated z7 as a function of thickness/diameters of 3D, 2D and 1D for Bi,Tes-based materials
[9-11]

8.2 Thermoelectric Transport Mechanism in Nanosheets

Ideas in using nanosheets (nanofilms) to progress the field of thermoelectrics
through the enhancement of electrical conductivity and reduction of thermal
conductivity were first discussed by Dresselhaus, Harman and Venkatasubramanian
[4]. According to the Hicks—Dresselhaus model [11, 27], Seebeck coefficient for
quantum-well structures increases linearly with decreasing the material thickness
because of the quantum confinement effect, where S is directly proportional to the
energy derivative of the density of states (DOS) at the Fermi level (Er) (Mott—Jones
relation, Eq. (8.1)) [11, 28].
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Here, kp is the Boltzmann constant, % is the Planck constant, mg* is the density
of state effective mass of carriers, n is the carrier concentration and 7 is the
absolute temperature. From Eq. (8.1), it is clear that S can be enhanced via the
two mechanisms, (1) energy-dependence of carrier density, n(E) and (2) energy-
dependence of mobility, «(E). Here n(E) is associated with density of states, g(E)
n(E) = g(E) f(E), where g(E) is the DOS per unit volume and per unit energy; f(E)
is the Fermi function, whereas w(E) depends on the energy of the charge carriers.
As the best TE material falls under degenerate semiconductors, change in density of
state, g(E), has a direct consequence of the change in density of state effective mass
(mg*) which significantly alters the Seebeck coefficient, as per Egs. (8.2) and (8.3).

The enhancement of the Seebeck coefficient of nanosheet (nanofilm) sample
originates from the steplike n(E), where g(E) can be improved via carrierpocket
engineering. The anisotropic nature of the band structure offers a possibility of
tuning the relative contributions of different carrier pockets near the Fermi surface
by changing the several parameters, such as the growth direction. The sharp rise
in the local DOS leads to an escalation in the Seebeck coefficient with minimal
change in the carrier concentration, thus decoupling the electrical conductivity
and the Seebeck coefficient [29, 30]. Hence, true atomic thickness would create
a two-dimensional (2D) electron gas in the single layer, which would improve
S for the ultrathin layered materials [22]. Furthermore, the potential barriers at
the interfaces and boundaries of the nanofilm would be expected to filter out
low-energy carriers (cold carriers) and transmit high-energy carriers (hot carriers),
resulting in a further increased S [31]. This high carrier mobility derived from the
electronic structure has a negligible impact on phonon transport. Therefore, the
W/K1a values of a nanosheets are always much higher than those of bulk materials
[5]. Furthermore, the presence of the enormous grain boundaries and interfaces
in the nanofilms scatters short/mid/long-wavelength phonons, thus contributing to
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a decrease in k1, with a minimal detrimental effect on the electrical properties
[22]. Inorganic nanosheets usually exhibit surface structural disorder, allowing for
efficient scattering of short-wavelength phonons, which decreases 1.

Moreover, the thin film interfaces influence both in-plane and out-of-plane
thermal conductivity [5]. Interface effects can be classified into three categories:
specular, diffuse and hybrid (partially specular and partially diffuse). At a specular
interface, phonons transport (transmitted or reflected) at the layer interface follow-
ing Snell’s law, when polarization changes are neglected [32]. When the incident
angle is beyond a critical angle, the phonons should reflect totally and not cross
the interface. At a diffuse interface, the thermal conductivity along the layers is
irrelevant to the transmissivity and reflectivity. Therefore, the thermal transport
properties can be estimated from the individual layers separately. However, at a
hybrid interface, the energy flux of phonons between layers due to the transmissivity
cannot be ignored. Here, the partial diffusion behaves as a barrier to weaken
the continuity between layers. Nanosheets always possess partially specular and
partially diffuse interfaces. Thus, the atomic-scale roughness is thought to be one
of the main reasons for the reduction in the thermal conductivity of nanosheets
materials. Considering that these mechanisms will not affect the carrier mobility,
nanosheets have been regarded as one of the best materials to achieve the “phonon
glass electron crystal” criterion [5].

8.3 Thin Films of Layered Chalcogenides Prepared
by Physical Route

Bi;Tesz-based systems have been well known for their superior TE properties even
in the nanostructured bulk form [27]. Though many TE materials have been studied
with considerably good TE performance, Biy Tes-based alloys have been recognized
as the state-of-the-art TE materials for room and/or low temperature applications
[33]. In this part, we extensively discuss a unique structure of BipTez and the
influence of physical deposition techniques and annealing temperature on TE
properties of BiyTes-based thin films. The Bi;Tes crystallizes in the rhombohedral
crystal structure with the space group of R-3m with the lattice constant in the c-
axis (30.48 A) is much higher than that of the a, b-axis (4.38 A). Presence of
unique structural anisotropy in BiyTes leads to large carrier mobility and electrical
conductivity along ab-plane as compared to c-axis [29, 34]. Further, it has a
hexagonal layered structure with stacking of quintuple layers of covalently bonded
Te(1)-Bi—Te(2)-Bi-Te(1); each quintuple layer is connected by the weak van der
Waals interactions [35].

The deposition of Bip Te3-based films can be performed by various physical depo-
sition techniques such as sputtering (magnetron/RF magnetron/co-sputtering/ion
beam), evaporation (thermal/e-beam/flash), pulsed laser deposition (PLD) and
molecular beam epitaxy (MBE) [36-49]. Among them, every technique has its
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own advantages and disadvantages. As is known, transport properties of thin films
prepared by physical deposition techniques mostly depend on composition, crystal
structure, substrate temperature, Te and Bi defects, annealing temperature, decom-
position or evaporation rate of starting elements and even deposition techniques
for some extent. In case of thermoelectric properties, thin film metrology also
plays a key role as in-plane measurement of S, o and ko is slightly easier
than measurement in out of plane, where maintaining temperature difference is
of great challenge. Thus, most of the research groups work on thin film-based
thermoelectrics and report mostly the electronic-transport properties, such as S,
o and 0§? due to challenge in the measurement of thermal conductivity. As TE
properties strongly depend on the composition of materials, it is important to control
an evaporation rate of Bi, Sb and Te during deposition of Bi;Te3 and Bi;.,Sb,Tes-
based thin films since Te, Bi and Sb possess different vapour pressures. Thus, reports
showed that Te content in 60—65 at% gives an optimum composition of Bi,Tes,
comparable with initial composition, with reasonably high 77" [42—44].

Further thickness dependent thermoelectric properties of Bi;Tes-based thin
films were also studied in detail as thick of the films will effectively control the
transport properties. It has been further reported that co-evaporation method can
be an efficient route to prepare Bi;Tes-based materials where evaporation rate of
both Bi and Te can be simultaneously controlled during deposition, and nominal
composition with optimum thickness could also be maintained. Deposition methods
with the nominal composition of BiTes-based materials and their corresponding
thermoelectric properties are listed in Table 8.1. When compared to all other
techniques co-evaporation and co-sputtering techniques seem to have better com-
position control and thereby notable high TE figure of merits, z7's of 0.91 and
0.81 for n-type BipTes, 0.87 [48, 49, 57] for p-type Big5Sb; sTes. Nevertheless,
p-type BioTes3/SboTes superlattices with individual layers of 10 A prepared by low-
temperature growth process have still being considered a predominant material with
a record-high zT of ~2.4 at 300 K [4].

Zhang et al. have successfully deposited the (00I) oriented BirTes thin films
by magnetron co-sputtering method and compared with ordinary film and bulk
target materials [51]. They have achieved the maximum power factor (oS%) of
33.7 wW/ecmK? at 360 K which is four times higher than the ordinary film and
notably high compared to SPS sintered Bi;Te3 bulk material. This huge rise in oS>
is due to the increase in mobility from ~23 cm?/Vs (ordinary film) to ~52 cm?/V s
for (001) oriented BiyTes thin film as unique anisotropy associated high mobility
in ab-plane than c-axis. Further, the calculated cross-plane thermal conductivity
was about 0.81 W/mK which is notably low as compared to p-type BixTe3/SbrTes
superlattices (0.95 W/mK) [4, 51]. The Bi,Tes thin films with optimum 57 at% of
Te content deposited on flexible polyimide substrate by vacuum thermal evaporation
showed the oS? value of 12 pLW/ch2 at 300 K. Moreover, the electrodeposited
Bi,Tes-based thin films and nanowire arrays have shown the S value of —70 wV/K
with 052 of 5.63 wW/cmK? [52]. The influence of deposition methods of prepared
BiyTes-based thin films and the respective TE properties (o, S and oS?) have been
illustrated in Fig. 8.2 and summarized in Table 8.2.
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Fig. 8.2 Thermoelectric properties, (a) electrical conductivity (o), (b) Seebeck coefficient (S) and
(¢) power factor (S%0') of BipTes-based thin films deposited by various techniques
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Table 8.2 Physical deposition methods, composition, applied temperature, annealing temperature
and thermoelectric properties of Bir Tes-based thin films [50]

Deposition 2o

methods Composition o (uVIK) | p (n2m) (1073 W/m-K) | zT (300 K)
Co- n-BiyTe 3 —228 28.3 1.8 -
evaporation

Co-sputtering | n-BiyTes —-55 10 0.3 -
Co- n-BiyTe3 —220 10.6 4.57 091
evaporation

Flash n-BixTes 72Seq 3 —200 15 2.7 -
Sputtering n-Biy g Sbg,Ter7Seps | —235 47 1.2 -
Co-sputtering | n-BiyTes —160 16.3 1.6 -
Sputtering n-Bis SegsTe 27 —160 20 1.3 -
Co- n-BiyTe3 —228 13.0 4.0 0.81
evaporation

Flash p-Bio5Sby 5Te3 240 12 4.8 -
Co-sputtering | p-(Bi/Sb),Tes 175 12.1 2.5 -
Flash p-BigsSby sTes 230 17 3.1 0.87
Sputtering p-Bips SbysTe 3 210 25 1.8 -

Pulsed laser deposited n-BiryTes and p-Big3Sby7Te c-axis oriented thin films
have shown significantly high TE performance [53]. For instance, in-plane measured
o, S and 052 of n-Biy Tes films are 6.6 x 10* S/m, —194 wV/K and 25.2 wW/cmK?
[58], whereas p-Big3Sb;;Te showed o, S and 082 values of 9.09 x 10* S/m,
200 wV/K and 33.1 pW/cmK?. Further, as annealing temperature after deposi-
tion, substrate temperature during deposition and thickness of films significantly
influence the TE properties of prepared thin films, Hyejin Choi et al. have recently
studied the effect of annealing temperature by controlling the each layer of Bi (3 A)
and Te (9 A) on SiO,/Si substrate using molecular beam epitaxial method on TE
properties of Te embedded BirTes thin films [54]. The formed epitaxial Bi;Tes
thin film with heterojunctions has exhibited the maximum z7 of ~2.27 at 375 K
due to significant phonon scattering rather than electron scattering, led to high o
and notably low ko). In particular, as-grown BipTes thin film showed o, S, 2o
and Koa values of 6.5 x 10* S/m, 205 nwV/K, 27.3 pNV/can2 and ~0.9 W/mK,
whereas the film thus annealed at 473 K exhibited o, S, $%0 and Ktotal Values of
8.25 x 10* S/m, 231 nWV/K, 44.02 de/ch2 and ~0.75 W/mK. It is clear that Te
embedded BijTe; nano-grain structured epitaxial thin film showed the record-high
TE performance due to increased phonon scattering rather than carrier scattering at
grain boundaries and interfaces.

Further, it has been shown that grown angles of the array of nanowire or bundles
of deposited BiyTes thin films also alter the TE properties. Recently, Ming Tan et
al. have reported that hierarchical p-Bi; 5sSbg 5 Te nanopillar array and p-(Bi/Sb),Tes
nanowires array with well-oriented growth prepared by vacuum thermal evaporation
method with a certain tilt angle to substrate showed extremely high z7's of 1.61 and
1.72 at 300 K [55, 56]. These observed huge enhancements in z7 for tilt-structure of
p-Bij 5SbgsTe array are due to preferred phonon scattering than carriers scattering
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in heterojunctions, and tilt-induced change in Fermi level enhances the flow of
carriers and thereby o increases drastically, which altogether supports to have high
TE performance [59]. Presence of surface states at an energetic position above
the conduction band edge in (Sb,Bi),Tes material exhibits a charge transfer from
the surface state to the bulk [60]. So, electrical conductivity remarkably increases
due to electron accumulation at the surface of nanowires with a high surface-to-
volume ratio. This huge increase in o from 5.1 x 10* S/m for a tilt angle of 90°
to 9.1 x 10* S/m for a tilt-angle of 45° led to record-high zT's of 1.72 for c-axis
oriented BirTes nanowire arrays (Fig. 8.2) [56].

8.4 Nanosheets of Layered Chalcogenides Synthesized
by Chemical Route

Although thin-film thermoelectric materials offer tremendous scope for z7 enhance-
ment, questions remain on the precision of the z7 reported due to experimental
difficulties in measuring the properties correctly. Furthermore, most of the above
methods require expensive apparatus and are not easy to control. Synthesis of
large-area 2D metal chalcogenide thin films with controlled growth is a major
challenge in this field of research. Synthesis based on the vapour processes such as
molecular beam epitaxy has been successful in the preparation of large-area uniform
thin films of 2D materials. However, this process requires synthesis conditions of
high temperature, vacuum and specific substrates for materials growth. In addition,
it is limited in the robustness of scale-up because the film growth takes a long
time and the fine control of the film thickness over the entire large-size substrate
is difficult. Additionally, materials fabricated by sophisticated techniques are not
easily incorporated into commercial devices because they are slow and expensive
to fabricate, and they cannot be fabricated in sufficient quantities. Solution phase
synthesis has emerged as a promising alternative to the above-mentioned prepara-
tion technique. The solution-based process has several technological advantages:
low temperature synthesis under atmospheric conditions, and more diversity in the
material species to be synthesized. In the following section, we will be focusing
on the thermoelectric properties of recently synthesized solution processed metal
chalcogenides nanosheets.

8.4.1 Bismuth Telluride

Promising TE performance of bismuth telluride (BiyTe3) thin film has motivated
researchers to study TE properties of BiTez nanosheets. p- and n-type nanostruc-
tured bulk BirTes-based materials with z7 of 1.1 have been realized by bottom-up
assembly of rapidly synthesized single-crystalline nanoplates of sulphur-doped
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is 92 4 3% of theoretical density) with nanostructured grains. Sulphur doping in Bi, Te3 optimizes
the electrical conductivity, Seebeck coefficient and majority carrier type, while nanostructuring
results in very 1ow kota1. The graph compares the best ZT' (~zT) of p- and n-type nanomaterials
with those of the best p- and n-bulk materials, denoted as p- or n-bulk, nanoparticle-dispersed
n-bulk, referred to as n-nano, and a p-type ball-milled alloy, denoted as p-nano. Adapted with
permission from Ref. [61] © 2012, Nature Publishing Group

Bi/Sb telluride [61]. Bismuth chloride (BiCl3) and antimony chloride (SbCl3) have
been used as metal precursors in inexpensive organic solvents for rapid preparation
of large amount of sulphur-doped pnictogen chalcogenide (V,VI3) nanosheets to
prepare single- and multi-component nanostructured bulk TE materials (Fig. 8.3).
Microwave stimulation enhances the rate of reaction between molecularly ligated
chalcogen and pnictogen complexes with thioglycolic acid (TGA) in the presence of
a high-boiling solvent. Nanostructured Bi,Te3 pellets showed lower lattice thermal
conductivity and high power factors, comparable to its bulk counterpart. Nanos-
tructuring and sulphur doping result in these remarkable charge-carrier-crystal and
phonon-glass behaviours. Thus, BipTesz nanosheets exhibit 250% higher z7 than
their non-nanostructured bulk counterparts and state-of-the-art alloys (Fig. 8.3).
Spark plasma sintering (SPS) is well known to be a very useful technique for
preparation of nanostructured bulk TE materials because of its fast heating and
cooling rates, which allow rapid sintering, avoid undesirable grain growth emerging
from a long sintering process at high temperatures. The grain growth can be
manipulated by varying the SPS conditions, allowing to study the effect of grain
size and density on the TE properties of nanostructured bulk materials. Recently
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Son et al. have reported TE properties of SPS-processed ultrathin (1-3 nm) n-type
BiyTes nanoplates (Fig. 8.4) [31]. BipTe; nanoplates have been synthesized by the
reaction between bismuth dodecanethiolate and tri-n-octylphosphine telluride in the
presence of oleylamine. The highest z7 of 0.62 has been achieved in the SPS-
processed sample sintered at 250 °C, which is one of the highest values among
those reported for n-type chemically synthesized nanosheets (Fig. 8.4).

8.4.2 Bismuth Selenide

Bismuth selenide (BizSes), another narrow band gap semiconductor (~0.3 eV),
has potential application in the field of thermoelectrics [36-39]. Like BiyTes, it is
also a 3D topological insulator (TI), where metallic surface states are protected by
the time-reversal symmetry [22]. Bi;Ses is a layered anisotropic material (space
group: R-3 m) accommodating quintuple layers (QL) each of which are having
thickness of ~1 nm and composed of five covalently bonded atomic planes [Se2—
Bi-Sel-Bi-Se2]. Thus, synthesis of atomically thin Bi,Se3 nanosheets is desirable
for TE application. Sun et al. synthesized single layered BiSes via a scalable
intercalation/exfoliation strategy, by using Li-intercalated Bi>Se3 microplates as an
intermediate precursor [22]. Bi;Se3 nanosheets sample shows high carrier mobility
(n) of ~6000 cm? V~! s~! which can be attributed to the 2D electron gas like
nature [22, 62]. The single-layer-based (SLB) Bi;Se; composite has shown a huge
improvement in electric transport properties and ultralow thermal conductivity than
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that of the bulk counterpart over the entire temperature range. Thus, the o/k ol
ratio for the SLB composite is superior to that of the bulk material over the whole
temperature range. |S| for the SLB composite gradually increases from 90 wV/K
at 300 K to 121 nV/K at 400 K, which is greater than that of bulk material
(~98.5 wWV/K at 400 K). Thus, zT for the SLB composite is higher than that for
the bulk material over the entire temperature range. Specifically, the SLB composite
exhibits zT of 0.35 at 400 K, which is eight times larger than z7 of the bulk Bi,Se3
and higher than the previously reported values for pure Bi;Se; nanostructures,
suggesting the advantage of the atomically thick SLB structure over bulk one
(Fig. 8.5).

Jana et al. have investigated the TE properties of few-layer Bi;Se; nanosheets,
synthesized via a green ionothermal reaction in the water-soluble, room-temperature
ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM][BF4]) [62].
Tonothermal reaction of bismuth acetate and selenourea in [EMIM][BF4] results in
ultrathin few-layer (3—5 layer) BipSes nanosheets. The high o of Bi;Se3 nanosheets
originates from the presence of metallic surface states that offer high mobility and
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Fig. 8.5 (a) Schematic representation of exfoliation technique and electronic and phonon transport
in single layer BixSes. (b) Temperature dependent ZT (zT) of bulk and single layered BixSes.
Adapted with permission from Ref. [22] © 2012, American Chemical Society
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scattering resistant carriers transport. In addition to this, surface defects, nanoscale
grain boundaries and interfaces effectively scatter the heat carrying phonons,
thereby decreasing «ioq) to ~0.4 Wm~! K~! near room temperature.

8.4.3 Antimony Telluride

Antimony telluride (Sb,Te3) is a narrow-band gap (~0.28 eV) layered semiconduc-
tor with tetradymite structure [63]. Single-crystalline Sb, Tes nanosheets with lateral
dimension of 300-500 nm and thicknesses of 50-70 nm were rapidly synthesized
by a microwave-assisted reaction of SbCls, Na;TeO3 and N>H4.5H>0O in ethylene
glycol at 200 °C [64]. For thermoelectric measurements, nanostructured bulk
Sb,Tes was prepared from Sb,Tes nanosheets via SPS. High electrical conductivity
(~2.49 x 10* Sm~"), high Seebeck coefficient (~210 wVK~!) and low thermal
conductivity (~0.76 Wm~! K—1) at 420 K were achieved, which resulted in z7 of
0.58 at 420 K for the Sb,Tes nanosheets sample.

Dong et al. have explored rapid microwave-assisted solvothermal synthesis and
thermoelectric properties of SboTes nanosheets [65]. Antimony trichloride anhy-
drous (SbCly), tellurium dioxide (TeO;), polyethylene glycol (PEG) and hydrazine
hydrate (NoH4.5H>O) were used to synthesize the nanostructured SbrTes in the
presence of ethylene glycol (EG) as a solvent. The thermoelectric properties of
the SbyTes pellet obtained by room-temperature pressing of powdered nanosheets
were studied at the temperatures ranging from 300 to 450 K. SbyTes nanosheets
samples show the characteristics of p-type semiconductors. SboTes nanosheets
exhibit Seebeck coefficient of ~194-245 WVK~! and power factor of 0.48-
1.14 x 10~* Wm~! K2 in the temperature range of 300-450 K.

8.4.4 Solid Solutions and Nanocomposites of BiTe;
and BigSe3

Solid solutions and nanocomposites of Bi;Tes3, Bi;Se; and SbrTes; nanosheets
have been explored for thermoelectric application. Because of the isomorphic
crystal structure of BiTesz and BipSes, the solubility of Se in Bi;Te3 results in a
modification of the crystal lattice and electronic density of states (DOS), which is
beneficial for reduction of the bipolar conduction and is an important factor for the
advancement of thermoelectric properties of Bi; Tes alloys. Min et al. have presented
TE properties of BiyTes_,Se, nanocomposite pellets [66]. Figure 8.6 presents TE
properties of the as-prepared pellets by mixing appropriate ratios of the BiTes
and BipSes nanoflakes. The electrical conductivities (o) of the nanocomposites
systematically increased in the range of 200—440 Scm™~! at room temperature as the
BiySe3 amount has been enhanced (Fig. 8.6a). The Seebeck coefficient is negative
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Fig. 8.6 Temperature dependent (a) electrical conductivities (o), (b) Seebeck coefficients (S), (c)
lattice thermal conductivities (k1) and (d) thermoelectric figure of merit (z7') for nanocomposite
of BipTes and BiySes. Inset in (a) shows schematic of sintered pellet along with thermoelectric
measurement directions. Adapted with permission from Ref. [66] © 2013, John Wiley and Sons

(Fig. 8.6b) indicating electrons as the major charge carriers. The absolute value
of S increased as the measurement temperature has been raised to 360 K. S has
increased with the increasing composition of the Bi;Se; nanoflakes. The maximum
value of S was found for (BiyTe3)gs(BirSes )15 which can be attributed to the carrier
energy filtering effect originating from the presence of BirSes nanoflakes in the
BiyTes matrix. The maximum power factor (1.2 mW m~' K2 at 400 K) in this
study was obtained in (Bip Te3)gs5(BizSe3) 5. The ka1 values of the nanocomposites
ranged from 0.55 to 0.68 Wm™! K~! at room temperature, which is significantly
lower than that of the bulk Bir Tes with micro-sized grains (~1.5 Wm~! K~1). This
reduction of ko is attributed to the reduction of x4 due to the phonon scattering
at the interfaces of the randomly oriented nanograins (5-20 nm). Room temperature
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Kk1at Values of the nanocomposites decreased by about 40% (0.43-0.52 Wm~! K_l)
(Fig. 8.6c). The reduced koa and the enhanced power factor result in maximum
thermoelectric figure of merit (z7) of ~0.71 at 480 K for (BiyTes)9o(BiaSes)1o
samples (Fig. 8.6d).

8.4.5 SnSe

SnSe, an environment-friendly layered chalcogenide, has drawn enormous consid-
eration of the TE community with their high thermoelectric performance in single
crystals [67-69]. SnSe crystallizes in layered orthorhombic crystal structure (space
group Pnma, lattice parameters, a = 11.502 A, b = 4.15 A, ¢ = 445 A) at
room temperature with sterically accommodated lone pair [69]. When temperature
increases (~800 K), SnSe undergoes a second-order displacive phase transition to
a higher symmetric five-fold coordinated Cmcm phase [69]. The two-atom-thick
SnSe slabs are folded up and create a zigzag accordion-like projection along the
crystallographic b axis. In both the structures these identical layers are weakly
bound via weak van der Waals interaction and resulting in an anisotropic layered
structure. Han et al. have recently developed a surfactant-free simple solution-
based technique, using water as a solvent, for the synthesis of phase pure gram
scale orthorhombic SnSe nanoplates [70]. Hot-pressed SnSe nanosheets exhibit
outstanding electrical conductivity (o) and power factors (o $2). Recently, Chandra
et al. have reported the solution phase synthesis and thermoelectric transport
properties of two-dimensional (2D) ultrathin few-layer nanosheets (2—4 layers) of
n-type SnSe using SnCls-5H,0 and SeO; as a preliminary precursor [71]. The
n-type nature of the SnSe nanosheets arises from in situ chlorination during the
synthesis. The carrier concentration of n-type SnSe has been significantly increased
from 3.08 x 10'7 cm™3 to 1.97 x 10'® cm™3 via Bi-doping which results in the
significant rise of electrical conductivity and power factor (Fig. 8.7). Typically,
Sng.94Bip06Se nanosheets (L to pressing direction) have S value of —219 wWV/K
at 300 K, which increases to —285 wV/K at 719 K. Furthermore, Bi-doped
nanosheets exhibit ultralow lattice thermal conductivity (~0.3 W/mK) throughout
the temperature range of 300-720 K originating from the effective phonon scattering
by interface of SnSe layers, nanoscale grain boundaries and point defects.

8.4.6 SnSe;

Tin diselenide (SnSe;) is an additional layered compound from the phase diagram
of Sn-Se [72-74]. Our group has reported the synthesis of n-type ultrathin few-
layer SnSe; nanosheets via the simple solution-based low temperature synthesis,
which exhibits semiconducting electronic transport (Fig. 8.8) [72]. An ultralow
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Fig. 8.7 (a) TEM image of Sngo4BiposSe nanosheets. (b) HRTEM image of Sngog4BigosSe
nanosheets. (¢) SAED pattern of a single Sngpo94BigpeSe nanosheet. Inset of (c) shows the
STEM image of single nanosheet of Sng94BiggsSe. Temperature dependent (d) electrical con-
ductivity (o), (e) Seebeck coefficient, (S) and (f) lattice thermal conductivity (k1y) of SnSe
and Sng94Big psSe nanosheets measured along the SPS direction (indicated by squares) and
perpendicular to the SPS direction (indicated by spheres). Adapted with permission from Ref.
[71] © 2018, American Chemical Society

thermal conductivity (~0.67 Wm~!' K1) has been achieved due to the anisotropic
layered structure, which results in effective phonon scattering at layered interface
and grain boundaries. However, the low carrier concentration (=~10"® ¢cm~3) and
randomly oriented grains still result in a low power factor (=150 wWm~! K=2).
Thermoelectric properties of SnSe, have been improved by Kanatzidis and co-
worker by simultaneously introducing a selenium (Se) deficiency and chlorine (Cl)
doping in SnSe; nanoplate-based pellets, in which the nanoplates show a preferred
orientation of the (001) planes along the primary surface of the pellet (in-plane) [73].
This yields a sharp increase in the in-plane electrical conductivity and power factor.
The SnSe; nanoplate-based pellets have been prepared via a two-step process: (1)
the synthesis of precursor bulk ingots by a vacuum-sealed high temperature melting
process, followed by ball-milling grinding of the ingots; (2) obtaining the nanoplate-
based pellets through the densification of ground precursors in SPS process. The
electrical resistivity (p) of the Se-deficient and halogen-doped samples is much
lower than that of the pristine SnSe, over the entire temperature range (Fig. 8.9).
As a result, an improved in-plane thermoelectric figure of merit, z7max, of 0.63 is
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Fig. 8.8 (a) TEM image of Cl-doped SnSe; nanosheets. (b) HRTEM image of Cl-doped SnSe»
nanosheets showing distance between (011) planes. Inset of (b) shows SAED pattern of a single
nanosheet. Temperature dependent (c¢) Seebeck coefficient (S) and electrical conductivity (o),
and (d) power factor (0S?) and thermal conductivity (k1) of SnSe; nanosheets. Adapted with
permission from Ref. [72] © 2016, John Wiley and Sons

obtained for a 1.5 at% Cl-doped SnSej 95 pellet at 673 K, which is significantly
higher than the corresponding in-plane z7 of pure SnSe; (0.08) (Fig. 8.9).

8.4.7 Layered Intergrowth Chalcogenides

Layered intergrowth inorganic compounds in the homologous series have drawn the
attention of thermoelectric community due to their ultralow thermal conductivity
[75-79]. Phase homology is a collective demonstration of various structures built
on the same structural principle with a certain module(s) expanding in different
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dimensions in standard increments. The modules are usually infinite rods, cluster
blocks or layers, which can be consolidated in various ways to frame each member
via coordination chemistry principles or structure building operators, reflection
twinning, glide reflection twinning, cyclic twinning, unit cell intergrowth, etc. [75]
The homologous series is represented by a mathematical formula which is able
to produce each member [75, 80]. In solid-state inorganic chemistry, the use of
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phase homologies is a well-established approach to predict new compounds with
a predictable structure. The general representation of some of the series includes
An(M’ 1 41Se241)2mM 21 nSe24314n) (A = alkali metal; M’, M” = main group
element), Cs4(Biy,;+4Tesn+6) and (SbaTes),,,(Sba), [75, 80, 81]. These materials are
structurally as well as electronically anisotropic in nature, which can have a positive
impact on the thermoelectric properties.

Layered intergrowth compounds from the homologous series of quasi-binary
(AWBVI),,,(AVZBVI3)n systems, where AV = Ge, Sn, Pb; AV = Sb, Bi and
BVl = Se, Te, are predicted to show promising thermoelectric performance [75,
82]. These compounds crystallize in anisotropic layered tetradymite BiyTe,S-type
structures [82—-86]. Most of the layered compounds in the above homologous series
resemble natural van der Waals heterostructure and are anticipated to be 3D-
topological insulators [87-90]. These compounds are predicted to show low x1,¢ due
to complex crystal structure and strong phonon scattering at the interfaces between
the layers [82, 84]. However, it is really difficult to synthesize these compounds
in pure phases through high temperature solid-state melting technique due to their
incongruent melting nature (Fig. 8.10a) [83, 84]. Preparation of these compounds in
nanosheets form can provide excess metallic surfaces with scattering resistant trans-
port and high carrier mobility. Potential applications of these intergrowth nanosheets
in the field of topological materials and thermoelectrics have grown interest to study
the layered complex compounds in the pseudo-binary homologous series. As an
example, we can consider (SnTe),,-(Bi Tes), series, where SnBiy Te4, SnBisTe; and
SnBigTeq are distinguished members (Fig. 8.10) [84]. They can also be visualized
as intergrowths of SnTe-type rocksalt and Biy Te3-type hexagonal phases, which are
indeed natural heterostructures [84]. In the unit cell of SnBiyTe4 (rhombohedral
structure, R-3m space group), septuple layers are stacked along the c-axis by van
der Waals interactions. Each septuple layer is composed of seven covalently bonded
atomic planes [Te2-Bi—-Tel-Sn-Tel-Bi-Te2] with 1.13 nm thickness (Fig. 8.10b).
Layered intergrowth compound, SnBigTe7 [i.e. (SnTe);(BixTes),] crystallizes in
trigonal structure (P-3ml space group) with a long unit cell (¢ = 2.406 nm).
The SnBigTe7 crystal structure contains two subunits, a quintuple layered (QL)
BiyTes and a septuple layered (SL) SnBirTe4, assembled along the c-axis with
the 5757 sequences by van der Waals interactions (Fig. 8.10c). In SnBigTejq [i.e.
(SnTe); (BixTe3)3], SnBi;Tes and Bi;Tes subunits are assembled along the c-axis
in 7557 sequence (Fig. 8.10d). Similarly, several layered intergrowth compounds
exist in the (PbTe),,-(BiyTe3), and (PbTe),,-(Bi»Se3),. Recently, 2D ultrathin
nanosheets of various layered compounds from homologous A,,Biy,Tes;,, have
been synthesized by low temperature solution-based bottom up method and their
thermoelectric properties have been investigated [83, 84]. The nanosheets were
characterized using various experimental techniques (Fig. 8.11). Atomic force
microscopy (AFM) and transmission electron microscopy (TEM) measurement
indicate the ultrathin nature of the nanosheets. HAADF-STEM imaging confirms
van der Waals heterostructured nature of nanosheets. Few-layer nanosheets indeed
exhibit semiconducting electronic-transport properties with high carrier mobility
(Fig. 8.12a, b). Long periodic intergrowth structure and effective phonon scattering
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Fig. 8.10 (a) Existence of incongruently melting layered ternary intergrowth tin chalcogenide
compounds in the SnTe-BiyTes pseudo-binary phase diagram. (b) Crystal structure of SnBi;Tes
showing the 1.13 nm thick septuple atomic layers. (¢, d) Crystal structure of natural van der Waals
heterostructure SnBis Te7 and SnBigTe o showing different stacking sequences of quintuple layers
of BipTes and septuple layers of SnBi,Tey

at the interface lead to low thermal conductivity (k15 of 0.3-0.5 Wm~! K1) for
these 2D nanosheets (Fig. 8.12c).

8.4.8 BiCuSeO

Layered quaternary metal oxychalcogenide, MCuXO (M = La, Ce, Nd, Pr, Bi
and In; X = Te, Se and S) is reported to show superior properties in various
fields like thermoelectrics and superconductivity [91, 92]. BiCuSeO, a multiband
semiconductor and a promising TE material from this oxychalcogenide family [93].
It crystallizes in ZrCuSiAs-type layered structure with a tetragonal unit cell (space
group P4/nmm). BiCuSeO crystal structure comprises of insulating (Bi;0,)?" and
conducting (CusSe,)>~ layers, which are stacked along the crystallographic c-axis
of the tetragonal cell (Fig. 8.13a) [93]. The (Bi,0,)>* layers are composed by dis-
torted BisO tetrahedra (fluorite type structure), whereas (CuzSep)* layers contain
distorted CuSey tetrahedra (anti-fluorite type structure). The ultralow k4 originates
from the scattering of phonons from the interface due to the layered structure, soft
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Fig. 8.11 (a) AFM image of S b e
a SnBi, Te4 nanosheet. The [ N\ SSaE
inset in (a) shows the Tyndall K 1 e !
light scattering effect of 4 !ﬁ' &
SnBi, Te4 nanosheet 113 mm B

dispersed in toluene. (b) TEM
image of a SnBi;Tey
nanosheet. The inset in (b)
shows the SAED pattern of a
single SnBi>Te4 nanosheet.
(c) HRTEM image showing
the crystalline nature of
as-synthesized of SnBiyTeq
nanosheet. (d)
HAADF-STEM image shows
long-range ordered sequence
of SnBi,Te4 blocks with a
schematic of the atomic layer
sequence in structures built
from SnBi;Tes. () AFM
image of a SnBisTe;
nanosheet. (f) TEM image of
SnBi4Te7 nanosheet. The
inset in (f) shows the SAED
pattern of a single SnBis Tey
nanosheet. (g) HRTEM image
of a SnBiyTe; nanosheet. (h)
HAADF-STEM image of
SnBisTe7 showing presence
of 57 stacking of BiyTe3 and
SnBi>Tes. Adapted with
permission from Ref. [84] ©
2017, John Wiley and Sons

bonding and lattice anharmonicity, which result in low k15 in BiCuSeO. A recent
study by Samanta et al. has explored the synthesis of few-layered ultrathin BiCuSeO
nanosheets via a facile surfactant-free low temperature solvothermal synthesis [94].
Large-scale few-layered BiCuSeO nanosheets (Fig. 8.13b—d) have been synthesized
by the reaction of Bi(NO3)>-5H,0, Cu(NO3),-3H;0 and selenourea in the presence
of KOH/NaOH under solvothermal conditions. BiCuSeO nanosheets exhibit lower
lattice thermal conductivity (0.55-0.4 Wm™!' K~!) compared to that of the bulk
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Fig. 8.12 Temperature-dependent (a) electrical conductivity (o), (b) Seebeck coefficient (S) and
(c) lattice thermal conductivity (k1a) of SnBiyTes and SnBisTe; nanosheets with 5% error bar.
Adapted with permission from Ref. [84] © 2017, John Wiley and Sons

sample (Fig. 8.13f). Significant phonon scattering from the interfaces of the layers,
bond anharmonicity and nanoscale grain boundaries resulted in low thermal conduc-
tivity in BiCuSeO nanosheets. Thus, nanosheets of pristine BiCuSeO demonstrate
potential application in thermoelectric energy harvesting.

8.4.9 CuySe

As one of the promising thermoelectric materials, CuySe provides opportunities to
overcome the global energy crisis via the conversion of waste heat into electricity
[95]. Low temperature a-CuySe phase has a complex monoclinic crystal structure
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Fig. 8.13 (a) Crystal structure of BiCuSeO demonstrating the layered structure. (b) Ultrathin van
der Waals heterostructured nanosheets of layered quaternary metal oxychalcogenide, BiCuSeO.
Inset image shows that the bent edges of several BiCuSeO nanosheets are stacked one over
another. (¢) HRTEM image of the BiCuSeO nanosheets showing the crystalline nature and lattice
spacing between (111) planes. The inset image demonstrates an AFM image of the BiCuSeO
nanosheets and the height profile showing a thickness of ~3.4 nm. (d) STEM image of the
BiCuSeO nanosheets. (e) EDAX colour mapping for Bi, Cu, Se and O in the BiCuSeO nanosheets
during STEM imaging (from the highlighted portion (numbered as 2) of the STEM image). (f)
Temperature dependent lattice thermal conductivity (ko) of BiCuSeO nanosheets (marked in red)
and bulk BiCuSeO (marked in black). Adapted with permission from Ref. [94] © 2017, Royal
Society of Chemistry

with 144 atoms per unit cell. When the temperature increases to 400 K, o-Cu;Se
transforms to a high temperature S-phase with Fm-3m space group. During the
phase transition, Cu™ ions assemble in the ordered stack along the <111> directions
to form a simple anti-fluorite structure. Such a phase transformation is reversible
through cooling or heating processes. In case of S-Cu;Se crystal structure, Se atoms
form a face-centred-cubic (FCC) frame and Cu* ions behave like liquid (high
mobility) with a reduced phonon mean free path [96], which results in a low 1y
value of 0.4-0.6 Wm™!' K~!. Yang et al. have studied thermoelectric properties
of SPS-processed B-phase Cu,Se nanoplates [95]. Significantly enhanced phonon
scattering achieved by high-density small-angle grain boundaries and dislocations
efficiently block phonons with long and intermediate mean free paths. Moreover,
Cu™ ions strongly scatter phonons with a short mean free path. This full-spectrum
phonon scattering has a negligible control over the electrical transport because
electrons are having very short mean free path which can transport through grains.
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Fig. 8.14 Temperature dependent (a) thermal conductivities and (b) z7' of Cu;Se. Adapted with
permission from Ref. [95] © 2015, Elsevier

Thus, an ultra-low «1y (~0.2 Wm™! K’l) and zT of 1.82 has been achieved in
SPS-processed CuySe pellets (Fig. 8.14). Such an enhanced z7T could be attributed
to its very low kia, which benefits from the strong phonon scattering by high
densities of small-angle grain boundaries and dislocations within the boundaries
via nanostructure engineering.

8.5 Conclusions and Future Directions

In this chapter, we have discussed the key concepts, latest development and under-
standing of the thermoelectric properties of metal chalcogenides nanosheets and 2D
thin films prepared by physical and chemical routes. However, thermoelectric thin
film metrology is yet to be reinvestigated as uncertainty in thin film measurement is
still a challenging task, especially measurement of cross-plane TE properties of 2D
materials. Nevertheless, Bi Tesz-based nanosheets and thin films are still considered
as leading thermoelectric materials for near room temperature power generation
and refrigeration applications, while SnSe, Cu,Se nanosheets are observed to be
potential candidates for the mid-to-high temperature power generation.

Generally, layered metal chalcogenides show intrinsically low thermal conduc-
tivity due to anisotropic structure and strong lattice anharmonicity. Intergrowth
homologous chalcogenides are new candidates for thermoelectric applications as
they exhibit low thermal conductivity due to long periodic intergrowth structure.
The studies on the thermoelectric properties of layered chalcogenides are vibrant
and open area of research. Although the thermal conductivity is intrinsically low
for layered chalcogenides, attention should be given on improving the Seebeck
coefficient by various innovative approaches such as electronic band valley conver-
gence and exploration of resonance level in the electron structure. Many new layered
materials with promising thermoelectric properties have been discovered, although



182 A. Banik et al.

a lot of work and progress need to be done for their practical realization in the
form of thermoelectric module. In this context, the combined effort from chemistry,
physics, materials scientists and engineers will certainly lead to the achievement of
high performance 2D chalcogenide-based TE materials and fabrication of highly
efficient TE devices for localized power generation, small-scale electronic systems
and for booting-up the conventional combustion gasoline heat engines.
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