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Thin Films of Bismuth-Telluride-Based
Alloys

Masayuki Takashiri

1.1 Introduction

Thin films of bismuth telluride (Bi2Te3), antimony telluride (Sb2Te3), and bismuth
selenide (Bi2Se3) are expected to be useful as miniaturized thermoelectric power
generators in energy-constrained embedded systems owing to their excellent elec-
trical and thermal properties near 300 K [1–4]. Their alloys have rhombohedral
tetradymite-type crystal structures with the space group D5

3d

(
R3m

)
and hexagonal

unit cells [5]. As an example, the crystal structure of Bi2Te3 is described in Fig. 1.1.
The unit cell is composed of five covalently bonded monatomic sheets along the
c-axis in the sequence –Te(1)–Bi–Te(2)–Bi–Te(1)–. The superscripts (1) and (2)
denote two different chemical states of the anions. The bonds between Te(1) and
Bi include both covalent and ionic bonds, while Te(2) and Bi are purely bonded by
a covalent bond. A very weak van der Waals attraction exists between neighboring
Te(1) layers. The crystal structures of Sb2Te3 and Bi2Se3 are equal to that of Bi2Te3,
but their lattice parameters are different, as presented in Table 1.1 [6]. The lattice
parameter along the c-axis is approximately 7 times larger than that along the a-
or b-axis, which contributes to the material’s remarkable anisotropic thermoelectric
properties [7–10]. The maximum electrical conductivity is approximately 103 S/cm.
The electrical conductivity along the a,b-plane is approximately three times larger
than that along the c-axis [6]. The lattice thermal conductivity along the a,b-
plane (1.5 W/(m·K)) is approximately two times larger than that along the c-axis
(0.7 W/(m·K)) [11]. The Seebeck coefficient of Bi2Te3 almost does not exhibit
anisotropy [7]. The Seebeck coefficient varies from −200 to 200 µV/K upon
addition of acceptor or donor impurities. In order to reduce the lattice thermal
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Fig. 1.1 Schematic crystal
structure of Bi2Te3
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Table 1.1 Lattice constants
and bandgaps of
Bi2Te3-based materials [6]

Lattice constant
a,b-axis c-axis Band gap
Å Å eV

Bi2Te3 4.35 30.3 0.13
Sb2Te3 4.25 30.3 0.22
Bi2Se3 4.14 28.6 0.12

conductivity, ternary alloys such as (Bi1-xSbx)2Te3 and Bi2(Se1-xTex)3 are prepared
[12, 13]. (Bi1-xSbx)2Te3 is formed by replacing Sb atoms with Bi atoms, and exhibits
a p-type conduction behavior. On the other hand, Bi2(Se1-xTex)3 is formed by
replacing Se atoms mainly with Te(2) atoms, and exhibits an n-type conduction
behavior.

Figure 1.2 shows the band structure of Bi2Te3 determined by a first-principle
calculation [14]. It should be noted that Bi2Se3, Sb2Te3, and ternary alloys exhibit
similar band structures [15–17]. Even though the band structure slightly changes
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Fig. 1.2 Band structure of Bi2Te3

with the calculation parameters, Bi2Te3 exhibits properties of an indirect-transition-
type semiconductor with a band gap of 0.1–0.2 eV. Its complex crystal structure
yields a valence band maximum in the middle of the Z–F direction and conduction
band minimum in the middle of the �–Z or Z–F direction. Upon carrier doping,
Bi2Te3 exhibits a multi-valley structure.

1.2 Thin-Film Deposition Methods

1.2.1 Conventional Deposition Methods for Bi2Te3-Based Alloy
Thin Films

Various film deposition methods including sputtering [18–20], vacuum evaporation
[21–24], electrodeposition [25–28], drop-casting [29–32], pulsed laser deposition
[33–36], metal organic chemical vapor deposition (MOCVD) [37–39], and molec-
ular beam epitaxy (MBE) [40–42] have been used to deposit Bi2Te3-based alloy
thin films. As mentioned above, the advantages of the thin-film technology are
the reductions in device size and manufacturing cost by incorporating nanoscale
effects. Among the various film deposition methods, sputtering, electrodeposition,
and printing are the most favorable to realize the advantages of the film deposition.
Therefore, we introduce these three deposition methods in this section.

1.2.2 Sputtering Deposition Method

In sputtering, high-energy particles are incident on a target material; they remove
constituent atoms of the target from its surface, which are then deposited as a
thin film on a substrate. Generally, the sputtering deposition methods are divided
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Fig. 1.3 Schematic diagram of the RF magnetron sputtering system

into direct-current (DC) sputtering and radio-frequency (RF) sputtering. The com-
portments in the vacuum chamber of both DC and RF sputtering are basically the
same. The difference is the application of a DC or RF power between the substrate
and target to generate the plasma. One of the advantages of the RF sputtering
is the ability to use insulator targets and deposit insulating films and conductive
oxide films. In addition, to increase the deposition rate and decrease the thin film
damage due to high-energy anion impacts, a magnetic field is introduced into the RF
sputtering. Figure 1.3 shows a schematic diagram of the RF magnetron sputtering
equipment. By installing a permanent magnet on the back of the target, a parallel
leakage magnetic field from the target surface to the center is generated. Owing to
the parallel magnetic field on the front face of the target, the secondary electrons
emitted from the target surface drift on the target owing to the Lorentz force,
enabling to efficiently organize the ionization effect even at a low discharge gas
pressure. Therefore, an improvement in deposition rate by a high-current-density
discharge could be achieved. In addition, to further improve the thermoelectric
performance, one approach is to increase the electrical conductivity through an
increase in the number of charge carriers in the films by adding H2 gas during
the sputtering (in general, pure Ar gas atmospheres are used) [43–46]. It has been
reported that the electrical conductivities of transparent conducting oxide (TCO)
films, including indium tin oxide (ITO) and doped zinc oxide (ZnO), increased with
the introduction of H2 gas.

We present typical Bi2Te3 thin films prepared using RF magnetron sputtering
with the introduction of H2 gas [47]. The surface morphologies analyzed by
scanning electron microscope (SEM) of Bi2Te3 thin films with different mixing
ratios are shown in Fig. 1.4. The surface morphologies of the thin films were
strongly dependent on the mixing ratio. The thin film prepared with pure Ar had
a relatively rough surface with densely arranged irregular crystal grains with sharp
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Fig. 1.4 SEM images showing the surface morphologies of the Bi2Te3 thin films. (a–d) Surface
morphologies of the samples with H2/(H2 + Ar) mixing ratios of 0%, 5%, 10%, and 15%,
respectively [47]

edges (Fig. 1.4a). At a mixing ratio of 5% (Fig. 1.4b), hexagonal plate-like crystal
grains with a plate thickness of ~300 nm and diameter of ~100 nm were randomly
arranged, and voids were observed between the grains. When the mixing ratio
was further increased to 10% (Fig. 1.4c), isotropic granular grains with sizes of
~100 nm were densely arranged. The increase in the mixing ratio to 15% (Fig. 1.4d)
yielded slightly smaller rounded crystal grains, compared to those observed for the
mixing ratio of 10%; the sizes of the voids between the grains slightly increased.
These changes in surface morphology implied that surface atoms, particularly those
located at the edges of the grains, evaporated when the proportion of H2 gas
increased.

Figure 1.5 shows the atomic compositions of the thin films with different
H2/(H2 + Ar) ratios, determined by electron probe microanalyzer (EPMA). The
atomic concentrations of tellurium and bismuth varied with the mixing ratio.
The samples with mixing ratios of 0%, 5%, and 10% exhibited approximately
stoichiometric proportions. However, when the mixing ratio increased to 15%, the
concentration of bismuth increased, while that of tellurium decreased. The atomic
composition was: Bi: 56 at.% and Te: 44 at.%, which significantly deviated from
the stoichiometric proportion (Bi: 40 at.% and Te: 60 at.%). Considering both
deposition rate and atomic composition, Te atoms were mainly evaporated from the
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Fig. 1.5 Atomic concentrations of bismuth and tellurium as a function of the H2/(H2 + Ar) mixing
ratio [47]

film surface by a chemical reaction with hydrogen, producing hydrogen telluride
[48, 49].

Figure 1.6 shows relationships between H2/(H2 + Ar) and in-plane thermoelec-
tric properties of the Bi2Te3 thin films. The Seebeck coefficient was significantly
influenced by the proportion of H2 gas, as shown in Fig. 1.6a. The Seebeck
coefficient of the Bi2Te3 thin film at a mixing ratio of 0% was −126 µV/K;
when the mixing ratio was increased, the absolute value decreased. In particular,
the Seebeck coefficient significantly decreased at a mixing ratio of 15%, as the
atomic concentrations of Bi and Te considerably deviated from the stoichiometric
proportions of Bi2Te3, and thus, the BiTe phase appeared [50]. Figure 1.6b shows
that the electrical conductivities of the Bi2Te3 thin films prepared with the mixing
ratios of 0% and 5% were 351 and 429 S/cm, respectively. The latter value was not
the highest value of all of the samples even though this thin film had the largest
crystallite size and highest degree of crystal orientation, possibly owing to the
appearance of voids between the grains and oxygen concentration inside the film
higher than those inside the films prepared at the mixing ratios of 10% and 15%.
For the mixing ratio of 10%, the electrical conductivity increased to 741 S/cm.
This increase was thought to be determined by two factors. The first factor was
a reduction in the oxygen concentration inside the thin film contributing to an
increase in mobility or suppression of the decrease in mobility due to the lower
crystal orientation [51]. The other factor was the appearance of Te vacancies acting
as donors, leading to an increase in the carrier concentration [52, 53]. We considered
that the appearance of the Te vacancies contributes more than the reduction in the
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Fig. 1.6 (a) Seebeck
coefficients, (b) electrical
conductivities, and (c) power
factors of the Bi2Te3 thin
films as a function of the
H2/(H2 + Ar) mixing ratio
[47]
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oxygen concentration, as the variation in the content of tellurium is larger than
that of oxygen. An excessive thermal annealing has caused a similar phenomenon
[54, 55]. When the mixing ratio was further increased, the electrical conductivity
significantly increased. The thin film prepared at a mixing ratio of 15% exhibited
the highest electrical conductivity of 1547 S/cm, even though it exhibited the



8 M. Takashiri

smallest crystallite size and voids between the grains. This phenomenon can also be
explained by the appearance of the BiTe phase [50]. The power factor as a function
of the H2:Ar mixing ratio is shown in Fig. 1.6c. The power factor of the thin film
at the mixing ratio of 0% was relatively low, 5.6 µW/(cm·K2), which was attributed
to the lower electrical conductivity owing to the smaller crystallite size and higher
oxygen concentration, despite the relatively high Seebeck coefficient. The power
factor increased with the mixing ratio. At the mixing ratio of 10%, the power
factor reached the highest value of 9.0 µW/(cm·K2), owing to the relatively high
electrical conductivity and Seebeck coefficient. When the mixing ratio was 15%,
the power factor was significantly decreased owing to the decrease in the Seebeck
coefficient. Therefore, a moderate mixing ratio (10%) of H2 gas promoted a low
oxygen concentration in the thin film without causing voids, leading to the higher
electrical conductivity and power factor.

1.2.3 Electrodeposition Methods

The electrodeposition method is one of the wet processes in a solution phase.
There are mainly two types of electrodepositions: electrolytic and non-electrolytic
platings. The electrodeposition method generally has advantages such as a lower
cost, compared with the dry process techniques. In addition, the electrodeposition is
a low-temperature process below 80 ◦C. Another advantage of the electrodeposition
is the high deposition rate, which enables to deposit a thick film in a short time.
Regarding the Bi2Te3-based alloy thin films, the electrolytic plating has been used
since Takahashi et al. electrodeposited Bi2Te3-based alloy films for the first time in
the 1990s [56]. Figure 1.7 presents a schematic diagram of the electrolytic plating
method. The thin films are generally prepared using a standard three-electrode cell
system, with working, counter, and reference electrodes inserted in an electrolyte
solution. The thin film is deposited on the working electrode when a constant
voltage (potentiostatic electrodeposition) or constant current density (galvanostatic
electrodeposition) is applied between the working and counter electrodes.

We present typical Sb2Te3 thin films prepared using potentiostatic electrodeposi-
tions [57]. In order to increase the film crystallinities, thermal annealing at different
temperatures was performed. The SEM images in Fig. 1.8 show that the surface
morphologies of the electrodeposited Sb2Te3 films are strongly affected by the
annealing temperature. Figure 1.8a shows that the as-deposited film is covered with
approximately spherical grains of a smooth surface; the grain size is approximately
1 µm. When the thin film is annealed at 200 ◦C, the shape of the grains remains
unchanged, but the grain size increases to approximately 2 µm (Fig. 1.8b). The
grain shape and size of the thin film annealed at 250 ◦C are almost the same as
those of the thin film annealed at 200 ◦C (Fig. 1.8c). At an annealing temperature
of 300 ◦C, the grain size remains unchanged from that of the thin film at 250 ◦C,
but the grain surface becomes confetti-like (Fig. 1.8d). The surface of the thin film
annealed at 350 ◦C seems to have needle-shaped crystals growing on the spherical
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Fig. 1.7 Schematic diagram of the electrodeposition system

Fig. 1.8 SEM images of the surface morphologies and grain structures of the Sb2Te3 thin films
annealed at (a) room temperature (as-deposited), (b) 200, (c) 250, (d) 300, (e) 350, and (f) 400 ◦C
[57]

grains, with an increased space between grains (Fig. 1.8e). Furthermore, when the
annealing temperature increases to 400 ◦C, the surface morphology significantly
changes (Fig. 1.8f). The thin film exhibits a porous structure with irregularly shaped
submicron grains.

The dependence of the atomic composition on the annealing temper-
ature and impurities originated from the SUS304 stainless-steel substrate
(Fe:Cr:Ni = 70:19:9) is shown in Fig. 1.9. It should be noted that the EMPA
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Fig. 1.9 Annealing temperature dependences of the atomic compositions of the Sb2Te3 thin films,
determined by EPMA [57]

measurement was performed after the thin films were removed from the substrates.
The as-deposited thin-film data are plotted at 27 ◦C. The as-deposited film
and the film annealed at 200 ◦C exhibit the stoichiometric atomic composition
(Sb:Te = 40:60); no contamination from the substrate is observed. When the
annealing temperature is increased to 250 ◦C, the atomic concentrations of tellurium
and antimony decreased, and small amounts of iron and chromium can be observed.
This indicates that the elements in the substrate gradually diffuse into the Sb2Te3
thin film upon the increase in the annealing temperature. With the further increase
in the annealing temperature to 300 ◦C, the atomic concentrations of tellurium
and antimony continue to decrease, and Fe, Cr, and Ni impurities are detected. In
particular, the atomic concentration of Fe reaches approximately 13 at.%. Finally,
the thin film annealed at 400 ◦C has a significantly increased of impurities. The
total atomic concentration of impurities from the substrate reaches approximately
50 at.%.

Figure 1.10 shows relationships between the annealing temperature and in-plane
thermoelectric properties of the Sb2Te3 thin films. In Fig. 1.10a, the as-deposited
thin film and thin film annealed at 200 ◦C with relatively high Seebeck coefficients
of approximately 170 µV/K. In general, antimony telluride alloys exhibit high
Seebeck coefficients at their stoichiometric atomic compositions. With the increase
in the annealing temperature, the Seebeck coefficient decreases. The Seebeck
coefficient of the thin film annealed at 350 ◦C is 66 µV/K. At the annealing
temperature of 400 ◦C, the Seebeck coefficient −37 µV/K, indicating that the thin
film has become an n-type semiconducting material, as the Sb2Te3 crystal structure
does not exist in the thin film at this annealing temperature. In Fig. 1.10b, the
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Fig. 1.10 Annealing
temperature dependences of
the (a) Seebeck coefficients,
(b) electrical conductivities,
and (c) power factors of the
Sb2Te3 thin films [57]
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as-deposited thin film exhibits a very low electrical conductivity, possibly as this
film has a lower mobility owing to the low crystallinity and small crystallite size,
whereas the carrier concentration is suitable leading to the high Seebeck coefficient.
The electrical conductivity rapidly increases between the annealing temperatures of
200 and 300 ◦C. The thin film annealed at 300 ◦C exhibits the maximum electrical
conductivity of 1034 S/cm. The rapid increase in the electrical conductivity is due to
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the crystallinity improvement and increase in the carrier concentration induced by
the impurity contamination. At the annealing temperature of 350 ◦C, the electrical
conductivity rapidly decreases, possibly as the gaps between the grains increase,
as shown in Fig. 1.9e. The lowest electrical conductivity is observed for the thin
film annealed at 400 ◦C owing to its porous structure, as shown in Fig. 1.9f. We
calculated the power factor using the measured Seebeck coefficient and electrical
conductivity, as shown in Fig. 1.10c. The dependence of the power factor on the
annealing temperature has a similar trend as that of the electrical conductivity. We
obtain antimony telluride thin films with higher thermoelectric performances at the
annealing temperatures of 250 and 300 ◦C. The thin film annealed at 300 ◦C exhibits
the maximum power factor of 13.6 µW/(cm·K2). As mentioned above, the thin
film annealed at 300 ◦C contains a certain amount of impurities from the substrate.
The impurities contribute to the decrease in the Seebeck coefficient as well as to
the increase in the electrical conductivity. The contribution to the increase in the
electrical conductivity surpasses that to the decrease in the Seebeck coefficient.

1.2.4 Combination Method of Sputtering and Electrodeposition

As mentioned above, electrodeposition is one of the most favorable methods as it
is very cost-effective owing to its simple scalability and low operating temperature
without the requirement for vacuum conditions. However, one of the drawbacks
of electrodeposition is that films are deposited only on conductive electrodes.
Therefore, to measure their thermoelectric properties or fabricate thermoelectric
devices, the films should be transferred from conductive to insulating substrates
using resin adhesives. During this transfer, micropores appear in the films, hindering
their electrical conductions. Therefore, a method that can suppress the micropores
in the films should be developed. A possible method is to electrochemically deposit
the films on seed layers, thus generating films with the same compositions as those
of the electrodeposited films using a dry process such as sputtering on insulating
substrates [58]. The thermoelectric properties of these electrodeposited films can
be measured without the transfer process. Furthermore, this method is expected to
promote the crystal growth of electrodeposited films owing to the formation of a
homogeneous interface.

We present typical as-grown Bi2Te3 electrodeposited films using sputtered
Bi2Te3 seed layers (AES films). Figure 1.11 shows the SEM surface and cross-
section morphologies of a typical AES film. Figure 1.11a shows that the AES film
is composed of nanoscale (smaller than 0.5 µm) crystal grains with a densified
morphology and smooth and homogeneous surface. A cross-section image of the
AES film is shown in Fig. 1.11b. The interface between the electrodeposited film
and seed layer is clearly observed; no voids are observed. The grain size of the elec-
trodeposited film was larger than that of the seed layer. The measured thicknesses
of the electrodeposited film and seed layer were 1.6 and 1.3 µm, respectively. For
comparison, we analyzed the surface morphologies of the standard electrodeposited
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Fig. 1.11 SEM images showing the morphologies of the Bi2Te3 films. (a, b) Surface and cross-
section images of the AES film, respectively; (c, d) top and bottom surface images of the standard
electrodeposited film, respectively [58]

film. The top surface image (Fig. 1.11c) shows dendritic growths on the film surface,
leading to the rough appearance of the surface. Figure 1.11d shows the bottom
surface of the film after detachment from the stainless-steel substrate. A large area
of micropores was observed between the crystal grains. Consequently, we attributed
the lower electrical conductivity and lower absolute Seebeck coefficient of the
standard electrodeposited film to the presence of micropores.

Figure 1.12 shows the in-plane thermoelectric properties of the Bi2Te3 films as a
function of the applied current density. As a reference, the thermoelectric properties
of Bi2Te3 films obtained by the standard electrodeposition are also presented in
the figure. The reference samples were formed on a stainless-steel substrate using
potentiostatic electrodeposition, and subsequently detached from the stainless-steel
substrate using epoxy resin. As shown in Fig. 1.12a, the electrical conductivity
of the AES film at an applied current density of 1.8 mA/cm2 was 646 S/cm.
When the current density was increased to 2.1 mA/cm2, the electrical conductivity
of the AES film increased, reaching the highest value of 674 S/cm. With the
further increase in the current density, the electrical conductivity decreased. The
electrical conductivity of the AES film deposited at an applied current density of
2.6 mA/cm2 was 523 S/cm. The electrical conductivities of the electrodeposited
films followed a similar trend with that of the AES films; however, the electrical
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Fig. 1.12 (a) Electrical
conductivities, (b) Seebeck
coefficients, and (c) power
factors of the Bi2Te3 films,
including the AES film,
electrodeposited film, and
reference standard
electrodeposited film, as a
function of the applied
current density [58]
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conductivity magnitudes of the electrodeposited films were higher than those of the
AES films. This indicates that the electrical conductivity of the electrodeposited
film was higher than that of the seed layer. The highest value of 821 S/cm was
observed for the electrodeposited film obtained at a current density of 2.1 mA/cm2.
Furthermore, the electrical conductivity of the standard electrodeposited film was
approximately 200 S/cm, in the range of the applied current density. Therefore,
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the electrodeposition using a seed layer contributed to the improvement in the
electrical conductivity. Figure 1.12b shows that the Seebeck coefficient of the AES
film at an applied current density of 1.8 mA/cm2 is −91 µV/K. When the current
density was increased, the Seebeck coefficient of the AES film did not significantly
change. The Seebeck coefficient of the AES film at an applied current density of
2.6 mA/cm2 was −96 µV/K. To the best of our knowledge, this Seebeck coefficient
is significantly higher than the previously reported values. The Seebeck coefficients
of the electrodeposited films exhibited a similar trend with that of the AES films.
The Seebeck coefficients of the electrodeposited films were in the range of −67
to −75 µV/K. The absolute values were approximately 25% lower than those of
the AES films. The standard electrodeposited film exhibited a Seebeck coefficient
of approximately −50 µV/K. Therefore, the electrodeposition using the seed layer
also improved the Seebeck coefficient. The power factor as a function of the applied
current density is shown in Fig. 1.12c. The standard electrodeposited film exhibited
a power factor of approximately 0.5 µW/(cm·K2) within the applied current density
range. Moreover, the power factor of the AES film at an applied current density
of 1.8 mA/cm2 was 5.4 µW/(cm·K2). With the increase in the current density, the
power factor of the AES film linearly decreased. For the electrodeposited film, the
power factor at an applied current density of 1.8 mA/cm2 was 4.2 µW/(cm·K2).
With the increase in the current density, the power factor linearly decreased with
approximately the same slope as that of the AES films. Overall, the power factors
of the electrodeposited films were approximately 15% lower than those of the AES
films, indicating that the power factors of the electrodeposited films were lower
than that of the seed layer. However, the power factors of the electrodeposited
films were 7–9 times higher than that of the standard electrodeposited film. The
maximum power factor in this study is comparable to the excellent values of as-
grown electrodeposited Bi–Te–Se ternary compounds [59, 60]. In summary, the
electrodeposition using the seed layer significantly improved the power factor
mainly owing to the increase in the electrical conductivity.

1.2.5 Printing Method

Unlike other film deposition methods such as the dry and wet processes, the printing
method uses nanoparticle inks, which are applied to a substrate. This method is
the most convenient procedure for the preparation of thin layers with fine patterns.
There are mainly two types of printing methods: screen printing and inkjet printing
[61–63]. Screen printing is a kind of stencil printing. It is not to print with a plate
coated with ink, but to print squeezing ink out of holes made on a plate itself.
Inkjet printing is a type of printing that propels drops of ink onto a substrate.
One of the important factors in the printing methods is the quality of the ink
including thermoelectric nanoparticles. The size and shape of the nanoparticles
affect the thermoelectric performance [64–66]. For the analysis of the thermoelectric
properties of printed thin films, the drop-cast method is the most appropriate as the
thin film can be formed simply by dropping the ink on the substrate and drying it.
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The methods for production of nanoparticles can be roughly divided into two types.
One of them is a top-down method, in which bulk solids are physically transformed
into nanoparticles by pulverization [29, 67]. The other type is a bottom-up method of
synthesis of atoms and molecular aggregates (crystals, amorphous particles) through
atomic- and molecular-level chemical reactions [68–70].

A common bottom-up synthesis method is ball-milling or bead-milling, based
on the most basic crushers used for fine pulverizations of powders and powder
raw material particles. Figure 1.13 shows a schematic diagram of the ball-milling
method. In this method, the powder material, which should be pulverized, and hard
balls, such as metal (stainless steel or tungsten) balls, are placed in a crushing vessel
(pot). The pot is placed on the roller of the ball mill equipment and rotates them
in the direction of rotation. The raw material powders are pulverized more finely
by gradually grinding them by collisions and frictions between the balls in the pot.
SEM micrographs of Bi0.4Te3.0Sb1.6 nanoparticles fabricated using bead-milling are
shown in Fig. 1.14 [32]. The average size of the nanoparticles is approximately
50 nm. The selected area electron diffraction (SAED) pattern of the nanoparticles
in Fig. 1.15 shows a dotted structure of diffraction rings with bright spots [29]. This
indicates that the nanoparticles exhibit a polycrystalline structure.

We present typical nanoparticle (Bi0.4Te3.0Sb1.6) thin films prepared using the
drop-casting method [32]. In order to connect the nanoparticles to each other,

Fig. 1.13 Schematic diagram
of the ball-milling method

Rotation

Orbital motion

Centripetal force

Rotation
Ball

Raw material powder



1 Thin Films of Bismuth-Telluride-Based Alloys 17

Fig. 1.14 SEM micrograph of the Bi0.4Te3.0Sb1.6 nanoparticles [32]

Fig. 1.15 Electron
diffraction pattern of the
Bi0.4Te3.0Sb1.6 nanoparticles
[32]

thermal annealing at different temperatures was performed. The cross-section
and surface micrographs of the thin films shown in Fig. 1.16 reveal the effects
of the annealing temperature. The thin film annealed at 300 ◦C contains only
nanoparticles, which essentially have the same sizes as those in Fig. 1.14. At
the annealing temperature of 350 ◦C, crystal flakes with hexagonal shapes with
widths and thicknesses of approximately 500 nm and 50 nm, respectively, were
formed on the surface of the thin film. With the further increase in the annealing
temperature, the crystal flakes on the surface became larger. The crystal flakes
on the nanoparticles exhibited single-crystalline structures [29]. The in-plane
thermoelectric properties of the nanoparticle thin films measured at approximately
300 K are shown in Fig. 1.17. At the annealing temperature of 300 ◦C, the Seebeck
coefficient and electrical conductivity of the thin film are 258 µV/K and 1.3 S/cm,
respectively. The electrical conductivity is low as the organic components such as
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Fig. 1.16 Cross-section and
surface SEM micrographs of
the Bi0.4Te3.0Sb1.6
nanoparticle thin films
sintered at various
temperatures [32]

the surfactant remain on the surfaces of the nanoparticles so that electrons cannot
pass through the surfactant layer between the nanoparticles. With the increase
in the annealing temperature, the Seebeck coefficient of the thin film decreased,
while the electrical conductivity increased. At an annealing temperature of 500 ◦C,
the Seebeck coefficient and electrical conductivity of the thin film are 65 µV/K
and 109 S/cm, respectively. The highest achieved thermoelectric power factor is
1.3 µW/(cm·K2) at an annealing temperature of 350 ◦C. Compared to that of the
bulk material, the thermoelectric power factors of the nanoparticle thin films are
low. In order to further improve the thermoelectric properties of the nanoparticle thin
films, it is necessary to investigate in detail the origin of the degraded thermoelectric
properties.

The bottom-up synthesis method generally utilizes a homogeneous nucleation
followed by a solid-phase precipitation. For the synthesis of thermoelectric
nanoparticles including nanoplates, nanosheets, nanorods, etc., liquid-phase
methods (hydrothermal method, liquid-phase precipitation method, and electro-
chemical synthesis), gas-phase methods (chemical vapor deposition and chemical
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Fig. 1.17 In-plane Seebeck
coefficients, electrical
conductivities, and
thermoelectric power factors
of the Bi0.4Te3.0Sb1.6
nanoparticle thin films as a
function of the annealing
temperature [32]
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vapor transport), and solid-phase method (spinodal decomposition method) are
commonly employed [71–73]. Among them, the hydrothermal method can be used
to effectively fabricate nanoscale single-crystals, which are very favorable for a
thermoelectric performance improvement. Therefore, the hydrothermal synthesis
will be described below as a typical example of a bottom-up synthesis method.

The hydrothermal synthesis is a synthesis or crystal growth of a compound
performed in the presence of hot water at high temperature and pressure. As
substances insoluble in water are easily dissolved at normal temperature and
pressure, it is possible to synthesize and grow substances that normally cannot be
obtained. In particular, a hydrothermal synthesis method using an organic solvent
instead of hot water is referred to as solvothermal method. In the bismuth tellurium



20 M. Takashiri

system, it is common to use the solvothermal method. Figure 1.18 shows a schematic
diagram of the hydrothermal synthesis. The starting material and water (organic
solvent) are usually placed in a sealed container (autoclave); the container is sealed
and heated to obtain the product. After the synthesis, the products are naturally
cooled down to room temperature. The products were collected using centrifugation
and were washed several times in distilled water and absolute methanol. Finally,
they were dried in vacuum at a temperature lower than 100 ◦C for approximately
24 h. A transmission electron microscope (TEM) image of a typical Bi2Te3
nanoplate synthesized using the solvothermal method is shown in Fig. 1.19 [66].
The shape of the nanoplate is a regular hexagon, whose surface is significantly
flattened. The edge size of the nanoplate was approximately 900 nm and the
thickness was expected to be very small (smaller than 50 nm) as the mesh structure
behind the nanoplate can be observed. The SAED pattern shown in the inset of
Fig. 1.19 was obtained from the tip of the hexagonal nanoplate. The hexagonally

Heat insulating
material

Heat blockStainless-steel autoclave

Hot plate with magnetic stirrer

Fig. 1.18 Schematic diagram of the hydrothermal synthesis [31]

Fig. 1.19 TEM image of a
Bi2Te3 nanoplate prepared by
a solvothermal synthesis. The
inset shows the corresponding
SAED pattern [66]
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symmetric spot pattern indicated single crystallinity and can be indexed on the
basis of a rhombohedral cell. Briefly, the mechanism of crystal growth of Bi2Te3
nanoplates is as follows. Once the Bi2Te3 nuclei were generated by the chemical
reactions, they aggregated. When the radius of the aggregated nuclei became
larger than that of their critical nucleus, Bi2Te3 nanoparticles were generated. The
formation of the nanoplate was also attributed to the inherent crystal structure.
Owing to the high surface energy of the nuclei, the aggregated Bi2Te3 particles
were not in thermodynamic equilibrium and were metastable; therefore, Bi2Te3
nanoplates with better crystallinities became thermodynamically preferred. After
the formation of Bi2Te3 nanoplates, the Ostwald ripening process proceeded. The
smaller nanoparticles adsorbed around plates were consumed and grew gradually
leading to larger nanoplates along the top–bottom crystalline plane. This occurred
as the rhombohedral Bi2Te3 can be described as a stack of infinite layers extending
along the top–bottom crystalline plane connected by van der Waals bonds, as shown
in Fig. 1.1. From a thermodynamic perspective, the free energy of a broken covalent
bond is higher than that of a dangling van der Waals bond. This implies that the
Bi2Te3 crystal growth along the top–bottom crystalline plane should be significantly
faster than that along the c-axis, which is perpendicular to the top–bottom planes,
as the crystalline facets tend to develop on the low-index plane.

Typical nanoplate (Bi2Te3) thin films were prepared using the drop-casting
method [66]. In order to connect the nanoplates to each other, thermal annealing
at different temperatures was performed. Cross-section and surface micrographs of
the as-prepared thin film are shown in Fig. 1.20. The surface image in Fig. 1.20a
shows that the thin film is composed of high-purity hexagonal nanoplates with
edge sizes in the range of 500–2000 nm (average size of 1000 nm). The hexagonal
nanoplates were well aligned in the direction of the film surface, but some apertures
were observed in the thin film. A cross-sectional image of the nanoplate thin film
is shown in Fig. 1.20b. The hexagonal Bi2Te3 nanoplates were well piled up; the
approximate thickness of the thin film was 40 µm. Figure 1.21 shows SEM images
of the surface morphologies of the Bi2Te3 nanoplate thin films obtained at different

Fig. 1.20 (a) Surface and (b) cross-sectional morphologies of an untreated Bi2Te3 nanoplate thin
film, observed by SEM [66]
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Fig. 1.21 SEM images of the surface morphologies of the Bi2Te3 nanoplate thin films annealed
at (a) 200, (b) 250, (c) 300, (d) 350, and (e) 400 ◦C [66]

annealing temperatures. Overall, in all of the Bi2Te3 nanoplate thin films obtained at
annealing temperatures of 200–400 ◦C, high-purity nanoplates were well aligned in
the direction of the film surface. In terms of fine structure, the nanoplate thin films
annealed at 200 and 250 ◦C clearly exhibited the edges of the hexagonal nanoplates
(Figs. 1.21a, b). However, with the increase in the annealing temperature to 300 and
350 ◦C, the edges of the hexagonal nanoplates gradually disappeared (Figs. 1.21c,
d). The shape of the nanoplates annealed at 400 ◦C was not hexagonal, but circular
(Fig. 1.21e), as Bi or Te atoms at the edges of the hexagonal nanoplates evaporated
during the thermal annealing at the higher temperature.
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The in-plane thermoelectric properties of the nanoplate thin films measured at
approximately 300 K are shown in Fig. 1.22. The thermoelectric properties of two
samples, untreated thin film and thin film annealed at 200 ◦C, are not included in
Fig. 1.22 as their electrical resistivities were too high so that the thermoelectric
properties could not be measured. This indicates that the nanoplates did not tightly
join with each other when the annealing temperature was smaller than 200 ◦C.

Fig. 1.22 In-plane
thermoelectric properties of
the Bi2Te3 nanoplate thin
films as a function of the
annealing temperature. (a)
Seebeck coefficient, (b)
electrical conductivity, and
(c) power factor [66]
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Figure 1.22a shows that the Seebeck coefficient of the nanoplate thin film annealed
at 250 ◦C was −300 µV/K, higher than those reported for Bi2Te3 materials [6]. With
the increase in the annealing temperature, the Seebeck coefficient became positive.
The nanoplate thin film annealed at 300 ◦C exhibited a Seebeck coefficient of
190 µV/K. With the increase in the annealing temperature, the Seebeck coefficients
of the nanoplate thin films approached the value of zero. This occurred as the atomic
composition of the thin film was different from the stoichiometric composition
owing to the partial atomic evaporation. Figure 1.22b shows that the electrical
conductivity of the nanoplate thin film annealed at 250 ◦C was 39 S/cm, which is
the highest value in this study. This indicates that the contact between nanoplates
was enhanced by the thermal annealing. The annealing temperature dependence
of the power factor of the nanoplate thin films is shown in Fig. 1.22c. The power
factor of the nanoplate thin film rapidly decreased with the increase in the annealing
temperature. The maximum power factor of 3.5 µW/(cm·K2) was obtained at the
annealing temperature of 250 ◦C.

1.3 Thin-Film Thermoelectric Generators

Typical thin-film thermoelectric generators prepared by RF magnetron sputtering
are presented in this section. The fabrication process of the multi-layered ther-
moelectric generator is illustrated in Fig. 1.23 [3]. Initially, we prepared a glass
substrate (Eagle XG, Corning) (20 × 30 mm2; thickness: 0.3 mm), thinner than
that used in the experiments to understand the optimal conditions for thermal
annealing, for fabrication of as thin as possible generators. A p-type Sb2Te3 film
with a thickness of 1.0 mm was deposited on one side of the glass substrate, and
an n-type film with a thickness of 1.0 mm was sequentially deposited on the other
side of the substrate by RF magnetron sputtering. Following the film deposition, a
thermal annealing was carried out at the optimal temperature. The p-type film was
then connected with the n-type film by spraying silver paste at the one-side edge
face of the substrate. After baking the sample to dry the silver paste, the sample
was wrapped with an insulation tape, except the part of the opposite edge side of
the sample on which silver paste was not sprayed (step 3). Silver paste was then
sprayed on the unwrapped positions of both p-Sb2Te3 and n-Bi2Te3 films (step 4).
In the next step (step 5), a piece of the obtained sample was connected with others as
p–n junctions connected in series. In step 6, 11 pieces of samples were connected in
series followed by baking of the samples to connect each piece of the sample tightly.
Finally, the multi-layered sample was bundled by wrapping the insulation tape.
A cross-section photograph of the obtained multi-layered thermoelectric generator
shows that the total thickness of the generator is ~7 mm, and that there are no clear
gaps between the pieces.

A photograph of the measurement system of the multi-layered thermoelectric
generator is shown in Fig. 1.24a. In order to achieve a temperature difference
between the ends of the generator, the lower half of the generator was dipped in hot
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Ag paste

Step 2

Step 3
Insulation tape

Ag paste

Ag paste
Step 4

Step 5

Step 6
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Insulation tape

Step 1

Glass
(30 mm × 20 mm × t0.3 mm)

n-Bi2Te3 film (1.0 µm thick)

p-Sb2Te3 film
(1.0 µm thick)

Insulation tape

11
 p

ai
rs

10 mm

Cross-section photograph

Fig. 1.23 Fabrication process of the multi-layered thermoelectric generator [3]

water, while the upper half was maintained in the atmosphere. The temperatures on
both sides were monitored using thermocouples (K-type) attached on the generator.
Two electrodes were connected to the Bi2Te3 and Sb2Te3 sides of the substrate.
The temperature difference was generated by changing the temperature of the hot
water; the open-circuit voltage (Voc) was measured using a digital multimeter. The
performance of the multi-layered thermoelectric generator as a function of the
temperature difference is shown in Fig. 1.24b. The temperature difference at the
ends was changed from 11 to 28 K. At a temperature difference of 11 K, Voc

of 23.7 mV was achieved. With the increase in the temperature difference, Voc

linearly increased. Voc of 32.0 mV was achieved at a temperature difference of 28 K.
Our results were in relatively good agreement with those in previous studies with
similar device structures and temperature differences [74–76]. The maximum output
power (Pmax) is expressed as: Pmax = Voc

2/4Rtotal, where Rtotal is the measured total
resistance of the multi-layered thermoelectric generator, which mainly comprises
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Fig. 1.24 (a) Photograph of the measurement system of the multi-layered thermoelectric gener-
ator. (b) Open-circuit voltages and maximum output powers of the multi-layered thermoelectric
generator at various temperature differences [3]

the resistances of the p- and n-type thin films, Rfilm, and contact resistance, Rc.
Rtotal of the generator measured using a digital multimeter was 1.6 k�. Pmax was
estimated to be 0.08 µW at the temperature difference of 11 K. Pmax increased
with the temperature difference; Pmax of 0.15 µW was achieved at the temperature
difference of 28 K.

1.4 Summary

In this chapter, the crystal structures of Bi2Te3-based alloys were presented.
An overview of thin-film deposition methods was also presented, and typical
conventional deposition methods such as sputtering, electrodeposition, and printing
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were introduced using typical experimental results of Bi2Te3-based alloy thin films.
As the presented film fabrication methods have distinct characteristics, the film
fabrication method should be selected according to the application. Finally, a typical
thin-film thermoelectric generator, consisting of a multi-layered structure of p-
type Sb2Te3 and n-type Bi2Te3 thin films, was introduced. Bi2Te3-based alloys are
relatively old thermoelectric materials whose research and development began in
the 1950s. However, the material properties have been improved using the latest
thin-film process technologies by nanostructuring, which makes this research field
very attractive with significant potentials for novel findings.
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