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A B S T R A C T

The ease of Te sublimation from Bi2Te3-based alloys significantly deteriorates thermoelectric and mechanical
properties via the formation of voids. We propose a novel strategy based on atomic layer deposition (ALD) to
improve the thermal stability of Bi2Te3-based alloys via the encapsulation of grains with a ZnO layer. Only a few
cycles of ZnO ALD over the Bi2Te2.7Se0.3 powders resulted in significant suppression of the generation of pores in
Bi2Te2.7Se0.3 extrudates and increased the density even after post-annealing at 500 °C. This is attributed to the
suppression of Te sublimation from the extrudates. The ALD coating also enhanced grain refinement in
Bi2Te2.7Se0.3 extrudates. Consequently, their mechanical properties were significantly improved by the en-
capsulation approach. Furthermore, the ALD approach yields a substantial improvement in the figure-of-merit
after the post-annealing. Therefore, we believe the proposed approach using ALD will be useful for enhancing the
mechanical properties of Bi2Te3-based alloys without sacrificing thermoelectric performance.

1. Introduction

Thermoelectric devices have attracted significant interest for nu-
merous applications ranging from sustainable energy harvesting from
waste heat to solid-state coolers [1,2]. The performance of thermo-
electric devices is largely determined by the figure-of-merit (ZT) of
thermoelectric materials. ZT = S2σT/κ, where S is the Seebeck coeffi-
cient, σ is the electrical conductivity, T is the absolute temperature, and
κ is the thermal conductivity. These thermoelectric parameters are
strongly coupled with each other. Significant efforts have been devoted
to the enhancement of ZT values based on the optimisation of ther-
moelectric parameters [3–6]. Bi2Te3-based alloys are the only thermo-
electric materials that are commercially available because these alloys
have the highest ZT values near room temperature.

In addition to the enhancement of thermoelectric performance,
excellent mechanical properties of thermoelectric materials are re-
quired for many practical applications. Thermoelectric materials are
typically exposed to various mechanical stimuli (e.g., clamping forces,
mechanical stresses generated by large thermal gradients, and

environmental vibration) during module fabrication and in practical
use. These external stresses may result in the critical failure of ther-
moelectric devices. Bi2Te3-based materials are composed of quintuple
layers bonded by weak van der Waals interactions. Therefore, cracks
can easily propagate along the basal plane, leading to significant me-
chanical failures, even with relatively weak external stimuli. Several
approaches, including grain refinement and the precipitation of het-
erogeneous materials in the matrix, have been proposed to improve the
mechanical properties of Bi2Te3-based alloys [7–9]. These approaches
generate many interfaces that can halt crack propagation, thereby im-
proving the hardness of Bi2Te3-based alloys.

Materials formed at low processing temperatures include many
defects, such as dislocations, micropores, and vacancies. These defects
can deteriorate the thermoelectric and mechanical properties of ther-
moelectric materials. However, high-temperature processing can cause
Te sublimation from Bi2Te3-based alloys [10,11]. Te sublimation ad-
versely affects both electrical and mechanical properties. First, elec-
tronic carrier density is modified by the generation of point defects,
such as tellurium vacancies (VTe

••), and antisite defects (SbTe′ and BiTe′).
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Second, porosity can be generated during high-temperature processing,
leading to a reduction in the mechanical strength of Bi2Te3-based al-
loys. Therefore, it is crucial to develop an innovative method of sup-
pressing the sublimation of Te while obtaining high-quality Bi2Te3-
based alloys via high-temperature processing.

The surface coating of thermoelectric legs with high-temperature
polymers [12,13] and Si3N4 layers [14] has been proposed to prevent
sublimation and oxidation. Given that the sublimation of Te occurs
mainly along the grain boundaries of Bi2Te3-based alloys [15], the
encapsulation of grains with a protective layer would be an effective
strategy for suppressing the sublimation of Te during high-temperature
processing. Atomic layer deposition (ALD) is promising method that can
achieve the conformal encapsulation of grains based on its self-limiting
growth mechanism. We reported the successful synthesis of thermo-
electric materials designed with Bi0.4Sb1.6Te3-ZnO core-shell structures
via the ALD technique [16]. Additionally, ALD facilitates grain refine-
ment after high-temperature processing [16], which could be useful for
hardening Bi2Te3-based alloys.

In this study, we fabricated the n-type thermoelectric material
Bi2Te2.7Se0.3 with abundant heterointerfaces based on the introduction
of ZnO thin layers via ALD. ZnO layers were selected as the protecting
layers for Bi2Te2.7Se0.3 grains because ZnO is thermally stable (melting
point of 1975 °C) and has low volatility. ZnO-coated Bi2Te2.7Se0.3
powders were sintered via hot extrusion and subsequently annealed at
500 °C, as shown in Fig. 1. The thermal stability and mechanical
properties of the extrudates were analysed in terms of ZnO ALD cycles.
The drastic suppression of Te sublimation was achieved via the ALD of
very thin ZnO layers. The enhancement of mechanical properties was

also achieved based on the microstructural design of grain encapsula-
tion. The thermoelectric properties of the extrudates were also ana-
lysed.

2. Experimental procedure

2.1. Material preparation

Bi (99.999 %), Te (99.999 %), and Se (99.999 %) granules were
used as starting materials. The materials were weighed to achieve a
composition of Bi2Te2.7Se0.3. After vacuum sealing (approximately
10−5 Torr) in a quartz tube, the materials were melted in a rocking
furnace at 800 °C for 6 h, followed by water quenching. The resulting
Bi2Te2.7Se0.3 chunks were ball-milled with zirconia balls under an Ar
atmosphere. The weight ratio of the balls and materials was fixed at 3:1
and the grinding process was conducted at 1200 rpm for 24 h.

ZnO thin films were grown on Bi2Te2.7Se0.3 powders contained in a
vibrating chamber via ALD at room temperature. Diethylzinc (DEZ) and
H2O were used as Zn and O sources, respectively. One ZnO ALD cycle
consisted of DEZ feeding (20 min) – purging (30 min) – H2O feeding (20
min) – purging (30 min). The thickness of the ZnO films on the
Bi2Te2.7Se0.3 powders was varied by the changing the number of ALD
cycles.

A green body was prepared by cold-pressing the ZnO-coated
Bi2Te2.7Se0.3 powders. Hot extrusion was then performed at 460 °C
under a uniaxial pressure of 50 MPa. The resulting extrudate had a
diameter of 3 mm. The extrudate was subsequently annealed in a va-
cuum-sealed quartz tube (approximately 10−5 Torr) at 500 °C for 30 h.

Fig. 1. Schematic process diagram for the synthesis of ZnO-coated Bi2Te2.7Se0.3 extrudates.
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2.2. Material characterisation & measurement

The volume of the samples was estimated using the Archimedes’
method. The microstructures of the samples were analysed using
scanning electron microscopy (SEM, S-4300, Hitachi) and transmission
electron microscopy (TEM, Talos F200X, FEI). The Seebeck coefficient
was measured using a method based on the slope of a voltage versus
temperature-gradient curve. Electrical conductivity was measured
using a conventional four probe method with an AC power source. Hall
measurement was performed to evaluate the carrier density and mo-
bility of the samples. A Van de Pauw geometry was used for the Hall
measurement at a direct current of 18 mA and a magnetic field of 0.55
T. ZT values were calculated using the Harman method, which excludes
parasitic effects [17,18]. The thermal conductivity was estimated using
κ=S2/σZ. All the thermoelectric properties were measured along a di-
rection parallel to the extrusion direction. A nanoindentation testing
(Nano Indenter G200, KLA) was used to measure the mechanical
properties of the samples. Thermal stability was analysed via thermo-
gravimetric analysis (TGA, Q600, TA instrument) up to 600 °C with a
ramping speed of 6 °C/min.

3. Results & discussion

Prior to investigating the effects of ZnO ALD on Bi2Te2.7Se0.3, it was
necessary to confirm the presence of dispersed ZnO/Bi2Te2.7Se0.3 het-
erogeneous interfaces in the extruded samples. It was previously re-
ported that the ALD process readily forms a core-shell structure of ZnO-
enclosed Bi2Te3 particles, even with extremely small powders (≤20
nm), and many ZnO/Bi2Te3 heterogeneous grain boundaries were
eventually created in spark plasma sintered samples [16]. However, the
sintering of materials during the hot extrusion is different from that
during spark plasma sintering. Hot extrusion severely deforms green
bodies under unidirectional pressure. Because Bi2Te2.7Se0.3 is a layer-
structured material with weak van der Waals interactions, its grains are
split and the basal plane of the grains is aligned parallel to the extrusion
direction [19,20]. Therefore, the heterogeneous ZnO/Bi2Te2.7Se0.3 in-
terfaces can be destroyed by the grain reconstruction that occurs during
the hot extrusion process.

TEM analysis was performed to examine the microstructures of

extrudates. Fig. 2 (a) presents a high-angle annular dark-field scanning
TEM image of a 7-cycle-ZnO-coated Bi2Te2.7Se0.3 extrudate annealed at
500 °C. The TEM energy-dispersive spectroscopy (EDS) element maps
corresponding to the area observed in Fig. 2 (a) are also presented in
Figs. S1 (a)–(e) for elements of (a) Zn, (b) O, (c) Bi, (d) Te, and (e) Se,
respectively. Despite hot extrusion and post-annealing at a high tem-
perature, the Bi2Te2.7Se0.3 fine grains (diameter ≤ 3 μm) are enclosed
by the ZnO layer. The heterogeneous ZnO/Bi2Te2.7Se0.3 interfaces are
well developed in the annealed extrudate. Given that the signal in-
tensities of Zn and O do not overlap with those of Bi, Te, and Se in the
EDS element maps in Figs. S1 (a)–(e), we can conclude that severe in-
termixing of elements did not occur. Additionally, the heterogeneous
interfaces were found to be loosely aligned along the extrusion direc-
tion. This indicates that hot extrusion facilitates the texturing of mi-
crostructure, even in the ZnO-coated Bi2Te2.7Se0.3.

In addition to local microstructure observations using TEM, it is
necessary to identify the phase purity of the materials following ZnO
coating and post-annealing at high temperatures on a mesoscopic scale.
Fig. 2 (b) presents X-ray diffraction (XRD) patterns of uncoated
Bi2Te2.7Se0.3 and 1-, 5-, 7-, and 10-cycle-ZnO-coated Bi2Te2.7Se0.3 ex-
trudates following post-annealing at 500 °C. The extrudates were po-
sitioned to detect crystal planes parallel to the extrusion direction
during XRD analysis based on their anisotropic microstructures. All of
the diffraction peaks shown in Fig. 2 (b) correspond to the Bragg peaks
of rhombohedral Bi2Te2.7Se0.3, regardless of the number of ZnO ALD
cycles. Peaks corresponding to off-stoichiometric bismuth telluride al-
loys, such as Bi3Te4 and Bi4Te5, are not observed, even after post-an-
nealing at 500 °C. The Bragg peaks of ZnO are also undetectable for up
to 10 cycles of ZnO ALD, which can be attributed to the relatively small
mass fraction of the ZnO layer. These results suggest that ALD coating
does not induce significant changes in the crystal phase of extrudates.
Therefore, heterogeneous ZnO/Bi2Te2.7Se0.3 interfaces are expected to
be uniformly distributed throughout post-annealed extrudates.

Annealing is a promising method for improving the thermoelectric
performance of Bi2Te3-based alloys [10,21]. Bi2Te3-based alloys typi-
cally have various types of defects, such as antisite defects, vacancies,
and dislocations. These defects are often inhomogeneously distributed
in sintered alloys. These defects and their inhomogeneity can sig-
nificantly deteriorate the thermoelectric properties of materials. It has

Fig. 2. (a) High-angle annular dark-field scanning TEM image of a 7-cycle-ZnO-coated Bi2Te2.7Se0.3 extrudate annealed at 500 °C. (b) θ-2θ XRD patterns of uncoated
Bi2Te2.7Se0.3 and 1-, 5-, 7-, and 10-cycle-ZnO-coated Bi2Te2.7Se0.3 extrudates following post-annealing at 500 °C. The detected crystal planes are parallel to the
extrusion direction.
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been extensively reported that post-annealing following sintering can
reduce defects and alleviate inhomogeneity [22,23]. However, an-
nealing may also induce adverse microstructural effects [24], resulting
in the degradation of mechanical properties [25].

Therefore, it is necessary to examine changes in the microstructures
of ZnO-coated Bi2Te2.7Se0.3 extrudates following post-annealing. Figs. 3
(a) and (b) present SEM images of the fracture surfaces of uncoated
Bi2Te2.7Se0.3 and 1-, 5-, and 10-cycle-ZnO-coated Bi2Te2.7Se0.3 ex-
trudates (a) before and (b) after post-annealing at 500 °C for 30 h. The
fracture surfaces perpendicular to the extrusion direction are compared
in Fig. 3 (a) and (b). Although all of the as-extruded materials exhibit
dense fracture surfaces, regardless of the number of cycles of ZnO ALD,
the ALD coating of ZnO results in significant differences in the evolution
of microstructures following post-annealing. After post-annealing,
many large pores appear for the uncoated Bi2Te2.7Se0.3, while the for-
mation of pores is considerably suppressed by a single cycle of ZnO
ALD. Very few pores can be observed above three cycles of ZnO ALD.
For a quantitative comparison, changes in the volume and density of the
extrudates with post-annealing were analysed in terms of the number of
cycles of ZnO ALD (Fig. 3 (c) and (d)). The volume of the uncoated
Bi2Te2.7Se0.3 increases by approximately 40 % following post-annealing
because of the presence of pores generated by Te sublimation. It has
been reported that Te easily sublimates from Bi2Te3-based alloys at high
temperatures [10,11]. Additionally, Te sublimation involves a decrease
in the density of Bi2Te3-based alloys. The uncoated Bi2Te2.7Se0.3

extrudate has relatively low density at approximately 70 % of the
theoretical density (7.86 g/cm3) [26] of Bi2Te2.7Se0.3. In contrast, the
volume expansion of the ZnO-coated Bi2Te2.7Se0.3 is significantly re-
duced by the incorporation of the ALD ZnO layer. Volume expansion is
reduced to as little as 10 % over three ALD cycles of ZnO. The effective
suppression of volume expansion leads to an increase in the density of
the extrudates containing ZnO to approximately 90 % of the theoretical
value.

To gain a deeper understanding of the role of the ALD ZnO layers in
the extrudates, differences in the weight loss of the extrudates at high
temperatures were analysed with and without ZnO ALD. Fig. 4 shows
the TGA data of 0, 1, 5, 7, and 10-cycle-ZnO-coated Bi2Te2.7Se0.3. The
TGA data in Fig. 4 reveal that the weight loss of the ZnO-coated
Bi2Te2.7Se0.3 samples is smaller than that of the uncoated Bi2Te2.7Se0.3
at high temperatures. This indicates that the introduction of ZnO di-
rectly suppresses the sublimation of Te from Bi2Te2.7Se0.3, which is
closely related to a microstructure in which Bi2Te2.7Se0.3 grains are
encapsulated by very thin ZnO layers (Fig. 2). Although the tendency of
the change in the weight loss of ZnO-coated samples with the number of
ALD cycles is not clearly observed in the results, it might be attributed
to the extremely small weight change. It is also necessary to consider
the anisotropy of the textured microstructure of the extrudates to un-
derstand the role of the ALD ZnO layers. Following post-annealing of
the uncoated Bi2Te2.7Te0.3, more pores can be observed in the fracture
surfaces perpendicular to the extrusion direction compared to the

Fig. 3. SEM images of the fracture surfaces of (a) as-extruded and (b) post-annealed samples with 0, 1, 5, and 10 ZnO ALD cycles. Variations in the (c) volume
expansion and (d) relative density of extrudates as a function of the number of ZnO ALD cycles.
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fracture surface parallel to the extrusion direction, with which the basal
plane is well aligned (Fig. 5 (a) and (b)). This can be attributed to the
anisotropic sublimation behaviour of Bi2Te3-based alloys, where Te is
predominantly sublimated from non-basal planes [27]. Given that the
ZnO layers in the annealed extrudates are generally aligned along the
extrusion direction, as shown in Fig. 2 (a), this microstructure ar-
rangement is more effective for the passivation of planes that are sus-
ceptible to the sublimation of Te, leading to the formation of relatively

dense fracture surfaces (Figs. 3(b) and 5 (c) and (d)).
Another point of interest is that an ALD coating of ZnO on

Bi2Te2.7Se0.3 significantly suppresses grain growth during high-tem-
perature annealing. Large grains (> 20 μm) can be observed in the
fracture surfaces of the annealed extrudates of uncoated Bi2Te2.7Se0.3 in
Fig. 5 (a) and (b). In contrast, the 7-cycle-ZnO-coated Bi2Te2.7Se0.3 is
composed of small grains (only a few micrometres), even after post-
annealing (Fig. 5 (c) and (d)). The electron backscatter diffraction

Fig. 4. TGA data for 0, 1, 5, 7, and 10-cycle-ZnO-coated Bi2Te2.7Se0.3 ex-
trudates.

Fig. 5. SEM images of the fracture surfaces of an uncoated Bi2Te2.7Se0.3 extrudate (a) perpendicular to and (b) along the extrusion direction and a 7-cycle-ZnO-coated
Bi2Te2.7Se0.3 extrudate (c) perpendicular to and (d) along the extrusion direction.

Fig. 6. Variations in the hardness and elastic modulus values of post-annealed
extrudates as a function of the number of ALD cycles.

S.-S. Lim, et al. Journal of the European Ceramic Society 40 (2020) 3592–3599

3596



(EBSD) analysis also verified the difference in the grain size. (Fig. S2)
This grain growth stagnation is attributed to the uniform dispersion of
the thin ZnO layers, which have low movement energy in the
Bi2Te2.7Se0.3 matrix. These results suggest that the encapsulation of
grains by a thin oxide layer via ALD is a useful method for facilitating
grain refinement under severe thermal stress.

The mechanical properties of the samples were examined based on
the ALD of a very thin ZnO layer. Fig. 6 presents the variations in the
hardness and elastic modulus values of the post-annealed extrudates as
a function of the number of ALD cycles. Hardness increases with the
number of ALD cycles up to three cycles from 0.27 GPa to 0.75 GPa and
becomes saturated above three cycles. For comparison, the reported
hardness values of Bi2Te3-based alloys were summarized in Table 1
[28–36]. Although the hardness of our uncoated extrudates is much
lower than that of the reported values, that of the ZnO-coated ex-
trudates is comparable to or even higher than that of the reported va-
lues. The elastic modulus also saturates with an increasing number of
ALD cycles from 13 GPa at zero cycles to 30 GPa above three cycles. It
should be noted that above three cycles of ZnO ALD, the micro-
structures appear fully densified (Fig. 3 (b)) and the density of the ex-
trudates becomes saturated (Fig. 3 (d)). This indicates that the me-
chanical properties of the extrudates are directly related to their
microstructures. An ALD coating on Bi2Te2.7Te0.3 powders forms nu-
merous heterogeneous interfaces via grain refinement. As described in
the introduction, these interfaces are effective for halting cracks pro-
pagation. The low porosity of the ZnO-coated Bi2Te2.7Te0.3 extrudates
also contributes to the enhancement of mechanical strength. These re-
sults suggest that the ALD coating of grains with very thin ZnO layers
significantly improves the mechanical properties of Bi2Te3-based alloys,
even after harsh thermal treatment.

The thermoelectric properties of the Bi2Te2.7Se0.3 extrudates were
also examined in terms of the number of ZnO ALD cycles. Fig. 7 pre-
sents the variations in various thermoelectric properties of the
Bi2Te2.7Se0.3 extrudates as a function of the number of ZnO ALD cycles.
The influence of post-annealing on these properties is also analysed.
The σ value of the as-extruded Bi2Te2.7Se0.3 decreases from 2.2 × 105

S/m to 8.4 × 104 S/m as the number of ZnO ALD cycles increases up to
seven cycles, then exhibits a slight increase up to 10 ZnO ALD cycles
(Fig. 7 (a)). To understand the origin of these changes in the σ, Hall
measurements were performed on the samples. The carrier concentra-
tion generally decreases with an increasing number of ALD cycles, as
shown in Fig. 7 (b), while the Hall mobility of the samples is generally
constant, regardless of the number of ZnO ALD cycles (Fig. 7 (c)). The
reduction in carrier concentration based on further increase of ZnO
cycles may be the result of Zn ions acting as acceptors in Bi2Te2.7Se0.3. It
has been reported that some Zn ions from ALD-grown ZnO can diffuse
into Bi2Te3-based alloys near heterointerfaces, which generates hole
carriers based on the substitution of Bi3+ with Zn2+ [16,37]. Post-an-
nealing also significantly decreases the σ values over the entire range of
ZnO ALD cycles based on a reduction in carrier concentration (Fig. 7 (a)
and (b)). The sublimation of Te during post-annealing results in the
creation of Te vacancies, subsequently inducing the generation of

antisite defects of BiTe′ and bismuth vacancies [10]. This process can be
expressed by the following equation [38]:

Bi2Te3 = 2BiTe′ + 2VBi
′′′ + VTe

•• + 3/2Te2 (g) +8 h• (1)

according to Eq. (1), hole carriers are generated by post-annealing,
meaning the n-type carrier concentration in Bi2Te2.7Se0.3 extrudates
will be reduced by the compensation of holes. As shown in Fig. 7 (d),
the S value of the as-extruded sample increases from - 134 μV/K for the
uncoated sample to - 207 μV/K for the 7-cycle-ZnO-coated sample. The
S values of the extrudates generally increase following post-annealing.
The post-annealed extrudates also exhibit a maximum S value of - 234
μV/K with seven ZnO ALD cycles, similar to the as-extruded samples.
This trend in the S values is consistent with the variations in carrier
density shown in Fig. 7 (b) when considering the inverse relationship
between S and carrier concentration. The κ values of the extrudates
generally decrease with increasing the number of ALD cycles, and also
decrease following post-annealing. (Fig. 7 (e)) Such trend in the κ va-
lues is mainly attributed to the change in the carrier concentration. It is
found that the κ values of lattice contribution are almost identical ir-
respective of the ALD cycles while the κ values of electronic contribu-
tion decrease with the number of the ALD cycles. (Fig. S3) The in-
variance of κ values of lattice contribution can be understood by the
influences of two different features of the pore formation and the in-
sertion of ZnO layer. Both the features contributed to a decrease in the κ
values of lattice contribution [16,39]. As increasing the number of ALD
cycles, the pore decreased while the ZnO layer was thicker. The com-
pensation effect might be the reason for the invariance κ values of
lattice contribution. Overall, ZT values are increased by the ALD of ZnO
(Fig. 7 (f)) because the carrier concentration is properly modulated by
the ALD coating. Specifically, the ZT value is enhanced by 40 % fol-
lowing post-annealing with only one cycle of ZnO ALD. These results
suggest that the proposed approach based on ALD is a useful method for
improving both mechanical and thermoelectric properties.

4. Conclusion

We proposed a novel method for improving the thermoelectric and
mechanical properties of Bi2Te3-based alloys using an ALD technique.
The proposed approach facilitates the synthesis of thermoelectric ma-
terials consisting of Bi2Te2.7Se0.3 grains encapsulated by very thin ZnO
layers. This microstructure effectively suppresses the sublimation of Te
from Bi2Te3-based alloys, leading to denser materials following high-
temperature processing. Additionally, grain refinement can be achieved
via encapsulation by thermally stable ZnO thin layers. Dense thermo-
electric materials with many ZnO/ Bi2Te2.7Se0.3 heterogeneous inter-
faces are effective at impeding movement of dislocations or defects.
Therefore, the mechanical properties of extrudates, including hardness
and elastic modulus, are significantly improved by ALD coating with
ZnO. Furthermore, our approach significantly enhances thermoelectric
properties, even with only one cycle of ZnO ALD. We believe that our
approach provides a simple and effective method for improving not
only thermoelectric properties, but also mechanical properties.

Table 1
Comparison of the previously reported hardness values of Bi2Te3-based alloys.

Materials Process Processing Temperature [°C] Hardness [GPa] Refs

95 % Bi2Te3-5% Bi2Se3 Hot extrusion 420 0.58 [28]
Bi2Te3-Sb2Te3 Equal channel angular extrusion 500 0.60 [29]
Bi2Te3 Spark plasma sintering 400 0.80 [30]
25 % Bi2Te3-75% Sb2Te3 Spark plasma sintering 330 0.65 [31]
95 % Bi2Te3-5% Bi2Se3 Heat treatment 300 0.45 [32]
95 % Bi2Te3-5% Bi2Se3 Spark plasma sintering 350 0.57 [33]
Bi2Te3 Bridgeman method 585 0.43 [34]
22 % Bi2Te3-78% Sb2Te3 Spark plasma sintering N/A 0.60 [35]
20 % Bi2Te3-80% Sb2Te3 Resistance pressing sintering 490 0.52 [36]
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