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A B S T R A C T

The development of Bi2Te3 thin films has huge potential in the pursuit of efficient thermoelectric micro/nan-
odevices due to their high Seebeck coefficient, high electrical conductivity and low thermal conductivity. The
optimization of experimental parameters of Bi Te thin films produced by co-evaporation will be investigated
in this study. Co-evaporation is a low cost, easy-to-control process which can be used for high throughput and
is scalable. We found that an optimal Te/Bi ratio of 1.5 with good thermoelectric properties can be directly
synthesized by Bi and Bi2Te3 co-evaporation. Compared to the conventional Bi/Te co-evaporation process, high
temperature annealing or substrate heating is not necessary for the process mentioned in this paper, which is a
desirable feature when using polymer-based substrates, organic/inorganic hybrid thermoelectric generators, and
flexible devices since they have relatively low tolerance to heat. The optimized Bi2Te3 thin films, which are mixed
phases of Bi2Te3, Bi3Te4 and Te, possess high carrier concentration (6.65 × 1020 cm−3), low electrical resistiv-
ity (3.17 × 10−3 Ωcm), and extremely low thermal conductivity (0.59 W/mK) at room temperature on a smooth
surface (roughness <5.5 nm) and are achieved by adjusting the deposition rate of Bi and Bi2Te3. The correlation
between the structures of mixed phases, electrical and thermal properties will be discussed in detail.

1. Introduction

Thermoelectric materials require a high figure-of-merit ZT
[ZT = (S2σ/κ)T] for high efficiency and performance; i.e. the materi-
als need to exhibit high Seebeck coefficient (S), high electrical con-
ductivity (σ) and low thermal conductivity (κ). Bi2Te3, a narrow-gap
semiconductor of 0.15 eV with a rhombohedral unit cell of space group
R3̅m [1], is a well-established thermoelectric material because of its
good thermoelectric properties (ZT ≈ 1). The unit cell is composed of
five atomic layers of Te1-Bi1-Te2-Bi1-Te1, which stacked by

Van der Waals along the c-axis [1,2]. This structural characterization
can effectively hinder the phonon transport in the materials.

Thin films technology is desirable in the production of efficient in-
tegrated thermoelectric devices especially for thermoelectric microgen-
eration. In order to scale the bulk of thermoelectric devices down to
the nano/micron-size scale, several deposition techniques have been
reported in literature for the fabrication of Bi2Te3 thin films; for ex-
ample, metal-organic chemical vapor deposition [3–5], co-sputtering
[6–8], evaporation [9,10] and electrochemical deposition [11]. Tan
et al. reported the improvement of thermoelectric properties of n-
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Bi2Se0.5Te2.5 and p-(Bi0.5Sb0.5)2Te3 pillar array films produced by
ion-beam-assisted sputtering [12,13], They used this method to fabri-
cate n-type Bi2Te3/ZrB2 superlattice films in order to further enhance
the ZT [14]. Pires et al. also prepared Bi Te thin films by adjusting
the ion beam sputtering and analyzing the beam voltage impact on the
thermoelectric performance [15]. Zhou et al. deposited and optimized
thermoelectric properties of the n-type Pb-doped Bi2Te3 thin films by ra-
dio frequency magnetron sputtering [16]. Lal et al. reported on the opti-
mization of annealing conditions for p-type BiSbTe thin films using pulse
electrodeposition [11]. Sudarshan et al. noted the change from semi-
conductor to metallic behavior of e-beam evaporated Bi2Te3 thin films
through vacuum annealing [17]. Goncalves et al. deposited Bi2Te3 thin
films by the thermal co-evaporation of Te and Bi targets [9]. The con-
tributions on the control of the compositions and phases are reported as
well via various techniques. Nuthongkum et al. investigated the struc-
tures effect in BixTey by changing the sputtering pressures via RF mag-
netron sputtering [18]. Concepcion et al. controlled the epitaxial growth
of various Bi Te phases by tuning the Nitrogen gas flow via physical
vapor transport [2]. The temperature and the Bi/Te ratio are used to
control various Bi Te systems via metal-organic vapor-phase epitaxy
by Kuznetsov et al. [19] Attila et al. reported a phase transition from
Bi4Te3 to Bi2Te3 by tuning the Bi/Te ratio of molecular beam epitaxy
[20]. Detailed analyses of thermoelectric thin-films can be found else-
where [21–23].

In the present work the thermal evaporation method was chosen due
to its scalability, relative simplicity and ease of control. We found the
direct evaporation of a single Bi2Te3 target results in thin films that
are predominantly Te instead of the desired Bi2Te3 thin films due to
the large difference in the vapor pressures of Bi and Te. Goncalves et
al. also reported similar results of a compositional gradient through the
thickness of films produced by single-target evaporation [9]. Therefore,
we used Bi2Te3 and Bi as the two targets in the film preparation using
co-evaporation. From the literatures of Bi2Te3 thin film fabrication in-
cluding the abovementioned methods, high-temperature heat treatment
during deposition or annealing is necessary to achieve good thermoelec-
tric properties. To the best of our knowledge, little attention has been
paid to low-temperature fabrication, which is important for wearable
or flexible thermoelectric devices. These devices usually have low toler-
ance to high temperatures. We were able to produce Bi2Te3 thin films
possessing good thermoelectric properties through co-evaporation of Bi
and Bi2Te3, with no further heat treatment necessary. This simple and
easy procedure is attractive in the preparation of unique integrated ther-
moelectric microdevices. Moreover, the optimized parameters as well as
insights into the relationship between mixed phases and film properties
was also investigated.

2. Experimental procedure

The Bi2Te3 thin films were deposited on Corning 1737F glass and
Si substrates via co-evaporation by Bi and Bi2Te3 targets in a pure Ar
atmosphere with flow ratio of 5 sccm at ambient temperature. The
substrates were cleaned using deionized water and acetone in an ul-
trasonic cleaner for 15 min prior to deposition. The background pres-
sure and working pressure for the evaporation were <6 × 10−6 Torr
and 1.5 × 10−4 Torr, respectively. The rotation of the substrate holder
was kept at 10 rpm. The deposition rate of Bi2Te3 was fixed at 3 Å/s
and Bi was in the range of 1.5 to 2.5 Å/s. Some of the resulting films
were annealed at 250 °C in an Ar atmos

phere for 1 h for the purpose of comparison with as-deposited thin films.
The crystal structure of the various Bi2Te3 thin films was examined

by X-ray diffraction (XRD) using Cu–Kα radiation. The surface mor-
phologies and roughness were analyzed by an atomic force microscope
(AFM) and Scanning Electron Microscope (SEM). The chemical compo-
sition and Bi distribution of the Bi2Te3 thin films was analyzed using
energy disperse spectrometry (EDS) and electron probe X-ray microan-
alyzer (EPMA). The thicknesses of the films were measured by α-step.
The electrical properties were measured by the four-point probe and
Hall measurement system. For the thermal measurement, the Bi2Te3 thin
films can directly perform as the heat transducer. The thermal conduc-
tivity along the cross-plane was characterized by the frequency-domain
thermoreflectance (FDTR) [24], where three positions in each sample
were measured at four different frequencies at room temperature.

3. Results and discussion

The XRD results of bismuth telluride thin films deposited via
co-evaporation at various Bi-deposition rates are shown in Fig. 1. The
results from as-deposited thin films and 250 °C-annealed thin films are
shown in the bottom and top, respectively. The crystallinity of all sam-
ples was improved while the phase composition has no obvious ten-
dency after the annealing. The dominant XRD peak in most samples
can be characterized as being Bi2Te3 phase. When the Bi-deposition rate
is increased, the mixed phases of as-deposited thin films change from
lower Bi/Te phase (Bi3Te4, Te; Bi2Te3, Bi3Te4), to higher Bi/Te phase
(Bi2Te, Bi3Te4). Usually, the most stable mixed phases will remain after
deposition. This indicates that the most stable mixed phases will change
and are strongly affected by the Bi-deposition rate which provides dif-
ferent Bi/Te ion ratios during deposition. Fig. 2 shows the SEM, EDS of
Bi and AFM analyses of the films. The particle size of the film surface in-
creases from around 32 nm at 1.5 Å/s to 48 nm and 64 nm as the Bi-de-
position rate increases to 2.0 and 2.5 Å/s respectively, as shown in Fig.
2(a), (b) and (c). The Bi distribution also increases corresponding to the
increase of the Bi-deposition rate as shown in Fig. 2(d), (e) and (f). The
film roughness is <5.5 nm in all samples, as characterized by AFM. The
roughness of the three samples are 1.42 nm, 2.14 nm, and 5.19 nm, re-
spectively, as shown in Fig. 2(g), (h) and (i).

The Bi/Te atomic ratio increases upon increasing the Bi-deposi-
tion rate as shown in Fig. 3(a). The sample deposited at a Bi-de-
position rate of 2.0 Å/s has an atomic ratio close to Bi2Te3. How-
ever, the crystalline structures are mixed phases composed of Bi2Te3,
Bi3Te4, and Te as shown in Fig. 1. This implies that the structures
of deposited thin films do not only rely on the atomic ratio of Bi/
Te but are also dependent upon the morphology, especially for the
mixed phase thin films. From the carrier concentration, mobility and
resistivity results in Fig. 3(b), we can see the as-deposited thin films
have similar or even lower electrical resistivity than the annealed thin
films. Hall measurement shows all samples possess n-type conduction.
The carrier concentration decreases significantly while the mobility
does not change as much for the samples of 2.0 Å/s and 2.5 Å/s af-
ter annealing. The conductivity (σ) can be calculated using σ = 1/
R = neμe, where the σ is electrical conductivity, R is electrical resistiv-
ity, n is carrier concentration, and μe is electrical mobility. The elec-
trical conductivity of the as-deposited films increases as the Bi-depo-
sition rate rises, which correlates to the increase in particle size (as
shown in the SEM results in Fig. 2) and the composition change. Never
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Fig. 1. XRD of bismuth telluride thin films deposited with various Bi-deposition rate of 1.5 (blue), 2.0 (red) and 2.5 (black) Å/s. Top are thin films with 250 °C annealing and the bottom
are as-deposited thin films. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

theless, the electrical conductivity does not improve after annealing,
which could be attributable to the restriction of grain growth by the
mixed phases. The calculated grain size from the dominant peak of XRD
is around 12.6–13.7 nm in the as-deposited films, and 12.4–16.6 nm in
the annealed films, in reasonable agreement with the restriction of grain
size after annealing.

The details of measured electrical and thermal properties of the
bismuth telluride thin films deposited at various Bi-deposition rates
are listed in Table 1. The results indicate that as-deposited films can
achieve similar thermoelectric properties compared with the annealed
films. The thin film with a Bi-deposition rate of 2.0 Å/s has the low-
est cross-plane thermal conductivity of 0.586 W/mK, which is quite
low compared to other Bi Te based thin films [12–14,16,25,26].
Moreover, the thermal conductivity changes least after annealing which
might be attributable to the limitation of grain growth by the
multi-phases coexisting in the films. The as-deposited thin

film (sample 2) with a Bi-deposition rate of 2.0 Å/s is the optimal sam-
ple due to its very low thermal conductivity and good electrical con-
ductivity. Our results show that good thermoelectric properties can be
achieved without the need for annealing or substrate heating via Bi
and Bi2Te3 co-evaporation. This film is composed of mixed phases of
Bi2Te3, Bi3Te4, and Te, which indicates that phonon transport can be
effectively hindered by the interfaces of the various phases. In this
study, the Bi2Te3, Bi3Te4 and Te can be tuned through the deposition
rates of Bi and Bi2Te3: As the Bi deposition rate rises, the Bi2Te and
Bi3Te4 phases increase; As the Bi deposition rate drops, the Te and
Bi2Te3 phases increase. Goto et al. also proposed a low thermal con-
ductivity at around 0.5 W/mK in Bi Te films which are composed of
multi-phases (Bi4Te3, Bi2Te and Bi3Te7) by combinatorial sputter coat-
ing technology [27], in reasonable agreement with our results. The
phonon scattering at the interfaces between dissimilar phases includ-
ing the crystallographic mis-orientation, differential acoustic scatter

3
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Fig. 2. The SEM, EDS of Bi and AFM analysis are shown in three rows from top to bottom, respectively. The samples deposited via various Bi-deposition rate of 1.5 Å/s (a, d, g), 2.0 Å/s
(b, e, h) and 3 Å/s (c, f, i) are listed from left to right. The scale bars of SEM and EDS are the same at the right bottom in each SEM images.

Fig. 3. (a) EPMA composition analysis and (b) electrical analysis of bismuth telluride thin films deposited with various Bi-deposition rate of 1.5, 2.0 and 2.5 Å/s. The solid line in (b) is
represented as as-deposited thin films and dashed line are represented as 250 °C-annealed thin films.

ing and the grain size effect on thermal conductivity in polycrystalline
materials contribute to the low thermal conductivity [28]. The discus-
sion on thermal conductivity of multiphase materials that incorporates
equation derivation can be found elsewhere [29,30].

In order to understand the effects of the film thickness on the struc-
ture and transport properties, films with a Bi-deposition rate of 2.0 Å/s
were deposited into various thicknesses from 32.5 nm to 276 nm for
XRD analysis as shown in Fig. 4. With the exception of the 32.5 nm
film, the dominant XRD peak of all other films can be characterized
as Bi2Te3 phase. The thinnest film (32.5 nm) also has low crystallinity
while the other films have clear crystallinity peaks. Upon increasing

the film thickness, the mixed phases change from Bi2Te3, Te, Bi phases
to Bi2Te3, Bi3Te4, Te phases. When the thickness rises above 110 nm, the
composition of the mixed phases does not change. The measured electri-
cal properties of these bismuth telluride films versus various thicknesses
can be seen in Fig. 5. The carrier concentration has an inflection point
at a thickness of 100 nm and mobility and resistivity show no significant
change (2 to 7 cm2 V−1 s−1; 0.001 to 0.01 Ωcm) above 100 nm. The best
electrical conductivity of 1.03 × 103 Scm−1 is achieved at 118 nm. This
indicates that the optimal thin films possessing low thermal conductivity
and good electrical conductivity can be achieved at a Bi2Te3-deposition
rate of 3.0 Å/s and Bi-deposition rate of 2.0 Å/s with a thickness above
100 nm.

4
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Table 1
The carrier concentration, mobility, resistivity, conductivity, roughness, thermal resistivity, and (cross-plane) thermal conductivity of bismuth telluride thin films deposited via co-evaporation with various Bi-deposition rate. The sample 1 to 3 are as-deposited
thin films and samples 3–6 are the annealed thin films.

Sample
Bi deposition rate
(Å/s)

Bi2Te3 deposition rate
(Å/s)

Annealing
(°C)

Carrier concentration
(cm − 3)

Mobility
(cm 2 V − 1 s − 1)

Resistivity
(Ωcm)

Conductivity
(Scm − 1)

Roughness
(nm)

Thermal Resistivity
(10 − 9 m 2KW), ⊥

Thermal conductivity
(W/mK), ⊥

1 1.5 3 2.36E+20 7.58 3.81E−03 2.62E+02 1.42 272.6 ± 5.45 0.726
2 2 3 6.65E+20 2.05 3.17E−03 3.15E+02 2.14 471.3 ± 14.65 0.586
3 2.5 3 5.96E+20 12.17 9.69E−04 1.03E+03 5.19 337.1 ± 7.48 1.020
4 1.5 3 250 4.16E+19 50.54 3.27E−03 3.07E+02 1.42 254.8 ± 6.29 0.777
5 2 3 250 2.69E+20 2.92 8.23E−03 1.21E+02 2.14 507.1 ± 8.93 0.544
6 2.5 3 250 2.79E+19 13.06 1.72E−02 5.81E+01 5.19 257.4 ± 7.89 1.336
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Fig. 4. XRD of bismuth telluride thin films with Bi-deposition rate of 2.0 Å/s of various thickness.

Fig. 5. Electrical analysis of bismuth telluride thin films with Bi-deposition rate of 2.0 Å/s
versus various thickness.

The ratio of electrical conductivity to thermal conductivity (σ/κ) is
an important factor in evaluating the thermoelectric performance. The
σ/κ ratio of various reported Bi Te based materials are compared with
our as-deposited films in Fig. 6. Without annealing treatment, the re-
ported σ/κ values are quite low at around 8.6 × 10 [4] KV−2. However,
the σ/κ of our as-deposited films is the highest, even higher than the
reported annealed thin films such as Bi2Te3/ZrB2 superlattice thin films
[14]. We have developed a simple and annealing-free method to pro-
duce mixed-phase bismuth telluride thin films for thermoelectric appli-
cations. This room temperature annealing-free process is beneficial and
desirable for wearable devices which usually have an inability to handle
high temperatures.

4. Conclusion

Integrated flexible thermoelectric microdevices usually have low
melting point and low tolerance to heat. We developed a low cost, an-
nealing-free co-evaporation method for producing bismuth telluride thin
films using Bi and Bi2Te3 targets. Compared to the usual Bi/Te co-evap-
oration methods, which require heat treatment during deposition or fur-
ther annealing, the proposed method in the present study is beneficial
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Fig. 6. Comparison of the ratio of electrical conductivity and thermal conductivity (σ/κ)
with various reported Bi Te based materials, Pb-dope Bi2Te3 [16],
Ge0.93Bi0.07Te1.005I0.03 [26], n-type Bi2Te3 [25], n-Bi2Se0.5Te2.5 [12], (Bi0.5Sb0.5)2Te3
[13], Bi2Te3/ZrB2 [14], and our bismuth telluride thin films deposited with various Bi-de-
position rate of 1.5, 2.0 and 2.5 Å/s.

for wearable thermoelectric microdevices. We optimized the thermo-
electric properties of the bismuth telluride thin films by adjusting the Bi
and Bi2Te3 deposition rates. We found that the Te/Bi ratio, thickness,
and composition of mixed phases all affect the thermoelectric proper-
ties. The mixed phases of the optimized films are composed of Bi2Te3,
Bi3Te4, and Te and have Te/Bi atomic ratio of 1.5. The interfaces of var-
ious phases in the thin films can effectively hinder phonon transport and
contribute to the low thermal conductivity. The optimized films, which
are achieved at a Bi2Te3-deposition rate of 3.0 Å/s and Bi-deposition
rate of 2.0 Å/s with a thickness above 100 nm, possess smooth surface
of roughness <5.5 nm, extremely low thermal conductivity of 0.59 W/
mK and low electrical resistivity of 3.17 × 10−3 Ωcm.
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