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Abstract

Metal organic chemical vapor deposition has been investigated for growth of Bi2Te3 films on (0 0 1) GaAs substrates using

trimethylbismuth and diisopropyltelluride as metal organic sources. The results of surface morphology, electrical and thermoelectric

properties as a function of growth parameters are given. The surface morphologies of Bi2Te3 films were strongly dependent on the

deposition temperatures. Surface morphologies varied from step-flow growth mode to island coalescence structures depending on

deposition temperature. In-plane carrier concentration and electrical Hall mobility were highly dependent on precursor’s ratio of VI/V

and deposition temperature. By optimizing growth parameters, we could clearly observe an electrically intrinsic region of the carrier

concentration at the temperature higher than 240K. The high Seebeck coefficient (of �160 mVK�1) and good surface morphology of this

material is promising for Bi2Te3-based thermoelectric thin film and two-dimensional supperlattice device applications.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Bi2Te3, Sb2Te3 and their alloys are generally used in
thermoelectric devices due to their superior thermoelectric
performance at room temperature [1]. The performance of
thermoelectric materials at a temperature T is essentially
related to a figure of merit ZT, which can be expressed as
S2sT=k, where S is the Seebeck coefficient, s the electrical
conductivity, T the temperature, and k the thermal
conductivity [2]. After Hicks and Dresselhaus [3] have
introduced quantum-well concept to improve the ZT,
research into the fabrication of low-dimensional structures
with conventional thermoelectric materials has received
much attention due to the possibility of enhancing the ZT
[4]. Using low-dimensional structures for thermal conduc-
e front matter r 2006 Elsevier B.V. All rights reserved.
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tivity reduction, Venkatasubramanian et al. [5] have
experimentally shown the enhancement of the ZT by
fabricating two-dimensional Bi2Te3/Sb2Te3 supperlattice
structures. Thus, planar growth techniques to obtain high
quality of Bi2Te3, Sb2Te3 films are necessary to comply
with the needs of two-dimensional thermoelectric devices.
Several deposition processes such as thermal evaporation
[6,7], sputtering [8], metal organic chemical vapor deposi-
tion (MOCVD) [9] and electrochemical deposition have
been reported for deposition of Bi–Sb–Te thin films. Of
these processes, MOCVD is a major technique to meet the
requirements of artificially structured thermoelectric de-
vices. In early study, Giani et al. [10] demonstrated
MOCVD growth of Bi2Te3 films on pyrex and silicon
substrates. However, it is thought their samples are not
suitable for the artificial superlattice structures due to
polycrystalline features and rough surface morphologies.
Venkatasubramanian et al. [9], successfully demonstrated
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MOCVD growth of a few nanometer periods of Bi2Te3/
Sb2Te3 superlattice on GaAs substrates and confirmed
their structures by XRD and TEM analysis.

However, no works have been reported on a systematic
investigation of electrical and structural properties of
Bi2Te3/GaAs thin films prepared by MOCVD process with
details concerning the effects on the deposition parameters.
Thus, in this paper, the influences on thermoelectric
properties and electrical characteristics of thin Bi2Te3/
GaAs films according to the deposition variables in
MOCVD was explored and discussed. In parallel, the
effects of growth parameters on structural properties and
surface morphologies of Bi2Te3 films were also investi-
gated.

2. Experimental procedure

Epitaxial films of Bi2Te3 were grown by MOCVD on
GaAs substrates. The precursors for Te and Bi were
diisopropyltelluride (DiPTe) and trimethylbismuth (TMBi)
respectively. (0 0 1) GaAs wafer tilted 41 toward nearest
[1 1 0] was used as substrate. Just before growth, GaAs
substrates were etched in H2SO4: H2O: H2O2 ¼ 5:1:1
solution for 1min, rinsed with deionized water, and then
dried in pure dry nitrogen gas. MOCVD growth of Bi2Te3
epitaxial layers was carried out at atmospheric pressure in
two zone horizontal reactor [11] so designed as to minimize
pre-reaction of Bi with Te precursor. Hydrogen is used as
carrier gas. The schematic of the reactor is shown in Fig. 1.
In the figure, temperature of susceptor at zone 1 was kept
at 380 1C for the complete cracking of DiPTe and TMBi.
Growth of Bi2Te3 films were taken placed on graphite
susceptor at zone 2, where the temperature could be
controlled independently by inserting quartz spacer be-
tween two susceptors. The poor thermal conductivity of
quartz spacer and its limited contact area with heated
susceptors made it possible to control the temperature of
susceptor at zone 2 lower than 250 1C. The Bi2Te3 films
were grown at different substrate temperatures ranging
from 380 to 250 1C.

The surface morphology of Bi2Te3 wafers was observed
using a Nomarsky optical microscope and atomic force
microscope. The structural properties of the films were
estimated by X-ray diffraction with Cu Ka radiation
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Fig. 1. Schematic of two-zone reactor which employs two graphite

susceptors and quartz separator.
(Philips,X-PERT PRO-NMR). The electrical resistivity
and Hall effect measurement were performed by the
conventional van der Pauw method. The Seebeck coeffi-
cient was measured by connecting one side of the film to a
metal block at constant temperature and the other side to a
heat sink at room temperature.

3. Results and discussion

The surface morphology of the Bi2Te3 was strongly
influenced by the growth temperature. Fig. 2 shows
micrographs of the surfaces of �0.5 mm-thick layers of
Bi2Te3 on GaAs with various growth temperatures ranging
from 380�290 1C. For the sample grown at 380 1C, the
surface structure consists of somewhat regular array of
surface terrace with preferred crystallographic orientation.
It is thought that this might be caused by small tilt of
substrate orientation with vicinal direction. This surface
morphology suggests that the step-flow growth on a vicinal
surface is attained at the substrate temperature of 380 1C.
The portion of step-flow growth mode has diminished
gradually with decrease in substrate temperature below
380 1C. At the lower growth temperature, island coales-
cence has been dominated because the diffusion length of
adatoms on terrace is expected to be too small to migrate
to a vicinal step front. These experimental results are well
explained by a generalized Burton–Cabrera–Frank model
of step-flow growth on a vicinal surface [12]. It should be
noted that the values of the root mean square (RMS)
roughness became smaller with decrease in substrate
temperature and exhibited from 10 to 5 nm with changing
the substrate temperature from 380 to 290 1C. Here, all the
Bi2Te3 films showed only the (0 0 0 l) reflections in X-ray
diffraction, indicating crystallographic c-axis growth of the
films.
The precursor’s ratio of DiPTe to TmBi (RVI/V) in

MOCVD is one of the most important parameters. The
electrical carrier concentration and conduction type can be
controlled by the ratio of the partial pressure of the
elements. In Fig. 3, we compare the in plane carrier
concentration and mobility as a function of RVI/V at two
different growth temperatures. At the growth temperature
of 380 1C, two samples RVI/V lower than 6 showed p-type
conduction. On the other hand, all films had an n-type
conduction at growth temperature of 290 1C. Excess Bi
(Te) generates p-type (n-type) carriers, which Harman et al.
[13] attribute to the presence of antisite defects. It is
reported that the excess tellurium present in the vapor
phase compensates for the loss of Te in material during the
growth and gives the n-type conduction to the layer [14].
The loss of Te would be higher at the high growth
temperature due to high equilibrium Te vapor pressure of
the film. Thus, p-type conduction could be qualitatively
explained on the basis of above explanation. At the growth
temperature of 290 1C, however, n-type carrier concentra-
tion of the films was increased even decreasing RVI/V lower
than 6. Also we can see the mobility decreases to �10 cm2/
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Fig. 3. In- plane carrier concentrations (a) and mobilities (b) of Bi2Te3 layers as a function of RVI/V at two different growth temperatures. Measurements

were carried out at 300K.

Fig. 2. Surface morphologies of Bi2Te3 layers on (0 0 1) GaAs substrates grown at (a) 380 1C, (b) 350 1C, (c) 320 1C, and (d) 290 1C. Marker indicates 1mm.
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V s as the RVI/V decreases to 3 at 290 1C. In this region, p-
type carriers might be increased and compete with n-type
carriers. One of the possible explanations for this disparity
in results between RVI/V and n-type carriers is thought to be
caused by mixed conduction of p and n carriers in the films.
Standard measurements of the resistivity and Hall coeffi-
cient provide only averaged values of both the carrier
concentration and mobility, which may not represent any
of the actual individual species. Hall measurements with
changing the magnitude of magnetic field are needed to
verify this.

Many workers have reported the electrical properties of
Bi2Te3 films. However, those films are often polycrystalline
or nonstoichiometric composition resulting in high carrier
concentrations ranging from 1019 to 1020/cm3 at room
temperature. Thus, the carriers are degenerate even at
room temperature. Fig. 4 shows the temperature depen-
dence of carrier concentration and mobility of Bi2Te3 thin
film which was grown at 290 1C with precursor ratio of RVI/

V ¼ 7. As shown in the figure, 0.5 mm- thick Bi2Te3 layers
are measured to be n- type with carrier concentration of
�3� 1018 cm�3 in extrinsic region and the carrier concen-
tration increases monotonically with increasing tempera-
ture beyond 240K, indicating intrinsic region. It should be
noted that our film is found to be in the intrinsic region at
room temperature. This indicates that our Bi2Te3 film has
soichiometric composition and high structural quality as
long as nonstochiometry and structural defect contribute
doping level. From a plot of Log ni vs. 1000/T, we can
estimate the energy gap Eg to be about 110meV, which is
somewhat lower than the value of 180meV reported by
Cho et al. [15]. The Hall mobility is gradually increased as
the measuring temperature decreased. The Hall mobility
versus temperature shows different slop with different
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Fig. 5. In- plane Seebeck coefficient of Bi2Te3 layers as a function of RVI/V

at two different growth temperatures. Measurements were carried out at

300K.
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Fig. 4. Temperature dependence of carrier concentration and mobility of

thin Bi2Te3 films.
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temperature region. The appearance of these slopes can be
explained by the dominance of different scattering mechan-
isms in different temperature region. The higher slope at
higher temperatures indicates that polar optical phonon
scattering is dominant in the region. The Hall mobility
shows the value of 1300 cm2/V s at temperature 100K.
Such a high value was observed for the first time in the thin
Bi2Te3 films of this work.

In plane Seebeck coefficient at room temperature for the
samples in Fig. 3 is plotted in Fig. 5. For the samples
grown at 380 1C, the Seebeck coefficient was positive value
of 150 mVK�1 at RVI/V ¼ 3 and gradually decreased with
increasing RVI/V to the value of �100 mVK�1 at RVI/V ¼ 9.
At RVI/V ¼ 3, 5, the deficiency of Te in vapor phase might
result in deficiency of Te in the solid phase and responsible
for the positive Seebeck coefficient. On the other hand, for
the samples grown at 290 1C, found values were negative
and absolute values were higher than those obtained for the
growth temperature of 380 1C in all precursor ratio of RVI/

V used in this experiment. These results are easily expected
from electrical properties of the films as shown in Fig. 3.
The best value of the Seebeck coefficient was found to be
equal to 160 mVK�1, which is somewhat lower compared
to the bulk value. In Bi2Te3 -related compounds, it is
reported that the factors of the anisotropy of electro- and
thermal conductivities are about 2–4, and of the Seebeck
coefficient is 0.8–0.9 in the directions parallel and
perpendicular to the crystallographic c-axis [5,16]. Thus,
when we take into account that our Seebeck coefficient was
measured in parallel to basal plane, this value would
increase to 10 or 20% if measuring was made in crystal-
lographic c-direction.

4. Summary

We have grown Bi2Te3 films on GaAs substrates using
MOCVD system which employs a two-zone horizontal
reactor. Bi2Te3 films are grown along the preferred
crystallographic orientation of the c-axis. The surface
morphology was found to vary strongly with the deposi-
tion temperature. Distinct terracing was seen at high
growth temperature of 380 1C, and island coalescence has
been dominated with decrease in temperature. The
electrical and thermoelectrical characteristics of the film
were shown to be dependent on VI/V precursor’s ratio and
growth temperature. For our MOCVD growth of Bi2Te3
films, the best results were obtained for VI/V precursor’s
ratio of 7 and growth temperature of 290 1C. The
temperature dependence of carrier concentration and Hall
mobility were measured for the film and clearly showed an
electrically intrinsic region of the carrier concentration at
the temperature higher than 240K. Our results suggest that
Bi2Te3 film with good surface morphology and good
electrical properties can be grown by MOCVD.
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