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a b s t r a c t

Ion beam sputtering was used to deposit Sb2Te3 thin films on BK7 glass substrates at room temperature.
The effect of annealing on the thermoelectric properties of the Sb2Te3 thin films was investigated. After the
stoichiometric films were annealed at 100 ◦C to 400 ◦C for one hour, the Seebeck coefficient decreases from
ccepted 10 June 2010
vailable online 18 June 2010

eywords:
on beam sputtering

190 �V K−1 to 106 �V K−1, and the conductivity increases from 1.1 × 102 S cm−1 to 2.01 × 103 S cm−1. The
Power Factor is enhanced greatly from 0.40 × 10−3 W m−1 K−2 to 2.26 × 10−3 W m−1 K−2 after annealing at
400 ◦C. The positive Seebeck coefficient ˛ suggests the films to be p-type. X-ray diffraction (XRD) shows
that the major diffraction peaks of the films match those of Sb2Te3 and high crystalline films are achieved
after annealing. These results indicate that high-quality Sb2Te3 thin films are achieved and annealing

moel

b2Te3 thin films
hermoelectric material
eat treatment

greatly improves the ther

. Introduction

Thermoelectric techniques are widely employed in solid-state
oolers, power generators, sensors and optical storage systems
1–4]. V–VI compound semiconductors, with A2B3-type, are well-
stablished room-temperature thermoelectric materials because of
heir excellent thermoelectric properties. Both theoretical [5] and
xperimental [6,7] work show that low-dimensional alloys have
igher figure of merit (ZT) due to their stronger quantum confine-
ent effect.
Antimony telluride (Sb2Te3) is an important V–VI ther-

oelectric material at room-temperature due to its excellent
hermoelectric properties, narrow-band gap and high figure of

erit (ZT) value [8,9]. A lot of techniques, including co-evaporation
10], electrochemical deposition [11] and chemical-vapor deposi-
ion [12] have been used to grow Sb2Te3 thin films. However, both
he Seebeck coefficients (˛) and conductivity (�) of the films are
ound to be worse than those of bulk material. This is mainly due
o the difficulty in controlling the composition. The vapor pressure
f Te is so high compared with that of Sb and the re-evaporation of
e is not in favor of the formation of Sb2Te3. Precise control of the
omposition is therefore particularly important in achieving good
hermoelectric properties of Sb2Te3 thin films. Actually, ion beam
puttering deposition (IBSD) is a very attractive technique since it

ombines a high deposition rate with a great versatility in the depo-
ition of films by adjusting the target composition and controlling
he sputtering energy. In addition, preparing Sb2Te3 thin films by
on beam sputtering deposition is rarely reported.
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ectric properties of the films.
© 2010 Elsevier B.V. All rights reserved.

In this paper, ion beam sputtering was used to deposit Sb2Te3
thermoelectric thin films at room temperature. Instead of using an
alloy target, the target was made of fan-shaped Sb and Te plates.
This kind of target provides the convenience and efficiency in
adjusting the Sb/Te composition ratio by changing the plate areas.
Annealing on the thermoelectric properties of the films was then
investigated.

2. Experimental details

Sb2Te3 thin films were deposited on BK7 glass substrates at room temperature
by IBSD in argon ambience. The incident angle of the argon ion beam onto the target
was about 45◦ . The distance between the central point of the target and the sub-
strate is about 100 mm and the whole target area is 110 mm × 110 mm. The target
was made of fan-shaped high purity Sb (99.99%) and Te (99.99%) plates. The Sb/Te
ratio was controlled by adjusting the ratio of the corresponding plate areas. The
chamber was pumped to a base pressure of 7.0 × 10−4 Pa before the introduction
of Ar gas and the work pressure was maintained at 6.1 × 10−2 Pa. The substrates
were ultrasonically cleaned in acetone and alcohol for 10 min respectively. Before
depositing Sb/Te films, a 15-min sputter cleaning process was performed to remove
the contaminants on the target surfaces. A Plasma voltage of 700 V and a beam
current of 10 mA were used for sputtering. Samples were deposited at room tem-
perature and the deposition time was 60 min. The film thickness was over 500 nm.
In order to improve the properties of the films, more samples were prepared. These
samples were then annealed at 100 ◦C, 200 ◦C, 300 ◦C and 400 ◦C for one hour in the
vacuum chamber, respectively. The chamber pressure for the annealing was less
than 8.0 × 10−4 Pa. The influence of the annealing temperature on the properties
was investigated.

The composition ratio of the Sb2Te3 thin films was determined by using
an energy dispersive X-ray spectroscopy microanalysis system (EDS, Hitachi S-
3400N(II)). The film thickness was obtained by using a DEKTAK3 ST surface-profile

measurement system. The structure of the films was studied by X-Ray diffraction
(XRD, BRUKER-D8-ADVANCE) with Cu K� radiation (� = 0.15406 nm). The elec-
trical properties, including conductivity (�), carrier concentration (p) and carrier
mobility (�) of the films were tested at room temperature by Hall coefficient mea-
surement (ET9000). The Seebeck coefficient (˛) was measured by Seebeck coefficient
measurement system.

dx.doi.org/10.1016/j.jallcom.2010.06.046
http://www.sciencedirect.com/science/journal/09258388
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Table 1
The atomic ratio of Sb to Te and thermoelectric results of the as-deposited sample.
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ture increases to 400 ◦C. Though the sample annealed at 400 ◦C
has a small Seebeck coefficient of 106 �V K−1, it has a very high
conductivity and PF, which implies that annealing at 400 ◦C has an
obvious effect on the film. As can be seen from Fig. 1 to Fig. 3, the
Rato ˛ (�V K−1) � (×102 S cm−1)

0.65 190 1.1

The Power Factor (PF), one of the important thermoelectric parameters which
etermines the performance of the thermoelectric energy converters, was calculated
sing Eq. (1) (where ˛ is the Seebeck coefficient in �V K−1 and � is the conductivity

n S cm−1). The conductivity, carrier concentration and mobility obey Eq. (2) (where
is the carrier concentration in cm−3, � is the carrier mobility in cm2 V−1 s−1 and e

s the charge of an electron).

F = ˛2� (1)

= pe� (2)

. Results and discussion

The EDS and thermoelectric measurement results were listed in
able 1 where Rato is the atomic ratio of Sb to Te. The Power Factor
s obtained from Eq. (1). From Table 1, it can be found that the
tomic ratio of Sb to Te is around 2:3. The obtained film is therefore
toichiometric. The positive Seebeck coefficient ˛ implies that all
he films are p-type. The stoichiometric film has a Power Factor of
.40 × 10−3 W m−1 K−2, a high conductivity of 1.1 × 102 S cm−1 and
moderate Seebeck coefficient of 190 �V K−1.

The Seebeck coefficient of our samples approaches that of
b2Te3 thin films, while the Power Factor and conductivity are
uch smaller than those of Sb2Te3 thin films reported by others

13–16]. The poor electric properties might be due to the poor crys-
alline quality since room temperature deposition usually results in
oor crystallization. To study how annealing can affect the proper-
ies of the films, more samples were prepared at the same condition
ith this sample. These samples were then annealed at 100 ◦C,

00 ◦C, 300 ◦C and 400 ◦C for one hour in the vacuum chamber,
espectively.

Fig. 1 shows the Seebeck coefficient and conductivity of these
lms as a function of the annealing temperature. For compari-
on, the as-deposited sample was considered to be annealed at
oom temperature and its properties were included in all the Fig-
res. It can be found that the Seebeck coefficient decreases from
90 �V K−1 to 106 �V K−1 and the conductivity increases from

2 −1 3 −1
.1 × 10 S cm to 2.01 × 10 S cm , as the temperature increases
rom room temperature to 400 ◦C. The decrease of the Seebeck coef-
cient is mainly due to the evaporation of Te. The evaporation of
e during annealing can result in the loss of Te in the film and
ence decrease the Seebeck coefficient. The decrease of the See-

ig. 1. The Seebeck coefficients and conductivites of the as-deposited and annealed
amples. The as-deposited sample was considered to be annealed at room temper-
ture. The annealing temperatures of other samples were 100–400 ◦C.
(1023 cm−3) � (cm2 V−1 s−1) PF (W m−1 K−2)

.35 1.85 0.40

beck coefficient might also be due to oxidation after annealing at
high temperature. The conductivity has an extremely high value
when annealed at 400 ◦C.

Fig. 2 shows the carrier concentration and mobility of the Sb2Te3
thin films as a function of annealing temperature. The carrier con-
centration and mobility are near those of bulk Sb2Te3 material. This
indicates that the films have good electric properties. As can be
seen from Eq. (2), the carrier concentration and mobility determine
the conductivity. The carrier concentration and carrier mobility
increase greatly when the annealing temperature is over 300 ◦C.
Thus, the change of the conductivity is much faster in the range of
300–400 ◦C than that in the range of room temperature to 200 ◦C.

The Power Factors of all the samples are presented in
Fig. 3. As is shown in Fig. 3, the Power Factors increase from
0.40 × 10−3 W m−1 K−2 to 2.26 × 10−3 W m−1 K−2 as the tempera-
Fig. 2. The carrier concentrations and mobilities of the as-deposited and annealed
samples.

Fig. 3. The Power Factors of the as-deposited and annealed samples.
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ig. 4. (a) XRD pattern of the as-deposited sample; (b) XRD patterns of the samples
nnealed at 100 ◦C, 200 ◦C, 300 ◦C and 400 ◦C. The annealing temperature is labeled
ight above the corresponding curve.

onductivity, carrier concentration, carrier mobility and PF of the
lms increase with the increase of the annealing temperature. This
eveals that annealing can improve the thermoelectric properties
f the films. This might be due to the improvement of crystalline
uality.

Fig. 4 shows the XRD patterns of all the samples. The XRD pat-
ern of the as-deposited film which has the best PF is shown in
ig. 4(a). Three major diffraction peaks located at 52.67◦, 67.73◦

nd 77.37◦ are observed and they are indexed as the reflection
rom the (2 0 5), (2 1 1) and (3 0 0) planes of Sb2Te3. This result
emonstrates the samples are Sb2Te3 thin films with a hexago-

al structure belonging to the R
−
3m space group [14–23]. However,

he intensity of the peaks related to Sb2Te3 is small. In addition, a
eak located at 25◦ is also observed and this peak is labeled as (Sb,
). It is due to oxides such as SbO, Sb2O5, SbO3. Room temperature
eposition usually results in poor crystallization and many defects.
hese defects will increase the interface scattering, etc. The electri-
al properties of stoichiometric Sb2Te3 thin films will therefore be
eakened. Fig. 4(b) shows the XRD patterns of the films annealed

t 100 ◦C, 200 ◦C, 300 ◦C and 400 ◦C. After annealing, the samples
re still hexagonal. With the increase of annealing temperature,
he intensity of the peaks related to Sb2Te3 is greatly enhanced,
hile the FWHM of these peaks is lowered. At higher temperature,
he peaks related to Sb2Te3 are slightly shifted to smaller angles.
his could be related to the reduction of the defects and thermal
tress. The diffraction peaks related to some (Sb, O) impurity are
till observed clearly. It is worth noting that the XRD pattern of
he sample annealed at 400 ◦C is quite different from others. In

[
[

[
[

mpounds 505 (2010) 278–280

the XRD pattern of this sample, peaks related to Sb2Te3 (1 0 1 0)
and Sb2Te3 (1 1 0) can be observed. In addition, the intensity of the
peak labeled as (2 0 5) is the strongest and the FWHM of this peak is
much lower than those of others. Though diffraction peaks related
to some (Sb, O) impurity are still observed at 400 ◦C, their intensities
are much smaller than those peaks related to Sb2Te3. This indicates
that Sb2Te3 is the dominant phase even after annealing at 400 ◦C.
From the XRD results, it can be concluded that Sb2Te3 thin films of
high crystalline quality are obtained after annealing. By improving
the crystalline quality, the defects are reduced and interface scat-
tering, etc. is also reduced, which will lead to the improvement of
the electrical properties.

4. Conclusions

Sb2Te3 thin film was obtained by IBSD. It is very convenient
to prepare stoichiometric films by IBSD. The films prepared by
IBSD have good reproducibility. EDS shows that the stoichiomet-
ric Sb2Te3 thin film can be obtained by changing the area ratio
of Sb plate to Te plate. Hall and Seebeck measurement show
that stoichiometric films have better thermoelectric properties
and nonstoichiometric films have poor thermoelectric properties.
XRD shows that the film has a hexagonal structure. The crys-
talline quality and thermoelectric properties are improved after
annealing. The Seebeck coefficient decreases from 190 �V K−1 to
106 �V K−1 and the conductivity increases from 1.1 × 102 S cm−1

to 2.01 × 103 S cm−1after annealing. The best film has a maxi-
mum Power Factor of 2.26 × 10−3 W m−1 K−2. These results show
that high quality Sb2Te3 thin films can be prepared by IBSD and
annealing in the vacuum can further improve their thermoelectric
properties.
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