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Abstract Antimony telluride (Sb2Te3) thin films were

deposited on silicon substrates at room temperature

(300 K) by radio frequency magnetron sputtering method.

The effects of annealing in N2 atmosphere on their ther-

moelectric properties were investigated. The microstruc-

ture and composition of these films were characterized

using scanning electron microscopy, energy dispersive

X-ray spectroscopy and X-ray diffraction, respectively.

The electrical transport properties of the thin films, in terms

of electrical conductivity and Seebeck coefficient were

determined at room temperature. The carrier concentration

and mobility were calculated from the Hall coefficient

measurement. Both of the Seebeck coefficient and Hall

coefficient measurement showed that the prepared Sb2Te3

thin films were p-type semiconductor materials. By

optimizing the annealing temperature, the power factor

achieved a maximum value of 18.02 lW cm-1 K-2 when

the annealing temperature was increased to 523 K for 6 h

with a maximum electrical conductivity (1.17 9 103 S/cm)

and moderate Seebeck coefficient (123.9 lV/K).

1 Introduction

Thermoelectric devices for energy conversion and temper-

ature control have widely exploited in many industrials field.

Compared with the conventional mechanical devices, ther-

moelectric devices have the advantages such as maintenance

free, better transient response [1, 2]. A typical application for

the energy conversion is a wristwatch, which incorporates

the micro-thermoelectric devices and generates electricity

from temperature difference between the surface of the body

and the inside of the wristwatch [3]. It is possible to extend

the range of application of thermoelectric devices by min-

iaturizing the devices, such as spot cooling of electric devices

and DNA amplification [2, 4].

The primary candidate technology for miniaturizing ther-

moelectric devices is to apply semiconductor-processing

technologies including thin film fabrication. The limited

presence of thermoelectric devices on the marketplace is

mainly the result of low thermoelectric figures of merit

(ZT = S2rT/j) for known thermoelectric materials, where S is

the Seebeck coefficient, r is the electrical conductivity, j is

the thermal conductivity, and T is the absolute temperature. A

practical thermoelectric material should have high Seebeck

coefficient, high electrical conductivity, and low thermal

conductivity [5, 6]. However, the interrelated Seebeck coef-

ficient, electrical conductivity, and thermal conductivity make

it difficult to improve one transport property without affecting

the others [7]. Thus, the key issue of micro-thermoelectric
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devices is how to fabricate thin films with high performance

by semiconductor-processing technologies.

Bismuth and antimony telluride-based compounds possess

excellent thermoelectric properties near room temperature

and are predicted to be the best candidates for thermoelectric

devices. Antimony telluride (Sb2Te3) is a V-VI compound

semiconductor with a small band gap. The Sb2Te3 crystal

structure has a hexagonal conventional unit cell with a layer

structure along in the following order: -(Te1-Bi-Te2-Bi-Te1)-

[8]. So far, various techniques have been employed to prepare

Sb2Te3 thin films including flash evaporation [9], metal

organic chemical vapor deposition [10], co-evaporation [11],

electrochemical method [12], ion beam sputtering [13], and

molecular beam epitaxy [14]. To the best of our knowledge,

high performance Sb2Te3 thin films were always deposited on

a heated substrate [11, 15], while it is incompatible with the

condition of lift-off process. All of these facts give us moti-

vation to develop alternative deposited techniques of Sb2Te3

thin films. In this work, we employ magnetron sputtering

method for the deposition of Sb2Te3 thin films. Magnetron

sputtering method is an improved film deposition technology,

which is convenient and easy to integrate with micro-pro-

cessing technology, and has been widely employed to large-

scale fabrication high quality films.

In this study, the Sb2Te3 thin films were deposited at room

temperature by RF magnetron sputtering and the post-

annealing treatment were employed to enhance their ther-

moelectric properties. The influence of annealing temperature

on the structure, chemical composition and the thermoelectric

properties of the Sb2Te3 thin films were investigated.

2 Experimental

Antimony telluride thin films were prepared on Si (100)

substrates at room temperature (*300 K) by RF magne-

tron sputtering (PVD75, USA), using high purity (4 N)

Sb2Te3 alloy as the sputtering target. The substrates were

ultrasonically cleaned prior to deposition in acetone,

alcohol and deionized water for 10 min, respectively, and

then dried by N2 gas. The chamber vacuum pressure was

\2 9 10-6 Torr before deposition. RF power was 20 W

and the working pressure was automatically maintained at

3.0 mTorr. A 10 min pre-sputtering was performed before

deposition to remove native oxides and contamination on

the surface of the Sb2Te3 alloy target. The thickness of the

thin films was monitored by a quartz crystal sensor during

deposition and measured by step profiler (Ambios XP-200,

America) after preparation. The post annealing treatments

were performed at 373, 423, 473, 523 and 573 K for 6 h

under N2 atmosphere, respectively. In order to investigate

the effect of annealing time, the as-deposited films were

also annealed at 523 K for 3, 6, 9 and 12 h, respectively.

The crystal structure of the Sb2Te3 thin films was

examined by X-ray diffraction (D/MAX-2200, Japan) in

conventional h-2h mode with Cu/Ka radiation using 40 kV

and 250 mA. The specimens were scanned from 208 to 808
with a step of 0.028. The surface morphology of the thin

films was observed by scanning electron microscope

(ZEISS ULTRA55, German). Energy dispersive X-ray

spectroscopy (EDS) was employed to analyze the chemical

compositions of the films.

The carrier concentration and mobility were measured at

room temperature by means of Hall coefficient measurement

(HMS-3000, Korea). The electrical conductivity of the thin

films was measured at room temperature by four-probe

method. The in-plane Seebeck coefficient was obtained by a

home-made measurement system at room temperature

(Fig. 1). A temperature difference (about 5 K) was built up

for Seebeck coefficient measurement by putting a heater with

a constant current controller under one side of a specimen,

and two Pt-100 platinum resistances were used as the ther-

mocouples to monitor the temperature. The distance between

the thermocouple was 1 cm. The induced thermal voltage

was captured by a data acquisition/switch unit (34970, Ag-

ilent, USA). The mechanical pressure was used to ensure the

thermal and electrical contacts quality. The Seebeck coeffi-

cient was calculated as the ratio of the Seebeck voltage (DV)

across the thin film to the temperature difference (DT, below

5 K) at room temperature. The thermoelectric power factor

was estimated from the results of the Seebeck coefficient and

electrical conductivity.

3 Results and discussion

3.1 Structural analysis

The surface morphologies of the Sb2Te3 thin films were

investigated by SEM (Fig. 2). As can be seen in Fig. 2a

and b, the grain boundary of annealed film (423 K) was

Fig. 1 Schematic of experimental set-up for Seebeck coefficient

measurement
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much clearer than that of as-deposited film, and the surface

of the film annealed at 423 K was more uniform. Some

crystalloid precipitates and nano-voids (about 20 nm) were

found on the surface of the thin film annealed at 523 K, as

shown in Fig. 2c. The crystalloid precipitates were exam-

ined by EDS analysis and were found to have higher Sb

content than the average film composition. The Sb-rich

phase has a composition close to Sb:Te = 82:18. A similar

Sb-rich precipitates had also been reported in annealed Bi-

Sb–Te nanocrystalline thin films [16]. Furthermore, the

size and amount of the Sb-rich precipitates were both

increased when the annealing temperature increased to

573 K (Fig. 2d). It seems like that Sb atoms are inclined to

diffuse to some preferential nucleation site, e.g. grain

boundaries, and the nuclei would continue to grow if the Sb

atomic flux is sustained. The voids at nano-scale could be

formed due to the Sb vacancies or interstices. However,

parts of the thin films have been lost at higher annealing

temperature due to the separation of substantial Sb-rich

precipitates and the consequent disruption of film’s

structure.

The crystallinity of the Sb2Te3 thin films with different

annealing temperature was investigated by XRD (Fig. 3).

The as-deposited film was almost amorphous structures for

the atoms in the film do not have enough energy to diffuse

and agglomerate at room temperature. After annealing,

three major diffraction peaks were appeared at 2h of

28.248, 38.298 and 45.868, which were assigned to the

(015), (1,010), (1,013) planes of Sb2Te3, respectively. The

result demonstrated that a hexagonal structure belonging to

the R�3m space group of polycrystalline Sb2Te3 thin films

was obtained [13, 17]. The intensity of Sb2Te3 peaks were

gradually enhanced when the annealing temperature

increased from 373 to 573 K, which suggested that the

crystallinity degree of Sb2Te3 thin films increased with the

rising annealing temperature. However, some new peaks

appeared at 32.308, 52.008, 67.828 were found when the

annealing temperature was 573 K. Compare to the PDF

card (26-0101) of Sb, the new peaks at 2h of 32.308 and

67.828 may belong to Sb (200) and Sb (103) planes,

respectively. The peak at 2h of 52.008 may belong to Te

(103) plane (PDF card [36-1452] of Te). The result indi-

cated that there may exist a phase separation at higher

temperature of 573 K, where the diffusion, nucleation and

growth of Sb atoms in the Sb2Te3 thin film. And this was

also in accordance with the result in the SEM an image

(Fig. 2d). Although there was no noticeable difference of

grain size in surface morphology from 423 to 523 K, XRD

patterns showed that the grain sizes of the thin films

increased with the increase of annealing temperatures. The

average grain sizes of the thin films were calculated using

the Debye–Scherrer’s equation:

D ¼ kk=B cos h ð1Þ

Fig. 2 SEM micrographs of a as-deposited Sb2Te3 thin film and films annealed at b 423 K, c 523 K and d 573 K for 6 h under N2 atmosphere,

respectively
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where k is the constant = 0.89, k is the wavelength of the

radiation = 1.54051 Å, B is the full-width half-maximum

(FWHM) and h is the diffraction angle. XRD parameters

for the specimens were listed in Table 1, which showed the

calculated results. It could be found clearly that the average

grain sizes were increased with increasing annealing

temperature.

Te atomic compositions and the film thickness of the

Sb2Te3 thin films as a function of the annealing tempera-

ture were shown in Fig. 4. It can be found that the Te

concentration of the as-deposited thin film was 66 % and

the thickness was about 250 nm. Both the Te composition

and the film thickness were decreased linearly when the

annealing temperature increased to 523 K. This may be due

to the re-evaporation of elements Te during annealing

treatment [6]. Besides, owing to the evaporation of ele-

ments Te, there are less TeSb native antisite defects (the

rich Te atoms occupying Sb lattice sites) in the grain

region, and the composition of the thin films is close to the

chemical composition ratio. However, when the annealing

temperature reached 573 K, the content of Te increased

drastically to about 93 %. According to the SEM (Fig. 2d)

and XRD patterns (Fig. 3), the thin films were inclined to

phase separation at higher annealing temperature of 573 K.

Therefore, in our case, some region that without Sb-rich

precipitates exhibited higher content of Te; in contrast,

other regions showed lower content of Te. See supple-

mentary information for more details on the EDS testing.

So the drastically increase of Te content (about 93 %) in

Fig. 4a) could be attributed to that we detected the area

without Sb-rich precipitates.

3.2 Thermoelectric properties of Sb2Te3 thin films

The carrier concentration and mobility were measured by

Hall coefficient measurement at room temperature (Fig. 5).

Due to the structural deterioration of the thin film annealed

at 573 K, the carrier concentration and mobility of the thin

films annealed at 573 K were not investigated. Obviously,

with the increase of annealing temperature, the carrier

concentration decreased while the carrier mobility

increased. The carrier concentration decreased from

1.30 9 1020 to 7.71 9 1019 cm-3 and the carrier mobility

increased from 9.52 to 95 cm/Vs as the temperature

increased from 300 to 523 K. In general, the thin films

deposited at room temperature contain many defects and

require a post thermal treatment to eliminate them. The

decrease of the carrier concentration can be attributed to

the reduction of the TeSb native antisite defects during

annealing treatment, as seen from Fig. 4a. The increase of

carrier mobility can be attributed to the reduction of native

antisite defects and grain growth due to the crystallization

during the annealing treatment. The increasing grain size

(as show in Table 1) can contribute to the decrease of the

density of grain boundary, reducing carrier scattering at the

grain boundaries. So the carrier mobility increased with

annealing temperatures rising.

The electrical conductivity and Seebeck coefficient of

the Sb2Te3 thin films as a function of the annealing tem-

peratures were shown in Fig. 6. We found that the elec-

trical conductivity of Sb2Te3 thin films was enhanced after

annealing treatment up to a certain temperature. At further

higher annealing temperature the electrical conductivity

was drastically decreased due to the structural destruction

of Sb2Te3 thin films. When the annealing temperature

increased from 300 to 523 K, The electrical conductivity

increased from 1.98 9 102 to 1.17 9 103 S/cm. The

weaker electrical conductivities of as-deposited thin film

could be attributed to the poor crystallization, as confirmed

by XRD analysis in Fig. 3. The increase of electrical

conductivity may due to the compensation of the decrease

in carrier concentration with the increase in mobility. The

electrical conductivity is given by equation:

r ¼ nel ð2Þ

where n is the carrier concentration, e is the electron

charge, l is the carrier mobility. As seen from Fig. 5, the

increase rate of the carrier mobility was higher than the

Fig. 3 XRD patterns of the Sb2Te3 thin films annealed at different

temperatures for 6 h under N2 atmosphere

Table 1 The average grain sizes of the thin films calculated from

(1,010) plane at 2h of 38.298

Annealing

temperature (K)

FWHM B (8) Bcosh Average grain

size D (nm)

As-deposited – – –

373 1.307 0.02142 6.4

423 0.448 0.00710 19.3

473 0.310 0.00479 28.6

523 0.271 0.00410 33.4

573 0.199 0.00280 49.0
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decrease rate of carrier concentration. Therefore, the

electrical conductivity of the Sb2Te3 films was enhanced

with the rising annealing temperature.

To measure the in-plane Seebeck coefficient, a small

temperature difference (about 5 K) was built up across the

specimen to produce Seebeck voltage at room temperature

by a home-made Seebeck coefficient measurement system.

As shown in Fig. 6, it can be found that the Seebeck

coefficients of all the specimens have positive value,

indicating that the deposited Sb2Te3 thin films are p-type.

When the annealing temperature was increased to 423 K,

the Seebeck coefficient decreased a lot compared with that

of the film annealed at 300 K. The sharp fall in the Seebeck

coefficient can be explained with amorphous-crystalline

transition. The similar result for Sb2Te3 thin films prepared

by evaporation was also reported by V. Damodara et al.

[18]. Nevertheless, the Seebeck coefficient increased

slightly while annealing temperature was further raised

from 423 K. It is well known that the Seebeck coefficient is

closely related to the carrier concentration. In the case of

p-type semiconductor crystals obeying Boltzmann statis-

tics, the Seebeck coefficient is given by equation:

S ¼ ðk=eÞ½r þ C � ln n� ð3Þ

where k is the Boltzmann’s constant, e is the electron charge,

r is the scattering parameter and the value of r is dependent

on the scattering mechanism (r = -1/2 for lattice scattering

and r = 3/2 for ionized scattering), and C is a constant [19,

20]. The Seebeck coefficient was found to be inversely

proportional to the logarithmic scale of the carrier concen-

tration. The reason for the enhancement of Seebeck coeffi-

cient is the reduction of carrier concentration. However, the

Seebeck coefficient of the thin films annealed at 573 K

increased drastically (about 330 lV/K), which was close to

that of Te films [21]. As can be seen from Fig. 2d, the sub-

stantial Sb-rich precipitates on the surface are almost dis-

continuous, so the main contribution to the Seebeck

coefficient maybe the rich Te phases in the films. Thus, the

thin films annealed at 573 K have relative higher Seebeck

coefficient but lower electrical conductivity.

The power factor (S2r) of Sb2Te3 thin films has been

calculated by the measured Seebeck coefficient and elec-

trical conductivity (Fig. 7). The as-deposited thin films

have the value of about 4.29 lW cm-1 K-2. After the

annealing treatment, the power factors were increased by

an order of magnitude. The largest value of the power

Fig. 4 Te composition and film

thickness as a function of

annealing temperature

Fig. 5 A plot of the carrier concentration and mobility of the Sb2Te3

thin films as a function of annealing temperature

Fig. 6 A plot of the electrical conductivity and the Seebeck

coefficient of the Sb2Te3 thin films as a function of annealing

temperature
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factor (*18.02 lW cm-1 K-2) was obtained for the stoi-

chiometric specimen annealed at 523 K. Even though the

higher temperature such as 573 K may lead to the deteri-

oration of thermoelectric properties of the films, the

annealing treatment was testified to be a kind of very

efficient method to improve the properties of the thermo-

electric thin films.

In order to further optimize the annealing parameters on

the Sb2Te3 thin films, an annealing treatment was per-

formed in N2 atmosphere for different times at 523 K.

Thermoelectric power factors as a function of the anneal-

ing time are shown in Fig. 7b. It can be found that the

power factor has slightly changed in a range of

17.19–18.02 lW cm-1 K-2. The annealing time has no

significant effects on the thermoelectric properties of

Sb2Te3 films. Therefore, we suggest that annealing tem-

perature is a key factor on thermoelectric properties

according to our experimental results.

4 Conclusions

The Sb2Te3 thin films were successfully deposited by RF

magnetron sputtering on silicon substrates. In order to

enhance the thermoelectric properties of the thin films,

annealing in N2 atmosphere was carried out for 6 h in the

temperature range from 373 to 573 K. The as-deposited

films were nearly amorphous and the crystalline quality

increase gradually after annealing treatments. Meanwhile,

the Sb atoms are inclined to diffuse to form Sb-rich pre-

cipitates. But too high annealing temperature may lead to

the separation of substantial Sb-rich precipitates and con-

sequent disruption of film’s structure. It is found that with

the increase of annealing temperature, the carrier concen-

tration decrease while the carrier mobility increases. In

summary, the annealing treatment may effectively improve

the thermoelectric properties of the Sb2Te3 thin films. The

power factor of the films reach the highest value of

18.02 lW cm-1 K-2, which is annealed at 523 K for 6 h

with a maximum electrical conductivity (1.17 9 103 S/cm)

and moderate Seebeck coefficient (123.9 lV/K). This is

very promising in the realization of room temperature

thermoelectric application with high performances.
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