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Effects of Thickness and Temperature on Thermoelectric Properties of
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Bi2Te3 thin films and GeTe/B2Te3 superlattices of different thicknesses are prepared on the silicon dioxide
substrates by magnetron sputtering technique and thermally annealed at 573K for 30min. Thermoelectric (TE)
measurements indicate that optimal thickness and thickness ratio improve the TE performance of Bi2Te3 thin
films and GeTe/B2Te3 superlattices, respectively. High TE performances with figure-of-merit (𝑍𝑇 ) values as
high as 1.32 and 1.56 are achieved at 443K for 30 nm and 50 nm Bi2Te3 thin films, respectively. These 𝑍𝑇 values
are higher than those of p-type Bi2Te3 alloys as reported. Relatively high 𝑍𝑇 of the GeTe/B2Te3 superlattices
at 300–380K were 0.62–0.76. The achieved high 𝑍𝑇 value may be attributed to the unique nano- and micro-
structures of the films, which increase phonon scattering and reduce thermal conductivity. The results indicate
that Bi2Te3-based thin films can serve as high-performance materials for applications in TE devices.

PACS: 73.50.Lw, 68.60.Dv, 72.20.Pa, 73.61.−r, 84.60.Bk DOI: 10.1088/0256-307X/34/12/127301

Thermoelectric (TE) materials directly convert
thermal energy into electrical energy and vice versa
and are considered clean energy converters.[1] For
practical applications, the conversion efficiency of TE
materials is often characterized according to a TE fig-
ure of merit, 𝑍𝑇 , which is a dimensionless parameter
and is conventionally defined as

𝑍𝑇 =
𝑆2𝜎

𝜅
𝑇, (1)

where 𝑆, 𝜎, 𝜅 and 𝑇 are the Seebeck coefficient, elec-
trical conductivity, thermal conductivity and absolute
temperature, respectively. A high 𝑍𝑇 indicates high
energy conversion efficiency. Clearly, an efficient TE
material with high 𝑍𝑇 requires high 𝑆, high 𝜎, and low
𝜅. However, it is of challenge to improve them simul-
taneously in bulk TE materials because an increase in
𝜎 normally implies a decrease in 𝑆 (because of carrier
density) and an increase in the electronic contribution
to 𝜅 (the Wiedemann–Franz law). Recently, numerous
attempts have been made to increase 𝑍𝑇 of Bi2Te3-
based TE materials.[2−10] Thin-film TE materials of-
fer tremendous scope for 𝑍𝑇 enhancement with low
𝜅 while 𝑆 and 𝜎 remain nearly the same because of
quantum-confinement effect and interface scattering
effect. However, literature survey indicates that 𝑍𝑇
of p-type Bi2Te3 thin films at 293–523 K and 𝑍𝑇 of
p-type GeTe/B2Te3 superlattices at 300–380 K have
never been reported. Thickness of nano-scale thin
films has a significant influence on the TE properties.
Therefore, Bi2Te3 thin films and GeTe/B2Te3 super-
lattices of different thicknesses prepared by the mag-
netron sputtering method are chosen in the present
study and the detailed TE properties are investigated.

In this Letter, we report a 𝑍𝑇 ≈ 1.56 at 443K in
p-type Bi2Te3 thin films and a 𝑍𝑇 ≈ 0.76 at 300K

in p-type GeTe/B2Te3 superlattices. Thickness and
temperature dependence of TE properties of Bi2Te3
thin films and GeTe/B2Te3 superlattices are analyzed
using the effective mean free path model of size ef-
fect and the quantum-confinement effect, respectively.
The results show that the 𝑍𝑇 values of Bi2Te3-based
thin films can be enhanced with optimal thickness and
temperature.

In the experiment, 20 nm, 30 nm and 50 nm
Bi2Te3 thin films and 3 nm/3 nm, 4 nm/2 nm
and 4.8 nm/1.2 nm GeTe/B2Te3 superlattices (here
4 nm/2 nm, for example, indicates 𝑑GeTe = 4nm and
𝑑Bi2Te3 = 2nm in the superlattice) were prepared by
the magnetron sputtering method. The thickness of
the films and the rate of deposition were determined
by sputtering power, Ar pressure and sputtering time.
All the films were annealed at 573K for 30min. The
as-deposited and annealed films were examined using
x-ray diffraction (XRD) and atomic force microscopy
(AFM). The electrical properties of the films were in-
vestigated using a Namicro-III system. This equipment
can simultaneously measure the Seebeck coefficient 𝑆
and electrical resistivity 𝜎 of TE materials from room
temperature to 1000 K. The thermal conductivity 𝜅
was measured using the 3𝜔 method in the temper-
ature range of 293–523K. The device consisted of a
signal generator, a custom-built analog circuit, an ad-
justable resistance box and a lock-in amplifier. Here
𝑍𝑇 was calculated according to Eq. (1).

Figure 1 shows the x-ray diffraction patterns of
as-deposited and annealed films of Bi2Te3 thin film
in thickness of 50 nm. They show the polycrystalline
nature of the films. All diffraction peak positions and
(ℎ𝑘𝑙) values of the annealed film were highly consistent
with the standard diffraction data of the pure Bi2Te3
phase, implying that the Bi2Te3 phase has been suc-
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cessfully prepared.
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Fig. 1. XRD patterns of as-deposited and annealed films.

The AFM images show the surface morphology of
the Bi2Te3 thin films and its evolution with the heat
treatment (Fig. 2). As seen in the image, the surface of
the annealed film is rougher, indicating that annealing
causes the growth of the grains.
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Fig. 2. AFM images of (a) as-deposited and (b) annealed
films.

Table 1 lists the electrical parameters of B2Te3 thin
films with different thicknesses at room temperature.
It can be seen that the carrier concentration and mo-
bility increase with the thickness.
Table 1. The electrical conductivity, carrier concentration and
mobility of 20 nm, 30 nm and 50 nm B2Te3 thin films at room
temperature.

Thickness 𝜎 𝑛 𝜇

(nm) (S/cm) (cm−3) (cm2V−1S−1)
20 118 1.35×1019 54.6
30 145 1.43×1019 63.3
50 170 1.62×1019 65.6

100

150

200

250

300

350

400

150

200

250

300

350

400

450

500

250 300 350 400 450 500 550

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

250 300 350 400 450 500 550
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

(a)

 

 

E
le

c
tr

ic
a
l 
c
o
n
d
u
c
ti

v
it

y
 

(S
/
c
m

)

 20 nm
 30 nm
 50 nm

(b)

 

 

S
e
e
b
e
c
k
 c

o
e
ff
ic

ie
n
t

(m
V

/
K

)

 20 nm
 30 nm
 50 nm

(c)

 

 

T
h
e
rm

a
l 
c
o
n
d
u
c
ti

v
it

y
 

(W
/
m

K
)

Temperature(K)

 20 nm
 30 nm
 50 nm

(d)

 

 

Temperature(K)

 20 nm
 30 nm
 50 nm

Fig. 3. Temperature dependence of the TE properties for the B2Te3 thin films: (a) electrical conductivity; (b)
Seebeck coefficient; (c) thermal conductivity; and (d) 𝑍𝑇 .

Figure 3 shows the TE properties of the B2Te3 thin
films characterized at temperatures ranging from 293
to 523 K. Figure 3(a) shows the temperature depen-
dence of electrical conductivity. The films exhibited
a semiconducting dependence: conductivity initially
decreases slowly at 293–323 K, then increases rapidly
at 323–443 K. The main reason is that when tempera-
ture rises slowly from room temperature, the intrinsic
excitation of thin film is not obvious and self-doped
impurities (mainly excess Bi) in the film are all ion-
ized, thus the carrier concentration remains substan-
tially constant. It is called the saturation region of
p-type Bi2Te3 thin films. Hence, the electrical con-
ductivity mainly depends on carrier mobility. The en-

hancement of lattice scattering leads to the reduction
of carrier mobility with rising temperature. The mo-
bility of holes in a p-type Bi2Te3 thin film is an ex-
ponential function of temperature. In the relatively
high-temperature region, intrinsic excitation of the
Bi2Te3 thin films increases rapidly. Since the value
of carrier mobility drops with rising temperature, its
influence on electrical conductivity is very small at
323–443K. Above 443 K the decrease of carrier mobil-
ity with rising temperature becomes significant, which
slows down the increasing speed of electrical conduc-
tivity. Electrical conductivity of B2Te3 thin films in-
creases with the thickness. The highest values of elec-
trical conductivity at 523K can be observed for 20 nm,
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30 nm and 50 nm Bi2Te3 thin films, with values of 331,
357 and 390 S/cm, respectively.

The Seebeck coefficient variations as a function of
temperature are depicted in Fig. 3(b). All the films
have positive Seebeck coefficients, suggesting that
they are p-type conductive. As shown in Fig. 3(b), the
Seebeck coefficient initially increases rapidly at 293–
443 K due to the decrease of the standard Fermi level,
but after peaking, it starts decreasing with rising tem-
peratures because of the thermal excitation of extrin-
sic charge carriers at high temperatures. The max-
imum values of the Seebeck coefficient are 294, 405
and 475µV/K at 443 K for 20 nm, 30 nm and 50 nm
Bi2Te3 thin films, respectively.

The power factor (PF) of TE materials is usually
calculated as PF =𝑆2𝜎. The 50 nm thin film exhibits
the highest PF (7 mWm−1·K−2 at 443 K). It can be
seen that the values of PF are much lower than those
reported for good bulk TE materials. However, these
low values are expected in the case of thin films, where
the electrical conductivity will usually be very small
compared with that in the bulk materials due to the
size effect.

The temperature dependence of thermal conduc-
tivity is shown in Fig. 3(c). The 20 nm thin film
has significantly lower thermal conductivity than the
30 nm and 50 nm thin films in the whole temperature
range. The lowest value of thermal conductivity for
this film is 0.82W/mK, which is obtained at 293K.
The increase of thermal conductivity with rising tem-
perature indicates that the phonon-boundary scatter-
ing is the predominant scattering mechanism.

The variation of 𝑍𝑇 as a function of temperature
for the Bi2Te3 thin films is shown in Fig. 3(d). For
the 50 nm thin film, a high 𝑍𝑇 value can be obtained
within the entire temperature range because of high
PF and low thermal conductivity; 𝑍𝑇 at 293 K is 0.32
and increases with the temperature, peaking at 1.56
at 443 K, before subsequently decreasing to 0.55 at
523 K. All the films exhibit identical behavior. The
maximum values of 𝑍𝑇 are 0.78 and 1.32 at 443K for
20 nm and 30 nm thin films, respectively.

Several studies[11−15] have reported the prepara-

tion methods and TE properties of Bi2Te3 alloys. In
this study, 𝑍𝑇 of the 50 nm thin film at 293–523 K is
0.32–1.56, with an average value of 0.94. Compared
with other studies, 𝑍𝑇 obtained in this study at tem-
peratures near 443 K is higher. It must be remembered
that the accurate measurement of the figure of merit
is not simple, particularly at elevated temperatures.
Typically, the error in determining this parameter may
be as high as 20%.

By defining an effective mean free path for carri-
ers in the infinitely thick film, which is a hypothetical
bulk with the same microstructure as that of the films,
Tellier[16] obtained the expression for the film resistiv-
ity as a function of thickness as

𝜌f = 𝜌g

(︁
1 +

3

8

𝑙g · (1− 𝑃 )

𝑡

)︁
, (2)

where 𝑡 is the film thickness, 𝜌g and 𝑙g are resistiv-
ity and effective mean free path of the infinitely thick
film, and 𝑃 is the specularity parameter giving the
fraction of charge carriers incident on the surface that
is specularly scattered.
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Fig. 4. (a) Plot of the resistivity versus the reciprocal
thickness, and (b) plot of the Seebeck coefficient versus
the reciprocal thickness.

Table 2. Variations of 𝜌g, 𝑙g, 𝑆g, 𝑈g and 𝐸F of infinite thick film with temperature.

Temperature 𝜌g 𝑙g 𝑆g 𝑈g 𝐸F

(K) (10−3 Ω·cm) (104 nm) (µV·K−1) (10−4) (meV)
323 4.21 5.53 336 3.98 23.5
363 4.19 4.33 499 6.32 17.8
403 3.01 3.09 577 9.44 17.1
443 2.76 2.21 600 12.19 18.1

Hence, if we plot 𝜌f against 1/𝑡 (at any constant
temperature), the intercept will give us the value of 𝜌g
and the slope will give (3/8)𝑙g(1−𝑃 )𝜌g. It is seen from
Fig. 4(a) that the resistivity varies linearly with the re-
ciprocal thickness as expected. By assuming complete
diffuse scattering (𝑃 = 0), 𝑙g is calculated from the

slopes. The calculated values of 𝜌g and 𝑙g at different
temperatures are listed in Table 2. It is seen that the
mean free path decreases as the temperature increases,
as expected.

Pichard et al.[17] extended the effective mean free
path model developed by Tellier to calculate the See-
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beck coefficient of the films. According to this model,
the expression for the Seebeck coefficient is

𝑆f = 𝑆g

(︁
1− 3

8
(1− 𝑃 )

𝑙g
𝑡

𝑈g

1 + 𝑈g

)︁
, (3)

where 𝑆g is the Seebeck coefficient of the infinite thick
film and is given by

𝑆g = −𝜋2𝑘2B𝑇

3𝑒𝐸F
(1 + 𝑈g), (4)

with
𝑈g =

(︁𝜕 ln 𝑙g
𝜕 ln𝐸

)︁
𝐸=𝐸F

(5)

being the energy-dependent power index related to the
mean free path.

According to the above equation, the plot of 𝑆f

against 1/𝑡 would be a linear plot with the intercept
giving the value of 𝑆g and the slope giving the value
of 3

8 (1 − 𝑃 )𝑆g𝑙g𝑈g/(1 + 𝑈g). It is observed that the
plots in Fig. 4(b) are nearly linear as expected. By
assuming complete diffuse scattering (𝑃 = 0), 𝑈g is
calculated from the slopes using 𝑙g deduced from the
thickness dependence plots of the film resistivity. The
value of the Fermi energy can be estimated according

to Eq. (4). The calculated values of 𝑆g, 𝑈g and 𝐸F are
also tabulated in Table 2.

Figure 5 presents the TE properties of
GeTe/B2Te3 superlattices in a temperature range
of 300–380 K. As shown in Fig. 5(a), the electrical
conductivity gradually decreases with the increase
of temperature because the enhancement of phonon
scattering will lead carrier mobility to decrease.

The variation of the Seebeck coefficient as a func-
tion of temperature is shown in Fig. 5(b). According
to Hicks’ model,[18] the Seebeck coefficient is deter-
mined by the standard Fermi energy 𝜁* = 𝐸f/(𝑘B𝑇 ),
where 𝐸f is the Fermi energy. Thus the Seebeck co-
efficient increases with the reduction of the Fermi en-
ergy and the increase of temperature. In the temper-
ature range of 300–360 K, carrier concentration nearly
equals the density of acceptor impurities with their
completely ionization and there is no diffusion of in-
ternal atoms. In such cases, we may take the Fermi en-
ergy as unchanged. At 360–380 K, the Fermi energy of
GeTe/B2Te3 superlattices decreases significantly with
rising temperature because more intrinsic carriers are
excited, which can then explain the sudden increase
of the Seebeck coefficient.
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Fig. 5. Temperature dependence of the TE properties for the GeTe/B2Te3 superlattices: (a) electrical conductivity;
(b) Seebeck coefficient; (c) thermal conductivity; and (d) 𝑍𝑇 .

The expression for electrical conductivity and the
Seebeck coefficient of GeTe/B2Te3 superlattices as a
function of thickness is

𝜎 =
𝑑B𝜎B + 𝑑G𝜎G

𝑑B + 𝑑G
, (6)

𝑆 =
𝑑B𝜎B𝑆B + 𝑑G𝜎G𝑆G

𝑑B𝜎B + 𝑑G𝜎G
, (7)

where 𝑑B and 𝑑G are the thicknesses of the Bi2Te3 and
GeTe layers, which make up a period, and the sub-
scripts B and G denote the contributions from bands
Bi2Te3 and GeTe, respectively.

For a suitably fabricated superlattice, the electrons
are confined to move within the narrow-gap material
in 2D quantum wells. The wide-gap semiconductor
does not contribute to the conduction since its carri-
ers have found lower-energy states in the narrow-gap
semiconductor, Eqs. (6) and (7) can be simplified to

𝜎 ≈ 𝑑B
𝑑B + 𝑑G

𝜎B, (8)

𝑆 ≈𝑆B. (9)

It is found that the electrical conductivity increases
with the thickness ratio 𝑑B/𝑑G as expected by
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the above equation. The Seebeck coefficient of
GeTe/B2Te3 superlattices is not related to the thick-
ness of the GeTe barrier layers and is similar to that
of a single layer Bi2Te3 thin film as analyzed before.

The maximum values of the Seebeck coefficient are
190, 232 and 204µV/K at 380 K for the 3 nm/3 nm,
4 nm/2 nm and 4.8 nm/1.2 nm GeTe/B2Te3 super-
lattices. The temperature dependence of ther-
mal conductivity is shown in Fig. 5(c). The low-
est values of thermal conductivity for 3 nm/3 nm,
4 nm/2 nm and 4.8 nm/1.2 nm GeTe/B2Te3 superlat-
tices at 300 K are 0.268, 0.173 and 0.231 W/mK, re-
spectively. GeTe/B2Te3 superlattices show signifi-
cantly reduced lattice thermal conductivity. These
low values are obtained due to the acoustic mis-
match between the superlattice components, which in-
creases phonon scattering and decreases thermal con-
ductivity. The thermal conductivity increases rapidly
with rising temperature at 360–380 K because the
phonon–interface scattering is becoming more signifi-
cant whereas the phonon–impurity scattering and the
phonon–phonon scattering can be ignored. As shown
in Fig. 5(d), for the 3 nm/3 nm GeTe/B2Te3 superlat-
tice, a high 𝑍𝑇 value can be obtained within the en-
tire temperature range because of high PF and low
thermal conductivity. Here 𝑍𝑇 of the 3 nm/3 nm,
4 nm/2 nm and 4.8 nm/1.2 nm GeTe/B2Te3 superlat-
tices at 300–380 K were 0.62–0.76, 0.27–0.46 and 0.15–
0.2, respectively.

In summary, the Bi2Te3-based thin films prepared
by the magnetron sputtering method show good semi-
conducting behavior. The Seebeck coefficient is found
to be positive, indicating that the films are p-type.
The maximum values of the Seebeck coefficient and
the power factor of the 50 nm Bi2Te3 thin film are
475µV/K and 7 mW/(mK2) at 443 K, respectively.
High TE performances with 𝑍𝑇 as high as 1.32 and
1.56 are achieved at 443 K for 30 nm and 50 nm Bi2Te3
thin films. These 𝑍𝑇 values are higher than those of
several reported p-type Bi2Te3 alloys. The effective-

mean-free path model has been used to analyze the
size effect of both the resistivity and Seebeck coeffi-
cient of the Bi2Te3 thin films. The parameters such as
the mean free path, bulk resistivity, bulk Seebeck co-
efficient and the coefficient 𝑈g have been determined.
Here 𝑍𝑇 of the 3 nm/3 nm GeTe/B2Te3 superlattice
at 300–380K were 0.62–0.76, which are impressive
since few superlattices with similarly high 𝑍𝑇 are re-
ported in this temperature range. Such 𝑍𝑇 charac-
teristics render Bi2Te3-based thin films suitable for
applications in both cooling and power generation de-
vices.
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