
Chin. Phys. B Vol. 23, No. 11 (2014) 117202

Probing the thermoelectric transport properties of n-type Bi2Te3
close to the limit of constitutional undercooling*
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Bulk n-type Bi2Te3 single crystals with optimized chemical composition were successfully prepared by a high
temperature-gradient directional solidification method. We investigate the influence of alloy microstructure, chemical
composition, and growth orientation on the thermoelectric transport properties. The results show that the composition
of single-crystal Bi2Te3 alloy, along the c axis direction, could be slightly tuned by changing the growth rate of the crystal.
At a rate of 18 mm/h, the formed Bi2Te3 crystal exhibits good thermoelectric properties. At 300 K, a maximum Seebeck
coefficient of −245 µV/K and an electrical conductivity of 5.6× 104 S/m are acquired. The optimal power factor is ob-
tained as 3.3×10−3 W/K2m, with a figure of merit of 0.74. It can be attributed to the increased tellurium allocation in the
Bi2Te3 alloys, as verified well by the density functional theory calculations.
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1. Introduction
Bismuth telluride crystal, a new three-dimensional (3D)

topological insulator, has raised great research interest in the
field of fault-tolerant quantum computing, high-temperature
spintronic devices, and engineering thermoelectric applica-
tions as the best candidate material.[1–6] Their thermoelectric
performance is defined by a dimensionless figure of merit ZT =
(S2σ)T/k, where σ is the electrical conductivity, S is the See-
beck coefficient, and k is the thermal conductivity. The power
factor (PF), S2σ , expresses a comprehensive transport prop-
erty of thermoelectric materials. To increase the magnitude of
ZT, one needs to improve PF or reduce thermal conductivity
of the material. Working in both ways would be better.

The value of ZT for bulk Bi2Te3 alloys is mainly de-
pendent on microstructures and element distribution in the
alloys.[7,8] Polycrystalline microstructures without any pre-
ferred orientations will induce inner Seebeck effect and elec-
tric cycles, leading to a decrease in the thermoelectric trans-
port property.[9] This undesirable effect has been revealed
in Bi2Te3 compounds prepared by spark plasma sintering
(SPS)[10,11] and hot pressed sintering.[12,13] The element dis-
tribution change of Bi and Te in the crystal can cause variations
in conductive type and carrier concentration, resulting in non-
uniform thermoelectric performance of the material.[14–18] A
single crystal with preferred orientation and optimized chem-
ical composition is most beneficial to the performance of the
alloy. Fleurial et al.[19] carried out a research on the relation-
ship between the thermoelectric properties and carrier concen-
tration of the Bi2Te3 alloys at room temperature, not involving

the practical temperature section of the thermoelectric power
generation ranging from 300 K to 500 K.[20] Shen et al.[10]

and Nassary et al.[14] have shown the temperature-dependent
thermoelectric properties of the Bi2Te3 alloys, without details
concerning the elemental distribution in the crystal. These
phenomena were also observed in our previous directionally
grown Bi2Te3 polycrystals.[18] In view of this, the relation-
ship between concentration allocation, as well as the temper-
ature profile, and thermoelectric properties of the large bulk
Bi2Te3crystal prepared under high-temperature gradients re-
mains lacking, to our best knowledge.

In this study, a modified zone melting method with a
high thermal gradient (GL = 178 K/cm) is employed to grow
bulk Bi2Te3 single crystals. The thermoelectric performance
change caused by the variation of the chemical concentration
and preferred orientations of the grown Bi2Te3 crystals was in-
vestigated from 300 K to 520 K. It is noted here that the studied
n-type Bi2Te3 alloys are cooled close to the limit of constitu-
tional undercooling. The first-principle calculations based on
the density functional theory (DFT) are utilized to obtain the
transport thermoelectric coefficient and the computed results
are compared with the experimental data.

2. Methods and theory
2.1. Material methods

N-type bismuth telluride ingot was prepared from high
purity (99.999%) bismuth and tellurium granules in a vacuum
furnace. The as-cast rods with a diameter of 13 mm were cut
into a length of 90 mm, sealed in high pure quartz pipes with
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150 mm in height and 14 mm in inner diameter. The pipe
containing rod was melted under 2.3× 10−3 Pa in a modified
zone melting furnace (see Fig. 1). The growth rates in the
directional solidification were set to 3.5 mm/h and 18 mm/h.
The measured temperature gradient was about 178 K/cm.
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Fig. 1. Crystal growth by the zone melting method with the temper-
ature profile. 1, silica crucible; 2, raw material; 3, graphite heater; 4,
molten alloy; 5, induction heating coil; 6, boron nitride baffle; 7, growth
crystal; 8, holder.

Phases and lattice constants in the solidified samples were
identified on a DX-2700 X-ray diffractometer, using a Cu X-
ray tube (Kα) with a range of 15∘–75∘ and a step size of
0.02∘. The microstructure and chemical compositions of the
grown Bi2Te3 samples were examined by SEM (VEGA II
LMH) and ICP (IRIS ER/S), respectively. The thermal con-
ductivity along the cleavage plane of the Bi2Te3 crystal was
measured on a laser flash apparatus (LFA 457 NETZSCH).
The Hall coefficient along the cleavage plane was measured
at 292 K by applying a magnetic field of 1.0 T perpendicular
to the c axis, and the carrier concentrations and mobility were
obtained by using the Hall coefficient and electrical resistivity.
Along the cleavage plane of the grown Bi2Te3 samples, the
Seebeck coefficient and electrical resistivity were measured
using a ZEM-3(M8) (ULVAC-RIKO) apparatus at tempera-
tures ranging from 300 K to 520 K. The thermoelectric figure
of merit ZT was evaluated from the above measured results.

To reveal the optimized structure and transport coeffi-
cients of the crystal, the first-principle calculations were per-
formed using the Quantum-ESPRESSO package[21] within the
density functional theory (DFT) by means of a planewave
pseudopotential method. The generalized gradient approx-
imation of the Perdew–Burke–Ernzerho (PBE)[22] was ap-
plied to evaluate the exchange–correlation energy. The ultra-
soft pseudopotentials[23] for both Te and Bi were taken for
electron–ion interaction in pseudo atomic calculation, with
spin–orbit coupling being included. In this study, the kinetic

cut-off energy was 45 Ry. An 8× 8× 8 Monkhorst-pack k-
point sampling was used in the irreducible wedge of Brillouin
zone for the crystal relaxation. The crystal structure was re-
laxed by the BFGS[24] method for both lattice parameters and
atomic internal coordinates until the stress along each lattice
direction was less than 0.02 Kbar. For the transport calcula-
tion, the optimized Bi2Te3 structure was applied for the cal-
culation of the band structures with a 54 × 54 × 54 denser
grid. The obtained band energy is brought to the BoltZTraP
package[25] to calculate the transport coefficients.

2.2. Constitutional undercooling criterion

A high-quality single crystal can be prepared by main-
taining a stable planar solid/liquid interface during its direc-
tional solidification. In the case of the Bi2Te3 alloy, the ad-
vancing planar interface will break out at the onset of the con-
stitutional undercooling. According to the criterion of consti-
tutional undercooling,[26] the critical growth rate required for
keeping a stable planner interface in directional solidification
can be expressed as

vc =
GDlk0

m(1− k0)C0
=

GDl

m∆C0
, (1)

where G, Dl, k0, m, and C0 are the temperature gradient, liq-
uid diffusion coefficient, equilibrium distribution coefficient,
slope of the solid line, and initial alloy composition, respec-
tively. By introducing the Bi–Te alloy phase diagram,[7]

the parameters m and ∆C0 were calculated as −0.441% and
7.936 wt.%, respectively. For the molten metal, the value of
Dl is close to 1×10−9 m2/s.[27] Substituting these values into
Eq. (1), the critical growth rate for the stable growth of the
planar interface was estimated to be 20 mm/h, higher than
the controlled experimental growth rates, i.e., 3.5 mm/h and
18 mm/h. A stable grown planar interface should be observed
in the directional solidification of the Bi2Te3 crystal.

3. Results and discussion

3.1. Microstructures

Directionally solidified microstructures of the Bi2Te3

crystal and their corresponding bulk X-ray spectra at the
growth rates of 3.5 mm/h and 18 mm/h are shown in Fig. 2.
The obtained crystals grew following preferred {001}-type
lattice planes, corresponding to the c axis of the crystal. It
means that the cleavage plane of the crystal is parallel to the
growth direction, in agreement with the reported results of
Nassary et al.[12] and Ainsworth et al.[21]
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Fig. 2. (color online) (a) Bulk X-ray data of the grown Bi2Te3 crys-
tals at different growth rates, and their microstructures of the transverse
section at the growth rates of 3.5 mm/h (b) and 18 mm/h (c).

Planar interface microstructures could be observed in
Figs. 2(b) and 2(c). It indicates that a single crystal growth
pattern was acquired at both growth rates, correlating with
the requirement of the constitutional undercooling criterion.
No cracks were produced in the crystals during the direc-
tional solidification. At the growth rate of 18 mm/h, the
growth efficiency of the single crystal can be improved by
one order of magnitude than the previously reported grow-
ing methods.[14,28] A higher growth rate can be efficient to
reduce the distance of the initial transition region for the es-
tablishment of a steady-state growth condition, improving the
utilization efficiency of the Bi and Te raw materials.

The solidified phase and lattice constants of the crystals
under the high-temperature gradient directional solidification
were analyzed by XRD (see Fig. 3). It clearly shows that only
Bi2Te3 phase formed in the directional solidification. With
the growth rate increasing from 3.5 mm/h to 18 mm/h, the
peaks shift 0.04∘–0.05∘ to the right, as shown in the inner part

of Fig. 3. This shifting means a reduction in the lattice con-
stants of the crystal. Table 1 illustrates the change in lattice
constants of the crystal. Both a and c become smaller with in-
creasing growth rate. It can be attributed to the chemical com-
position variation. That is, Bi atoms were replaced by smaller
Te atoms.
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Fig. 3. (color online) Power X-ray data of the Bi2Te3 crystals at the
growth rates of 3.5 mm/h and 18 mm/h.

Table 1. Chemical composition and lattice constants of the directionally
solidified Bi2Te3 crystal at the growth rates of 3.5 mm/h and 18 mm/h.
The first row data was calculated using the first-principle calculation.

Growth
Atomic percentage/at.% Lattice constants/Å

rate/mm·h−1 Bi Te a b c

– 40.00 60.00 4.2944 4.2944 29.8623

3.5 39.88 60.12 4.3851 4.3851 30.6058

18 39.74 60.26 4.3751 4.3751 30.4113

This variation happens during the solidification process.
Based on the crystal growth theory,[29] as long as a crys-
tal growth process reaches a steady-state condition, the solid
chemical composition at interface, C*

s , can be expressed as

C*
s = kEC0 =

k0C0

k0 +(1− k0)exp(−νδn/D)
, (2)

where kE is the effective distribution coefficient and δn is the
thickness of melt boundary layer. As seen in Eq. (2), the
solid concentration, C*

s , approximates the melt composition,
C0, with increasing growth rate, where the chemical compo-
sition, C0, is marked in Fig. 4 using dashed line in the binary
Bi–Te phase diagram.[7] The composition of the Bi2Te3 crystal
at 3.5 mm/h is 60.12 at.% Te–Bi. At 18 mm/h, it is 60.26 at.%
Te–Bi, closer to the melt composition of C0 (60.5 at.% Te–Bi).
It is clear that the chemical composition of the single crystal
was varied by changing the growth rate. In our case, this mi-
nor composition variation has caused a remarkable change in
the transport property of the crystal.
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Fig. 4. (color online) Binary Bi–Te alloy phase diagram[7] and the ini-
tial chemical composition C0.

3.2. Thermoelectric properties

3.2.1. Electronic transport property and Hall coeffi-
cient

The electrical conductivities of the solidified Bi2Te3 al-
loys increase with temperature (see Fig. 5). The electrical con-
ductivity of the crystal solidified at 18 mm/h is larger than that
at 3.5 mm/h. The lowest value reaches 5.6× 104 S/m for the
crystal grown at 18 mm/h, presenting a good boosting elec-
tronic transport property at room temperature.

Hall coefficient, RH, is another important parameter to
represent the transport properties of the material. To cor-
rectly measure the Hall coefficient, we took fore probes on the
sample with a low-voltage alternating current parallel to the
cleavage plane and using a magnetic field perpendicular to the
cleavage plane. The results are listed in Table 2. The Hall
coefficient of the grown crystals decreases with the growth
rate from 3.5 mm/h to 18 mm/h. Simultaneously the carrier
concentration n and carrier mobility µH can be obtained using
RH = AH/ne and µH = RHσ ,[8] respectively. As shown in Ta-
ble 2, the carrier concentration n of the grown Bi2Te3 crystal
increases with the elevating growth rates, corresponding to the
data of electrical conductivity at 300 K in Fig. 5. The carrier
mobility of the grown crystals slightly drops with the growth
rate, agreeing well with the results of Scherrer et al.[30] and
Fleurial et al.[19] It means that the electronic transport proper-
ties of the crystals, i.e., the electrical conductivity (σ = neµH)

and electronic thermal conductivity, are mainly dependent on
the carrier concentration.
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Fig. 5. (color online) Temperature dependence of electrical conduc-
tivity for Bi2Te3 crystals with the experimental data (solid lines) and
theoretical calculations (dash lines).

It should be noted that different measurement methods
can result in different Hall coefficient and make great devi-
ation of the carrier concentration. Compared with the car-
rier mobility (µH), the carrier concentration (n) has a signif-
icant impact on the electrical conductivity of the Bi2Te3 ma-
terial. To clearly illustrate the effect of carrier concentration
on the transport properties of Bi2Te3 material, we use the first-
principle calculation coupling with the semi-empirical Boltz-
mann equation to illustrate the effect of the varying charge
carrier density on the electronic transport properties. All the
transport properties were calculated along the cleavage plane
in the Bi2Te3 crystal and the experimental results were also
measured along this plane. The theoretical calculation data
are given in Fig. 5 by dashed lines. The electrical conductivi-
ties of the Bi2Te3 alloy became large with increasing temper-
ature and electronic concentration. The electronic concentra-
tion of the crystal grown at 18 mm/h is over 8.0×1018 cm−3,
larger than the crystal grown at 3.5 mm/h with the value of
6.0 × 1018 cm−3. It can be attributed to the excess Te dis-
tribution in the Bi2Te3 alloy, as shown in Table 1. This
phenomenon suggests that the electrical conductivity of the
Bi2Te3 crystal can be uplifted by adjusting the growth rate to
reallocate the chemical composition of the alloy.

Table 2. Experimental data of the Hall coefficient, electrical conductivity, carrier concentration, and carrier mobility of the direction-
ally solidified n-type Bi2Te3 samples were measured at 295 K.

Experiment group Type Electrical conductivity/S·m−1 Hall coefficient/cm3·C−1 Carrier concentration/cm−3 Carrier mobility/cm2·V−1·S−1

3.5 mm/h n 4.40×104 −0.56 5.55×1018 242

18 mm/h n 5.49×104 −0.38 8.16×1018 210

Rowe a) n 5.58×104 −0.52 7.00×1018 227

Scherrer b) n 1.00×105 – – 212

Fleurial c) n – – 9.0×1018 240
a)Ref. [7]. b)Ref. [30]. c)Ref. [19].
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The theoretical calculations do not fit the experimental
data at the temperature over 400 K. This can be explained
in two reasons. First, more electrons are excited to the con-
duction bands at higher temperature in the Bi2Te3 crystal,[6]

leading to increased carrier concentration and steeply raised
electrical conductivity. This can also be observed in Si,[31]

SiGe,[32] and PbTe[33] semiconductors. Second, the inner
parameters of the relaxing time, electronic group velocity,
and Fermi distribution function change nonlinearly with the
temperature.[34] This also contributes to the departure of the
calculation results from the experimental data. Even so, a good
agreement has been achieved for the electrical conductivity for
the Bi2Te3 crystal at temperature ranging from 300 K to 400 K.

3.2.2. Seebeck coefficient

The Seebeck coefficient is a key parameter for the ther-
moelectric material. The data of the measured temperature-
dependent Seebeck coefficient in the directionally solidified
Bi2Te3 crystals are shown in Fig. 6. It indicates that the
absolute values of Seebeck coefficient of the grown crys-
tals dropped monotonously with increasing temperature from
300 K to 500 K. The values for the crystal grown at 18 mm/h
are larger than those at 3.5 mm/h. We fitted the experimental
data with an approximate expression: S = ms(T −300)−250
(ms is equal to 0.75 for T < 440 K and 0.16 for T > 440 K).
This implies that the Seebeck coefficient of the crystals drops
slowly as the temperature is above 440 K.

Temperature/K

S
e
e
b
e
ck

/
m
V

. K
-

1

300 350 400 450 500

-60

-100

-140

-180

-220

-260

6.0Τ1018

7.0Τ1018

8.0Τ1018

3.5 mm/h

18 mm/h

Fig. 6. (color online) Temperature dependence of Seebeck coefficients
for the Bi2Te3 crystals with the experimental data (solid lines) and the-
oretical calculations (dash lines).

As shown in Fig. 6, the maximum Seebeck coefficient,
−246 µV/K, was obtained for the Bi2Te3 crystal grown at
18 mm/h during the directional solidification, close to the pre-
viously reported value of −250 µV/K.[19] At 500 K, the lowest
Seebeck coefficient of the Bi2Te3 crystal grown at 18 mm/h
can reach −130 µV/K; it means that a good thermoelectric
performance of the Bi2Te3 crystal can maintain a broad tem-
perature range. This is brought by a minor increment of the

Te element in the directionally solidified crystal. The theoreti-
cal calculation results clearly revealed that the Seebeck coeffi-
cient reduces with the increase of temperature, matching well
with the experimental data below 400 K. As the temperature
surpasses 400 K, a deviation is apparently observed in Fig. 6.
This may be attributed to the mixed n- and p-type conduction
cancelling the induced Seebeck voltages out[20] and the strong
interactions between charge carriers restricting their occupied
states.[30]

3.2.3. Power factor (PF) and ZT

Figure 7 presents the relation of the power factor as a
function of temperature in directionally solidified Bi2Te3 al-
loys at different growth rates. The measured PF values drop
sharply with increasing temperature below 420 K. At T >

420 K, the PF values decrease slightly for the Bi2Te3 crys-
tals grown both at 3.5 mm/h and 18 mm/h. The optimum PF
value of the n-type Bi2Te3 alloy solidified at 18 mm/h achieves
3.3 × 10−3 W/(K2·m) at 300 K, which is larger than 3.1 ×
10−3 W/(K2·m) reported by Pichanusakorna et al.,[35] and 5
times larger than the p-type single Bi2Te3 crystal reported by
Nassary et al.[14] At 520 K, the PF value of the Bi2Te3 crys-
tal solidified at 18 mm/h can remain 1.6 × 10−3 W/(K2·m),
presenting good performance of the n-type thermoelectric ma-
terial.
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Fig. 7. (color online) Power factor (PF) as a function of temperature
in directionally solidified Bi2Te3 alloys at different growth rates (solid
lines) and theoretical calculations (dash lines).

The experimentally measured data of the Bi2Te3 crystal
are within the scope of the theoretical computation as indi-
cated in Fig. 7. The PF values of the crystal grown at 18 mm/h
fit very well with the calculated results under the electronic
concentration doping of 8.0×1018 cm−3 below 400 K. The PF
value of the Bi2Te3 crystal directionally solidified at 18 mm/h
is greater than that at 3.5 mm/h, because the PF, defined as
S2σ , mainly depends on the Seebeck coefficient, S, rather than
the electrical conductivity, σ .

Similar to the power factor, the temperature dependence
of the measured thermoelectric conductivity k and the lattice

117202-5



Chin. Phys. B Vol. 23, No. 11 (2014) 117202

thermal conductivity kL for the Bi2Te3 crystals are shown in
the inner part of Fig. 8. For all Bi2Te3 crystals, the ther-
mal conductivity k is elevated with increasing temperature
and the magnitude ranges from 1.38 to 2.81 W/mK. This in-
crement may be attributed to the enhancement in ambi-polar
thermal conductivity.[36,37] With increasing growth rate, the
thermal conductivities are lifted due to the contribution of in-
creasing carrier concentration to the thermal conductivity. To
the electronic thermal conductivity, it is estimated using the
Wiedemann–Franz equation, kel = LσT , where L is the Lorenz
constant and equals 2.45×10−8 V2/K2.[38] The lattice thermal
conductivity kL can be obtained using kL = k− kel. Because a
low electrical conductivity of the grown Bi2Te3 crystals results
in lower electronic thermal conductivity, the lattice thermal
conductivity, kl, becomes the major part of the thermoelectric
conductivity. It implies that the phonons that predominate the
conduction of heat can hardly scatter in the crystals.[39,40]
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Fig. 8. (color online) ZT as a function of temperature in directionally
solidified Bi2Te3 alloys at different growth rates (solid lines) and the-
oretical calculations (dash lines). Inset: the measured thermal conduc-
tivity k and lattice thermal conductivity kL of the grown crystals at the
rates of 3.5 mm/h and 18 mm/h.

According to the thermal conductivity, the figure of merit
ZT, a key parameter to determine the performance of the ther-
moelectric material, can be calculated using ZT = PF/k. The
obtained results are plotted in Fig. 8. The ZT of the crystal
grown at 18 mm/h is greater than that at 3.5 mm/h. At 300 K,
a maximum value of 0.74 was obtained for the crystal grown
at 18 mm/h. At the growth rate of 3.5 mm/h, the ZT value can
reach 0.6 for the crystal. As shown in Fig. 8, the theoretical
calculation results of ZT match well with the experimental re-
sults except for the temperature above 400 K, similar to the
electrical conductivity, Seebeck coefficient, and power factor
shown in Figs. 5–7. The departure between the theoretical cal-
culations and the experimental results at high temperatures is
an open question, demanding further investigation in theoreti-
cal research work. Nevertheless, the theoretical predication is
applicable for the crystal in a certain temperature range, from
300 K to 400 K in this study.

4. Conclusions
Under high-temperature gradients, the preferred orien-

tation bulk Bi2Te3 single crystals with reallocated chemical
composition were successfully prepared by a directional so-
lidification method. The thermoelectric properties of the pre-
pared crystals close to the limit of constitutional undercool-
ing were measured from 300 K to 520 K. The results indicate
that the cleavage plane of the grown Bi2Te3 crystals is par-
allel to the growth direction. The Te content in the crystal
deviates from the stoichiometry of the crystal with increasing
directional growth rate. The Bi2Te3 alloy grown at 18 mm/h
presents a good thermoelectric performance. At 300 K, a max-
imum Seebeck coefficient and electrical conductivity achieve
−245 µV/K and 5.6×104 S/m, respectively. An optimal PF
achieves 3.3×10−3 W/(K2·m), and the figure of merit ZT can
be obtained as 0.74 at 300 K. These good thermoelectric prop-
erties can be attributed to the minor increased Te content that
causes the change in the electronic concentration in the crys-
tal. This can also be confirmed by the theoretical prediction
based on the first-principle calculation.
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