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Abstract

Detailed transport studies of single crystals of Bi2Se3 were made in the temperature range of 2–300K, and the data were analyzed

in terms of a model consisting of two groups of electrons—a centrosymmetrical lower conduction band and an upper conduction

band located away from the G-point. Very good agreement with the experimental data is obtained assuming the electrons are

scattered on acoustic phonons and ionized impurities. A rather strong influence of the latter mechanism is attributed to a large

number of charged selenium vacancies in Bi2Se3. The fitted transport parameters were used to calculate the electronic portion of the

thermal conductivity that, in turn, allowed for the determination of the lattice thermal conductivity. The Debye model provides a

good approximation to the temperature dependence of the lattice thermal conductivity.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Bi2Se3 belongs to a class of narrow-gap layered
semiconductors with the tetradymite structure (space
group R 3m-D5

3dÞ: Solid solutions of the family (Bi2Se3,
Bi2Te3, and Sb2Te3) are important for thermoelectric
applications [1,2] due to their high thermoelectric figure
of merit at ambient temperatures. The physical proper-
ties establishing Bi2Se3 as a semiconductor were studied
earlier [3–6]. The underlying band structure [7–9] and
the nature of the charge carrier scattering mechanisms
were also determined previously [10–12]. The principal
minimum of the conduction band in Bi2Se3 is located at
the center of the Brillouin zone (G-point) and is
represented by a single ellipsoid. One calculation [7]
indicates the existence of a second conduction band
minimum located away from the G-point and lying
about 80meV above the minimum of the principal
conduction band. In more recent calculations [8,9], this
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upper conduction band (UCB) is more than 250meV
higher than the lower conduction band (LCB). It should
be mentioned, however, that the effect of Se vacancies
was not taken into consideration in any of the band
structure calculations.

To contribute to the understanding of the discrepan-
cies in the theoretical calculations, we tried to interpret
our data according to new experimental findings—the
existence of the two conduction bands in band structure
of Bi2Se3. A possibility of the existence of a second
conduction band was suggested in the Shubnikov–de
Haas experiments of Koehler [11] on Bi2Se3 doped to
high electron carrier density (B1018 cm�3), though the
authors remarked that the speculation was somewhat
inconclusive because data could not be extended to
magnetic fields greater than 15T. Recently, results of
cyclotron resonance to much higher magnetic fields
became available [13], which indicated the presence of a
second or UCB with electrons of smaller effective mass
at an energy of approximately 40meV above the G-point
or LCB. However, the exact location within the
Brillouin zone was not addressed. The existence of two
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conduction bands not too widely spaced in energy
implies the presence of two groups of carriers with
potentially different effective masses in n-type Bi2Se3
crystals.

In the light of these new results concerning the
conduction band edges in Bi2Se3 we have tried to
elaborate our previous single-valley conduction band
model published in this journal [14] and to assess the
influence of the two groups of electrons on the transport
properties over a wide temperature range. Using a mixed
scattering model [15] we have attempted to estimate
contributions of the individual scattering mechanisms
that govern the transport parameters. The results of the
model were further used to calculate the electronic part
of the thermal conductivity and, in turn, to determine
the contribution due to lattice phonons. Our analysis
suggests that the UCB has a multi-valley character and
thus is located away from the center of symmetry.
2. Experimental details

Single crystals of Bi2Se3 were grown by the Bridgman
method. The starting polycrystalline substance was
synthesized from Bi and Se elements of 5N purity in
evacuated conical silica ampoules at 1050K for 48 h.
The growth of the crystal was carried out in the same
ampoule with a pulling rate of 1.3mmh�1. Rectangular
samples with dimensions of 2.5� 3� 10mm3 were cut
from the ingot using a spark-erosion technique. Infrared
reflectivity measurements R>c were performed with an
infrared Fourier spectrometer Bruker IFS 113v
equipped with room temperature DTGS pyroelectric
detectors on fresh, natural (0001) cleavage surfaces with
polarization E>c: E is the electrical field of the
radiation and c is the trigonal, optical axis. Spectra
were obtained in the range 400–3000 cm�1 with a
resolution of 2 cm�1. A continuous flow Oxford CF
104 cryostat with KBr windows was used for low-
temperature optical measurements down to 10K.
Temperatures above 80K were stabilized with an
accuracy of 70.5K, while at low temperatures the
accuracy of 72K was achieved.

Transport properties were measured over the tem-
perature range of 2–300K. Galvanomagnetic studies
were made in a cryostat equipped with a 5.5 T super-
conducting magnet and with the aid of a Linear
Research ac bridge with 16Hz excitation. Thermal
transport measurements were carried out in an adiabatic
cryostat with two radiation shields. Thermal gradients
were measured using a combination of Ge thermometers
(2–25K) and copper–constantan thermocouples (20–
300K). For the Nernst–Ettingshausen experiments,
Cernox thermometers were used due to their small
magnetoresistance. Seebeck voltages were measured
with the copper legs of the thermocouples and the
sample thermopower was corrected for the con-
tribution from the copper wires. Thermal conductivity
measurements were corrected for a radiation loss by
suspending the sample by its connecting wires
and determining the power needed to supply to the
sample heater in order to achieve the same average
sample temperature as used in the actual experiment.
Radiation losses at 300K amounted to a 10% correction
and became negligible below 150K. All measurements
are done in a configuration where the current and
thermal gradients are applied along the binary axis, the
magnetic field is parallel to the trigonal axis c; and the
Hall (or Nernst) field is measured along the bisectrix
axis, i.e., all measurements including reflectivity were
performed along natural (0001) planes (perpendicular to
the c-axis).
3. Model

3.1. Determination of the reduced Fermi level and the

concentration of both types of electrons

If two bands contribute to the free carrier transport,
the real (e1) and imaginary part (e2) of the dielectric
constant can be written as, e.g. [16],

e1 ¼ n2 � k2

¼ eN>c 1� n1e2

m�
1>c e0 eN>c

1

o2 þ 1=t21

��

þ n2e2

m�
2>c e0 eN>c

1

o2 þ 1=t22

��
; ð1Þ

e2 ¼ 2nk

¼ eN>c

n1e
2
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1>c e0 eN>c

1

ot1

1
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�
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2>c e0 eN>c

1
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1
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�
; ð2Þ

where eN> is the high-frequency dielectric constant, e0 is
vacuum permittivity, e is electron charge, m�

i>c (i ¼ 1; 2)
are effective masses, ni are concentrations of the
individual carriers and ti are their optical relaxation
times. Indices i ¼1 and 2 are used to designate electrons
located in the lower (LCB) and upper (UCB) conduction
bands, respectively.

In a region where o2
b1=t21 and o2

b1=t22; the above
equations simplify to
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ð3Þ
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: ð4Þ
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One can see immediately that under the above
conditions the functional form of e1 and e2 is similar
regardless of whether one considers a single or a two-
band model. Moreover, the value of n=m�

>c obtained by
fitting the reflectance spectra according to a single band
model can be expressed as

n

m�
>c

¼ n1

m�
1>c

þ n2

m�
2>c

: ð5Þ

Using Fermi–Dirac statistics, concentrations of both
types of electrons are given by

n1 ¼ 4p
2m�

1dkBT

h2

� �3=2

F1=2ðZ�Þ ð6Þ

and

n2 ¼ 4p
2m�

2dkBT

h2

� �3=2

F1=2ðZ� � D�Þ; ð7Þ

where m�
id are density of states effective masses, kB is the

Boltzmann constant, T is temperature, h is the Planck
constant, Z� ¼ Z=kBT is the reduced chemical potential
of an electron (reduced Fermi energy), D� ¼ D=kBT

(D ¼ 40meV according to Ref. [13]) is the reduced
energy splitting of the lower and higher conduction
bands. F1=2ðZ�Þ and F1=2ðZ�2D�Þ are Fermi integrals of
the type

FnðZ�Þ ¼
Z

N

0

xn

1þ ex�Z� dx: ð8Þ

3.2. Galvanomagnetic transport properties

To determine mobilities of both types of electrons one
can use relations for the conductivity, Hall coefficient,
and magnetoresistance.

The total electrical conductivity is expressed as

s>c ¼
X

i

si ¼
X

i

enimi ¼
X

i

e2ni/tiS
m�

i>c

; ð9Þ

where the summation is over two types of electrons.
Here mi are the respective drift mobilities of the carriers
and /tiS are their relaxation times. As we discuss in
more detail later, we use a mixed scattering model
comprising acoustic and ionized impurity scattering in
our analysis of the transport data. A combined influence
of the two distinct scattering mechanisms is conveniently
handled using the approach of Fistul [15] whereby the
overall relaxation time is written as

1

t
¼ 1

tac0x��1=2
þ 1

tii0x�3=2: ð10Þ

Here, tac0 and tii0 are energy-independent relaxation
times for acoustic scattering and ionized impurity
scattering, respectively, and x� is the average reduced
energy of carriers. By introducing a2 ¼ tac0=tii0; one can
write Eq. (10) as

t ¼ tac0x�3=2

x�2 þ a2
: ð11Þ

Using this formalism, the conductivities of both types
of carriers are:

s1 ¼
4pe2

m�
1>ch3

ð2m�
1dkBTÞ3=2 2

3
t1ac0 F3ðZ�; a1Þ; ð12Þ

s2 ¼
4pe2

m�
2>ch3

ð2m�
2d kB TÞ3=22

3
t2ac0 F3ðZ� � D�; a2Þ; ð13Þ

where

FnðZ�; aÞ ¼
Z

N

0

ðx�Þnex��Z�

½ðx�Þ2 þ a2	½1þ ex��Z� 	2
dx�: ð14Þ

The Hall coefficient for a two-band model in a weak
magnetic field (sRHB51 where B is the intensity of
magnetic field and RH>c stands for the Hall coefficient),
is given by

RH>c ¼
1

s2
X

i

RHis2i ¼ e

s2
X

i

nim2i Aigi; ð15Þ

where Ai are Hall factors and gi are structural factors.
The Hall effect we consider here (R123) is the one where
the current density and the transverse electric field are in
the basal plane of the crystal, and the magnetic field is
applied perpendicular to the basal plane. From the
calculated values of Z� and for the considered ratio of
the scattering mechanisms we determined Hall factors
Ai according to the following equations:

A1 ¼
3

2

F1=2ðZ�ÞF9=2ðZ�; a1Þ
½F3ðZ�; a1Þ	2

: ð16aÞ

and

A2 ¼
3

2

F1=2ðZ� � D�ÞF9=2ðZ� � D�; a2Þ
½F3ðZ� � D�; a2Þ	2

ð16bÞ

Weak field magnetoresistance for a semiconductor
with two types of carriers is, according to Ref. [17],
given as

Dr
r

¼ ðs1 þ s2Þ
ðs1 þ s2Þ2 þ H2s21s

2
2ðRH1 þ RH2Þ2

(

½ðs1 þ s2Þ þ H2s1s2ðs1RH1 þ s2RH2Þ	 � 1

)
: ð17Þ

Considering a relatively high degeneracy of both
carriers (and low magnetic field), one can easily derive
the weak field magnetoresistance coefficient

H0>c ¼ 1

B2

s0 � sB

sB

¼ 1

s2
s1s2ðs1RH1 � s2RH2Þ2

¼ e2

s2
n1n2m1m2ðA1g1m1 � A2g2m2Þ2: ð18Þ
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Fig. 1. Measured reflectivity spectra R>c of single crystal Bi2Se3 at
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3.3. Thermal transport parameters

The chosen scattering parameters must also be
applicable and govern the behavior of the thermal
transport properties such as the Seebeck effect and
Nernst–Ettingshausen effect, and the electronic part of
the thermal conductivity. Seebeck coefficient for the
two-band model is expressed as

S>c ¼
S1s1 þ S2s2

s
¼ �kB

e

F4ðZ�; a1Þ
F3ðZ�; a1Þ

� Z�
� �

s1
s

� kB

e

F4ðZ� � D�; a2Þ
F3ðZ� � D�; a2Þ

� ðZ� � D�Þ
� �

s2
s
: ð19Þ

A low magnetic field formula for the Nernst–
Ettingshausen coefficient, when two types of electrons
are participating in the transport, is given by [17]

Q>c ¼
Q1s1sþ Q2s2sþ s1s2ðRH1

s1�RH2
s2ÞðS1 � S2Þ

s2
:

ð20Þ

Here Qi ði ¼ 1; 2Þ stands for the individual
Nernst–Ettingshausen coefficients of the two kinds of
electrons,

Q1 ¼
kB

m0m�
1d

t1ac0

�
F9=2ðZ�; a1ÞF4ðZ�; a1Þ � F11=2ðZ�; a1ÞF3ðZ�; a1Þ

½F3ðZ�; a1Þ	2
:

ð21Þ

For the second band (i ¼ 2), the integrals FnðZ�; a1Þ
are replaced with FnðZ� � D�; a2Þ to reflect the character
of the UCB. Finally, the electronic part of the thermal
conductivity can be written as

ke>c ¼ ke1>c þ ke2>c ¼ s1L1T þ s2L2T ; ð22Þ

where L1 and L2 are the Lorenz numbers of the two
carriers, which have the form

L1 ¼
k2
B

e2
F3ðZ�; a1ÞF5ðZ�; a1Þ � ½F4ðZ�; a1Þ	2

½F3ðZ�; a1Þ	2
: ð23Þ

The relation for L2 differs from L1 only in that the
integrals FnðZ�; a1Þ are replaced with FnðZ� � D�; a2Þ:
0 100 200           300
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Fig. 2. (a) Temperature dependence of the electrical conductivity (s>c)

and Hall coefficient (RH>c) and (b) temperature dependence of the

thermopower (S) and weak field magnetoresistance coefficient (H0>c)

for single crystal Bi2Se3, whose values at 20, 50, 80, 100, 150, 200, 250

and 300K were used as input data in the presented model.
4. Results

The following parameters according to Ref. [13] were
used as input data in the analysis: m�

1>c ¼ 0:105m0;
m�

2>c ¼ 0:075m0; m�
1d ¼ 0:123m0; m�

2d ¼ 0:11m0 and
D ¼ 40meV, where m0 is the electron mass. All effective
masses are considered constant in the entire temperature
interval. Further input parameters are taken from the
experimental reflectance spectra R>c; where data at
several temperatures are shown in Fig. 1, and measure-
ments of electrical conductivity s>c; Hall coefficient
RH>c; Seebeck coefficient S>c; and magnetoresistance
coefficient H0>c; are all shown in Fig. 2. Values of the
transport data at selected temperatures are presented in
Table 1.
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Table 1

Experimental data on Bi2Se3 single crystal

T (K) n=m�
> (1026m�3) s>c (Sm�1) S>c (10�6 VK�1) RH>c (10�7m3C�1) H0>c (10�4 T�2)

300 1.93 275,500 �59.0 �2.93 2.09

250 1.88 323,500 �53.5 �2.85 3.64

200 1.79 381,000 �48.0 �2.80 5.67

150 1.74 452,000 �41.0 �2.78 7.16

100 1.67 541,500 �33.0 �2.75 10.8

80 1.66 584,000 �30.0 �2.74 12.0

50 1.62 650,000 �25.5 �2.72 14.6

J. Navrátil et al. / Journal of Solid State Chemistry 177 (2004) 1704–17121708
4.1. Solving the model

As is virtually always the case in the analysis of
transport measurements, the theoretical description
requires more parameters than the experiment can
provide. Consequently, to make the problem tractable,
one is forced to make judicious decisions regarding the
essential features of the transport including sensible
approximations. In the following, we describe how we
approach the problem.

First, values of the ratio n=m�
>c obtained from fitting

the reflectance spectra R>c (20–300K) were used to
determine concentrations of both types of carriers n1

and n2 and the reduced Fermi level Z� from Eqs. (5)–(8).
The obtained values are presented in Table 2. We note
that the determination of Z�; n1; and n2 does not depend
on any particular scattering mechanism. We used these
values, in turn, to analyze the galvanomagnetic and
thermal transport properties assuming that the charge
carriers are subjected to mixed scattering described in
Eq. (11).

Before proceeding further, we need to consider the
appropriateness of the mixed scattering picture in the
context of Bi2Se3. The temperature dependence of the
measured Hall mobility RHs; shown in Fig. 3, hints at
the presence of neutral impurity scattering at low
temperatures and near room temperature the slope is
close to value �1/2, which could correspond to polar-
optical scattering. One might consider these two
mechanisms as acceptable due to the existence of
partially ionic bonding in Bi2Se3 crystals, as follows
for instance from, the band structure calculations of
Mishra [8]. However, we note that isostructural Sb2Te3
with high doping levels exhibits a very similar tempera-
ture dependence of the Hall mobility [18] and there is no
reason to assume optical-polar scattering for this
material due to the primarily covalent character of its
bonds. We think that a more physically realistic model
for this behavior, one employed successfully in a study
of Bi2Se3 crystals similar to ours [19], is based on the
scattering from both acoustic phonons and ionized
impurities.

There is supporting evidence for this position:
temperature dependence of Hall mobility of low
concentration n-type Bi2Se3 (nB1016 � 1017 cm�3),
presented in the inset of Fig. 3, shows [20] a slope
very close to T�3=2 dependence (acoustic phonon
scattering) at temperatures above 40K, while at low
temperatures the electrons appear to scatter on ionized
impurities as evidenced by the positive slope of the
curve. Ionized impurities in Bi2Se3 are believed to be
due positively charged selenium vacancies [21], which
act as donors. The large carrier density in our
crystal gives rise to a degenerate carrier system
(see Table 2). Therefore, as opposed to the T3=2 mobility
temperature dependence characteristic of ionized
impurity scattering in a non-degenerate semiconductor,
we observe a metal-like, temperature independent
mobility at low temperatures. This tendency toward a
temperature independent mobility is even apparent in
the data on the low carrier concentration Bi2Se3
single crystal of Kohler (see inset to Fig. 3) below
10K. In fact, the same behavior of mobility in Si (e.g.,
Ref. [22]) and Ge (e.g., Ref. [23]) was understood by
considering the same mixed scattering mechanism
taking into consideration carrier degeneracy. We thus
proceed with an assumption that the transport proper-
ties are dominated by both acoustic phonon and ionized
impurity scattering whereby the degenerate carrier
transport weakens the temperature dependence of the
mobility relative to what one expects from an intrinsic
semiconductor situation.

Assuming acoustic scattering prevails at higher
temperatures (i.e., aio1), the values of the coefficients
Ai (Eqs. (16a) and (16b)) are very close to unity, and in
further calculations are taken as such. Evaluation of the
electron mobilities mi (using Eqs. (9) and (15)) is only
possible provided one or both of the structural factors gi

differ from unity. In particular, no satisfactory solution
for the mobilities is found for other combinations of
scattering mechanisms (i.e., different values of Ai) if we
insist that g1 ¼ g2 ¼ 1: It is well established that the LCB
in Bi2Se3 is described by a single-valley model [24] and
thus g1 ¼ 1: Consequently, the structural factor of the
UCB must differ from unity, which implies that the
UCB has a multi-valley character as suggested in Ref.
[7]. To estimate the value of g2 we measured the
magnetoresistance coefficient H0>c (Eq. (18)). Thus,
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(5� 1017 cm�3).
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there are three unknown parameters (m1; m2; g2) in
Eqs. (9), (15) and (18).

The above-mentioned system of three non-linear
equations leads to four solutions. Two of them are
extreme in the sense that one of the calculated mobilities
(either m1 or m2) exceeds the other one by three orders of
magnitude. In our opinion this is unlikely and we do not
consider this solution any further. From the remaining
two solutions we exclude the one which, upon further
calculations, fails to fit the measured Seebeck coefficient
and yields substantially worse values of the Nernst–
Ettinghausen effect in comparison with the observed or
published values (unlike the used solution—see below).
The results of the fourth solution are presented in
Table 2 and in their graphical form are displayed in
Figs. 4 and 5, where temperature dependences of the
mobility of both carriers (m1 and m2) and the respective
conductivities (s1 and s2) are given. The solution gives
values of the g2 factor in the range 0.36–0.56. This range
of possible solutions seems quite reasonable. The g-
factors for the isostructural n-Bi2Te3 fall in the same
range (0.326 [25], 0.398 [26], and 0.4–0.6 [27]).

To determine the respective partial Seebeck coeffi-
cients of the two carriers we need to know four
parameters ai and ti0ac (i ¼ 1; 2) from three available
Eqs. (12), (13) and (19), in which two-parametric
integrals of the form of Eq. (14) are used. The number
of parameters can be reduced from four to three by
choosing a particular relationship between a1 and a2:
We decided to use the same value of the ratio of energy
independent relaxation times a2 ¼ tac0=tii0 (a1 ¼ a2).
With this simplification we had three variables
(a; t1ac0; t2ac0) to satisfy three Eqs. (12), (13) and (19).
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Fig. 4. Calculated mobilities of both types of carriers obtained from

the model.
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After determining these parameters, we were able to
calculate the Seebeck coefficients S1 and S2 correspond-
ing to the individual carriers. We note that the
approximation a1 ¼ a2 should be considered as a
limiting solution. The correct solution lies in the domain
a14a2 due to the fact that faster carriers are less
influenced by electrostatic forces, i.e., scattering on
ionized impurities is less important compared to the case
of slower carriers. Here we rely on the findings of Ref.
[12] that gives a smaller effective mass to the UCB
carriers. To determine the other limit we took an
extreme case a2-0 (a2 ¼ 0:1 in our case) and calculated
the corresponding value of a1: Constrained by these
limits, we calculated the limiting values of S1 and S2

down to temperatures of 50K. The calculated values of
two partial Seebeck coefficients at the two extremes of
the a-parameters are presented in Fig. 6. The correct
solution for S1 and S2 lies between these two limits.
Measurements of Nernst–Ettingshausen coefficient Q

of our Bi2Se3 crystal can help further elucidate the
relationship between a1 and a2:We were able to measure
the value of the coefficient only at 80K, since at lower
temperatures the signal was too small to be determined.
We obtained Q (80K) =�0.5470.08 mVT�1K�1. The
calculated value under the assumption a1 ¼ a2 is Q

(80K)=�0.75 mVT�1K�1. In fact, it follows from the
analysis that in order to conform to such low Q-values
the two a-parameters must be comparable. We have also
calculated the value of Q at 300K (+0.35 mVT�1K�1)
and compared it with the published experimental value
+0.670.1 mVT�1K�1 [28]. This measurement was
made on a crystal with carrier density comparable to
our single crystal as judged from the position of the
minimum in the reflectivity data. Again, a good
agreement between the two values implies that the
assumption of a1Ea2 is a reasonable one.

4.2. The calculation of the electronic part of thermal

conductivity and evaluation of the lattice thermal

conductivity

With the obtained a-parameters we then proceeded to
determine contributions of both types of electrons to the
total electronic thermal conductivity according to
Eqs. (22) and (23). The respective Lorenz numbers for
both carriers are presented in Table 3. By calculating the
Lorenz numbers L1 and L2 for representative values
across the entire domain of the a-parameters (i.e., for
cases from (a1-0; a2) to (a1; a2-0)) we found that L1

and L2 are only very weakly dependent on the actual
value of the a-parameters (for a given value of Z�). Thus,
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Table 3

Results of the calculation of the electronic part of the thermal conductivity

T (K) L1 (V2K�2) L2 (V2K�2) ke1

(Wm�1K�1)

ke2

(Wm�1K�1)

ketotðke1 þ ke2Þ
(Wm�1K�1)

kexp
(Wm�1K�1)

kLðkexp � ketotÞ
(Wm�1K�1)

300 2.19e�08 2.05e�08 1.12 0.65 1.77 3.10 1.33

250 2.23e�08 2.09e�08 1.08 0.68 1.76 3.36 1.60

200 2.27e�08 2.15e�08 1.00 0.69 1.69 3.72 2.03

150 2.32e�08 2.22e�08 0.88 0.66 1.54 4.25 2.70

100 2.38e�08 2.32e�08 0.67 0.60 1.27 5.37 4.10

80 2.40e�08 2.36e�08 0.60 0.51 1.11 6.52 5.41

50 2.42e�08 2.41e�08 0.41 0.37 0.78 9.74 8.96
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Fig. 7. Temperature dependence of the total thermal conductivity

(k>c) for single crystal Bi2Se3 and its electronic (ke>c) and lattice part

(kL>c) obtained from the model. The inset shows a comparison of kL

to Debye theory. The solid line is a fit to Eqs. (24) and (25) with

A ¼ 9:42� 10�42 s3, B ¼ 7:78� 10�18 sK�1, and C ¼ 2:8:
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we maintained the a1 ¼ a2 approximation in the
determination of L1 and L2:

Subtracting the total electronic thermal conductivity
from the measured thermal conductivity one obtains the
phonon (or lattice) part of the thermal conductivity,
kL>c ¼ k>c � ke>c: The total k>c as well as the
electronic ke>c and phonon kL>c thermal conductivities
are shown in Fig. 7. The temperature dependence of
lattice thermal conductivity is normally treated within
the Debye approximation. We performed a theoretical
fit of kL>c for Bi2Se3 using the following expression [29]:

kLðTÞ ¼ kB

2p2v
kBT

_

� �3Z ym=T

0

tc

y4ey

ðey � 1Þ2
dy; ð24Þ

where o is the phonon frequency, kB is the Boltzmann
constant, _ is the reduced Planck constant, y stands for
the dimensionless parameter y ¼ _o=kBT ; ym is a cuttoff
frequency related to the Debye temperature, v is the
velocity of sound, and tc is the combined phonon
scattering relaxation time. This can be written as

t�1
c ¼ v

d
þ Ao4 þ Bo2T exp � yD

CT

� �
; ð25Þ

where d is the crystal size and A; B and C are
independent of temperature. The terms in Eq. (25)
represent boundary scattering, point-defect (Rayleigh)
scattering, and phonon–phonon scattering, respectively.
The exponential term is an empirical expression and C is
often found to be near 3. For yD; we use the data of Ure
et al. who determined the temperature dependent Debye
temperature of Bi2Se3 from specific heat measurements
[30]. According to Klemens [31], ym ¼ yD=n1=3 for
crystals made up of molecular groups of n atoms
(n ¼ 5 for Bi2Se3). The smallest dimension of the single
crystal (2.5mm) was used for d and the prefactors A; B

and C were fitting parameters. The inset to Fig. 7
displays the lattice thermal conductivity data (open
circles) and theoretical fit (solid line) to Eqs. (24) and
(25). Fitted values for A; B and C are given in the figure
caption.

It is interesting to compare the lattice thermal
conductivity of Bi2Se3 to that of the isostructural
Sb2Te3. In the case of Sb2Te3 [32], the data could not
be fitted below the peak unless electron–phonon
interactions were taken into account using a term
in the combined phonon scattering time having the
form Do: Adding a term of this form does not improve
the fit for Bi2Se3, which implies a weaker interaction
between electrons and phonons in Bi2Se3 than that
between holes and phonons in the p-type Sb2Te3. The
phonon–phonon scattering prefactor term B arising
from the fits is very close for both materials. On the
other hand, A; which is related to the nature and
concentration of point defects, is nearly two orders of
magnitude larger for Bi2Se3 than for Sb2Te3. This can be
explained by considering that the most prevalent point
defects in Bi2Se3 are positively charged selenium
vacancies. Mass fluctuation scattering in this case is
much stronger than in Sb2Te3, where the dominant
defects are antisite defects with less drastic mass
difference and elastic strain than for a vacancy. There-
fore, one can expect the point defect parameter A to be
much larger for Bi2Se3 and these results lend support to
the notion that a high concentration of selenium
vacancies are present.
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5. Conclusions

Electrical and thermal transport properties of a single
crystal of Bi2Se3 were investigated over a wide tempera-
ture range. In order to address the current discrepancy
in the literature regarding the presence of both an upper
as well as a LCB, we explored a fit of our data to a two-
band model using as input the recently reported findings
of a band splitting of 40meV and the respective
conduction band effective masses. The model fits our
data very well and the results indicate that, unlike the
single-valley G-point band, the UCB must be described
as having a many-valley character. One possible
explanation for the fact that some of the band structure
calculations predict that this UCB lies much higher in
energy than experimental data has shown is that the
calculations consider strictly the perfect lattice, whereas
in reality the material has a large concentration of
selenium vacancies which could alter the relative
positions of the band edges.

We were able to determine the contributions of each
band to the overall transport behavior of the crystal. In
our analysis we assume that the carriers scatter on two
distinct entities: acoustic phonons and ionized impu-
rities. Somewhat surprisingly, the ionized impurity
scattering influences the transport behavior even at
temperatures approaching 300K. The most likely reason
for this strong ionized impurity scattering is the presence
of a large number of charged selenium vacancies that
seems to be a ubiquitous feature of Bi2Se3 crystals.
These vacancies act as donors and are responsible for
the high carrier degeneracy and weak temperature
dependence of the mobility relative to what is expected
from non-degenerate carrier statistics. The ratio of the
strength of acoustic to impurity scattering is comparable
for both types of carriers.

Having ascertained the contribution of each band to
the electrical conductivity, we determined the respective
electronic parts of the thermal conductivity. Subtracting
the total electronic thermal conductivity from the
measured thermal conductivity, we obtained the thermal
conductivity due to lattice phonons. The temperature
dependence of the lattice thermal conductivity could be
nicely modeled with the Debye approach in the
relaxation time approximation.
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