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We investigate the temperature dependent ð83 K � T � 523 KÞ frequency shift of 2A1
g and 1E2

g

phonon modes in the three dimensional topological insulator Bi2Se3, using Raman spectroscopy.

The high quality single crystals of Bi2Se3 were grown using a modified Bridgman technique and

characterized by Laue diffraction and high resolution transmission electron microscopy. A

significant broadening in the line shape and red-shift in the frequencies were observed with increase

in temperature. Polarized Raman scattering measurement shows a strong polarization effect of A1
g

and A2
g phonon modes which confirms the good quality single crystals of Bi2Se3. Temperature

co-efficient for A1
1g; E2

g, and A2
1g modes was estimated to be �1.44� 10�2, �1.94� 10�2,

and �1.95� 10�2 cm�1=K, respectively. Our results shed light on anharmonic properties of Bi2Se3.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871860]

I. INTRODUCTION

Bismuth selenide (Bi2Se3) is known to be a good ther-

moelectric material, however, recently, it has attracted much

more attention and emerged as a new class of material

known as Topological Insulators (TIs).1,2 TIs are a novel

electronic state of matter with bulk insulating and topologi-

cally protected surface states in three dimension (3D);3 and

correspondingly edge state in two dimension,4 the topologi-

cal properties in these materials are protected due to time re-

versal symmetry.2,5 The interest in topological insulators is

growing rapidly not only due to their exciting fundamental

properties6,7 but also for their future applications in spin-

tronics8 and quantum computing.9 Although the surface

electrons in topological insulators do not experience back-

scattering by time reversal invariance, at finite temperature,

the surface conductivity is determined by disorder and

phonons.10–12 In view of this, it is extremely important to

understand the phonon dynamics in Bi2Se3.13 Understanding

the behavior of quantum states in 3D, topological insulators

is significant and one of the major challenges for carrier con-

duction in bulk. As phonon interacts strongly with charge

carriers at room temperature, a good knowledge of the vibra-

tional properties of this material is essential to understand

the carrier transport properties.14,15 Raman scattering is the

fast and non-destructive technique that has been widely used

to study electron-phonon interaction, phonon dynamics both

in bulk and nano materials.16 The band structure of Bi2Se3

surface states is very much similar to that of graphene17,18

and bismuth selenide also has a layered structure (as that of

graphene) with quintuple layer of atoms stacked along

c-axis. The five individual layers forming the quintuple layer

occur as Se(1)-Bi-Se(2)-Bi-Se(1), and these quintuple layers

coupled to another layer with weak Van der Waals forces.19

Since the Raman peak position is dependent on the number

of layers, it can be used to determine the number of layers in

TIs.20 Micro-Raman spectroscopy emerged as a valuable

tool to study the number of atomic planes in two dimensional

layer materials such as graphene.21,22

Systematic temperature dependent Raman studies are

extremely important to understand the lattice anharmonicity,

phase transition, and spin-phonon coupling in bulk and nano

materials. The knowledge of temperature coefficients of

Raman modes in layered material is useful in estimating the

thermal conductivity of these materials.23,24 Recently, Kim

et al.25 have reported the temperature dependence of A2
g pho-

non mode in Bi2Se3 single crystal. However, to the best of

our knowledge, the temperature dependence of other phonon

modes in Bi2Se3 has not been investigated so far. Here, we

report a comprehensive temperature dependent Raman study

of phonon of different symmetries in Bi2Se3 single crystals

grown by modified Bridgman technique. A detailed analysis

of the variation of the peak positions and full width at half

maximum (FWHM) with respect to the temperature has also

been discussed.

II. EXPERIMENTAL PROCEDURE

Single crystals of Bi2Se3 were grown using modified

Bridgman technique; a high purity ingot (i.e., 5N purity) of

bismuth and selenium was taken in a stoichiometric ratio in

a tapered ampoule and was sealed the tube at a pressure of

about 10�6 Torr. The ampoules were then placed vertically

inside a programmable furnace and heated to 850 �C for 36

h. The temperature of the furnace was then gradually

decreased over a period of 5 to 6 days to 650 �C. Finally, the

tubes were quenched in liquid nitrogen. Powder x-ray dif-

fraction (XRD) was used to determine the phase(s) present,a)Electronic mail: rmala@physics.iitd.ac.in
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and the crystal orientation was determined using back scat-

tered Laue diffraction. The samples were also examined

using high resolution transmission electron microscopy

(HRTEM from JEOL JEM 2200FS) to ascertain the detailed

structure of the crystals. The exfoliated nanoplatelets

obtained from Bi2Se3 single crystals were transferred to con-

ventional copper TEM grids for these measurements. Both

the room temperature and temperature dependent Raman

measurements were carried out using a Horiba-Yobin

T64000 micro-Raman system and a 532 nm wavelength radi-

ation from a diode laser as an excitation source.

III. RESULT AND DISCUSSION

A. X-ray diffraction

Small pieces of single crystals were crushed in to a fine

powder for powder x-ray diffraction measurement. A

Rietvald analysis was performed and good fit of the experi-

mental data confirms the space group R�3m as shown in Fig.

1(a), and the estimated lattice constants are a¼ 0.42 nm and

c¼ 2.87 nm. Back scattered Laue diffraction data show that

the crystal is grown along [001] as shown in Fig. 1(b).

B. High resolution transmission electron microscopy

Typical scanning electron microscopy (SEM) and TEM

images are shown in Figs. 2(a) and 2(b), respectively. The

layered structure of Bi2Se3 can be seen in SEM image. The

material was easily exfoliated under mild sonication as illus-

trated in the TEM image. High resolution TEM images of

these Bi2Se3 sheets are displayed in Figs. 2(c)–2(f).

The single crystalline nature of each Bi2Se3 sheet is

demonstrated and shown in Fig. 2(c), the measured lattice

spacing (0.21 nm) agreed well with the 11�20 spacing

(JCPDS Card No. 33–0214). The inset shows selected area

electron diffraction pattern (SAED), indexed to rhombohe-

dral Bi2Se3. Also, edge-on image in Fig. 2(d) is shown, with

a stack of several Bi2Se3 sheets. The 0003 (0.95 nm) and

0006 (0.48 nm) lattice planes can be easily identified. Image

shown in Figs. 2(e) and 2(f), where the Bi2Se3 1�101 lattice

planes (�0.36 nm) are visible.

C. Raman studies

The atomic arrangement of Bi2Se3 is different from the

other members of the layered material such as graphene and

h-BN. Each repeating unit in the crystal is quintuple layer of

FIG. 1. (a) Powder XRD along with Rietvald analysis of Bi2Se3 single crys-

tals. (b) Laue diffraction pattern confirming the high quality single crystals.

FIG. 2. (a) SEM image recorded from the synthesized Bi2Se3 material. (b) TEM image showing several individual Bi2Se3 sheets. (c) HRTEM image and

SAED pattern (inset). The patterns were indexed to rhombohedral Bi2Se3. (d) Edge on view of stacked Bi2Se3 layers. (e) and (f) HRTEM images showing the

1�101 lattice planes.
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Se-Bi-Se-Bi-Se which are held together by weak Van der

Waals forces. The rhombohedral crystal structure of Bi2Se3

belongs to the D5
3d ðR�3mÞ space group symmetry, and there

are five atoms per unit cell. Thus, one can have 15 zone

centre phonon branches in the phonon dispersion relation:

Three acoustic and 12 optical phonon. Group theory predicts

that out of these 12 zone centre optical phonons, 4 are

Raman active and 4 are infra red (IR) active. The irreducible

representations for the zone-center phonon can be written

as26

C ¼ 2Eg þ 2A1g þ 2Eu þ 2A1u: (1)

Note that Eg and A1g modes are Raman active phonon,

whereas Eu and A1u are IR active modes. Zhang et al.27

observed the four Raman modes in Bi2Se3 nanoplatelets.

The schematic illustration of Raman probe on a layer of

Bi2Se3 is shown in Fig. 3(a), and the relative motion of the

various atoms for these three observed phonon is schemati-

cally presented in Fig. 3(b)

It has been reported that the frequency of vibrations of

phonon modes depend on the number of layers, and this has

been routinely used as a method to identify number of layers

in layered materials. It may be noted that the thickness de-

pendent vibrational frequency of E1
g mode is mainly due to

the weak Van der Waals inter layer interaction. This mode

completely vanishes for single layer graphene28 and MoS2.29

The non-vanishing polarizability tensor14 for these

Raman active modes can be given by

Ag ¼
a 0 0

0 a 0

0 0 a

0
@

1
A; Eg ¼

c 0 0

0 �c d
d 0 0

0
@

1
A; 0 �c d

�c 0 0

d 0 0

0
@

1
A:
(2)

From above polarizability tensors (i.e., Eq. (2)), it can be

easily noticed that for a back scattering geometry with cross

polarization configuration (x-y), the Ag has vanishing com-

ponents in the off-diagonal, whereas on the other hand, Eg

mode has non-vanishing off-diagonal elements.

We carried out the polarized Raman scattering on

Bi2Se3 single crystals in order to understand the polarization

of different phonons. In unpolarized configuration, four dis-

tinct Raman peaks can be seen at 37, 72, 131, and 175 cm�1

as shown in Fig. 3(c) corresponding to E1
g; A1

1g; E2
g, and A2

1g,

respectively. This shows the crystal is in a phase as predicted

by group theory.14,26 Note that the low frequency E1
g mode

has very low intensity and has not been observed in most of

the reports available in literature25,30–32 possibly due to the

high Rayleigh background. If one compares the Raman spec-

tra of parallel and cross polarized states, it can be found that

the intensities of A1
g and A2

g modes have reduced consider-

ably (more than 75%) for the cross-polarized state, and, in

contrast, the intensities of Eg modes remain unaltered. These

results are consistent with the Raman selection rules dis-

cussed in Eq. (2). In case of polycrystalline sample, it is not

possible to observe the polarization effect of A1g mode which

is due to the random orientation of sample with respect to

the laser polarization. The strong polarization effect of A1
g

and A2
g modes in our sample indicates good quality single

crystals.

The temperature dependence of the vibrational modes in

Bi2Se3 is important for understanding the phonon behavior.

Apart from recent work by Kim et al.,25 there is not much

detail available in literature on temperature dependent

Raman studies of phonon of different symmetries in Bi2Se3.

We carried out a detailed and systematic temperature de-

pendent Raman study on Bi2Se3 in the temperature range of

FIG. 3. (a) Schematic illustration of Raman probe on a layer of Bi2Se3 single crystals. (b) Schematic representation of Raman active modes in rhombohedral

compounds of Bi2Se3. (c) Raman spectra with parallel (YY) and perpendicular (YX) polarization configuration of the incident and the scattered light. Red line

is the data, and blue is the line generated using the fitted peaks in green.
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83 K � T � 523 K. Figure 4(a) shows the temperature de-

pendent Raman spectra of Bi2Se3. As can be seen, the inten-

sities of all Raman active modes (except the E1g) are high

enough to study the temperature effect on both peak position

as well as FWHM over the entire temperature range. With

increase in temperature, the peak position of E2
g; A1

g, and

A2
g modes was observed to follow systematic red-shift.

Moreover, the FWHM increases with increase in tempera-

ture. Temperature dependent broadening of A1
g mode will be

discussed later. The peak positions as well as FWHM of

these phonon modes at each temperature were determined by

fitting the Raman spectra with a theoretically obtained

Raman line shape (damped harmonic oscillator model)

which can be written as33

IðxÞ ¼ voCoxx2
0ð�n þ 1Þ

ðx2
o � x2Þ2 þ x2C2

o

; (3)

where n ¼ exp½ �hx
KBT� � 1 is the phonon occupation number,

xo and Co are the peak position and the line width, respec-

tively, and vo is related with peak intensity. The change in

peak frequency of A1
1g; E2

g, and A2
1g modes with increase in

the temperature is plotted in Figs. 4(b)–4(d), respectively.

One can see from these plots that the peak frequencies vary

monotonically with increase in temperature. The following

linear equation is used to fit the data:23

xðTÞ ¼ xo þ vT; (4)

where xo is the frequency of vibration of E1
g or Ag modes at

absolute zero temperature, v is the first order temperature co-

efficient of the E1
2g or Ag modes. The values of temperature

coefficient for each Raman mode are listed in Table I.

During these analyses, higher order temperature coefficient

is not considered as the temperature range used for our

experiments is T� 523 K.

The absolute value of the first order temperature coeffi-

cient is maximum for A2
g and minimum for A1

g. The tempera-

ture dependence of vibrational modes is different for

different materials, more importantly, for a given material, it

may differ for different phonon modes. Usually, for the first

order Raman mode, the variation in peak position is mainly

due to the volume contribution or thermal expansion that

results in anharmonicity. In general, phonon frequency x is

related to the volume and temperature by the following

equation:34

@ ln x
@T

� �
P

¼ @ ln V

@T

� �
P

@ ln x
@ ln V

� �
T

þ @ ln x
@T

� �
V

;

¼ � c
k

@ ln x
@P

� �
T

þ @ ln x
@T

� �
V

; (5)

where c � ð@ ln V
@T ÞP and k � �ð@ ln V

@P ÞT are, respectively, the

volume thermal coefficient and isothermal volume compres-

sibility. The first term on the right hand side of Eq. (5) repre-

sents the volume contribution at constant temperature, and

the second term represents the temperature contribution at

constant volume. Anharmonic contribution can be obtained

from the values of c, k and isothermal pressure derivative of

phonon frequency of Bi2Se3.

In this section, we discuss the temperature dependent

broadening of different phonon modes. Figures 4(b)–4(d)

show the plot of FWHM of A1
1g; E2

g, and A2
1g modes as a

FIG. 4. (a) Experimental Raman spec-

tra of a-Bi2Se3 in the temperature

range of 83 K–523 K. (b)–(d) peak

positions and FWHM of different

Raman active modes (A1
1g; E2

g, and

A2
1g) recorded with temperature.

TABLE I. Comparison of Raman peak position, FWHM, and temperature

co-efficient for different Raman modes in single crystal Bi2Se3.

Raman mode Peak position (cm�1) FWHM (cm�1) v (10�2 cm�1=K)

A1
1g 72 4.5 �1.44

E2
2g 131 6 �1.94

A2
1g 175 6.5 �1.95

173506-4 Irfan et al. J. Appl. Phys. 115, 173506 (2014)



function of temperature. An infinitesimal Raman line width

is expected for a perfect harmonic crystal, however, the

anharmonicity that exists in the lattice forces allows optical

phonons to interchange their vibrational energies to other

phonon modes. In that case, the optical phonon can decay

into either two acoustic phonons of equal and opposite mo-

mentum or one optical and one acoustic phonon. The former

and latter type of decay are known as Klemens and Ridley

channel, respectively. It may be point out that the phonon

lifetime is inversely proportional to the FWHM of the

Raman peak. As we have seen from Figs. 4(b)–4(d), with

increase in temperature, the FWHM of various phonon

modes increase; indicating shorter phonon lifetime/phonon

relaxation time (s) at high temperatures. There are several

mechanisms by which phonon in solid can be scattered. The

dominant mechanisms are Umklapp process, boundary scat-

tering, phonon-impurity scattering, and electron-phonon

scattering. Each of this mechanism is associated with relaxa-

tion time (s) which is inversely proportional to their relaxa-

tion rate. The total relaxation rate of phonon is given by

Matthiessens rule: 1=s ¼ 1=su þ 1=sb þ 1=si þ 1=se�ph. In

other words, the relaxation time (s) of the optical phonon is

related to the rate at which it approaches equilibrium. To

explain the temperature dependent phonon line width of bis-

muth selenide, the knowledge of phonon dispersion relation

and, hence, the phonon density of state is necessary. In

Bi2Se3 single crystal with several phonon branches, a very

complex phonon density of state is expected. In view of this,

in the present study, it may not be possible to estimate the

detail quantitative analysis of the temperature dependent

Raman line shape. Thus, we will rather focus on a qualitative

description of the first order Raman scattering with tempera-

ture by generalized decay channel. For convenience, we will

also consider the only contribution to line width that arises

from the decay of zone center optical phonon into one acous-

tic and one optical phonon. With these considerations, it may

be possible to express the temperature dependent phonon

line width as35

CðTÞ ¼ Co þ A½1þ nðx1; TÞ þ nðx2; TÞ�; (6)

where Co is the background contribution, A is the anhar-

monic coefficient, and n(x, T)is the Bose-Einstein distribu-

tion function.

The fitted parameters of line width that is used to fit

different phonons are listed in Table II. It may be further

noted that anharmonic process that accounts for multi pho-

non recombination is not the only cause of Raman line

shape. Impurities, defects, and isotopes can affect the

Raman line shape by disturbing the translation symmetry of

crystal.

IV. CONCLUSION

In summary, from the polarized Raman scattering mea-

surement, it was found that the A1
g and A2

g modes show strong

polarization effect, indicating the good quality of single crys-

tals of Bi2Se3 grown using the modified Bridgman technique.

HRTEM and Laue diffraction pattern confirm the high qual-

ity single crystals of Bi2Se3. The four Raman modes of the

Bi2Se3 in a phase as predicted by group theory were

observed in polarized Raman spectra. The temperature

dependence of the vibrational modes in Bi2Se3 is found to

be almost linear, and FWHM of different Raman modes

was observed to increase with increase in temperature.

The temperature co-efficient for A1
1g; E2

g, and A2
1g modes

was estimated to be �1.44� 10�2, �1.94� 10�2, and

�1.95� 10�2 cm�1=K, respectively.
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