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ABSTRACT 
 

Topological insulators are the new phase of matter with bulk insulating and conducting surface states. Among the known three 
dimensional topological insulators, bismuth selenide (Bi2Se3) is one of the most promising materials for studying topological 
insulating properties. Bi2Se3 thin films are grown using thermal evaporation technique and atomically smooth films are obtained 
by post annealing treatment. Pure phase of Bi2Se3 is confirmed using x-ray diffraction; Raman spectroscopy shows a strong 
intensity of A

1
1g, E

2
g and A

2
1g modes in Bi2Se3 thin films. The surface studies on these films are carried out using scanning 

electron microscopy and atomic force microscopy. X-ray photoelectron spectroscopy (XPS) is used for elemental analyses in 
Bi2Se3 thin film. The surface quality of the film is improved with plasma etching (i.e. argon etching) in XPS. High quality 
Bi2Se3 thin films can be used further for investigation on transport properties of topological insulators. Copyright © 2016 VBRI 
Press. 
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Introduction  

Bismuth selenide (Bi2Se3) is a well known thermoelectric 
material and recently developed more attention with the 
discovery of three dimensional topological insulators. 
Topological insulator (TI) is a new phase of matter 
characterized by conducting surface states with bulk 

insulating [1, 2]. In TIs the surface states are protected by 

time reversal symmetry [3] and back scattering is 
prohibited due to strong spin orbit coupling that result in 
dissipation less transport and hence it has application in 
thermo-electrical devices, spintronics and quantum 

computation [4,5]. Bi2Se3 is confirmed as three dimensional 

topological insulators both theoretically [6] as well as 

experimentally [7]. Various surface sensitive techniques 
such as angled resolved photoemission spectroscopy 

(ARPES) [8, 9] and scanning tunneling microscopy (STM) 

[5, 10] is used to study the surface properties of topological 
insulators. Till date, most of the studies on TIs using 
ARPES measurements are performed on the surface of 
cleaved single crystals. However, to study the surface states 
of topological insulators fabricating thin films or 
nanostructures is another approach and can be used in 
device application. In thin films large surface to volume 
ratio suppresses the bulk conduction and enhanced the 
surface properties. For studying the topological insulating 
properties in thin films it is necessary to have crystalline 
thin film i.e. topological insulating properties can be 
studied only in crystalline thin films. Polycrystalline thin 
films have application in thermoelectric devices. Molecular 

beam epitaxial (MBE) is one of the most popular  
techniques to grow single crystalline thin films by 

minimizing crystal defects [11-14]. Recently a flash-
evaporation technique is also used to grow Bi2Se3 thin films 

for studying topological insulating properties [15]. Thin 
films of Bi2Se3 grown by MBE technique have shown 
quantum transport phenomenon and weak antilocalization 

effect [16-18]. The other methods used to synthesize Bi2Se3 

films such as chemical bath deposition [19], electro-

deposition [20], successive ionic layer adsorption and 

reaction [21], solvo thermalization [22] and reactive 

evaporation [23] method generally synthesized a 
polycrystalline film which is mainly used for thermoelectric 
applications and does not show any topological insulating 

properties [11]. Therefore, growing high quality single 
crystalline thin film is necessary for studying the surface 
properties of topological insulators. 

In this work, we report a growth of single crystalline 
Bi2Se3 thin film on Si/SiO2 substrate using thermal 
evaporation. We found atomically smooth thin films of 
Bi2Se3 after post annealing treatment, which can be used for 
studying the topological insulating properties. The 
advantage of thermal evaporation over MBE is that, it is a 
simple technique and does not require an ultra high 
vacuum. Bi2Se3 films grown by thermal evaporation 
technique are characterized using x-ray diffraction (XRD), 
Raman spectroscopy, scanning electron microscopy (SEM), 
atomic force microscopy (AFM) and x-ray photon electron 
spectroscopy (XPS). Such high quality thin film can be 
further used to study the physical properties of topological 
insulators, such as two-dimensional transport behaviors.  
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Experimental 

Sample preparation 

Bi2Se3 single crystals are used as a precursor for thin film 
growth. High quality single crystals of Bi2Se3 are grown 
using modified Bridgeman technique as described in our 

previous reports [24-26]. Bi2Se3 thin film are deposited     
on Si/SiO2 substrate at a base pressure ~ 10

-3
 Pa. Bi2Se3 

single crystals are then evaporated from molybdenum boat 
for the growth of thin film using thermal evaporation 
technique. After the deposition the films were post 
annealed at 300

o
C using substrate heater attached with the 

evaporation system. 

  
(a)

(b)

(c)

 
 
Fig. 1. (a) XRD pattern of Bi2Se3 thin film grown by thermal evaporation 
and annealed at 300oC; (b) Schematic representation of Raman active 
modes in rhombohedral structure of Bi2Se3; (c) Raman spectra of Bi2Se3 
thin films shows the three Raman active modes.  
 
Characterization: Structural characterization of Bi2Se3 thin 
films grown by thermal evaporation method are performed 
using XRD with Cu Kα emission (λ= 1.54 A

o
) and micro-

Raman spectroscopy with an excitation source of 532 nm is 
used to identify the Raman active modes. AFM and field 

emission scanning electron microscopy is used to examine 
the surface morphology. XPS is used to probe for surface 
chemical analysis.    
 

Results and discussion 

Thin films of Bi2Se3 is synthesized by thermal evaporation 
and post annealing treatment exhibit a clear mirror like 
surface with metallic luster. The film is annealed at a 

temperature of about 300
o
C for 4 hours. It is reported [27] 

that at high annealing temperature the edge become rough 
and thick.  To investigate the formation of Bi2Se3 phase, the 
films are investigated using x-ray diffraction. A typical 
XRD pattern of Bi2Se3 thin film grown using thermal 

evaporation can be seen in Fig. 1(a). The sharp peaks 
indicate a crystalline thin film and all the peaks can be 

indexed for rhombohedral structure of Bi2Se3 with R m 

space group with lattice parameters a = 4.127 A
o
 and  

c = 28.58 A
o
, which agrees well with the reported values 

(JCPDS 33-0214). There is no impurity peak detected 
which indicates that Bi2Se3 is in pure phase. 

Bismuth selenide (Bi2Se3) is a layered material that 
consists of five atoms per unit cell such as Se-Bi-Se-Bi-Se 
forming quintuple layers and each repeating unit is held 
together with weak Van der Waals force. Thus, for these 
types of material one can have 15 zone centre phonon 
branches in phonon dispersion relation with three acoustic 
and 12 optical phonons. Group theory predicts that out of 
these 12 zone center optical phonons, 4 are Raman active 
and four are infra red (IR) active. The irreducible 
representation for zone center phonon can be written as 

[28]  
 

Γ= 2Eg + 2A1g +2Eu + 2A1u        (1) 
 
where, “g” is gerade mode and “u” is ungerade mode, 
gerade modes are Raman active mode and u mode is infra 
red active modes. From eq. (1) the four Raman active 
modes in Bi2Se3 are 2 A1g + 2 Eg modes. A1g modes 
represent the atomic vibrations along c-axis perpendicular 
to the layers, whereas Eg modes are atomic vibration in 

plane as shown in the schematic Fig. 1(b). Fig. 1 (c) shows 
the Raman active modes in Bi2Se3 thin films. There are few 

studies [29], in which all the four Raman actives modes 

were observed. In Fig. 1(c) three distinct peaks can be seen 
clearly at 72, 131 and 175 cm

-1
 that corresponds to A

1
1g, E

2
g 

and A
2
1g respectively. The lowest frequency mode E

1
g was 

not observed possibly due to high Rayleigh background. 
The thickness dependent study on Raman spectroscopy 
suggests that as the thickness is lowered the low frequency 

mode is suppressed by various other phenomena [30]. The 
low frequency E

1
g mode has very low intensity and is not 

observed in most of the reports available in literature [31, 

32]. The high intensity peaks at 72, 131 and 175 cm
-1

 
corresponding to A

1
1g, E

2
g and A

2
1g in Bi2Se3 thin films 

reveal a formation of good quality Bi2Se3 thin film.  
The SEM image of Bi2Se3 thin film exhibits a crack free 

and continuous area as shown in inset of Fig. 2(a). For 
elemental analysis, the energy dispersive x-ray 
spectroscopy (EDX) is performed on Bi2Se3 thin film. After 
procuring EDX spectra from Bi2Se3 thin film, the atomic 
ratio of Bi/Se is found to be ~ 2/3 within the accuracy of 
measurements. From SEM image the microstructures are 
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not clearly observable (inset of [Fig. 2(a)]). To observe the 
microstructures, Field emission SEM (FESEM) is used to 
analyze Bi2Se3 thin films. The FESEM image of Bi2Se3 thin 
film is taken at different magnification i.e. at 500 nm and 

200 nm as shown in Fig. 2(b, c) respectively. It is difficult 
to distinguish the particle size even at 200 nm in FESEM 
images, which reveal that the particle size is less than 20 
nm. However, from SEM and FESEM studies one cannot 
conclude about surface structure or roughness of the film. 
AFM is a convenient technique to study the surface 
roughness of thin films. 

 

(b) (c)

 
 
Fig. 2. (a) Elemental dispersive x-ray spectrum of Bi2Se3 thin film, an 

inset shows the SEM image of the film; (b) FESEM image at 

magnification 500 nm; (c) FESEM image taken at 200 nm to observe the 
microstructure. 

  
The surface topography of thin film is examined using 

atomic force microscopy. AFM image of 2D and 3D plots 

of Bi2Se3 thin film is shown in Fig. 3(a, b) respectively. 

From Fig. 3(a, b), a continuous film is observed with no 
islanding and surface roughness of the film can be 
calculated. The root mean square roughness (rms) also 
known as surface roughness is found to be ~ 0.5 nm, which 
clearly indicate a good quality thin film. 

 

 
 
Fig. 3. (a) Two-dimensional AFM image of Bi2Se3 thin film; (b) The 
corresponding 3D AFM image of Bi2Se3 thin film. 

 
To understand the chemical stoichiometry of our films, 

XPS spectrometer (with Mg Kα source) was used and to 
understand the environmental effect on Bi2Se3 thin film 
XPS spectra was recorded before and after etching with 
argon plasma. Thin film (thickness ~30 nm) of Bi2Se3 is 
uniformly deposited on Si substrate, so there will be no 
contribution of the substrate in XPS spectra.  

 
 
Fig. 4. XPS spectra of Bi2Se3 thin film: (a) Bi 4f peaks recorded before 
etching; (b) Se 3d peaks recorded before etching; (c) Bi 4f peaks taken 
after etching thin films using argon plasma; (d) Se 3d peaks taken after 
etching Bi2Se3 thin film with argon plasma.  
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Fig. 4(a) shows the XPS spectra of Bi 4f core level, 
which clearly shows two sets of spin-orbit doublet 
components with peak position at about 158.4 eV and 
163.7 eV that corresponds to Bi 4f7/2 and Bi 4f5/2 
respectively. In addition to the spin orbit doublet a weak 
intensity peak emerged in the spectrum that overlaps with 
the major peak of Bi 4f photoemission spectra and fitted by 
Gaussian function. The selenium spectra obtained using 

XPS is shown in Fig. 4(b) and is found to be broad and can 
be deconvoluated in to two peaks i.e. 53.8eV and 54.4 eV 
that corresponds to Se 3d5/2 and Se 3d3/2 respectively. As 
Bi2Se3 is prone to oxygen, in order to reduce the oxygen, 
peak the argon ion etching is carried out for 1 min (10 mA, 
1kV). The spectrum of etched sample is found to be 
smoother in comparison to the one without argon plasma 
etching. The XPS spectra of Bi2Se3 shows a similar spin 
orbit doublet with shift in peak position at 158.5 and 163.8 
eV that corresponds to Bi 4f7/2 and Bi 4f5/2 respectively. 
These slight shifts in peak position occur because of surface 
cleaning by removal of oxygen using argon plasma. The 
selenium XPS spectrum is also obtained after etching 
Bi2Se3 thin film. A similar broad peak is observed which 
deconvoluate in to two peaks at 53.8 eV and 54.4 eV that 
corresponds to Se 3d5/2 and Se 3d3/2 respectively as shown 

in Fig. 4(c, d).  
 

Conclusion  

In summary, we have grown a good quality crystalline thin 
film with thermal evaporation technique using Bi2Se3 single 
crystals as a precursor. This method does not require high a 
vacuum and a uniform film can be grown with post 
annealing treatment. Bi2Se3 phase is confirmed using x-ray 
diffraction and Raman spectroscopy shows a strong 
intensity of A

1
1g, E

2
g and A

2
1g modes. The surface studies 

are carried out using SEM and AFM. X-ray photoelectron 
spectroscopy (XPS) is used for elemental analyses in Bi2Se3 
thin film. Such high quality single crystalline Bi2Se3 thin 
films are helpful in carrying out further investigation on 
physical properties, such as weak antilocalization and two-
dimensional transport measurements. 
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