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 ABSTRACT 
Topological insulators (TIs) are a new state of quantum matter with a band gap 
in bulk and conducting surface states. In this work, the Raman spectra of 
topological insulator Bi2Te3 films prepared by molecular beam epitaxy (MBE) 
have been measured by an in situ ultrahigh vacuum (UHV)–MBE–Raman 
spectroscopy system. When the thickness of Bi2Te3 films decreases from 40 
quintuple-layers (QL) to 1 QL, the spectral characteristics of some Raman modes
appearing in bulk Bi2Te3 vary and a new vibrational mode appears, which has 
not been reported in previous studies and might be related to quantum size
effects and symmetry breaking. In addition, an obvious change was observed at 
3 QL when a Dirac cone formed. These results offer some new information about
the novel quantum states of TIs. 

 
 

1 Introduction 

Topological insulators (TIs) are novel materials with 
a bulk insulating gap and gapless surface states. The 
gapless surface states are topologically protected by 
time reversal symmetry and described by the Dirac 
equation with zero mass [1, 2]. Bi2Te3, Bi2Se3, and Sb2Te3 
are the most widely studied topological insulators [3], 
which have a single Dirac cone around the  point in 
the surface Brillouin zone (SBZ). The exotic topological 
and electromagnetic properties of TIs may lead to 

potential applications in spintronics and quantum 
computation [4]. 

Raman spectroscopy can be employed to investigate 
the composition, microstructure and internal motion 
states of various materials including nanostructures. 
Raman studies of the optical properties of TIs have 
been reported recently [5–10], and can be used to 
confirm the stoichiometry and crystal quality [11], 
whilst infrared-active modes are observed in nanoscale 
Bi2Te3 [5]. However, all the reported studies have been 
carried out in air. Although the topological properties 
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of TIs are stable in theory, the Fermi level is strongly 
modified [12] and the optical properties of such extreme 
thin films of several atomic layers might be very fragile 
under ambient conditions. Thus, for nanostructure 
materials prepared by the molecular beam epitaxy 
(MBE) technique, in situ measurements under ultrahigh 
vacuum (UHV) are highly desirable, since they can 
completely exclude the air-induced contamination and 
deterioration of materials and obtain true information 
about the sample. In this paper, we will present a 
Raman spectroscopy study of high quality Bi2Te3 
films using a homebuilt in situ UHV-Raman spectral 
system coupled with MBE. In situ Raman spectroscopy 
experiments on Bi2Te3 films with thickness from 40 
quintuple-layers (QL) to 1 QL were conducted. The 
experimental results show a new vibrational mode 
and its origin will be given. 

2 Experimental 

Bi2Te3 films were grown on clean Si (111)–7x7 sub-
strates by MBE. Standard Knudsen diffusion cells were 
used to evaporate Bi (99.9999%) and Te (99.999%). The 
thickness of Bi2Te3 films was determined by scanning 
tunneling microscopy (STM) and reflected high energy 
electron diffraction (RHEED) [13].  

Raman spectroscopic experiments were perfor-
med using a homebuilt system, shown schematically 
in Fig. 1. The electronic analysis (EA) chamber con-
nected to the MBE setup was modifed so as to also  
be the sample chamber of the Raman spectral system. 
The laser incident and scattering light collecting  

 
Figure 1 Schematic diagram of the in situ Raman spectroscopy 
system (B1: Beam expander, F1: Interference filter, F2: Neutral 
density filter, F3: Polarization rotator, M1: Reflecting mirror, L1: 
Focusing lens for incident light, S: Sample, L2: Collector lens for 
scattering light, L3: Focusing lens for scattering light, EA: Electronic 
analysis chamber). 

optics were designed to match the sample in the EA 
chamber, in which the incident angle of the laser on 
the sample was set as a Brewster’s angle. Such an 
arrangement allows the laser energy to be utilized to 
the greatest extent with, simultaneously, a high signal 
to noise ratio (SNR) of the Raman signal [14]. The 
spectrometer coupled to the MBE setup was a triple 
monochromator (Princeton Instrument TriVista 557) 
which has a high spectral resolution of about 1 cm–1 

and extremely good stray light rejection in subtracted 
mode. This system ensures that the growth and 
spectral measurement of films are carried out under 
UHV conditions, which prevents the as-grown samples 
from contamination by the air and retains their intrinsic 
electronic properties. 

3 Results and discussion 

Single-crystal bulk Bi2Te3 belongs to the 5
3dD (R3m)  

space group with a rhombohedral crystal structure. 
The crystal exhibits a layered structure, with each 
layer consisting of five monoatomic planes of 
–Te(1)–Bi–Te(2)–Bi–Te(1)–, as is shown in Fig. 2(a). 
Each of these five atomic planes is referred to as a QL. 
As the primitive unit cell contains five atoms, there 
are 15 lattice vibration modes. At the Brillouin zone 
center (q = 0), the irreducible representations are Γ = 
2A1g + 3A1u + 2Eg + 3Eu [15]. Three of these modes are 
acoustic phonons, A1u + Eu, and 12 are optical phonons, 
2A1g + 2A1u + 2Eg + 2Eu. There are four Raman active 
modes, Eg

1, A1
1g, Eg

2, and A1
2
g, and their vibration 

patterns [16] are shown in Fig. 2(b). These four Raman 
active modes are expected at the wavenumbers 36.5, 
62.0, 102.3, and 134.0 cm–1, respectively. 

The observed Raman spectra of Bi2Te3 films with 
thicknesses of 0.8 QL, 1 QL, 2 QL, 3 QL, 5 QL, 6 QL, 
7 QL, and 40 QL are shown in Fig. 2(a). Figures 2(b) 
and 2(c) show the amplified Raman spectra of Bi2Te3 
films with a thickness of 40 QL and 2 QL, respectively. 
The frequency and corresponding assignment of 
Raman peaks in Fig. 3 are listed in Table 1. In Fig. 3, 
besides the expected classical Raman active modes, 
there are some new vibration modes appearing. A new 
vibration mode at 95 cm–1 appears gradually as the 
film thickness decreases from 40 to 1 QL, as is shown 
in Table 1. This vibration mode can be interpreted as  
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Figure 2 (a) Crystal structure of Bi2Te3; (b) Raman-active 
modes of Bi2Te3. 

a surface phonon mode (SPM), which is only observed 
in nanosized materials. The decrease of the superficial 
force constant in nanosized crystals can lead to an 
increase in the interatomic distance in surface layers 
with respect to that in bulk samples. Thus, this 
surface phonon mode has a lower frequency than Eg

2,  

while both of them have similar behavior. Meanwhile, 
the frequency of this mode does not change with 
decreasing film thickness. The ratio of superficial atom 
number to bulk atom number increases as the sample 
size decreases (in our case, as sample thickness 
decreases), which will result in an increase in the 
Raman scattering intensity of the SPM relative to the 
adjacent normal Raman mode [14, 17]. For Bi2Te3 films, 
the intensity ratio of SPM to Eg

2 (ISPM/IEg2) increases as 
the film thickness decreases from 40 to 1 QL, as can 
be seen in Fig. 4(a). In Fig. 4(a), we can see that the 
full width at half maximum (FWHM) of the SPM 
broadens as the sample thickness decreases. Thin films 
(~QL) lead to relaxation of the Raman selection rules 
and make phonons with wave vectors in the range of 
(q – Δq) — (q + Δq) Raman active, which leads to the 
broadening of the FWHM [14]. As the sample thickness 
decreases, the FWHM broadening effect becomes much 
more evident. 

Some additional peaks that we denote P1, P2, P3, 
and P4 are also observed in our experiment. P3 is 
probably an infrared-active mode of the Bi2Te3 film, 
which is caused by a size effect [5]. P4 only appears in 
the Raman spectra of Bi2Te3 films with a thickness of  

 

Figure 3 Observed Raman spectra of Bi2Te3 films with a thickness of 1 QL, 2 QL, 3 QL, 5 QL, 6 QL, 7 QL, and 40 QL (a), 40 QL (b),
and 2 QL (c), where the green lines are the fitted spectra with Lorentzian lineshapes. 
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Table 1 Frequency and assignment of Raman peaks of Bi2Te3 
films 

 E1
g P1 A1

1g P2 SPM E2
g P3 A2

1g P4

40 QL 37 54 62   102 111 135  

7 QL 36 55 61 78 95 102 108 134  

6 QL 36 56 61 76 94 101 105 134  

5 QL 36 55 61 79 95 102 109 134  

3 QL 35 57 60 80 95 101 109 135  

2 QL 37 51 58 74 96 102 110 135 149

1 QL 35 48 52 73 94 102 124 141 152

Bulka 36.5  62.0   102.3  134.0  

40 QLb 38.9  61.3   101.3 116.2 133.0  

a Ref. [16]  
b Ref. [5] 

 
2 QL and 1 QL. This might be caused by quantum size 
effects and variation in band structure on going from 
2D to 1D materials [18]. The origins of P1 and P2 are 
unknown and this needs further study. The broadened 
peak at 240 cm–1 is assigned to the longitudinal acoustic 
(LA) mode of the silicon substrate at 330 cm–1 [19, 20], 
and its intensity becomes higher as the Bi2Te3 film 
becomes thinner. Thus, the intensity of the LA mode 
offers circumstantial evidence of the variation in film 
thickness. 

In Fig. 4(b), we can see that an obvious redshift 
(from 62 to 51.9 cm–1) occurs for the A1

1
g mode as the 

sample thickness decreases from 40 to several QL, 
especially to 1 QL. For the A1

2
g mode, an obviously 

blueshift (from 134.1 to 140.6 cm–1) occurs as the sample 
thickness decreases from 5 to 1 QL. It can be seen from 
Fig. 2 that Bi and Te atoms vibrate perpendicularly  
to the layer surface for both A1

1
g and A1

2
g modes. 

Therefore, decreasing the film thickness will have a 
significant effect on these two modes, thus inducing 
a frequency shift. The relative vibration directions for 
Bi and Te are different for A1

1
g and A1

2
g, which leads to 

the respective redshift and blueshift of the Raman 
frequencies.  

Based on the above discussion, we can see that there 
is dramatic change in the overall Raman scattering 
for Bi2Te3 films with a thickness less than 3 QL. This 
might be the result of phonon confinement effects 
which show a marked increase when the thickness is 
below the size of the unit cell (3 QL). On the other hand,  

 
Figure 4 (a) FWHM of SPM and intensity ratio ISPM/IE2

g
 for 

Bi2Te3 films with different thickness. (b) Frequency variation of 
A1

1

g and A1

2

g as a function of film thickness. 

a Dirac cone forms on the surface of Bi2Te3 films with 
a thickness above 2 QL, as has been demonstrated by 
angle-resolved photoemission spectroscopy (ARPES) 
[21]. Thus, there might be a relationship between the 
Raman spectra and the topological properties of Bi2Te3 
films, which means that Raman scattering techniques 
might offer possibilities to probe the topological 
properties of TIs. 

4 Conclusions 

An in situ UHV–MBE–Raman spectroscopy system, 
which can completely exclude the air-induced con-
tamination and deterioration of materials, has been 
successfully set up. Using this system, we performed 
in situ Raman spectroscopy on Bi2Te3 films with 
thicknesses from 40 to 1 QL. We found the frequencies 
of the A1

1
g and A1

2
g modes were respectively red-

shifted and blueshifted with decreasing film thickness. 
A surface phonon mode (SPM) is also observed, 
for which the FWHM broadens and the relative 
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intensity increases as the film thickness decreases. 
The formation of a Dirac cone can induce dramatic 
changes in the Raman scattering. The results obtained 
here provide some new information about the novel 
quantum states of topological insulators. 
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