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A B S T R A C T   

The dynamics and dispersion of surface phonons in heterostructure semiconductor/ topological insulator Si/ 
Bi2Te3 was investigated using high resolution Brillouin light scattering method in the GHz frequency range. Both 
Rayleigh and Sezawa surface acoustic waves have been observed for wave vectors ranging from 0.006 to 0.023 
nm− 1. Anomaly in dispersion relations ω(q) for both surface waves were detected for the wave vector q = 0.016 
nm− 1. The finite element method (FEM) was used to simulate the observed shapes of ω(q) and to find the 
deformation profiles of surface acoustic waves. We attribute the observed changes to the coupling between low 
energy electrons and surface phonons. The coupling between helical Dirac states and surface phonons is dis-
cussed in the frame of accessible theoretical models.   

1. Introduction 

The search for possible applications of topological insulators (TI) 
requires knowledge of their physical properties in the form of thin films 
on various substrates. So, the surface phonon dynamics in hetero-
structures reported here seems to be an important issue worth learning 
more about. Understanding the phonon transport properties of thin films 
is essential for better understanding the electron phonon coupling (EPC) 
effect [1] or thermal management of micro and nano electronics [2,3]. 

Spatial limitations of phonons in nanostructures affect their disper-
sion relation. Additionally, interactions with other phonons, defects and 
electrons may be changed. On the other hand when the phonon thermal 
conductivity in nanostructures is considered the boundary scattering is 
dominant and thermal conductivity scales with the size D [4] as κ ~ 
CpυSΛ ~ CpυSD, where Cp is the thermal heat capacity at constant 
pressure, υS is the phonon velocity and Λ is average phonon mean free 
path. Controlling phonon transport by the structure asymmetry or lattice 
nonlinearity opens new possibilities, such as a practical realization of 
the thermal diode [5]. 

Dimensionality reduction can be carried out in two ways: by pro-
ducing a thin film (for example molecular beam epitaxy) or exfoliating 
thin flakes (nanosheets) from bulk material. The latter procedure has 
recently become the subject of intense research, especially in the field of 
nano-electonics applications [1]. This interest comes from the fact that 

after exfoliation van der Waals materials remains strongly bonded two- 
dimensional (2D) layers that are bound in the third dimension through 
weaker dispersion forces [6] although automating this process is still an 
open question. 

The acoustic properties of topological insulators thin films have not 
yet been explored fully so far. In our recent papers [7] it was shown that 
the electron–phonon interaction at a conducting interface between a 
topological insulator thin film and a semiconductor substrate can be 
directly probed by means of high-resolution Brillouin light scattering 
(BLS). The observation of anomalies in the surface phonon dispersion 
curves of a thin Bi2Te3 film on GaAs, besides demonstrating important 
electron–phonon coupling effects in the GHz frequency domain, shows 
that information on deep interface electrons can be obtained by tuning 
the penetration depth of surface phonons so as to selectively probe the 
interface region. Li et al [8] have theoretically investigated the prop-
erties of surface acoustic waves (SAW) absorption by TI thin films. They 
have found that due to momentum and energy conservation laws, the 
SAW absorption by TI thin films can only be achieved via intra-band 
electronic transition channel. More interestingly, they found that the 
absorption of the SAWs by TI thin films can be markedly enhanced by 
the tunable subgap in the Dirac energy spectrum of the TI surface states. 

In a single crystal form Bi2Te3 exhibit a layered rhombohedral lattice 
structure (space group R3m) with three quintuple layers (QL) stacks 
forming a unit cell. Each quintuple layer consists of five atoms with two 
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equivalent Te atoms, two equivalent Bi atoms and a third Te atom [9]. 
The coupling is strong between two atomic layers within one QL while in 
two neighboring QLs the coupling is much weaker mainly because of the 
van der Waals (vdW) bonding [10,11]. Because of the layered structure, 
the crystals show cleavage plane perpendicular to the [0001] direction. 

Bi2Te3 is known for many years because of its thermoelectric prop-
erties [12-14]. So far elastic properties of single crystals of Bi2Te3 have 
been studied experimentally using the ultrasonic method [15,16] and 
nanoindentation [17] supported by density functional theory (DFT) 
[17], local density approximation (LDA) [17] and Perdew-Burke- 
Ernzerhof (PBE) algorithm [17]. In our recent paper [18] we report on 
surface phonons dynamic in the single crystal of Bi2Te3. Two surface 
acoustic waves have been observed, which distinguishes this material 
from other metals or nontransparent materials. 

The knowledge of interface electron–phonon interaction has great 
relevance in the engineering of low-power nanoelectronics as well as in 
thermoelectric materials such as Bi2Te3 and Bi2Se3 films epitaxially 
grown on semiconductors [19]. 

EPC changes the phononic spectrum of a metal and Kohn anomaly 
[5,9] can be observed as a discontinuity in the derivative of the 
dispersion relation that occurs at certain high symmetry points of the 
first Brillouin zone, produced by the abrupt change in the screening of 
lattice. Kohn anomalies have been observed mainly in the bulk metallic 
materials during the different experiments covering the different parts of 
Brillouin zone: helium atom surface scattering (HASS) was used to study 
the dispersion relation in topological insulator Bi2Se3 [20], inelastic x- 
ray scattering measurements of the temperature dependence of phonon 
dispersion in the charge-density-wave (CDW) compound 2H-NbSe2 
[21]. Neutron scattering studies revealed the distinct Kohn anomaly in 
the charge-transfer salt TTF-TCNQ [22], pure Pb [15] or in the one- 
dimensional conductor K2Pt(CN)4Br0.3 3H2O [16]. 

In this paper we present results of Brillouin spectroscopy of hetero-
structure: Bi2Te3 thin films placed on silicon substrate. The main goal of 
this study was to investigate whether the dispersion relation measured 
over the range of phonon energies (few GHz ≈ 10-2 meV) available in the 
experiment is sensitive to EPC. We believe the results of high-resolution 
Brillouin experiments on dynamics and dispersion of energy of surface 
phonons in heterostructure semiconductor / topological insulator Si/ 
Bi2Te3 may give interesting results in the field of phonon engineering. 

2. Materials and methods 

2.1. The samples 

Bi2Te3 thin films were grown by MBE on Si (111), with a 2◦ off-cut 
towards [111]. After eatching in HF and NH2F solution the samples 
were quickly loaded into the MBE growth chamber [23]. Then the Si 
substrate was annealed at 600 ◦C to remove the surface oxide. Before the 
growth procedure semiconductor substrates were exposed to Te for 1 
min at elevated temperature to passivate the dangling bonds. Bi2Te3 
growth temperature was 220 ◦C. The beam equivalent pressures (BEP) of 
Te and Bi were 10-6 Torr and 10-8 Torr, respectively resulting in a growth 
rate of 50 nm/h. First a seed layer was grown at a temperature of 180 ◦C 
for 4 min and then the temperature was raised to 220 ◦C at a rate of 
15 ◦C/min. This procedure was repeated 150 times, resulting in total 
film thickness of 70 nm. The surface carrier densities measured for Si/ 
Bi2Te3 were found to be 1.5 1016 cm− 2. 

2.2. Surface Brillouin spectroscopy 

The propagation of surface acoustic waves in TI/Si was studied using 
a six-pass, tandem Brillouin spectrometer (JRS Scientific Instruments) 
which ensures a contrast of 1015 [24-26]. The source of light used was an 
Nd:YAG single-mode diode-pumped laser of maximum power 200 mW, 
emitting the second harmonics of the length λ0 = 532 nm (model: 
Excelsior, manufactured by: Spectra Physics). The incident light was 

polarized in the sagittal plane defined by the wave vector of a given 
phonon and the normal to the sample surface [24]. 

Measurements were made in the backscattering geometry. By 
changing the angle Θ between the incident and normal to the sample 
surface it is possible to observe the surface phonons with the wave 
vectors q ranging from 0.006 nm− 1 to 0.023 nm− 1 with resolution 
0.0002 nm− 1. The resolution of frequency is about 0.04 GHz. Both 
incident and scattered light was polarized vertically. 

3. FEM simulations 

The calculations of the dispersion relation for the surface phonon 
propagating in the heterostructure semiconductor/topological insulator 
were performed using Finite Element Method (FEM), as implemented in 
the COMSOL Multiphysics software [27]. The periodic boundary con-
ditions that match Floquet conditions had been directly implemented in 
FEM. The finite element method converts a partial differential equation 
into a set of linear equations upon interpolating the sought function into 
locally-defined basis functions (known as finite elements) [28]. 

The unit cell selected for simulation consisted of a long semi-
conductor rectangular bar (100 × 100 × 2000 nm3) loaded with a thin 
layer (70 nm) of Bi2Te3. 

4. Results 

Brillouin spectroscopy of surface phonons provides information on 
their dynamics and dispersion in bulk materials and thin films deposited 
on various substrates. In case of bulk material only Rayleigh can be 
observed. When studying surface phonons in any heterostructure two 
cases can be distinguished. The system can be off loaded (slow-on-fast 
case when velocity of transverse wave propagation in the layer vT

L is 
lower than that in the substrate vT

S) or stiffened (fast-on-slow case, ve-
locity of transverse wave propagation in the layer vT

L is greater than that 
in the substrate vT

S). Fig. 1 presents the different types of dispersion re-
lations ω(q) of surface phonons accessible in the Brillouin scattering 
experiments. 

According to Farnell and Adler [29], the main criterion of the above 
classification is vL

T <
̅̅̅
2

√
vS

T for slow-on-fast systems and vL
T >

̅̅̅
2

√
vS

T for 
fast-on-slow ones. For slow-on-fast systems the presence of an elastically 
soft layer on an elastically hard substrate leads to a reduction of the 
Rayleigh surface acoustic waves and formation of higher - order modes 
known as Sezawa waves. The both modes are expected to appear in the 
spectrum showing a nonlinear dispersion. Both the velocity of surface 
acoustic waves υSAW and phonon wave vector q depend on angle Θ be-
tween scattered light and normal to sample plane as follows: 

Fig. 1. Dispersion relation of SAW. Red lines Sezawa (SSF) and Rayleigh (RSF) 
waves in the “slow-on-fast” (SF) case, green line - Rayleigh wave on bulk ma-
terial, blue line Rayleigh RFS “fast-on-slow” (FS). 

A. Trzaskowska et al.                                                                                                                                                                                                                          



Ultrasonics 117 (2021) 106526

3

υSAW = ΔωSAWλ0
2sinΘ and q = 4πsinΘ

λ0 
, where Θ is the scattering angle (be-

tween the incident and normal to the sample), ΔωSAW is the Brillouin 
frequency shift observed in experiment and λ0 = 532 nm in case of our 
experiment. Such spectrum is presented in Fig. 2. 

In order to check whether the experimental dispersion relation shows 
any anomaly the finite element method (FEM) was use to simulate the 
phonons frequencies with different wave vectors for the heterostructure 
as a simple elastic system (slow-on-fast). Simulations were performed 
using the COMSOL software [27]. In this method the surface wave ve-
locity was determined by the search for the undamped eigenmodes of 
the 2D unit cell at the periodic boundary conditions. Sezawa and 

Rayleigh surface acoustic waves differ in the penetration depth (see 
insets in Fig. 2) and therefore in the sensitivity to the surface 
deformation. 

The collection of several dozens of spectra allows to plot the 
dispersion relations for both Sezawa (S) and Raleigh (R) SAW which are 
presented in Fig. 3. A deep in dispersion relation ω(q) is visible for both S 
and R waves at 0.016 nm− 1. The relative changes in phonons frequencies 
are Δω/ω = 0.066 and 0.047 for S and R respectively. The dip for Sezawa 
wave is more pronounced, which is obvious when the deformation 
profiles of both modes are compared (see the insets in Fig. 2). The error 
bars are of the order of experimental points. 

5. Discussion and conclusions 

Thalmeier [30] has proposed model which derives the coupling be-
tween helical Dirac states and surface phonons by assuming 
displacement-dependent Dirac cones. Let us follow his approach the 
continuous long-wavelength deformation of the surface leads to a peri-
odic tilting of the surface normal. Additionally, in the continuum limit 
without scattering between cones the effect of several cones would 
simply be additive. The frequency ω2

qs of surface phonons renormalized 
by coupling to helical Dirac electrons was obtained from 

ω2
qs= ω2

qs(
∏intra

(

q,ωqs

)

+
∏inter

(q,ωqs)) (1)  

where Πintra and Πinter are the self-energies due to surface electrons of 
the intra- and interband contributions respectively. Finally, the change 
of the q-dependent phonon frequency is given by: 

Δ0
s (q) = (ωqs − ωqs)/ωqs =

1
4
(

μc

csVc
)

(
kc

k0

)2

(2)  

where: ωq = υSAWq is the frequency, υSAW the velocity of surface phonon 
related to elastic constant cs = ρv2, ρ = M/Vc is the density and M the 
atomic mass and Vc volume per atom respectively, k0 = π/a defines the 
dimension of the Brillouin zone and kc defines the wave vector where the 
helical surface states merge with the bulk bands. In the model above the 
relative change in phonon frequency was calculated for Bi2Se3 to be of 
the order of 10-4, mainly because of small value of (kc/ko) ratio. The limit 
of the Thalmeier model corresponds to the case of very small phonons 
wave vectors q ≪ kF = µ/vF and is limited by wave vector kc = µc/vF. The 
anomaly in the surface phonon frequency change depends on the 
chemical potential or Fermi wave vector. Because of the lack of back-
scattering the Kohn anomaly appears at q < 2kF. In our case the Kohn 
anomaly are observed for the wave vectors of the order of 10-1 Å− 1 and 
are of the same order of magnitude lower than those reported in Ref. 16, 
21, 22 and 23. As the Eqs. (1) and (2) are considered the properties of 
substrate and layer must be used in calculations. The phase velocities of 
Sezawa (S) and Rayleigh (R) waves can be found from dispersion rela-
tion. We found these values to be 2750 m/s and 2300 m/s for S and R 
waves respectively for the wave vector 0.016 nm− 1. The second 
important factor is k0 = π/a which is approximately at least two times 
smaller for composite material in comparison to bulk value used in 
Ref. 31 (29 Å). Using those above-mentioned parameters, we found the 
relative change in phonon frequency (Eq. (2)) to be 3⋅10-2 and 2⋅10-2 for 
S and R waves respectively. 

Parente et al [31] analyzed the interaction at the surface of a three- 
dimensional (3D) topological insulator among 2D electron states 
belonging to the Dirac cone close to the point of the Brillouin zone and 
the Rayleigh surface phonon mode. They found that the electro-
n–phonon interaction cannot be responsible of strong renormalization 
effects and they estimate the value of EPC constant λ to be ~ 0.01. 

The model basing on separation of intra and interband contributions 
to the Kohn anomaly was given by Zhu [20]. For the computational 
purposes the Bi2Se3 bulk sample was transformed into composite system 

Fig. 2. Typical surface Brillouin spectrum of Si/Bi2Te3 heterostructure showing 
two modes: Sezawa (S) and Rayleigh (R). Accumulation time was about 120 
min (12000 sweeps), laser power on the sample was reduced to 90 mW. The 
thickness of Bi2Te3 film was 70 nm. Color insets: total displacement profile 
showing acoustic wave mode shapes (R - Rayleigh wave, S - Sezawa wave). 
Elliptic shapes represent the total displacement of the sample surface. In case of 
Sezawa and Rayleigh the depth of the wave decay was found to be two times 
less for Sezawa than for Rayleigh. 

Fig. 3. Dispersion relation and Brillouin spectra for Si/Bi2Te3 heterostructure. 
(a) Evolution of surface Brillouin spectra of Si/Bi2Te3 heterostructure. (b) 
Dispersion of surface phonons for Si/Bi2Te3 heterostructure. Both Sezawa (red 
circles) and Rayleigh (black squares) surface acoustic waves show a small 
anomaly for q ≈ 0.016 nm− 1. Black lines were obtained from FEM simulations 
of slow-on-fast system using the known elastic constants of substrate Si and 
Bi2Te3 [19]. 
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consisting of an ultrathin metallic film and an underlying insulating 
substrate. Under assumption of weak dependence of the ionic screened 
potential V(q) on q and the Thomas-Fermi wave vector kF = 0.5 Å− 1 they 
could calculate the coupling constant λq. The EPC constant was found to 
be λq = λ⊥ + λ||, where λ⊥ accounts for the vertical shear component 
while λ|| is related to the longitudinal component. 

In order to compare our results with those described above we have 
calculated the deformation profile heterostructure under investigation. 
Using the FEM it was possible to calculate the relative changes of two 
deformation component: in plane (η||) and perpendicular one (η⊥) across 
the unit cell used in simulations. The obtained results are given in the 
Fig. 4. 

The main difference between the two types of phonons is the real 
depth of the wave decay – the total displacement associated with the 
propagation of the Sezawa wave is half of the total displacement of the 
Rayleigh wave. Both exhibit the exponential decay of the wave’s 
amplitude. Due to these features the Sezawa mode has an advantage 
over the Rayleigh one when studying the electron–phonon coupling. 
Small penetration depth reduced the bulk coupling to electrons and the 
high sensitivity to the deformation reflected the dependency between 
the surface deformation and the surface states of the sample (displace-
ment-dependent Dirac cones). 

The observed behavior is in agreement with classical approach to the 
surface waves depth dependence [29]. The only difference is the 
discontinuity observed at the semiconductor- topological insulator 
interface, which is the border of slow-on-fast heterostructure. Zhu [17] 
found that λ||/ λ⊥ = 0.65 best represents the observed Kohn anomaly as 
detected in their HASS experiment. In case of experiment presented this 
ratio was found to be 0.4 at the sample surface. Heading towards lower 
energies it is worth to notice that in Thalmeier model [30] tested for 
ultrasonic frequencies (MHz) the λ|| has been set to be 0 without prej-
udice to the transparency of the model. 

So far reported values for the electron–phonon coupling constant λ 
varied greatly even for the same compound. For Bi2Se3, various ARPES 
studies gave values ranging from 10-2 up to 101 [32-36]. Similarly, the 
values of λ obtained from theoretical calculation are inconsistent and 
cover two orders of magnitude [37,38]. 

For a thin film/substrate heterostructure, there are two sources of 
electron phonon interaction - the surface and the interface. The defor-
mation potential of surface phonons determines their capability for an 
investigation of the EPC along z-direction of the heterostructure. In 
order to determine exactly from which part of sample Brillouin spec-
troscopy gives reliable information, FEM simulations were performed 
for different wave vectors for both Sezawa and Rayleigh waves (see 
Fig. 5). 

Large deformation potential of a surface phonons implies large 
penetration depth. Both, the Rayleigh and Sezawa phonons, differ in 
their penetration depth. The penetration depth of the Rayleigh phonon 
is larger when comparing to the Sezawa mode. As a result, their inter-
action with electrons differs. Phonons can couple to electrons at the 

Fig. 4. The relative changes of the surface deformations η⊥ and η|| caused by Rayleigh (black) and Sezawa (red) waves as a function of depth from the sample surface. 
In the both cases the dominant component is η ⊥. 

Fig. 5. Deformation fields obtained for Rayleigh and Sezawa waves for 
different wave vectors in the direction perpendicular to the sample surface. The 
white lines reflect the deformation profiles for different samples depths (hori-
zontal scale is the same for all wave vectors q). 
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Fermi surface (the Kohn effect) as well as below the surface, as recently 
reported from ARPES experiments ref. [39]. 

To determine an origin of the electron–phonon interaction in the Si/ 
Bi2Te3 heterostructure we have to refer to our previous experiments 
related with the EPC in the GaAs/Bi2Te3 heterostructure [7]. Reported 
here anomalies of the surface phonons dispersions of Rayleigh and 
Sezawa modes were observed at ER_GaAs = 3.2 GHz (1.30 ⋅ 10 -2 meV) for 
qR_GaAs = 0.012 nm− 1 and ES_GaAs = 5 GHz (2.1 ⋅ 10-2 meV) and qS_GaAs =

0.010 nm− 1 respectively (see Fig. 2 in [7]). Its origin was ascribed to the 
EPC at the interface between the topological insulator and the substrate, 
because only electrons localized at the interface revealed a Hall 
mobility. Calculated correction of the phonon frequency of the hetero-
structure [7] was linearly dependent on the Fermi energy. Additionally, 
the density functional theory (DFT) calculations revealed an emergence 
of the Dirac cone at the interface between the topological insulator and 
GaAs substrate. Analyzed in this paper dispersion relation of the Si/ 
Bi2Te3 heterostructure revealed a small but clearly visible (outside the 
range of measurement accuracy) anomalies of both Sezawa and Ray-
leigh waves ES_Si = 6.8 GHz (2.8 10-2 meV) and ER_Si = 6.0 GHz (2.5 10-2 

meV) at q = 0.016 nm− 1. 
In order to determine exactly from which part of sample Brillouin 

spectroscopy gives reliable information, FEM simulations were per-
formed for different wave vectors for both Sezawa and Rayleigh waves 
(see Fig. 5). Reported for both heterostructures anomalies in dispersion 
relations differ. It may result from physical properties of substrates 
applied in both heterostructures. According to the mentioned above 
formula, the correction to the phonon frequency depends on the Fermi 
energy. Work functions W of a GaAs and Si substrates are 4.77 eV and 
4.6 eV, respectively. As a result, the Fermi level of the GaAs/TI sample 
was lower when comparing to the Fermi level of the Si/TI system. The 
linear energy dispersion of the Dirac cone implies that the ratio of E/q 
should be similar for phonons coupled to electrons in the cone for both 
investigated samples. Only Sezawa phonons fulfilled the condition 
ES GaAs
qS GaAs

≈
ESSi
qSSi 

suggesting coupling to electrons in the Dirac cone. Due to the 

fact that Rayleigh phonons penetrated the substrates (in both hetero-
structures), their softening can be rather related with coupling to elec-
trons located at other states, where the linear dispersion relation E(q) is 
not fulfilled. Unfortunately, from these experiments it is not possible to 
determine to which exactly electrons they coupled. 

We believe that the best evidence of electron–phonon coupling is 
direct experimental observation. Surface dynamics can be probed by 
means of helium atoms surface scattering (HASS) or surface Brillouin 
scattering, which was used in studies presented and according to [40] 
helium scattering takes place just above the sample’s surface. This 
means that, it is not the total electron density of the substrate surface 
which matters and determines the interaction but the electronic wave 
functions close to the Fermi level. In other words, the He atom couples 
directly to surface states of the sample which are the result of electrons 
excitations. 

The energy range offered by Brillouin scattering technique cannot 
rather be considered as an advantage over helium atoms scattering 
however it gives a possibility to observe surface excitations (close to the 
Γ point of the Brillouin zone) which are not accessible for HASS. In 
addition, an important feature of surface Brillouin spectroscopy of the 
substrate-thin film system are two simultaneous material responses but 
coming from different sample depths defined by Sezawa and Rayleigh 
waves deformation profiles. It is obvious that due to a small momentum 
range of the Dirac cone only long-wavelength acoustic phonons can 
participate in the EPC but their energies are very small. Such behavior 
was confirmed in our experiments for the two heterostructures: thin 
films of topological insulator Bi2Te3 grown on semiconducting sub-
strates GaAs [7] and Si. This result, for the first time, indicate the pos-
sibility of appearance of EPC in such a low energy range (10-2 meV) 
which is lower of two or three orders of magnitude in comparison to 
those observed in helium atom surface, neutron or inelastic x-ray 

scattering [20,21] however in the same range of wave vector (0.1 and 
0.16 Å− 1). 

Finally, when the potential application of topological insulators is 
considered the large bulk gap of Bi2Te3 points to promising potential for 
high-temperature spintronics applications [41,42] however it may be 
hindered by limited lifetimes due to intrinsic many-body interactions, in 
particular electron–phonon coupling. Nevertheless, we hope that our 
results will trigger an interest for new research, both experimental and 
theoretical. 
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