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Information on the elastic waves propagating in supported films may be found in the book edited
by C. L. Muhlstein and S. B. Brown, Mechanical Properties of Structural Films (American Society
for Testing and Materials (ASTM), Bridgeport 2001). See particularly the article by R. Pastorelli, S.
Tarantola, M. G. Beghi, C, E, Bottani, and A. Saltelli, p. 152-167. In this chapter also the LR
branch is discussed.

The studies of the dependence of the BLS intensity and frequency shift of Surface Acoustic Wave
on the film thickness [S1] show that the TI thickness of 50-60 nm is optimal for BLS. In the case
of a thin layer on thick substrate: a. If the layer is too thin substrate's contribution to a recorded
spectrum dominates and phonons related to the thin layer are hardly visible. b. If the layer is too
thick the observed phonons show more bulk behaviour.

Moreover, the intensity of observed peaks for selected thickness of the thin layer strongly depends
on the angle. This means that for small thickness of the layer the dispersion relation is difficult to
measure (in narrow angle range). So again thickness of 50 nm for TI was optimal for BLS.



Sample growth [S2][37]

A Riber Compact21 MBE system was employed for the Bi,Te3 thin film growth. The sample R0680 was
grown on an insulating Si(111) substrate and the R0715 on a vicinal semi-insulating GaAs(001)
substrate with a 2°offcut towards [110]. Before the growth, the Si substrate was etched by a mixed
chemical solution of HF and NH>F to remove the surface oxide, and then quickly transferred to the
degas chamber of the MBE and heated to 600 °C until the pressure in the chamber dropped below
1x10-8 Torr. The GaAs substrate was deoxidated thermally in the growth chamber at 650 °C. then, the
substrate temperature was set to 180°C and 190°C for R0715 and R0680, respectively, and a 1 min Te
soaking was implemented to passivate the surface dangling bonds. The Te flux was selected to be
below the vapor pressure at the selected growth temperature to ensure no significant Te
accumulation. Then the Bi and Te atoms were incident to the substrate to grow the Bi,Tes thin films.
For both samples, the beam equivalent pressure (BEP) of Te and Bi was 1.0E-6 Torr and 1.0E-8 Torr,
respectively, resulting in a growth rate of 50 nm/ h. For the sample R0680, a Bi,Tes;seed layer was
firstly grown for 4 mins at 180°C, then the growth temperature was linearly increased to 220°C with a
gradient of 15°C/min without growth stop. The growth temperature was kept 220°C for the rest of the
thin film and the total thickness was 75 nm. For the sample R0715, the growth temperature was 180°C
constantly. While, a growth procedure of “quintuple layer (QL) by QL” was employed, in which a 0.5 QL
Bi,Tes was grown followed by a 30s Te soaking and repeated for 100 times resulting in totally 50 nm.
All the growth temperatures reported here are read by a thermocouple.

The growth front was in situ monitored by reflection high-energy electron diffraction (RHEED) during
the growth. The Bi;Tes; 1x1 pattern emerges immediately when the growth started.

DFT study of the electronic charge transfer at the interface.

The assumption that the observed effects of the e-ph interaction are related to a substantial
amount of space-charge electrons transferred from the GaAs substrate to the Bi;Te; has been tested
with a DFT calculation of the electronic density of states (DOS) projected onto the interface, in the
reduced layer structure sketched in Fig.4(a) of the main text. The structure consists of a superlattice
with three quintuple layers of Bi;Te; and eleven layers of the GaAs substrate. A Te wetting layer
has been added at the interface, to mimick the heavy Te buffer layer introduced in the preparation
of the samples to passivate the dangling bonds of the foremost substrate layer. This model is based
on the image obtained by Dycus et al [S2] with atomic-resolution high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) reproduced in Fig. S1(b) as well as
on the TEM image shown in (a) for the Bi,Tes;(111)/Te/GaAs(001) interface. Whether the
termination involves Ga or As dangling bonds has been decided by a preliminary DFT calculation
comparing both options: the passivation of Ga bonds turned out to be energetically more favorable
than that of As dangling bonds and was therefore adopted in the present analysis. The band
structure for the Ga terminated surface, calculated over 30 points along the high symmetry I'M
direction of Bi,Tes;(111) with and without spin-orbit coupling are shown in Fig.4(b-e). The
projections on the atomic orbitals of the atoms closest to the interface reveal their metallic character
dominated by two main features: i) a band starting at 0.2 eV above the Fermi level at the I'-point
and dispersing downward forming a small hole pocket mainly involving the Te p-states and



strongly localized on the Te buffer layer ii) a rather flat band lying from 10 to 30 meV above the
Fermi level near the zone border, rather localized in the Bi,Tes slab, that can be attributed to the Bi
p states. This band can be easily populated by electrons in greater number at room temperature,
with respect to the holes associated with the Te band, thus offering an explanation for the n-type
conductivity. The comparison between the band structures with and without the spin-orbit coupling
(SOC) suggests the identification of the linearly dispersing feature which appears in the vicinity of
the I'-point with a Dirac cone [red line in Fig. 4(e)]. However, the overlap with delocalised states
close to I' makes it difficult to determine its position with respect to the Fermi level.

The dependence of the charge transfer at the interface coming from the Te-p-orbitals of the
wetting layer on the termination of GaAs stems from the space dependence of electrostatic potential
across the interface. In the present case of a substrate surface oriented 2° away from [001] towards
the [111] direction, both As- and Ga-exposed surfaces may occur, though Ga-Te bond appears to be
favoured as said above, and in agreement with previous pseudo-potential calculations [S3],
although metal-organic chemical vapour deposition experiments would indicate that Te is unable to
passivate GaAs(001) [S4]. However low-resolution TEM pictures of other samples grown as the
present ones indicate however that several layers of Te at the interface may be grown before the
stoichiometric growth of the Bi,Tes. In other words the Te is not just saturating the dangling bonds
of the GaAs but may also grow on the substrate in the form of a thin film.

In Fig.S1(c) we report the calculated electrostatic potential energy for the electrons of the
Bi,Te;-Te-GaAs-Te superlattice. The averaged electrostatic potential energy (green curve) reveals a
net dipole from the bulk GaAs towards the Bi,Te; Electrons from the GaAs concentrate at the
interface with the Te wetting layer, where the potential energy is lower. The electron potential
energy calculation is compared with the HAADF-STEM profile of the Bi,Tes(111)/Te/GaAs(001)
interface reported by Dycus et al [S3] (Fig S1(b)) who could assign the passivating layer to Te by
means of atomic —resolution energy dispersive X-ray spectroscopy (EDS). Note that the HAADF-
STEM profile resolves a single row of atoms in the z direction, whereas the electron potential
energy profile is mediated in the xy plane. This explains the difference in the profiles for GaAs, the
HAADEF detecting GaAs every second bilayer, while the xy-plane average of the electron potential
energy profile shows all GaAs bilayers. The profile of the DFT potential energy mediated in the xy
plane (green line in Fig S1(c)) allows for an estimation of the average carrier concentration within

the thickness /4 of the film from the equation n_=¢,_V_/ (/l_he2 ), where (Fig S1(c)) V. = 0.09 eV,

A =1 nm, and g_=290¢g,. For # = 50 nm and 80 nm, it is found n_=3.9 and 2.410" cm?,

respectively. It is therefore concluded that a large fraction of the measured carrier densities
constitutes the interface free-carrier space charge. The DFT calculation gives a Fermi level pinned
at the bottom of the Bi(p) conduction band, the free-carrier space charge is mostly associated with
the Te(p) bands which cut the Fermi level at about 2.5 A™' (cfr. Fig. 4(e) of main text) and localize
the electrons in the pocket around z = 50 nm in Fig. S1(c); thus &r in Eq. (4) can be identified with
V. The fraction of the measured n_which is not at the interface is likely to accumulate at the

surface populating the Dirac states and the quantum well minibands within the defect-induced band
bending [S5].

We note that the present Hall carrier densities are in excellent agreement with those
measured by Suh et al [S5] on BiTe films grown on GaAs at the measured carrier densities at the
thicknesses of 80 and 50 nm. The increase of the free carrier density for decreasing thickness
described in [S5] has been associated with the increasing weight of surface quantum well states



with respect to those of the bulk conduction band. Our work shows that this is perfectly sound,
adding however the important information that a large, if not dominant, fraction of such quantum
well states are at the interface. It is here important to mention that the surface free-carriers will also
contribute to the e-ph interaction, but the effect on the RW and L mode is a smooth function of q
which could be significant only at g values whose corresponding penetration length becomes
shorter than the surface Thomas-Fermi screening length (~10 nm [S6]), thus completely outside the
range explored in the present experiment. All this confirms that the observed anomalies can
uniquely be associated with the free carriers at the film/substrate interface.
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Figure S1. (a) Low-resolution TEM image of a Bi,Te3(111)/Te/GaAs(001) sample R0715 studied with BLS in
the present work. This is compared with atomic-resolution high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) image (b), from Dycus et al [S2][37] and with the corresponding
STEM profile (c) of the Bi;Tes(111)/Te/GaAs(001) interface. The comparison clearly confirms the presence
of a passivating layer between the Bi,Te; film and the GaAs substrate (vertical arrows), assigned by Dycus
et al to Te by means of atomic—resolution energy dispersive X-ray spectroscopy (EDS) [S2]. In panel (d) the
electron potential energy calculated with DFT is displayed and compared to the HAADF-STEM profile shown
in panel (c) (red curve in (d)). The green line reports the electron potential energy averaged over the xy-
plane. The average interface potential drop in the Bi,Te; space charge region is V. = 0.09 eV over an
estimated thickness of about one QL (A = 1 nm). The HAADF-STEM image of panel (b) has been adopted
as a model of the Bi,Te;(111)/Te/GaAs(001) interface for present DFT simulations. Note that the HAADF-
STEM profile, resolves a single row of atoms in the z direction (red horizontal rectangle in (b)). This explains
the difference in the profiles for GaAs between panel (c) and (d): the HAADF detects GaAs every second

bilayer, while the xy-plane average of the electron potential energy profile in (d) shows all GaAs bilayers.

Effects of the magnetic field

The mechanism by which an external magnetic field B||Z, orthogonal to the interface, removes
the anomalies in the high-doping case ( Fig. 3 a)) can be understood as a drastic reduction of the in-
plane overlap of the wave functions e ¥Pu, ¢ (o), induced by the incipient localization due to the
formation of Landau levels (LLs). This appears as a reduction of the parameter 7 in Eq. (5) of the
text. When the magnetic field is weak we can adopt a semiclassical picture to estimate the change
due to B in Eq.(5,6). Semiclassical circular orbits have energy corresponding to the LL energies:

h2k?

2m*

= (i+%) hw, ,

where w.= eB/m”c is the cyclotron frequency and i is an integer. We consider a gauge in which
particles are localized in the X direction. Addition of a vector potential A)(p, 0) = (0,Bx,0)
requires the substitution k, — k, + eBx/c. The 6—function in Eq. (4) is smeared in the k,
direction to account for the fact that the states are no longer eigenstates of k, . Two circular
semiclassical orbits having minimal separation in energy differ in area in k space by A(mwk?) =
2meB/hc (= s?).  ky is no longer sharp because of the spreading of the area in k space. As q ||
% , a minimal spread in kx can be introduced in the representation of the 8— function of Eq.(4), by
using a gaussian of dispersion width s* and a form factor G K ley )

n hep,n (CI) = Z;cy’ky, S(ky _ ky ’) (S1)
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Here K’, K have the k,, components fixed equal by the 5-function. The magnetic field introduces

a coupling between the bands so that the perturbed functions u,x(p) are no longer orthogonal
between different bands [S7]:

gnn(K,K) = Jdpu  (p) Unk(p). (52)

The sum over n'is already included. In fact, as there is an electric field €; in the space charge
region, the indices n,n’ are no longer independent of k,,, k), " according to the fact that the LLs
acquire a dispersion themselves. In fact, in an adiabatic approximation, one could write:

EqtEk
E, = ho, (i+ - +w)

hwc

Here £3° = hic/ eB is the cyclotron radius. We concentrate on the terms with n’ # n which
contribute in reducing the result of Eq.(S1) as we recognize that, by Schwarz inequality, is

|an gn’n(K ,,K) |2 S 1'

To estimate the form factors in Eq.(S2) we use the approximate expansion of the Bloch functions
[S8]. For small g vectors the k -+ p approximation can be used. To lowest order, if ¥’ is the velocity
in the band, we have:

h(K'-K) _

Ung' (7)) = Ung (P) + Zons (nr2 m) Unrie (F) Enrk —Enk

AP U (F) e KT B Ty L (7), (S3)

Corrections due to the normalization of u,,(#) are of order O(|K' — K|?) and will be neglected.
Inserting Eq.(S3) into Eq.(S2) and using the minimal energy difference in the denominator, the
approximated result for the the form factor contribution is:

1+ 0(|K,—K|4) for n'=n
lg . (K K)I? = h? |1 —m/m’|
n'm U8 K — K|? /
| | 2m heB/m*c ' for n'#n

where the f — sum rule has been used [SS].

Performing the integral over k, ' — k, in Eq.(S1) and transforming the sum over k,,,n’ into an

integral over energies:

L de’

) o= —
Zkyn 2n” hvp'’

where v, = c€,/B is the drift velocity, we get from the term withn’ # n :
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It follows that the correction per unit area is & — (qZB2 / ;qz) A_qu. Here A_Vzlzis the matrix

element squared appearing in Eq.(S4).
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