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Plasmon-enhanced electron-phonon coupling in Dirac surface states
of the thin-film topological insulator Bi,Se;

Yuri D. Glinka,??® Sercan Babakiray,' and David Lederman'’
'Department of Physics and Astronomy, West Virginia University, Morgantown,

West Virginia 26506-6315, USA

2Institute of Physics, National Academy of Sciences of Ukraine, Kiev 03028, Ukraine
(Received 27 July 2015; accepted 27 September 2015; published online 7 October 2015)

Raman measurements of a Fano-type surface phonon mode associated with Dirac surface states
(SS) in Bi,Se; topological insulator thin films allowed an unambiguous determination of the
electron-phonon coupling strength in Dirac SS as a function of film thickness ranging from 2 to
40nm. A non-monotonic enhancement of the electron-phonon coupling strength with maximum
for the 8-10nm thick films was observed. The non-monotonicity is suggested to originate from
plasmon-phonon coupling which enhances electron-phonon coupling when free carrier density in
Dirac SS increases with decreasing film thickness and becomes suppressed for thinnest films when
anharmonic coupling between in-plane and out-of-plane phonon modes occurs. The observed about
four-fold enhancement of electron-phonon coupling in Dirac SS of the 810 nm thick Bi,Se; films
with respect to the bulk samples may provide new insights into the origin of superconductivity in
this-type materials and their applications. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932667]

I. INTRODUCTION

The measurement and control of the electron-phonon
coupling strength (usually denoted as A—the dimensionless
electron-phonon coupling constant) in topological insulators
(TIs), such as Bizse3,1_3 is one of the most important prob-
lems of these unique materials since their discovery®> for
several reasons. From a fundamental physics point of view,
TIs offer an opportunity to study the effect of the renormali-
zation of phonon energies between the insulator-type bulk
(3D) states (the bandgap of Bi,Se; is ~0.3eV) and the
metal-type two-dimensional (2D) Dirac surface states (SS)
on photoexcited carrier relaxation dynamics.”*® Because
the electronic and ionic subsystems in 3D states and 2D
Dirac SS interact with each other through different mecha-
nisms [electron-polar-phonon (Frohlich) coupling and defor-
mation potential/thermoelastic scattering, respectively], the
carrier relaxation rate strongly depends on where photoex-
cited carriers are located during their energy relaxation.
Switching between these two relaxation channels, which can
be achieved by varying the thickness of Bi,Ses films,%
allows controlling the photoexcited carrier relaxation rate
and hence the speed of novel optoelectronic devices based
on the thin-film TIs.

On the other hand, the electron-phonon coupling has also
been suggested to be one of the key factors determining the
superconducting states in doped TIs, such as Cu,Bi,Ses,'*"
in conventional electron-phonon superconductors'>~'® and in
unconventional superconductors, such as cuprates, BiSe;
under pressure, and FeSe.'”™” Strong electron-phonon cou-
pling in these systems immediately points to the possibility of
superconductivity because, according to the BCS theory,
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electrons are expected to become paired by (attractive)
exchange of virtual phonons, which prevails over the
electron-electron repulsion if the electron-phonon coupling is
sufficiently strong.

In this paper, we present experimental results on Raman
scattering studies of epitaxial thin films of the TI Bi,Ses
ranging in thickness from 2 to 40 nm. The film thickness and
roughness is precisely determined using x-ray reflectivity
(XRR) measurements. The thickness-dependent strength of
electron-phonon coupling in Dirac SS is determined from
the Fano-type resonance appearing for the surface phonon
mode of the topmost hexagonally arranged continuous net-
work of Se-Se bonds (H-mode) associated with Dirac SS.
The observed non-monotonic enhancement of the electron-
phonon coupling strength with decreasing film thickness,
with a maximum at 8-10nm, is suggested to originate from
plasmon-phonon coupling which enhances electron-phonon
coupling when free carrier density in Dirac SS increases
with decreasing film thickness and becomes suppressed for
thinnest films when anharmonic coupling between in-plane
and out-of-plane phonon modes occurs. The plasmon-
enhanced electron-phonon coupling strength in Dirac SS of
the 8—10nm thick films is approximately four times greater
than the known value for bulk Bi,Se; (120.08).2 This ob-
servation may provide new insights into the origin of super-
conductivity in this type of materials in particular, and
layered structures in general.

Il. EXPERIMENTAL DETAILS

Experiments were performed on Bi,Se; thin-film sam-
ples that were 2, 4, 5, 6, 8, 10, 12, 15, 20, 25, 30, 35, and 40
quintuple layers (QLs) thick (QL ~0.954nm). The films
were grown on 0.5 mm Al,O5(0001) substrates by molecular
beam epitaxy and capped in-situ with a 10 nm thick MgF,

© 2015 AIP Publishing LLC
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layer to protect against oxidation as described previously.®°
The thin film thickness was determined from XRR measure-
ments analyzed using the GenX software.?’ Reflection high
energy electron diffraction (RHEED) and x-ray diffraction
(XRD) were used to analyze the structure of the Bi,Se; films
to determine that all films are epitaxial in the plane and
highly crystalline out of the plane of the film.*® Transport
measurements revealed that all films have n-doping level in
the range of 0.5-3.5 x 10" cm >, which is typical for as-
grown Bi,Ses films and bulk single crystals.’

Raman scattering measurements were performed using a
Renishaw inVia Raman Spectrometer equipped with 785 nm
solid-state laser. The spectra were acquired in a backscatter-
ing geometry with 1cm™' steps and with laser power of
30 mW. A microscope of the spectrometer with a 50x objec-
tive lens was used to focus the laser light on the sample sur-
face to a spot size of ~1 um in diameter. The corresponding
power density was I, =3.8 MW/cm?. The z(x,x)Z geometry
was used, where z-axis is directed along a film normal and
x-axis points to the light polarization.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

A. Structural characteristics and film thickness
determination

Typical RHEED data are shown in Fig. 1. RHEED oscil-
lations were observed for samples with nominal thicknesses
of approximately less than 20 QL, indicating layer-by-layer
growth for those samples, as discussed previously.””
Because the samples were grown using a two-step process,
with the first 3 QL grown at low temperature (140 °C) prior
to growth of the rest of the sample at a higher temperature
(275°C),° all samples with nominal thicknesses less than 4
QL were grown at low temperature and then annealed. All of
the samples had streaky RHEED patterns indicating epitaxial
growth as shown in the insets of Fig. 1.

Figure 2 shows the x-ray reflectivity intensity as a func-
tion of momentum transfer vector ¢ perpendicular to the sur-
face for samples with nominal thicknesses of 4, 10, 20, and
40 QLs. Similar results were obtained for the other samples
used in this study. For samples less than 12 QL thick, the
finite-size fringes for the (003) Bragg peak overlapped with
the low ¢ oscillations, and therefore it was necessary to use a
multilayer approach to fit the data out to the position of the
Bragg peak. For these samples, the model consisted of
Bi,Se; QLs separated by a spacer layer representing the van
der Waals coupling between QLs. For all samples, an inter-
face layer at the top and/or bottom consisting of the average
electron density of the substrate and Bi,Se; (for the bottom)
or of MgF, and Bi,Se; (for the top) was included in order to
simulate larger interface disorder parameters. The scattering
length density p,, and its derivative dp,,/dz as a function of
depth z, derived from fitting the layer thickness, atomic den-
sity, and interface roughness parameters, were used to deter-
mine the actual layer thicknesses and interface roughnesses,
as described in detail previously in Ref. 22. The parameters
obtained from this procedure are shown in Fig. 2. For the 4
and 10 QL sample data shown in Figs. 2(a) and 2(b), the
number of maxima in p,, in the Bi,Se; region is equivalent
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FIG. 1. RHEED intensity of the specular diffraction spot as a function of
time for the (a) 10, (b) 20, and (c) 40 QL samples. The RHEED oscillations
for the 40 QL sample were not discernible after 1600 s and the data acquisi-
tion was then stopped. The data were acquired for the high temperature
growth after the initial deposition of 3 QL. Insets show the RHEED patterns
after growth. The top inset corresponds to the RHEED pattern of the 4 QL
sample which was grown at low temperature and then annealed, and there-
fore no RHEED oscillation pattern was recorded.

to the number of QLs of the sample. Using the 9.540 A for
the lattice parameter corresponding to a single QL (1/3 of
the c-axis in the hexagonal structure, 28.620 A) at room tem-
perature,23 the actual number of QLs for 4, 10, 20, and 40
QL samples were 4.6, 10.4, 17.8, and 43.5 QLs, respectively,
with an uncertainty of approximately 5%. The roughness pa-
rameter at the Bi,Se; interface increased progressively as the
samples became thicker, which is consistent with the
decreased amplitude in RHEED oscillations as the sample
were grown thicker, which is probably due to an increase in
disorder due to lateral regions with different number of QLs.

The structure analyzed via XRD with ¢ parallel to the
growth direction is shown in Fig. 3. For all samples, the (003n)
peaks (n is an integer) were clearly observed, indicating a
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FIG. 2. X-ray reflectivity data (top row), the scattering length density p,, as a function of depth z derived from the reflectivity (middle row), and the derivative
of p., as a function of z (bottom row). The blue curves in the dp,,/dz graph indicate a fit to a Gaussian distribution whose center indicates the boundary between
the layers and whose width is a measure of the roughness. The thickness of each layer d and the roughness of the Bi,Se;/MgF, and MgF/air interfaces o are
indicated in the figure. The roughness between substrate and Bi,Se; was ~0.15 nm. The vertical dashed lines indicate the positions of the interfaces between

the materials.

[001] growth direction. An analysis of the (006) peak near
q=132 A using the equation for a finite size number of
x-ray reflecting planes, I = A[sin(Ngdgy)/ sin(gdgr)]” + B,
where A is the scattering amplitude, N is the number of scatter-
ing planes, dp, is the distance between scattering planes
(inter-QL lattice spacing),>* and B is a background adjusted to

a polynomial of at most order 2, yields the results shown in
Fig. 3. In this analysis, the finite resolution of the instrument
(0.006 A~") was accounted by taking an autoconvolution of
the data. Fractional number of layers and disorder were taken
into account by calculating a Gaussian distribution of scatter-
ing layers of width o, with different integer values of N. For
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FIG. 3. X-ray diffraction data as a function of wavevector transfer perpendicular to sample surface q for the (a) 4 QL, (b) 10 QL, (c¢) 20 QL, and (d) 40 QL
samples. The pink vertical lines indicate the position of the (003 n) peaks (n is an integer), starting with n=1 peak on the far left. The panel on the right
(e)—(h) shows the data near the (006) peak along with the fits to the model described in the text (red curves). N, oy, and dg, are the average number of QLs, the
disorder in the number of QLs, and the inter-QL lattice parameter used to fit the data, respectively. The peaks denoted by the blue asterisks are substrate or im-

purity peaks from the sample holder.

the samples that showed the finite size interference fringes
around the Bragg peak [e.g., the 4, 10, and 20 QL sample data
in Figs. 3(e)-3(g)], the data were very sensitive to the number
of QLs. For samples thicker than 20 QL, the finite size fringes
were difficult to observe and the results were not as accurate.
One reason may have been that, in addition to the lack of
fringes, the structural coherence along the growth direction
may be limited to approximately 34 nm, perhaps as a result of
stacking faults, although this hypothesis would need to be veri-
fied using other techniques. Interestingly, it appears that the
lattice parameter along the growth direction decreased with
increasing film thickness, approaching the bulk lattice constant
of 9.540 A for the thicker samples. This decrease in lattice con-
stant with increasing thickness indicates that the thin samples
were somewhat strained with respect to the bulk crystal
structure.

The XRD data show that the sample thicknesses deter-
mined using this methodology is consistent with the XRR
data. We conclude that, as a whole, the samples are epitaxial
and the nominal number of QLs is accurate to approximately
5%. The disorder increased with sample thickness, but all
samples less than or equal 20 QL in thickness are of similar
structural quality.

B. Phonon dynamics determined from Raman
scattering

Figures 4(a) and 4(b) show Raman spectra measured
from the top and bottom sides of the samples as indicated in
the inset of Fig. 4(b). Comparing with our previous measure-
ments,” the Raman spectra were re-measured for a broader
range of Bi,Se; film thicknesses from 2 to 40 nm (2—40 QLs)
in order to cover the range where the direct intersurface cou-
pling?” and quantum confinement®® effects (below 6nm)
may also contribute to the phonon dynamics. The spectra
measured from the bottom side of the samples [Fig. 4(b)] are
almost identical to that of the sapphire substrate.”?’
Negligible variations of Raman intensities for the bottom
side measured spectra suggest that the corresponding Raman
intensity variations in the top side measured spectra are due
to the Bi,Se; film thickness effect on the Raman scattering
efficiency. Because Raman spectra below 100cm ™' were
significantly weakened due to the optical filter of the spec-
trometer used, we analyzed only four Raman features peaked
at ~130cm ™' (3.9 THz), ~173cm™ ' (5.2 THz), ~300cm ™"
(9.0 THz), and ~252cm ™' (7.56 THz), which were assigned
to the bulk E; (in-plane, in-phase), A%g (out-of-plane, out-of-
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FIG. 4. Raman spectra measured from the top (a) and bottom side (b) of the
samples [inset in (b)] of various thickness Bi,Se; films as indicated by the
corresponding colors. Spectra of the 2, 4, 5, and 6 nm thick films are pre-
sented in (a) using broader lines. (c) The same Raman spectra shown in
(a) but normalized at the peak position of the bulk Eﬁ phonon mode. The
increased background level in the normalized spectra of the 2,4, and 5nm
thick films is due to the Raman peak intensity drop, although the background
level for all of the samples is about the same. Insets in (a) and (c) show the
film thickness dependences of Raman intensities of the E A{g and H-mode,
E2 + A2 phonon modes, respectively.

phase), combined EZ + A} . phonon modes associated with
Bi-Se bonding,” 2833 and the 2D surface phonon mode
(H-mode) associated with Se-Se bonding of the topmost hex-
agonally arranged Se layer,” respectively. The variation of
the Bi,Se; film thickness also affects the positions of some
of the Raman peaks and their linewidths. This behavior can
be seen more clearly in Fig. 4(c) which shows the same
Raman spectra presented in Fig. 4(a) but normalized at the
peak position of the bulk Ef phonon mode. It should be noted
that, in addition to the Raman features mentioned, there
exists a broadband tail extending up to ~600cm ™', the in-
tensity of which also varies with the film thickness. All these
Bi,Se; film thickness effects will be discussed further below.

Intensities of Raman peaks tend to increase with
decreasing film thickness (d) in the range from ~40nm to
~6-8nm, as 1/d"' =" for the in-plane phonon modes (E; and
H-mode) and as 1 /d25 03 for the out-of-plane phonon
modes (A and E2 + A Q) [Fig. 4, insets in (a) and (c)]. This
behavior has been suggested to result from the resonant
Raman enhancement due to nonlinear excitations of TM
(acoustic) and TE (optical) plasmons, respectively.’ A subse-
quent sharp decrease of Raman intensities with decreasing
film thickness below ~6-8nm can be associated with the

J. Appl. Phys. 118, 135713 (2015)

incident laser light penetration length, which becomes longer
than the film thickness,® thus significantly diminishing the
Raman scattering efficiency due to a decrease in the scatter-
ing volume. Similar dynamics originating from the same
mechanism have also been observed for graphene multi-
layers with decreasing the number of graphene layers.**
Consequently, the Raman intensity dynamics in films whose
thickness ranges from 2 to 8 nm is expected to be convoluted
with the light penetration dynamics. To avoid this problem,
we deconvolved Raman intensity dynamics with decreasing
film thickness by dividing the Raman intensities by that
of the A%g out-of-plane mode, which seems to be most sensi-
tive to the light-penetration/film-thickness ratio. Figures 5(a)
and 5(b) show the thickness dependences of the resulting
deconvolved in such a manner (normalized) intensities
(g2 /1 A2 and Ir; a2, /1 A?g)’ which now take into account the
effects of the light penetration depth in samples of different
thicknesses. The normalized intensity of the E; in-plane pho-
non mode slightly increases with decreasing d until d ~ 6 nm
and afterwards abruptly decreases for thinner films, whereas
the normalized intensity of the combined E; + A7, phonon
mode shows the opposite dynamics. The gradual monotonic
increase (decrease) of /p2 /1 A%Q(l BA, /1 Afg) normalized inten-
sities with decreasing film thickness from 40 to 6nm is
due to the different trends of Raman intensity enhancement
[Fig. 4, insets in (a) and (c)]. The subsequent abrupt decrease
(increase) of I /IAfg(IEg a2, /1 Aﬁ) normalized intensities for
thinner films coincides with the opening of a gap in Dirac SS
previously observed using the angle-resolved photoemission
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FIG. 5. Thickness dependences of the deconvolved (normalized at the peak
position of the bulk A%H phonon mode) intensities of Raman peaks shown in
Fig. 4(a) (see text).
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spectroscopy (ARPES),* and therefore it may be related to a
crossover of the 3D TI Bi,Se; to the 2D limit (gapped SS)
due to the time-reversal symmetry breaking as a conse-
quence of direct coupling between the opposite-surface
Dirac SS. Because of the increase of the combined E; + A%g

phonon mode intensity for films with d < 6 nm, we associate
this crossover in vibrational dynamics with anharmonic cou-
pling between in-plane and out-of-plane bulk phonon modes
induced by direct intersurface coupling in Dirac SS.
Importantly, the Eﬁ and A%g phonon modes also reveal a
substantial broadening of vibrational transitions with decreas-
ing film thickness in the range below 6nm [Fig. 4(c)].
The broadening dynamics can be recognized explicitly by fit-
ting Raman peaks with Lorentzian profiles to obtain the
thickness dependence of linewidth I" (full width at half maxi-
mum). Figure 6(a) shows that the linewidth progressively
increases exclusively for the film thickness range where the
normalized intensity of the combined Ef + A% , phonon mode
increases (d < 6nm), thus suggesting the anharmonic nature
of the broadening. Additionally, the infrared-active (Raman-
inactive) A,, phonon mode peaked at ~159 em™ ' weakly
emerges for the thinnest film (d=2nm), indicating the
crystal-symmetry breaking in ultrathin films [Fig. 4(c)].”
However, because this Raman feature is extremely weak, the
crystal-symmetry breaking is expected to be negligible. The
latter fact additionally proves that the considerable broaden-
ing of the E2 and A2 phonon mode peaks together with the
increased 1ntens1ty of the combined E2 +A2 phonon mode
peak can be associated with anharmomc couphng between
in-plane and out-of-plane bulk phonon modes rather than

w
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FIG. 6. Thickness dependences of Lorentzian linewidths of the £} and Af,
bulk phonon modes (a) and the corresponding phonon lifetimes (b)
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with a possible crystalline structure imperfections of ultrathin
films. Relating the phonon lifetime to the linewidth as t,,
= h/F,7 where 71=53x10""%cm 's is the reduced
Planck’s constant, one can recognize that the bulk phonon
lifetime significantly decreases with decreasing film thickness
below 6 nm [Fig. 6(b)]. This observation also points to strong
anharmonic coupling between in-plane and out-of-plane bulk
phonon modes, which can be an important reason for the
reduced electron-phonon coupling strength®® in the bulk of
ultrathin films oppositely to the QL-to-QL stacking effect.?
The normalized Raman intensity of the surface H-mode
In/l A%w) shows non-monotonic behavior with decreasing

film thickness with a minimum at ~10nm [Fig. 5(b)]. These
dynamics unambiguously distinguish between the bulk and
surface phonon modes and point to another source of finite
size effects on the Raman intensity dynamics that have been
associated with the excitation of a Fano-type resonance due
to strong plasmon-phonon coupling in the indirectly (electro-
statically) coupled opposite-surface Dirac SS.” In this pic-
ture, the plasmon modes are the collective electronic
excitations of the coupled system, similar to what occurs in
electrostatically coupled graphene bilayers.>’ ' The out-of-
phase plasmon mode appearing at small wavevectors beyond
the single particle continuum (the acoustic Dirac plasmon)
that is responsible for the enhancement of the electron-
phonon coupling strength in 2D Dirac SS is expected to be
nonlinearly excited’ within a long wavelength gap forming
in the presence of electrostatic intersurface coupling, which
allows for intersurface electron tunneling.*? It should also be
noted that the excitation of plasmons in Bi,Se; thin films has
been suggested to be responsible for the resonant enhance-
ment of optical second-harmonic generation for the ~10nm
thick film.** The H-mode intensity decrease to a minimum
for the ~10nm thick film can hence be associated with quan-
tum interference between the ionic-subsystem Raman
response (surface H-mode) and the electronic-subsystem
Raman response (the acoustic Dirac plasmon) that is shifted
in phase. The rapid variation in phase gives rise to the asym-
metric lineshape of the Fano-type resonance accompanied by
the corresponding decrease of the relative peak intensity
(destructive interference) when the electron-phonon coupling
becomes stronger for a certain film thickness, as appeared
for the thickness range of 5-12nm (Fig. 7). Consequently,
the lineshape of the H-mode Raman peak is close to
Lorentzian for films thicker than 12nm and thinner than
5nm. However, the lineshape becomes a Fano-type (disper-
sion-like) for films with d =5—12 nm. We note that the line-
shape of Fano resonance varies similarly to that observed in
infra-red absorption of bilayer graphene as a function of the
bandgap energy tuned by applying a gate voltage or chang-
ing electron density.**

The shift of the bulk and surface phonon modes with
decreasing film thickness additionally distinguishes between
them. The in-plane phonon mode E2 remains almost unshifted,
whereas the out-of-plane phonon mode A . shows a significant
monotonic shift toward higher frequen01es (blue-shift) with
decreasing film thickness [Figs. 8(a) and 8(b)]. We note
that quantum confinement usually leads to a phonon softening
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ized at 285 cm ™. The corresponding color vertical line indicates the position
of the peak for the 10 and 40 nm thick films. (b) and (c) The examples of the
peak position determination of the H-mode for the 40 nm and 10nm thick
films. The peak positions were determined by differentiating the correspond-
ing Raman features and estimating the Raman shift position (shown as the
vertical red lines), at which the derivative is equal 0. The accuracy of this
procedure is found to be below the step size of measurements (1 cem b,

(red-shift) of the bulk modes, thus eliminating this mechanism
from consideration.>> We associate the observed Raman
peak shift trends for the in-plane and out-of-plane bulk phonon
modes with the effect of indirect intersurface coupling on the
atomic bonding unscreening dynamics due to long-range
Coulomb interactions caused by the bulk carrier depletion.””
Because indirect intersurface coupling acts predominantly
along the film normal and therefore mainly affects the out-of-
plane phonon mode, only the A%g mode shows a significant
blue-shift (stiffening) with decreasing film thickness
[Figs. 8(a) and 8(b)]. This behavior is well consistent with the
transient stiffening of the G-mode phonons in graphite, which
has been associated with a decrease in the electron-phonon
coupling strength upon high electronic temperatures and the
corresponding reduction in the phonon energy renormalization
which depends on the net electron density.*® On the other
hand, the shift of the surface H-mode Raman peak reveals a
non-monotonic behavior with a minimum at ~8—10nm and in
general follows the dynamics of the Raman intensity shown in
Fig. 5(b). This coincidence suggests that indirect intersurface
coupling and plasmon excitation effects are related to each
other. The most important question to be addressed is related
to plasmon-phonon coupling, which is expected to enhance the
common electron-phonon coupling at higher electron densities
satisfying the resonant frequency condition of uplzz/H,g"‘s
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where vy, and vy are the acoustic Dirac plasmon and surface
phonon frequencies, respectively. Furthermore, because
plasmon-phonon coupling is expected to take place if the
surface H-mode (associated with Dirac SS) and the bulk in-
plane phonon mode (Eﬁ) remain uncoupled to the bulk out-of-
plane phonon mode (A ¢)> their anharmonic coupling with
decreasing film thlckness establishes a natural limit for
plasmon-phonon coupling to occur. This behavior explains the
non-monotonic thickness dependence of the H-mode Raman
peak intensity and Raman shift since the carrier density in
Dirac SS is known to increase with decreasing film thickness,9
thus adjusting the acoustic Dirac plasmon frequency v, to vy
and hence increasing the electron-phonon coupling strength
until the anharmonic coupling between in-plane and out-of-
plane modes becomes important and starts to diminish it.
Importantly, the enhancement of electron-phonon coupling in
2D Dirac SS is accompanied by the corresponding stiffening
of the bulk A mode, thus indication the weakening of the
electron—phonon coupling in the bulk [Figs. 8(b) and 8(c)]. We
also note that the non-monotonic thickness dependence of the
electron-phonon coupling strength with a maximum at
8-10nm cannot be associated with the oscillatory behavior of
gapped Dirac SS, since these oscillations are predicted to
appear for films thinner than 6nm.**™*® Furthermore, the
anharmonic coupling between surface and bulk phonon
modes may lead to an additional combined Raman peak at
~550cm ™. The aforementioned broadband tail in Raman
spectra extending up to ~600cm "' [Figs. 4(a) and 4(c)], the
intensity of which varies with the film thickness close to the
variation of intensities of the surface H-mode and the bulk Ef,
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and A? , modes, could result from this coupling. However, due
to a small coupling strength and multicomponent nature, this
Raman feature is weakly resolvable [Fig. 4(c)].

The two-source Raman scattering process determining
the appearance of the Fano-type resonance is typical for
heavily doped semiconductors,”*****® including Bi,Ses
(n~ 10" cm™?). The corresponding asymmetry parameter is
known to characterize the electron-phonon coupling
strength. Consequently, the H-mode Raman peak reveals the
film-thickness dependent asymmetry that can be treated by
the Fano resonance lineshape I(v) = A[f + 2(v — vy)/Tu]*/
1+ [2(v — vy)/Ty)>.*>% where A is a proportionality
coefficient, vy and I'y; are the frequency and linewidth,
respectively, of the surface H-mode peak without coupling
to the electronic subsystem (of the Lorentzian lineshape
I(v) = A(Ty/2)*/[(T4/2)* + (v — vg)?)), and f is the Fano
asymmetry parameter related to the electron-phonon cou-
pling strength constant as A = 1/f. It is clear that, if 1 — 0,
the Fano resonance lineshape transforms to that of the
Lorentzian lineshape.

To treat the Fano-type resonance in order to estimate the
electron-phonon coupling strength, it is required to extract
its intensity from those of the neighboring A7, and E} + A7,
peaks. However, this kind of background subtraction seems
to be inaccurate, since there are no any criteria to identify
the Fano lineshape, except for the Fano asymmetry parame-
ter that in turn has to be determined. Figures 9(a) and 9(b)
show an example of such a subtraction of the intensity of the
A%g peak Lorentzian tail. The resulting normalized Raman
spectra show that the H-mode peak asymmetrically broadens
for film thicknesses ranging from 5 to 12nm. A more precise
analysis of the combined Ej + A7, phonon mode as a func-
tion of the film thickness allowed us to recognize its split-
ting, which mainly manifests itself for films with d ranging
from 5 to 12 nm. Figure 9(b) shows that when the relative in-

tensity of the Ef +A%g mode increases, the corresponding
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peak splits into two components peaked at 285 and 308 nm.
This splitting is suggested to result from the aforementioned
anharmonic coupling between in-plane and out-of-plane
modes, which leads to the degeneracy lifting of the Eﬁ pho-
non mode (Eﬁ — A’ + A"), thus allowing the two combined
phonon modes (A" + A7, and A” + A7) to appear in Raman
spectra. The theoretical modeling of the Fano resonance
[Fig. 9(c)] qualitatively depicts the dynamics of H-mode
Raman peak with film thickness variations [Fig. 9(a)].
However, a quantitative treatment of the Fano resonance
seems to be problematic, since the asymmetry of extracted
H-mode peak strongly depends on the background subtrac-
tion procedure used [Fig. 9(b)], which is far from unambigu-
ous and therefore may lead to an underestimate of the
electron-phonon coupling strength.’

On the other hand, the theoretical modeling shown in
Fig. 9(c) proves that for weak electron-phonon coupling the
Fano lineshape transforms to the Lorentzian lineshape,
whereas the Fano resonance asymmetrically broadens and
shifts toward the lower frequency range (red shift) with
increasing the electron-phonon coupling strength. The result-
ing shift of the Fano resonance maximum (v,,,) depends
on the sign of A, which for the measured H-mode Raman peak
is negative, and on the absolute value of 4. The latter state-
ment can be incorporated using the standard extremum-
finding condition applying for the Fano resonance lineshape
dl(v)/dv =0, thus yielding |1 =2|vmax — vul|/Th.
Consequently, we used the thickness dependence of the H-
mode Raman peak shift shown in Fig. 8(c) and I';;=18 cm ™!
for the relatively symmetric peak of the 40nm thick film
which for many measured parameters corresponds to bulk
Bi,Se;.%? Subsequently, the value v;;=252.1 cm™ ' has been
chosen to obtain for the 40 nm thick film A~ 0.08, which cor-
responds to the single Bi,Se; crystals.” This adjustment to the
bulk value allowed us to demonstrate the finite size effect on
the electron-phonon coupling strength in Dirac SS [Fig. 9(d)].
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FIG. 9. (a) The normalized Raman
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E? 4+ A2, phonon modes from which
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Bi,Se; film thicknesses as indicated by
the corresponding colors. (b) Several
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For thicker than 12nm films (15-35nm) and for thinner than
S5nm films (2-4nm), the electron-phonon coupling strength
corresponds to the bulk value 4~ 0.1. However, the electron-
phonon coupling is about four-fold plasmon-enhanced with
respect to the bulk value when the film thickness ranges from
8 to 10 nm. The maximal value of 4= 0.44 obtained for the
8nm thick film approaches the value of A=0.62 for
Cu,Bi,Se; and Bi,Tes,” for which the superconductivity upon
Cu-doping®™? and under pressure™ has been reported,
respectively. We also note that the plasmon-enhanced elec-
tron-phonon coupling in Dirac SS for film thicknesses ranging
from 8 to 10nm is comparable to the bulk electron-phonon
coupling (~0.43) deduced from inelastic helium-atom scatter-
ing,! which can be associated with electron-polar-phonon
(Frohlich) interaction.®® This coincidence can be a reason for
confusing between estimations of the electron-phonon cou-
pling strength in the bulk and 2D Dirac SS of Bi,Se; films.
We note also that this resonance-type enhancement of the
electron-phonon coupling in Dirac SS of the ~8-10nm thick
Bi,Se; film, which is accompanied by the corresponding
weakening of the electron-phonon coupling in the bulk, has
been observed directly using an ultrafast transient reflectivity
technique as a resonant decrease of the carrier relaxation rate,
which mainly reflects the bulk carrier dynamics.® The nature
of this effect becomes clear only now.

IV. CONCLUSIONS

Epitaxial samples of Bi,Se; with nominal thicknesses
ranging from 2 to 40 QLs were grown on Al,Oj substrate,
and their phonon dynamics were analyzed using Raman
scattering. Our findings indicate that the electron-phonon
coupling in Dirac SS of thin-films of the TI Bi,Se; can be
significantly enhanced due to plasmon excitation at higher
electron densities satisfying the resonant condition, at
which the plasmon frequency matches the surface phonon
frequency. Because the free electron density in Dirac SS is
known to increase with decreasing film thickness, the plas-
mon frequency resonance (v, & vy) enhances the electron-
phonon coupling strength at a certain film thickness until
the anharmonic coupling between in-plane and out-of-plane
modes diminishes it for thinnest films. This competition
between the two processes governs a non-monotonic char-
acter of the electron-phonon coupling strength in 2D Dirac
SS with a maximum for the 8-10nm thick films. The
observed plasmon-enhanced electron-phonon coupling in
Dirac SS about four-fold exceeds that known for the bulk
Bi,Se;. We concluded that this observation may provide
new insights into the origin of superconductivity in this-
type materials in particular, and layered structures in
general.
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