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The Berreman effect (BE) allows one to study the electrodynamics of ultrathin conducting films at the
surface of dielectrics by use of grazing-angle infrared spectroscopy and polarized radiation. Here, we first
apply the BE to the two-dimensional electron system (2DES) at the interface between a high-purity film
of the topological insulator Bi,Se; and its sapphire substrate. We determine for the 2DES a charge density
ny, = (84 1) x 102 cm™2, a thickness d = 0.6 £0.2 nm, and a mobility x® =290 + 30 cm?/Vs.
Within errors, all of these parameters result in being independent of temperature between 300 and
10 K. These findings consistently indicate that the 2DES is formed by topological surface states, whose

infrared response is then directly observed here.
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An ideally pure Bi,Se; single crystal or thin film is a
three-dimensional topological insulator (TI) where a two-
dimensional electron system (2DES) forms spontaneously
at the interface with another dielectric due to the peculiar
topology of the TI electronic bands, which are dominated
by strong spin-orbit effects [1-3]. The topological surface
states (TSSs) in the 2DES are protected from backscatter-
ing by a strong coupling between spin and momentum, so
their mobility is remarkably high and virtually constant up
to room temperature [4]. However, in real samples, a finite
amount of Se vacancies are always present. They provide
free electrons at virtually all temperatures due to the high
permittivity (~110) and low effective mass (m* ~0.20m,,)
characteristic of Bi,Se; [5]. In order to match the bulk
chemical potential with the Fermi energy [6] of the TSSs, a
band bending occurs at the TI surface, which may attract or
repel part of those carriers. In the frequent occurrence of
downward band bending, a charge-transfer (CT) process
accumulates electrons from the bulk to the surface. Their
density nct thus may add to the TSS density ntgg, possibly
obscuring the topological contribution to the surface
electrodynamics. The thickness d of the surface carrier
layer at the Bi,Se; surface has been estimated to be
between 3 and 1 nm [6-8], of the same order of magnitude
as that which forms at the interface between LaAlO; (LAO)
and SrTiO; (STO) [9,10], and then can be considered as a
2DES. Recently, thin films of Bi,Se; deposited by molecu-
lar beam epitaxy (MBE) on sapphire (Al,O3) substrates
have displayed total charge densities very similar to
those expected for a 2DES formed by TSSs alone [6],
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demonstrating the high purity of the film. This result has
allowed for a direct inspection of the 2DES in thin Bi,Se;
films by several experimental tools, including infrared
spectroscopy (IRS). For example, IRS has been success-
fully used to detect the 2DES plasmonic excitations in
lithographically patterned Bi,Se; films [11,12].

In Bi,Se; thin films, one 2DES forms at the film-vacuum
interface, and another one at the film-substrate interface.
Here, we use IRS to study the electrodynamics of the 2DES
at the TI-sapphire interface, by exploiting the Berreman
effect (BE) [13]. This technique allows one to detect the
longitudinal excitations of ultrathin polar systems, such as
vibrations of adsorbed layers or the Drude absorption of 2D
free-electron systems. For instance, it has been successfully
employed to measure in a noncontact mode the conducting
properties of the quasi 2DES at the LaAlO;/SrTiO;
interface [10,14,15], a few nanometers thick. The BE
exploits the strong electric dipole that the component of
the radiation electric field in the plane of incidence
(p component) creates when entering a film of thickness
d much smaller than both the radiation wavelength 1 and
the field penetration depth d,,. For a conducting layer at the
interface between two dielectrics, as in LaAlO5/SrTiO;
or here in Bi,Se;/Al,03, a BE resonance is expected to
appear at a radiation frequency @ such that the real part
€1 () of the dielectric function &(w) of either dielectric is
zero. As the only strong optical phonon of Bi,Se; (@ mode)
falls in the terahertz range [16], one here may look for the
BE at the strong and narrow LO phonons of the substrate,
similar to what is done for detecting the BE at the interface
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LaAlO;/SrTiOs [10,14,15] with a strong phonon of
SrTiO5. One may notice that the observation of the BE
due to the 2DES is insensitive to the fact that the
longitudinal optical phonon oscillation takes place in the
material hosting the interfacial 2DES (STO in the case of
the LAO/STO interface) or in the substrate in close contact
with the 2DES (sapphire in the present case).

The BE resonance is a very weak feature. Indeed, once
the above conditions d <4, d < d, are satisfied, its
intensity decreases rapidly for d — 0. The optimum thick-
ness for the observation of an ultrathin layer by the
Berreman effect is [17]

dopt = (4/27)(cos 0/5In?0)E, s, (1)

where 0 is the angle of incidence and Z,, is the value at
resonance of the energy loss function E = Im[—1/¢|. For
example, in the quasi 2DES at a LAO/STO interface, dy
is approximately [10] 50 nm, a value much larger than its
actual thickness of a few nanometers. Even if our optics
with a single polarizer do not implement an ellipsometric
setup, it is useful to express the results in terms of the
ellipsometric angle

() = arctan[(R,/R,)' /2], 2)

where R, (R,) is the sample reflectivity in p (s) polari-
zation. If moreover W, .o (@) is the angle measured on
the TI-sapphire system and Wy, (w) is that of the bare
sapphire substrate, separately measured, their difference

AY¥(@) = Wi .qun (@) = Poup (@) (3)

will show the typical Berreman feature made of a narrow
dip followed by a broad peak at higher frequency, induced
by the presence of the 2DES at the TI-sapphire interface.
Indeed, the opposite 2DES at the TI-vacuum interface
cannot contribute to the present observations because its
direct absorption—in the absence of BE—is vanishingly
small in our frequency range. One can also exclude any
electromagnetic interaction between the TSSs at the two
interfaces, as their distance (120 nm) is much larger than
the range of such an interaction [18]. By using Eq. (3) and
polarized radiation at grazing incidence, we detected
Berreman resonances at the reflectivity edges of two LO
phonons of sapphire, at 391 and 482 cm™! (at 300 K).
Then, by using Fresnel formulas for the optical response of
a multilayer [10,19], and Drude-Lorentz fits, we extracted
from the spectra the parameters of the 2DES. We could thus
collect strong indications that the observed conducting
layer is indeed formed by topological surface states.
High-quality Bi,Se; thin films, 120 nm thick, were
prepared by molecular beam epitaxy using the standard
two-step growth method developed at Rutgers University
[8,20]. The 10 x 10 mm? Al,O5 substrates were first

cleaned by heating to 750°C in an oxygen environment
to remove organic surface contamination. The substrates
were then cooled to 170°C, and an initial set of three
quintuple layers of Bi,Se; was deposited. This was
followed by heating to 300 °C, at which the remainder
of the film was deposited to achieve the target thickness.
The Se:Bi flux ratio was kept to 10:1 to minimize Se
vacancies.

The reflectances R, and R, (in p and s polarization,
respectively) of the bare sapphire substrate and of the TI-
sapphire system were measured under an angle of incidence
6 = 72°, by combining a Bruker IFS125 HR interferometer
with the infrared synchrotron radiation source of the AILES
beam line at the SOLEIL storage ring [21,22]. The
interferometer was equipped with a 6 ym beam splitter
and with a bolometer from IR Labs. The spectra resulted
from averaging 300 scans recorded at 80 kHz with 2 cm™!
resolution. The samples were thermoregulated within £1 K
by means of a closed-cycle He cryostat from CryoMec.
A gold mirror placed at the same position as the sample,
and aligned parallel to it by a laser beam, was used as
reference. A single polyethylene polarizer that could be
remotely rotated was placed on the radiation path. The
optics of the interferometer limited the energy of the
incident radiation below 1000 cm™!, a value lower than
the band gap of Bi,Se; [16], thus preventing its possible
photodoping. The reflectances R, and R; thus obtained
on the Bi,Se; film deposited on Al,O3, and on the bare
sapphire substrate, are shown in Figs. 1(a) and 1(b),
respectively. The spectra in Fig. 1(b) are fully consistent
with the reflectivity of sapphire at high angle of incidence
reported in the literature [23,24].

The solid lines in Fig. 2 show the ellipsometric angle ¥
from Eq. (2) at three temperatures, in the region of the LO1
and LO2 longitudinal phonons of sapphire peaked
(at 300 K) at 391 and 482 cm™!, respectively, as obtained
from Eq. (2) applied to the spectra in Fig. 1. Thanks to the
excellent signal-to-noise ratio achieved by infrared SR,
we could detect the reproducible differences A¥(w) =
Whimtsub (@) — Peup (@) plotted in Fig. 3. Therein, A¥(w)
shows at all temperatures the expected Berreman resonance
formed by a dip followed by a broad peak at higher
frequency. The fluctuations with temperature of the dip
broadening have no physical meaning [25], while the dip
depth is related to the plasma frequency of the conducting
layer [10], and then to the 2DES charge density N. The
peak also provides a measurement of the carrier relaxation
rate ['p. As one can see, the dip amplitude (and then N) is
basically independent of 7, as expected for a metallic
system. The curves in Fig. 3 were fit to the usual Fresnel
equations [10,19], which relate the reflectivity of a multi-
layer optical system, in both polarizations, to the dielectric
function of the individual layers. Here, the fit was applied
to the present three-layer system made of (i) a vacuum,
which includes the bulk of the Bi,Se; film which is
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FIG. 1. Reflectivity in p and s polarization, at two temper-
atures, (a) of a Bi,Ses film on Al,O5; and (b) of a bare Al,O4
substrate.

transparent in the present frequency range, (ii) a conducting
ultrathin layer of Bi,Se; having thickness d, plasma fre-
quency w,, and relaxation rate I'p, and (iii) a semi-infinite
Al,Oj5 insulating substrate whose phonon spectrum is mod-
eled by the Lyddane-Sachs-Teller dielectric function [26],
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FIG. 2. Ellipsometric angles ¥ at three temperatures, from
Eq. (2) and the data in Fig. 1, in the region of the (a) LO1 and
(b) LO2 phonons of sapphire. Solid lines refer to the TI-sapphire
system, dotted lines to the bare sapphire substrate.

Therein, e, is the contribution to the dielectric function from
oscillators at energies higher than the phonon energies and
Q,; and Q; are the central frequencies of the longitudinal
and transverse optical phonons, respectively, while I'; ; and
I['y; are the corresponding linewidths.

Details of the fitting procedure and an explanation of the
assumptions we made are given in the Supplemental
Material (SM) [27]. In Fig. 3, the fitting curves obtained
by the above procedure are reported with solid lines. The
resulting parameters of the Drude model for the conducting
film are listed in Table I, together with those of the sapphire
phonons LO1 and LO2 which trigger the resonance. As one
may notice in the table, all of the fitting parameters of the
conducting layer are scattered vs temperature within a small
interval that can be reasonably ascribed to the propagation
of the experimental error. One can then average out their
values at the three temperatures and at resonances both 1
and 2, assuming that spread as the final error on the
parameters. We thus obtain at any 7, d = 0.6 & 0.2 nm,
w, = 8050 400 cm™', and ', =220+30 cm™'. By
using the Drude formula for the plasma frequency
w, = [(Ne*)/(egm*m,)]'*> (in rad/s), where N is the
bulk charge density, m* ~ 0.20 is the carrier effective mass
[28], and m, is the electron mass, one finds N =
(1.3 +£0.1) x 10 cm™. This leads to a surface charge
density n, = (8 +2) x 10'> cm2 and, from the above value
of I'p, to a carrier mobility x™® = 290 4 30 cm?/Vs. The
former value is in very good agreement with the indepen-
dent determination of n; ~ 1.9 x 10'* cm™2, measured in
Ref. [28] in the terahertz range, for the total charge density
on both Bi,Se; surfaces. This reduces to n,~9 x 10'? cm™2
for the TI-sapphire interface only, observed here, by
assuming in a first approximation that the two charge
densities are the same. The present value of the mobility,
in turn, can be compared with the previous dc estimates
u% =400 cm?/Vs of Ref. [8], or u from 350 to
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FIG. 3. Berreman resonances at the interface between Bi,Se;
and Al, O3, in the spectral regions of sapphire phonons (a) LO1
and (b) LO2, at three temperatures (circles). The solid lines are
fitting curves obtained by the procedure described in the text.
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TABLE 1. Fitting parameters for the 2DES at the interface
between Bi,Se; and Al,Os, as obtained from the Berreman
resonances at LO1 and LO2 shown in Fig. 3. The 2DES thickness
d is in nm. All of the other values (2DES plasma frequencies w,,
and relaxation rates I'p, sapphire longitudinal phonon frequen-
cies wy o and widths I' ) are in cm~!. The parameters indexed 1
(2) were extracted from the Berreman resonance at the sapphire
longitudinal phonons LO1 (LO2). All phonon parameters of the
sapphire substrate, as obtained from the fit to its reflectivity, are
reported in Table I of the SM [27].

T (K) 4, @Dp1 Ip1 oo Thor & @ p2 Ipy oroo oo

300 0.7 8100 220 391 16 0.6 7700 190 482 39
100 0.8 8000 205 389 6 0.5 7950 175 484 22
10 0.5 8400 250 387 2 0.5 8050 200 485 16

1500 cm?/V's (depending on the film thickness) of
Ref. [29]. Also the present determination of the 2DES
thickness at the surface of a topological insulator—the first
optical one to our knowledge—is close to the value
reported in Ref. [8].

The results reported in Table I can greatly help one to
identify the nature of the 2DES that we have observed here.
As already mentioned, three species of free charges may
contribute to the surface conductance: (a) TSS, (b) electrons
from impurities and vacancies randomly distributed close
to the surface, (c) electrons from impurities and vacancies
which accumulate below the surface due to band folding
effects. On the one hand, the spurious charges of (b) and
(c) type are expected to be few for the following reasons:
these MBE-grown Bi,Se; films have been demonstrated in
previous experiments [6,8] to be extremely pure, and the
present value of n, = (8 4= 2) x 10'> cm~2 agrees with that
extracted from those experiments (9 x 10'?). Moreover, 7,
is constant between 10 and 300 K, while it should rapidly
increase with 7 in a case of impurity ionization. On the
other hand, two important findings are consistent with the
attribution of the 2DES to TSSs. First, as already men-
tioned, its thickness d ~ 1 nm, smaller by 2 orders of
magnitude than that of the Bi,Se; film, is coherent with dc
results [8]. Second, the relaxation rate I'j, is constant with
temperature, within errors, as already suggested by plas-
monic experiments [11] and expected for the TSSs,
which are extremely robust against nonmagnetic scattering
processes.

In conclusion, we have used the Berreman effect to
investigate, at wavelengths larger by 3 or 4 orders of
magnitude than the thickness of the system to be inves-
tigated, the electrodynamics of the interface between a
high-purity thin film of the topological insulator Bi,Se; and
its sapphire substrate. Indeed, the layer at the film-vacuum
interface does not contribute to the present observations
due to the nature of the BE and to its negligible direct
absorption. Moreover, any interaction between the two
opposite TSSs is excluded by the large Bi,Se; film

thickness. By accurate fits to the Berreman resonances at
the reflectivity edges of two LO phonons of sapphire, we
have determined for the 2DES a surface density and a
mobility consistent with previous determinations on the
same system by different techniques. The Fresnel formulas
which fit to data the expression for the change in the
ellipsometric angle A¥ induced by the 2DES show that its
thickness is smaller than 1 nm. Not only does this value
obviously exclude that the observed conducting layer is the
Bi,Se; film itself, 120 nm thick, but it is also too small for a
2DES formed of charges accumulated by band bending
below the interface. Estimates on the order of 1 nm have
instead been proposed in the literature for the thickness of
the TSS layer. Moreover, the extension of the present
measurements to low temperature has shown that the Drude
parameters of the 2DES are basically independent of 7,
demonstrating that (i) the charges are not thermally
activated, as if they were produced from impurities or
vacancies, and (ii) they are extremely robust against
scattering processes. Thus, all of our findings consistently
point toward the conclusion that the 2DES revealed by the
Berreman effect is formed by topological surface states,
whose infrared response has been detected here.
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