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With high quality topological insulator Bi,Se; thin films, we report thickness-independent transport
properties over wide thickness ranges. Conductance remained nominally constant as the sample thickness
changed from 256 to ~8 QL (where QL refers to quintuple layer, 1 QL = 1 nm). Two surface channels of
very different behaviors were identified. The sheet carrier density of one channel remained constant at
~3.0 X 10'3 cm™2 down to 2 QL, while the other, which exhibited quantum oscillations, remained
constant at ~8 X 10'2 cm~2 only down to ~8 QL. The weak antilocalization parameters also exhibited
similar thickness independence. These two channels are most consistent with the topological surface
states and the surface accumulation layers, respectively.

DOI: 10.1103/PhysRevLett.109.116804

Over the past few years, topological insulators (TIs)
have emerged as an ideal platform for spintronics, quantum
computations, and other applications [1-9]. They are pre-
dicted to have an insulating bulk state and spin-momen-
tum-locked metallic surface states. This spin-momentum-
locking mechanism and their band structure topology are
predicted to prevent the surface metallic states from being
localized. Among the TIs discovered so far, Bi,Se; is
considered one of the most promising because it has the
largest bulk band gap of 0.3 eV and a well-defined single
Dirac cone at the momentum zero point in k space [9].
Numerous reports have confirmed the presence of the
topological surface states in this material [7,8,10-15].
However, its bulk state always turns out to be metallic
instead of insulating, and so identifying the surface states
in transport studies has been challenging. Although one
obvious way to suppress the bulk conductance and sort out
the surface contribution would be to make the sample thin
until the surface contribution dominates; such a simple
approach has so far evaded clear answers due to challeng-
ing material issues such as thickness- and environment-
dependent bulk properties [13,16]. In this Letter, we report
transport properties of a series of high quality Bi,Se; thin
films taken with well-controlled measurement protocols:
we achieved dominant surface transport properties up to a
few hundred nanometers in film thickness and identified
two surface channels of different origins.

The Bi,Se; films used for this study were grown on c-axis
Al,O; substrates (10 X 10 X 0.5 mm?®) with molecular
beam epitaxy (MBE); the films were grown using the re-
cently developed two-step scheme [17]; see Supplemental
Material Sec. B [18]. The sharp reflection high energy
electron diffraction pattern in Fig. 1(a) exhibits the high
crystallinity of the film, and the atomically flat terraces
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observed by atomic force microscopy in Fig. 1(b) are
much larger than any previous reports on Bi,Se; thin
films [11,17,19,20], representing the high quality of these
samples.

On these samples, transport measurements were made
within 20 min of the sample being taken out of the MBE
chamber in order to minimize the atmospheric doping
effect [16]; see Supplemental Material Sec. A [18] for
measurement details. Figure 2(a) shows that the resistance
vs temperature (from 290 to 1.5 K) dependence is metallic
down to ~30 K for all thicknesses 2-256 QL, where QL
refers to quintuple layer. Below ~30 K the resistance
remained almost constant, indicating static disorders as
the dominant scattering mechanism, except for ultrathin
films, which show slight resistance increase as temperature
decreases. The first notable feature in Fig. 2(a) is that the

) (b)
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FIG. 1 (color online). Molecular beam epitaxy growth of
Bi,Se; films. (a) Reflection high energy electron diffraction
pattern of a typical Bi,Se; film grown on an Al,0;(0001)
substrate by MBE. The sharp streaky pattern accompanied by
the bright specular spot and Kikuchi lines is indicative of a high
quality single crystalline growth. (b) 1.5 X 1.5 um? scanned
atomic force microscopy image of a 300 QL thick Bi,Se; film
grown on Al,03(0001). Large terraces (largest ever reported for
Bi,Se; thin films) are observed, further verifying the high quality
of the grown films.
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FIG. 2 (color online).

Transport properties of Bi,Se; films. (a) Resistance vs temperature for each thickness. (b) Conductance at
1.5 K as a function of thickness. (c) Hall resistance vs magnetic field for a 16 QL sample plotted together with the two-carrier model
fitting curve described in the text. (d) and (e) Sheet carrier densities and mobilities vs thickness. For 2 and 3 QL films (shown by a
diamond in the inset), the sheet carrier density was directly read off from the linear R,, vs B curve. In (b), (d), and (e), the horizontal
straight lines are guides for illustration, and data for films thinner than 16 QL are plotted in the insets. (f) Conduction band minimum
(CBy;n) and valence band maximum (VB,,,,) along the depth of the sample, showing the downward band bending toward the surface.
(g) Schematic surface band diagrams, depicting how the surface bands change through the critical thickness (6 QL) when the surface

Fermi level is high: CB and SS stand for the bulk conduction band and the topological surface state, respectively.

low temperature resistance is quite thickness independent
for samples between ~8 and 256 QL in thickness. This can
be seen more clearly in the plot of conductance (G,,) at
1.5 K versus sample thickness in Fig. 2(b). Within small
error bars, G, is nominally constant for samples between
~8 and 256 QL thick. This observation suggests that the
conductance in this thickness range is dominated by some
surface transport channels.

The Hall effect measurement shown in Fig. 2(c) pro-
vides more insights regarding the origin of these surface
channels. If all carriers had the same mobility, R,,(B)
should appear as a straight line with the slope determined
by 1/(ngce), with ngc representing the total sheet carrier
density. However, if there are multiple types of carriers
with different but comparable mobilities, nonlinearty
shows up in the R,,(B) data; if some carriers have much
lower carrier densities or mobilities than others, they do
not contribute to the nonlinearity of R,,(B) either.
Therefore, the nonlinearity in Fig. 2(c) suggests the pres-
ence of multiple carrier types with comparable mobilities.
Specifically, if two carrier types dominate the Hall effect,
R,,(B) is given by R,(B) = —(B/e)[(njp,* + nyp,?) +

B2y ? oy (ny + mo)J[(nypy + napo)? + B>y py*(ng +
n,)?]7!, where n, and n, represent the two sheet carrier
densities, p; and w, represent their respective mobilities, e
is the electron charge, and B is the magnetic field. It turns
out that this two-carrier model nicely fits all our Hall
resistance data as shown in Fig. 2(c). This implies that the
mobilities of all the significant conductance channels in our
samples can be approximately grouped into two; in this
model, carriers on opposite surfaces or on different bands
will appear as part of the same channel if they have similar
mobilities. In order to maximize the fitting reliability, we
used the Hall conductance, G,,(B) = —R,,/(R3, + R%,),
instead of R, (B) for the fitting and also reduced the number
of fitting parameters to two by applying extra confinement
from G, (B); for details, see Supplemental Material Sec. C
[18]. From this two parameter fitting, we extracted the four
quantities, n;, n,, pq, and u, for each sample.

The most notable feature in Fig. 2(d) is that one channel
(ngc—1) provided a nearly constant sheet carrier density of
~3.0 X 10'* cm™? all the way down to 2 QL, whereas the
other channel (ng-_,) stayed at ~8 X 10'> cm~? down
to ~8 QL but gradually decreased for thinner samples.
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This observation suggests first that a strong pinning mecha-
nism exists for the surface Fermi level and that there exist
two well-defined surface transport channels with different
mobilities and thicknesses. Considering that angle-
resolved photoemission spectroscopy (ARPES) studies
consistently show that downward band bending develops
on Bi,Se; surfaces [see Fig. 2(f)] [21-24], not only the
topological surface states but also the two-dimensional
electron gas (2DEG) states in the quantum confined accu-
mulation layers can be the sources of these surface chan-
nels. If we assume that only the lowest level of the 2DEG is
filled (see Supplemental Material Sec. D [18] regarding
this assumption), the sheet carrier densities (ngc) of the
topological surface state and the 2DEG should be given by
nscTr = kzF,TI/ (47) and nsc rpec = kZF,2DEG/ (2), respec-
tively, where kj stands for the Fermi wave vectors and the
factor of 2 difference is due to spin degeneracy. Because
kpopeg < kg, we should always have ngcoppg <
2ngc . Therefore, with ngc—; of ~3.0 X 103 cm™2 and
nsc—y of ~8 X 102 cm™2, the inequality is satisfied only
if ngc—; is from the TI band and ngc—, is from the 2DEG,
but not the other way around. Moreover, when the thick-
ness of the sample approaches that of the 2DEG, the
confinement will start affecting the energy levels of the
2DEG. Because the film is confined by air on one side and
sapphire substrate on the other, the thickness confinement
can be well approximated by the simple infinite square
potential well model. For the infinite well, the lowest
energy level from the bottom of the conduction band is
given by h?/(8m*t?), where h is the Planck constant, m* is
the effective electron mass, and ¢ is the film thickness. With
m* = 0.15m, [22], where m, is the bare electron mass, this
level is found to be 0.04 eV for r = 8 nm and 0.6 eV for
t = 2 nm. When compared with the typical band-bending
energy of 0.1 ~0.3 eV reported in ARPES studies
[21-24], the 2DEG will start feeling the thickness effect
by ~8 QL and will be severely affected by 2 QL. These
analyses suggest that ngc_;, which is constant down to
2 QL, is unlikely to originate from the 2DEG, whereas
ngc—o, which starts to change at ~8 QL, is more consistent
with the expected behavior of a 2DEG; see Supplemental
Material Secs. D and E for further discussion [18].
According to the standard TI theory, the thickness of a
topological surface state [25] is ~1 nm, which is given by
hvp/E,, where vp (= 4.5 X 10° m/s) is the Fermi veloc-
ity of the Bi,Se; surface band and E, ( = 0.3 eV) is the
bulk band gap of Bi,Se; [8,26]; this implies that the
thickness of the top and bottom surface states combined
should be ~2 nm, which turns out to be exactly the thick-
ness of the first channel, ngc_;. If we assume that each of
the top and bottom surfaces contribute equally to the

observed carrier density of ~3.0 X 1013 ecm™2, ngeq =

k% 11/ (41r) provides kp of 0.14 A™', and this value is

within the range that ARPES reports on band-bent Bi,Se;
samples [21-24]. There is a subtle point to discuss here,

though. It is known from an ARPES study that the Dirac
point on the surface band disappears for films thinner than
6 QL [27]. However, if the surface Fermi level is far from
the Dirac point, as depicted in Fig. 2(g), the sheet carrier
density, which is simply a measure of k%, should not be
much affected by gap-opening at the Dirac point.
Therefore, our observation of the constant sheet carrier
density of the topological surface states down to 2 QL is
not in contradiction with this gap-opening phenomenon at
the Dirac point.

According to the above discussion, ngc—5 is likely from
an ~8 nm thick surface 2DEG. If we assume symmetric
band bending on both the top and bottom surfaces, the
2DEG corresponds to ngcopeg of ~4 X 102 cm™2 on
each surface with half the thickness. With ngcoppg =

kropeg?/(27), this converts to kgopgg of 0.05 A~
Interestingly, this Fermi wave vector is close to those
obtained from Shubnikov—de Haas (SdH) oscillations of
these samples; see Supplemental Material Sec. E for the
details [18]. However, no SdH oscillations were observed
around kp of 0.14 10\_1, the value associated with the
topological surface band.

The mobilities in Fig. 2(e) also show thickness indepen-
dence, within some error bars, down to 4 ~ 8 QL.
However, unlike ngc_;, which remained constant down
to 2 QL, its mobility, pgc—1, clearly degraded for ultrathin
films. This difference can be understood by the fact that
unlike the carrier density, which is simply a measure of the
Fermi surface area, mobility is a measure of scattering
time and thus susceptible to disorders and interactions,
which is likely to become more significant for ultrathin
samples. Another notable feature is that wgc_ is substan-
tially smaller than pgc—, over the entire thickness range.
This observation may look puzzling according to the
common expectation that the mobility of the topological
surface band should be high due to absence of backscat-
tering. However, this expectation should be taken with
caution. First of all, the topological protection mechanism
guarantees only the metallicity of the surface state, and the
mobility should still depend on the details of interactions.
Second, considering that backscattering accounts for only
a small fraction of the scattering [4] and that the topologi-
cal surface state is spatially more confined than the 2DEG,
there is no fundamental reason that the topological surface
state should have a higher mobility than the 2DEG.
Because high mobility (u > 1/B) is critical for the ob-
servation of SdH oscillations, we may or may not observe
SdH oscillations from any of these surface channels, even
if both are metallic. With ugc_; = 0.05 m>V-!s
Usc—r =03m?>V sl and B, =9T, we get
Msc—1Bmax = 0.5and wgc—»Bmax = 3. According to these
numbers, we expect some SdH oscillations from SC-2
(2DEG) but none from SC-1 (topological surface band),
and this expectation is experimentally confirmed in
Supplemental Material Sec. E [18].
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FIG. 3 (color online). Weak antilocalization effect.
(a) Normalized resistance change as a function of the magnetic
field, measured at 1.5 K, where AR(B) = R(B) — R(0). The deep
cusp in low field regime is characteristic of the WAL effect.
(b) Conductance change vs magnetic field in the low field
regime: 8128 QL curves are almost overlapping. The theoreti-
cal WAL fitting curves are plotted together for each data set. (c)
and (d) The WAL fitting parameters, A and [, vs the thickness,
respectively. The horizontal lines are a guide for illustration.

Figure 3 presents another set of thickness-independent
transport properties. In the normalized resistance vs magnetic
field data in Fig. 3(a), the cusp around the zero magnetic field
is an indication of the weak antilocalization (WAL) effect.
Although Fig. 3(a) gives the impression that the magneto-
transport is highly thickness dependent, the small magnetic
field regime in Fig. 3(b) provides a surprisingly simple
picture. On the surface of TI materials, backscattering is, at
the minimum, due to time-reversal symmetry when the
magnetic field is absent. With an increasing magnetic field,
which breaks the time-reversal symmetry, backscattering
increases and leads to a reduction in conductance as in
Fig. 3(b); this phenomenon is called the WAL effect
[13,14]. Just like the other transport properties, this WAL
effect also shows thickness independence for films thicker
than ~8 QL. According to the standard WAL theory [28],
the 2D magnetoconductance G(B) is expected to change as
AG(B) = A(¢*/h)[In(B,/B) — ¥(1/2 + B,/B)], where
Aisacoefficient predicted to be 1/(2) for each 2D channel,
B4 is the dephasing magnetic field, and W(x) is the digamma
function. The dephasing magnetic field is related to the phase
coherence length [ via By = h/(4el¢2) [13,14].

Figure 3(c) shows that A remains almost constant from 3
through 128 QL, with a value between 1/(277) and 1 /7. If the
top and bottom surfaces were completely decoupled from
each other with an insulating bulk state, A should be close to
1/r. On the other hand, if the bulk of the film dominates and/
or the bulk and two surfaces behave as a strongly coupled
single entity, then the value should reduce to 1/(27) [13].

Figure 3(c) shows that our films are somewhere between
these two extremes. However, if the bulk contribution to
the WAL effect were significant, /,, should grow with thick-
ness [13]. Therefore, /4, being almost thickness-independent
between ~8 and 128 QL in Fig. 3(d) is a clear indication that
the observed WAL effect originates mainly from surface
channels [13].

In summary, significant advances in Bi,Se; thin film
qualities allowed observation of dominant, thickness-
independent surface transport channels. Conductance, sheet
carrier densities, mobilities, and WAL parameters remained
nearly independent of thickness over two orders of the
thickness range. Such thickness-independent transport prop-
erties, trivially expected in TIs, were never observed before
because of nontrivial bulk effects. In order to explain the
observed surface transport properties, not only the topologi-
cal surface states but also the quantum confined 2DEG
channels have to be considered. How each of these different
surface channels responds against various excitations is an
important scientific and technological question that needs to
be further investigated in future studies.
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