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opological insulator (TI) is a new class
of quantum matter featuring an
energy gap in its bulk band structure
and unique Dirac-like metallic states on the
surface.15 The spins of electrons are locked
perpendicular to the momentums owing to
strong spinorbit coupling, and thus backscattering is prohibited by time-reversal
symmetry.3,6,7 Tremendous attention has
been attracted to three-dimensional (3D)
TIs, motivated by the discovery of quantum
spin Hall eﬀect (QSHE) in a 2D TI system;
HgTe/HgCd quantum wells.8,9 Recently, a
series of 3D TI compounds, such as Bi1xSbx,
Bi2Se3, Bi2Te3, and Sb2Te3, have been theoretically predicted and subsequently experimentally veriﬁed by angle-resolved photoemission spectroscopy (ARPES), scanning
tunneling microscopy (STM), and transport
measurements.1,2,4,5,1014 Among all reported
3D TI materials, Bi2Se3 oﬀers a large bulk
band gap of 300 meV and a simple Dirac
cone surface spectrum and therefore serves
as a good candidate to investigate 3D TIs.4
To date, extensive magnetotransport
experiments in Bi2Se3 reveal its novel surface
states by angle-dependent SdH oscillations
in single crystals15 and AharonovBohm
interference in nanoribbons.16 Nevertheless,
the degradation of surface states continuously presents a critical challenge for the
further development of topological physics
and practical devices. For example, Analytis
et al.17 reported the absence of pronounced
SdH oscillations after ∼1 h atmosphere
exposure. Taskin et al.18 found the transition of the surface states from Dirac holes
to electrons after a 730 h air exposure, with
the presence of SdH oscillations in both surface states. Recently, X-ray photoelectron spectroscopy (XPS) demonstrated that the rapid
LANG ET AL.

ABSTRACT

Topological insulators (TIs) are extraordinary materials that possess massless, Dirac-like
topological surface states in which backscattering is prohibited due to the strong spinorbit
coupling. However, there have been reports on degradation of topological surface states in
ambient conditions, which presents a great challenge for probing the original topological
surface states after TI materials are prepared. Here, we show that in situ Al passivation inside a
molecular beam epitaxy (MBE) chamber could inhibit the degradation process and reveal the
pristine topological surface states. Dual evidence from Shubnikovde Hass (SdH) oscillations
and weak antilocalization (WAL) eﬀect, originated from the π Berry phase, suggests that the
helically spin-polarized surface states are well preserved by the proposed in situ Al passivation.
In contrast, we show the degradation of surface states for the unpassivated control samples, in
which the 2D carrier density is increased 39.2% due to ambient n-doping, the SdH oscillations
are completely absent, and a large deviation from WAL is observed.
KEYWORDS: topological insulator . aluminum passivation . thin ﬁlms .
Shubnikovde Hass oscillations . weak antilocalization . surface state
degradation

formation of native oxide (BiOx) serves as
the physical origin of surface degradation
and environmental doping on Bi2Se3.19 In
addition, hydroxyl groups were also reported
as surface impurities under humid ambient
conditions.17 Therefore, the passivation of
topological surface states is of great importance for TI study.
In our work, we present an eﬀective
approach to passivate the Bi2Se3 surface
VOL. 6

’

NO. 1

* Address correspondence to
wang@ee.ucla.edu,
heliang@ee.ucla.edu.
Received for review September 15, 2011
and accepted December 6, 2011.
Published online December 06, 2011
10.1021/nn204239d
C 2011 American Chemical Society

’

295–302

’

2012

295
www.acsnano.org

ARTICLE

with 2 nm aluminum (Al) deposition, immediately after
the growth of Bi2Se3 thin ﬁlms in MBE chamber
(without breaking the ultrahigh vacuum). In order to
understand the role of the Al passivation, control
samples (without Al deposition) were grown under
the same condition for comparison. Dual evidence
from both SdH oscillations and weak antilocalization (WAL) suggests that nontrivial surface states
are better revealed by in situ Al passivation, as it
prevents native oxide (BiOx) formation and isolates the
ﬁlm from ambient charges/impurities or contaminations in the subsequent fabrication process.17,18,20 Our
results hence demonstrate that surface passivation is
critical in TI surface-state-related transport studies, which
could pave the way for the future practical applications, such as thermoelectric, low-noise interconnects,
with possibility of extending into the low-dissipation
electronics.2125
RESULTS AND DISCUSSION
Figure 1a shows a typical atomic force microscope
(AFM) image of the in situ Al-capped 8 quintuple layer
(QLs) Bi2Se3 ﬁlm with ∼400 nm large-scale triangleshape terrace. Due to the naturally formed Al2O3 coverage, the terrace edge is not as sharp as that in the
uncapped thin ﬁlm, as shown in Figure 1c. Figure 1b,d
displays the height proﬁle of the red and blue lines
marked in Figure 1a,c, respectively. The uniform formation of the Al2O3 layer is conﬁrmed by the subnanometer roughness of the height proﬁle in Figure 1b. For
both ﬁlms with and without Al capping, the height of
each step is ∼0.95 nm, which is consistent with the
reported thickness of one Bi2Se3 QL.2628
To investigate the transport properties and explore
the surface states in the passivated and unpassivated
Bi2Se3 thin ﬁlm, top-gate ﬁeld-eﬀect transistor (FET)
devices with a six-terminal Hall bar geometry were
fabricated, as schematically shown in Figure 2a.
Standard four-point Hall measurement was carried
out to eliminate the contact resistance with a constant
ac current ﬂow of 1 μA at 11.58 Hz. Figure 2b presents an optical image of the device structure. The
diagonal two electrodes are top-gate electrodes,
while the rest of the electrodes are connecting
to the Hall bar. A zoom-in view of the Hall bar
(10 μm (L)  20 μm (W)) is shown in the inset, with
a 10 μm scale bar.
Figure 3a,b presents the temperature-dependent
sheet resistances (RsT) of Bi2Se3 thin ﬁlms with and
without Al passivation. These two curves exhibit
common features in the high-temperature range (between 250 and 35 K). First, the sheet resistances of
both samples exponentially increase as temperature
decreases in the temperature range from 250 to 180 K,
which is similar with RsT curves of low bulk carrier
densities ranging from 1016 to 1017 cm3 that Analytis
et al.17 reported. Second, between 35 and 180 K, the
LANG ET AL.

Figure 1. (a) AFM image of the in situ Al passivated 8 QLs
Bi2Se3, with ∼400 nm large-scale triangle-shape terraces.
Due to the coverage of the thin Al2O3 layer, the terrace edge
is rounded. (b) Height proﬁle along the solid red line marked
in (a). The subnanometer roughness of the proﬁle demonstrates the uniform formation of the thin Al2O3 layer. (c)
AFM image of 8 QL Bi2Se3 without Al passivation, which
shows sharp and clear terrace edge. (d) Height proﬁle along
the blue line marked in (c), showing a step size of ∼0.95 nm.

sheet resistances decrease with the reduced temperature, implying a typical metallic behavior, in which
the phonon scattering mechanism dominates.10,15,20
However, below 35 K, the RsT manifests a dramatic
diﬀerence between these two samples: the device with
in situ Al passivation displays more resistive behavior,
revealing that the bulk carriers further freeze out, and
therefore surface conduction is enhanced at this temperature range. However, the associated activation
energy Ea cannot simply be extracted by R ∼ eEa/kBT
owing to the presence of multiple-channel conduction,13
where R is the channel resistance, kB is the Boltzmann
constant. In contrast, the sheet resistance of the
unpassivated sample continuously decreases and
shows a shallow local minimum at 10 K. This behavior
was also observed in higher doping concentration
(n ∼ 1019 cm3) Bi2Se3 crystals by others.17,29 It is
noted that unpassivated devices show a dramatic
reduction in sheet resistivity compared with the
sample with Al passivation, which is believed to be
associated with the increase of the carrier density to
be discussed later.
The gate dependence of Hall carrier densities nH in
both samples at 1.9 K are extracted from nH = (RHe)1,
where RH is the Hall slope, e is the electron charge. In
Figure 3c, the bulk carrier density is reduced as the gate
voltage decreases, indicative of n-type bulk Bi2Se3,
which has been believed to be associated with Se
vacancies.16,20,30 For the device with Al passivation,
the 2D carrier density can be tuned from 5.45  1013 to
7.58  1013 cm2 (with a carrier density change of
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Figure 2. Top-gate FET structure and measurement setup. (a) Schematic diagram of 8 QL Bi2Se3 (red) on highly resistive Si(111)
(purple) top-gate Hall bar device structure with measurement setup. The total thickness of Al2O3 (blue) is ∼23 nm. The Al2O3
covers the whole substrate except the six Hall bar contact area. Here, the Al2O3 coverage is purposely reduced for clarity. A
standard four-point measurement was carried out with constant ac current ﬂow of 1 μA. (b) Optical image of the device structure
with 50 μm scale bar. Inset: zoom-in view of the optical image of the Hall bar with the size of 10 μm (L)  20 μm (W).

Figure 3. Transport properties in passivated and unpassivated devices. (a,b) Sheet resistances as functions of temperature, for
the device with (a) and without (b) surface passivation. Two RsT curves (a,b) show similar behavior at high temperature but
present a dramatic diﬀerence below 35 K, as indicated by the dashed line. The sheet resistance of the passivated device increases
as temperature decreases, while for the unpassivated sample, the Rs continuously decreases and shows a shallow local minimum
at 10 K. (c) Gate voltage dependence of 2D Hall carrier density for devices with (circles) and without (squares) Al passivation. The
Hall carrier density nH increases 39.2% at zero bias for an unpassivated sample over the passivated one. (d) Sheet resistance vs
gate voltage at 1.9, 3, 4, and 6 K. Arrows were used to guide the eyes, showing the sharper increase of resistance with Vg < 4 V.
Diﬀerential resistance vs gate voltage is shown in the inset to highlight the enhancement of gating response.

39.1%), by sweeping gate voltage (Vg) from 10 to þ10
V. In comparison, the uncapped device shows a 39.2%
higher carrier concentration at zero gate bias with a
relatively low gate modulation of 13.2%. This implies
that the diﬀerence of the carrier concentrations arises
from the unintentionally environmental n-type doping
which contributes to the transport.17,20 As aforementioned, other surface impurities/oxides such as hydroxyl groups,17 surface native oxide (BiOx),19 trapped
charges, and impurities from ambient as well as contaminations in the fabrication process may all contribute to n-type doping. Hence, the original surface
properties cannot be easily revealed if the surface is
directly exposed to air or chemicals during the device
LANG ET AL.

fabrication. Figure 3d presents the Rs versus Vg at
various temperatures for the Al-capped device. The
inset of Figure 3d shows the slope of the sheet resistance as a function of the gate voltage at 1.9 K, indicating a sharper increase in resistance beyond 4 V. This
enhancement of the gating eﬀects strongly suggests
that the Fermi level is approaching the edge of the
conduction band at a gate voltage of 4 V. Beyond 4
V, a large portion of bulk electrons are depleted as the
Fermi level is moved into the bulk band gap.30
Aiming to probe the surface electronic states for
both devices, magnetotransport measurements with
an out-of-plane magnetic ﬁeld were conducted at low
temperatures. Both gate voltage and magnetic ﬁeld (B)
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Figure 4. Gate-modulated SdH oscillations for the Al-passivated sample: (a) dRxy/dB vs 1/B under gate voltage Vg = 12 to 9
V at 1.9 K, where all curves are vertically shifted for clarity. Strongly enhanced oscillations are observed when the gate bias is
at 12 V. (b) Landau level fan diagram for oscillations in dRxy/dB at Vg = 12 to 9 V. The minima (solid symbols) in dRxy/dB are
assigned to their indices n, while maxima (open symbols) are assigned to n þ 1/2. The lines correspond to a linear ﬁt to the
solid and open symbols. Inset: n-axis intercept γ as a function of gate voltage. The black dashed line indicates γ = 1/2. (c) Fermi
energy EF as a function of surface 2D carrier density n2D extracted from corresponding SdH oscillations. (d) ARPES intensity
map of the surface states of Bi2Se3 thin ﬁlm near the Γ point with an incident photon energy of 52 eV. The Fermi level EF
(horizontal lines) shifts toward the Dirac point as the gate voltage is decreased from 9 to 12 V.

dependences of longitudinal and transverse resistances Rxx and Rxy were recorded at various temperatures. Here, Rxy has a positive value at positive B ﬁeld.
Interestingly, in the sample with in situ Al capping, the
magnetoresistance (MR) exhibits signiﬁcantly enhanced
SdH oscillations with the decrease of gate voltage (9 to
12 V). However, SdH oscillations are completely absent
in the control samples without Al capping. One possible
reason is that a higher carrier concentration of the
unpassivation sample suppresses the contribution from
the surface state in the total conductivity, and thereby the
surface property is masked.13,19 Another possibility could
be the surface oxidation of Bi2Se3 in air which obscures
the surface state properties due to interfacial defects or
trapped charges.19
Figure 4a presents the derivative of the transverse
magnetoresistance (dRxy/dB) as a function of 1/B for the
in situ Al-capped device. The amplitudes of the SdH
oscillations are gradually enhanced with the gate bias
changing from 9 to 12 V, suggesting that the bulk
contribution is reduced by the external gate bias. The
periodicity of such oscillations at 1.9 K is monotonically
LANG ET AL.

reduced by a decreasing gate voltage from 9 to 12
V, which corresponds to the shrinking cross sectional
area of Fermi surface (SF) in momentum space as the
Fermi level (EF) approaches the Dirac point. The gatevoltage-dependent Fermi wavenumber kF can be
extracted through Δ(1/B) = 2e/k2F p 31 for Dirac electrons, yielding the kF values from 0.067 to 0.055 Å1
as gate voltage is swept from 9 to 12 V, where p is
Planck's constant divided by 2π.
Landau Level (LL) fan diagram is usually examined
to study the Berry phase in graphene32,33 and surface states of TIs.10,17,34 Here, we assign Landau level
number n (n þ 1/2) to the minima (maxima) in the
oscillations of dRxy/dB shown in Figure 4a, in which n
indicates N þ 1/2th LL, when EF is precisely between
adjacent LLs10 (see Supporting Information). On the
basis of the well-known semiclassical Onsager equation, 2π(n þ γ) = SF(p/eB),31 we linearly ﬁt the SdH
oscillation data in the LL fan diagram to obtain γ, where
the n is the nth Landau level, and the SF is the cross
sectional area of Fermi surface; γ is directly related to
the Berry phase. For a parabolic energy-momentum
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Figure 5. Gate voltage and temperature dependences of WAL for the Al-passivated sample. (a) In-plane background
subtracted magnetoconductivity (Δσ(B) = σ(θ = 90,B)  σ(0,B)) at 1.9 K under a set of gate biases, from 12 to 9 V with a 3 V
step, showing nearly identical Δσ(B) vs B curves for gate biases Vg > 9 V. Inset: conductivity vs magnetic ﬁeld, from Vg = 12
V (bottom curve) to Vg = 9 V (top curve). (b) Fitted phase coherence length lj (solid squares) and coeﬃcient R (open circles)
from eq 1 as functions of gate voltage at 1.9 K. (c) Background subtracted magnetoconductivity at a ﬁxed voltage Vg = 11 V
measured at diﬀerent temperatures (open cycles). Lines are ﬁtted curves by the HLN theory. (d) Fitted lj (solid squares) and R
(open circles) as a function of temperature at Vg = 11 V, showing that the WAL eﬀect is weakened as bulk carriers make more
contributions at higher temperatures.

(EK) band structure, γ equals 0, corresponding to a
zero Berry phase; for a linear EK relationship, γ equals
1/2, corresponding to a π Berry phase.35,36 Particularly, for
TI surface states, the linear ﬁtting of the LL fan diagram
should theoretically extrapolate to 1/2 on the n-axis.
Experimentally, in Figure 4b, the LL fan diagram represents the values of 1/B at the minima (maxima) in dRxy/dB
as a function of n (n þ 1/2) at Vg = 12 to 9 V at T = 1.9
K. The frequencies of gate-dependent SdH oscillations,
given by the slopes of the linear ﬁtting, are extracted as
98, 112, 135, and 148 T under gate voltage Vg = 12, 11,
10, and 9 V, respectively. The inset shows the gate
bias dependence of the intercept γ, which yields a ﬁnite
Berry phase; γ is close to 1/2 at Vg = 12, 11 V, while it
deviates away from 1/2 as the gate voltages increases,
implying that the Fermi levels are moved from Dirac-like
EK dispersion (π Berry phase) toward quadratic EK
dispersion (zero Berry phase).35 This intercept deviation
was also discussed in other literature.17,34,35
Figure 4c displays 2D surface carrier density n2D as a
function of Fermi energy EF. The n2D is eﬀectively tuned
from 3.58  1012 down to 2.37  1012 cm2 by sweeping
the gate voltage from 9 to 12 V, providing a picture
for the evolution of the carrier depletion by the gating
eﬀect. Here, n2D is deduced via f = 2πpn2D/e, where f is the
above-mentioned SdH oscillation frequency obtained
from the slope of the linear ﬁtting in Figure 4b. The Fermi
energy EF corresponding to each gate voltage is given by
EF = pkF, which can be swept from the conduction band
down to 133 meV above the Dirac point under gate bias
from 0 to 12 V. Here, the Fermi velocity VF is estimated
as 3.7  105 m/s at EF ∼ 140 meV above the Dirac point,
LANG ET AL.

via VF = (1/p)(dEF/dkF) from ARPES data shown in
Figure 4d, which is consistent with literature reported
data1,11,17,20 (see Supporting Information). The Fermi
levels at gate voltage Vg = 9, 10, 11, and 12 V
are sketched (horizontal lines) in Figure 4d, which are
shifted toward the Dirac point as Vg decreases.
We next explore the WAL eﬀect for Al-capped
sample, which has also been observed in other materials
systems with a strong spinorbit coupling,3741 such
as GaAs. As shown in the inset of Figure 5a, the gate
dependence of magnetoconductivity (MC) under low
magnetic ﬁeld was measured for the in situ Alpassivated device. These MC curves decrease sharply
as the magnetic ﬁeld increases, which is the typical
response of the WAL eﬀect.42 The occurrence of WAL in
TIs reﬂects the nontrivial topology of the surface states,
in which backscattering is minimized owing to the
destructive interference between two time-reversed
loops, arising from the π Berry phase. When a magnetic
ﬁeld is applied perpendicular to the ﬁlm, the time
reversal symmetry is broken while the possibility of backscattering increases and the WAL is suppressed.14,43
Through in-plane MC background subtraction, the low
ﬁeld MC (Δσ(B) = σ(θ = 90,B)  σ(0,B)) conducted at
1.9 K is shown in Figure 5a, to exclude the 3D bulk WAL
contribution (see Supporting Information), where θ is
the angle between B ﬁeld and the ﬁlm plane. The Δσ(B)
versus B curves are surprisingly identical for all diﬀerent
gate biases except below 9 V, even though there are
more than 30% changes in the Hall carrier concentration nH (see Figure 3c). This can be attributed to the
surface conduction signiﬁcantly enhanced when the
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where ψ is the digamma function and the prefactor R
should be equal 1/2 for the sympletic cases. One topological surface that carries a π Berry phase should give
an R = 1/2.44 The HLN theory gives a perfect ﬁt to all of
the MC curves with various gate biases at 1.9 K shown
in Figure 5a, where the phase coherence length lj and
the prefactor R are two ﬁtting parameters. The numerical ﬁtted values R and lj as functions of gate voltages
are plotted in Figure 5b. The phase coherence length lj
of 57.7 nm and the prefactor R of 0.49 are obtained at
12 V and 1.9 K, indicating that there is only one surface
contribution to the 2D WAL eﬀect. This is in agreement
with the recent studies on the WAL in Bi2Se314 and
Bi2Te3.45 The contribution to the WAL eﬀect from the
bottom surface seems negligible since the lj of the
bottom surface is reduced due to defeats caused by
the lattice mismatch between Bi2Se3 and Si substrate.14,45,46 One may also notice that the lj slightly
decays and R deviates from 0.5 with increasing gate
voltage, which is probably due to the fact that the 2D
bulk carriers contribute more to the overall conductivity
of the system, with increasing gate voltage. The estimated gate dependences of the surface state parameters
obtained from both SdH oscillation and WAL at T = 1.9 K
for the Al-passivated device are summarized in Table 1.
Next, we investigate the temperature dependence
of MC under a ﬁxed gate voltage of 11 V. From the
systematic trend of the MC curves in Figure 5c, it is
noticed that the MC cusp at low magnetic ﬁeld is
broadened as temperature increases, maybe because
bulk carriers are increasingly dominant at higher
temperature; hence, the WAL eﬀect arises from the
weakened nontrivial surface states. This trend can also

EXPERIMENTAL METHODS
Material Growth and Sample Preparation. High-quality singlecrystalline Bi2Se3 thin films were conducted in a PerkinElmer
MBE system; MBE is a proven powerful and reliable technique to
produce ultrathin TI films down to a few quintuple layers.28,43
The highly resistive Si(111) substrate with a resistivity >104
Ω 3 cm was cleaned using a well-established RCA procedure
before loading into the MBE chamber. High-purity Bi (99.9999%)
was evaporated from conventional effusion cells at 480 C,
while Se (99.99%) was formed from a cracker cell from SVTA at
230 C, and Si(111) substrate was kept at 250 C during the
growth. The pseudomorphic growth of Bi2Se3 was monitored
by real-time reflection high energy electron diffraction (RHEED).
After growing 8 QLs (∼8 nm) of Bi2Se3, a postannealing was

LANG ET AL.

TABLE 1. Estimated Parameters of Surface States from the
SdH Oscillations and WAL for the In Situ Al-Passivated
Sample at T = 1.9 Ka
fSdH
Vg (V)

(T)

12 98
11 112
10 135
9 148

N2D
12

(10

kF
2

EF

1

VF

cm ) mc (m0) (Å ) (meV) (10 m/s) lj (nm)

2.37
2.71
3.26
3.58

0.170
0.182
0.199
0.209

0.055
0.058
0.064
0.067

5

133
142
157
164

3.7
3.7
3.7
3.7

57.7
56.1
55.8
55.5

R

0.49
0.51
0.52
0.54
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bulk carrier density is suﬃciently low (Vg < 9 V), that
is, the Fermi level approaches the Dirac point.14,42
In the limit of strong spinorbit interaction in 2D
electron systems, the standard HikamiLarkinNagaoka
(HLN) theory is often applied for weak-ﬁeld conductivity variation:38
2
!
!3
Re2 4
p
1
p
5 (1)
ln
Δσ ¼
ψ þ
4eBlj2
2 4eBlj2
2π2 p

a

The cyclotron mass is obtained from mc = (pkF/VF), while other parameters are
calculated as shown in the text.

be seen in the phase coherence length lj, which
monotonically decreases from 56.1 to 31.9 nm. This
similar behavior was also reported.45 The prefactor R
changes from 0.51 to 0.67 as temperature increases
from 1.9 to 8 K, as presented in Figure 5d.
The ﬁtted coeﬃcient R agrees very well with the
theoretical value at 1.9 K under Vg = 12, 11 V,
reconﬁrming the existence of surface states for the
Al-passivated sample. On the other hand, the device
without Al passivation exhibits a large ﬁtting deviation
from the HLN theory at 1.9 K with various gate voltages
applied. Therefore, it may further verify our claim that it
is more challenging to probe and reveal the topological surface states in the unpassivated TI material.
CONCLUSIONS
In summary, we present the diﬀerences of transport
results in MBE-grown Bi2Se3 samples with and without
in situ Al passivation. Passivated 2D metallic topological surface states are better revealed with dual
evidence from the SdH oscillation and WAL eﬀects.
Unpassivated samples exhibit higher carrier density,
absence of quantum oscillations, as well as large
deviation from WAL, suggesting that Al passivation is
an eﬀective way to preserve the topological surface
states from environmental degradation. Hence our
observation provides an important step toward the
realization of future nanoelectronics and dissipationless spintronics devices, which may be able to take
advantages of the exotic surface states in TIs.

carried out at 400 C. The thickness of 8 nm was chosen to
preserve the topological surface states1 while minimizing the
contribution from the heavily doped bulk by increasing the
surface-to-volume ratio. After the Bi2Se3 growth, a 2 nm Al was
in situ evaporated to passivate the surface at room temperature.
Al film was later naturally oxidized to form Al2O3 after the
sample was taken out of the chamber and exposed in air, which
also further serves as an initial part of the high-κ dielectric oxide
stack grown by the atomic layer deposition (ALD) process.
Control samples without in situ Al capping were grown under
the same conditions. All of the samples were exposed in air for 1
day before fabrication processes began.
Device Fabrication. The MBE-grown 8 QL Bi2Se3 thin film was
patterned into a micrometer-scale Hall bar geometry using
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