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ABSTRACT: We demonstrate evidence of a surface gap opening
in topological insulator (TI) thin ﬁlms of (Bi0.57Sb0.43)2Te3 below
six quintuple layers through transport and scanning tunneling
spectroscopy measurements. By eﬀective tuning the Fermi level
via gate-voltage control, we unveil a striking competition between
weak localization and weak antilocalization at low magnetic ﬁelds
in nonmagnetic ultrathin ﬁlms, possibly owing to the change of
the net Berry phase. Furthermore, when the Fermi level is swept
into the surface gap of ultrathin samples, the overall unitary
behaviors are revealed at higher magnetic ﬁelds, which are in
contrast to the pure WAL signals obtained in thicker ﬁlms. Our ﬁndings show an exotic phenomenon characterizing the gapped
TI surface states and point to the future realization of quantum spin Hall eﬀect and dissipationless TI-based applications.
KEYWORDS: Topological insulator, ambipolar eﬀect, surface states hybridization, ultrathin ﬁlms, weak localization,
weak antilocalization
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On the contrary, magneto-transport measurement, as an
important approach to establish low-dimensional electronic
characteristics, remains lacking.
In the present work, we demonstrate the opening of an
energy gap in the surface states due to the hybridization of top
and bottom surfaces in the ultrathin (BixSb1−x)2Te3 ﬁlms with
thicknesses below six quintuple layers (QLs). Thanks to the
nearly bulk insulating state of (BixSb1‑x)2Te3 system,36,37 the
surface Fermi level (EF) can be electrically tuned through the
surface bandgap, and consequently the transport properties of
intriguing gapped surface can be investigated. When EF is
located inside the surface gap of ultrathin samples, the overall
unitary behaviors are revealed at high magnetic ﬁeld, in contrast
to the pure weak antilocalization (WAL) signals obtained in
thicker ones. More importantly, manipulated via electric gating,
a competition between WAL and weak localization (WL) is
strikingly revealed in ultrathin ﬁlms at lower magnetic ﬁeld due

hree-dimensional (3D) topological insulators (TIs) are
distinct materials featuring bulk insulting states and
unique massless Dirac fermions in the surface state.1−3 In
particular, the spins of electrons in these states are tightly
locked to their momentums due to the strong spin−orbit
coupling, and thus backscattering in the Dirac fermions by
nonmagnetic impurities is prohibited due to the protection by
time-reversal symmetry.4−6 As a result, the topological
protection of the surface states could potentially be applied
for future novel applications, including low-dissipation
electronics, interconnect, thermoelectric, quantum computin,g
and others.7−13
Massless topological surface states have been experimentally
identiﬁed and extensively studied in binary and ternary TI
materials.14−30 More recently, the exotic and interesting physics
associated with the coupling between the top and the bottom
surface states in the two-dimensional (2D) limit of these 3D
TIs has attracted new attention.19,31−35 However, to date only a
few experiments have been carried out on ultrathin TI ﬁlms,
and most of them focus on angle-resolved photoemission
spectroscopy19 and scanning tunneling spectroscopy (STS).35
© 2012 American Chemical Society
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Figure 1. Cross-section TEM, EDX and device structure. (a) Left: A high-resolution TEM picture for the (Bi0.57Sb0.43)2Te3 ﬁlm and GaAs (111)B
substrate. An atomically sharp interface is also observed. Right: A magniﬁed TEM image showing the quintuple structure with ∼1.02 nm lattice
spacing between (0003) planes. (b) Energy dispersive X-ray spectroscopy of the ﬁlm composition, which is mainly composed of Bi, Sb, and Te. (c)
Schematic diagram of (Bi0.57Sb0.43)2Te3 (red) on a highly resistive GaAs (111) (dark blue) top-gate Hall bar device structure with measurement
setup. The total thickness of Al2O3 (light blue) is ∼25 nm. A standard four-point measurement was carried out with constant AC current ﬂow of 1
μA. (d) Left: An optical image of the device structure with a 100 μm scale bar. Right: A zoom-in view of the Hall bar with the size of 5 μm (L) × 5
μm (W), with a 10 μm scale bar.

zoom-in view of the eight-terminal Hall bar (5 μm/15 μm
(length) × 5 μm (width)) is shown in the right panel.
Magneto-transport measurements were carried out by
feeding a constant ac current of 1 μA at 13 Hz at a base
temperature of 0.3 K. A characteristic ambipolar ﬁeld eﬀect is
observed in thin ﬁlms with thickness ranging from 4 to 9 QL as
displayed in Figure 2a−f. By applying a top gate bias Vg, EF can
be eﬀectively tuned across the surface Dirac point, and both the
carrier type as well as the carrier density can be easily
controlled. Remarkably, a giant gate modulation of ∼1500%
with a sharp peak resistance (Rmax) of ∼70 kΩ is observed in
the ultrathin 4 QL ﬁlm (Figure 2a, upper panel). Compared
with the gate modulations in the thicker samples shown in
Figure 2c−f (upper panels), this high on/oﬀ ratio can be
attributed to the extreme low density of states in the 4 QL
sample as a result of surface gap opening. Furthermore, the Hall
coeﬃcient (RH) (open squares) extracted from the Hall slope
reverses its sign when R xx approaches its maximum,
corresponding to the lowest net carrier density achieved.
Alternatively, the 2D carrier density nH = −1/(eRH) (where e is
the elementary charge) is calculated to further illustrate this
ambipolar eﬀect, as indicated in Figure 2a (lower panel). Here,
the unipolar conduction (only one type of dominant carrier) is
manifested in the linear p-type (Vg < −3 V) and n-type region
(Vg > 5 V), whereas in the ambipolar region (−3 V < Vg < 5 V),
RH crosses zero and nH changes sign from p to n-type,
suggesting the coexistence of two competing carriers (electron
and hole).37,38
For the 5 QL sample (Figure 2b), the resistance peak
broadens, and Rmax decreases to ∼14 kΩ due to a smaller gap
opening. Moreover, R(Vg) shows a much reduced modulation
signature of only ∼250%. As the ﬁlm thickness further increases
(Figure 2c−f, upper panel), R(Vg) exhibits a much weaker

to the change of Berry phase, presenting a unique way to study
the surface states of the ultrathin TI with a gap opening at the
Dirac point in the quantum diﬀusive regime.
High-quality single crystalline (BixSb1−x)2Te3 thin ﬁlms were
grown on high resistivity (≈ 10 MΩ·cm) GaAs (111)B
substrates in an ultrahigh vacuum molecular beam epitaxy
(MBE) system. In situ real-time reﬂection high energy electron
diﬀraction (RHEED) was used to monitor the pseudomorphic
growth dynamics with the electron beam incidence along the
[112̅0] direction (Supporting Information, Figure S1). To
investigate the quality of the thin ﬁlm, high-resolution scanning
transmission electron microscope (STEM) experiments were
performed on a FEI TITAN Cs corrected STEM operating at
200 kV. Figure 1a (left) shows a high angle annular dark ﬁeld
(HAADF) image of the single crystalline (Bi0.53Bi0.47)2Te3 ﬁlm
and the GaAs substrate, where the sharp interface without any
amorphous layer is clearly revealed. The QLs of this ternary TI
system is further manifested in the magniﬁed TEM image
(Figure 1a, right), demonstrating the same tetradymite
structure as their parent compounds of Bi2Te3 and Sb2Te3.37
The thickness of each QL is estimated to be ∼1.02 nm, as
indicated by two parallel white lines. Additionally, the energy
dispersive X-ray spectroscopy (EDX) was performed to
examine the ﬁlm composition. Prominent Bi, Sb, and Te
peaks are revealed in Figure 1b. Quantitative analysis shows
that the precise atomic ratio of Bi/Sb/Te is 1.35:1:3.4. To
explore the transport properties of this material, a top-gate ﬁeld
eﬀect transistor (FET) device was fabricated as schematically
shown in Figure 1c (see Supporting Information). Figure 1d
(left) shows an optical microscope image of the typical device
structure. The diagonal two electrodes are top-gate electrodes,
whereas the rest electrodes are connected to the Hall bar. A
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Figure 2. Transport properties of thickness dependent (Bi0.57Sb0.43)2Te3 at 0.3 K. (a−f) Upper: Longitudinal resistance Rxx (lines) and Hall
coeﬃcient RH (open symbols) as functions of gate voltage Vg corresponding to diﬀerent thicknesses from 4 to 9 QLs. The largest peak of Rxx vs Vg
and giant gate modulation of ∼1500% are observed in the 4 QL sample. As the ﬁlm thickness increases, the peak broadens and Rmax decreases greatly.
Each RH is extracted from the Hall traces at ±4 T for a certain Vg. Lower: Unipolar conduction (only one type of dominant carrier) is manifested in
the linear regions of nH vs Vg. While in the ambipolar region, nH starts to diverge at the bias (changing sign from p to n), where the net carrier density
is signiﬁcantly reduced, indicating the ambipolar behavior.

function of perpendicular external magnetic ﬁeld applied at T =
0.3 K. On one hand, for t ≥ 6 QL, all of the MC curves display
a sharp negative cusp characteristic of WAL, consistent with the
nontrivial topology of the surface states carrying a Berry phase
of π.20,22,23,32,39 The data can be analyzed via the Hikami−
Larkin−Nagaoka (HLN) formula below:40

tunability, and Rmax decreases its magnitude, indicating the
disappearance of the surface hybridized gap and an increased
bulk denisties. In particular, Rmax of the 9 QL ﬁlm is suppressed
by 1 order of magnitude relative to that of the 4 QL ﬁlm,
accompanied by an increase of minimum carrier density nmin
from ∼8 × 1011 cm−2 (4 QL) to 1 × 1013 cm−2 (9 QL).
Remarkably, a sudden rise of nmin at thickness t > 7 QL may be
attributed to the appearance of bulk conduction, which could
no longer be fully depleted by gating due to the relatively short
depletion width in TI materials (Supporting Information,
Figure S3).33,37
The ambipolar eﬀect presented above reveals a giant gate
modulation and an ultralow carrier density in 4 QL ﬁlm when
EF is tuned through the hybridization induced surface gap.
Next, we present the striking inﬂuence of the surface gap on the
magneto-transport properties of the ultrathin TI ﬁlms in the
quantum diﬀusive region. Figure 3a displays the dramatic
contrast of normalized magnetoconductivity (MC) Δσ(B) =
σxx(B) − σxx(0) between thick (6, 7, 9, 10 QL) and thin (4 and
5 QL) ﬁlms at their VDirac (the Vg corresponding to Rmax) as a

Δσ =

⎡
2
⎛ l 2 ⎞⎤
1 ⎞⎟
αe 2 ⎢ ⎛⎜ lB
⎜⎜ B ⎟⎟⎥
ln
ψ
+
−
⎜
2
2 ⎟⎠
2π 2ℏ ⎢⎣ ⎝ lϕ2
⎝ lϕ ⎠⎥⎦

(1)

where ψ is the digamma function; the prefactor α can be used
as an estimate of the number of independent channels
contributing to the interference, α = −1/2 for a single channel
WAL and α = −1 for two channels; and lϕ is the phase
coherence length. As indicated in the inset of Figure 3a, the
ﬁtting results yield |α| ≈ 1 for the thicker ﬁlms, suggesting the
coexistence of two fully decoupled channels in this system,
contributing |α| = 1/2 each.41,42 The slight increase of |α| as ﬁlm
gets thicker, is possibly owing to the additional bulk channel
50
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Figure 3. Quantum interference competition in 4 QL (Bi0.57Sb0.43)2Te3 at 0.3 K. (a) Normalized magnetoconductance (MC) Δσ(B) = σxx(B) −
σxx(0) for 4−10 QL measured at their VDirac. The conductivity is signiﬁcantly suppressed when the thickness is reduced to 4 and 5 QLs. Inset:
thickness dependent α ﬁtted from one component HLN theory shows an abrupt change as t < 6 QL. (b) Gate voltage dependence of resistance of
the 4 QL sample. The dots on the curve represent the speciﬁc gate biases applied for each corresponding magnetoresistance measurements in part c.
The insets show schematics of EF positions relative to the gapped surface states. (c) Evolution of low ﬁeld MC as a function of gate voltage for the 4
QL ﬁlm. In the ambipolar region (Vg = −6, −3, 0, 3 V), the MC curves ﬁrst show WL-like behavior at low ﬁeld (B < 0.2 T) and then bend over to
WAL at higher ﬁeld. The MC recovers their WAL characteristics again when EF is high or low enough to be in the unipolar region (Vg = −10, 10 V).
(d) The evolution of α0 (upper panel) and α1 (lower panel) ﬁtted by eq 2 as functions of gate voltage. The two competing WAL and WL behaviors
coexist and compete with each other in the ambipolar region.

partially coupled with the surfaces.41,42 On the other hand,
consistent with ref 33, when the ﬁlm thickness is reduced to the
2D limit (4 and 5 QLs), the MC curves at their VDirac change
drastically from the sharp WAL behavior to a unitary behavior
(α ≈ 0), suggesting the opening of a surface gap in 2D limit
TIs. It should be emphasized that for the gap-opened 2D limit
of TIs eq 1 is no longer valid and quantum correction to MC
can acquire both WAL and WL contributions, which, for the
case of weak surface and bulk coupling, acquires a modiﬁed
HLN equation given in eq 2, to be discussed later. We further
note that in contrast to the study in ref 33 that was limited to a
ﬁxed Fermi level, our current approach of controlling the Fermi
level via gating provides further conﬁrmation and a more
complete picture of the combined WAL and WL contributions
to MC for massive Dirac fermions, which we elaborate below.
Strikingly, at low magnetic ﬁelds (B < 0.4 T), we observe an
intriguing electric ﬁeld controlled quantum interferences
competition between WAL and WL eﬀect as shown in Figure
3c for the 4 QL ﬁlm and Figure S4a for the 5 QL one
(Supporting Information, Figure S5), both of which exhibit
marked diﬀerences from thicker ones. For the 4 QL ﬁlm, in the
ambipolar region (− 6 V ≤ Vg ≤ 3 V), when EF is inside/close
to the surface gap, the MC ﬁrst exhibits a WL-like behavior at
low ﬁeld (B < 0.2 T), and then bends over to WAL at higher
ﬁeld. We also note that at Vg = 3 V, where Rmax is obtained, the
weakest magnetic ﬁeld dependence of MC (unitary-like
behavior) is achieved, implying the absence of interference

because of an insulating state. However, as EF is moved deep
into the unipolar region (Vg = 10, −10 V), the WL signal
vanishes completely, and the MC curves recover the WAL with
negative cusps, similar to pure Dirac-like surface states. The
band structure for the gapped surface state with respect to their
EF, is schematically shown in the inset of Figure 3b in three
diﬀerent gate voltage regimes.
In particular, we extract the relative strength of WAL and WL
contributions as a function of gate voltage by ﬁtting the
measured MC curves to the two-component HLN theory:42
Δσ(B) =

∑
i = 0,1

⎡
⎛ l 2 ⎞⎤
αie 2 ⎢ ⎛ lB2
1⎞
ψ ⎜⎜ 2 + ⎟⎟ − ln⎜⎜ 2B ⎟⎟⎥
πh ⎢⎣ ⎝ lϕi
2⎠
⎝ lϕi ⎠⎥⎦

(2)

Here, the coeﬃcients α0 and α1 in eq 2 stand for the weights of
WAL and WL contributions from the two surfaces, respectively,
and lϕi is the corresponding phase coherence length. The WAL
dominated MC ideally has prefactors α0 = −1/2 and α1 = 0,
while the WL dominated MC leads to α0 = 0 and α1 = 1/2.
Equation 2 gives excellent ﬁt to all the gate voltage dependent
MC curves in Figure 3c as shown by solid lines. Figure 3d
summarizes the evolution of α0 and α1 of the 4 QL sample as
functions of applied gate voltage. When Vg moves positively or
negatively away from VDirac, |α0| increases while α1 decrease,
indicating the WL contribution is greatly suppressed, whereas
the WAL contribution becomes more pronounced. Speciﬁcally,
at Vg = 10 V, as EF lies high into the upper branch of surface
51
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Figure 4. Scanning tunneling spectroscopy of 4 QL (Bi0.57Sb0.43)2Te3. (a) The histogram of Dirac energy (ED) estimated from the midgap energy to
be ED = −0.17 ± 0.07 eV throughout the areas of our investigation, and the relative large variation is probably due to the surface terraces. (b) A
typical tunneling conductance (dI/dV) spectrum taken at 77 K, showing a surface bandgap opening in the 4 QL thin ﬁlm. Here the small tunneling
conductance in the gap region may be attributed to the thermal smearing eﬀect.

state where a π Berry phase is recovered, WAL dominates the
MC curve with negligible WL component (α0 = −0.582 ±
0.015, and α1 = 0.0412 ± 0.025), and a similar scenario can also
be seen in the other end of the bias (Vg = −10 V). On the
contrary, WL contribution is maximized while WAL is
minimized (α0 = −0.383 ± 0.039 and α1 = 0.365 ± 0.095)
as Vg approaches VDirac = 3 V.
The observation of WL in the ultrathin ﬁlms is surprising. In
fact, for an ideal TI ﬁlm without bulk conduction in the
diﬀusive regime, WAL is obtained in a numerical simulation.43,44 It has been suggested that a WL contribution can be
obtained from the bulk if it is weakly doped and decoupled
from the surface.41 However, our result does not seem to be
consistent with a bulk contribution because the bulk
contribution is greatly suppressed in ultrathin ﬁlms when EF
is near the surface bandgap. Alternatively, this observed
behavior can be understood in terms of Berry phase (ϕ)
acquired by electrons over closed trajectories, which is
dependent on gate voltage for gapped Dirac fermions, in the
form of ϕ = π(1 − Δ/(2EF)) (see also Supporting Information,
Figure S7).45 When EF is close to the Dirac point, ϕ approaches
0 and therefore results in the dominance of WL. Tuning EF
from VDirac deeper into the surface band takes ϕ from 0 to π,
which one might expect to correspond with the transition from
WL to WAL.42,45,46 However, one should remember that there
are two Dirac cones and the spinor corresponding to the top/
bottom index can play an important role. Nevertheless, since EF
of the top and bottom surface is diﬀerent due to the band
bending, the Berry phase reduction mentioned above might still
be relevant.37 This requires further theoretical exploration and
is beyond the scope of this work.
Moreover, we also observe the electric ﬁeld controlled WAL/
WL quantum interference competition in the 5 QL ﬁlm as
manifested in Figure S4a. We further remark that the WAL
behaviors reported in the literature for samples t ≤ 5 QL is
consistent with the condition EF2 ≫ Δ2, suggesting that the
chemical potential of those samples typically lies far outside the
surface state.32,33 On the contrary, for thicker ﬁlms (≥6 QL),
WAL clearly manifests itself in various gate voltages, consistent
with the absence of surface gap, as shown in the Supporting
Information, Figure S5.
To determine the Dirac energy and surface bandgap opening
in the ultrathin 4 QL (Bi0.57Sb0.43)2Te3 sample, low-temperature
spatially resolved STS under high vacuum was carried out. A
detailed survey of the tunneling conductance spectra was
acquired over a 10 nm ×10 nm area with 64 × 64 pixels at 77

K. The Dirac energy (ED) estimated from the midgap energy is
ED = −0.17 ± 0.07 eV throughout the areas of our investigation
as shown by the histogram in Figure 4a. Figure 4b presents a
typical tunneling conductance (dI/dV) spectrum that manifests
a surface hybridization bandgap ∼180 meV in the 4 QL sample.
In conclusion, we have demonstrate the ambipolar ﬁeld eﬀect
of electrically surface manipulation in high quality and low
carrier density MBE-grown (Bi0.57Sb0.43)2Te3 thin ﬁlms. Due to
the hybridization-induced surface gap, the MC of 4 and 5 QL
ultrathin ﬁlms are greatly suppressed, exhibiting overall unitarylike behavior when EF is located inside the surface bandgap. By
tuning EF position relative to the gap, the striking crossover
between WL and WAL is observed in nonmagnetic ultrathin
ﬁlms at low ﬁeld region, a characteristic feature of quantum
interferences competition. Hence, our observation is of great
importance for further understanding the role of surface state
hybridization in ultrathin TIs, and these hybridized surface
states can be promising for the realization of edge states for
demonstrating the quantum spin Hall eﬀect and dissipationless
spintronics in 3D TIs.
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