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ABSTRACT

Aharonov-Bohm (AB) oscillation is a quantum mechanical phenomenon which reveals the coupling of electromagnetic potentials with the
electron wave function, affecting the phase of the wave function. Such a quantum interference effect can be demonstrated through the
magnetotransport measurement focusing on low-dimensional electronic states. Here, we report the experimental observation of anomalous
AB oscillation in an enhanced-mode topological insulator Bi2Se3 nanowire field-effect transistor (FET) under strong surface disorder, which
is different from the reported AB oscillation in topological insulator nanostructures. The surrounding gate of the nanowire FET gives rise to
tunability of the chemical potential and introduces strong disorder on the surface states, leading to primary oscillation with an anomalous
h/e period. Furthermore, the oscillation exhibits a significant dependence on the gate voltage which has been preliminary explained with the
quantization of the surface conduction channel. The experimental demonstration can be very attractive for further exploration of quantum
phase interference through electrical approaches, enabling applications in future information and electromagnetic sensing technology.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111180

Topological insulators have drawn growing interest since the first
discovery as a unique electronic state of matter with insulating bulk
but gapless surface states.1–4 The appealing applications of topological
insulators in quantum information technology and condensed matter
physics include the realization of the elusive Majorana fermions and
the detection of magnetic monopoles, which, however, require strong
and effective quantum control over the surface states.5–7 The electronic
surfaces have been observed and studied for many years,8–10 but the
discovery of three-dimensional topological insulators has facilitated
the control and manipulation over the exotic electronic states. In con-
ventional experimental research, such control was largely attempted
by integrating topological insulators in various heterogeneous struc-
tures, highlighting the topological feature of the surface states via
external stimuli such as light, magnetic field, and electric field.
However, the traditional three-dimensional topological insulator will
inevitably encounter the interference from the bulk conduction, and

most external stimuli have intrinsic limitations restricting the manipu-
lation on the surface states.

Recently, topological insulator nanostructured materials have
attracted increasing attention due to their large surface-to-volume
ratio and can therefore manifest the surface effects.11–13 The protected
conducting surface states are immune to time-reversal-invariant per-
turbations including crystal defects and nonmagnetic impurities
which, on the contrary, can substantially impact the conduction of the
bulk. In nanoscale topological insulator materials such as nanowires
and nanoribbons where the quantum interference effects are more
prominent with smaller sample size, the transport signatures of the
bulk may diminish, shedding more light on the topological features of
the robust surface states. A magnetotransport study on topological
insulator nanostructures has been proved to be an effective approach
to identify the surface states through the demonstration of quantum
oscillations such as Shubnikov-de Haas (SdH)11,14 oscillation and
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Aharonov-Bohm (AB) interference.15,16 By applying a magnetic field
(B) along the length of the quasi-1D nanostructure, the quantum
interference effects will be observed when the electrons on the topolog-
ical insulator surface propagate in closed trajectories encircling a cer-
tain amount of magnetic flux (multiple of 1=2U0 ¼ h/2e, where h is
Planck’s constant and e is the electron charge). With the presence of
strong disorder, even multiples of 1=2U0 flux can lead to a fully local-
ized state, while odd multiples of 1=2U0 flux lead to a p AB phase,
resulting in a metallic state, demonstrated by conductance maxima in
the h/e oscillations.15,17 Recent transport measurements on topological
insulator nanoribbons have shown the AB interference with h/e oscil-
lations.18,19 However, the magnetoresistance was found at minimum
in the h/e flux period AB oscillations in these reports. Although the
observed AB effect is consistent with the strong spin–orbit coupling in
the Bi2Se3 nanoribbon, such primary h/e oscillations and the second-
ary h/2e oscillations are most likely arising from the weakly disordered
regime, resembling the h/e and h/2e oscillations in individual normal-
metal rings. This is mostly due to the planar device geometry without
effective and strong electrical gating, which can be expected to enhance
the electric field across the topological insulator inducing strong sur-
face disorder.

Here, we report the experimental observation of the anomalous
AB effect with strong disorder on the surface from a high-performance
gate-surrounding Bi2Se3 nanowire field-effect transistor (FET). We
demonstrate that the pronounced oscillations have a period of h/e under
strong surface disorder introduced by tuning the chemical potential
through the surrounding top gate. The periodicity in the AB oscillation
can be further adjusted through the quantization of the surface conduc-
tion channel. Such tuning of the quantum interference effects realized in
the enhanced-mode Bi2Se3 nanowire FET has paved an attractive way
for the use of quantum mechanics-related phenomena for future quan-
tum computing and is very promising toward the design of quantum
devices for applications in information and sensing technology.

The Bi2Se3 nanowires were grown in a low-pressure chemical
vapor deposition (LPCVD) furnace following the catalytic vapor-liquid-
solid (VLS) mechanism. In detail, a layer of 300nm SiO2 was first grown
on a cleaned Si substrate by dry oxidation. Then, a thin film of the Au
catalyst (2–3nm) was deposited onto a patterned area predefined by
photolithography. Next, the Bi2Se3 nanowires were grown from the cat-
alyst at 540 �C for 2h in a LPCVD tube furnace in a vacuum environ-
ment. The as-grown Bi2Se3 nanowires are typically 20lm in length with
a diameter range of 30nm to150nm. After the growth of Bi2Se3 nano-
wires, 3 nm/100nm Ti/Pt source/drain (S/D) electrodes were directly
patterned by photolithography and formed by electron beam evapora-
tion and lift-off processes. The channel length was defined to be 4lm.
A layer of 30nmHfO2 was then deposited as the top-gate dielectric cov-
ering the nanowire channel at 250 �C by atomic layer deposition (ALD)
with tetrakis(ethylmethylamino)hafnium (TEMAH) and water (H2O)
as precursors. A 100nm Pd top gate was finally defined by photolithog-
raphy and formed by similar electron beam evaporation and lift-off pro-
cesses. The fabrication of the Bi2Se3 nanowire FET does not include any
nanowire harvesting and aligning steps. As a result, simultaneous batch
fabrication can be enabled using the reproducible and homogeneous
CVD single-crystal nanowires with ultraclean interfaces.

The schematic of the Bi2Se3 nanowire FET and a transmission
electron microscopy (TEM) image of the device cross section are
shown in Figs. 1(a) and 1(b), respectively. The Bi2Se3 nanowire with a

diameter of �40nm was surrounded by the HfO2 layer and the
Omega-shaped top gate. The high-resolution TEM (HRTEM) image
shown in Figs. 1(c) and 1(d) demonstrates that the Bi2Se3 nanowire is
a high-quality single crystal with a well-defined rhombohedral struc-
ture. We first measured the drain current (IDS) vs top gate voltage
(VGS) transfer characteristics at 4K under a magnetic field parallel to
the nanowire channel with different intensities [the B field direction
indicated in Fig. 1(a)]. As reported in our previous work, our sur-
rounding gate enabling excellent electrostatic control over the nano-
wire channel can deplete the electrons both in the bulk and on the
surface.20 As a result, although the bandgap of most chalcogenide
topological insulators is quite small (e.g., 0.35 eV for Bi2Se3), the fabri-
cated FET device can still exhibit good switching behaviors at low tem-
perature. As shown in Fig. 2(a), clear cutoff current and sharp turn-on
have been obtained [IDS-VGS curves on a linear scale shown in the
inset of Fig. 2(a)]. No shift in threshold voltage (VTH) or change in
subthreshold swing (SS) was observed by changing the magnetic field
intensity from the IDS-VGS curves. This indicates that the influence of
dielectric interface states is negligible, and the capacitance between the
nanowire channel and the ground has no magnetic field dependence.
The output characteristics are shown in Fig. 2(b) with smooth and
well-saturated IDS vs VDS (VDS: drain-source voltage) curves, sugges-
ting an enhanced-mode transistor.

With such high-performance Bi2Se3 nanowire FETs, we focus on
the quantum interference effect by probing the magnetotransport prop-
erties under an external magnetic field applied parallel to the nanowire
channel. The conduction electrons on the surface states propagate
along the perimeter of the nanowire which has a larger surface-to-vol-
ume ratio than the bulk material, demonstrating the well-known AB
effect in the low-temperature transport properties. As illustrated in
Fig. 2(c), upon the application of a certain VGS (2.9V) switching the

FIG. 1. (a) Schematic structure of a Bi2Se3 nanowire FET with an external magnetic
field applied along the channel direction. (b) TEM image of the cross section of the
Bi2Se3 nanowire FET. HRTEM images of the Bi2Se3 nanowire (c) focusing on the
nanowire channel and (d) showing the single-crystal rhombohedral phase.
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FET to on state, a pronounced AB oscillation in magnetoresistance has
been observed when sweeping the magnetic field between 69T. A
sharp localization peak at zero field is seen, and an average oscillation
period of 2.23T is obtained. For the h/e AB interference effect, such a
period corresponds to a cross-sectional area of 1.85� 10�15 m2 [about
48nm in diameter by assuming a cylindrical nanowire channel, at the
same level as the TEM results shown in Fig. 1] according to the AB
effect which describes the oscillation period as DB ¼ U0/A, where A is
the cross-sectional area of the Bi2Se3 nanowire.21,22 The discrepancy
between these two values can be attributed to the change in the mag-
netic flux encircled by the electrons through the nanowire cross section
due to the strong surrounding-gate control and the coupling between
the gate electric field and external magnetic field, which will be
explained later in the paper. A fast Fourier transform (FFT) was per-
formed to better understand the origin of the AB oscillations. As shown
in Fig. 2(d), prominent h/e oscillation has been clearly observed. It is a
direct evidence of the interference effect, indicating that the carriers
travel through the full perimeter of the nanowire. This is in agreement
with the reported scenario of topological insulator nanoribbons in larger
size, where the electrons not only exist on the top and bottom surfaces
but also propagate on the two side walls.18,19 However, it is worth to
mention that the smaller aspect ratio in these nanoribbons (e.g., 350nm
circumference and 2lm length in Ref. 18 and 430nm circumference
and 2lm length in Ref. 19) can lead to a very long localization length of
the system, contributing to antilocalization features and subsequent
oscillations. In contrast, with the nanowires with a larger aspect ratio
shown here (145nm circumference and 4lm length), it is easier to
achieve strong surface disorder with a much shorter localization length,
resulting in the time-reversal symmetry breaking by the magnetic field.

According to the theoretical study and numerical simulation,
with odd multiples of h/2e flux, there is an additional Berry’s phase of
p on circling the cylindrical surface of a topological insulator, due to
the surface curvature formed by the odd flux with the simplest illustra-
tion of a single Dirac cone.13,17,23 Due to this Berry’s phase, the con-
ductance oscillation amplitude (note that we show the oscillation in
magnetoresistance) will be approaching the ideal conductance (e2/h)
with odd flux through the nanowire. However, the situation will be dif-
ferent with different disorder strengths. With weak surface disorder
where a large density of states is present, an antilocalization feature
will be prominent contributing to an Altshuler-Aronov-Spivak (AAS)
oscillation in magnetoconductance with the h/2e period and maxi-
mum at zero flux. We believe that is what Refs. 18 and 19 observed in
their experiment in addition to the AB oscillations with the h/e flux
period. The other amount of flux that does not break time-reversal
symmetry in addition to the zero flux described above is of the value
1=2U0, which can be interpreted with a phase of 2pU/U0 ¼ p.15 In our
nanowire FETs, the top gate is used to effectively tune the Fermi level
and reduce the bulk conductance contribution. The chemical potential
is taken close to the Dirac point. In such strong disorder where the
electron motion is near-ballistic, the phase shifting from 0 to p due to
the spin of electrons is confined to the tangent plane to the circled sur-
face and that is where the Berry’s phase of p is introduced when com-
pleting the closed circle trajectories.15,23 Our nanowire with a higher
aspect ratio is thus in the localized regime with the magnetoresistance
exhibiting maximum at zero flux as shown in Fig. 2(c).

We also characterized the AB oscillations when the Bi2Se3 nano-
wire FET was working in different regions by tuning gate bias.
However, no oscillatory behavior was observed for the off state, and
diminished oscillations with only clear zero-field localization peaks
were observed for the subthreshold region (Figs. S1 and S2, supplemen-
tary material). As extracted from Fig. 2(a), the threshold voltage of the
Bi2Se3 nanowire FET is around 2V. Therefore, any applied gate voltage
equals to or below 2V will not turn on the FET. As discovered in our
previous work, the charge carriers are fully depleted in the nanowire
channel and only bulk conduction can be observed at higher tempera-
tures by thermal excitation when VGS is below VTH.

20 With increasing
gate voltage over VTH but smaller conduction current as compared
with the on state (i.e.,�2V< VGS< �2.8V), the bulk conduction will
be comparable to the surface conduction. The contribution from the
bulk will destroy the phase coherence by scattering and the electrons’
trajectories on the curved surface, leading to unclear oscillations. On
the contrary, clear oscillatory features were obtained only at gate biases
within a small range around 3V as shown in Fig. 3, indicating that the
electrons on the surface propagate along the perimeter of the nanowire
with a phase p in the strong disordered system as discussed previously,
leading to a metallic state. It is in agreement with our previous results
that the on-state current is linear to the over threshold voltage, and this
metallic conduction is most likely flowing at the surface.20 A sudden
drop has been observed in the magnetoresistance at a higher B field
(beyond 68T), and such drop is more obvious at higher gate voltage.
We attribute it to the magnetoresistance background which is typically
parabolic in R vs B curves. With increasing gate voltage, the amount of
charges on the surface will increase significantly. Meanwhile, the num-
ber of trivial carriers in the bulk will also increase blurring of the surface
conduction-based AB oscillatory features. Thus, the parabolic back-
ground will be highlighted.

FIG. 2. (a) Transfer characteristics (IDS-VGS) of the Bi2Se3 nanowire FET at various
magnetic field intensities ranging from �9 T to 9 T. VDS was maintained at 50mV.
Inset: The linear-scale transfer characteristics. (b) Output characteristics (IDS-VDS)
of the Bi2Se3 nanowire FET under different VGS. (c) Oscillatory features of the mag-
netoresistance obtained by sweeping the magnetic field between 69 T. (d) FFT
analysis showing the amplitude as a function of 1/B. The location of h/e was
labeled.
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We then further compared the magnetoresistance oscillations
under different gate voltages by plotting the oscillation period (DB)
extracted from Fig. 3 as a function of VGS. As shown in Fig. 4(a), it is
interesting to find a clear decrease in the oscillation period. By assum-
ing that the density of magnetic flux encircled by the trajectories of
conduction electrons remains constant under the external magnetic
field with fixed intensity, the decreasing trend in the oscillation period
indicates the enlargement of the effective cross-sectional area of the
nanowire channel under increasing gate voltage. It can be easily
inclined to attribute this phenomenon to the shifting of inversion layer
charge centroid toward the Bi2Se3/HfO2 interface with the presence of
a stronger electric field induced by higher gate voltage. Different from
the conventional charge/current model, the quantum confinement
effect is remarkable in nanoscale nanowire FETs with enhanced gate
control and is indispensable to be considered under the inversion con-
dition as the electron energies are quantized occupying discrete energy
levels.24,25 Various charge centroid models incorporating the quantum
effects have been reported.26–29 Here, we borrow the modified charge/
current model based on the cylindrical surrounding-gate transistor by
Rold�an et al. giving the inversion charge centroid as29

1
tinv
¼ 1

aþ 2bR
þ 1
tinv0

Ninv

Ninv0 Rð Þ

� �n

; (1)

where tinv is the inversion layer thickness [indicated in the inset of
Fig. 4(b)], Ninv is the electron density per unit area, R is the nanowire
radius, and a, b, tinv0, and n are constants not dependent on the gate
bias. Note that Ninv ¼ Qinv/2pRq is VGS-depended since Qinv is pro-
portional to (VGS-VTH). We first calculated the effective radius formed
by the inversion charge carriers encircling the magnetic flux under dif-
ferent VGS (see the supplementary material for details). As shown in
Fig. 4(b) (black square dots), tinv decreases with higher VGS (more
inversion charge), which agrees with expectation since the charge dis-
tribution shifts toward the Bi2Se3/HfO2 interface. Applying the model
described by Eq. (1) on the nanowire FET, a perfect fitting has been
observed, as demonstrated in Fig. 4(b) (blue line). It is worth mention-
ing here that the calculated tinv at 3.1V VGS is negative which is due to
the fact that only the inversion layer quantization effect was consid-
ered. Further analysis incorporating other mechanisms describing the
electromagnetic coupling between the electric field and the external
magnetic field will shed more light on the phenomenon reported here.
For example, such coupling has been theoretically confirmed and is
known as the topological magnetoelectric (TME) effect. The TME
effect describes the electromagnetic response of the topological insula-
tor under a strong electric field. In our nanowire FET, the total mag-
netic flux encircled by the electrons can be changed by the induced
magnetization originated from the superposition of the gate electric
field and the electric field between the source and drain. This also
explains the difference in the nanowire diameter between the TEM
results and the calculation. Although this is only our preliminary
assumption and needs further investigation, the fitting result by using
the charge centroid model perfectly matches the calculated values, sug-
gesting the necessity to include the inversion layer quantization effect
in the analysis of changes in the AB oscillation period and the gate
voltage tuning of the oscillation in nanoscale topological insulator
FETs.

In summary, we have integrated a Bi2Se3 topological insulator
nanowire in a high-performance enhanced-mode FET device platform
and observed anomalous AB oscillation. The strongly disordered sur-
face states of the nanowire have led to the primary AB oscillation, indi-
cating carrier propagation along the nanowire surface perimeter. The
oscillation period exhibits a dependence on a small gate voltage,
enabling tenability by the surface conduction channel quantization.
Our study has provided excellent basis for a further study on the elec-
tromagnetic coupling between the electric field and the magnetic field.
It is promising to achieve effective control over the quantum interfer-
ence effects by using electrically accessible approaches. This can pave a
robust pathway for future quantum information and sensing
technology.

See the supplementary material for the details of calculation of
the inversion layer thickness, the magnetoresistance oscillations with
the FET operating in other regions at 4K and 1.5K, the gate voltage
dependence of the AB oscillation without curve shifting, and the sche-
matic setup for the magnetotransport measurement.

Q.L. acknowledges the support from the National Science
Foundation under Grant No. ECCS-1809399. H.Z. acknowledges the
financial support from the Shanghai Pujiang Program under Grant No.
17PJ1400500. We acknowledge the discussions with L.-I. Huang and Y.
Fukuyama and the support from D. B. Newell for the magnetotransport

FIG. 4. (a) The oscillation period DB as a function of gate voltage at 4 K. Inset: DB
vs VGS at 1.5 K. The error bars were marked by calculating the oscillation period for
four times. (b) Calculation (black dots) and fitting (blue line) results of the inversion
layer thickness. Inset: Schematic of the cross section of the Bi2Se3 nanowire FET
showing the inversion layer thickness.

FIG. 3. (a) Magnetoresistance as a function of the magnetic field at 4 K under four
different VGS. (b) Magnetoresistance as a function of the magnetic field at 1.5 K
under three different VGS. The curves have been vertically shifted for better illustra-
tion. The plots without curve shifting are shown in Fig. S3 (supplementary material).
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