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Abstract: This review briefly describes the development of synthetic topological insulator materials
in the application of advanced electronic devices. As a new class of quantum matter, topological
insulators with insulating bulk and conducting surface states have attracted attention in more and
more research fields other than condensed matter physics due to their intrinsic physical properties,
which provides an excellent basis for novel nanoelectronic, optoelectronic, and spintronic device
applications. In comparison to the mechanically exfoliated samples, the newly emerging topological
insulator nanostructures prepared with various synthetical approaches are more intriguing because
the conduction contribution of the surface states can be significantly enhanced due to the larger
surface-to-volume ratio, better manifesting the unique properties of the gapless surface states.
So far, these synthetic topological insulator nanostructures have been implemented in different
electrically accessible device platforms via electrical, magnetic and optical characterizations for
material investigations and device applications, which will be introduced in this review.

Keywords: topological insulator; field-effect transistor; nanostructure synthesis; optoelectronic
devices; topological magnetoelectric effect

1. Introduction

In the past century, fundamental scientists and physicists have never stopped searching for new
elementary particles. Instead of dealing with the atoms and electrons that were found centuries ago,
there has been a growing interest in condensed matter physics in the formation of a new state of matter
by putting the fundamental elements together. Other than the conventional states of matter such
as conductors, insulators, semiconductors, superconductors and magnets, microcosmic mechanisms
and quantum states of emerging states of matter are becoming more attractive with the boost of
observation techniques and characterization capabilities. Since the first discovery of the quantum Hall
(QH) state by Klitzing et al. in 1980 [1] which describes the electric current flow along the edges of a
two-dimensional (2D) sample with insulating bulk, great effort has been made to seek the origin and
manipulate such quantum state that is topologically different from all known states of matter.

The topological insulator is a newly discovered electronic phase which has insulating bulk and
conducting surface [2–4]. Topological insulator is different from superconductors and magnets in that
it has a topological order which is protected by time-reversal symmetry. These properties make it
very attractive to realize high-mobility and non-dissipative electrical transmission. More interestingly,
unlike the QH state, which requires the presence of a strong magnetic field, topological insulators
can be observed without magnetic field. Instead, the spin-orbit coupling with heavy elements such
as Hg and Bi induces magnetic field during the electron movement in 2D topological insulators.
This is known as the quantum spin Hall (QSH) state, which was first experimentally observed in
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HgTe quantum wells in 2006 [5,6]. The three-dimensional (3D) topological insulator was predicted in
BixSb1−x alloys in 2007, and shortly, binary chalcogenide compounds with simpler structure such as
Bi2Se3, Bi2Te3, and Sb2Te3 were predicted as 3D topological insulators, which were further confirmed
by angle-resolved photoemission spectroscopy (ARPES) and scanning tunneling microscopic (STM)
measurements [4,7].

So far, 3D topological insulators have been widely explored and studied. However, the
experimental realization of the prediction and applications of 3D topological insulators still remain
elusive largely due to the interference from the conduction contribution from the bulk in small bandgap
semiconductor. In recent years, 3D topological insulator nanostructures with thickness shrinking
down to nanoscale while retaining the 3D topological insulator characteristics and stoichiometry
have aroused more and more attention because of the large surface-to-volume ratio highlighting the
surface conduction. These topological insulator nanostructures have provided excellent platforms for
creative and innovative research, and have great potential for future device applications. Benefiting
from quintuple layer structure of typical topological insulators such as Bi2Te3 and Bi2Se3, mechanical
exfoliation similar to that used on graphene was first tested to fabricate simple yet low-cost topological
insulator devices [8]. Significant progress has been achieved in the understanding and applications of
topological insulators. For example, a magnetotransport measurement on the exfoliated Bi2Te3 device
suggested that the 2D conduction channels originate from the surface states in the 3D topological
insulators [9], and the coupling between the top and bottom surface states can result in an energy
barrier close to the bulk bandgap demonstrated by the insulating behavior in exfoliated Bi2Se3 FET
device [10]. In addition, optoelectronic properties of the exfoliated topological insulators have also
been characterized. The spin direction of the electrons on the surface states of the exfoliated Bi2Se3

flake have been confirmed to be perpendicular to the electron movement, and it can be manipulated
by shedding circular polarized light [11].

Although mechanical exfoliation has made the preparation of topological insulator samples easier
with simple process and low cost, the challenge for realizing state-of-the-art device and manipulating
the surface states of the exfoliated flakes still lies in minimizing the bulk conduction, which is basically
originated from the chalcogen vacancies or anti-site defects. Furthermore, the low yield and random
nature of the exfoliated flakes also make this method not suitable for large-scale fabrication and device
integration. Up to now, various synthetic approaches to grow topological insulator nanostructures have
been studied and developed, enabling more delicate devices while maintaining high surface-to-volume
ratio. In this paper, we review the development of synthetic approaches for topological insulators
nanostructures and their applications in novel nanoelectronic, spintronic and optoelectronic devices.

2. Synthesis Approaches

Although most current experimental research based on topological insulator still focuses on the
surface states of thin films prepared by mechanical exfoliation from bulk material, various physical and
chemical approaches to synthesize topological insulator nanostructures have been widely investigated.
Molecular beam epitaxy (MBE) is one of the earliest synthetic methods to grow high-quality topological
insulator thin films. Nominally stoichiometric single crystal thin film can be easily prepared by MBE,
and more significantly, MBE deposition of topological insulator is based on a growth unit of one
quintuple layer, with both physical and chemical reaction involved in the process. Although high
vacuum environment is required during MBE deposition to allow the direct injection of atom or
molecular beam onto the single crystal substrate, the synthesized films usually have good crystal
integrity, precise composition and excellent large-scale uniformity. It has been demonstrated that the
topological features of MBE-grown thin films start to appear from the thickness of 2 quintuple layers
due to the weaker inter-surface coupling between the top and bottom surface as compared with 1
quintuple layer film [12]. In 2009, Zhang et al. reported the direct observation of quantum interference
by the surface states on the MBE-grown Bi2Te3 thin film [13]. The high-quality single crystal Bi2Te3

film limited the nonuniform morphology, and the atomically flat film has been demonstrated to
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be a good platform to study the scattering of the topologically non-trivial surface states which are
quantum mechanically protected by the time-reversal symmetry confirmed by the imaging of standing
waves of the surface states using STM [13]. In 2012, Liu et al. synthesized Bi2Te3, Bi2Se3 films and
their alloys on GaAs (001) substrates by using MBE [14]. Reflection high-energy electron diffraction
(RHEED), atomic force microscopy (AFM), X-ray diffraction (XRD), high-resolution transmission
electron microscopy (HRTEM), Raman spectroscopy and mapping characterizations have been used
to examine the topological insulator thin film qualities. As shown in Figures 1a and 2b, the Raman
mapping patterns suggest that the position difference of the E2g Raman peaks are less than 1 cm−1

within a scan area of 15 µm × 15 µm, indicating good film uniformity in such a relatively small
area. Figure 1c,d show the HRTEM images of the cross section of the grown topological insulator
films on GaAs (001) substrate. Clear layered crystal features have been observed indicating good
crystallinity [14]. However, quite few local and extended defects can also be observed which might be
due to the instable growth process, and the imperfect interface between the topological insulator and
the GaAs substrate is owing to the symmetry mismatch between the hexagonal lattice of Bi2Te3/Bi2Se3

and the cubic symmetry of GaAs (001) surface. Nevertheless, the topological insulator films synthesized
by MBE is still of high crystalline quality, and further improvement of the interface can be expected
through effective substrate engineering.
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Figure 1. Raman mapping patterns (the position differences of the E2
g peak) of (a) Bi2Te3 and

(b) Bi2Se3 with the thickness of 136 nm and 150 nm, respectively. The area of measurement is
15 µm × 15 µm. High-resolution transmission electron microscopy (HRTEM) images of (c) Bi2Te3

and (d) Bi2Se3 topological insulators grown on a GaAs substrate [14]. Reproduced with permission
from [14], Copyright AIP Publishing, 2012.

Referring to the MBE method, 3D topological insulators in planar geometry have been explored
extensively using different synthetic methods. Chemical vapor deposition (CVD) is one of the most
commonly used approach to grow topological insulator thin films in recent years. In a CVD process,
chemical reactant evaporates and is gas-transferred to the targeted surface where chemical reaction
occurs generating desired film materials. CVD is advantageous in fast-speed and large-area synthesis,
and more importantly, the deposition can usually be carried out at low temperature which makes it
very attractive in electronic device fabrication and integration compatible with current semiconductor
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technology. In 2016, Wang et al. reported the synthesis of ultra-large Pb1−xSnxTe topological
insulator nanoplates by using low-cost and efficient CVD process [15]. The prominent characteristic of
topological surface transport indicated that these nanoplates can be great candidates for low-dissipation
transistors. The angle and temperature dependence of the magneto-conductance revealed the 2D
nature of the weak antilocalization effect in them [15]. Besides, as shown in Figure 2, the peculiar 2D
geometry of obtained nanoplates which can be applied to functional devices lay a foundation for the
investigation of mirror symmetry–induced topological surface transport properties [15]. Metal-organic
chemical vapor deposition (MOCVD) is a derivative technique of conventional CVD and has been
implemented in the synthesis of topological insulator thin films recently. MOCVD uses metal organic
compounds and hydrides as source material and topological insulator single crystal compounds grow
on the substrate in the way of gas phase epitaxy through thermal decomposition reaction. MOCVD
can enable high-purity, high-uniformity, large-scale and repeatable films, as well as precise control over
the film thickness. In 2014, Bendt et al. demonstrated the layer-by-layer growth of smooth Sb2Te3 films
on c-oriented Al2O3 substrates using Et2Te2 and i-Pr3Sb as precursors [16]. The obtained high-quality
films allowed for the measurement of the topological surface state for MOCVD grown Sb2Te3 by
ARPES for the first time. The results illustrated the high-quality topological surface state which is even
comparable to the optimized bulk single crystals Sb2Te3 films and detailed dispersions of the bulk
valence band. In terms of electrical sheet resistivity, the characteristic of increasing monotonically with
rising temperature was also found [16].
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Figure 2. (a) SEM image of the vertically oriented Pb1−xSnxTe nanoplates. Inset: crystal structure
model of Pb1−xSnxTe. (b) 15◦-tilted SEM images of the vertically oriented Pb1−xSnxTe nanoplates.
(c) SEM and (d) AFM images of the planar Pb1−xSnxTe nanoplate [15]. Reproduced with permission
from [15], Copyright John Wiley and Sons, 2015.

In addition to the topological insulator thin films, non-planar topological insulator nanostructures
with reduced sample size have also become more and more intriguing such as nanowires, nanoribbons,
nanosheets, and so forth. These nanostructures are expected to significantly enhance the surface
conduction by suppressing the contribution of bulk carriers with their large surface-to-volume
ratio. Typically, the quasi-one-dimensional nanostructures are synthesized by following the catalytic
vapor–liquid–solid (VLS) method which has been widely used on the synthesis of silicon nanowires [17,18].
Au nanoparticles are commonly used as catalyst to stimulate the growth of semiconductor nanowire
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or nanoribbon through the precipitation from the supersaturated Au/semiconductor alloy. In 2010,
Peng et al. reported the quantum interference effect in Bi2Se3 nanoribbon grown by the Au-catalyzed
VLS process [19]. The cross-sectional area of the nanoribbon is 6.6 × 10−15 m2, which is largely
determined by the size of catalyst nanoparticle (Figure 3a–d). Due to the large surface-to-volume
ratio, the bulk conduction has been greatly limited, better manifesting the quantum interference effects
of the surface states. Furthermore, such catalytical synthesis of topological insulator nanostructures
can be applied in the fabrication of various heterogeneous structures. In 2016, Liu et al. reported
single-crystalline topological insulator Bi2Se3 nanowires synthesized via Au-catalyzed VLS method, as
shown in Figure 3e–h, which were further transferred and used to fabricate high-performance Bi2Se3/Si
heterostructure photodetectors. The photodetectors exhibited excellent optoelectronic properties which
were attributed to the high crystal quality of the Bi2Se3 nanowires and the high build-in electric field at
the Bi2Se3/Si heterostructure interface [20]. This further evidenced the great prospect of high-quality
topological insulator nanowires synthesized by catalytic VLS method.
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Figure 3. (a,b) SEM images of the as-grown Bi2Se3 nanoribbons by using VLS method [19]. (c) TEM
image of a Bi2Se3 nanoribbon with Au nanoparticle at the tip. (d) HRTEM image of the edge of the
Bi2Se3 nanoribbon with smooth surface. Inset: the selected-area electron diffraction (SAED) pattern
shows the single-crystal characteristic of Bi2Se3 nanoribbon [19]. SEM images of the Bi2Se3 nanowires
with (e) low magnification and (f) high magnification [20]. (g) Low-resolution TEM image of a single
Bi2Se3 nanowire. (h) HRTEM image of the Bi2Se3 nanowire [20]. Reproduced with permission from [19],
Copyright Springer Nature, 2009. Reproduced with permission from [20], Copyright Royal Society of
Chemistry, 2016.

Despite the methods introduced above, other synthesis methods such as solvothermal synthesis
have also been used to prepare topological insulator nanostructures. For example, Xiu et al. synthesized
Bi2Te3 nanoribbons by heating the polyvinylpyrrolidone (PVP) solvent added with Bi2O3, Te and
ethylenediamine tetraacetic acid (EDTA) powders [21]. However, such chemical approaches involving
organic solvent usually include harvesting and multiple cleaning processes, which will inevitably
introduce contaminates and deteriorate the surface condition of the synthesized nanostructure.
Actually, the major bottleneck of the synthetical topological insulator materials still lies in the
crystal properties, specifically the intrinsic defects such as S or Se vacancies and interstitial defects.
These defects are responsible for the bulk conduction, and gas molecules can occupy these vacancies
forming different types of doping if the topological insulator surface is not passivated or effectively
protected [22]. As a result, a lot of attention has been paid to the optimization of the synthesis process
and the device structure engineering for in-depth investigation on the material properties and device
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applications. The following section briefly introduces the device applications of synthetic topological
insulator nanostructures, including field-effect transistors, optoelectronic devices, magnetoelectric
devices and so forth.

3. Device Applications

3.1. Field-Effect Transistor

The field-effect transistor (FET), based on semiconductor nanostructures, has been regarded as
one of the fundamental building blocks for future nanoelectronic device and circuit technologies.
Topological insulator FET is also the critical device architecture for further optoelectronics
and spintronics applications. Although a variety of FET devices based on exfoliated or
MBE-grown topological insulator thin films have been fabricated [10,23–27], yet, up to now,
high-performance topological insulator FET devices such as the analog of metal-oxide-semiconductor
field-effect-transistor (MOSFET) have been rarely reported. For conventional Si-based MOSFET
devices, the surface conduction of Si channel is protected by the thermal SiO2 with optimized inversion
characteristics allowing for better transistor performance. Similarly, the gapless surface states of
3D topological insulators have protected and robust conduction properties which are derived from
the intrinsic material properties. Considering the current wide use and preference of silicon over
other semiconductors, the integration of topological insulator nanostructures as the conduction
channel replacing silicon in MOSFETs will be very attractive in future nanoelectronic device and
circuit technologies.

Synthetic topological insulator nanostructures, especially those in non-planar geometry usually
have larger surface-to-volume ratio, which is very advantageous in highlighting the unique topological
features of the metallic surface states. Furthermore, the integration of such topological insulator
nanostructures in FET devices with tunable electrical gate control, the transport properties of the
carriers in the bulk and on the surface can be further investigated with possible electrical manipulation.
For example, in 2013, Zhu et al. synthesized high-quality single crystal Bi2Se3 nanowires by using
the VLS mechanism, and integrated them in a high-performance FET device through a self-alignment
process (Figure 4a) [28]. The Bi2Se3 nanowires were grown from pre-patterned Au catalyst, enabling
the direct device fabrication without nanowire harvesting and manual positioning. This approach not
only enables the batch fabrication of homogeneous nanowire FETs but also limits the steps in which
contamination might be introduced degrading the topological insulator surface properties. Excellent
electrical performance has been achieved, including very sharp turn-on, near-zero cutoff current,
large On/Off ratio (over 108), and well-saturated output current (Figure 4b,c). As compared with the
conventional Bi2Se3 thin film transistor, the Bi2Se3 nanowire FET exhibited much better electrostatic
gate control and subthreshold behaviors [29]. More significantly, the surface states were protected
by high-quality high-k dielectric, and the surrounding-gate device geometry has greatly enhanced
the gate control over the channel allowing for the full depletion of electrons from the nanowire.
Therefore, the temperature dependent off-state current is due to the thermal excitation across the
bandgap of the bulk, which means that the off-state current obtained above 240 K is contributed
from the bulk conduction [28]. On the other hand, the linear dependence of the saturation current
on the over-threshold voltage suggests the drift current model instead of the diffusion current model
such as in conventional MOSFET. Such metal-like behavior exactly indicates that the on-state current
is dominated by the contribution from the metallic surface conduction. And due to the very sharp
turn-on performance of the FET, the separation of the surface and bulk conduction can be effectively
achieved within a range of a few volts (~2 V) of gate voltage [28]. Such controlling and manipulation
over the surface conduction and insulating switch-off through electrical approaches open up a suite of
potential application in novel nanoelectronic and spintronic devices.
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Although the synthetic nanowire and nanoribbon geometry can enable advanced device
structure to demonstrate the conduction from bulk and surface separately by electrical gating, these
nanostructures typically have a width (cross-sectional) of tens of nanometers. On the contrary, some
unique and interesting topological phase transition such as that between a trivial insulator and
a nontrivial topological phase can only be achieved in ultrathin systems, which however has not
aroused sufficient attention. In 2017, Liu et al. reported ultrathin (Bi1−xSb)2Se3 field effect transistor
with On/Off ratio reaching ~25,000% as shown in Figure 5a,b [30]. The ultrathin film (4.2 nm) was
synthesized by MBE and the varying Sb doping level has been proved to be also effective in tuning
the transport properties in FETs in addition to the electrical gating. In such a combined approach,
a large On/Off ratio can be achieved by tuning the Fermi level in the regime around the surface gap.
It has been reported that the top and bottom surface states in Bi2Se3-based topological insulators
will be hybridized and will form a surface gap when the film thickness is below a critical value
of 6 nm [30,31]. The In doping in Bi2Se3 can also tune the transport properties as well as enabling
the phase transition from a nontrivial topological metal to a trivial band insulator (the so-called
metal-insulator transition). Both the film thinning and Sb-doping enhance the electric field across the
Bi2Se3 channel, and the spin-orbit coupling strength is reduced due to substitution of Bi with lighter
Sb element. Eventually, the bulk bandgap is reduced and the penetration depth of the surface states
is increased becoming comparable to the film thickness, leading to the opening of a surface gap [30].
This is the first experimental observation of a large On/Off ratio in ultrathin topological insulator FET.
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As seen in most high-performance topological insulator FET research, the topological insulator
surface channels are in direct contact with dielectric material in high-k/metal gate device structure.
On the one hand, it is the prerequisite to implement the top gate FET geometry with topological
insulator nanostructure as the channel. On the other hand, it has been found that topological insulator
materials usually become heavily doped when exposed to air, so that the deposition of high-k dielectric
can effectively prevent the N, O elements, and water molecules penetrating into the surface lattice.
However, like other semiconductors without dangling bonds at the surface such as graphene and
MoS2, it might be hard to realize a uniform deposition of high-k dielectric on the surface of topological
insulator by using atomic layer deposition (ALD) [23,32,33]. This is because of the absence of dangling
bonds on the surface resulting in no chemical adsorption and nucleation sites in the initial deposition
cycles. Liu et al. have studied the ALD Al2O3 deposition on Bi2Te3 for a dual-gate FET device
fabrication by testing different ALD parameters [34]. Different ALD precursors (trimethylaluminum
(TMA) and H2O or TMA and O3) have been tested and compared. In the case of graphene and
MoS2, in order to avoid the island or cluster morphology, some surface pretreatments are usually
incorporated before the ALD deposition to generate nucleation sites for uniform dielectric deposition.
Surprisingly, it is different for topological insulators as Liu et al. found that the surface is not as
smooth as graphene which might be attributed to the oxidation of the Te-terminated surface by oxygen
or water molecules. This oxidation facilitates the ALD process by generating nucleation sites for
precursor adsorption [34]. However, as compared with the back-gate control, the top-gate control is
less effective at the same electric field which is largely due to the degraded dielectric/Bi2Te3 interface
during the ALD deposition. This is because of the introduced defects and impurities degrading the
interface quality can act as trapping and de-trapping sites for the charge carriers leading to instable
FET device performance. Nevertheless, like FETs based on other novel semiconductor materials
such as transition metal dichalcogenides, more in-depth experimental and theoretical studies are
still on-going to improve the high-k dielectric/topological insulator interface and optimize the ALD
deposition process. In addition to the topological insulator/dielectric interface, the electron dynamics
of topological insulator-based semiconductor-metal interface and interface engineering methods have
also been investigated to provide reference for further device fabrications [35,36].



Electronics 2018, 7, 225 9 of 24

Similar to other novel semiconductors, the Fermi level in topological insulators can be effective
tuned by constructing FET device and applying gate voltage [37–41]. In this way, the bulk carriers
in topological insulators nanostructures can be easily depleted, achieving larger contribution from
the surface conduction. However, sometimes the position of the Fermi level cannot be properly
tuned only by using electrical gating to the same or the adjacent regime to the intrinsic Fermi level,
because it might fall into the valence band under negative voltages. Elemental doping has been
confirmed to be an effective approach to assist the manipulation of Fermi level in topological insulator
nanostructures [42–44]. In 2012, Wang et al. reported the Na elemental doping in Bi2Te3 nanoplates
synthesized by solvothermal method [45]. The ~0.8% Na doping was expected to tune the Fermi level
of Bi2Te3 nanoplates toward the middle of the bandgap. By integrating such doped Bi2Te3 topological
insulator nanoplates in a back-gate FET device (Figure 6a), the tuned Fermi level in the Bi2Te3 channel
material enables the transition between different conduction types by using gate voltages. As shown
in Figure 6b, the Hall measurement results indicated that the gate voltage can change the dominating
conduction channels, and when the conduction contribution from the surface electrons and bulk
electrons is larger than that from bulk holes, the Bi2Te3 FET exhibited n-type behavior. On the contrary,
if the bulk holes dominated the conduction, p-type behavior was observed [45]. Moreover, through the
magnetotransport measurement on the Na-doped Bi2Te3 nanoplate FET, distinct quantum interference
effects under various gate voltage have been observed. As shown in Figure 6c,d, the frequency of the
Shubnikov-de Hass (SdH) oscillation exhibited a clear increasing trend with increasing gate voltage,
indicating higher Landau levels. The parameters estimated from the SdH oscillation such as the
Fermi wavevector for different gate voltages also indicate that the oscillation is originated from the
surface states [45]. Utilizing electrical gating to achieve the control and manipulation over the surface
states of the intrinsic or doped topological insulator nanostructures has provided an efficient and
effective approach to study the transport properties of the materials and dissipationless electronic and
spintronic device applications.
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Figure 6. (a) A schematic of back-gate FET based on 40-nm-thick Bi2Te3 nanoplate with ~1.2 µm
channel length. (b) Hall measurement results showing the type transition from n-type to p-type by
changing gate voltage at 1.9 K. (c) SdH oscillations indexed by different Landau levels under increasing
gate voltage at 1.9 K. (d) Landau level as a function of 1/B under different voltages [43]. Reproduced
with permission from [43], Copyright Springer Nature, 2012.
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It is worth mentioning here that synthetic topological insulator nanostructures have attracted more
attention in recent years due to their high-quality single crystal nature and enhanced surface-to-volume
ratio as compared with bulk materials. This has provided excellent geometries for probing the transport
properties of the surface states, such as the research reported in References [19]. However, although
these works took advantages of the geometry of the synthetic topological insulator nanostructures,
there lacks effective gate control to further manifest the topological features of the surface states,
which is very important to realize future electrically accessible devices. Up to now, full understanding
over the transport properties of 3D topological insulator by interpreting the electrical behavior under
various circumstances through careful device structure design and engineering has not been seen yet.

3.2. Optoelectronic Device

Optoelectronic devices can generate or sense light, or convert it into electric signal that can be
processed by electronic devices and apparatus. Typical optoelectronic devices include lasers, light
emitting diode (LED), photodetector, solar cell, and so forth. Up until now, various semiconductors
have been studied extensively for different kinds of optoelectronic applications. For example,
Si-based optoelectronic devices are advantageous in the CMOS compatibility which can be directed
integrated on Si substrates. III–V compound-based optoelectronic devices are also attractive in the
applications of optical fiber, infrared and visible LEDs and high efficiency solar cells. Novel 2D
semiconductors such as MoS2 and black phosphorus are also interesting candidates in realizing
ultra-scaled optoelectronic devices due to their 2D nature and thickness-depended band structure.
On the other hand, topological insulators also have intrinsic attractive optical properties such as high
bulk refractive index and broadband surface plasmon resonance. In addition, topological insulators
usually have a narrow bandgap which can improve the conductivity and also enables high transparency
in near-infrared frequency regime. The Dirac-like surface states of topological insulator can bring
strong optical absorption, enabling high-performance broadband photodetection capabilities. It has
been theoretically proposed that topological insulators can electrically response to light signals, due to
their novel and intriguing quantum phase of matter with spin-polarized surface states. For example,
this effect has been preliminarily characterized by the photo-induced quantum phase transitions
between conventional insulator and topological insulators in 2D electronic system [46], as well as
the generation of helicity-dependent direct current by circularly polarized light [47]. In 2012, Mclver
et al. have experimentally observed a photocurrent which is originated from the topological helical
Dirac fermions from an exfoliated Bi2Se3 thin flake [11]. More interestingly, the direction of the
photocurrent can be reversed by reversing the helicity of the light. This is the first experimental
demonstration of the circular and linear photogalvanic effects on topological insulators where the
Rashba spin-split valence and conduction bands provide the asymmetric spin distribution. However,
the observed polarization-dependent photocurrent always coexists with bulk photocurrent. This is
because the depopulation of the Dirac cone using polarize light will generate bulk-like excited states.
The contribution of photocurrent arising from the bulk can be expected to be eliminated by using
samples with more insulating bulk and lower light energy. Nevertheless, the interference from the
bulk state has been one of the major bottlenecks to further investigate the optoelectronic properties of
the surface states in topological insulators.

Synthetic topological insulator nanostructures have also been tested in various optoelectronic
device structures to study the photo-sensing and photo-detecting properties of the surface states.
For example, in 2015, Zheng et al. reported a near infrared light photodetector based on Sb2Te3

ultra-thin film synthesized by MBE [48]. As shown in Figure 7, they found that the Sb2Te3 photodetector
was sensitive to 980 nm light illumination, and the responsivity was 21.7 A/W, which was much better
than most reported topological insulator-based photodetectors. However, both bulk and surface states
contributed to the photocurrent and responsivity, with possible dominating contribution from the bulk
due to the electron-hole pairs generated by photons. The interesting finding is that the bulk and surface
contribution exhibited different temperature dependent responsive behaviors with the bulk state has
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a higher responsivity at room temperature while the surface state has higher responsivity at lower
temperature [48]. This can lead to novel photo-detecting applications in complicated environment.
Another shortcoming of the topological insulator back-gate FET based photodetector lies in the
relatively slow response speed (Figure 7f) which is largely due to the degradation of the exposed
surface states without protection. Dangling bonds or absorbents can be generated and introduced
on the surface acting as the trapping centers thus reducing the response speed. Nevertheless, the
contribution from the surface states still confirms the formation of a spin-polarized electrical signal
under the polarized light illumination, and the relatively high responsivity is due to the location
of the Dirac point near the Fermi level in the topological insulator film [49]. In order to improve
the immunity of the optoelectronic properties of topological insulator devices, surface passivation
by the ALD deposition of high-k dielectric is a useful and straightforward approach. However, as
described in the previous section, uniform formation of oxide film on the surface of topological
insulator also involves the deterioration of the surface conditions due to the adsorption of oxygen or
water. The oxidation of topological insulators such as Bi2Te3 can shift the Fermi level towards up or
down with respect to the Dirac point leading to degradation of photoconductivity in optoelectronic
devices. More theoretical and experimental work focusing on the surface passivation or device
structure engineering are still necessary to rule out the factors from external ambient for more accurate
evaluation of the optoelectronic properties of topological insulators.
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Figure 7. (a) The schematic illustration of Sb2Te3-based near infrared (NIR) light photodetector. (b) The
X-ray diffraction image of Sb2Te3 film grown by MBE. (c,d) are the I–V characteristics of Sb2Te3 film in
dark and under illumination, respectively, at the temperature range of 8.5–300 K. (e) Photoresponse
of the Sb2Te3-based photodetector at 45 K under voltages of 0.01 V, 0.1 V and 1 V. (f) One cycle of the
photoresponse at a temperature of 45 K and 0.1 V voltage [48]. Reproduced with permission from [48],
Copyright Royal Society of Chemistry, 2015.

An alternative approach to enhance the surface contribution of the photocurrent is to use
non-planar synthetic topological insulator nanostructures with larger surface-to-volume ratio such
as nanowires and nanoribbons. For example, very recently in 2017, broad spectral photodetection
from ultra-violet to near-infra-red was reported based on a Bi2Te3 nanowire photodetector [50]. Device
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performance was compared between the exfoliated Bi2Te3 nanosheets and the Bi2Te3 nanowires which
were fabricated by milling the nanosheet using focused ion beam (FIB). The nanosheets of Bi2Te3

exhibited ultra-high photoresponsivity of 74 A/W at 1550 nm. More significantly, the nanowires
transformed by FIB milling showed about one order enhancement in photoresponsivity. It is worth to
mention that the FIB fabrication of nanowires involves harsh exposure environment with inevitable
Ga ions implantation and even sample deformation during the milling process. The enhancement in
photoresponsivity is exactly due to the nano-confinement effects of topological insulator surface states
and more electron-hole pair generation for effective incident photons. Further aging tests showed that
the devices still have robust detectivity and photoconductivity even after a period of four months’
time. The above experimental results explicitly demonstrate the efficient carrier transport through
the robust topological surface states which is resistant to material deformation and non-magnetic
impurities. Promising improvement in topological insulator-based optoelectronic device can also be
expected with future advanced synthetic nanomaterials and device engineering.

Another superiority of the synthetic nanostructures over the exfoliated flakes is the feasibility
to fabricate high-quality topological insulator-based heterostructures [51–55]. The interface in the
synthetic topological insulator-based heterostructure is much better than that of the exfoliated flake
system. This is very helpful to enhance the effective generation and transfer of the photocarriers at
the interface, enlarging the photocurrent without sacrificing the detecting spectral width. In 2015,
Yao et al. reported a photodetector built with Bi2Te3/Si heterostructure which exhibited a prominent
characteristic of ultra-broadband photodetection (370–118,000 nm) (Figure 8a–c) [56]. Besides, the
responsivity of 1 A/W and detectivity of 2.5 × 1011 cm·Hz1/2·W−1 have been achieved as well as
excellent device stability even after long-time high-energy exposure and acidic treatment. However,
the Bi2Te3 thin film in this heterostructure device was deposited by using pulsed laser deposition
(PLD) technique, which is not favorable in forming high-quality single-crystal films. The intrinsic
topological surface states and the Bi2Te3/Si interface will be deteriorated in the as-synthesized
polycrystalline Bi2Te3 film, degrading the photodetection performance. In 2016, Zhang et al. reported
a high-performance Bi2Se3/Si heterostructure photodetector in which the single crystal Bi2Se3 was
deposited by using CVD method, which is superior in forming high-quality single-crystal topological
insulator samples as compared with PLD method [57]. As shown in Figure 8d–f, high light responsivity
(24.28 A/W), high detectivity (4.39 × 1012 cm·Hz1/2·W−1) and fast response speed (microseconds
approximately) have been obtained. Broadband detection was also realized (300–1100 nm). Comparing
the two reported work above, the similar band structure of Bi2Te3 and Bi2Se3 topological insulators
actually demonstrated the significance of the crystalline quality and resulted interface of topological
insulator thin film in optimizing the optoelectronic characteristics by using different crystal synthesis
approaches. Later in 2016, Liu et al. investigated the photodetector built with Bi2Se3 nanowire/Si
heterostructure [20]. The Au-catalyzed Bi2Se3 nanowires were transferred on pre-patterned Si substrate
area to form the heterostructure. As shown in Figure 8g–i, the device showed an extremely high
responsivity reaching 103 A/W which is much higher than the above Bi2Se3/Si heterostructures [20].
In addition, a broad spectral ranging from 380 to 1310 nm and fast response speed of tens of
milliseconds were also achieved. Such high performance was attributed to the superior nanowire
quality, and the strong built-in electric field at the heterostructure interface which prohibited the
recombining of electron-hole pairs. It should be mentioned here that the Bi2Se3/Si heterostructure was
formed simply by stacking the nanowires on Si substrate, this is not beneficial to form a high-quality
interface with least defects. Unfortunately, no ideal heterostructure such as Bi2Se3 nanowire/Si
nanowire by using VLS synthesis has yet been reported.
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9a–c [58]. Later in 2017, Gu et al. also adopted SnTe/Si heterostructures but by CVD method to 
fabricate photovoltaic detectors. This self-driven detector realized broadband detection (254 nm–1550 
nm), ultrafast response speed (~8 μs) and high detectivity (8.4 × 1012 Jones) as shown in Figure 9d–f 
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Figure 8. (a) Schematic structure of the Bi2Te3/Si-based photodetector. The time-dependent switching
behavior under illumination of (b) 370 nm and (c) 118.8 µm at room temperature [56]. (d) The
schematic illustration of the Bi2Se3/Si heterostructure device with Au and In−Ga electrodes [57].
(e) Photoresponsivity of the Bi2Se3/Si heterostructure photodetector as a function of light intensity at
−1 V and 0 V at room temperature. (f) Transient response of the photodetector to the high-frequency
(60 KHz) light signal at room temperature [57]. (g) The schematic illustration of Bi2Se3 nanowire/Si
heterostructure photodetector [21]. (h) The responsivity and detectivity of Bi2Se3 nanowire/Si
heterostructure photodetector versus light intensity at room temperature. (i) The response time
(rise and decay times) investigation of the photodetector with magnified current response at room
temperature [21]. Reproduced with permission from [21], Copyright Royal Society of Chemistry, 2016.
Reproduced with permission from [56], Copyright RSC, 2015. Reproduced with permission from [57],
Copyright American Chemical Society, 2016.

In 2017, Zhang et al. fabricated thin film-based SnTe/Si vertical heterostructure photodetectors
with direct p-SnTe vapor deposition on n-Si surface. High-performance near-infrared detection
has been achieved. With the assistance from the built-in electric field in SnTe/Si interface, the
absorption efficiency and the separation of photogenerated carriers were greatly improved and the
SnTe/Si heterostructure photodetector can have a responsivity of 2.36 AW−1, a high detectivity of
1.54 × 1014 Jones, and a large bandwidth of 104 Hz in the near-infrared wavelength, which were
shown in Figure 9a–c [58]. Later in 2017, Gu et al. also adopted SnTe/Si heterostructures but by CVD
method to fabricate photovoltaic detectors. This self-driven detector realized broadband detection
(254 nm–1550 nm), ultrafast response speed (~8 µs) and high detectivity (8.4 × 1012 Jones) as shown
in Figure 9d–f [59]. Both work utilized SnTe as the p-type semiconductor to form a heterogeneous
structure with Si. Sn Te is well known as the topological crystalline insulator (TCI), which is a new
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subset of topological insulator materials. TCI possesses exotic surface state properties which are
protected by mirror symmetry. This is different from the regular topological insulators which are
protected from the time-reversal symmetry. Because of the Dirac metal properties of the surface states,
the TCI SnTe can naturally form a Schottky junction with Si at the interface, significantly improving
the separation efficiency of photo-generated carriers [59].
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Figure 9. (a) The cross-sectional schematic diagram of SnTe/Si vertical heterostructure photodetector
with Au top electrode and In-Ga bottom electrode. (b) The photoresponsivity and detectivity
vs. light intensity curves under 1064 nm light illumination at zero bias voltage. (c) The relative
balance (Vmax − Vmin)/Vmax ×100% of the photovoltage of the device as a function of frequency.
Inset: schematic diagram of measurement setup [58]. (d) Schematic illustration of the SnTe/Si
heterostructure photovoltaic detectors. (e) The magnified photoresponse demonstrating the rise
time of 8 µs. (f) The responsivity and detectivity as a function of light intensity at zero bias voltage and
room temperature [59]. Reproduced with permission from [58], Copyright American Chemical Society,
2017. Reproduced with permission from [59], Copyright Royal Society of Chemistry, 2017.

More recently, the combinations of layered materials to fabricate heterostructures have received
tremendous attention due to their intrinsic quasi-2D nature and proper lattice mismatch, which can
be very attractive in optoelectronic applications [60–64]. Typical layered semiconductors including
graphene, transition metal dichalcogenides, and topological insulators are promising candidates
and have been widely studied. In 2015, Qiao et al. reported a broadband photodetector based on
graphene-Bi2Te3 heterostructure [65]. The Bi2Te3 nanocrystals were epitaxially grown on a graphene
template using CVD technique. Since there is no dangling bond on either Bi2Te3 or graphene surface,
such growth forms a novel van der Waals heterostructure with an atomic gapless interface. As shown
in Figure 10a–c, due to the small lattice mismatch between Bi2Te3 and graphene, the photo-excited
carriers can be effectively transferred and separated at the interface. High photoresponsivity of 35 A/W
at 532 nm wavelength and an expanded detection spectral range have been successfully achieved.
In 2016, Yao et al. published their work on the synthesis of Bi2Te3/WS2 heterostructure by using
PLD deposition [66]. Although PLD is not favorable in preparing single-crystal films as mentioned
above, the idea of integrating topological insulator and transition metal dichalcogenide to form 2D
heterostructure is a significant advance in the next-generation photodetection. As demonstrated in
Figure 10d–f, responsivity of 30.7 A/W with a pronounced detectivity of 2.3 × 1011 cm·Hz1/2·W−1,
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as well as a fast response within 20 ms have been obtained. Recently, a similar Bi2Te3/SnS 2D
heterostructure photodetector has been reported by the same research team [67]. As shown in
Figure 10g–i, it reached a high responsivity of 115 A/W, a large external quantum efficiency of
3.9 × 104% and a superior detectivity of 4.1 × 1011 cm·Hz1/2·W−1, which are among the best
figures-of-merit of 2D photodetectors so far. Such decent performance is originated from the effective
carrier separation at the Bi2Te3/chalcogenide interface and carrier transport with high mobility at the
topological insulator surface. With the wide spreading of the novel 2D transition metal dichalcogenide
in various research fields, its combination with the vast infrastructure of topological insulator will
definitely open the new pathways for advanced optoelectronic applications.
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Figure 10. (a) The schematic structure of the graphene-Bi2Te3 heterostructure phototransistor [65].
(b) Photoresponsivity and (c) photoconductive gain of graphene-Bi2Te3 photodetector as a function of
incident power at 532, 980, and 1550 nm, respectively [65]. (d) The cross-sectional view of WS2/Bi2Te3

photodetector [66]. (e) Power-dependent responsivity and (f) detectivity of WS2/Bi2Te3 photodetectors
with different Bi2Te3 thicknesses [66]. (g) The schematic illustration of all-2D Bi2Te3-SnS-Bi2Te3

photodetector [67]. (h) Responsivity and (i) detectivity of the Bi2Te3-SnS-Bi2Te3 photodetector under
the illumination of 370, 447, 635 and 808 nm, respectively [67]. Reproduced with permission from [65],
Copyright American Chemical Society, 2015. Reproduced with permission from [66], Copyright
Royal Society of Chemistry, 2016. Reproduced with permission from [67], Copyright John Wiley and
Sons, 2018.
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3.3. Magnetoelectric Device

Topological insulators have conductive surface states which are protected by time-reversal
symmetry. Meanwhile, these states are related to the spin and the characteristic of QSH effect. Similar to
the conventional QH effect, the topological structure in 3D topological insulators will lead to quantized
electromagnetic response coefficients [68]. This means that when the time-reversal symmetry on
the surface is broken, the quantized electromagnetic response will occur with such characteristics as
induced magnetization by electric field or vice versa. This topologically new phenomenon is known as
topological magnetoelectric effect (TME) [68,69].

Theoretically, one of the easiest ways to generate a surface symmetry breaking field is by coating
the topological insulator surface with magnetic impurities such as a layer of ferromagnetic material,
and tuning the chemical potential near the Dirac point [69]. In this way, the heterojunction of
topological insulator and ferromagnetic material can enable the demonstration or even controlling
of the magnetization through external approaches. This could be very interesting in a lot of physical
investigations such as the realization of magnetic monopole effect. Although the theoretical and
simulation work of TME have been initiated since about 10 years ago [70–72], experimental work
verifying or even using the theory for practical device application is still rarely seen. For example,
Fujita et al. proposed a novel 3D topological insulator cell with ferromagnetic doping on the surface
breaking the time-reversal symmetry [73]. Long-range magnetic order was thus induced and opened
up an energy gap at the Dirac point. They claimed that this new type of device can be utilized in
novel memory and magnetic sensor, since the readout process was protected by the quantized hall
effect, so that the magnetic storage should be robust against perturbations such as edge roughness,
impurities and defects. However, the experimental realization of this proposed memory cell is
difficult in maintaining the proper Fermi level position and electrical programming/erasing or readout
operations at the same time. This problem was partly solved by Fan et al. in 2014 [74]. In their
work, they use MBE to epitaxially synthesize (Bi0.5Sb0.5)2Te3/(Cr0.08Bi0.54Sb0.38)2Te3 bilayer films.
Conventionally, spin current generated in the heavy metal adjacent to a ferromagnet material is
based on the spin-Hall effect, and can apply spin torques to the ferromagnetic layer resulting in
current-induced magnetization manipulation [74]. Magnetically doped topological insulators (such
as the Cr doping in this reference work) have been demonstrated to be good platform to study the
spin-orbit torque due to the large spin-orbit coupling to invert the band structure. In the Cr-doped
BiSbTe bilayer system (Figure 11a), spin accumulation will occur in the Cr-doped layer when passing
a charge current due to the spin-Hall effect and the spin polarization. The accumulated angular
momentum of spin can be transferred to the magnetization and affect the dynamics [74]. Figure 11b
showing the second-harmonic anomalous hall effect resistance was used to calibrate the effective
spin-orbit torque induced field. The magnetization switching can be realized through the charge
current-induced spin-orbit torque, as shown in Figure 11c. The relationship between the effect
spin-orbit field and the current amplitude was demonstrated in Figure 11d. This type of switching can
be regarded as a direct utilization of the topological magnetoelectric effect involving the magnetization
manipulation. Although the underlying mechanism of spin-orbit torque is still debated, the in-plane
current-driven spin-orbit torque which stimulates the magnetization switching is a new mechanism
towards memory and logic device applications [74].

Later in 2017, Wang et al. fabricated spin-orbit torque-driven magnetization switching in
Bi2Se3/NiFe heterostructures at room temperature. The charge-to-spin conversion efficiency in Bi2Se3

films reached ~1–1.75 while the needed current density for the magnetization switching was just
~6 × 105 A cm–2 which was orders of magnitude lower than the cases of heavy metals. This pave a
new way for the topological insulator-based spintronic devices [75]. More recently, Bi0.9Sb0.1-based
ultra-low power spin-orbit-torque switching was reported in 2018 [76]. The Bi0.9Sb0.1 thin films on
Mn0.6Ga0.4 surface have high electrical conductivity (σ ~2.5 × 105 Ω−1 m−1) and large spin Hall angle
(θSH ~52) which can generate a spin-orbit field of 2770 Oe/(MA/cm2) while the critical switching
current density was as low as 1.5 MA/cm2 in the bi-layers [76]. Although it was claimed that such BiSb
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system will be promising candidate for the industrial applications with topological insulators-based
spin-orbit torque memory, the process integration of these novel materials still remains the challenging
problem considering the realization of large spin Hall effect at room temperature and the controlling
of surface orientation [76].Electronics 2018, 7, x FOR PEER REVIEW  17 of 24 
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Figure 11. (a) The 3D schematic of the bilayer heterostructure consisting of 3-quintuple-layer
(Bi0.5Sb0.5)2Te3 at the top and 6-quintuple-layer (Cr0.08Bi0.54Sb0.38)2Te3 at the bottom. Bext is the
external magnetic field and M represents the magnetization of the bottom layer. BK is the out-of-plane
anisotropy field. (b) Second-harmonic anomalous Hall effect resistance versus the in-plane external
magnetic field at room temperature. (c) Current-induced magnetization switching in the Hall bar
device under in-plane external magnetic field at 1.9 K. (d) The effective spin–orbit field as a function
of the a.c. current amplitude for θB = 0, π/4 and π/2, respectively and the temperature is 1.9 K [74].
Reproduced with permission from [74], Copyright Springer Nature, 2014.

Compared to the above methods for magnetoelectric device applications, some other device
design and mechanism have also been investigated. For example, Zhang et al. reported a novel
magnetoresistance (MR) switching effect in 2012 by synthesizing Sn-doped Bi2Te3 thin films and
integrated in a simple metal-insulator-metal device structure [77]. As shown in Figure 12, an external
magnetic field was also applied to break the time-reversal symmetry. Different from the undoped
Bi2Te3, in Sn-doped Bi2Te3, the bulk electrons will experience back scattering by Sn dopants, and the
trajectory of the bulk electrons defined by the weak localization effect will be influenced by the
time-reversal invariance, leading to a destroyed constructive interference of the electron’s wave
function. This will further decrease the resistance exhibiting an MR switching effect [77]. No matter
how the magnetoelectric effect or the magnetoresistance switching behavior was realized, there is still
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an obvious gap between the theoretical prediction and practical device verification and application
towards novel spintronic and magnetoelectric device applications.Electronics 2018, 7, x FOR PEER REVIEW  18 of 24 
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Figure 12. (a) Schematic illustration of the device with Pt electrodes. (b) The ∆MR of the Sn-doped
Bi2Te3 film as a function of the magnetic field ranging from 0 to 5500 G at room temperature.
(c) Transport properties of the Sn-doped Bi2Te3 and undoped Bi2Te3 films at room temperature. (d) The
change in magnetoresistance of Sn-doped and undoped Bi2Te3 samples at the temperature of 80 K [77].
Reproduced with permission from [77], Copyright Springer Nature, 2018.

Considering back to the integration of topological insulator with ferromagnetic material, the spin
injection and extraction through certain barriers are also interesting. This involves the spin-momentum
locking of the 2D surface states in 3D topological insulators, which have great potential to realize
dissipation-less transport and to achieve spin generators in spintronic devices. Existing theories and
experiments have confirmed that the spin of electrons in the surface states of topological insulators
is highly polarized, the energy band is reversed due to strong coupling of spin orbit and that the
spin of electrons and the crystalline momentum are locked together called spin-momentum locking,
forming a unique helical spin texture. Very recently, a 3D topological insulator spin valve has been
reported with prominent switching behavior [78]. Bi2Te2Se nanoplatelets have been synthesized by
using a catalyst-free vapor-solid method. A thin layer of insulating hexagonal boron nitride (hBN)
was inserted separating the topological insulator and ferromagnetic electrode. By characterizing
the contact resistance variation which is correlated with the spin valve switching, the functionality
of the spin-polarized current carried by the helical surface states can be studied. The hysteresis
in the switching curve reversed along with reversing the applied current when contact resistances
were low while the polarity of the hysteresis was current-direction-independent under high contact
resistances. This make it possible to modulate the spin exchange between the ferromagnetic material
and topological insulator through the engineering of hBN layers [78].

The magnetoelectric device based on 3D topological insulator is an expanding subject with
many theoretical and experimental issues remain uncertain. Further in-depth studies are needed
to elucidate the mechanisms which can affect the topological magnetoelectric effect involving the
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detection, characterization and manipulation of magnetization, spin polarization, and spin filtering
properties. Nevertheless, innovative spintronic devices utilizing various quantum effects can be
expected in the future and it can be a big step in the advanced information technology.

3.4. Other Applications

Apart from the applications in field-effect transistor, optoelectronic device and magnetoelectric
device described above, there are many other fields that topological insulator can be implemented
in. For example, in 2008, Qi et al. employed the topological surface states to realize the detection
of magnetic monopole [79]. In this theory, when an electric charge was approaching the surface
of a topological insulator, a corresponding magnetic monopole charge can be induced acting as a
mirror image. Hence, the detection of magnetic monopole can be interpreted by the measurement
of the generated magnetic field. Besides, the conversion from a chiral Dirac fermion to a pair of
neutral chiral Majorana fermions has also been realized, enabling the electrical detection of the
interferometric signals [80]. Additionally, topological insulators can be used in batteries [81], gas
sensors [82], solar cell [83] and memory devices [84] which have the superiority in quality factor and
power consumption [73,84–86]. For example, Tian et al. observed the long-lived persistent electron spin
polarization which was even unaffected with low temperature and removing current. This electrically
controllable spin polarization makes it feasible to fabricate rechargeable spin battery and rewritable
spin memory [81]. The sensing capabilities of topological insulators have been tested by Liu et al. by
exposing the surface with conducting channels to various external environment [82]. A Bi2Se3-based
organic polymer solar cell has been reported by Yuan et al. in 2015 with maximum photoelectric
conversion efficiency of 4.37% [83], and a fast-speed non-volatile memory with write and read time as
low as 20 nm has also been achieved based on 3D topological insulator materials [73]. Such applications
with potential for significant innovations in future electronic devices are due to the attractive intrinsic
properties of the topological insulators which are prominently distinguished from the conventional
semiconductors. Nevertheless, great efforts are still needed for the synthetic topological insulator
nanostructures to explore the strategies to realize new-concept and new-mechanism electronic devices.

4. Conclusions and Outlook

The scaling of Si-based CMOS technology has encountered greater challenges with more
advanced technology node. On the other hand, topological insulators with the superiority of
combing the spin and charge degrees of freedom has provided an alternative approach to overcome
the physical limit. Low-power, high-performance spintronic devices can be achieved through the
engineering over the spin-orbit coupling towards various applications such as nanoelectronics and
optoelectronics [87]. Using different synthesis methods, novel topological insulator nanostructures
can be effectively integrated in electronic devices leveraging the advantages afforded by the materials
with current semiconductor technology. In this review, we briefly introduced synthetic approaches
to grow topological insulator nanostructures and their device applications including field-effect
transistor, optoelectronic device, magnetoelectric device and so forth. Through the development of 2D
HgTe/CdTe quantum well to 3D topological insulators, the application of this series of materials have
been extended to more theoretical and experimental research fields. The excellent device performance
is originated from the unique properties of the surface states, and the enhanced topological feature
in synthetic high-quality nanostructures with greater surface-to-volume ratio. So far, topological
insulator nanowires, nanoribbons and nanoplates have attracted more interests because they will not
only enable high-quality single crystal nanostructures but also facilitate advanced device architecture
allowing for various characterization and manipulation methods with external means.

Topological insulators can have an enlarged scenario for future practical application, specifically
in the interdisciplinary fields including condensed matter physics, microelectronics, information
technology and so on. The intriguing metallic surface states make them promising candidate in
new-concept spintronic devices, and the natural property that the surface has one Dirac point without
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spin degeneracy can give rise to the possibility in generating particles that can be utilized in quantum
computing. Moreover, Majorana fermions which can be created in the interface between a topological
insulator and a superconductor are just one step towards an error-prohibit topological quantum
computer [88]. Actually, the current major bottleneck for topological insulators to be integrated in
spintronic devices and quantum computing systems lies in the controllability over the combination
with magnetic material. Recently, hybrid synthetic Bi2Se3 and EuS system has been reported in which
EuS could maintain its stable magnetic properties up to room temperature, and the proximity-induced
magnetism at the Bi2Se3/EuS interface can pave the way for energy-efficient topological control
mechanism for future spin-based technologies [89]. So far, although the realization of surface state
manipulation and heterogeneous integration can only be achieved preliminarily, further engineering
on the synthetic process and device optimization can still be expected to open up a suite of potential
application in novel nanoelectronics, optoelectronics, and spintronics.
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