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Thin films of V–VI compound semiconductors (Bi2Se3,
Bi2Te3 and Sb2Te3) have been synthesized recently as threedimensional topological insulators (TIs). Although these materials have been used as thermoelectric materials for many
years, for future studies and applications of the topological
surface states, a major bottleneck remains the lack of highquality bulk materials that have very few defects and the Fermi level can be moved to inside the bulk bandgap. In this paper, we review the use of molecular beam epitaxy (MBE)
technique to achieve high-quality TI materials. Furthermore,
the use of layered growth in MBE affords us the fabrication

of heterostructures, such as quantum wells and superlattices.
Thus, it may further enable additional studies and applications, similar to those of conventional semiconductor heterostructures but with the novel properties of TI. We explore
the growth mechanism, providing a detail discussion on the
growth parameters of thin-film synthesis by MBE. Then we
discuss more complex cases, such as functional doping, heterostructures and superlattices. Potential new properties in
such quantum structures are discussed. Finally, we give an
outlook on this material system for both fundamental studies
and applications.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Three-dimensional (3D) topological
insulators (TIs) comprising Bi2Se3, Bi2Te3, Sb2Te3 and
their alloys, such as (BixSb1–x)2Te3, (BixSb1–x)2Se3 and
Bi2(SbxTe1–x)3 have long been known to have a high figure
of merit (ZT) among thermoelectric materials. Recently,
they have attracted intense interest again, because of the
salient features associated with their unique surface states
[1–4]. First being predicted by theorists [5, 6], TIs have
topologically protected surface states that have strong spinorbit coupling. The spins of the Dirac fermions on the TI
surface are tightly locked with their momentum, thus the
elastic backscattering of nonmagnetic impurities are prohibited. Experimentally, with angle-resolved photoemission spectroscopy (ARPES), the existence of surface states
has been confirmed in 2009 [4, 7, 8]. Electronically, detecting the signal of surface state conduction has been hindered for a long time, mostly due to the overwhelming
bulk conduction from the imperfect materials. Only very

recently did workers start to distinguish the surface
state, by applying an electrical field to deplete the bulk
carriers [9], by counterdoping to lower the bulk carrier
density [10], by the use of thin films to eliminate the
bulk contribution [11, 12], and by constantly improving
material synthesis techniques. However, continued improving material quality remains the key issue and the stumbling block for further exploring new properties and physics as well as applications for the Dirac fermions on the
surface states.
It should be pointed out that bulk MOCVD and MBE
had been used for the growth of Bi2Se3 and Bi2Te3 in the
past for thermoelectric applications [13, 14]. This review
will focus on the recent progress in reference to exploration of new properties of topological insulators. At the current stage, the experimental realizations of TI materials are
mainly by chemical vapor deposition (CVD) [15–17], bulk
Bridgman growth [18–20], wet chemical synthesis [9, 21],
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and molecular beam epitaxy (MBE) [12, 22–30]. Among
these, the MBE technique has tremendous advantages, including convenient physical deposition without conceiving
the complexity of chemistry in CVD and having accurate
film thickness down to atomic layers with excellent doping
control, and potential integration of heterostructures and/or
superlattices for realistic device structures and wafer-scale
thin-film growth. After briefly describing the crystal structures of V–VI 3D TIs, we will provide a detailed discussion on MBE growth for TIs, followed by a description of
the properties of grown materials. Then we will describe
functional doping and the growth of heterostructures and
superlattice structures, enabling new possibilities in exploring new effects.
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Figure 1 (online colour at: www.pss-rapid.com) Crystal structure
of Bi2Se3. (a) 3D view of Bi2Se3 crystal structure. Five atomic
layers of Se–Bi–Se–Bi-Se form a quintuple layer (QL), and there
are Van der Waals gaps among QLs. (b) Top view along the
z-direction of the lattice. Each atomic layer sits on the others’
center of triangle lattices, with the stacking order of A–B–C–A–
B–C, etc.

2 Crystal structure of 3D TIs Current 3D TIs are
V–VI compound semiconductors, with a tetradymite-type
crystal lattice shown in Fig. 1 as in the case of Bi2Se3.
These V2VI3 compound semiconductors crystallize in
the rhombohedral crystal structure, and have the space
group D53d (R3m) with five atoms in one unit cell. The
structure can also be described in terms of a hexagonal
primitive cell with three, five-atom thick layers, often referred to as a quintuple layer (QL). Each QL layer consists
of five atomic layers, stacking as Se–Bi–Se–Bi–Se along
the trigonal axis (z-direction), and there are ionic covalent
bonds between neighboring Bi–Se layers. On the other
hand, the neighboring QLs are held together by a much
weaker Van der Waals force. This Van der Waals gap
gives the structure a distinctly anisotropic character similar
to other layered materials, such as BaF2, MoS2, BN and
graphene.
3 Thin film growth by MBE Thin-film quantumwell structures and superlattices of TIs are needed, not only for the applications of realistic devices but also for studies of many exotic physical phenomena such as quantum
anomalous Hall effect (QAH) [31, 32], axion-electromagnetic (AEM) coupling [33], etc. In the past few
decades, several other methods have also been used to
grow thin films of V–VI compound semiconductors as
thermoelectric materials, including MOCVD [34–36],
electrochemical deposition [37, 38], and co-evaporation
[39]. Their growth mechanisms differ in their detailed
processes.
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In general, individual elements are generated and deposited onto the substrate, where they form the desired
compound structure. Without further discussion on all the
different deposition processes, we will only address MBE
growth. The MBE deposition process is usually affected by
thermodynamics and surface kinetics. It also depends on
the substrate temperature and the flux ratio of the components. We will discuss them in the following text.
3.1 Substrate selection Because of the existence of
the Van der Waals bonds between the QLs of TI materials,
the growth mechanism is different from that of conventional MBE growth for covalent or ionic bond structures.
This is called Van der Waals epitaxy [40, 41], which relaxes the lattice-matching condition required for most common epitaxial growth of covalent semiconductors and their
heterostructures. Because of this, a variety of substrates
have been chosen for the growth of TIs, despite the large
lattice mismatch between the films and the substrates, and
relatively good epitaxial films have been achieved from
various reports [11, 22–28, 42–49]. Their lattice constants
and their mismatches to different TIs are shown in Fig. 2
and Table 1.
Reflection high-energy electron diffraction (RHEED)
is usually used to monitor the growth. Figure 3a and b
show the RHEED patterns of an as-grown Bi2Se3 film on
Si and a Bi2Te3 film on GaAs(111)B, respectively. The
double arrows between the two first-order stripes represent
the d-spacing, which is inversely proportional to the lattice
constant. Figure 3c and d illustrate the evolution of the
d-spacing during the growth. The solid blue arrows indi-

Figure 2 (online colour at: www.pss-rapid.com) Lattice constants and energy gaps of different substrates and TI materials.
Various substrates are marked by open symbols, while TI materials are marked by solid squares. Clearly, some alloys of III–V or
II–VI semiconductors can be used as lattice-matched substrates
for the growth of TI materials.
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1 Lattice mismatch of different substrates.
substrate

–Bi2Se3

–Sb2Te3

–Bi2Te3

graphene
Si
CaF2
GaAs
CdS
InP
BaF2
CdTe
Al2O3
SiO2

–40.6%
–7.3%
–6.8%
–3.4%
–0.2%
0.2%
5.9%
10.7%
14.9%
18.6%

–42.3%
–9.7%
–9.2%
–5.9%
–2.8%
–2.3%
2.8%
7.8%
12.0%
15.5%

–43.8%
–12.3%
–11.9%
–8.7%
–5.7%
–5.3%
0.1%
4.6%
8.7%
12.1%

cate the finishing time of the first QL growth. The
d-spacing reaches a constant value after that, suggesting
that the lattice is almost fully relaxed to that of TI films.
This is consistent with the Van der Waals growth mode in
that the substrate and film are weakly bounded and almost
no strain can be transferred into the film.
Our RHEED oscillations demonstrate a layer-by-layer
growth mode [26, 28, 29]. After growth, the surface
morphology by AFM shows big flat terraces. Overall, the
morphology of the films demonstrates characteristically
triangle-shaped terraces and steps as shown in Fig. 4a, reflecting hexagonal crystal structure inside the (0001) plane.
The height of each step is ~1 nm, consistent with the
thickness of a single QL, as shown in Fig. 4b. The difference in growth on different substrates is very subtle, from
the surface morphology point of view, namely the size
of terraces, and the width between adjacent layers. The
overall size of each individual terrace ranges from 100 nm

Figure 3 (online colour at: www.pss-rapid.com) d-spacing evolutions. (a) and (b) Typical RHEED images of an as-grown
Bi2Se3 film on Si(111) and a Bi2Te3 film on GaAs(111)B, respectively. The double arrows between the two first- order stripes represent the d-spacing, which is inversely proportional to the lattice
constant. (c) and (d) The d-spacing evolution as a function of
growth time. The solid blue arrows indicate the growth time of
the first QL. The d-spacing reaches a constant value after it,
suggesting that the lattice is almost fully relaxed to that of the TI
film.
www.pss-rapid.com
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Figure 4 (online colour at: www.pss-rapid.com) Surface morphology of a 30-QL Bi2Se3 thin film on Si(111). (a) Atomic force
microscope (AFM) mapping reveals triangular terraces with typical size around 400 nm. Two twinning defects are highlighted in
dashed blue triangles. (b) The height profile along the red solid
line marked in (a), showing a step size of 0.95 nm.

to 1 μm, with the width between adjacent layers ranging
from 10 nm to 100 nm. For practical use, the terrace needs
to be as large as possible. Of course, those numbers also
highly depend on the growth temperature and rate, which
will be discussed later. Although it is difficult to gain a
quantitatively assessment on the growth on different substrates at this time, it should be pointed out that in spite of
the Van der Waals nature of growth, the lattice-matched
substrates do give a better surface morphology, as in the
case of Bi2Se3 grown on CdS (–0.24%) [11, 28] and InP
(0.24%) [50] and Bi2Te3 grown on BaF2 (0.05%) [42]. This
result seems to indicate that the strain caused by the lattice
mismatch still affects the film quality to some extent. In
other words, although the Van der Waals epitaxy growth
relaxes the lattice-match condition, it still somehow affects
the structure and the overall quality of film.
We also noticed that because of the three-fold symmetry of the substrate’s topmost (0001) plane, the existence of
twinning defects in the TI film is inevitable, as shown by
the two dashed blue triangle terraces in Fig. 4a. Since the
adatoms may follow any one of the six equivalent crystallographic directions of the substrate lattice, twinning defects are expected even on the lattice matched substrates.
However, Li and coworkers [24, 47] reported a very interesting way to suppress the twinning effect. They used a
vicinal Si(111) substrate to bias the growth of one domain
over the other, resulting in a one-domain-dominated surface.
3.2 Initial surface passivation Van der Waals epitaxy will require the substrate also to be an atomterminated surface without any dangling bonds, such as
Bi2Se3 grown on GaSe or In2Se3 [47]. The presence of
dangling bonds on a clean surface of an ordinary material
prevents good heteroepitaxial growth of layered materials
on it. It is then very natural to passivate the covalent surface by atomic species so that surface dangling bonds are
saturated to prevent unnecessary chemical bond formation
between the substrate and TI components. To date, differwww.pss-rapid.com
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ent ways of passivizing common substrates have been tried,
and some of these are described below:
(i) Hydrogen (H) atom terminated Si(111). It is well
known that a clean Si(111) surface has one un-saturated
bond for each Si atom on the surface, and it forms a complex surface reconstruction pattern (7 × 7) to lower the surface energy. Direct growth of Bi2Se3 on Si(111) with a
(7 × 7) surface reconstruction pattern results in a layer of
SiSe2 at the interface [26, 51]. To suppress the formation
of SiSe2 at the interface and also to promote the Van der
Waals growth, the unsaturated bonds on the Si surfaces
have to be passivated. A simple way of doing this is by
dipping the Si substrate in hydrofluoric acid after cleaning.
A layer of hydrogen (H) atom becomes absorbed on the
surface, causing Si(111) to be (1 × 1) structured [52]. This
surface has been previously adopted for the Van der Waals
growth of layered GaSe on Si [53]. A study comparing the
growth of Bi2Se3 on Si(111) with/without hydrogen termination has been carried out, resulting in a “significant improvement” in the surface terrace size [47].
(ii) Se-atom-terminated Si(111). Similar to hydrogen
termination, Se atoms have also been used to terminate
Si(111) surface. By carefully treating Si(111) substrate
with a monolayer of Se at ~100 °C before the growth of
Bi2Se3 layer, sharp Bi2Se3/Si interfaces have been obtained
[45]. The substrate temperature was shown to be very critical. At temperatures above ~200 °C, Se started to react
with Si substrate, forming SiSe2 [26, 51], and at temperature below ~70 °C, an amorphous Se layer accumulated on
the Si substrate.
Similar work has been demonstrated during the growth
of Bi2Te3 on Si(111) substrates [54]. A Te atomic layer has
been used to terminate a Si(111) surface and very high
quality Bi2Te3 thin films with sharp interface and few
structural defects were obtained.
(iii) Se-terminated GaAs(111). In a prior study, GaSe
grown on GaAs(111)B (As terminated surface) [55], Se
was used to terminate the surface dangling bonds of the
GaAs substrate. We have adopted it for the growth of
Bi2Te3 on GaAs(111)B substrates with a monolayer of
GaSe as a passivation layer. This layer was formed when
the GaAs substrate was heated to 580 °C for 10 min to remove the surface oxide, and cooled under a Se environment. Figure 5a and b show RHEED patterns of the
GaAs(111)B substrate before and after growth of a 10 nm
Bi2Te3 thin film. It starts with a (1 × 1) streaky pattern and
lasts to the end. At the same time, the d-spacing immediately evolves from GaAs to Bi2Te3 within the first QL, as
shown in Fig. 3d. The directions of the crystallographic
axes of the grown film were found to be exactly parallel to
those of the substrate. Thus, it is apparent that a singlecrystalline Bi2Te3 film grew epitaxially on the GaAs(111)B
surface with its c-axis normal to the substrate surface. Figure 5c exhibits the high-resolution cross-sectional TEM of
the as-grown film. Clearly, five atomic layers of each individual QL of Bi2Te3 can be resolved. The dashed blue lines
in Fig. 5c and d indicate the position of the Van der Waals
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (online colour at: www.pss-rapid.com) Surface morphology of Bi2Se3 thin films grown at different substrate temperatures. (a) 200 °C, (b) 250 °C and (c) 300 °C. The optimized
growth temperature is found to be around 250 °C with the largest
surface terrace size of 400 nm .

Figure 5 (online colour at: www.pss-rapid.com) Bi2Te3 grown
on GaAs(111)B with a GaSe passivation layer. (a) and (b)
RHEED images before and after the growth of a 10-QL Bi2Te3.
(c) High-resolution TEM image clearly illustrating the five
atomic layer structure of Bi2Te3, a monolayer of GaSe at the interface and the GaAs substrate. (d) Space-resolved EDX analysis
indicating Se atoms concentrating at the interface, as shown by
the red area.

gaps between two QLs. A monolayer of GaSe can also be
observed at the interface, represented by the slight change
of atom stacking. Space-resolved EDX analysis (red color)
indicates a concentrated Se atomic layer at the interface, as
shown in Fig. 5d (red area). The presence of a Van der
Waals gap between GaSe and Bi2Te3 film is consistent
with the Van der Waals epitaxy growth.
(iv) Two-step growth method. Many researchers have
used a two-step growth method for Bi2Se3 growth on
Si(111) [12, 24, 47]. After initial preparation of Si substrate, Bi2Se3 deposition was then initiated at ~100 K for a
few QLs, forming a fully disordered or amorphous film. As
the temperature of the substrate is increased to about 520 K,
a crystal Bi2Se3 layer formed; subsequent Bi2Se3 QLs can
be grown layer-by-layer as indicated by RHEED oscillations. The initial LT growth of Bi2Se3 effectively fulfills
the purpose of passivating the substrate’s dangling bonds,
and provides an atom-terminated surface for the subsequent high-temperature Van der Waals epitaxy growth of
Bi2Se3.
There are many other reports in which an additional
atomic layer is introduced before the growth of TI films,
such as using 1 ML Bi on Si(111) substrate to turn the
(7 × 7) surface into a β- 3-Bi surface for the growth of
Bi2Se3 on Si(111) [22, 24, 47, 50]. This may be yet another
way of surface passivation.
3.3 Substrate temperature Substrate temperature
is another key parameter during film growth. It controls the
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reaction rate of the species, their kinetics, and it affects
both the composition and quality of the resulting film. In
practice, the window of the substrate temperature is quite
narrow for the epitaxial growth of this kind of material,
and it depends on the specific TI material and the substrate.
Normally, if the substrate temperature is too low, adatoms
will not have enough energy to diffuse and find the lowest
potential energy site, and consequently an amorphous or
polycrystalline film will form. On the other hand, if the
growth temperature is too high, 3D island growth results.
At even higher temperatures, films will not grow, because
of a low sticking coefficient of the TI component on different substrates [56].
We have done a systematic study of Bi2Se3 grown on
Si(111) at various substrate temperatures. Figure 6 demonstrates the surface morphology of a 30 nm as-grown Bi2Se3.
The characteristic terrace size exhibits a sharp peak of
400 nm at the growth temperature of 250 °C. Interestingly,
for all the growth temperatures, RHEED demonstrates very
similar streaky patterns [26]. Since the novel properties of
topological insulator materials come from the surface state,
a good surface morphology (surface roughness) is a key
parameter to gauge the success of high-quality growth, at
least initially. Thus, the substrate temperature needs to be
chosen very carefully.
3.4 Atomic flux ratio Another important factor to
achieve high-quality film growth is to control the atomic
flux ratio of V (Bi and Sb) and VI (Se and Te) species.
Very similar to the epitaxial growth of GaAs, where the
As/Ga ratio is kept much higher than the stoichiometric ratio of 1, and the growth rate is controlled by the Ga flux.
By properly controlling the growth parameter, layer-bylayer growth is achieved in the case of GaAs growth.
In the practice of Bi2Te3 and Bi2Se3 growth, a VI/V ratio of 8 to 20 has been widely adopted. Long-lasting
RHEED oscillations, with the oscillation period (growth
rate) solely depending on the Bi flux, have been observed.
[24–26, 45]. More recently, the growth has been done with
the use of cracker cell [49, 57]. For example, Zhang et al.
[49] used a radio-frequency cracker cell to grow Bi2Se3 on
CaF2. With a cracker cell, Se atoms are generated, enabling
use of lower Se/Bi rate ratios down to 3 to 1.5. They also
demonstrated very high surface morphology and improved
transport properties.
www.pss-rapid.com
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4 Doping in TI Accurate doping with other elements
during the growth is one of the key advantages that the
MBE technique has, which gives the control of bulk carrier
density and brings about many new properties or functionalities for various structures. During the last few years, exploring the doping effect has become one of the most active areas in the growth of TIs.
4.1 Counterdoping to control Fermi level As described before, because of the presence of imperfections of
TI materials, the bulk carrier density is relatively high; as a
result, bulk conduction often overwhelms that of the surface states. Thus, many effects could not been observed;
even the transport due to the surface state could not been
confirmed at room temperature. For Bi2Se3, the most
commonly observed defect is the vacancy of Se atoms,
which effectively causes electron doping. This has been
observed by scanning tunneling spectroscopy (STM) [10,
58], which show triangular-shaped defects due to Se vacancies. For Bi2Te3, in addition to the Te vacancy (electron
doping), the presence of Bi/Te antisites causes p-type doping. Bi2Te3 materials have been reported to be either n-type
or p-type, depending on which kind of defect takes the majority role.
To lower the bulk carrier density in the film, (or to
control the Fermi level to move into the bulk bandgap) and
to explore the effect of the surface state in transport measurements, counterdoping methods have often been used.
For example, Ca has been used as a p-type dopant in bulk
when it substitutes Bi in Bi2Se3. Using a Bridgman growth
technique, Ca-doped Bi2Se3 was first synthesized with bulk
crystal growth techniques, showing p-type Bi1.98Ca0.02Se3,
as characterized by STS, ARPES and transport measurements [10]. Likewise, a more systematic study of Ca doped
CaxBi2–xSe3, with x varying from 0 to 0.2 was also done in

Figure 7 (online colour at: www.pss-rapid.com) 2D carrier density of Ca-doped Bi2Se3. The curve demonstrates a systematic
change of carrier density and type. The lowest carrier density has
been reduced by a factor of 10 at a Ca doping concentration of
about 2 at%. The numbers on top of the dots represent the Ca cell
temperatures.
www.pss-rapid.com
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bulk [59]. These prior works in bulk demonstrated the ability to move the Fermi level continually across the Dirac
point.
For MBE growth, Ca-doped Bi2Se3 can be grown epitaxially. By adjusting the Ca cell temperature, the Ca doping concentration can be tuned, resulting in a systematic
change of bulk carrier density, as shown in Fig. 7. Compared with undoped Bi2Se3, the bulk carrier concentration
could be lowered by a factor of 10 at the Ca cell temperature of 388 °C, giving rise to a Ca concentration of 2 at%,
as estimated from EDX.
Recently, a similar study was done on Pb-doped
(BixSb1–x)2Te4 [60]. With Pb doping, the Fermi level could
be moved from above the bulk conduction band to
within the bulk bandgap, and eventually to below the Dirac
point.
4.2 (BixSb1–x)2Te3 alloy As we mentioned before,
due to the presence of imperfections in the materials,
MBE-grown Bi2Te3 tends to be n-type while Sb2Te3
tends to be p-type. Thus the alloy of Bi2Te3 and Sb2Te3,
(BixSb1–x)2Te3, may lead to a lower bulk carrier density
and the use of alloys may serve as another way of “counterdoping”.
Earlier, a CVD technique was used to demonstrate the
control of the conduction type for the material system of
(BixSb1–x)2Te3 [17]. By adjusting the composition x, the
overall band structure could be changed and the position of
the Fermi level could also be systematically shifted up
from the bulk valance band to the bulk conduction band.
This work reported that at the optimized composition
x = 0.50, (Bi0.5Sb0.5)2Te3 had a Fermi level positioned
within the bulk bandgap, and also demonstrated an ambipolar field effect in a 5 nm thick nanoplate of BiSbTe3.
The longitudinal resistance showed a peak while the
Hall resistance changed sign when the Fermi level swept
across the Dirac point with a gate bias voltage. This
finding is of importance because it showed clearly a dominant surface conduction. The major problem of this published CVD technique is that it can only synthesize layers
of μm sizes at most, and this is not practical for applications.
With MBE, we have succeeded to grow epitaxial thin
films of (BixSb1–x)2Te3 on GaAs(111)B substrate. From
ARPES measurements, for the sample composition of
(Bi0.53Sb0.47)2Te3, the Fermi level was clearly shown to lie
within the bulk bandgap, consistent with the result of small
CVD materials demonstrated above. Transport data for
samples of various compositions (x) are shown in Fig. 8
under different top gate biases. At zero gate voltage, a systematic shift from n-type to p-type as x decreases has also
been observed, as shown in Fig. 8a. Figure 8b exhibits the
Hall slope RH at various gate bias voltages. A clearly ambipolar conductance as indicated by the black arrows is
demonstrated. In Fig. 8b the lowest carrier density is
7 × 1011 cm–2 for the x = 0.53 sample with the gate bias of
2.5 V.
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8 (online colour at: www.pss-rapid.com) Gate-bias-dependent transport measurements of (BixSb1–x)2Te3 for various compositions, x varying from 0.32 to 0.77. (a) Longitudinal resistance Rxx versus gate voltage VG. At VG = 0, the conductance changes from
p-type to n-type as composition x changes from 0.32 to 0.77. (b) The Hall resistance of films, which also shows a transition from
p-type to n-type indicated by the black arrows, as controlled by the gate voltage, suggesting a systematic shifting of the Fermi level.

4.3 Transition-metal doping for ferromagnetism One of the key features of TIs is the protected surface
states with a linear E–k relationship, which possesses Dirac
fermions. Theoretical calculations suggested that by introducing magnetic impurities into a TI host lattice, ferromagnetic orders would form, the surface band would open
a gap, and the massless Dirac fermion surface states thus
turn into a massive region [61]. Experimentally very similar to the idea of diluted magnetic semiconductors, by doping substitutionally transition metals into conventional
semiconductors (Ge [62], GaAs [63], ZnO [64], etc.), ferromagnetic ordering was achieved in the transition-metaldoped TIs [65–67]. The opening of the surface band was
shown first for Fe- and Mn-doped Bi2Se3 bulk samples,
grown by a Bridgman growth method [61].
Using MBE, we also studied the ferromagnetic behavior in transition-metal (Cr) doped Bi2Se3 [67]. Epitaxial
Bi2–xCrxSe3 films of 0 ≤ x ≤ 0.2 have been grown on top of

Figure 9 (online colour at: www.pss-rapid.com) ARPES measurements of Cr-doped Bi2Se3. ARPES intensity maps of 50 QL
Bi2–xCrxSe3 thin films with (a) x = 0, (b) x = 0.02, (c) x = 0.1, and
(d) x = 0.2 on Si(111) along the Γ–K direction. With Cr doping,
the surface deviates from the original linear massless Dirac fermion state and becomes broadened. A larger bandgap on the surface is open with higher Cr concentrations, as illustrated by the
solid yellow lines. All data were taken using 52 eV photons at a
temperature of 10 K. From [67].
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Si(111) substrates. With magnetic Cr doping, the surface
states deviate from the original linear massless Dirac fermion character and a gap is open. This surface bandgap
opening has been observed systematically increasing as a
function of Cr doping concentration [67], as shown in
Fig. 9.
Magnetic and transport measurements confirm the bulk
ferromagnetic property at low temperatures. Figure 10a
exhibits the magnetic-field dependence of magnetic loops
of a 50 QL Bi1.9Cr0.1Se3 thin film at various temperatures.
The coercivity at 5 K was estimated about 150 Oe, as seen
from the inset of Fig. 10a. Zero-field-cooled (red circles)
and field-cooled curves (blue squares) show a clear upturn
at around 35 K, which is the Curie temperature (Fig. 10b).
When the temperature is reduced to below the Curie
temperature, the Hall resistance Rxy becomes nonlinear owing to the presence of a magnetization-dependent anomalous Hall effect (AHE), which can be described as
Rxy = R0H + RAM, where the first term is the ordinary Hall
effect and the second is the AHE. The field-dependent
AHE for different Cr doping concentrations (0.02 to 0.31)
is illustrated in Fig. 10c, in which the linear ordinary Hall
component of R0H had been subtracted from the Hall resistance (Rxy). The evolution of coercivity field HC under different Cr compositions at 1.9 K is shown in the inset of
Fig. 10c. Furthermore, it is shown that the magnetic direction of those Cr-doped TIs is out of plane, parallel to the
trigonal axis (z-direction) [67]. This is important since the
revelation of the AEM effect will require a thin ferromagnetic layer with the out-of-plane magnetism, while the easy
axes of common ferromagnetic materials tend to lie inplane.
Liu et al. [68] have also observed a similar result on
Cr-doped Bi2Se3 grown on sapphire (0001) substrate by
MBE. They demonstrated in the magnetic-field-dependent
longitudinal resistance a systematic crossover from a weak
antilocalization (WAL) to a weak localization (WL) behavior as the Cr concentration increases. They attributed this
crossover to the surface bandgap opening due to the magnetic impurities.
www.pss-rapid.com
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Figure 10 (online colour at: www.pss-rapid.com) Ferromagnetism of Cr-doped Bi2Se3. (a) M–H loops of a 50 QL Bi1.9Cr0.1Se3 thin
film at 5 K, 10 K, 15 K, 20 K, 30 K and 35 K. Inset: zoom-in hysteresis loop at 5 K: the coercivity field is around 150 Oe. (b) Magnetization versus temperature for the sample under zero-field cooling (red circles) and field cooling (blue squares). The external field
of 50 Oe is applied perpendicularly to the sample surface. The estimated Curie temperature is about 35 K. Inset: Plot of
(χ – χ0)–1 versus temperature T. This relation does not follow the linear Curie–Weiss law above TC. (c) B-field-dependent anomalous
Hall effect (RAM) with Cr doping concentration (x = 0.02, 0.1, 0.2, and 0.31). Linear ordinary Hall component of R0H has been subtracted from the Hall resistance. Inset: the evolution of coercivity field HC under different Cr compositions at 1.9 K. From [67].

4.4 Cu doping for superconductivity Another interesting topic is to explore TIs for their superconducting
proximity properties, called topological superconductors.
With Cu “doping”, CuxBi2Te3 has been demonstrated to be
superconducting. Cu is known to enter the Bi2Se3 lattice as
an intercalant in the Van der Waals gaps (Fig. 11a), and Cu
can also replace Bi substutionally (Fig. 11b). In the former
case, Cu+ is formed and acts as a donor, whereas for the
latter case it creates two holes by replacing three Bi 6p
electrons by one Cu 4s electron to form a σ bond [69, 70].
These two sites of Cu not only contribute to different
dopant types, but also affect the superconducting property
dramatically, as experimentally demonstrated by the fol-

Figure 11 (online colour at: www.pss-rapid.com) Schematic
diagram of Cu-doped Bi2Se3. (a) Cu+ intercalated into Van der
Waals gaps of Bi2Se3, forming superconducting CuxBi2Se3.
(b) Cu+ substutionally in replacement of Bi atoms, forming
(CuxBi1–x)2Se3, which is not superconducting.
www.pss-rapid.com

lowing. Using a Bridgman growth technique by melting Cu,
Bi and Se together, bulk CuxBi2Se3 has been made. Intercalating the Cu+ into the van der Waals gaps between the
Bi2Se3 layers, superconducting behavior was demonstrated
with a transition temperature TC ~ 3.8 K in CuxBi2Se3 with
0.12 ≤ x ≤ 0.15, as shown in Fig. 12 [71, 72]. But in this
case, the formation of substitutional Cu in replacing the Bi
site could not be avoided, and the single-crystal substitutional Cu-doped Bi2–xCuxSe3 was never superconducting
for x = 0 to 0.15. A similar work used bulk Bi2Se3 from a
Bridgman growth technique, and then electrochemically
intercalated Cu+ into the crystal. For the latter case, the
CuxBi2Se3 crystal exhibited improved superconductivity
[73, 74]. For bulk, it is somewhat difficult to achieve the
intercalation of Cu+ only and in particular it is difficult to
control the concentration.
The use of MBE growth may alleviate this problem. It
is possible to use modulation or δ-doping to “intercalate”
Cu+ into the van der Waals gaps, and suppress the substitutional Cu+. The possibility to incorporate Cu+ into different
locations should be useful for studying new physics and
realizing device applications. Therefore, MBE growth of
Cu-intercalated topological superconductor should be an
exciting area to pursue.
5 Heterostructure and superlattice MBE is a
method to construct sophisticated structures such as heterostructures and superlattices. By synthesizing those artificially constructed heterostructures or superlattices, all
sorts of possibilities emerge for exploring new physics and
for enabling applications with new functionalities.
5.1 TI and ferromagnetic insulator In addition to
doping with transition metals, TI may gain ferromagnetism
through proximity effects. Theorists have predicted a lot of
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12 (online colour at: www.pss-rapid.com) Transport properties of Cu-intercalated Bi2Se3. (a) The temperature-dependent
magnetization of a single crystal of Cu0.12Bi2Se3 showing a superconducting transition TC ~ 3.8 K from zero-field-cooled (ZFC) and
field-cooled (FC) measurements. (b) The resistivity of the Cu0.12Bi2Se3 crystal with applied current in the ab plane. From [71].

Figure 13 (online colour at: www.pss-rapid.com) Schematic diagram of TI-based heterostructures and superlattices. (a) Left: TI
grown on top of a FM insulator, gapped surface states are expected. Right: ARPES results of (BiSb)2Te3 on a YIG film grown on GGG
substrate. A surface gap has been observed. (b) Ferromagnetic insulator grown on top of a TI thin film. The magnetization direction of
the FM insulator is dependent on the Fermi level position of the TI material. (c) Heterostructure of TI and superconductor. Top left: TI
grown epitaxially on superconductor. Top right: Superconductor film on top of a TI thin film, contacts may be patterned. Bottom:
Schematic diagram of the forbidden Andreev reflection at the interface of the TI and superconductor within the superconducting gap
2Δ. Reduced conduction is expected when Ef lies within the 2Δ gap, because of the spin-moment lock of TI. (d) Top: Superlattice
structure of ferromagnetic-doped TI layers and ordinary-insulator spacers, proposed for the realization of a Weyl semimetal. The arrows show the magnetization direction. Bottom: Phase diagram of the superlattice structure. Δs, ΔD represent the tunneling gaps between the top and bottom surfaces of a TI layer and across the normal-insulator layer, respectively; m describes the magnitude of the
spin splitting of the surface states, due to magnetism. (d) Adapted from [81].
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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interesting physics at the interface of TI and ferromagnetic
insulators, as discussed below.
Shown in Fig. 13a (left) is a structure of TI on top of a
ferromagnetic insulator substrate. A direct result of the ferromagnetism is that a gap is opened on the massless Dirac
surface and this has been observed through ARPES studies
of the bilayer structure of TI on YIG grown on GGG, as illustrated in Fig. 13a (right).
Another structure is to grow ferromagnetic insulator
materials on top of TI as shown in Fig. 13b. Semenov et al.
[75] predicted that because of the interaction at the interface, there results a change of the free energy in the combined system. By tuning the Fermi level of the TI surface
state, the magnetization of the ferromagnetic insulator can
be changed from the in-plane (Ef = 0 eV) to out-ofplane (Ef = –0.1 eV) direction with a characteristic time of
nanoseconds.
5.2 TI and superconductor As we described before,
doping Cu or Pb properly can add superconducting states
into Bi2Se3. Studying the proximity effect at the interface
between the TI surface and other superconducting materials of a heterostructure is important and has attracted a lot
of attention. Due to the proximity effect, when the TI surface state is closely adjacent to a superconductor, the superconductor’s wave function can penetrate into the topological surface states, and thus turn them into a superconducting state.
One way to study the interface between TI and a superconductor is to use an epitaxial TI material on top of a
superconductor as shown in Fig. 13c (top left). Wang et al.
[76] have successfully grown the Bi2Se3 thin film on a superconducting NbSe2 substrate by MBE. Using scanning
tunneling microscopy and angle-resolved photoemission
spectroscopy, they demonstrated a superconducting gap on
the Bi2Se3 surface.
Another structure is to have a superconductor film on
top of a TI thin film, followed by patterning it to that
shown in Fig. 13(c) (top right). Wang et al. [77] put superconductor electrodes (In, Al and W) on Bi2Se3 thin film
grown on sapphire, and reported an abrupt and significant
upturn of the resistance, when the electrodes became superconducting. This experimental result was interpreted as
the interplay between the Cooper pairs of the superconductor and the spin-polarized current of the surface state in
Bi2Se3. Because of the spin-moment lock, only one spin
polarization of conduction electrons is allowed, thus the
Andreev reflection within the superconducting gap is forbidden, as shown on the bottom of Fig. 13c.
The interface of the TI and superconducting heterostructure may display many novel quantum phenomena
and give rise to “new materials” such as topological superconductors [78], and Majorana fermions [79, 80]. The
work in this direction has just begun.
5.3 Ferromagnetic TI and normal-insulator superlattice Burkov and Balents [81] proposed a simple rewww.pss-rapid.com
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alization of a three-dimensional (3D) Weyl semimetal
(WSM) phase, utilizing a multiplayer structure that is
composed of identical thin films of magnetically doped 3D
topological insulators, separated by an ordinary-insulator
spacer layer, as shown in Fig. 13d (top). Depending on the
tunnelling gaps between top and bottom surfaces of a TI
layer and across the normal-insulator layer (Δs and ΔD),
and the magnitude of the spin splitting of the surface states
in the presence of a magnetic momentum (m), the WSM
state can exist, as shown on the bottom of Fig. 13d. This
Weyl semimetal has the surface state with properties similar to TIs. The surface state is described by the Fermi arcs
that connect the surface-projected bulk Weyl points.
WSMs are of interest because they constitute a novel topological phase yet to be discovered experimentally. It is
similar to an anomalous Hall insulator with chiral edge
states and occurs as an intermediate phase between an ordinary insulator and a 3D quantum anomalous Hall insulator. This simple superlattice structure should be relatively
easy to make by MBE techniques.
5.4 TI multilayer structure and superlattice In
the past, multilayer structures of chalcogenides have
already been grown for thermoelectric applications to obtain a high figure of merits, ZT. Superlattices based on
Bi2Te3/Sb2Te3 have been extensively explored since 1998
primarily using MOCVD and MBE techniques [14, 35, 36].
Because the Van der Waals gaps in between QLs can suppress the interdiffusion even at relative high growth temperatures, Bi2Se3/Sb2Te3 superlattices with high interface
quality were successfully fabricated on GaAs substrate. An
important advantage of the superlattice structure is that a
phonon spectrum can be engineered, i.e. the phonon reflection at the interfaces between Bi2Te3 and Sb2Te3 increases
dramatically, so as to lower the thermal conductivity [82].
In this way, a record high out-of-plane ZT of 2.4 has been
reported [13, 82, 83].
This review addresses the use of MBE specifically for
TI heterostructures and superlattice. ARPES study of the
surface band structure and transport properties of those
structures are potentially very interesting. For example, as
described before, Bi2Te3 grown by MBE tends to be n-type,
while Sb2Te3 is more likely to be p-type. Combining these
two types of layers together, we will effectively have a vertical p–n junction and p–n superlattice structure. For such
superlattices, the majority carriers on one surface are electrons, while those in the other are holes. The importance is
that all of them have the same spin polarization. This
means, with a surface charge current, we have spin current
generated at the same time. This is not only fundamentally
interesting, but also of great potential for spin-based electronic applications.
6 New opportunities Since the discovery of TIs, especially 3D TI materials, many new opportunities have
emerged in physics and device structures. We briefly outline a few possibilities below.
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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6.1 Low dissipation electronic devices The most
striking feature of topological insulators comes from the
time-reversal-symmetry (TRS) protected surfaces. The linear E–k dispersion relation gives rise to the massless Dirac
fermion, and thus enables coherent transport with an ultrahigh mobility on the topologically robust surface state. Unlike the quantum Hall effects (QHE) in conventional twodimensional electron-gas (2DEG) systems where dissipationless edge conduction is achieved by applying a large
magnetic field, the quantum spin Hall (QSH) effect [84–
86] in TI systems can spatially separate the traffic lanes of
electrons just like QHE, but without an external applied
magnetic field. Most importantly, it prohibits any elastic
backscattering from nonmagnetic impurities due to the
topological phase as a result of a large intrinsic spin–orbit
coupling (SOC). In addition, recent ARPES studies found
that the electron–phonon coupling on a TI surface is exceptionally weak [87], further suggesting that the QSH effect
may be possible at higher temperatures and thus can be
used for room-temperature low power dissipation electronic devices.
6.2 Spintronics devices The strong SOC not only
enables the topological insulator phase with superior transport properties, but also makes them a suitable platform for
other spintronic applications. The spin-momentum-lock
mechanism promises potential applications using an effective spin-polarized current, which can be generated by
simply applying a lateral electric-field across a TI film.
Since the ratio of the current-induced spin density to the
total electron density is equal to that of the transport drift
velocity to the surface Fermi velocity (Vd/VF), this TIbased spin generator is expected to be much more effective
than the regular Rashba-coupled 2DEG counterpart [88–
90].
Another interesting spin-related property of topological
insulators is the exotic surface-mediated RKKY interactions. Because of the linear energy spectrum of surface
Dirac fermions, the RKKY coupling does not have conventional FM/AFM oscillations when the Fermi level is tuned
close to the Dirac point. This occurs because the Fermi
wavelength λF = 1/kF is much larger than the average distance between neighboring magnetic impurities [91, 92];
this effect smoothes out the coupling coefficient compared
with conventional dilute magnetic semiconductors (DMS).
The TI surface-mediated RKKY interaction will thus
minimize local magnetic moment disorders and produce
much more robust ferromagnetism.
6.3 Quantum anomalous Hall, topological magnetoelectric effect and axion electrodynamics If the
topological insulators are substitutionally doped with magnetic impurities, the introduced spin splitting will drive one
of the two subbands back to the trivial insulating state, and
reduce the “4 = 2 + 2” (helical) conduction channels in the
QSH case to the “2 = 1 + 1” (chiral) transport channels in
the quantum anomalous Hall (QAH) region [31, 32, 93], as
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 14 (online colour at: www.pss-rapid.com) (a) A quantum
spin Hall (QSH) state has four basic channels, which are spatially
separated: The upper edge contains a forward mover with up spin
and a backward mover with down spin, and conversely for the
lower edge. This separation is illustrated by the symbolic equation “4 = 2 + 2”. (b) A quantum anomalous Hall (QAH) state
has only two channels, as illustrated by the symbolic equation
“2 = 1 + 1”. The upper edge contains only a forward mover and
the lower edge has only a backward mover. Adopted from [93].

illustrated in Fig. 14a and b, respectively. Under this circumstance, the charge current has only one degree of freedom and only a single quantized chiral state can exist
along the conduction edge. This single topologically protected channel provides a great opportunity to use TI for
potential dissipationless interconnects and transistors.
Besides the possibility of constructing novel electronic
and spintronic devices, a topological insulator was also
found to be quite useful in exploring new magneto-electric
responses. As originally proposed by Wilczek [33], the axion electromagnetism is described as the additional term in
the Lagrangian (θ = E · H) for the EM field inside the material. For TI, this axion-electromagnetic (AEM) coupling
property can be attributed to the presence of the massive
Dirac fermion existing on the surface of a topological insulator in the presence of time-reversal symmetry (TRS)
breaking. In this case, the mass (or equivalently opening of
the energy gap) of the surface state is controlled by magnetic doping (and/or coupling from the ferromagnetic layer
on top of TI), which results in AEM when the Fermi level
lies in the gap. As shown in Fig. 15a, the applied vertical
electric field results in an edge spin-polarized current moving circumferentially, which in turns produces a vertical
magnetic field, i.e E || H. By contrast, an applied external
on-axis magnetic field will also generate a parallel electrical field as demonstrated in Fig. 15b. The introduction of
this on-axis coupling of electric and magnetic fields previously not present in Maxwell’s equations gives rise to a
new set of constitutive relations in electromagnetism

D = εε 0 E - (θ /2π) (e2 /h) B ,

(1)

H = B /μμ0 + (θ /2π) (e /h) E ,

(2)

2

where θ, the axion field, obeys θ = 2mπ in a conventional
material, and θ = (2n + 1) π in a topological insulator.
These new constitutive relations and the new properties offer completely new, revolutionary applications never existing before. Among them are, for example, new ultrahighsensitivity magnetic transducers, electric field controlled
magnetization, dissipationless devices, high-conduction interconnects and electric-tunable inductors.
www.pss-rapid.com
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Figure 15 (online colour at: www.pss-rapid.com) Axion electromagnetic (AEM) effect in TI. (a) Time-reversal-symmetry
(TRS) broken cylindrical TI surface shows half-integer quantum
Hall effect resulting in circular currents that in turn induce a
magnetic field parallel to the applied electric field, the AEM effect. FM: ferromagnetic layer, which can be replaced by YIG. (b)
Induced electric field by applying an external magnetic field in TI.
The top and bottom surfaces can also be doped with magnetic
ions to enhance the charge accumulation on both surfaces.

7 Conclusion The study of 3D topological insulators
of V–VI compound chalcogenide semiconductors is one of
the most recent exciting new fields to explore new physics
and applications. In this review, we have outlined the key
parameters for the epitaxial growth of high-quality thin
films by MBE. The prospect to grow heterostructures and
superlattices were also discussed. Because of the Van der
Waals epitaxy growth mode, lattice matching may not be a
critical constraint, although still important, for a successful
growth; at the same time, passivated substrates result in
promoting high-quality growth. Other growth parameters
such as substrate temperature and V/VI flux ratios and
their effects on growth have also been discussed.
We then discussed advanced growth of doping, such as
functional doping, including counterdoping for lower bulk
carrier concentration, Cu and Pd doping for superconducting behaviors, and transition-metal doping for ferromagnetism. Likewise, new TI-based heterostructures and superlattices were proposed and discussed for device applications and physics studies. In particularly, we pointed to
some exciting research directions and related applications
for such heterostructures. Finally, we gave a brief outlook
at new applications and further studies motivated by the
new discovery of topological insulators. As the material
synthesis continues to improve, the research on TI will
continue, particularly in exploring new exciting physics
and device applications.
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