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TOPICAL REVIEW— Topological insulator

Molecular-beam epitaxy of topological insulator
Bi,Se; (111) and (221) thin films*
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This paper presents an overview of the growth of Bi;Ses, a prototypical three-dimensional topological insulator, by
molecular-beam epitaxy on various substrates. Comparison is made between the growth of Bi;Ses (111) on van der Waals
(vdW) and non-vdW substrates, with attention paid to twin suppression and strain. Growth along the [221] direction of
BiySe; on InP (001) and GaAs (001) substrates is also discussed.
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1. Introduction

Characterization of the quantum properties of topological
insulators (TIs) requires high-quality samples. Early experi-
ments on the surface electronic structures of three-dimensional
(3D) TIs were made on bulk crystals prepared by thermal
cooling of stoichiometric melts, for example.!!™* Although
such bulk samples exhibited good structural and electronic
qualities, they were not very suitable for transport studies.
Consequently, more recent efforts have been increasingly di-
rected toward growing TI thin-film samples by epitaxial meth-
ods, such as molecular-beam epitaxy (MBE).[>2% This ap-
proach is particularly fruitful because of the ultrahigh vac-
uum aspect of MBE, which makes characterization of the
sample’s surface viable during or immediately after growth,
eliminating potential complications due to surface contamina-
tion from the ambient environment.[>2!1 Moreover, thin films
are particularly suitable for making gated device structures,
which are essential for chemical potential tuning in transport
experiments, 10:11:15.16.22]

In this paper, we present an overview of some of the re-
cent findings and results of the MBE growth of Bi;Se; com-

(1231 We pay

pound, a prototypical 3D topological insulator.
particular attention to the general growth properties and elab-
orate on twin domain suppression and strain relaxation in epi-
taxial BipSes on different substrates. Growth of Bi;Se; along

both the [111] and [221] directions will be discussed.

2. General growth properties

BiySes was among the first few 3D topological insulators
discovered by theory and experiment (others include Bi,Tes
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and Sb,Te3).[1?3] Bi,ySes is particularly attractive because it
has a relatively large energy bandgap in its bulk (~ 0.3 eV),
holding the promise of high-temperature applications. Crys-
talline BipSe; has a thombohedral structure with the space
group R3m. It can also be described in terms of a hexago-
nal primitive cell containing three quintuple layers (QLs) of
alternating selenium (Se) and bismuth (Bi) atoms stacked in
the sequence of -\[ABCAB]-[CABCA]-[BCABC]- along the
trigonal (c-) axis. Here —[- - - ]— denotes one Bi;Se; QL com-
posed of two Bi atomic layers sandwiched between three Se
layers. The atoms within each QL unit are chemically bonded,
whereas the bonds between adjacent QLs are the weak van
der Waals (vdW) force. The “gap” between the vdW-force
bonded atomic planes is a natural cleavage plane, which is
readily obtained by cleavage of a bulk crystal or by growth
of an epitaxial film. Such a plane, i.e., Bi;Se; (111), is the
only surface that has been extensively studied so far by sur-
face techniques such as angle-resolved photoemission spec-
troscopy (ARPES) and scanning tunneling microscopy and
spectroscopy (STM/STS),[1:2.7:8.241,

BiySes (111) has been found to grow readily on many
different substrates with wide variations in lattice constants. It
reflects the nature of the van der Waals epitaxy (vdWe)[2>-26]
of the material. The unique layered structure of BiySes in
the c-axis direction makes two-dimensional (2D) nucleation
and growth of the compound along [111] favorable. Past ex-
periments have unambiguously shown that the growth unit of
Bi,Se; is one QL, in which Se and Bi are strongly bonded.>-°!
If one uses a substrate that is inert in terms of chemical interac-
tion with deposited BiySes, the heterointerface is governed by
vdW bonding and growth follows the familiar vdWe process.
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Also, because of the weak vdW bonding, growth of BiySe;
is quite tolerant of the choice of substrate. Many substrates
that people have used include silicon (Si),[5’6’17’27] GaAs,[!
Inp,[17:19:201 CdS, 11216 graphene,?®! CaF,,!'8! sapphire, !
SrTiO3,!191 GaN and SiC,!?! to name a few. All of these have
resulted in Bi;Ses (111) films. The large variation in lattice
misfits between BipSes; and these substrates does not appear
to be critical, although small lattice misfits do tend to bring
about better quality films.[!6:19-20-291 The lattice misfit strain
may readily be accommodated at the vdW interface without
breaking chemical bonds. As will be shown later in this paper,
the first QL BiySes deposited on a vdW type of substrate (e.g.,
Si:H) shows a lattice parameter that is indistinguishable from
that of a bulk crystal according to in sifu reflection high-energy
electron diffraction (RHEED) measurements. On a non-vdW
type of substrate (such as GaAs), the residual strain in the first
QL Bi,Ses appears greater.

Before discussing the growth characteristics of BioSes on
different substrates, we first comment on the MBE conditions
that are appropriate for Bi;Se; epitaxy. At vacuum levels of
10~7 Torr—10~'0 Torr (1 Torr=1.33322x 107 Pa), typical for
BiySe; MBE, the solid phase of stoichiometric BipSes is in
equilibrium with the vapor phases of Bi and Se at relatively
low temperatures.>*] Experiments have shown that the opti-
mal temperature for growth is in the range of 150 °C-250 °C.
In general, a higher temperature is favored for enhanced sur-
face diffusion and thus smoother surface morphology. But at
too high a temperature, condensation is incomplete. As for the
flux of Bi and Se sources, according to the phase diagram, !
one has to choose an Se flux that is in excess of stoichiome-
try (i.e., a flux ratio Se:Bi > 3:2). On the other hand, because
the flux of Se generated from a conventional Knudsen cell is
composed mainly of Se tetramers (Se4 ), whose decomposition
is not very efficient, a much higher Se flux will be needed —
usually about 10 times that of Bi, or even more. If one has
access to a cracker cell, Se-dimers (Se;) will be the main con-
stituent in the vapor and a lower ratio between Se and Bi fluxes
(e.g., Se:Bi ~ 3:1) can be accepted. '8!

3. BiSe; epitaxy on hex-symmetrical substrate
surfaces

So far, the majority of epitaxial BiSes films have been
grown on substrate surfaces with hexagonal lattice symme-
tries, such as the (111) surfaces of cubic or rhombohedral
crystals or the (0001) surfaces of wurtzite compounds. Such
choices of substrates are natural, because the hexagonal lat-
tice symmetry of the BipSes (111) surface is the same. For the
various substrates employed, one may make a distinction be-
tween those where there are no unsaturated dangling bonds of
the surface atoms and are thus of the vdW type, and those with

dangling bonds (non-vdW type). Graphene and hydrogen-
terminated Si (Si:H) obviously belong to the former category,
while clean InP(111)A and sapphire (0001) are of the latter
type. It is worth comparing the growth behaviors on these two
different categories of substrates. Furthermore, lattice misfits
differ for different substrates. Understanding how the misfit
strain affects the growth properties of BiSe; and how it is re-

laxed during growth is of both scientific and practical value.

3.1. Bi;Ses; deposition on vdW substrates

A number of early MBE Bi,;Ses growth experiments were
performed using the Si (111) substrate due to the obvious rea-
sons of its wide availability, low cost, and mature processing
technology. Silicon, the most important semiconductor, has
an in-plane lattice parameter that is not too far from that of
Bi;Ses (0.384 nm for Si versus 0.414 nm of BiySes). How-
ever, clean Si (111) is (7 x 7) reconstructed with dangling
unsaturated bonds. So upon Bi;Se; deposition, Se atoms may
react with surface Si, forming SiSe,, for example.>71 If this
occurs, it will not favor van der Waals epitaxy of BiySes. Our
experiments have shown that direct deposition of Bi;Ses on
clean Si (111)-(7 x 7) at elevated temperatures does not result
in single-crystalline epifilms, which is evidenced by the ring
patterns in the RHEED, signaling a polycrystalline film.[>’!
In order to facilitate a crystalline epifilm growth on Si (111),
one thus has to modify the surface prior to Bi;Se; deposi-
tion. A number of methods have been developed for Si sur-
face treatment, including dosing the surface with a coverage
of Bi for a B-(v/3 x v/3) reconstructed surface,! depositing
a thin InSe buffer,!'* and exposing the surface to a flux of

321 For the latter, one must be

Se for an Se-terminated one!
careful to choose a suitable temperature so as to avoid SiSe;
formation. In a previous study, we adopted a more parameter-
tolerant method: depositing a thin amorphous Bi—Se buffer at
a cryostat temperature of ~ 100 K followed by annealing and
subsequent deposition at an elevated temperature of 520 K.!°]
We found that the method was effective in producing crys-
talline Bi,Ses films.

A more common and simple approach to passivating the
dangling bonds on Si (111) is H-atom termination, which can
be achieved simply by dipping the Si wafer into hydrofluo-
ric acid.B®3 The surface then becomes (1 x 1) structured in-
stead of (7 x 7). Growth of Bi;Ses on such a surface fol-
lows the vdWe process.!>>2°! Figure 1 presents an STM im-
age of a BipSes sample grown on Si (111):H by direct depo-
sition at 490 K.?° As is seen, the surface is dominated by
triangular mounds with the steps on mounds being a single
QL high (~ I nm). Such a morphology is characteristic of
BiySes (111) films grown on flat substrate surfaces. ! The tri-
angular shape of the mounds reflects the three-fold symmetry
of the BiySes crystal about the ¢ axis. Kinetically, it is pro-
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duced by anisotropic growth rates of two inequivalent sets of
steps on the surface that are governed by the bonding charac-
teristics of atoms at these steps.>*!

Fig. 1. STM micrograph of a Bi;Ses film grown on an Si (111):H sub-
strate (reprinted from J. Cryst. Growth 334, Z. Y. Wang et al., “Growth
characteristics of topological insulator Bi;Ses films on different sub-
strates”, pp. 96-102 (2011), with permission from Elsevier).?”! The
inset shows the LEED pattern (taken at 40 eV) for such a surface, re-
vealing the six-fold symmetry of the lattice.

In the following, we draw attention to the orientation of
the triangular mounds in Fig. 1. Note that they are not aligned,
but oppositely oriented. Such oppositely oriented mounds are
a common feature in the morphology of epitaxial Bi;Ses on
Si:H and other vdW substrates. This reflects the fact that
the epifilm contains twin domains. Indeed, the orientation of
the triangular mounds signifies the stacking order of atoms in
Bi;Se; (Fig. 2). If the film is single-domain with uniform in-
plane alignment, the mounds ought to be aligned in one and the
same direction. The oppositely oriented mounds seen in Fig. 1
reveal the coexistence of different stacking orders in the sam-
ple and thus a twinned film. A twinned film would be globally
six-fold symmetrical about the surface normal, which can be
verified by low-energy electron diffraction (LEED) measure-
ments. This is shown in the inset of Fig. 1. Twinning of epi-
taxial BixSes on a flat vdW substrate may be understood from
the fact that there is a weak vdW interaction between Bi;Se;
and the substrate, and so the subsurface layer of atoms in the
substrate may not play a role in constraining the lattices of
the deposit. If so, i.e., only the top surface layer with the six-
fold lattice symmetry guides the epitaxy of BixSes, then two
equivalent stacking configurations of the Bi;Se;, ABCAB and
ACBAC, will be equally probable, giving rise to the twinned
film (Fig. 2). One may tune the growth parameters to affect
the domain size; however, twin defects on flat vdW substrates
can hardly be eliminated so long as growth proceeds in the 2D
nucleation mode.

In order to suppress twin formation, one may “turn on”
the guiding role of the subsurface layer(s) of the substrate by

choosing a substrate that strongly interacts with Bi,Ses during
deposition, so that the subsurface atoms are influential in de-
termining the epitaxial alignment of the deposit. Alternatively,
one may adopt a vicinal substrate on which trains of steps ex-
ist. Atoms at step edges have dangling bonds, favoring strong
chemical interaction. Step-edge atoms will then affect the epi-
taxial stacking of Bi;Ses, promoting a single, substrate-lattice-
aligned domain under the step-flow growth mode. Figure 3
shows an example of a BipSes film grown on vicinal Si (111).
Instead of triangular mounds, the surface is composed of ter-
races and steps. A single domain Bi;Ses film can be inferred
from the RHEED pattern shown in the inset of Fig. 3, where
the diffraction spots (marked by yellow dots) are seen to be
asymmetrically distributed.*”! Twin suppression has brought
about improved electronic properties of the material, which

are exemplified by reduced background doping and enhanced
6,20]

(a) (b)

e
ey
e

St
Fig. 2. Stick-and-ball model of a primitive cell of Bi;Se; on a substrate but
stacked in different configurations for panels (a) and (b).

electron mobility.!

3

QL BisSe

200 nm

Fig. 3. STM micrograph of a BiSes film grown on a vicinal Si surface
(3.5° offcut from (111) toward). Inset: a RHEED pattern taken at the
early stage of BiSes deposition (electron energy 10 keV, and incident
along Si [110]) (reprinted from J. Cryst. Growth 334, Z. Y. Wang et al.,
“Growth characteristics of topological insulator Bi,Ses films on differ-
ent substrates,” pp. 96-102 (2011), with permission from Elsevier). 2!
Note the asymmetric distribution of the spotty diffraction feature sig-
naling a suppression of the twin domain in such a film.

Another interesting aspect of Bi;Ses growth on vdW sub-
strates is the lattice misfit strain. With in situ RHEED, we
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can monitor in-plane lattice parameter evolution of the deposit
in real time. We find that upon BiySes deposition, a new set
of diffraction patterns emerge in the background of a pattern
from the substrate surface. An example is given in the inset
of Fig. 4, obtained from growth on a flat Si (111):H surface.
Measuring the spacing D between the two integer streaks and
comparing it to Ds;, the value of the Si substrate, we derive
the in-plane lattice parameter of the deposit at various stages
of growth. As it happens, at the very early stage of deposition
when the diffraction streaks corresponding to the Bi;Ses de-
posit have just emerged, the measured in-plane lattice constant
is found to be indistinguishable from that of a bulk Bi;Se;
crystal (green line and open circles in Fig. 4). Therefore, the
nucleation islands of Bi;Ses on Si:H (and on other vdW sub-
strates) appear to be strain-relieved. Such strain-free QL-high
Bi;Ses islands on the vdW substrates would be consistent with
the weak interaction between Bi;Ses and the substrate at their
interfaces, and so BiySes epifilm can hardly be strained by the
lattice of the substrate. However, to our surprise, we find that
the lattice constant of the growing BiSes continues to evolve
with deposition coverage and reaches a maximum of approxi-
mately 0.418 nm at ~ 1 QL before gradually coming to match
the bulk value of 0.414 nm. This is shown in Fig. 4. So there
is ~ 1% lattice stretch over a bulk BiySes crystal at < 1 QL
coverage. Despite being small, such a stretched in-plane lat-
tice constant is obvious and repeatable. We do not know the
reason behind this observation. One might attribute it to the
equilibrium lattice constant of an ultrathin Bi,Ses layer that
is inherently different from the bulk crystal.[*>! Nevertheless,
our preliminary calculations have provided no strong evidence
of such. Further studies are needed to elucidate the origin of
such an observation.

on Si(111):H

strain-free BisSes

3

T

4.06

In-plane lattice constant (A)

0 2 4 6 8 10
Nominal BisSez deposit thickness (QLS)

Fig. 4. The in-plane lattice constant measured by RHEED as Bi, Ses de-
position proceeded. The red open circles are for growth on Si (111):H,
while the blue crosses are for growth on GaAs(111)A. The superim-
posed green and yellow lines represent data following five-adjacent-
point-averaging for each case. The horizontal pink line indicates the lat-
tice constant of a strain-free Bi;Se3. The inset shows a RHEED pattern
taken at the sub-QL deposition stage of BipSes on Si (111):H, where
two sets of diffraction patterns coexist, one from the substrate and the
other from epitaxial BiSes. The in-plane lattice constants shown in the
main figure are derived from the inter-streak spacing D, as defined in
the figure.

3.2. Bi;Ses; deposition on non-vdW substrates

We now turn to the growth properties of Bi;Ses on non-
vdW substrates. We carried out the growth experiments on
sapphire (0001), InP (111), GaAs (111), and SiC (0001) of this
category. While InP’s lattice constant closely matches that of
Bi,Ses, the others have relatively large lattice misfits, so there
is again a strain-relaxation issue. On such substrates, atoms
have dangling bonds, which may lead to strong chemical in-
teraction between the substrate and BiySes deposit. Taking
InP(111)A (the indium-terminated face) as an example, each
indium (In) atom on the surface has an “empty” hybridized
bond, which would readily interact with the outermost Se atom
that has a lone pair orbital. This makes the epitaxy of BirSes
on InP resemble that of covalent semiconductors. The strong
chemical interaction between In and Se is verified by first prin-
ciples calculations.!?°! Such an interaction at the heterointer-
face would make the lattice of ultrathin Bi,Ses layers strain
to fit the substrate’s lattice. Although this is hardly seen in
Bi,Sesz-on-InP due to its small lattice mismatch, on other sub-
strates of similar character such as GaAs(111)A, we expect
the strain to be observable in the films. Note, however, that as
BiySes grows in a unit of one QL, which has a thickness of ~
1 nm, the strain energy could already be too high to sustain a
fully strained BipSes QL on substrates with relatively large lat-
tice misfits.[3%37] Therefore, in general, the films are partially
strained. This appears to be the case indeed, as shown in Fig. 4
(crosses and yellow line) recorded during Bi;Ses; deposition
on GaAs(111)A. Note the seemingly smaller lattice constants
of the initially nucleated Bi;Ses islands on GaAs (a substrate
having an in-plane lattice parameter of ~ 4 A, 1 A=0.1 nm)
(yellow line and blue crosses). This indicates that the BiySes
nucleated on GaAs (111) is indeed partially strained. Sim-
ilar to growth on vdW substrates, the lattice parameter also
evolves with deposition coverage, showing a lattice stretch at
about 1 QL.

Another interesting observation of BipSes growth on
InP(111)A and GaAs(111)A is the diminished twin defects
in the epifilms. Figure 5 shows an example of a surface
of BiSe; grown on InP(111)A. The surface is again com-
posed of triangular mounds. These mounds are, however, uni-
formly oriented toward one and the same direction, suggest-
ing single-domain films according to the previous discussions.
The LEED measurements show diffraction patterns of three-
fold symmetry (Fig. 5 inset), confirming the single domain of
the epifilm. 20!

In passing, we wish to comment on the step struc-
tures on the mounds. Often, the mounds are spirals with
winding steps at the sides, which are caused by preferen-
tial growth at dislocations.*¥! Recently, a new mechanism
has been proposed wherein a spiral mound forms via growth-
front pinning followed by upward climbing of a portion of
the pinned growth front over a step.**! An examination of the
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mounds in Fig. 5, however, reveals that they have a wedding-
cake structure. Wedding-cake-shaped mounds were previ-
ously reported in some other epitaxial systems such as metals
and semiconductors,“%#!1 and were attributed to an Ehrlich—
Schwoebel barrier.*>#3 This observation of the wedding-cake
mounds in BiySes calls for a study of the surface kinetics of

the system in such a direction.

Fig. 5. STM micrograph of a Bi;Se3 film grown on InP(111)A. Note
the unidirectional mounds, signaling a single-domain epifilm, which is
further confirmed by the three-fold LEED pattern (taken at an energy of
40 eV) shown in the inset (note the two sets of diffraction spots, marked
by “A” and “B”, showing different intensities).

Returning to twin suppression in epitaxial Bi,Ses on
InP and GaAs substrates, one might think it is related to a
strong chemical interaction between the substrate and epitaxial
Bi;Ses, through which the subsurface layer(s) of the substrate
affect the stacking of the atoms of epitaxial BipSe;. How-
ever, total energy calculations comparing the two stacking
configurations of one QL BiySes on a six-bilayer InP “sub-
strate,” [ABCABC]p—[abcab]gi,se; versus [ABCABC]yp—
[acbac]gi,se,, suggest that the two stackings are more or less
degenerate, with the rotated stacking being slightly more fa-
vorable, by ~ 8 meV/(1 x 1) cell.”%! Experimentally, we
observed an aligned epitaxial relation, i.e., BiySes[111]||
InP[111] and Bi,Se3[112] || InP[112], which is at odds with
the calculation. Thus we believe that the twin domain sup-
pression in BipSes on InP and GaAs is again explained by the
epifilm’s lattice being constrained by the steps of the substrate.
In fact, subsequent experiments on carefully treated substrates
with large terraces, where BirSe; growth is proceeded by is-
land nucleation, resulted in epifilms that were indeed twinned.
On the other hand, step-flow growth on vicinal InP substrates
consistently produced single-domain films.?")

In some previous studies, the phosphorus-terminated
InP(111)B surface was adopted as the substrate for BiySes
epitaxy.!'”! Phosphorus atoms on InP(111)B have lone elec-
tron pairs, which makes BiSe3 growth on top of it vdWe-
like. We have examined the formation energy of Bi»Se3QL on

InP(111)B and found an energy cost of 0.489 eV per (1 x 1)
cell over that on InP(111)A.2% So despite the fact that Bi,Se3
does grow on InP(111)B, it is less favorable than growth on
the In-terminated InP(111)A surface. Another promising sub-
strate is CdS, which also has a small lattice misfit with Bi,Ses.
Surface atoms of CdS have similar bonding characteristics to
InP, so similar growth behaviors may be expected.

Finally, a point worthy of attention is the terrace-and-step
morphology of epitaxial Bi;Ses on vicinal substrates (such
as that in Fig. 3). This morphology is typical for step-flow
growth of covalent semiconductors, and the epifilm and sub-
strate are thus ¢ axis parallel (see Fig. 6(a)), i.e., BipSes[111] ||
InP[111], for example. Such a “coherent” epitaxial relation is,
however, not one of the characteristics of van der Waals epi-
taxy in a strict sense. For the latter, one would expect a BipSes
film to “float” on the stepped substrate surface, and its ¢ axis
would be parallel to the surface normal (refer to Fig. 6(b)).
The [111] direction of an InP substrate and the Bi;Se; epifilm
would then differ by an angle 6 equal to the offcut angle of the
substrate. The fact that this is not the case may again reflect
a strong chemical interaction of atoms at steps that prevents
such strict vdW processes.

InP [111
nP [111] BisSes [111]

epifilm

substrate

(a)

InP [111] BisSes [111]

epifilm

—_——
—

substrate

(b)

Fig. 6. Schematic illustrations showing (a) the “coherent” epitaxial re-
lation and (b) van der Waals epitaxy on a vicinal substrate such as InP.

4. High-index Bi,Se; epitaxy on InP (001) and
GaAs (001) substrates

Until recently, studies of 3D topological insulators like
Bi;Ses, BipxTes or SbyTe; have focused exclusively on their
hexagonal (111) surfaces. This is mainly because of the
ease of achieving such surfaces by cleaving bulk crystals or
by epitaxial growth of thin films. Surfaces other than the
(111) were not available. Attempts to epitaxially grow TI
films along other directions than the ¢ axis exist, but were
not very successful.[*7] In these efforts, non-hexagonal sub-
strate surfaces were naturally adopted in order to facilitate
high-index BiySes epifilms. Disappointingly, almost all of
the past experiments using, e.g., Si (001),144 AL, 03 (110),14
GaAs(001),40! and InP (001),147! resulted in (111) films in-

stead.
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Recently, Z. J. Xu et al. reported successful growth
of a BizSe; (221) film on a purposefully treated InP (001)
substrate.[*¥) ARPES measurements of such a sample re-
veal not only the Dirac cone structure of the surface elec-
trons, but also an elliptical Fermi surface. Correspondingly,
magneto-transport studies of such films unveil anisotropic
properties.[*84 Lately, we obtained the same Bi,Se; (221)
film, also on a GaAs (001) substrate. Interestingly and impor-
tantly, we found that the epifilms are fully strained to fit the
lattices of the substrates, even for thick layers.

Figures 7(a) and 7(b) present STM micrographs at dif-
ferent length scales of a surface of epitaxial Bi;Se; (221)
on InP (001).
distinctly different from the mounded surfaces of the

Note the striped morphology that is
BiySes (111) films discussed earlier.  X-ray diffraction
(XRD) and RHEED measurements unambiguously indicate
that the epifilm is Bi;Se; (221) with the epitaxial relation
of BiySe3[110]||/InP[110], and Bi,Se3[114]|[InP[110]. This is
schematically shown in Figs. 8(a) and 8(b).[*3!

We remark that such a high-index film is obtainable
only on specially roughened substrates containing 3D islands
bounded by the {111} facets. The RHEED pattern shows
linked spots (Fig. 7(c)). Subsequent Bi;Ses; deposition at
443 K smooths the surface and the RHEED pattern becomes
streakier (Fig. 7(d)). We believe the Bi;Ses (221) film results

via BizSes (111) nucleation on the {111} facets of the sub-
strate, as schematically illustrated in Fig. 8(c). In other words,
it is the facetted islands that guide the BiSe3 (221) film to
grow along the surface normal. This conjecture may be sup-
ported by an experimental fact that on a smooth InP (001) sur-
face without facetted islands, a Bi;Ses (111) film is obtained

instead. 4748

Y1 k
! 1 ' # .
| l : i
i 5
600 nm .
(c) .
. B | !
- o .
» »

Fig. 7. (a) and (b) STM micrographs of the different length scales of
a BiySes (221) film grown on a nominally flat InP (001) substrate. (c)
RHEED pattern of the substrate following a thermal treatment prior to
Bi,Se; deposition. (d) RHEED pattern after Bi;Se; has been grown.
For both RHEED experiments, the electron beam energy was 10 keV,
and incident along InP [110], parallel to the horizontal edges of the
STM image. (Panels (a), (c), and (d) are reprinted from Adv. Mater.25,
Xue Zhong-Jie et al., “Anisotropic Topological Surface States on High-
Index BipSez Films,” pp. 1557-1562 (2013), with permission from
Wiley-VCH). 48]

(c)
()
InP(001) substrate

l BiQSEg [22 1]

InP [001] InP [111]

InP(001) substrate

InP(001) substrate

Fig. 8. A model in panel (a) plan-view and panel (b) side-view of an epitaxial Bi;Ses (221) film on an InP (001) substrate (after Ref. [48]).
(c) Schematic illustration of BiSes (111) nucleation and growth as guided by the {111} facets of InP, leading to the Bi,Ses (221) epifilm.

Based on the RHEED and LEED measurements, we fur-
ther find that epitaxial BipSes (221) on either an InP or GaAs
substrate is fully strained to fit the lattice of the substrate along
the BipSe; [114] direction. Such strains are huge, amounting
to about 9% stretching on InP. This is possible only because
along BiySes [114], there are weakly bonded vdW gaps, as
seen from the illustration of Fig. 8(b). Such in-plane stretch-
ing does not cause out-of-plane compression, however. “8! The
fact that Bi;Se3 (221) can be in-plane strained to a large extent

by the lattice of the substrate suggests the possibility of prob-

[50]

ing the effect of such strain on the properties of TIs,'”*! a new

avenue of research in this important field.

5. Conclusion and perspectives

The layered structure of Bi; Se; makes the compound rel-
atively easy to grow on various substrates by MBE. For the
same reason, however, only [111]-oriented films are obtain-
able on flat substrates, irrespective of the symmetry of their
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surface lattices. For growth on hex-symmetrical substrate sur-
faces, one may still distinguish between the van der Waals type
of substrate and those of the non-vdW category, where some
differences in growth characteristics are noted. Considering
the layered structure of Bi,Ses3, one would choose a vdW sub-
strate in order to better accommodate the lattice misfit strain.
At the heterointerface, the weak vdW bonding between BiySes
and the substrate leaves the epifilm unconstrained by the lat-
tices of the substrate, so the epitaxy is incoherent. In other
words, the epilayer is fully lattice-relaxed even at the begin-
ning of deposition. It is, however, surprising to observe a
slightly stretched lattice of BipSe; at the ~ 1 QL coverage.
Despite the ease of strain relaxation, experiments have also in-
dicated an advantage of using a lattice-matched substrate for
better epitaxial BipSes, suggesting a role of misfit strain in the
nucleation of BiySes3, which in turn affects defect formation
and lattice alignment. Indeed, rotation and twin domains are
common in the epilayers of Bi;Se; grown on vdW substrates.
On a non-vdW substrate, a stronger chemical interaction exists
between deposited atoms and the substrate, so the lattice of the
latter may constrain the lattice of the deposit. First of all, the
epilayer is more strained at the beginning stage of deposition.
There is also a better alignment of lattices of the deposit to
that of the substrate, probably due to a non-negligible effect
of the substrate subsurface layers on both the atomic stacking
of the deposit and the chemical bonding at steps. Therefore,
single-domain BijSes films are obtained on InP(111)A and
GaAs(111)A. These results form a basis for future searches for
substrates that enable better growth of other layer-structured
compounds, including TIs.

Another aspect of TI research is the investigation of
surface states on surfaces other than (111). This is en-
couraged by the recent success in growing BiSe; (221)
films on facetted InP (001) and GaAs (001) substrates. We
find the {111} facets on such substrates guide the growth
of high-index Bi;Se; (221) films in such a way that a
Bi;Ses(111)||InP(111) relation is observable.
for such epitaxial BiSes (221) films, because the vdW gaps

Importantly,

are inclined with respect to the surface/interface, they can be
tuned by the lattices of the substrate so that the epifilm is
fully in-plane strained along one particular crystallographic
direction. This leads to a future experimental effort of grow-
ing BizSes (221) on some other (001) substrates for different
strains, and if available, the strain effect on the TI states can be
probed. Furthermore, one may also consider choosing other
planes of the substrates, such as the (110) plane of InP and
GaAs, for growth of BipSes along other high-index directions.
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