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The formation, structure and electronic properties of SnSe2–Bi2Se3 van der Waals heterostructures

were studied. Both heterostructures, SnSe2 on Bi2Se3 and Bi2Se3 on SnSe2, were grown epitaxially

with high crystallinity and sharp interfaces. Their electron band structures are of trivial and

topological insulators, respectively. The Dirac surface states of Bi2Se3 survive under the SnSe2

overlayer. One triple layer of SnSe2 was found to be an efficient spacer for separating a Bi2Se3

topological-insulator slab into two and creating the corresponding topological surface states.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4958936]

Two-dimensional (2D) materials have been one of the

most studied topics in solid state physics in the last decade,

beginning with graphene1 followed by numerous other mate-

rials. In addition to graphene-like atomic thin sheets, such as

hexagonal boron nitride,2,3 individual layers of the van der

Waals crystals, such as transition metal dichalcogenides,4,5

have been studied.

Layered structures are typical for topological insulators

(TIs), which are another exciting topic in the field of con-

densed matter physics. Similar to graphene, TIs possess me-

tallic Dirac surface states (SSs), which spin–split in addition.

These states originate from nontrivial topology and time-

reversal symmetry (TRS). They have many potential applica-

tions and provide a way to study a variety of fundamental

phenomena.6–8

The unique material structures of TIs allow artificial

materials to be constructed by stacking different 2D crystals

on top of each other to obtain the desired properties.9 Weak

van der Waals-like forces are sufficient to hold the stack to-

gether, but, in the absence of dangling bonds, the strain be-

tween layers is minimal. Here, the concept of van der Waals

epitaxy is used.10 In principle, this enables heteroepitaxy be-

tween layered materials with large lattice mismatches.

TI-based heterostructures are characterized by a diverse

array of possible phenomena.11 In heterostructures built with

TIs and magnetic insulators, TRS can be broken by the prox-

imity effect,12–14 which provides a way to observe the topo-

logical magnetoelectric effect and quantum anomalous Hall

effect.6 Such heterostructures also provide the possibility of

electrostatic control of magnetic anisotropy.15 Furthermore, a

superlattice comprising magnetically doped TIs (another way

to break TRS) and trivial insulators provides a simple exam-

ple of a Weyl semimetal,16 which is a material that possesses

Weyl fermions. In turn, the Majorana fermion can be found in

heterostructures based on TIs and superconductors.17

The goal of the present study was to grow and character-

ize van der Waals heterostructures based on the TI Bi2Se3 and

trivial insulator SnSe2. In particular, with the heterostructures

where TI is sandwiched by trivial insulators, one can achieve

electrostatic gating across the bulk bandgap of the TI.18,19

Using superlattices allows for the number of topological

SS channels to be multiplied, which drastically increases the

surface-to-bulk ratio in transport-related phenomena.20,21

Heteroepitaxy of SnSe2 on Bi2Se3 (and vice versa) was

achieved using molecular beam epitaxy (MBE). Films were

smooth, with highly crystalline and sharp interfaces, as revealed

by reflection high-energy electron diffraction (RHEED) and

scanning tunneling microscopy (STM) observations. Angle-

resolved photoemission spectroscopy (ARPES) data showed

that, after the SnSe2 film formed on the Bi2Se3 layer, the Dirac

SSs remain intact. A single SnSe2 triple layer (TL) is sufficient

to separate the Bi2Se3 stack into two and introduce corre-

sponded topological interface states.

Thin-film growth using MBE was conducted in an ultra-

high vacuum (UHV) chamber with base pressure less than

5:0� 10�10 Torr, equipped with RHEED facility. N-type

Si(111) wafers (40–70 X � cm) were used as substrates. An

atomically clean Si(111)7� 7 surface was prepared in situ
by flashing to 1280 �C after the wafer was out-gassed at

600 �C for 6 h. Tin, bismuth, and selenium were evaporated

from effusion cells with integrated shutters. The prepared

samples were transferred into another UHV chamber,

equipped with STM, ARPES, and X-ray photoemission spec-

troscopy (XPS) facilities. The samples were transported with-

out breaking the UHV conditions using an evacuated transfer

unit with a base pressure of approximately 1:0� 10�9 Torr.

ARPES and XPS measurements were conducted using a VG

Scienta R3000 electron analyzer and high-flux He discharge

lamp (h�¼ 21.2 eV) and Mg X-ray source (h�¼ 1253.7 eV),

respectively.

The Bi2Se3 film was prepared using a procedure22 that

involved the MBE growth of Bi2Se3 on a
ffiffiffi

3
p
�

ffiffiffi

3
p

-recon-

structed Bi monolayer on Si(111).23 To grow the SnSe2 film

on Bi2Se3, we used Se-rich conditions with a Sn to Se ratio

of approximately 1:10. The tin deposition rate was approxi-

mately 0.25 ML/min (monolayer (ML); 7:8� 10�14 cm�2),a)mateckij@iacp.dvo.ru
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and the substrate temperature was 190 �C. Reversal scenario

of Bi2Se3 growth on the SnSe2 was also realized using a

growth rate of 0.15 quintuple layer (QL) per minute and a

substrate temperature of 190 �C.

Crystal structures of Bi2Se3 and SnSe2 are shown in

Fig. 1(d). SnSe2 has a CdI2-type layered structure where each

TL consists of one Sn atomic sheet sandwiched between two

Se atomic sheets [Fig. 1(d)]. The in-plane lattice constant is

a¼ 3.8 Å and the TL-to-TL distance is h¼ 6.1 Å.24 Bi2Se3

layers are arranged in the order Se-Bi-Se-Bi-Se with a QL-to-

QL distance of h¼ 9.5 Å and an in-plane lattice constant of

a¼ 4.14 Å.

Figures 1(a), 1(b), and 1(c) show RHEED patterns taken

along the Si [11�2] direction from the initial Bi2Se3 substrate, a

1 TL SnSe2 film, and a 30 TL SnSe2 film, respectively. Ratios

of distances between the (00)–(01) spots of the substrate and

the film agree well with the reciprocal lattice constants of

Bi2Se3 and SnSe2. The RHEED pattern from the 1 TL SnSe2

film [Fig. 1(b)] includes faint, streaked spots that are not seen

in the RHEED patterns from the Bi2Se3 substrate or the 30 TL

SnSe2 film. These spots have the highest intensity around the

specular spot. The distance between these spots and specular

spot coincides with the difference between the (00)–(01) spot

distances of the substrate and film. This suggests that these ad-

ditional spots can be caused by a Moir�e pattern with lattice

constant A ¼ 11� aBi2Se3
¼ 12� aSnSe2

¼ 45:5 Å. The Moir�e
pattern disappears after the second SnSe2 TL forms.

Figure 2 presents STM images of the films. A large-scale

STM image of the initial Bi2Se3 substrate is shown in Fig.

2(a). The STM profile [Fig. 2(b)] along the red line in Fig. 2(a)

shows steps with heights of �1 nm, which agrees with the

Bi2Se3 QL-to-QL distance (0.95 nm). A high-resolution STM

image of the Bi2Se3 substrate is shown in Fig. 2(c). A large-

scale STM image of the 30-TL-thick SnSe2 film grown on

Bi2Se3 is shown in Fig. 2(d). The STM profile [Fig. 2(e)] along

the red line in Fig. 2(d) shows steps with heights of �0.6 nm,

which agrees with the SnSe2 TL-to-TL distance (0.61 nm). A

high-resolution STM image of the 30-TL-thick SnSe2 film is

shown in Fig. 2(f). Except for the occasional screw disloca-

tions, both the substrate and the film are defect-free and atomi-

cally smooth, albeit relatively rough over a large scale.

Figures 2(g) and 2(h) present STM images of the 1-TL-

thick SnSe2 film grown on Bi2Se3. A periodic Moir�e pattern

with a large lattice constant is visible in Figs. 2(g) and 2(h).

Analysis of the high-resolution STM image shown in Fig. 2(h)

yields a superlattice periodicity equal to �12 interatomic dis-

tances, which agrees with estimation derived from the RHEED

patterns.

FIG. 1. RHEED patterns from (a) Bi2Se3, (b) 1-TL-thick SnSe2 layer grown

on Bi2Se3, and (c) 30-TL-thick SnSe2 film on Bi2Se3. Violet and red dotted

lines mark (01) reflections of Bi2Se3 substrate and SnSe2 film, respectively.

The inset in (b) shows the enlarged region of the RHEED pattern around

specular reflection outlined by a yellow dotted rectangle. (d) Ball-and-stick

models of Bi2Se3 and SnSe2. Bi, Sn, and Se atoms are shown by violet, gray,

and yellow balls, respectively. Corresponding bulk unit cells are outlined by

green lines.

FIG. 2. 400� 400 nm2 STM images of (a) 16 QL Bi2Se3 on Si(111) and (d)

30 TL SnSe2 on Bi2Se3. (b) and (e) STM line profiles along the red lines in

(a) and (d), respectively. (c) and (f) 2.5� 2.5 nm2 high-resolution STM

images of Bi2Se3 and 30 TL SnSe2/Bi2Se3, respectively. (g) 200� 200 nm2

and (h) 12� 12 nm2 STM images showing Moir�e pattern developing at the

surface of the 1-TL-thick SnSe2 layer grown on Bi2Se3.
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The stoichiometry of the SnSe2 films was proved using

XPS. The only peaks present in the XPS spectrum from the

30-TL-thick SnSe2 film [Fig. 3(a)] are from the tin and sele-

nium. The peak–area ratio, normalized using a relative sensi-

tivity factor for Se 3d and Sn 4d, is 1.8:1.0, which is close to

the ideal 2:1 stoichiometry.

Experimental ARPES data for SnSe2 have not been

reported, and the calculated band structures presented in the

literature are not in agreement with each other.25–27 Our ex-

perimental ARPES spectrum for the 30-TL-thick SnSe2 film

shown in Fig. 3(b) (presented in the second-derivative mode

to enhance fine spectral features) shows a relatively good

resemblance with the spectrum calculated for a 1-TL-thick

SnSe2 layer.27 In the experimental spectrum, the valence

band maximum is located at the C point. Faint spectral fea-

tures appear near the Fermi level at the M point. This could

indicate that the conduction band minimum is approaching

the Fermi level; this would suggest that the band gap is indi-

rect and should be close to 1.3 eV.

The fate of topological SS of the Bi2Se3 covered by the

SnSe2 film was studied. Taking into account that electron es-

cape depth of the excitation energy employed in this study

(h�¼ 21.2 eV) was approximately 10 Å,28 we studied only

the 1-TL-thick SnSe2 overlayer. The ARPES spectrum

around the C point for this sample is shown in Fig. 4. The

Dirac SS is preserved, and in contrast to the case of magnetic

overlayers,22,29 there are no gap openings at the Dirac point.

Additional faint Dirac cone replicas are visible in the

ARPES spectrum. Such behavior is typical for films with

Moir�e patterns. Indeed, the replicas are shifted from the

main cone by 0.164 Å�1, which coincides with the reciprocal

lattice constant of the Moir�e pattern (0.159 Å�1). Replicas

can originate from either the final-state effects30 or effects of

a superperiodic potential.31,32 In general, the latter reflects

intrinsic peculiarities of the electronic structure, while the

former is associated with the peculiarities of the photoemis-

sion process (e.g., electron scattering) in a given system. A

superperiodic potential should lead to minigaps appearing at

the crossing points of the replicas and in the vicinity of the

Bragg planes.31–33 In the present case, no signs of such fea-

tures are seen. Thus, we conclude that the replicas most like-

ly originate from the final-state effects, i.e., the wave-vector

of the photoelectron ejected from Bi2Se3 adopted a recipro-

cal vector of the Moir�e superlattice when the electron passes

the SnSe2 layer.

Finally, we examined the possibility of growing the re-

verse heterostructures, i.e., Bi2Se3 on SnSe2. The growth of a

Bi2Se3 film on a 1-TL-thick SnSe2 layer on Bi2Se3 is of inter-

est because in this system, the effect of an ultra-thin trivial

insulator spacer on TI stack could be studied. The growth

rate was 0.15 QL/min and the substrate temperature was

190 �C. Under these conditions, oscillations of the RHEED

specular spot were observed; such oscillations are a sign of

layer-by-layer growth. The film has the same basic structure

and morphology as the Bi2Se3 films grown directly on

Si(111). ARPES measurements were used to distinguish the

effects of the underlying Bi2Se3 on the topological SS of the

grown Bi2Se3 film through the 1-TL-thick SnSe2 spacer.

Figure 5 shows a series of ARPES spectra taken from Bi2Se3

films with thicknesses between 2 and 8 QL on a SnSe2 spac-

er. The 2-QL spectrum [Fig. 5(a)] exhibits two bands separat-

ed by a distinct gap. As the film thickness increases to 4 and

6 QL [Figs. 5(b) and 5(c)], the gap gradually decreases and

disappears completely at 8 QL [Fig. 5(d)]. The thickness de-

pendence of the topological SS was similar to that of Bi2Se3

films grown on graphene.34 However, in the present case, the

hybridization gap closes at larger thicknesses (approximately

8 QL compared with 6 QL34), which can be explained by the

presence of the additional Bi2Se3 surface.

In conclusion, we examined the possibility of growing

van der Waals heterostructures from the TI Bi2Se3 and the

trivial insulator SnSe2. Smooth, epitaxial SnSe2 films with

thicknesses from 1 to 30 TL were grown on Bi2Se3. Thick

SnSe2 films exhibit insulating properties, with an indirect
FIG. 3. Spectroscopy data taken from 30-TL-thick SnSe2 film on Bi2Se3. (a)

XPS spectrum and (b) 2nd-derivative ARPES spectrum.

FIG. 4. ARPES data for Bi2Se3 covered with 1 TL SnSe2. (a) Symmetrized

ARPES spectrum around the C point taken at CM direction. (b) Constant-

energy plots at the Dirac point (�0.3 eV) and beneath and above it.
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gap of 1.3 eV. The 1-TL-thick SnSe2 film grown on Bi2Se3

exhibits a Moir�e pattern with 12� 12 periodicity in units of

the SnSe2 lattice constant. This Moir�e pattern leads to the

appearance of Dirac cone replicas in the ARPES spectra; in

the rest, the topological SS remains intact. The 1-TL-thick

SnSe2 spacer completely separates the underlying Bi2Se3

from the Bi2Se3 overlayer, as revealed by the thickness-

dependent hybridization gap opening. The Bi2Se3–SnSe2

heterostructures could be used in TI-based spintronic devi-

ces11 and new topologically non-trivial materials.16
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