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ABSTRACT The authors present a van der Waals epitaxy of high-quality ultrathin nanoplates of topological insulator Bi,Ses on a
pristine graphene substrate using a simple vapor-phase deposition method. Sub-10-nm-thick nanoplates of layered Bi,Ses with defined
orientations can be epitaxially grown on a few-layer pristine graphene substrate. We show the evolution of Raman spectra with the
number of Bi,Ses layers on few-layer graphene. Bi,Ses nanoplates with a thickness of three quintuple-layers (3-OL) exhibit the strongest
Raman intensity. Strain effects in the Bi,Ses/graphene nanoplate heterostructures is also studied by Raman spectroscopy. 1-OL and
2-OL Bi,Ses nanoplates experience tensile stress, consistent with compressive stress in single-layer and bilayer graphene substrates.
Our results suggest an approach for the synthesis of epitaxial heterostructures that consist of an ultrathin topological insulator and
graphene, which may be a new direction for electronic and spintronic applications.
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irac materials, such as graphene and topological
insulators, have received extensive attention only
in the past few years because of their distinctive
band structures and physical properties.' ~* The electrons
in Dirac materials display a linear energy-momentum “rela-
tivistic” dispersion accurately described by the massless
Dirac Hamiltonian.® Three-dimensional (3D) topological
insulators were recently recognized as new state of quantum
matter with an insulating bulk state and current-carrying
massless Dirac surface states.®”® Unlike graphene with even
numbers of spin-degenerate Dirac cones, most 3D topologi-
cal insulators exhibit an odd number of topologically spin-
polarized Dirac cones on their surfaces.””'® Bismuth se-
lenide (Bi,Ses), a typical thermoelectric and infrared detector
material,'® serves as a reference topological insulator ma-
terial with a large nontrivial bulk gap of ~0.3 eV (equivalent
to 3600 K) and a simple single-Dirac-cone surface state at
the T point.”'°
Nanostructured Dirac materials, such as two-dimensional
(2D) ultrathin films and nanoribbons with extremely large
surface-to-volume ratios and/or distinct edge effects, attract
much interest as possible materials for the next generation
of electronic and spintronic devices.'>'”~*° Compared to
bulk materials, nanostructured topological insulators are
advantageous, because they suppress the residual conduc-
tance in the bulk originating from unintentional and uncon-
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trolled doping states. Nanoribbons of topological insulator
materials were synthesized by a vapor—liquid—solid (VLS)
process.?%?! Recent transport measurements of Bi,Ses nano-
ribbons exhibited pronounced Aharonov—Bohm oscillations
associated with the topological surface states.*® More re-
cently, the Kondo effect was observed at temperatures
below ~30 K in Bi,Ses nanoribbons with magnetic doping.**
Ultrathin film forms of Bi,Ses; and Bi,Tes; were obtained by
molecular beam epitaxy (MBE) growth.”*** The Landau
quantization of the topological surface states in the Bi,Ses
MBE film was recently observed in magnetic field by using
scanning tunneling microscopy and spectroscopy (STM/
STS).?® In addition, mechanical exfoliation of thin sheets
from bulk crystals has achieved good quality Bi,Tes films,
but with irregular shapes and low yield.?®*” To date, the
precisely controlled growth of nanostructured topological
insulators with defined sizes and orientations is desirable,
because the finite-size effects and integration of nanoscale
building blocks are important for actual devices.*®*°
Heterostructures involving these intriguing Dirac materi-
als, such as graphene p—n junctions,'>° and topological
insulator—superconductor junctions,*?' present an exciting
new direction in theoretical and experimental research.
Interlayer interactions of Dirac fermions make nanoscale
Bi,Ses/graphene heterostructures very appealing for future
electronic and spintronic applications. However, it remains
highly desirable to synthesize high-quality heterostructures
of Dirac materials. Chemical decorations of various inorganic
nanoparticles on graphene oxide sheets with various degrees
of oxidation have been reported recently.’*>” In contrast,
due to the chemical inertness and low binding energies for
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FIGURE 1. Vapor-phase synthesis of Bi,Se; nanoplates on few-layer graphene substrates via van der Waals epitaxy. (A, B) Schematic for epitaxial
growth mode. (C) A typical photograph of Bi,Ses nanoplates epitaxially grown on a multilayer graphene substrate. (D) SEM image of triangular
or hexagonal nanoplates with the same orientation. (E) SEM image of ultrathin nanoribbons aligned in three orientations at 120° to one
another (indicated by a triangle and arrows). (F) Histogram of orientation distribution of triangular/hexagonal nanoplates. (G) AFM image of
a three quintuple-layer (QL) Bi,Se; nanoplate on a multilayer graphene substrate.

adsorbates, the decoration method of functional nanocryst-
als on the pristine graphene is lacking. Here we present a
simple vapor-phase deposition of high-quality ultrathin nan-
oplates of Bi,Ses with defined orientations and controlled
thicknesses (1-QL to 10-OL) on a few-layer pristine graphene
substrate by van der Waals epitaxy. The van der Waals
interactions, present in both few-layer graphene and the
Bi,Ses crystal structure, allowed us to assemble the nano-
plates of graphene and Bi,Ses into a heterostructure. The
single crystalline Bi,Ses; nanoplates are continuous and
uniform with atomically smooth surfaces. We carried out
optical microscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force mi-
croscopy (AFM), and micro-Raman spectroscopy to demon-
strate the unusual structure and properties of such quasi-
2D Dirac material heterostructures. We show an evolution
of Raman spectra with the number of Bi,Ses layers on few-
layer graphene. Strain effect in the Bi,Ses/graphene nano-
plate heterostructures is revealed by micro-Raman spectros-
copy. The van der Waals epitaxy can lead to a new tech-
nology for producing heterostructures of pristine graphene
and 2D layered materials with van der Waals gaps, paving
the way for nanoelectronics, thermoelectrics, and other
possible practical applications.

Layered Bi,Ses has a rhombohedral crystal structure in
the space group D54 (R31m) (Figure 1A).>® Each quintuple
layer (QL) in Bi,Ses is ordered in a Se—Bi—Se—Bi—Se se-
quence along the ¢ axis and form planar, covalently bonded
sheets linked together predominantly via van der Waals
interactions. The unit cell (lattice constants a ~ 4.140 A, ¢
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~ 28.636 A) spans over three QLs. The thickness of each
QL is ~9.55 A. Graphene, a single layer of sp*bonded
carbon atoms with a honeycomb lattice structure, exhibits
a hexagonal symmetry with the lattice constant a = 2.46 A.
The length of the C—C bond in graphene is ~1.42 A. The
hexagonal periodicity of the graphene surface along which
the Bi,Ses aligns is d = 4.26 A, which has a lattice mismatch
of ~2.9% with Bi,Ses (Figure 1B). However, the use of the
van der Waals interface efficiently relaxes the lattice-match-
ing condition usually encountered in heteroepitaxial growth
of layered materials.”? ™'

Different from the metal-catalyzed VLS growth of nano-
ribbons of Bi,Ses and other chalcogenides reported re-
cently,?"**7* Bi,Se; nanoplates were grown on few-layer
graphene substrates using a catalyst-free vapor transport and
deposition method inside a 12 in. horizontal tube furnace
equipped with a 1 in. diameter quartz tube. Few-layer
graphene flakes were previously prepared by microme-
chanical cleavage of Kish graphite (Covalent Materials Corp.)
on top of an oxidized silicon substrate (300 nm thick SiO,).
Bi,Ses powder was placed into the hot center region of the
tube furnace (460—500 °C) as the precursors for evapora-
tion. Ultrapure argon acted as a carrier gas to transport the
vapor downstream. The SiO,/Si substrates decorated with
few-layer graphene were placed downstream at certain
positions to accurately set the deposition temperature. The
tube was initially pumped to a base pressure of 10 mTorr
and flushed with the carrier gas repeatedly to remove
oxygen contamination. Typical synthesis conditions are
pressure 100 Torr, growth time 5—30 min, and gas flow
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FIGURE 2. (A) TEM images of epitaxial heterostructure of ultrathin Bi,Se; nanoplate and few-layer graphene. (B, C) Magnified TEM images of
the yellow and red squares in (A), respectively. The nanoplates have the same orientation to one another. (D) HRTEM image of Bi,Ses nanoplate
with a step at the edge. The step edge of the nanoplate is highlighted with a white dashed line to show the orientation along the
[11—20]. (E, F) HRTEM image of the yellow square in (D) and corresponding fast Fourier transformation (FFT) pattern. (G) EDX analysis of the
Bi,Se; nanoplate (up) and few-layer graphene substrate (bottom). The Cu signal comes from the Cu grid.

50—100 sccm (standard cubic centimeters per minute). The
substrate temperature is important for controlling the mor-
phology and thicknesses of the products (Figure St, Sup-
porting Information). Continuous, ultrathin Bi,Ses nano-
plates preferentially grew on graphene in the 330—380 °C
zone while fractional, thick Bi,Ses nanoplates preferred to
deposit at the edges or defect sites of graphene in the colder
zone (below ~300 °C). The Bi,Ses/graphene nanoplate
heterostructures were characterized using an Olympus DX51
optical microscope, Hitachi S-4800 SEM, AFM (Nanoscope
[lIA, Digital Instruments), FEI Tecnai F30 TEM equipped with
an energy dispersive X-ray spectrometer (EDX), and micro-
Raman spectroscopy.

The as-grown Bi,Ses/graphene heterostructures were first
identified by their optical contrast in the optical microscope.
Figure 1C shows a typical photograph of Bi,Ses; nanoplates
grown on a multilayer graphene substrate. The Bi,Ses nano-
plates have triangular or hexagonal shapes with lateral
dimensions of several hundred nanometers to several mi-
crometers. Individual nanoplates show uniform color con-
trast, indicating a uniform thickness along the entire plane
of the nanoplate. Remarkably, all the triangular nanoplates
have the same orientation, suggesting the epitaxy of Bi,Ses
on graphene layer. From the SEM image, the Bi,Ses nano-
plates with uniform thicknesses were aligned in the same
orientation on the graphene layer (Figure 1D). Here the
orientations of the nanoplates’ edges occur at multiples of
60°, consistent with the two-dimensional triangular lattice
of the Bi,Ses quintuple layer. Some ultrathin Bi,Ses nano-
ribbons aligned in three major orientations at 120° to one
another were also observed on the graphene layer (Figure
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1E). Figure 1F illustrates the orientation distribution of
epitaxial triangular nanoplates. The edges of these nano-
plates are mostly along the direction of 0°, 60°, and 120°.
Some Bi,Ses nanoplates deviate from these major directions,
probably due to the weak van der Waals interaction, lattice
mismatch, and perturbations of step, corrugation, or defect
on multilayer graphene substrates. Figure 1G shows a typical
AFM image of an ultrathin Bi,Ses nanoplate with 3-OL
thickness grown on a few-layer graphene substrate. The
terrace structures of both Bi,Se; and graphene layer were
observed. A line-cut across these terraces revealed the step
height of few-layer graphene and the first layer of Bi,Ses
sheet are about 0.35 A and 16.0 A, respectively (Figure S2,
Supporting Information). Another step of the Bi,Se; sheet
has the height of 19.9 A, consistent with the 2-OL thickness
of Bi,Ses. Extensive AFM analyses of the terraced Bi,Ses
nanoplates show the average step height is 9.8 A (Figure S3,
Supporting Information). Note that Bi,Ses nanoplates with
thickness of =3-OL usually have smooth side walls and
defined orientations, whereas single-OL nanoplates exhibit
rough edges.

In order to further study the structure and chemical
composition of the epitaxial heterostructures, we character-
ized Bi,Ses/graphene nanoplate heterostructures using TEM
and EDX. Few-layer graphene sheets decorated with Bi,Ses
nanoplates were mechanically transferred from the SiO,/Si
substrate to a lacey carbon support film on a TEM copper
grid with the assistance of a drop of dilute HF solution
(2% vlv). Figure 2A shows a typical TEM image of the Bi,Ses/
graphene nanoplate heterostructure. From the close-up
views, hexagonal and triangular nanoplates aligned in the
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FIGURE 3. Epitaxial growth of large-area, ultrathin Bi,Se; nanoplate with different thickness on few-layer graphene. (A—F) AFM images of
ultrathin Bi,Ses nanoplates with different thicknesses grown on few-layer graphene: (A) 1-QL Bi,Ses nanoplate on bilayer graphene; (B) 2-OL
Bi,Se; nanoplate on bilayer graphene; (C) 3-QL Bi,Se; nanoplate on single-layer graphene; (D) 4-QL Bi,Se; nanoplate on three-layer graphene;
(E) 5-OL Bi,Ses nanoplate on few-layer graphene; (F) Layered Bi,Ses nanoplates (5—9-QL) on few-layer graphene. Scale bars in (A—F) are 1
um. (G) Optical image of a 3-QL Bi,Se; nanoplate on single-layer graphene. (H) Raman spectra of 3-QL Bi,Se; nanoplate grown on single-layer
graphene using green (514 nm) laser excitation. The recorded position was indicated by the white circle in (G). (I) Close-up view of G’ peaks
of the same single-layer graphene substrate with (blue) and without (red) the decoration of the Bi,Se; nanoplate, respectively.

same orientation are clearly visible (Figure 2, panels B and
C). The lateral dimension of nanoplate can reach several
micrometers.

Interestingly, the few-layer graphene membrane with
atomic thickness and low atomic mass provides an excellent
support for high-resolution TEM (HRTEM) imaging. Note that
the Bi,Ses nanoplate is much more stable than the few-layer
graphene during the HRTEM imaging operated with an
accelerating voltage of 300 keV. A HRTEM image shows a
Bi,Ses nanoplate with a clear thickness contrast (Figure 2D),
consistent with the terraced structure nature of layered
Bi,Ses nanoplates. An enlarged TEM image (Figure 2E) shows
hexagonal lattice fringes, with a lattice spacing of 0.21 nm,
agreeing well with the spacing of the (11—20) planes of
layered Bi,Ses. The corresponding FFT pattern exhibits a
clear hexagonally symmetric spot pattern, confirming the single
crystalline nature. Similar to the Bi,Ses nanoribbons,?*?' the
nanoplates grow along the [11—20] direction, with (01 —10)
facets as side surfaces and (0001) facets as top and bottom
surfaces. EDX analyses reveal uniform chemical composi-
tion of the nanoplates with a Bi:Se atomic ratio of 2:3,
indicating stoichiometric Bi,Ses free of detectable impurities
within the experimental uncertainty limit of EDX analyses
(<2 %) (Figure 2G). Moiré-type modulation structures were
observed in some Bi,Ses/graphene nanoplate heterostruc-
tures, originating from the interactions between closely
placed layers of two materials with different lattice constants
and/or orientations (data not shown).
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Large-area, continuous, ultrathin Bi,Ses; nanoplates with
various thicknesses (1QL to 9QL) can epitaxially grow on
few-layer graphene substrates, indicated by our AFM mea-
surements (Figure 3A—F). Even from the very initial stage
of epitaxial growth, a smooth and uniform Bi,Se; film grows
epitaxially on a graphene substrate. Note that the growth of
continuous, atomic flat Bi,Ses films can grow over the steps
on graphene and terminate at the edges of graphene.

Raman spectroscopy is a powerful tool for the study and
characterization of both layered Bi,Ses; and graphene,
respectively.*®”*® Few-layer graphene substrates were iden-
tified with the optical microscope and subsequently con-
firmed by Raman spectroscopy and AFM measurements.
Figure 3G shows a typical optical image of a 3-QL nanoplate
of Bi,Ses on single-layer graphene. The Raman measure-
ments are performed at room temperature with a Renishaw
spectrometer with notch filters cutting at ~100 cm™'. The
excitation spot size is about 1 um. All Raman spectra are
recorded at very low power levels P < 0.2 mW and P < 0.7
mW on the sample surface for 514 and 633 nm excitation
lasers, respectively. Sample damage is avoided under such
measurement conditions, which is confirmed by AFM mea-
surements. Figure 3H shows a typical Raman spectrum
ranging from 100 to 2800 cm™" at 514 nm laser excitation
for the 3-OL nanoplate of Bi,Se;s on a single-layer graphene.
At the low frequency region, two characteristic peaks of
rhombohedral Bi,Ses at 131 and 174 cm™' correspond to
an in-plane vibrational mode (Eg®) and an out-of-plane
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FIGURE 4. (A) Optical image of layered Bi,Se; nanoplates with obvious contrast grown on a few-layer graphene substrate. (B) Evolution of the
Raman spectra at 633 nm laser with the number of Bi,Se; quintuple layers (QLs). (C) Intensity variation of A4 and E* bands for Bi,Ses nanoplates
as a function of thickness. The 3-QL films have the strongest Raman signals. (D) Evolution of the Raman frequency position with the number
of layers. A;¢* band upshift Aw = 3.3 cm™; E¢® band downshift Aw = 9.2 cm™.

vibrational mode (A, g2) of Se—Bi—Se—Bi—Se lattice vibra-
tion, respectively.*® Note that there is no significant change
in the shapes of the characteristic E¢* and A, 4* peaks of
Bi,Se; nanoplates compared with that of the bulk crystal
(Figures S4 and S5, Supporting Information), consistent with
the good crystallization nature of ultrathin Bi,Ses films. At
the high frequency region, the two characteristic peaks for
graphene at ~1580 (G-band) and ~2700 cm™" (G"-band) are
shown, assigned to the stretching of the C—C bond and a
second-order two-phonon process in sp? carbon systems,
respectively.*® For clarity, Figure 31 shows the G’ peaks of
the same single-layer graphene with and without the decora-
tion of Bi,Ses nanoplates, respectively. The G’ peak of the
pristine graphene was well fitted by a sharp and symmetric
Lorentzian peak, consistent with the feature of single-layer
graphene.*” The single-layer graphene covered with 3-QL
Bi,Ses nanoplate has a broader and up-shifted G’ band,
which may be closely related to the interaction of graphene
and the surface state of Bi,Ses.

We have carried out detailed micro-Raman scattering
from Bi,Ses ultrathin nanoplates with different layers at
room temperature in the backscattering geometry. Remark-
ably, layer number of Bi,Ses films on few-layer graphene
substrates can be roughly identified through the optical color
contrast (Figure 4A). Figure 4B plots the evolution of Raman
spectra for a 633 nm excitation as a function of the number
of Bi,Ses layers. Two characteristic Eq* and A,4* vibrational
modes at ~131 and ~174 cm™' were detected as ex-
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pected.*' The Raman intensity and frequency shift variation
with thickness (OLs) are obvious. Our extensive Raman
measurements show that 3-QL thick Bi,Ses nanoplates have
the strongest Raman intensity (Figure 4C). An enhancement
factor may exist for Raman scattering of 3-OL Bi,Ses nano-
plates and needs to be further addressed. We noted similar
work by Shahil and colleagues on Raman spectra of me-
chanically exfoliated Bi,Tes quintuples during the review
process of our work.* In Bi,Tes quintuples with thickness
ranging from bulk limit to ~4 nm, the intensity of the out-
of-plane vibrations increases with decreasing thickness,
consistent with the results of Bi,Se; nanoplates.

Figure 4D plots the evolution of the Raman frequency
position for Bi,Ses nanoplates as a function of the thickness.
Compared to the Raman peak positions of multilayer (=3-
QL) Bi,Ses nanoplates, the single-OL and 2-QL films dis-
played a significant downshift (~9.2 cm™") of in-plane
vibrational mode with E4* symmetry, while a upward shift
(~3.3 cm™") of out-of-plane vibration mode with A4* sym-
metry was observed. These results indicate that Bi,Ses
nanoplates with a thickness of <2-OL is under significant
stress.”>°" Such stress is always introduced into epitaxial
layers due to the lattice mismatch between crystal and
substrate (here ~2.9%).°°~>* Because the hexagonal peri-
odicity of the graphene surface is slightly larger than that of
the Bi,Ses crystal lattice, Bi,Ses epitaxial nanoplate (below
2-QL) experiences tensile stress, which is parallel to the film
plane.® This result is consistent with the downward shift of
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the in-plane vibrational mode. The upward shift of the out-
of-plane vibrational mode strongly suggests that compres-
sive stress exists in the ¢ axis direction.” Our measurements
demonstrate that there is no obvious shift of Raman position
when the thickness is above 3-OL, indicating that the stress
inside the Bi,Ses; epitaxial layer with thickness of =3-QL
disappears.®%>*

The tensile stress of Bi,Ses nanoplates might give rise to
a compressive stress in the few-layer graphene substrate.
Indeed, we observed an obvious upward shift of the G-band
for single-layer and bilayer graphene covered by 1-QOL or
2-OL Bi,Ses nanoplates (Figure S6, Supporting Information).
The upward shift of G-band ranges from 5 to 10 cm™,
indicating significant compressive stress in the graphene
substrate.”®~>?

In summary, van der Waals epitaxy of large area, high-
quality, ultrathin topological insulator Bi,Ses nanoplates on
few-layer graphene has been achieved by a catalyst-free
vapor transport and deposition method. The van der Waals
epitaxy suggests an interesting approach for producing
heterostructures involving pristine graphene and layered
topological insulators. The detailed Raman measurements
reveal the strain effects in the Bi,Ses/graphene nanoplate
heterostructures and display an evolution of Raman spectra
with a number of Bi,Ses layers. The Bi,Ses/graphene nano-
plate heterostructure provides a good candidate for the study
of the unusual interaction of Dirac fermions, which may
open new exciting opportunities in future electronic and
spintronic devices.
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