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The development of a highly controllable fabrication method for 2D-TIs holds significant potential
for the next generation of electronic devices. Moreover, helical edge states 1is an idea platform to
discovery Majorana fermions that can become a future material for quantum computer.

We focus on van der Waals heterostructures combining graphene with
Bi2-xSbxTe3-ySey thin film (BSTS), one of the best three-dimensional topological insulators
3D-TIs). We have shown that graphene is a good platform for growing high quality BSTS films with
thicknesses in the range of 10 to 30 nm. When the thickness of the BSTS films is below 10 nm, the

proximity effect induced enhancement of the spin-orbit interaction at the interface of graphene and
BSTS ultrathin films supports the emergence of helical edge states along the edge.
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Two-dimensional topological insulators (2D-Tls), known as quantum spin Hall
insulators, exhibit insulating properties with a bandgap in the bulk but have the helical
edge states along the edge. In these edge states, backscattering is forbidden, allowing
the creation of innovative devices [1]. The first 2D-TI to be experimentally realized is the
semiconductor quantum well of HgTe/CdTe [2] and then InAs/GaSb [3] by molecular
beam epitaxy, where the observation temperature of the helical edge states is as low as
tens of millikelvin. The next generation of 2D-Tls is the monolayer of WTe», [4] a transition
metal dichalcogenide (TMDC), which is experimentally observed around 100K. On the
other hand, the difficulty of structural control to the 1T' phase, the overwhelmingly low
yield of monolayer films, and the atmospheric instability of this material bring many
difficulties to the sample fabrication process. Therefore, the development of a highly
controllable fabrication method for two-dimensional topological insulators holds
significant potential for the next generation of electronic devices. Moreover, helical edge
states in 2D-Tl is an idea platform to discovery Majorana fermions by fabricating an
interface with a s-wave superconductor [5] that can become a future material for quantum

computer.
2. WHEDOHBY

We focus on van der Waals (vdW) heterostructures combining graphene with
Bi2-xSbxTe3-ySey thin film (BSTS), one of the best three-dimensional topological
insulators (3D-Tls). Heterostructures of Dirac materials such as graphene and 3D-Tls
provide interesting platforms to explore exotic quantum states of electrons in condensed
matter. We have shown that graphene is a good platform for growing high quality BSTS
films with thicknesses in the range of 10 to 30 nm. When the thickness of the BSTS films
is below 10 nm, the proximity effect induced enhancement of the spin-orbit interaction at
the interface of graphene and BSTS ultrathin films supports the emergence of helical

edge states along the edge.
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3. WHRDOTTE

We have developed a technique to grow and control the properties (thickness,
composition) of BSTS films on CVD monolayer graphene by physical vapor deposition
method. We also investigated a dry stacking method that would allow us to produce a
high-quality van der Waals heterostructure of hBN/TI-graphene/hBN, thus improving the
quality and stability of the samples. We observed the signature of the helical edge states
with a suitable thickness of BSTS film to induce hybridization between the top and bottom
surface by non-local transport properties and magnetoresistance of several devices for

different measurement configurations at low temperature (0.3K — 2K).
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Figure 2. Dry transfer method to make the graphene-BSTS heterostructures.
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Result 1. Fabricate the double-sided epitaxial vdW heterostructures and dual-gate
devices for electrical transport measurements.

We grew the BSTS thin films on CVD graphene by vapor-deposition method.
The cross-sectional TEM image and XRD data show that graphene serves as a
crystalline substrate for the epitaxy growth of BSTS films [6].

A dual gate field effect transistor was fabricated by stacking the graphene/BSTS
heterostructure thin film between two layers of h-BN by the dry transfer method. The Hall
bar structure was fabricated by dry etching. Finally, the edge contact was formed along

the edge of the samples.
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Figure 3. The cross-section of the dual gate devices.

Result 2. Observation of helical edge states with a 9nm BSTS-graphene dual gate
devices

We first studied the behavior of a 9nm BSTS-graphene dual gate device in a
Hall bar structure (Figure 4a). Figure 4b shows the color map of resistance of device as
the function of top and back gate voltages. The resistance saturates at the maximum
value ~ 13 kQ (~ Ra/2), which is consistent with the existence of helical edge states [7].
We also measured other configurations to confirm the existence of helical edge states

through non-local transport measurement (Fig. 4b).
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Figure 4. (a) A Hall bar device (b) Color map of device resistance as a function
of back and top gate voltages. (c) Device resistance as a function of back gate voltages
(top gate voltages Vrc was set at 0.2V) with different configuration. Rj« is the value of
non-local resistance with the current injected from contact i - j and the voltage was

measured between contact k 2> I. Ry = Vil/l;



Result 3 Temperature dependence of the vdW graphene-BSTS with different BSTS film
thicknesses

In order to clarify in detail the evolution of 2D-TI states in BSTS/graphene
heterostructures  with different thicknesses, we fabricated BSTS/graphene
heterostructures with BSTS thicknesses of 2 nm, 3 nm, 9 nm and 20 nm in the same
device structure and measured the temperature dependence of Ri423as shown in Figure
5. We observed the signature of the helical edge states when the BSTS thickness was
in the range of 3-9 nm. At 2 nm, the temperature dependence of the resistivity shows the
insulator behavior. We expected that the gap of graphene had been opened due to the

Keule mechanism [8].

Figure 4. Temperature dependence of the
vdW graphene-BSTS with different BSTS
film thicknesses. Four probe measurements
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were performed with the current injected
from contact 1 to 4 while the voltage was
measured between contact 2 and 3.
Signature of the helical edge states was
observed when the BSTS film thickness in
the range of 3 — 9 nm (Ri423 ~ 13 kOhm ~
Ra/2).
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