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van der Waals epitaxy and defect-charge manipulation of InSb islands
on graphene-covered SiC(0001)
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Indium antimonide has attracted extensive interest due to its optical and electronic applications, and functions
as a constituent block in exploring Majorana physics. Here, through molecular-beam epitaxy, we achieve van
der Waals epitaxy of high-quality InSb islands on graphene-covered SiC(0001) substrate. As characterized
with spectroscopic imaging scanning tunneling microscopy (STM), the islands have tens of nanometers in
thickness and a 2 × 2 surface reconstruction, exhibiting a narrow band gap of 0.315 ± 0.005 eV. Double
concentric rings, whose diameters vary with the bias voltage of the STM tip, are observed in the spatially
resolved conductance maps, which are explained as a charging process of solitary defects due to tip-induced
band bending. Furthermore, high-temperature sample annealing induces a 3 × 3 surface reconstruction, which
possesses a larger gap of 0.40 ± 0.01 eV. Our work demonstrates the feasibility of van der Waals epitaxy of the
InSb traditional semiconductor and enriches the understanding of charging process in single defects.
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I. INTRODUCTION

Indium antimonide (InSb) is a zinc-blende structured semi-
conductor belonging to the III–V family. InSb crystal has
received a great deal of attention for decades because of
its excellent optical and electronic properties. It has the
smallest band gap of ∼0.235 eV amongst binary III–V
compound semiconductors, and possesses a small effective
mass of ∼0.015 me and an ultrahigh electron mobility of
∼77 000 cm2/(V s) [1–4]. As such, InSb demonstrates wide
applications in infrared detectors [5,6], high-speed transistors
operating at low voltages [7], magnetic sensors [8], and, very
recently, THz transport waveguides [9]. In addition, owing to
its strong spin-orbit interaction [10,11], a large Landé g factor
[12], and high mobility, InSb has functioned as an essential
building block for constructing artificial topological supercon-
ductors, where Majorana modes emerge at the boundary of the
superconductivity-proximitized InSb wires or films [13–15].

Those applications require the growth of high-quality InSb
crystals. Various techniques, including molecular-beam epi-
taxy (MBE), liquid phase epitaxy, magnetron sputtering, and
metalorganic vapor phase epitaxy, have been utilized for the
epitaxial growth of InSb films [16–22]. The chosen substrates
are limited to those with similar lattice constant of InSb to
reduce the strain accumulated onto the epitaxial films. van der
Waals (vdW) epitaxy, on the other hand, allows the growth of
crystalline films with weak vdW interaction at the interfaces,
where the lattice mismatch at the interface can be largely
neglected. This greatly expands the available substrate for
the grown films. Moreover, the epilayer can in principle be
exfoliated from the substrate due to the weak interaction at the
interface. However, the vdW epitaxy is conventionally applied
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for the growth of vdW crystals, and is rarely utilized for the
growth of films with three-dimensional (3D) bulk structures.

Single atomic defects are one of the smallest structural
units of a solid material. Manipulating the charge state of
solitary defects in semiconductors not only enriches our
understanding towards charge transfer at the single defect
level, but also envisions to build functional devices that can
reach the limit of miniaturization [23]. Scanning tunneling
microscopy and spectroscopy (STM/STS) could characterize
single defects in semiconductors owing to its high spatial
and energy resolution [24]. The STM tip can also be used
as a local electric gate to directly modify the electrostatic
potential around single defects via tip-induced band bending
(TIBB), rendering it an ideal tool for addressing and manipu-
lating the charge state of single defects. While single charge
states of solitary defects in semiconductors are relatively com-
mon, multiple charge states in individual charged impurities
are rare.

In this study, we report the successful growth of high-
quality InSb islands through vdW epitaxy with MBE on
graphene-covered SiC(0001) substrate, which has the virtue
of no constraint on the lattice match at the interface, in
contrast to conventional growth. Utilizing STM/STS, we char-
acterize the structural and electronic properties of the InSb
islands. We observe subsurface charge dopants in InSb whose
charge states can be manipulated with two successive charg-
ing events via TIBB, which are rarely observed in previous
systems, enriches our understanding of charging process in
individual defects.

II. METHODS

With MBE technique, we attempt to grow InSb on
graphene-covered SiC(0001) substrate, because the graphene
substrate is inert with weak vdW-type interaction with the
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grown films. To obtain graphene, the SiC substrate was first
degassed at 600°C for at least 3 h. Then it was flashed to
950°C for 2 min under Si flux, and it was subjected to five
cycles similar to the flashing procedure. Subsequently, the Si
source was turned off. And, the SiC was flashed to 1400°C for
10 min to desorb Si atoms and form double-layer graphene
[25]. The high temperature was achieved by direct current
heating and was monitored by an infrared pyrometer, which
can measure temperatures ranging from 250 to 1400°C. Sub-
sequently, the InSb island is grown by coevaporating In (purity
99.999%) and Sb (purity 99.95%) from a homemade tanta-
lum boat and a Knudsen cell evaporator, respectively, with
an approximate flux ratio of 1:8. The base MBE pressure is
better than 8 × 10–10 Torr. The substrate temperature is kept
suitably high enough to facilitate the island formation and
desorption of excess Sb. However, a too high substrate tem-
perature degrades the grown islands. The details on the effect
of substrate temperature on the morphology of the grown
InSb are depicted later. Such strategy has been used in the
growth of GaAs [26], and numerous binary vdW compounds
[27–29]. We found that InSb can desorb from graphene when
the substrate temperature is increased to 600°C, leaving intact
graphene. This excludes the possibility of reaction with the
grown InSb, as well as avoiding the interfacial strain due to
lattice mismatch.

STM/STS measurements were conducted in a custom-
made cryogenic Unisoku STM (1200) system at 5 K [30]. The
electrochemically etched W wire was used as the STM tip,
which had been characterized on a standard Ag(111) multi-
layer film grown on a Si(111) substrate before measurements.
Both conductance spectra and maps were acquired by lock-in
detection of the tunneling current with a modulation voltage
at 983 Hz feeding into the sample bias.

III. RESULTS AND DISCUSSION

Bulk InSb belongs to a III–V semiconductor, whose crystal
structure is of zinc-blende type with a lattice parameter of
a = 0.648 nm [1]. Correspondingly, its in-plane lattice con-
stant of the InSb(111) surface is a0 = a/

√
2 = 0.458 nm. The

InSb(111) surface with In termination is called InSb(111)-A
surface, while the InSb(1̄1̄1̄) surface with Sb termination is
called InSb(111)-B surface. Previous studies have identified
multiple reconstructions on the InSb(111) surface. Namely,
the InSb(111)-B surface can exhibit (2 × 2), (3 × 3), and (3 ×
1) reconstructions, while (2 × 2) and (2

√
3 × 2

√
3) R30◦

reconstructions have been observed on the InSb(111)-A sur-
face. Different surface reconstructions form depending on the
preparation conditions such as growth temperature and the
flux ratio of In to Sb [31–41].

Figure 1(a) shows a typical STM topographic image of
as-grown InSb islands on a graphene substrate. The InSb
islands exhibit triangle or hexagonal shapes with a spatial
extension of tens to hundreds of nanometers and a thickness
ranging from 6 to 20 nm. The spatial sizes of the InSb islands
enlarge with increasing coverage, but cannot be grown into
specific layers. During the growth, the temperature of the
substrate was kept at 260°C, which is the optimal substrate
temperature to grow atomically flat InSb surface with 2 ×
2 surface reconstruction and minimal defects [Fig. 1(b)]. As

FIG. 1. (a) Large-scale STM image (Vb = 2 V, It = 10 pA)
showing the topography of InSb islands grown on a graphene
substrate. (b)–(d) Topography of the as-grown InSb islands with
different substrate temperature Ts during growth. Substrate temper-
ature: (b) Ts = 260◦C (c) Ts = 250◦C and (d) Ts = 270◦C. Imaging
conditions: (b) Vb = 2 V, It = 10 pA; (c) Vb = 1 V, It = 10 pA; and
(d) Vb = 2 V, It = 10 pA.

shown in Figs. 1(c) and 1(d), when the substrate temperature
is low (250°C), incomplete reconstruction, excessive defects,
and rough surface will occur. When the substrate temperature
is high (270°C), the defect density will increase prominently.

As is seen from the atomic resolution imaging of the
InSb(111) surface in Fig. 2(a) and its fast Fourier transforma-
tion (FFT), the InSb(111) surface is atomically flat, exhibiting
a triangular lattice. The lattice constant is determined as 0.905
± 0.005 nm, which is twice the in-plane lattice constant of
the bulk InSb(111) surface, i.e., a 2 × 2 reconstruction. The
2 × 2 reconstruction comes from Sb trimers that distribute
on the outermost Sb layer of the InSb(111)-B surface [30,41],
whose crystal structure is shown in Fig. 2(b). This agrees with
our experimental growth condition of excess Sb. Figure 2(c)
shows a zoomed-in image of the InSb island with a step on the
surface. The step height is measured as 0.39 ± 0.01 nm from a
traversing line profile across the step [Fig. 2(d)]. This apparent
height is consistent with the theoretical interlayer spacing d of
InSb(111), i.e., 0.374 nm.

Having identified the morphology and atomic structure of
the InSb islands, we study their electronic structure by STS.
Figure 3(a) shows a two-dimensional (2D) conductance plot
of the InSb(111)-B-2 × 2 surface along a straight line in the
inset of Fig. 3(b), and the corresponding averaged tunneling
conductance spectrum is shown in Fig. 3(b). The thickness
of the island where these spectra were taken is 8.6 ± 0.1
nm. The 2D dI/dV spectra, which are approximately uniform
in real space, feature an evident narrow band gap of 315 ±
5 meV. The conduction- and valence-band edges are located
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FIG. 2. Structure and morphology of InSb islands. (a) High-resolution STM image (Vb = 2 V, It = 10 pA) showing the atomic resolution
2 × 2 reconstruction of InSb(111)-B surface. Inset is the FFT image of (a). (b) Ball and stick model showing top and side view of the crystal
structure of InSb islands with 2 × 2 reconstruction grown on graphene-covered SiC(0001). (c) Zoomed-in STM image (Vb = 2 V, It = 10 pA)
showing the atomic structure of a step on the InSb surface. (d) Line profile across the step along the green line in (c).

at +45 and −270 meV, respectively. The measured band-gap
size is larger than the bulk band gap of 235 meV measured
in the previous works [1,2]. Such discrepancy is presumably
due to fact that the measurement is of the 2 × 2 surface.
As evidenced from the observed charging rings of solitary

defects depicted later, TIBB effect exists in our case, which
enlarges the measured gap size of insulators in STS experi-
ments [42,43]. Therefore, the larger band gap of the 2 × 2
surface could also be, at least partially, caused by the TIBB
effect. As shown in Figs. 3(a) and 3(b), there appear series of

FIG. 3. Electronic structure of InSb islands. (a) 2D conductance plot obtained along the cyan arrow in the inset of (b). (b) An averaged
tunneling spectrum of (a). Spectroscopic conditions: Vb = 0.6 V, It = 100 pA, Vmod = 10 mV. For clarity, the peaks in (b) are highlighted with
black arrows.
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FIG. 4. TIBB effect on InSb islands. (a) STM topography image (Vb = 2 V, It = 10 pA) of the InSb(111)-B-2 × 2 surface. (b) 2D plot of
tunneling spectra measured along the green arrow in the image of (a). Spectroscopic conditions: Vb = 0.3 V, It = 10 pA, and Vmod = 10 mV.
(c) Schematic of the lateral TIBB on the sample below the STM tip, which shows the switch of charge-neutral D0 to negative state D−, when
the sample bias (V ) is lower than the threshold (Vth). (d) STM topography image (Vb = 2 V, It = 10 pA) on the same island with (a). (e), (f)
Selective differential conductance mappings acquired over the same area of (d) at bias energies of −27 and −545meV, respectively. Three
concentric double rings that vary with bias energy are shown in the conductance mappings; they are marked as D1, D2, and D3, respectively.
Spectroscopic conditions: Vb = 0.6 V, It = 100 pA, and Vmod = 12 mV. (g)–(i) 2D dI/dV cross sections along the red arrows in (e) and (f), and
they passed through the concentric double rings D1, D2, and D3, respectively.

small peaks in the range of +50 to +600 meV, whose level
spacings are approximately even. The level spacing is 80 ± 7
and 100 ± 10 meV for the InSb islands with thicknesses of
8 and 14 nm, respectively. For quantum-well states formed
perpendicular to the film surface, the level spacing should
decrease with increasing island thickness. This is in contrast
to the observation, where the thinner InSb island has a smaller
level spacing. This excludes the scenario of quantum-well
states, and the associated trend with film thickness. The origin
of these peaks is currently unclear and further study is needed.

Next, we examine the effect of defects on the electronic
state. Unexpectedly, even though an area with no surface
defects [Fig. 4(a)] is selected to acquire dI/dV spectra, there
appears evident band shifting in the line spectra of Fig. 4(b).

Specifically, at the origin of the line spectra, two prominent
peaks emerge within the band gap of InSb at −0.27 and
−0.38 eV, respectively. Those two peaks gradually shift to-
wards lower energy with the spectroscopic locations moving
away from the origin. This suggests the existence of a sub-
surface defect at the origin. The spatial-dependent energy
evolution of the two peaks can be explained as a charging
process of the buried defect due to the TIBB effect [23,44], as
schematically illustrated in Fig. 4(c). The electric field from
the STM tip locally gates the bands of the semiconductor and
induces band bending, leading to a shift of defect states rela-
tive to the Fermi level. Once the defect states pass through the
Fermi level or band edges, the defect switches from a charge-
neutral state D0 to a negative charge state, engendering peaks
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FIG. 5. 3 × 3 reconstruction on the InSb(111)B surface. (a) STM image (Vb = 2 V, It = 10 pA) of the atomic resolution reconstruction of
InSb(111) surface; (b) FFT image of (a). (c), (d) Topographic images of the InSb islands after annealing at different annealing temperatures
Ta for about 30 min. Annealing temperature: (c) Ta = 300◦C (d) Ta = 330◦C. Imaging conditions: (c) Vb = 2 V, It = 10 pA; (d) Vb = 2 V,
It = 10 pA. (e) 2D plot of tunneling spectra measured along the blue arrow in the inset of (f). (f) Corresponding averaged tunneling spectrum
of (e). Spectroscopic conditions: Vb = 0.6 V, It = 100 pA, and Vmod = 10 mV.

in STS, the locations and intensities of which are strongly sen-
sitive to tip-defect distance or bias voltage [23,45,46]. Thus,
the upward band bending upon approaching the charge center
demonstrates the charged defect is an electron acceptor.

To substantiate the charging processes, we perform con-
ductance mappings over the surface [Fig. 4(d)]. Although
there are many atomic defects on the surface, selective dI/dV
maps at −27 and −545 mV shown in Figs. 4(e) and 4(f) dis-
play three ringlike patterns. This further confirms that TIBB
is not caused by these surface defects, but by the buried
defects. The conductance rings appear as double rings that are
concentric and nearly circular, whose spatial size varies with
the bias voltage. This observation conforms to the double-
peak feature in the line spectra of Fig. 4(b), and confirms
the ringlike patterns are induced by the charging process.
Notably, the emergence of a double-ring feature in the spectral
mapping suggests two successive charging processes, i.e., a
singly charged state D− and a doubly charged state D2−.

Similar ringlike structures were observed previously in
charged impurities of multiple semiconductors both in the
bulk [46–51] and in thin films [23,24,52–54]. However, most
of those studies present single charge rings, demonstrating
single charging events. The double charge rings, that are re-
lated to two successive charging events, are rarely observed.
The only examples are the double rings in ZnO [44] and, very
recently, five rings in Sn2Bi [23].

As indicated in Figs. 4(e) and 4(f), the charge rings emerge
at different energies, illustrating the onset voltages of these
charging rings are different. Those charge defects are labeled
as D1, D2, and D3, where the defect locations are marked with
pink crosses in Fig. 4(d), as determined from the centers of
the charge rings. Figures 4(g)–4(i) show line spectra that are
taken across those defect centers. The line spectra all display
parabolic-shaped energy evolution of the double charge peaks
that bend upward in energy when approaching the charge

centers. The double parabolic spectra peaks correspond to the
two consecutive charging events. The onsets of the parabolic-
shaped bending peaks are measured as −0.24 and −0.35 eV
for defect D2, which become −0.41 and −0.51 eV for defect
D3. The distinct different onset charging energies suggests the
defects are buried at different depths relative to the sample
surface. More negative onset charging energy demonstrates
the charge defects are deeper.

Remarkably, the onset charging energies of defect D1 are
0.22 and 0.12 eV, which are positive values. We propose
the following scenario to understand the spectral features
around D1. The positive onset charging energies imply the
defect is already spontaneously charged with two additional
electrons before the tip gating. The negatively charged defect
locally induces band bending towards higher energy, shifting
the valence-band edge above the Fermi level. The charge
defect-induced band bending creates an electrostatic potential
that confines electrons of the valence bands, which incurs the
discrete energy around the Fermi level. The positive onset
charging energies are associated with the thresholds of releas-
ing the additional charges via the TIBB effect.

Finally, we discuss the modification of surface reconstruc-
tion and the associated electronic states. After being annealed
at a temperature of 300–330°C for about 30 min, the InSb
island surface presents a larger triangular lattice. From the
atomic resolution imaging of InSb islands in Fig. 5(a) and its
FFT [Fig. 5(b)], the lattice constant is estimated as 1.30 ±
0.05 nm, which is approximately equal to 3a0 = 1.37 nm [1],
indicating that the InSb(111)-B surface is transformed into a 3
× 3 reconstruction. So far, the structural model of InSb(111)-
B-3 × 3 reconstruction is still subject to discussion. The most
accepted model was proposed by Wever et al. in 1994 based on
x-ray diffraction and STM analysis. It was determined that the
reconstructed surface is composed of three types of In-Sb hex-
amers: α-, β-, and γ rings [34]. This model is also reasonably
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consistent with other experimental studies [33,37,38]. Due to
the volatility of antimony, an InSb(111)-B-3 × 3 reconstruc-
tion obtained by annealing at high-temperature conditions is
reasonable, which is also consistent with the previous results
[37]. It is worth noting that a low-temperature annealing
(300°C) may lead to partial 3 × 3 surface reconstruction
[Fig. 5(c)], while a high-temperature annealing (330°C) may
increase the surface defect density [Fig. 5(d)]. However, the
electronic structure of the InSb(111)-B-3 × 3 surface re-
construction has not been studied. A 2D conductance plot
[Fig. 5(e)] is obtained along the blue straight line in the inset
of Fig. 5(f), whose corresponding averaged tunneling conduc-
tance spectrum is shown in Fig. 5(f). The spectra are relatively
uniform in space, which features a semiconducting band gap
of 0.40 ± 0.01 eV with the conduction- and valence-band
edges located at +340 and −60 meV, respectively. Compared
with the 2 × 2 reconstruction, the 3 × 3 surface reconstruction
becomes significantly larger, providing a way to manipulate
the electronic properties of semiconductors through surface
reconstructions.

IV. SUMMARY

In summary, we achieved the vdW epitaxy of the III–V
semiconductor InSb islands with atomically flat surfaces on
a graphene-covered SiC(0001) substrate through the MBE

method, and the spatial extension of InSb islands ranges from
tens to hundreds of nanometers and with thicknesses rang-
ing from 6 to 20 nm, whose surface expresses the typical
InSb(111)-B-2 × 2 reconstruction. With STM/STS, we char-
acterized the crystal structure and electronic band structure
of InSb islands. The InSb islands with 2 × 2 reconstruction
exhibit a narrow band gap of 0.315 ± 0.005 eV. Double
concentric rings are observed in the spatially resolved dI/dV
maps, which are ascribed to buried charge defects with two
consecutive charging processes as manipulated via TIBB. Fur-
thermore, a 3 × 3 reconstruction can be obtained by annealing
the sample at a higher temperature, which possesses a larger
gap of 0.40 ± 0.01 eV. Our finding identifies the feasibility
of vdW epitaxy of a semiconductor with 3D atomic structure,
which may be generalized to other materials. The manipula-
tion of multiple charge states deepens our understanding of
charging process in solitary defects [23,55].
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