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ABSTRACT

InSb nanowires (NWs) show an important application in topological quantum computing owing to their high electron mobility, strong spin–
orbit interaction, and large g factor. Particularly, ultra-thin InSb NWs are expected to be used to solve the problem of multiple sub-band
occupation for the detection of Majorana fermions. However, it is still difficult to epitaxially grow ultra-thin InSb NWs due to the surfactant
effect of Sb. Here, we develop an in-plane self-assembled technique to grow catalyst-free ultra-thin InSb NWs on Ge(001) substrates by
molecular-beam epitaxy. It is found that ultra-thin InSb NWs with a diameter as small as 17 nm can be obtained by this growth manner.
More importantly, these NWs have aspect ratios of 40–100. We also find that the in-plane InSb NWs always grow along the [110] and ½1�10�
directions, and they have the same {111} facets, which are caused by the lowest-surface energy of {111} crystal planes for NWs grown with a
high Sb/In ratio. Detailed structural studies confirm that InSb NWs are high-quality zinc blende crystals, and there is a strict epitaxial rela-
tionship between the InSb NW and the Ge substrate. The in-plane InSb NWs have a similar Raman spectral linewidth compared with that of
the single-crystal InSb substrate, further confirming their high crystal quality. Our work provides useful insights into the controlled growth of
in-plane catalyst-free III–V NWs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0223513

Narrow bandgap semiconductors have been extensively investi-
gated for their broad applications in infrared optoelectronics and
quantum computing.1–4 In particular, nanowires (NWs) of InSb are
ideal materials for studying Majorana zero modes (MZMs) owing to
their high electron mobility, strong spin–orbit interaction, and giant g
factor.5,6 To enable such application, it is extremely needed to grow
high-quality ultra-thin InSb NWs because fewer even a single sub-
band occupation is expected to be achieved in ultra-thin NW devices,
which facilitates the study of MZMs.7–9 Up to now, much work has
been done to grow high-quality InSb NWs by free-standing10–26 and
in-plane growth manners.27,28 However, the reported InSb NWs
grown by these two growth manners often show a large diameter
(�100nm), and it is still difficult to obtain ultra-thin InSb NWs. On
the one hand, it is difficult to grow free-standing ultra-thin InSb NWs
with high aspect ratios since the surfactant effect of Sb can enhance the
lateral growth and suppress the axial growth of the InSb NWs.24,29 On
the other hand, for InSb NWs grown by the in-plane selective-area epi-
taxy, the diameter of the InSb NW is defined by the size of channel

pattern. As a result, due to the limitation of nanofabrication, the diam-
eter of NWs is typically larger than 100 nm.4,27,28,30–36 These unex-
pected results are hindering the study of topological physics based on
InSb NWs. It has become increasingly urgent to develop a technique
for preparing high-quality ultra-thin InSb NWs.

In this work, we demonstrate the growth of ultra-thin InSb NWs
using the in-plane self-assembled technique by molecular-beam epitaxy
(MBE). It is found that in-plane ultra-thin InSb NWs with a diameter
as small as 17nm can be grown. Moreover, these InSb NWs have high
aspect ratios, and they preferentially grow along the [110] and ½1�10�
directions with the same {111} facets surface morphology. All in-plane
InSb NWs are high-quality zinc blende crystals, and there is a strict epi-
taxial relationship between the NW and the substrate. The high crystal
quality of InSb NWs was further confirmed by the Raman spectroscopy
measurements. Our work lays the foundation for the development of
high-performance InSb NW electronic and quantum devices.

InSb NWs were grown in a solid source MBE system (VG
V80H). Commercial Ge(001) wafers were used as the substrates. The
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substrate temperature is measured by the thermocouple. The Sb cell is
a standard Knudsen cell, and the Sb species is Sb4. Before the NW
growth, the natural oxide layer of Ge(001) substrates was removed by
thermal annealing at 510 �C for 5min. Stripe-shaped grooves can
appear on the Ge (001) substrates during the substrates were heated
and annealed.37,38 The size of the grooves in this work is much smaller
than that of the Ge substrate annealed at high temperatures in the liter-
atures.37,39–41 All the in-plane InSb NWs were grown on these grooves.
The formation of the groove is related to the minimization of surface
energy. Detailed formation process of the grooves will be discussed
later. We have systematically investigated the influences of growth
parameters on the morphology of InSb NWs (see Figs. S1–S4). We
find that the optimum growth parameters are as follows: the growth
temperature is 460 �C. The In and Sb beam equivalent pressures
(BEPs) are 4.5� 10�9 and 3.6� 10�7 mbar, respectively. The corre-
sponding Sb/In flux BEP ratio is 80. All our samples were grown for
45min. The morphologies of the InSb NWs were examined by a scan-
ning electron microscope (SEM) in the FEI Nova NanoSEM 650 sys-
tem. To analyze the microstructure of InSb NWs, cross-sectional
lamellae were prepared using a standard lift-out method in the FEI
Helios G4 CX FIB system. The crystal structure was examined by
high-resolution transmission electron microscopy (HRTEM) and
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) in the JEM F200 system. The compositional
distribution of NWs was also measured by the energy dispersive spec-
trum (EDS) attached to the JEM-F200. In addition, the Raman spectra
of NWs were measured at room temperature using the Jobin-Yvon
HR-Evolution micro-Raman system. The spot size of the laser beam
used for the Raman measurements is 1lm.

As mentioned earlier, it is still difficult to obtain ultra-thin InSb
NWs, which is hindering the study of MZMs based on InSb NWs. To
solve this problem, here, we develop an in-plane self-assembled tech-
nique to grow ultra-thin InSb NWs. Figures 1(a) and 1(b) show the
SEM images of the in-plane InSb NWs. It is found that ultra-thin InSb
NWs can be obtained by this growth manner. As shown in Fig. 1(a),
the in-plane InSb NW has an ultra-thin diameter of 17nm and a high
aspect ratio of 100. According to literatures,5,10,14,15,21,22,24,27,28 InSb

NWs with a high aspect ratio can be grown with vapor–liquid–solid
and SAG methods, but their diameter is relatively large (see Table S1).
In our work, in-plane assembled InSb NWs not only have an ultra-
thin diameter but also have a high aspect ratio. We note that in-plane
InSb NWs always grow along the h110i directions on the Ge (001)
substrates (see Fig. S5). Moreover, [110]- and ½1�10�-oriented InSb
NWs exhibit the same surface morphology when they have the same
diameter [see Fig. 1(b)]. These results are different from that of in-
plane III–V NWs grown by selective-area epitaxy,27,28,30,31 where rect-
angular or pyramidal cross sections were observed. We believe that
these differences should be related to the different growth mechanisms
of the NWs, and it will be discussed later. Figure 1(c) shows the statisti-
cal data of the diameter and the aspect ratio of the in-plane InSb NWs.
It can be seen that the yield of NWs with a diameter less than 50nm is
over 60%. At the same time, these ultra-thin NWs also exhibit a high
aspect ratio (40–100). The preparation of the ultra-thin InSb NWs
with a high aspect ratio is beneficial for the fabrication of the InSb NW
devices.

The crystal quality and compositional distribution are key param-
eters that determine the performance of NW devices. Hence, the
microstructure of InSb NWs is further studied by TEM and EDS. It is
found that all InSb NWs are pure zinc blende single crystals. Figures 2
(a)–2(f) show the microstructure of a [110]-oriented InSb NW with a
diameter of 93nm. We can see from Fig. 2(a) that this NW shows a
pyramidal cross section, and its sidewalls mainly consist of {111} facets.
We also note that the sidewalls of ½1�10�-oriented NWs are composed
of {111} facets (see Fig. S6), which further suggests that the growth
mechanism of our NWs is different from that of NWs grown by in-
plane selective-area epitaxy. Figures 2(b) and 2(c) show that the NW
has a pure zinc blende phase, and there is a strict epitaxial relationship
between the NW and the substrate. At the heterointerface, the strain is
relaxed by periodic dislocations [see Fig. 2(d)]. EDS maps further
prove that there is a clear interface between the NW and the substrate
[see Figs. 2(e) and 2(f)]. It is worth noting that few planar defects such
as twins and stacking faults are also observed in some samples. The
occurrence of such defects may be related to the surface flatness of the
substrate and the lattice mismatch between the NW and the substrate

FIG. 1. (a) SEM image of an ultra-thin in-plane InSb NW grown on the Ge (001) substrate. (b) Magnified SEM images of the [110] and ½1�10�-oriented in-plane InSb NWs grown
on the Ge (001) substrate. (c) The statistical data of the diameter and the aspect ratio of the in-plane InSb NWs. 389 NWs were counted.
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(see Fig. S6). The aforesaid results prove that high-quality InSb NWs
can be obtained by the in-plane self-assembled technique.

As mentioned earlier, reducing the diameter of InSb NWs to the
value of much less than its exciton Bohr radius (61 nm)42,43 is the key
to achieving a fewer even single sub-band occupation. Therefore, we
further study the microstructure of the ultra-thin InSb NWs. Figure
2(g) shows the cross-sectional HAADF-STEM image of a [110]-
oriented InSb NWwith a diameter of 17 nm. Obviously, this ultra-thin
InSb NW is still a pure zinc blende single crystal, and there is a clear
interface and strict epitaxial relationship between the NW and the sub-
strate [see Figs. 2(g)–2(l)]. Differently, the ultra-thin InSb NW shows a
mesa-like cross section shape. Interestingly, we also note that although
the diameters of thick and thin NWs shown in Figs. 2(a) and 2(g) are
quite different, these NWs are always grown from a groove with the
similar size [the groove is indicated by white dashed lines in Figs. 2(a)
and 2(g)]. We conjecture that these phenomena should be related to
the growth mechanism of the in-plane InSb NWs. The details will be
discussed later.

Miro-Raman spectroscopy can provide specific information
about lattice vibrations (phonon modes), which can be used to further

FIG. 2. (a) Cross-sectional HAADF-STEM image of a [110]-oriented InSb NW with a diameter of 93 nm. (b) and (c) HAADF-STEM images taken from the middle section of
InSb and InSb/Ge interface region in panel (a), respectively. The inset in panel (c) is its fast Fourier transform (FFT) image. (d) The strain map of panel (c) obtained through
geometrical phase analysis (GPA). (e) and (f) False color EDS maps of the InSb NW. (g) Cross-sectional HAADF-STEM image of a [110]-oriented NW with a diameter of
17 nm. (h) The selected area electron diffraction (SAED) patterns of the InSb NW and Ge substrate. (i) HAADF-STEM image taken from InSb/Ge interface region in panel (g).
The inset in panel (i) is its FFT image. (j) The strain map of panel (i). (k) and (l) False color EDS maps of the InSb NWs. The rectangles in panels (a) and (g) highlight the
regions where the high-resolution TEM images were recorded.

FIG. 3. Raman spectra of the in-plane InSb NWs and single-crystal InSb substrate.
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evaluate the phase purity of InSb NWs. Figure 3 shows the Raman
spectra of the in-plane InSb NWs and InSb single-crystal substrate at
room temperature in which the InSb single-crystal substrate is used as
the reference sample. The Raman spectrum of InSb NWs has two
peaks at 178.9 and 187.4 cm�1 extracted from a Lorentzian fit. The
two peaks correspond to the transverse optical (TO) and longitudinal
optical (LO) phonon modes of InSb, and the corresponding modes of
the InSb single-crystal substrate are located at 179.8 and 188.9 cm�1,
respectively. The slight difference between the peak positions of the
InSb NWs and the InSb single-crystal substrate has also been observed
in the previous reports, which is explained by the strain44 or the quan-
tum confinement effect.23,45–47 In our case, the strain is completely
relaxed by forming the periodic dislocation at the InSb/Ge interface
[see Figs. 2(d) and 2(j)]. Therefore, we conjecture that the redshift of
the Raman peak of InSb NWs is related to the quantum confinement
effect in NWs. The full width at half maximum (FWHM) of TO
phonon modes for InSb NWs (4.6 cm�1) is also similar to that
(3.7 cm�1) of InSb single-crystal substrate further demonstrating high
crystal quality for our NWs. The slightly increased FWHM mainly
results from spectral broadening due to the quantum confinement
effect23,45–47 and a few dislocations and planar defects in InSb NWs as
that observed in TEM images (Fig. S6).46,48

Finally, we discuss the growth process/mechanism of the in-plane
InSb NWs. As mentioned earlier, the growth mechanism of in-plane
InSb NWs in this work is quite different from that of the InSb NWs
grown with the routine manners. Traditionally, free-standing InSb
NWs grown with a vapor–liquid–solid mechanism and a metal catalyst
are essential during the NW growth. For InSb NWs grown with in-
plane selective-area-epitaxy, an amorphous mask is indispensable for
NW growth. In our work, no metal catalysts are used before NW
growth, and spherical alloy particles are also not observed on the top
of in-plane InSb NWs. It indicates that the growth mechanism of our
in-plane InSb NWs is not the traditional vapor–liquid–solid mecha-
nism. In addition, no amorphous mask was fabricated on the Ge

substrates before NW sample growth, which means that our in-plane
InSb NWs were not grown with the selective-area-epitaxy manner. It
is worth mentioned that the Ge substrates were annealed at high tem-
peratures before InSb NW growth, and grooves can be clearly observed
at the InSb/Ge interface regions. Thus, we conjecture that in-plane
InSb NWs in this work are grown with a groove-guided manner.
Figure 4 shows the schematic diagrams of the in-plane InSb NW
growth process. As shown in Figs. 4(a) and 4(b), the groove is first
formed during the thermal annealing process of Ge (001) substrates. It
may provide the nucleation site for NW growth.49–51 The formation of
the groove should be related to the minimization of surface energy,37,39

and detailed discussions are shown in Figs. S7 and S8. As a result,
grooves are easily formed along the <110> directions. After that, the
growth of in-plane NWs is initiated by opening the In and Sb shutters
[see Fig. 4(c)]. Because of the curved morphology of the groove on the
Ge (001) substrate, the competitive growth of different crystal faces
such as {111}, {110}, and {100} occurs at this stage [see Fig. 2(g)],
which makes the NWs show a mesa-like surface morphology [see Fig.
S9(a)]. As the NW growth continues, the diameter of NWs gradually
increases [see Fig. 4(d)]. Without the constraint of the groove, the low-
est-surface-energy {111} planes quickly become the dominant crystal
planes [see Fig. S9(b)] under growth conditions of a high Sb/In ratio,52

ultimately resulting in the formation of a pyramidal surface morphol-
ogy of NWs [see Fig. 2(a)]. At the same time, new grooves will be
formed in this stage [see Fig. 4(e)]. Then, new NWs can be obtained in
these new grooves [see Fig. 4(f)]. When the NW growth is terminated,
the in-plane NWs with different surface morphology are obtained
simultaneously (see Figs. 1 and 2).

In summary, we demonstrate the in-plane growth of ultra-thin
InSb NWs on Ge (001) substrates using the catalyst-free self-assembled
technique by MBE. It is found that ultra-thin InSb NWs with high
aspect ratios can be obtained. In-plane InSb NWs always grow along
the [110] and ½1�10� directions, and they have the same {111} facets,
which are caused by the lowest-surface energy of {111} crystal planes

FIG. 4. Schematic diagrams of the in-plane InSb NW growth process. (a) Ge (001) substrate. (b) A groove is formed during the annealing process of the substrate. (c) and (d)
The InSb NW grown in the groove continuously. (e) A new groove is formed. (f) The InSb NW grown both in the old and new grooves continuously. (d1)–(e1) SEM images of
the typical in-plane InSb NWs in the different growth stages.
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for NWs grown with a high Sb/In ratio. Detailed structural studies
prove that all InSb NWs are high-quality single crystals, and there is a
strict epitaxial relationship between the InSb NW and the Ge substrate.
At the heterointerface, the strain is released by forming the periodic
dislocations. In addition, the Raman spectroscopy has a narrow spec-
tral linewidth, which further confirms that the in-plane InSb NWs
have high crystal quality. The fabrication of ultra-thin high-quality in-
plane InSb NWs provides opportunities for the development of InSb-
based devices for applications in nanoelectronics, optoelectronics, and
quantum electronics and for the study of fundamental physical
phenomena.

See the supplementary material for details on investigation of the
influence of the growth parameters on the morphology of the in-plane
InSb NWs; SEM images and volume information of the in-plane InSb
NWs; summary of the catalyst, stem, diameter, aspect ratio, and
growth method information for the InSb NWs in literatures and this
work; cross-sectional HAADF-STEM image of a ½1�10�-oriented InSb
NW; discussion on the possible formation process of the grooves on
Ge (001) substrates; possible evolution processes of the in-plane InSb
NWs with different diameters.
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