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ABSTRACT: Growth of high-quality single-crystalline InSb layers remains | _ .\, ncreasing Sb flus b
challenging in material science. Such layered InSb materials are highly desired for Ag | — 1
searching for and manipulation of Majorana Fermions in solid state, a iy | ‘
fundamental research task in physics today, and for development of novel 1 | I A [
high-speed nanoelectronic and infrared optoelectronic devices. Here, we report - AW- AW - AW - AW |

on a new route toward growth of single-crystalline, layered InSb materials. We
demonstrate the successful growth of free-standing, two-dimensional InSb
nanosheets on one-dimensional InAs nanowires by molecular-beam epitaxy. The
grown InSb nanosheets are pure zinc-blende single crystals. The length and
width of the InSb nanosheets are up to several micrometers and the thickness is
down to ~10 nm. The InSb nanosheets show a clear ambipolar behavior and a
high electron mobility. Our work will open up new technology routes toward the
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development of InSb-based devices for applications in nanoelectronics, =
optoelectronics, and quantum electronics and for the study of fundamental
physical phenomena.
KEYWORDS: Free-standing layered InSb, single-crystalline, mobility, molecular-beam epitaxy
ver the past several decades, the inherent scaling electronics and quantum devices and for study of novel physical
limitations of Si electron devices have fuelled the phenomena.
exploration of alternative semiconductors with high carrier In this Letter, we report on the successful growth of novel
mobility to further enhance device performance.'” In free-standing high-quality two-dimensional (2D) InSb nano-
particular, high mobility III-V compound semiconductors sheets by molecular-beam epitaxy (MBE). A new route of
have been actively studied.”” As a technologically important growing high material quality layered InSb structures is
II-V semiconductor, InSb is the most desired material system discovered in which free-standing InSb nanosheets are
for applications in high-speed, low-power electronics and epitaxially grown on InAs nanowire stems and thus the process
infrared optoelectronics owing to its highest electron mobility is independent of buffer-layer engineering. The morphology
and narrowest bandgap among all the III-V semiconductors. and size of free-standing InSb nanosheets can be controlled in
Recently, epitaxially grown InSb nanostructures have been the approach by tailoring the Sb/In beam equivalent pressure
widely anticipated to have potential applications in spintronics, (BEP) ratio and InSb growth time. We demonstrate the growth
topological quantum computing, and detection and manipu- of free-standing InSb nanosheets with the length and width up

lation of Majorana Fermions, due to small effective mass, strong
spin—orbit interaction and giant g factor in InSb.°”'* All these
applications require a high degree of InSb growth control on its
morphology and especially crystal quality.'”*° Unfortunately,
because of the intrinsic largest lattice parameter of InSb among
all the III-V semiconductors, epitaxial growth of InSb layers
faces an inevitable difficulty in finding a lattice-matched
substrate. Conventionally, buffer layers with graded or abrupt
composition profile are deposited on lattice mismatched

substrates to obtain a layer with a required value of lattice
2122

to several micrometers and the thickness down to ~10 nm.
High-resolution transmission electron microscope (TEM)
images show that the grown InSb nanosheets are pure zinc-
blende (ZB) single crystals and have excellent epitaxial
relationships with the InAs nanowire stems. The formation of
the InSb nanosheets is attributed to a combination of vapor—
liquid—solid (VLS) and lateral growth. Electrical measurements
show that the grown InSb nanosheets exhibit an ambipolar
behavior and a high electron mobility. These novel, high
material quality, free-standing InSb single-crystalline nano-

constant. Nevertheless, even when the sophisticated buffer-

layer engineering is used, the density of dislocations threading

to the surface of the buffer from its interface with a lattice Received: November 27, 2015
mismatched substrate is often too high to grow a high crystal Revised:  January 17, 2016
quality InSb layer for fabrication of high-performance nano- Published: January 20, 2016

ACS Publications  © 2016 American Chemical Society 834 DOI: 10.1021/acs.nanolett.5b04845
@ Nano Lett. 2016, 16, 834—841


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.5b04845

Nano Letters

[ InAs

|

|

= Si(111) |
B InSb !
I

|

|

1 Ag

a S — :

Increasing Sb flux )

Al i ah

Figure 1. Diagram of the growth process and SEM images of the InSb nanosheets. (a) Schematic demonstration of the growth process of the 2D
InSb nanosheets. By tailoring the Sb/In BEP ratio, the 2D InSb nanosheets were epitaxially grown on free-standing InAs nanowire stems that were
first grown on Si(111) substrates using Ag as catalyst. (b—g) and (h—i) Top and side view SEM images of the InSb nanosheet epitaxially grown on

1D InAs nanowires with an Sb/In BEP ratio of 80, respectively.

sheets have the great potential not only for applications in high-
speed electronics and infrared optoelectronics but also for
realization of novel quantum devices for the studies of
fundamental physics.

All the InAs/InSb nanostructures were grown in a solid
source MBE system (VG 80) equipped with standard Knudsen-
cells. Commercial p-type Si (111) wafers were used as the
substrates. Before loading the Si substrates into the MBE
chamber, they were immersed in a diluted HF (2%) solution
for 1 min to remove the surface contamination and native
oxide. After cleaning, a Ag layer of 2 A nominal thickness was
deposited on the substrate in the MBE growth chamber at
room temperature and then annealed in situ at 650 °C for 20
min to generate Ag nanoparticles. InAs nanowires were grown
for 20 min at a temperature of 505 °C with an As/In BEP ratio
of 30 (the beam fluxes of In and As, sources are 1.0 X 1077 and
3.0 X 107° mbar, respectively).”* Then the group-V source was
abruptly switched from As to Sb without any variation of
substrate temperature. All the InSb segments (if no specific
description) were grown for 80 min at different Sb/In BEP
ratios by increasing the Sb flux (ranging from 1.0 X 1077 to 1.2
X 107° mbar) while keeping the In flux constant.

For device fabrication, the as-grown InSb nanosheets were
first mechanically transferred to a degenerately n-doped Si
substrate covered by 105 nm SiO, layer, which serves as a
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global back gate. Then selected nanosheets were optically
positioned relative to predefined alignment marks. Finally, the
contact electrodes were patterned onto the sample using
standard electron-beam lithography process. Prior to electron-
beam evaporating a layer of 10/100 nm Ti/Au metal film, the
sample was chemically etched for 2 min in a DI water-diluted
(NH,),S, solution to remove the surface oxide layer at the
contact area. All electrical measurements in this work were
performed in a *He/*He dilution fridge with a base temperature
of 8 mK (Oxford Triton 200). In the two-probe measurements,
only the source/drain (S/D) contacts were dc voltage-biased,
and the other four contacts were left floated. In the Hall-bar
measurements, the S/D contacts were used to inject a constant
dc current bias of ~50 nA through the sample, and the Hall
voltage V,, was amplified and recorded simultaneously with
respect to the sweep of the magnetic field applied
perpendicularly to the plane of the sample/substrate. In the
two-probe G—V,, data, a circuit resistance of ~21.56 kQ
(including RC filters and series resistors) has been subtracted.

The 2D InSb nanosheets were grown on free-standing InAs
nanowire stems that were first grown on Si(111) substrates
using Ag as catalyst in the MBE chamber. Figure la shows the
schematics for the growth process. We found that the
morphology of InSb strongly depends on the Sb/In BEP
ratio, and the InSb nanosheets can be realized by tailoring the
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Figure 2. Crystal structure and chemical composition of an InSb nanosheet. (a) Low-resolution TEM image of an InAs/InSb nanowire-nanosheet
grown with an Sb/In BEP ratio of 27. The red rectangles highlight the regions where the high-resolution TEM images were recorded. (b) High-
resolution TEM image taken from the InAs/InSb interface (region B in (a)). The left and right insets are the corresponding FFTs of the InAs and
InSb segments, respectively. The interplanar spacings of the InAs and InSb segments were measured using a standard digital micrograph software.
(c—h) High-resolution TEM images taken from the regions C, D, E, F, G, and H in (a), respectively. (i) FFT pattern corresponding to (d). (j,k—m)
HAADF-STEM image of the InAs/InSb interface area and false-color STEM EDS elemental maps of In, As, and Sb in the region of the InAs/InSb
junction, respectively. (n) HAADF-STEM image of the InSb nanosheet in the region covering the InSb/seed-particle interface with overlaid EDS

profiles.

Sb/In BEP ratio (see Supporting Information Section S1). For
the sample grown with low Sb/In BEP ratio of 120, InSb and
InAs formed core—shell or axial heterostructure nanowires (see
Supporting Information Figures S1 and S2). Further increasing
the Sb/In BEP ratio, the resulting InSb nanowires have
diameters obviously larger than that of the InAs segment
(detailed TEM investigation of a dozen of such nanowires
reveals a diameter increase from 130 to 589%, see Supporting
Information Figure S3 and Table S1). By increasing the Sb/In
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BEP ratio to the range of 27—80, new geometrically structured
materials with each consisting of a 2D InSb nanosheet and a 1D
InAs nanowire stem were obtained (see Supporting Informa-
tion Figures S1 and S4—S6). Figure 1b—g shows the top-view
magnified scanning electron microscope (SEM) images of InSb
nanosheets grown with an Sb/In BEP ratio of 80. As can be
seen, the grown InSb nanosheets have parallelogram shapes.
The thicknesses of the InSb nanosheets show significant
variation (see Supporting Information Figure S7), as measured
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InSb growth time: 40 min

Figure 3. Size controlling of the InSb nanosheets by tailoring the InSb growth time. (a—c,d) Side and top view SEM images of the InSb nanosheets
with the growth time of 40 min, respectively. (e—gh) The 20° tilted and top view SEM images of the InSb nanosheets with the growth time of 120
min, respectively. (i—1) Top view SEM images of the InSb nanosheets with the growth time of 160 min.

from SEM images, from ~67 nm (Figure 1b), to ~30 nm
(Figure 1lc,d), and to the ultrathin value of ~10 nm (Figure
le,g). The ultrathin nanosheets can be penetrated easily by the
electron beam of the SEM. (In Figure le—g, features on the
substrate surface are clearly visible through the thin InSb
nanosheets.) Figure 1h,i shows the side-view magnified SEM
images of InSb nanosheets in the same sample and it is clear
that the InSb nanosheets can be grown on ultrathin InAs
nanowires (~10 nm in diameter) that are oriented
perpendicular to the substrate surface with a pure wurtzite
(WZ) crystal structure.”’

To examine the structural characteristics, crystalline quality,
and the chemical composition of the grown InSb nanosheets,
TEM and energy dispersive X-ray spectroscopy (EDS)
measurements were performed. Figure 2a is a bright-field
TEM image of a typical InSb nanosheet grown on an InAs
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nanowire at an Sb/In BEP ratio of 27. The InAs stem is 21 nm
in diameter and 725 nm in length, while the InSb segment has a
parallelogram shape with side lengths of 380 and 508 nm. It is
found that the 2D InSb nanosheets can be successfully grown
not only on 1D WZ crystalline InAs nanowires (see Supporting
Information Figure S8) but also on 1D InAs nanowires with ZB
phase, as shown in Figure 2b. High-resolution TEM images of
the side sections (Figure 2c,fh), the corner sections (Figure
2d,g) and the section near the tip (Figure 2e) of the InSb
nanosheet and the associated Fourier transform (Figure 2i)
illustrate that the InSb nanosheet has a perfect ZB crystal
structure, free from stacking faults or WZ regions. Although the
stacking faults have been observed in Ag-catalyzed and self-
seeded InSb nanowires by other groups,”*”® detailed TEM
observations of our grown InSb nanosheets with different
shapes and sizes all reveal that the InSb nanosheets are fully
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Figure 4. Transport properties of the InSb nanosheets. (a) Schematic diagram (lower panel) and atomic force microscopy image (upper panel) of
typical InSb nanosheet Hall-bar device. A voltage bias is applied to the S and D electrode in a two-probe measurement setup, while a current bias is
applied to the S and D electrode in the Hall measurement setup. A global back gate voltage V is applied to the degenerately doped Si substrate. The
magnetic field is perpendicular to the plane of the sample. (b) Two-probe conductance G as a function of V at different temperatures (Device 1).
Here, the nanosheet thickness of Device 1 is SO nm. In the measurements, the S—D bias V applied is between 10 mV (near pinch-off) and ~1 mV
(at Vi = 10 V). Note that the right axis shows the two-probe resistance R = 1/G. The inset shows a logarithmic scale plot of the GV, curve at T =
60 mK. Both the upward (blue) and downward (red) sweep show a clear ambipolar characteristic and a small hysteresis (of ~0.8 V). (c)
Corresponding current—voltage characteristics at different back gate voltages in the electron transport region. (d) Corresponding current—voltage
characteristics at different back gate voltages in the hole transport region.

single-crystalline, completely free from stacking faults and shapes; these InSb nanosheets can be grown to micrometers in
twinning defects (see Supporting Information Figures S9 and length and width, while still be kept in a thin thickness.

S$10). As observed in InSb nanocrystals grown with a high Sb/ As to the growth mechanism of the InSb nanosheets, it is
In BEP ratio,”® the side facets with low surface energy such as unlikely that the growth is governed solely by the traditional
{111} and {011} can be clearly seen in our InSb nanosheets VLS or vapor—solid (VS) process.”” " On the contrary, we
(Figure 2d and Supporting Information Figure S9). High-angle consider that the growth of the InSb nanosheets is dominated
annular dark-field scanning TEM (HAADE-STEM) and by the combination of VLS (vertical growth) and VS (lateral
corresponding EDS line profiles (see Supporting Information growth) processes. The spherical Ag—In—Sb alloy particles on
Figure S11) show that the InAs/InSb heterostructures start as the top of InSb nanowires and InSb nanosheets have the same

crystal structure and the similar compositions (see Supporting
Information Figure S12 and Table S2 and Figure 2n),
indicating that the VLS mechanism for Ag-seed InSb nanowire
growth2 exists in the growth of the InSb nanosheets.
Meanwhile, we find that the lateral %rowth observed often in
the growth of antimonide nanowires” —>”**~*" is incorporated
into our InSb nonsheet growth, because the width of the
nanosheets is growth time dependent (Figures 3a to 31). On the
basis of our observations, the InSb evolves from thin nanowires
to thick nanowires and to nanosheets with only increasing Sb
flux, indicating that the Sb flux is one of the key factors for the

for th ¥ . InSb nanosheets growth. According to the literatures,®®*’ the
62.0:25.6:12.3, Ag/In/Sb = 63.2:25.2:11.4 for the seed particles growth rates of semiconductor nanowires can be changed by Sb

of the InSb nanosheets and of the InSb nanowires, respectively; addition due to its surfactant behavior. In our case, the axial and
see Supporting Information Table S2). lateral growth rates of the InSb could also be changed with

The length and width of the InSb nanosheets can be increasing the Sb flux and the morphological transformation of
controlled directly by tailoring the InSb growth time. Figure the InSb could be attributed to a competition and combination

InAs and then change to InSb. EDS elemental mappings shown
in Figure 2k—m confirm that clear interfaces formed between
the InAs nanowires and the InSb nanosheets as reported in
InAs/InSb heterostructure nanowires.”’ >
spherical catalyst particle on the top of InSb nanosheets is
found to be composed of Ag, In, and Sb (Figure 2n). EDS
point analysis of the InSb nanosheet gives an average atomic
ratio of In/Sb = 50.9:49.1 (see Supporting Information Table
S2). The contents of Ag, In, and Sb in the seed particles after
the growth of the InSb nanosheets and of the InSb nanowires
are similar (the measured average composition is Ag/In/Sb =

The remaining

3a—d shows the SEM images of the InSb nanosheets obtained of the axial and lateral growth of the InSb. That is to say, for a
with the InSb growth time of 40 min. Comparing to the InSb low Sb flux used (e.g., Sb/In BEP ratio of 10, see Supporting
nanosheets obtained with the InSb growth time of 80 min Information Figure S1b), the InSb has a high axial growth rate
(Figure 1 and Supporting Information Figure S1), no apparent (the lateral growth rate is low) and InSb nanowires with thin
difference in morphology is observed in these InSb nanosheets diameters can be obtained. With increasing the Sb flux (e.g,,
except for their smaller sizes. With increasing the InSb growth Sb/In BEP ratio larger than 27, see Supporting Information
time to 120 min and to 160 min (Figure 3e—] and Supporting Figure Slc—e), the lateral growth becomes comparable to the
Information Figure S6) while keeping other growth parameters axial growth or dominates the InSb growth, and the InSb
unchanged, the obtained InSb nanosheets are still in planar nanosheets are obtained. Lin et al.’® also found that InSb
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morphologies can be changed from nanowires to pancake-like
nanostructures by increasing the Sb flux and their calculations
indicated that surface energy plays an important role in
determining the shape of the InSb nanocrystal. The calculations
on surface energies for the InSb nanosheet crystal facets are
also important for us to understand the cubic InSb adopting a
nanosheet structure, which will be e)%lored in the next stage of
our work. Very recently, Mata et al.”™" reported a twin-induced
2D-like crystal growth mode, which can be used to well explain
the growth process of InSb nanosails grown on InP/InAs
nanowire sterms. However, in this work detailed TEM results
showed that our InSb nanosheets have pure ZB crystal
structure, completely free from stacking faults and twinning
defects. For the VLS and lateral growth processes of our InSb
nanosheets, one possible model is given in Supporting
Information Section S6. Although the exact growth process of
the InSb nanosheets remains to be determined, we believe that
the mechanism of combination of the VLS and the lateral
growth could be used to fabricate other high-quality 2D
antimonide nanostructures.

Electronic properties of the grown InSb nanosheets were
characterized by electrical measurements. Figure 4a is a tilted-
view sketch of the device structure used in the characterization
(lower panel) and a corresponding atomic force microscopy
image of a typical fabricated device (upper panel). In the
device, an InSb nanosheet was contacted by Ti/Au electrodes
in a Hall-bar configuration and the carrier density in the
nanosheet was modulated by a global back gate. Details about
the device parameters can be found in Supporting Information
Section S7. First, by voltage-biasing the S and D contacts as
shown in Figure 4a, the two-probe conductance G, which takes
the form G = I,/ Vg, was measured as a function of gate voltage
Vs at different temperatures (Figure 4b, main panel, Device 1
with the nanosheet thickness of SO nm). When lowering
temperature, several characteristic features were observed. (1)
The off state G shows a monotonic decrease for Vi, in the
region of —3 to 0 V, while the on state G shows a monotonic
increase for Vi, in the region of 8 to 10 V. (2) The G—V,, curve
becomes steeper in the linear region, indicating an increase of
the peak transconductance g,,, where g,, = max{dG/ dVgs}. 3)
A clear ambipolar transport characteristic is seen at T = 60 mK
with the conductance on the hole side 1—2 orders of magnitude
smaller than the electron side (Figure 4b, inset). The
observation of the ambipolarity is attributed to the narrow
bandgap of InSb and indicates dominant role of hole current in
the p-type region at low temperature, while this effect is much
less prominent at high temperature, probably masked by
thermally activated current of electrons. At this temperature, G
can be gate-tuned from 6G, at on state down to 0.008G, at off
state (G, = 2¢*/h, e is the elementary charge, and h is the
Planck constant). Moreover, the G-V, curves are well
reproduced for the upward (blue) and downward (red) back-
gate-voltage sweep directions, indicating a good surface quality
of our InSb nanosheets, free from major influence of interfacial
charge traps despite its large surface area. Figure 4c,d shows the
I4—Vy, plots at various gate voltages in an n- and a p-type
region, respectively. The linear Ij,—Vy, curves obtained in the n-
type region indicate an ohmic behavior in the electron injection
and the absence of Schottky contact barrier. On the contrary,
the nonlinear Iy—Vy, curves observed in the p-type region
indicate the presence of injection barrier for holes.

To obtain a reliable field-effect mobility, especially at low
temperatures, one needs to take into account the contact

839

resistance. Here, we adopt a pinch-off trace fitting meth-
od."”*>*! Yet, a major drawback remains in the approach due
to the uncertainty in obtaining the gate-to-nanosheet
capacitance C,. To circumvent it, the Hall-bar device structure
was employed to experimentally extract C,, although C, could
be estimated from the geometric size of the device. Figure 5

a
100

Figure 5. Hall measurements of an InSb nanosheet device. (a) Hall
voltage Vi; measured as a function of magnetic field B at a constant
source-drain current bias of ~50 nA and T = 60 mK for several gate
voltages (Device 2). The nanosheet thickness of Device 2 is 55 nm.
Here, the right axis shows the transverse resistance R,, of the form R,,
= Vu/I. Note that larger Hall resistance values are found for lower gate
voltages (lower carrier densities). The inset shows a linear fit (red) to
the measured V;—B trace (blue) from which the Hall coefficient Ry
can be determined. (b) Hall coefficient R}y obtained as a function of
Vs (left axis, circle) at T = 60 mK. From Ry;, we can extract the sheet
carrier density n as a function of V, (right axis, square). A linear fit to
the n—V,, data yields dn/dV,, = 2.1 X 10" em™ V™! and therefore a
gate-to-nanosheet capacitance C, = 832 uF. Using this C, value, we can
fit the measured G—V, trace of the device (inset panel b) and extract a
field-effect mobility of ~15000 cm® V™' 57",

summarizes the low-field Hall measurement data obtained from
a second device (Device 2 with the nanosheet thickness of 55
nm). The Hall resistance, R,, is gate-tunable and approaches
~2kQ at B~ 1 T for the low V, region (Figure Sa, main
panel). A linear fit to the R,,—B curve yields the Hall coefficient
(Figure Sa, inset). The carrier density n is then extracted from
the gate-dependent Hall coeflicient and is found to increase

linearly from ~2 X 10" to ~1.6 X 10'> cm™* with increasing Ves
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(Figure Sb, main panel). Then, a gate-to-nanosheet capacitance
Cg = 832 yF is determined from the fitting slope of the n—V,,
curve, close to the value of ~800 yF estimated based on the
geometry of the device. This measured value is used to fit the
two-probe G—V,, curve to evaluate the field-effect mobility of
Device 2 (Figure Sb, inset). The analysis yields an electron
mobility of ~15000 cm® V™! s7" for this device. We have also
performed measurements of the Hall mobility for Device 2 at
60 mK using the Hall-bar structure as shown in Figure 4a. The
measurements yielded a Hall mobility of ~13 000 cm? V! s7*
in the high carrier density region, which is close to the field-
effect mobility of 15000 cm® V™' s7! obtained with the pinch-
off method (see Supporting Information Section S8 and Figure
S15). An electron mobility of ~18 500 cm® V™! s7! is obtained
for Device 1 by the same kind of analysis and a hole mobility of
~90 cm? V7! 57! at 60 mK is also obtained from the p-type
region of Device 1 (see Supporting Information Section S8).

In conclusion, we demonstrate a new growth route of high-
quality 2D InSb layers by MBE. These InSb layers are free-
standing 2D InSb nanosheets grown on 1D InAs nanowires,
which is independent of conventional buffer-layer engineering.
The morphology and size of InSb nanosheets can be controlled
by tailoring the Sb/In BEP ratio and growth time. The length
and width of the grown InSb nanosheets can be up to several
micrometers and the thickness can be down to ~10 nm. The
InSb nanosheets are pure ZB single crystals. The electrical
measurements show that these InSb nanosheets exhibit a high
electron mobility and an ambipolar behavior. Our work opens a
conceptually new approach to obtaining high-quality 2D
narrow bandgap semiconductor nanostructures and will speed
up the applications of InSb nanostructures in nanoelectronics,
optoelectronics, and quantum electronics and in the develop-
ment of topological quantum computation technologies.
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