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ABSTRACT

Two-dimensional (2D) indium arsenide (InAs) is promising for future electronic and optoelectronic applications such as high-
performance nanoscale transistors, flexible and wearable devices, and high-sensitivity broadband photodetectors, and is
advantageous for its heterogeneous integration with Si-based electronics. However, the synthesis of 2D InAs single crystals is
challenging because of the nonlayered structure. Here we report the van der Waals epitaxy of 2D InAs single crystals, with their
thickness down to 4.8 nm, and their lateral sizes up to ~ 37 um. The as-grown InAs flakes have high crystalline quality and are
homogenous. The thickness can be tuned by growth time and temperature. Moreover, we explore the thickness-dependent
optical properties of InAs flakes. Transports measurement reveals that 2D InAs possesses high conductivity and high carrier
mobility. Our work introduces InAs to 2D materials family and paves the way for applying 2D InAs in high-performance

electronics and optoelectronics.
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1 Introduction

The III-V semiconductors are ideal for numerous electronic and
optoelectronic applications such as high-performance transistors
[1,2], photodetectors [3, 4], light emitters [5], and photovoltaics
[6,7] due to their high carrier mobilities, and narrow and direct
band gaps. Two-dimensional (2D) III-V compounds are highly
demanded in the integration of III-V semiconductors with Si
technology, miniaturization devices, flexible and wearable devices,
and heterostructures because of their superb physical properties,
flexibility, high compatibility with current semiconductor
manufacture techniques, and the ease of integration with Si-based
devices [8-12]. However, the nonlayered structure with strong
covalent bonds in three dimensions makes it challenging to obtain
2D MI-V semiconductors.

Indium arsenide (InAs) is an important member of III-V
compounds. It has a narrow direct bandgap (~ 0.390 eV for
wurtzite structure and ~ 0.350 eV for zinc blende structure), high
electron mobility, and high photoresponse [4, 13-15]. Thus, InAs
is widely used for high-speed and low power consumption
devices, and highly sensitive photodetectors with a broadband
spectral response from ultraviolet to infrared [8, 16-18]. Ali Javey
et al. creatively integrated ultrathin InAs film on SiO, for high-

performance nanoscale transistors, demonstrating the merits of
ultrathin InAs film [19]. Even though 2D InAs is easy to
heterogeneously integrate and nanofabricate, its large surface area
is beneficial to photodetectors and sensors, and research of low-
dimensional InAs has been mainly focused on quantum dots and
nanowires [18,20-22]. High-quality 2D (sub-10 nanometers)
InAs has not been reported, let alone the scalable synthesis of 2D
InAs single crystals.

Here, we synthesize 2D InAs flakes via van der Waals (vdW)
epitaxy. The lateral size of single-crystal InAs flakes is up to ~ 37
pum, and the thickness of flakes is down to 4.8 nm. We use
atomically flat mica as the substrate. In contrast to covalent bonds
in conventional epitaxy, the weak vdW interaction between mica
substrate and InAs facilities 2D InAs growth without lattice
constraint and its easy integration with Si technologies through
transfer. The as-grown InAs single crystals are homogenous and
of high crystalline quality. The thickness-dependent optical
properties and electrical characteristics of 2D InAs are
investigated. The carrier mobility is ~ 25 cm*>V™s" at room
temperature. Our work provides a scalable method to grow 2D
InAs without lattice restriction, inventing a new member to 2D
materials family, and paving the way for miniaturization InAs
based devices and integrations.
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2 Results and discussion

Bulk wurtzite InAs belongs to the P6;mc space group with lattice
parameters a = b = 4.284 A and ¢ = 6.996 A [23]. The bulk InAs
unit cell includes two In atoms and two As atoms. Each In anion
is in hexagonal coordination with four As neighbors, and the
anions of As coordinate with the four cations of In to form a
tetrahedron with four As-In bonds. The hexagonal arrangement
of atoms is exhibited in the top view ((0001) plane, lower right in
Fig. 1(a)). As shown in Fig. 1(a), the structure of bulk InAs clearly
illustrates its nonlayered feature. 2D InAs flakes are synthesized in
a home-built tube furnace. Figure 1(b) depicts a schematic image
of the growth setup. We use pure InAs powder as the precursor
and keep its temperature at 770-850 °C. Substrates are placed
9.5 cm downstream from the InAs source. The carrier gas is 50
standard cubic centimeters per minute (sccm) Ar gas (see details
in the Experimental section). Among the commonly used
substrates including SiO,, sapphire, and fluorophlogopite mica,
2D InAs can only grow on mica substrates, but is prone to
forming particles on SiO, and sapphire under the same growth
condition (Fig.S1 in the Electronic Supplementary Material
(ESM)). A possible mechanism is that mica’s surface is atomically
flat and free of dangling bonds, facilitating the migration of InAs
molecules on the mica surface [24,25]. Moreover, the triple
symmetric structure of mica (001) matches the symmetry of
wurtzite InAs (0001). The lattice of InAs is commensurate with
mica via 5 x 5 (InAs)/4 x 4 (mica) supercell matching, enabling
the epitaxy growth of InAs on mica (Fig. 1(c) and Fig. S2 in the
ESM).

Optical and atomic force microscopy (AFM) images show that
InAs flakes of various thicknesses have triangular or truncated
triangular shapes (Figs. 1(d) and 1(e), and Fig. S3 in the ESM).
The thinnest InAs flake we obtained is ~ 4.8 nm thick (Fig. 1(e)),
and the grain size of a single InAs flake is up to ~ 37 um (Fig.
S3(a) in the ESM). Figure 1(f) and Fig. S4 in the ESM reveal the
thinnest sublayer InAs (~ 0.35 nm) grown on InAs single crystal
with the same orientation. Since the subunit cell thickness of InAs
is ~ 0.35 nm along the [0001] direction (Fig. 1(c)), the measured
sublayer thickness suggests a layer-by-layer growth mode in the
formation of the nonlayered 2D InAs crystals.

Considering that the bulk InAs crystal is polymorphism, we
carefully characterize the structure and elemental distribution of as-
grown 2D InAs flakes. X-ray diffraction (XRD) spectrum reveals
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the diffraction peak at 25.6° corresponding to the InAs (0002)
lattice plane (Fig.S5 in the ESM). It indicates [0001] is the
preferred growth crystal plane on mica. Low-resolution
transmission electron microscopy (TEM) image of a typical InAs
flake reveals a perfect triangular shape, consistent with the
structure along the [0001] direction (Fig.2(a)). Moreover, the
corresponding atomic-resolved TEM shows perfect periodicity of
the atom sites without distinct defects, indicating the high quality
of the as-grown InAs (Fig. 2(b)). Each In atom is surrounded by
four As atoms, matching well with the top-view atomic model of
InAs (the inset of Fig.2(b)). The lattice spacing of 0.21 nm is
consistent with the (1120) planes of wurtzite InAs [23].
Additionally, the selected area electron diffraction (SAED)
presents a single set of hexagonal diffraction spots, unveiling the
hexagonal symmetry of the crystals (Fig. 2(c)). The (1010) lattice
plane spacing in Fig. 2(c) is measured to be 0.37 nm, in agreement
with wurtzite InAs [23]. Furthermore, the SAED patterns of
several locations on a single flake show identical hexagonal
patterns and locations, confirming the single-crystal nature of the
InAs flake (Fig. S6 in the ESM). Quantitative elemental analysis of
the energy-dispersive X-ray spectroscopy (EDS) indicates that the
main elements in the flake are In and As (Fig. 2(f)). Moreover,
EDS elemental maps display uniformly distributed In and As
elements in the InAs flake (Figs. 2(d) and 2(e)). The atomic ratio
of In to As is about 53:47, which is close to the stoichiometric ratio
of InAs.

To access the chemical composition and bonding type of the as-
grown InAs, we perform X-ray photoelectron spectroscopy (XPS)
measurement. The high-resolution In 3d spectra show two pairs
of peaks at 444.06 and 451.57 eV, as well as 445.09 and 452.66 eV,
corresponding to the InAs and In,O;, respectively (Fig. 3(a)) [26].
Figure 3(b) exhibits the As 3ds;, and 3d;, peaks, located at 40.34
and 41.11 eV, are attributed to the In-As bonds [26]. Both In 3d
and As 3d spectra reveal oxides in the sample. The oxides might
be the natural oxide layer formed upon InAs after exposure to air,
similar to the case of InAs nanowires [26]. The atomic ratio of
In:As is around 47:53. Therefore, both XPS and EDS indicate the
as-grown InAs is stoichiometric.

In order to precisely control the thickness and realize 2D InAs
growth, we finely tune the temperature and growth time.
Furthermore, we investigate their influences on the thickness of
InAs flakes. We vary the growth temperature at 770, 790, 810, 830,

InAs powder Mica

)
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Figure1 Growth and morphology characterizations of 2D InAs flakes. (a) Atomic structure of InAs. The golden spheres are As atoms, and the blue spheres are In
atoms. (b) Schematic illustration of the growth setup for the synthesis of 2D InAs. (c) Structure of 2D InAs flakes on mica. (d) Representative optical image of 2D InAs
flake. (e) AFM image of a 2D InAs flake with the thickness of 4.8 nm. (f) AFM morphology image of InAs sub-unit cells with the thickness of about 0.35 nm.
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Figure2 TEM characterization of the 2D InAs flake. (a) Bright-field TEM image of a typical 2D InAs flake. (b) High-resolution TEM image of the 2D InAs flake.
Inset is the top-view atomic model of InAs. The golden spheres are As atoms, and the blue spheres are In atoms. (c) Corresponding SAED pattern of the 2D InAs
flake. Elemental maps of (d) In and (e) As of the 2D InAs flake shown in (a). (f) The EDS spectrum of the 2D InAs flake.

(b) InAs As 3d
—— As oxide
-
=3
S < ° b
2 §
£ N
o
) 3
[ 4
- [ .
) o
& 4y R N N o%?
- & S P

(a) InAs In 3d
In,04 A
Bl
S
>
c
[} d
E {
4 0o
>
456 452 448 444

Binding energy (eV)

E80: uu

/
mB B
o B

770 790 810 830 850
Temperature (°C)

48 46 44 42 40 38
Binding energy (eV)

(d) 50

nm
(.0( )-b
o o

Thickness
N
(=)

0 5 10 15 20
Growth time (min)

Figure 3 XPS spectra of (a) In 3d and (b) As 3d peaks. (c) Statistical thickness of 2D InAs flakes grown at varying growth temperatures from 770 to 850 °C. Insets are
the corresponding typical optical images. (d) Statistical thickness of 2D InAs flakes grown at varying growth time from 0.5 to 20 min. Insets are the related optical

images.

and 850 °C and keep other conditions the same. As shown in
Fig. 3(c), the color of typical InAs flakes grown at different growth
temperatures changes from light cyan to pink. Furthermore, the
median thickness changes from 8 to 60 nm, and the thickness
variance increases when raising the growth temperature. Thus,
higher temperature often leads to thicker flakes and larger
variations of thicknesses. The growth temperature determines the
partial pressure of reactants and influences growth processes.
Briefly, as the temperature of the InAs source increases, the vapor
pressure of reactants dramatically rises, resulting in thicker flakes.
Moreover, the growth is thermodynamically controlled at high
temperature, thus prone to form structures that have the lowest
total energy of the system (symmetries). Therefore, the as-grown
flakes should be thicker because of the three-dimensional (3D)
InAs crystal structure. In contrast, the growth is mainly kinetically
controlled at low temperature. Adatoms on the surface quickly
attach to the fastest growth front at edge regions, leading to

TSINGHUA
N UNIVERSITY PRESS

thinner flakes [27,28]. The growth time also has a significant
impact on the thickness of flakes. As the growth time increases
from 0.5 to 20 min, the median thickness changes from 5 to
25 nm (Fig. 3(d)). It is easy to interpret that a longer growth time
allows more precursors to participate in the vertical growth of
flakes [29, 30]. Both median thickness and thickness range become
large with increasing growth time. In short, a relatively low
temperature and short growth time are prone to synthesizing 2D
InAs flakes.

We investigate the optical properties of InAs flakes through
second-harmonic generation (SHG) and Raman spectroscopy. A
considerable SHG intensity is detected from an InAs flake,
revealing the nonlinear optical properties of 2D InAs flake (Fig.
4(a)). Two prominent Raman peaks at ~ 213-217 and ~ 237 cm,
assigned as the transverse optical (TO) and the longitudinal optical
(LO) modes, respectively, appear in InAs flakes with diverse
thicknesses (Fig. 4(b)). From group theory analysis, the TO and

@ Springer | www.editorialmanager.com/nare/default.asp
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LO modes are both the 2-fold degenerate E modes of the C;, point
group. Both LO and TO modes have In and As atoms displacing
in the opposite in-plane directions, and are visualized in the inset
of Fig. 4(b). Interestingly, the TO mode shows a strong red shift
when decreasing InAs’s thickness from 63 to 5.5 nm, which can
be understood by the thickness-dependent dielectric constant
(screening effect). From our density functional theory (DFT)
calculation, dielectric constant (or the screening effect) increases
with the decreasing thickness, leading to a weakened restoration
force of the TO mode and thus a red shift of the Raman shift
(Table S1 and more discussions in the ESM). Besides LO and TO
phonon peaks, there is another phonon peak centered around
228.0 cm™, which can be attributed to the surface optical (SO)
phonons (Fig. S8 in the ESM). Such SO phonon modes are
common in semiconductor nanomaterials [31-33]. Normally,
they are correlated to the shape of the semiconductor under
examination and to the dielectric properties of both the
semiconductor and the external medium [31]. Raman maps of a
typical InAs flake show uniform intensity over the whole flake,
indicating the high spatial homogeneity of the as-grown InAs
(Figs. 4(d)-4(f)).

We further characterize the electronic properties of 2D InAs
flakes through transport measurements. We first pre-patterned
Cr/Au electrodes on a 300 nm SiO,/Si substrate using
photolithography followed by metal deposition. Then we transfer
the InAs flake onto the channel region through the polystyrene
(PS) assistant transfer method (Fig. 5(a)) [34]. The linear IV
curve reveals that ohmic contacts are formed between the InAs
channel and the Cr/Au metal electrodes (Fig.5(b)). The large
densities of donor-type surface states pin the Fermi level above the
conduction band minimum of InAs, thus forming ohmic contact
between InAs and metals (Fig. S9 in the ESM) [35]. The resistance
without gate is ~ 450 . The magnitude of drain current at
Vps = 0.5 V approaches 1 mA in the saturation regime, and the
InAs device exhibits high conductivity. The InAs device shows a
weak gate-dependence, corresponding to a heavily doped n-type
semiconductor (Fig. 5(c)). We estimate the field-effect mobility u

by

p=— b b 1)
= €08,
W () Vs IVos

where L, W, and d are the channel length, width, and the thickness
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of the SiO, layer, respectively. The ¢, and ¢, are the vacuum
dielectric constant and the dielectric constant of SiO,, respectively.
Ing and Vg are the current between the source and drain and the
voltage between the gate and source, respectively. The values of L,
W, ¢, &, Vps and d are 2.5 um, 10 pm, 3.9, 8.85 x 10> Fm™, 0.5
V, and 300 nm, respectively. The carrier mobility is around 25
cm*V™'s? at 300 K. Moreover, considering the two-terminal
device configuration and contact influence, it is anticipated that
the as-grown 2D InAs has better intrinsic transport properties.
The low resistance and decreased mobility should be attributed to
large densities of surface states on InAs flake which pin the surface
Fermi level above the conduction band and degrade the electron
mobility in the flake [26]. We envisage that modifications of
surface states can further boost the transport performance of 2D
InAs flakes.

3 Conclusions

In summary, we have synthesized 2D InAs flakes through vdW
epitaxy. The as-grown 2D InAs has a triangular or truncated
triangular shape with lateral size up to tens of micrometers. Low
temperature and short growth time are prone to growing thin
InAs flakes. The InAs flakes show high crystalline quality,
thickness-dependent optical properties, and mobilities comparable
with traditional 2D transition metal dichalcogenides. Our work
introduces a new member for 2D family and paves this promising
material the way for high-performance nanoelectronic and
optoelectronic applications.

4 Experimental section

41 Sample preparation

InAs flakes were grown in a quartz tube with a horizontal single-
temperature-zone tubular furnace under atmospheric pressure.
20 mg InAs powder (99.99%, Macklin) was in a quartz boat and
placed at the center of the heating zone. Fluorophlogopite mica
(KMg;(AlSi;0,)F,) substrates (1 cm x 1 cm) were positioned in
another quartz boat and placed 9.5 cm downstream from InAs
precursor. The tube was evacuated and flushed with Ar gas to
provide an oxygen-free environment. Then the temperature was
ramped to 770-850 °C in 20 min and maintained at the
temperature for 0.5-20 min under 50 sccm Ar flow. After the
growth, the furnace was rapidly cooled down to room
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Figure4 (a) SHG signals of the as-grown 2D InAs flake. (b) Thickness-dependent Raman spectra of as-grown 2D InAs flakes on mica. Insets are the corresponding
atomic displacements of TO and LO modes. (c) Thickness-dependent Raman peak positions of TO and LO modes. (d) Optical images and the corresponding Raman
intensity mappings of (e) TO and (f) LO modes of a typical triangular InAs flake grown on mica.
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Figure5 Electrical properties of 2D InAs flake. (a) Typical optical image of an InAs field-effect transistor (FET). (b) Output characteristics of the device at different
gate voltages. (c) Transfer characteristic of the InAs FET at a fixed source-drain voltage of Vj,s=0.5V.

temperature with the assistance of electric fans.

4.2 Sample transfer

The as-grown 2D InAs flakes on mica could be transferred onto
an arbitrary substrate or TEM grid using a wet transfer approach.
Briefly, the mica substrate was spin-coated with the PS at
3,000 rpm for 60 s and baked at 80 °C for 30 min. The PS solution
was prepared with 13 g PS particles (280,000 g-mol ') and 100 mL
toluene. The PS film was scraped off the edges of the mica. Then
the sample was dipped into water. After that, PS/InAs was
separated from mica and transferred onto a target substrate.
Finally, the transferred sample was dried at 110 °C for 20 min,
followed by toluene immersion for 12 h to dissolve the PS.

4.3 Sample characterization

The morphology, microstructure, and chemical constituents of the
2D InAs flakes were analyzed and characterized via optical
microscopy (OM, Leica DM4000M), AFM (Bruker Multimode 8),
confocal Raman spectroscopy (Renishaw inVia Qontor) with a
532 nm laser, XPS (Thermo Scientific NEXSA), and XRD (Bruker
D8 ADVANCE Da Vinci). SHG was performed on Raman
spectroscope (Horiba HR Evolution) with a femtosecond laser as
the excitation source. Polymethyl methacrylate (PMMA) was spin-
coated on InAs samples before Raman and SHG measurement to
prevent oxidation. TEM images, SAED patterns, and EDS
elemental mapping were taken from a TEM operating at 200 kV
(Thermo Scientific TALOS F200X). The electrical properties were
measured using a semiconductor parameter analyzer (Keithley
4200-SCS) in ambient air.

4.4 Density functional calculation

First-principles calculations based on DFT were performed using
the local density approximation (LDA) presented by
Cepeley-Alder (CA) functional, as implemented in the Vienna ab
initio simulation package (VASP) [36,37]. The projected
augmented wave (PAW) method with a plane-wave basis set was
used with a cutoff energy of 520 eV [38]. Monkhorst-Pack k
meshes of 8 x 8 x 4 and 8 x 8 x 1 were adopted to represent the
reciprocal first Brillouine zone of bulk and two-dimensional InAs
structures, respectively [39]. The convergence criteria for the
energy and force were set to 10~ eV and 0.01 eV-A", respectively.
The dielectric and vibrational properties were calculated based on
the finite displacement method. The phonon modes were
visualized by the XCrysDen software [40].
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