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ABSTRACT: Numerous theoretical simulation works have
predicted the fantastic properties of arsenene, such as a
tunable band gap, topological states, and a high carrier
mobility. However, the experimental synthesis of two-
dimensional arsenic materials is still difficult. Herein, we
report the epitaxial growth of single-crystalline few-layer gray
arsenic nanoflakes with hexagonal and half-hexagonal shapes
via a van der Waals epitaxy method. The gray arsenic
nanoflakes can be transferred from mica to other substrates
without structural damage. Moreover, a universal method for
estimating the antidegradation efficiency of polymer-passivated gray arsenic nanoflakes by determining the interfacial interaction
energies and geometry changes via first-principles calculations was developed. Consistent with theoretical predictions, we
further experimentally confirm that functional polymer coating can effectively suppress the chemical degradation and phase
transformation of gray arsenic nanoflakes for at least 50 days under ambient exposure, thus facilitating further nanodevice
fabrication, preservation, and measurements. Moreover, the gray arsenic nanoflakes show metal to semiconductor
transformation after long-term ambient exposure owing to the oxidation of arsenic in air.

■ INTRODUCTION

Since the first isolation of graphene in 2004, two-dimensional
(2D) materials have attracted a great deal of attention owing to
the tremendous potential applications and fantastic electrical
and optical properties.1,2 Monoelemental group IVA 2D
materials beyond graphene, such as silicene, germanene, and
stanene, have been investigated by theory and experiment.3−5

However, the very narrow band gaps of group IVA 2D materials
limit the applications in nanoelectronic technology. Layered
transition metal dichalcogenides (TMDs) show good on−off
characteristics for field effect transistors (FETs) and high
photoresponsivity for photodetectors, while the relatively low
carrier mobilities restrict further industrial applications.6 As an
essential member group of the 2D material family, mono-
elemental group VA 2D crystals, including phosphorene,
arsenene, antimonene, and bismuthene, have recently emerged
and attracted significant research interests.7−9 The tunable band
gap and high carrier mobility enable black phosphorene that is
appropriate for electrical technology.7,10 In addition, a
phosphorus-substituted black As1−xPx thin layer with a small
band gap showed intriguing performance for infrared (IR)
sensing, and the passivation of black As1−xPx FET devices could
lead to the significant improvement of long-term air stability
compared to that of air-exposed black As1−xPx.

11,12

As the congeners of phosphorene, other group VA 2D crystals,
including arsenene, antimonene, and bismuthene, have also

been theoretically calculated to be promising semiconductors
with a tunable band gap and a high carrier mobility.13,14 Field
effect transistors using monolayer arsenene and antimonene as
channels have been simulated by a first-principles method,
showing a good performance compliant with industry require-
ments.15 The optimized sub-10 nm arsenene and antimonene
FETs can fulfill the low power requirements of the International
Technology Roadmap for Semiconductors in 2028.16,17 Lu et al.
demonstrate that the Fermi level pinning effect of arsenene
devices can be reduced by contact with 2D graphene to suppress
metal-induced gap states.18 Besides theoretical predictions,
some experimental approaches, such as mechanical exfolia-
tion,19 liquid exfoliation,20,21 van der Waals epitaxy,22 and
molecular beam epitaxy,23−25 have been explored to achieve
group VA 2D materials. However, to the best of our knowledge,
the experimental realizations of arsenene are merely demon-
strated in several recent articles.21,26 Monolayer and few-layer
black arsenic crystals were recently realized via the exfoliation of
natural minerals, exhibiting thickness-dependent carrier transfer
and in-plane anisotropy in FETs.27,28 An aqueous shear
exfoliation method was developed to fabricate As, Sb, and Bi
nanosheets with large scale yields,21 while the irregular granular
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shapes, relatively large thickness, and small crystal domains are
inconvenient for device fabrication. A plasma-assisted process
was also reported to synthesize multilayer arsenene, which
shows amorphology of nanoribbons on the InAs substrate,26 but
the polycrystalline feature, semiconductive substrate, and buffer
layer go against electrical property studies. Hence, the
preparation of arsenene or 2D gray arsenic nanoflakes with
high crystal qualities and large crystal domains is vital for
preventing the studies of arsenene from remaining in the
theoretical phase. Moreover, the surface of the arsenic crystal is
sensitive to oxygen and humidity under ambient conditions,
which seriously hinders the development of fundamental
research and practical applications.29,30 In this case, establishing
an effective and extendable strategy to passivate the surface of
gray arsenic nanoflakes is also essential for the subsequent
studies.
Herein, we report the growth of hexagonal and half-hexagonal

few-layer gray arsenic nanoflakes on a mica substrate via van der
Waals epitaxy. Mica is an inert and atomically smooth substrate
that can directly act as a support for device fabrication and
characterization. The as-prepared gray arsenic nanoflakes
exhibit an oxygen-free feature with a diagonal length up to 20
μm and a thickness as low as 4 nm and can be easily transferred
to other substrates, such as SiO2/Si substrates and Cu grids free
from chemical degradation. Detailed morphology, composition,
and structure characterizations confirm the single-crystalline
structure of gray arsenic nanoflakes with a rhombohedral phase.
Moreover, through theoretical calculations combined with
experimental verifications, appropriate polymer candidates can
be rationally sorted out to efficiently passivate the surface of gray
arsenic nanoflakes. The gray arsenic nanoflakes passivated by
polymer coating [such as polyethylene glycol (PEG)] show
significantly improved stability for at least 50 days in ambient air,
which is conducive to further characterizations and device
applications. The transistors based on freshly prepared gray
arsenic nanoflakes show a metallic feature, but semiconductive

properties will emerge after the environmental degradation of
the gray arsenic nanoflakes by ambient air exposure.

■ EXPERIMENTAL SECTION
Growth of Few-Layer Gray Arsenic Nanoflakes. Single-

crystalline few-layer gray arsenic nanoflakes were synthesized by a
van der Waals epitaxy method using a two-zone tube furnace system
(Figure 1a). Briefly, gray arsenic powder (Aladdin) and freshly
exfoliated mica was placed in zone 1 and zone 2 to serve as the
precursor and growth substrate, respectively. The tube furnace was first
purged by high-purity H2, and then the flow rate of H2 was kept at 20
sccm. The temperature of zone 2 was increased and kept at 325 °C
(Figure 1b). Subsequently, the temperature of zone 1 was increased to
425 °C over 20 min and held for 20 min to achieve the growth of gray
arsenic nanoflakes on mica. After growth, the furnace was cooled to
room temperature. The H2 flow was stopped, and the furnace was
purged with high-purity N2.

Characterizations. Optical images and Raman spectra were
recorded in a confocal Raman spectroscope (Horiba, LabRAM
Evolution), using a laser with a 633 nm wavelength, a 50× objective
lens, a spot size with an ∼3 μm diameter, and 1800 lines/mm grating.
The laser power was decreased to 3 mW to prevent the samples from
suffering from radiation damage. Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) characterizations
were performed on a JEM-2100 systemwith an operating voltage of 200
kV. Topographic atomic force microscopy (AFM) characterizations
were performed using a Bruker Dimension Icon instrument. A
ScanAsyst model and RTESP probe were used to measure the
morphology and thickness of gray arsenic nanoflakes. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
characterizations were conducted on a FEI Nova NanoSEM-450
instrument. X-ray diffraction (XRD) was performed on a powder X-ray
diffractometer (Bruker D8 Advance) with Cu Kα irradiation (λ =
1.5406 Å).

Transfer of Few-Layer Gray Arsenic Nanoflakes. The gray
arsenic nanoflakes can be transferred to Cu grids or SiO2/Si substrates.
First, the as-synthesized gray arsenic nanoflakes on a mica substrate
were spin-coated with a PMMA solution (4 wt % in anisole), followed
by annealing at 50 °C for 10 min. Then, the PMMA/gray arsenic/mica

Figure 1. Epitaxial growth of single-crystalline few-layer gray arsenic nanoflakes on the mica substrate. (a) Schematic illustration of a two-zone tube
furnace configuration for the growth of gray arsenic nanoflakes. (b) Temperature evolution curves of zone 1 and zone 2 as a function of time during the
van der Waals epitaxy process. (c) Top view and side view of the atomic structure of rhombohedral-phase arsenene in orthographic mode. (d) Typical
optical images of as-synthesized gray arsenic nanoflakes collected upstream to downstream of the mica substrate.
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was dipped into boiling deionized water for 10 min until the PMMA/
gray arsenic film was completely cleaved from the mica substrate. After
being washed three times with deionized water, the PMMA/gray
arsenic layers were transferred to TEM grids or SiO2/Si substrates.
Finally, the PMMA layer was removed with acetone and naturally dried
in air at room temperature. The transferred nanoflakes were placed in a
high-purity N2-filled container for storage.
Passivation of Few-Layer Gray Arsenic Nanoflakes. PEG,

PAN, PMMA, and PVP were separately dissolved in deionized water,
N-methyl pyrrolidone (NMP), anisole, and ethyl alcohol with identical
mass fractions (4 wt %), respectively. The polymer solutions were spin-
coated on the substrates with gray arsenic nanoflakes at a speed of 4000
rpm for 1 min, followed by annealing at 80 °C for 10 min. For the
removal of the polymer, the substrates were dipped into the same
solvents for 1 min and then rapidly dried with a nitrogen gun.
Computational Details. First-principles calculations were per-

formedwith the DMol3 program in theMaterials Studio 7.0 suite.31 The
generalized gradient approximation in the Perdew−Burke−Ernzerhof
form (GGA-PBE)32 was employed to describe the electron exchange
and correlation effects with a double-zeta plus polarization function
(DNP 4.4) basis set.33 A DFT-D semiempirical correction with the
Grimme method34 was applied with the PBE functional to account for
the dispersion interaction. For the arsenene on the mica substrate, the
(001) surface of the mica slab was created by cleaving the bulk cells and
the slab was separated in the z-direction by a 30 Å vacuum from its
periodic images to avoid spurious slab interaction. The whole
simulation unit is the 20.776 Å × 17.992 Å × 38.376 Å supercell. We
performed fully structural optimization of all adsorbate configurations
in which the adsorbates along with the mica layers were allowed to fully
relax. The adsorbed arsenene was constructed with 30 arsenic atoms,
and the edge was saturated with hydrogen atoms. The distance between
the arsenene and mica slab was ∼3.3 Å after optimization. For the
adsorption of the polymer on arsenene, a supercell containing (4 × 4)
unit cells of the arsenene monolayer with an ∼30 Å vacuum layer was
used as a support. The convergence tolerances of energy, force, and
displacement for the geometry optimization were 2.0 × 10−5 Ha, 0.004
Ha/Å, and 0.005 Å, respectively. The 1× 1× 1 k-point grid was used to
describe the Brillouin zone for geometric optimization.
The calculations with or without the dipole corrections were

performed in the Vienna Ab-initio Simulation Package (VASP). The
GGA-PBE functional was also employed, and the zero damping DFT-
D3 method of Grimme was applied to account for the dispersion
interaction. The cutoff energy for the plain waves was set to be 500 eV,
and the convergence for the total energy was 10−5 eV. TheMonkhorst−
Pack (MP) set of 3 × 3 × 1 k-points was used to sample the Brillouin
zone.
Device Fabrication and Measurements. The source and drain

electrode patterns were defined by photolithography (Intelligent Micro
Patterning, LLC, SF 100). The Ti/Au (10/50 nm) electrodes were
subsequently deposited on the gray arsenic nanoflakes using electron
beam deposition (Adnnaotech Corp., TT-6). The electronic character-
izations were performed on a probe station system with a Keithley
4200-SCS instrument in air and room temperature.

■ RESULTS AND DISCUSSION

It is known that bulk arsenic crystals normally have three
allotropes, including gray arsenic, yellow arsenic, and black
arsenic.35 Semimetallic gray arsenic, namely β-phase As, is the
most stable form of arsenic and has a layered structure consisting
of a buckled honeycomb structure in rhombohedral space group
R3m (Figure 1c).36 The buckled honeycomb layers of gray
arsenic are stacked via an ABC stacking arrangement (Figure
1c). Yellow arsenic is an insulator with a tetrahedral crystal
structure that consists of four As atoms.37 Unlike gray arsenic or
yellow arsenic that has a pure phase, black arsenic has a more
complex crystal structure with amorphous or vitreous character-
istics and exhibits a semiconductive feature with a band gap
around 1.2 eV.37 In addition, metastable orthorhombic-phase

arsenic in space group Bmab was also reported, which is
isomorphous with black phosphorus exhibiting a puckered
honeycomb structure and a band gap of 0.3 eV.38 Among these
different phases of arsenic, gray arsenic and orthorhombic-phase
arsenic have layered crystal structures and have the possibility of
forming ultrathin 2D materials by exfoliation or epitaxial
growth.39 Theoretical calculations predicted that the mono-
layers of both gray arsenic and orthorhombic arsenic are
semiconductors with indirect band gaps of 0.831 and 1.635 eV,
respectively.13,39 The weak interlayer interactions and 2D
layered structure without dangling bonds enable the growth of
gray arsenic on an appropriate substrate via van der Waals
epitaxy. However, the growth of gray arsenic may suffer from the
formation of different crystalline phases during the evaporation
and cooling process.30,35,40 For example, pure gray arsenic can
be obtained at crystallization temperatures above 300 °C, while
black arsenic crystals can be obtained between 100 and 200
°C.40 A mixture of gray arsenic and black arsenic crystals will be
formed if the temperature is in the range of 200−300 °C.
Moreover, the fast cooling of As vapor can lead to the deposition
of yellow arsenic, which will rapidly transform into gray arsenic
under light illumination.41 Therefore, to obtain high-quality 2D
gray arsenic nanoflakes, controlling the crystalline conditions is
vital during the van der Waals epitaxy process. In this work, a
two-zone tube furnace system was used for the preparation of β-
phase arsenic nanoflakes. As illustrated in Figure 1a, the β-phase
arsenic powder precursor and mica substrates were placed
upstream (zone 1) and downstream (zone 2), respectively. Mica
was utilized as the van der Waals epitaxy substrate, because its
chemical inertness and atomic scale smooth surface can reduce
the migration energy barriers of As atoms. Typically, the
temperature of zone 2 was first increased to 325 °C over 15 min
and the temperature of zone 1 was subsequently increased to
475 °C over 20 min (Figure 1b). During the growth process, the
high temperature of zone 1 allowed the arsenic powder to
sublimate and migrate downstream with the assistance of H2
carrier gas. The temperature of zone 2 was kept at 325 °C to
ensure the uniform growth of β-phase arsenic and avoid the
phase transition (more details are given in the Experimental
Section). To investigate the structural stability of arsenene on
the mica substrate, the atomic geometry of arsenene on the mica
substrate was optimized via first-principles calculations. Both
freshly exfoliated mica and synthesized gray arsenic nanoflakes
are exposed with (00n) crystal planes. As the epitaxial growth of
gray arsenic nanoflakes was conducted in a H2 atmosphere, the
edges of arsenene on the mica substrate are saturated with
hydrogen atoms during the calculations (more details are
provided in the Experimental Section). The optimized
structures of arsenene on the mica substrate with a top view
and a side view are illustrated in Figure S1, showing no obvious
geometry aberrance of arsenene and thus indicating that mica
can act as an appropriate substrate for the epitaxial growth of
arsenene or 2D gray arsenic nanoflakes.
Figure S2 depicts typical optical images of gray arsenic

nanoflakes with different magnifications. The white and regular
hexagonal and half-hexagonal flakes correspond to the ultrathin
gray arsenic nanoflakes. The well-defined morphology of gray
arsenic nanoflakes indicates the good crystallinity of the van der
Waals epitaxy process. Figure 1d shows optical images of as-
synthesized gray arsenic nanoflakes collected from upstream to
downstream of the mica substrate, suggesting hexagonal and
half-hexagonal shapes with a diagonal length up to 20 μm. With
the increase in the distance from the center of zone 2, the shapes
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of gray arsenic nanoflakes are gradually varied from hexagons to
half-hexagons. The ultrathin half-hexagonal nanoflakes com-
monly emerge downstream of the substrate. This phenomenon
can be attributed to the limitation of boundary layer diffusion,42

which leads to a relatively insufficient supply and low partial
pressure of the As source downstream of the substrate, thus
resulting in the diffusion-limited growth of ultrathin half-
hexagonal gray arsenic nanoflakes. Control experiments with
different growth periods were also performed to synthesize gray
arsenic nanoflakes with different diagonal sizes. Figure S3 shows
the optical images of gray arsenic nanoflakes with growth
periods of 1−25 min. Initially, only small gray arsenic seed
crystals could be viewed when the growth time was merely 1 min
(Figure S3a). With the growth time was increased, the diagonal
size and the thickness of gray arsenic nanoflakes correspondingly
increased, because more arsenic vapor was transported from the
arsenic precursor (Figure S3a−f). However, the amounts of
large black crystals also inevitably increased when the growth
time increased, due to the excess supply of the arsenic source.
The two control experiments listed above demonstrated that the
thickness and diagonal size can be regulated via the experimental
parameters. Figure S4 illustrates the optical images of gray
arsenic nanoflakes synthesized on Si and SiO2/Si substrates,
indicating that the growth of gray arsenic nanoflakes is realized
by a van der Waals epitaxy mechanism rather than traditional
epitaxial growth.
Attributed to the weak van der Waals forces between the

products and substrate, van der Waals epitaxy can bear large
lattice constant mismatches, even if the crystalline symmetries of

the products are different with the substrate. XRD character-
izations were performed to verify the crystal phase of gray
arsenic nanoflakes grown on the mica substrate (Figure S5),
confirming that both the hexagonal and half-hexagonal nano-
flakes are gray arsenic with a rhombohedral phase (JCPDS PDF
Card 05-0632).
To evaluate the topographic morphology and chemical

compositions of gray arsenic nanoflakes, SEM and EDX
characterizations were performed. Figure S6a shows the SEM
image of a typical hexagonal gray arsenic nanoflake with a
diagonal length of∼20 μm. EDX analysis (Figure S6) confirmed
the presence of As element, and the corresponding EDX
mapping of the As element (Figure S6b) demonstrated the
homogeneous distribution of arsenic atoms, indicating the
compositional uniformity. In contrast, EDX mapping of the O
element depicted a hexagonal shadow at the same location of
gray arsenic nanoflakes (Figure S6c). This confirmed that the
gray arsenic nanoflake lacks the oxygen element, which is
different from the case for the oxygen-containing mica substrate.
This phenomenon further verified that the freshly prepared gray
arsenic nanoflakes are free from oxidation.
The topographic morphology and height profiles of gray

arsenic nanoflakes were also investigated by AFM. Panels a and b
of Figure 2 illustrate two typical AFM images of regular
hexagonal and half-hexagonal gray arsenic nanoflakes, in which a
diagonal length of 9−16 μm can be viewed. It is noteworthy that
thicknesses of hexagonal nanoflakes (42.1 nm in Figure 2d) are
normally thicker than the half-hexagonal nanoflakes (10.5 nm in
Figure 2e). To investigate the thickness and diagonal size

Figure 2. Topographic morphology and Raman spectroscopy analysis of as-grown few-layer gray arsenic nanoflakes. (a and b) AFM images and
corresponding height profiles of hexagonal and half-hexagonal gray arsenic nanoflakes. (c) Statistical diagram of the thicknesses of gray arsenic
nanoflakes. (d and e) Corresponding height profiles of hexagonal and half-hexagonal gray arsenic nanoflakes in panels a and b, respectively. (f)
Statistical histogram of the lateral size distributions of gray arsenic nanoflakes. (g) Raman mapping of the A1g peak intensity of a 20 nm thick hexagonal
gray arsenic nanoflake. The inset in panel g shows the corresponding optical image and Raman spectrum of this nanoflake. (h) Individual Raman
spectra of gray arsenic nanoflakes (in the thickness range of 4−48 nm) and bulk arsenic, showing the thickness-related A1g and Eg peak positions. (i)
Peak position shifts of A1g and Eg modes as a function of nanoflake thickness.
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distributions of hexagonal and half-hexagonal gray arsenic
nanoflakes, the statistical histograms of thicknesses and lateral
sizes were measured from >100 gray arsenic nanoflakes
distributed on mica substrates placed at different positions in
zone 2. As illustrated in panels c and f of Figure 2, the thickness
and lateral size distributions of gray arsenic nanoflakes both
show a camelback-like curve. The diagonal sizes of hexagonal
gray arsenic nanoflakes are generally larger than those of half-
hexagonal gray arsenic nanoflakes (Figure 2f). The two fitted
peaks in the thickness distribution histogram are centered at 36
and 13 nm (Figure 2c), which are consistent with the measured
average thicknesses of hexagonal and half-hexagonal gray arsenic
nanoflakes, respectively. The thicknesses of half-hexagonal and
hexagonal gray arsenic nanoflakes ranged from 3.3 to 27 nm and
from 23.3 to 57 nm, respectively. According to a previous
theoretical prediction,10 the theoretical thickness of monolayer
arsenene is∼0.135 nm and the interlayer distance is∼0.204 nm.
Therefore, corresponding layer number ranges of half-hexagonal
and hexagonal gray arsenic nanoflakes are calculated to be
around 10−80 and 69−168, respectively. The anisotropic ratios

of gray arsenic nanoflakes, defined as the ratio of diagonal length
and vertical thickness, are calculated to be within the range of
380−1250, indicating the high degree of anisotropic ratio
growth. We also found that the gray arsenic nanoflakes would be
potentially subjected to surface oxidation if exposed to ambient
conditions for a relatively long period of time, leading to a much
rougher surface and eventually chemical degradation, as
illustrated in Figure S7.
Raman spectroscopy was used as an effective approach to

verify the chemical states and crystalline structure of gray arsenic
nanoflakes. In particular, the shifts of Raman characteristic
frequencies can directly reflect the variation of interlayer van der
Waals force for 2D layered materials.43 Figure 2g shows the
typical Raman spectrum and Raman mapping image of the A1g

peak intensity of a 20 nm thick hexagonal gray arsenic nanoflake,
and the optical image of this nanoflake is provided in the inset of
Figure 2g. Two peaks with frequencies of 195.3 and 254.5 cm−1

in the Raman spectrum are assigned to the Eg (in-plane
vibration) and A1g (out-of-plane vibration) modes of arsenic,
respectively. The two Raman characteristic peaks are similar to

Figure 3. TEM characterizations of as-prepared few-layer gray arsenic nanoflakes. (a and b) TEM images of half-hexagonal and hexagonal gray arsenic
nanoflakes, respectively. (c) SAED pattern and (d) HRTEM image collected from panel b, demonstrating the single-crystalline rhombohedral phase.
The insets in panel d show the corresponding FFT pattern and the atomic structure of gray arsenic with a 6× 6× 1 supercell along the view direction of
zone axis (001).
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the previously reported Raman features of gray arsenic with the
exposed facet of (001) but with a certain degree of peak position
shifts, confirming the synthesized nanoflakes are β-phase
arsenic.44 The corresponding Raman mapping image (Figure
2g) depicts the uniform spatial distribution of A1g signals,
indicating the good structural uniformity.
For 2D layered materials, the frequencies of Raman

characteristic peaks are commonly related to thickness.41,45

Figure 2h shows the Raman spectra of gray arsenic nanoflakes
with a thickness range of 4−48 nm (as determined by AFM in
Figure S8) and also bulk gray arsenic. It is obvious that the
positions of both A1g and Eg peaks are strongly dependent on the
thickness of gray arsenic nanoflakes. Two additional Raman
peaks around 265.2 and 211.4 cm−1 emerged when the thickness
decreased to 4 nm, which originated from the underlying mica
substrate. The positions of A1g and Eg peaks as a function of

Figure 4. Passivation of few-layer gray arsenic nanoflakes via polymer coating. (a) Optical images of a gray arsenic nanoflake in the freshly prepared
state and after exposure to ambient air for different periods of time (25−175 min). (b) Corresponding Raman spectra of the gray arsenic nanoflake in
the freshly prepared state (black line) and after exposure to ambient air for 175 min (red line). (c) Simulated top-view and side-view atomic structures
of typical PEG-, PAN-, PMMA-, and PVP-coated arsenene. (d) Effective protection time of polymer-coated gray arsenic nanoflakes as a function of
interfacial interaction energy (Eint) and atomic geometry variation (RMSD). (e)Optical images of a gray arsenic nanoflake in the freshly prepared state,
after PEG coating, under the protection of PEG for different periods of time (15−50 days), and after removing PEG. (f) Corresponding Raman spectra
of the gray arsenic nanoflake in the freshly prepared state (black line), under the protection of PEG for 51 days (blue line), and under the protection of
PEG for 50 days followed by PEG removal (red line).
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thickness are illustrated in Figure 2i. The wavenumbers of both
A1g and Eg peaks present a blue-shift tendency when the
thickness of gray arsenic nanoflakes decreases. The A1g and Eg
peaks of a 48 nm thick gray arsenic nanoflake show almost the
same wavenumbers compared to the bulk arsenic crystal. As the
thickness decreases from 48 to 4 nm, the wavenumber of the A1g
peak correspondingly increases from 253.2 to 257.1 cm−1, and
the wavenumber of the Eg peak also increases from 194.2 to
200.0 cm−1. Blue-shifts of Raman frequencies with a decrease in
thickness were also found in other 2D materials, which can
normally be attributed to the increased lattice constants caused
by long-range interlayer Coulombic interactions and structural
changes.22,43,45

To further study the crystal structure, the gray arsenic
nanoflakes were transferred from the mica substrate to SiO2/Si
substrates or Cu grids. Compared to water, arsenic is muchmore
sensitive to oxygen. During the transfer process, the nanoflakes
were protected by PMMA and then emerged in boiling
deionized water and acetone for a short time rather than during
exposure to oxygen. Therefore, the freshly transferred nano-
flakes show almost no degradation (Figure 3, Figure S9, and
Figure S10). Figure S9a,b exhibit two optical images of
hexagonal and half-hexagonal gray arsenic nanoflakes trans-
ferred onto the SiO2/Si substrate, showing the well-preserved
morphology without fracture or folding. The corresponding
Raman spectrum of a 35 nm thick hexagonal gray arsenic
nanoflake shows unaltered Raman features with respect to
pristine gray arsenic nanoflakes on the mica substrate (Figure
2h). The gray arsenic nanoflakes were also transferred to Cu
grids for TEM characterizations. Figure 3a,b illustrates two
typical TEM images of hexagonal and half-hexagonal gray
arsenic nanoflakes with diagonal lengths of 11 and 7 μm. For
another hexagonal gray arsenic nanoflake transferred on a Cu
grid (Figure S10a), the corresponding elemental mapping signal
of As shows an even distribution (Figure S10b), and the signal of
the O element is very weak (Figure S10c), suggesting that the
transferred nanoflake is not obviously degraded. Therefore, we
can reasonably infer that the short ambient exposure time during
the transfer process leads to very slight surface oxidation of
nanoflakes and thus has a minimal influence on the crystal phase
and physical properties. The SAED pattern (Figure 3c) collected
from Figure 3b depicts hexagonal symmetry characteristics,
further demonstrating the single-crystalline feature and
rhombohedral phase of as-grown gray arsenic nanoflakes. The
calculated zone axis is along the [001] orientation, confirming
the epitaxial growth of layered gray arsenic nanoflakes. Figure 3d
illustrates the typical HRTEM image and corresponding fast
Fourier transform (FFT) pattern of a gray arsenic nanoflake,
revealing a periodic spacing of 0.189 nm, which is indexed to the
(110) planes of β-phase arsenic. To correlate the lattice fringes
observed from HRTEM characterization to the crystal planes in
actual gray arsenic nanoflakes, the atomic structure of gray
arsenic with a 6 × 6 × 1 supercell along the view direction of
zone axis (001) are presented in Figure 3d. The lattice planes are
correspondingly marked by red lines, showing identical lattice
distances and plane angles with respect to the SAED pattern
(Figure 3c).
The bulk arsenic crystal is stable in dry air, but if exposed to

humid air, it would be slowly oxidized and eventually form a
black surface oxidation layer.35 Figure 4a shows a series of
optical images of a hexagonal gray arsenic nanoflake after being
exposed for different periods of time in ambient air. The
chemical degradation mainly starts from the edge and some

spots in the middle region of the nanoflake (Figure 4a-ii) and
subsequently spread to the entire surface (Figure 4a-iv). The
oxidized nanoflake first exhibits a deep yellow tarnish (Figure 4a-
v), and then the surface turns dark brown after exposure in
ambient air for 175 min (Figure 4a-vi). Typical HRTEM images
of a hexagonal gray arsenic nanoflake after being exposed to
ambient air for 175 min are also presented in Figure S11,
showing the degradation at the edge and the surface.
Corresponding Raman spectra of gray arsenic nanoflakes before
and after exposure in ambient air for 175 min are illustrated in
Figure 4b. Compared to that of the freshly prepared gray arsenic
nanoflake (black line), the Raman spectrum of ambient-exposed
gray arsenic nanoflakes (red line) exhibits two additional Raman
peaks at 268.9 and 184.2 cm−1 (marked by green stars), which
are in accordance with the characteristic Raman peaks of
As2O3.

46,47 Moreover, a broad band around 200−260 cm−1 is
observed (marked by purple triangles), which is assigned to
amorphous arsenic.48 To further investigate the variation of the
composition and crystal phase of gray arsenic nanoflakes
exposed in air, XRD characterizations were performed after
ambient exposure for 250 min (Figure S12). The XRD pattern
can be indexed to cubic arsenolite (JCPDS PDF Card 36-1490),
indicating the oxidation and transformation of As into As2O3
after long-term air exposure. These results indicate that upon
being exposed to ambient conditions for hours, gray arsenic
nanoflakes would undergo chemical and structural degradation
and turn into amorphous arsenicand As2O3. For sample
preservation and further device fabrications, suppressing the
chemical degradation of gray arsenic by surface passivation is
vital.
Several strategies, such as aryl-diazonium functionalization,49

AlOx passivation,50 and graphene/BN coating,51 have been
employed to prevent the ambient degradation of black
phosphorus. However, these passivation approaches are almost
irreversible, as removing graphene/BN or AlOx layers is
challenging. In this work, we demonstrate the successful
interfacial passivation of gray arsenic nanoflakes by coating
them with a layer of a chemically inert, resoluble, and
multifunctional polymer. The passivation effects of four
polymers, including polyethylene glycol (PEG), polyacryloni-
trile (PAN), poly(methyl methacrylate) (PMMA), and
polyvinylpyrrolidone (PVP), are first investigated via first-
principles calculations with the DMol3 program in the Materials
Studio 7.0 suite31 (more details are provided in the Experimental
Section). Figure 4c and Figure S13 illustrate the top-view and
side-view atomic structures of arsenene adsorbed with polymers;
a−c indicate the different rotation angles of the polymer on
arsenene. The corresponding interfacial interaction energies
(Eint) and charge transfer between arsenene and polymers are
labeled at the bottom of each atomic model. The Eint is defined
by the following equation:

= − −E E E Eint complex arsenene polymer (1)

where Ecomplex is the total energy of the polymer-coated arsenene
and Earsenene and Epolymer are the individual energies of pristine
arsenene and the isolated polymer molecule, respectively. The
charge transfer, defined as the charge difference between the
arsenene slab and coated polymer, is estimated by Hirshfeld
charge analysis.52 The negative Eint values of different polymer
coatings demonstrate the thermodynamically favorable pro-
cesses of the adsorption of the polymer onto arsenene through
van der Waals force. The relatively lower value of the calculated
Eint indicates the relatively stronger interaction between
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arsenene and the polymer. The PEG-coated arsenene shows the
weakest interfacial interaction with an average Eint of −1.51 eV,
while the PVP-coated arsenene depicts the strongest polymer−
arsenene interaction (average Eint of −2.48 eV). These results
indicate that PVP intensively interacts with arsenene, while PEG
perturbs arsenene the least. Figure S14 compares the atomic
geometry differences between pristine arsenene and polymer-
coated arsenene through the top views and side views of atomic
structures. The root-mean-square deviation (RMSD) of the
atomic geometry variation of polymer-coated arsenene relative
to pristine arsenene is given in angstroms below each picture.
The value of the RMSD can reflect the degree of lattice
distortion of polymer-coated arsenene compared to pristine
arsenene. The superimposed/overlapped atomic geometries of
pristine arsenene and polymer-coated arsenene are also
provided in Figure S15, clearly showing the different degrees
of in-plane and vertical position distortions of As atoms on
polymer-coated arsenene. The most weakly interacting PEG-
coated arsenene shows the smallest average value of RMSD
(0.095 Å), while the PVP-coated arsenene with the largest
absolute average value of Eint bears the largest average value of
RMSD of 0.175 Å. The average value of RMSD of each polymer-
coated arsenene is strongly inversely proportional to the average
value of Eint, indicating that the stronger interaction between
arsenene and the polymer results in a higher degree of lattice
distortion and structural instability of arsenene. Actual experi-
ments were also performed to verify the simulated results of
individual polymers in stabilizing gray arsenic nanoflakes. The
solution of each polymer (including PEG, PAN, PMMA, and
PVP) with an identical weight content of 4% is spin-coated on
gray arsenic nanoflakes at a rotation speed of 4000 rpm. Panels e
and f of Figure 4 and Figure S16 illustrate the optical images and
Raman spectra of gray arsenic nanoflakes passivated by PEG,
PAN, PMMA, and PVP with different protection periods. The
Raman peak evolution of polymer-coated gray arsenic nano-
flakes with the same thickness of ∼25 nm was studied. In the
Raman spectra of gray arsenic nanoflakes passivated by PEG,
PAN, PMMA, and PVP, the Raman peak of As2O3 at 269.1 cm

−1

emerged after 51 days, 29 days, 16 days, and 26 h, respectively,
indicating the different protection capability of polymers to gray
arsenic nanoflakes. Thus, the effective protection time can be
defined as the time difference between the initial polymer
coating and the emergence of Raman peaks of As2O3. Table 1

lists the calculated interfacial interaction energy (Eint), charge
transfer, atomic geometry variation (RMSD), and experimen-
tally determined effective protection time of polymer-coated
gray arsenic nanoflakes with different rotation angles. It is found
that certain polymer coatings can strongly stabilize gray arsenic
nanoflakes against chemical degradation under ambient
conditions, showing different time lengths of effective protection
depending on the interaction between the polymer and gray
arsenic nanoflakes. The smallest absolutely average value of Eint
and the smallest average RMSD of PEG-coated gray arsenic
nanoflakes lead to the longest effective protection time of 50
days, whereas the highest absolutely average value of Eint and
highest average RMSD of PVP-coated gray arsenic nanoflakes
result in the shortest effective protection time of 1 day. Figure 4d
shows the effective protection time as a function of Eint (red line)
and RMSD (blue line), indicating that the protective time of
polymer coating is associated with the interfacial interaction
strength, which can be estimated by the average values of Eint and
RMSD. The effective protection time increases nearly
monotonically with an increase in the average value of Eint and
decreases monotonically with an increase in the average value of
RMSD. To consider the finite charge transfer and its effect on
the interfacial interaction energy, the interaction energies with
or without the dipole corrections were calculated and compared
(more details are provided in the Experimental Section). As
shown in Table S1 and Figure S17, the dipole correction has
minor effects on the interaction energies, indicating that the
results obtained by VASP still support the relation between the
interaction energies and antidegradation efficiency of polymer-
passivated arsenene. The experimental results are quite
consistent with the first-principles calculation results, indicating
that the possible polymer candidates can be screened via
theoretical simulations to ensure effective interfacial passivation
of gray arsenic nanoflakes. Figure 4e illustrates typical optical
images of a gray arsenic nanoflake in the freshly prepared state
(Figure 4e-i), after coating with PEG and kept for different
periods of time in ambient air (Figure 4a-ii-v), and after the
removal of PEG (Figure 4e-vi). The gray arsenic nanoflake
shows almost unchanged optical contrast and color before and
after the ambient exposure for 50 days with the passivation of the
PEG coating. The Raman spectra collected from a gray arsenic
nanoflake before and after its storage of 50 days protected by
PEG exhibit identical Raman features (Figure 4f), such as the

Table 1. Comparisons of the Calculated Interfacial Interaction Energy (Eint), Charge Transfer, Atomic Geometry Variation
(RMSD), and Experimentally Determined Effective Protection Time ofGray Arsenic Nanoflakes Coated with PolymerMolecules
at Different Rotation Angles
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A1g and Eg peak positions, indicating that PEG can effectively
passivate the surface of gray arsenic nanoflakes against ambient
degradation.
To further investigate the compositions of the bulk arsenic

precursor and freshly prepared and polymer-passivated gray
arsenic nanoflakes, systematic XPS characterizations were
performed. As illustrated in Figure S18a, no other peaks were
detected in the XPS survey spectrum of the bulk arsenic
precursor, indicating the precursors are composed of arsenic
without obvious impurities. The Al and Si peaks in the XPS
survey spectrum of gray arsenic nanoflakes and PEG-passivated
gray arsenic nanoflakes originated from the mica substrate. The
magnified XPS spectrum of the bulk arsenic precursor shows
two peaks located at 42.4 and 41.7 eV, which are assigned to the
3d3/2 and 3d5/2 bands of As (Figure S18b), respectively.
Compared with bulk arsenic, the 3d3/2 and 3d5/2 peaks of gray
arsenic nanoflakes show identical shapes, but the positions are
shifted to 40.9 and 40.3 eV, respectively (Figure S18c). The peak
shifts are consistent with previous XPS characterizations of
shear-exfoliated arsenene,21 in which the XPS peak of the As 3d
core level presents a red-shift after being exfoliated into
nanosheets. Similar to those of the bulk arsenic precursor and
gray arsenic nanoflakes, the XPS spectrum of polymer-
passivated gray arsenic nanoflakes (taking as an example PEG-
passivated gray arsenic nanoflakes) shows two peaks located at

40.8 and 40.1 eV, indicating that polymer passivation makes no
difference in the valence state of arsenic.
To evaluate the electrical properties of gray arsenic nanoflakes

and the protection effect of polymer coating, gray arsenic
nanoflakes on the mica substrate were contacted by patterned
Ti/Au electrodes as shown in the inset of Figure 5a (more details
are provided in the Experimental Section). Each gray arsenic
nanoflake device has the same channel length of 4 μm and width
of 12.5 μm. Figure 5a shows the I−V curves of freshly prepared
gray arsenic nanoflakes with a thickness range of 10−50 nm (as
determined by AFM analysis in Figure S19). suggesting the
thickness-dependent electrical resistance. The electrical con-
ductivity can be calculated by the following equation:

σ = I L V Wt/d d (2)

where σ is the electrical conductivity, Id is the drain current, L is
the channel length,W is the channel width, t is the thickness of a
gray arsenic nanoflake, and Vd is the drain voltage. The
calculated electrical conductivity of a 10 nm thick gray arsenic
nanoflake is 3.5 × 103 S m−1, suggesting the gray arsenic
nanoflakes may potentially act as a conductive component to
achieve suitable band alignments in nanoelectronics devices.
The calculated electrical conductivity of a typical gray arsenic
nanoflake is ∼4.5 times smaller than the electrical conductivity
of antimonene nanoflakes (1.6 × 104 S m−1).22 This is because

Figure 5. Electrical properties of few-layer gray arsenic nanoflakes. (a) I−V characteristics of freshly prepared gray arsenic nanoflakes with different
thicknesses between 10 and 50 nm. The inset shows the optical image of a typical device based on a 35 nm thick hexagonal nanoflake and Ti/Au
electrodes on the mica substrate. (b) Id−Vd characteristics of a 50 nm thick nanoflake after different durations of ambient exposure with or without
polymer passivation. The inset presents the optical image of this device with Ti/Au electrodes on the SiO2/Si substrate. (c) Output characteristic
curves of the 50 nm thick nanoflake after a 250 min ambient exposure. (d) Transfer characteristic curve of the 50 nm thick nanoflake after a 250 min
ambient exposure with the drain voltage set to 0.5 V.
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the metallicity of antimony is stronger than that of arsenic, thus
leading to a higher electrical conductivity of antimonene
nanoflakes. The I−V curves measured on a 20 nm thick gray
arsenic nanoflake with and without the passivation of PEG
coating are illustrated in Figure S20a. The I−V curves show the
slight decay of electrical performance before and after storage for
50 days with the protection of PEG coating. However, the I−V
curves present a dramatic reduction in electrical conductivity
before and after the 175 min exposure to ambient air. This result
confirms that polymer passivation can effectively suppress the
degradation of gray arsenic nanoflakes and the covering and/or
removal of PEG has no influence on the electrical performance
of gray arsenic nanoflakes. The greatly improved stability of gray
arsenic nanoflakes in an ambient environment enabled by the
surface passivation of the polymer will facilitate further
experimental processes, including device fabrication and
characterizations. In this way, the exploration of the intrinsic
properties and potential applications of gray arsenic can be
promoted. It is also possible to sort out different functional
polymers to stabilize gray arsenic nanoflakes and meanwhile
endow gray arsenic nanoflakes with various properties. For
instance, PMMA with a superior dielectric property can also act
as the gate insulator in the nanoelectronic devices of gray arsenic
nanoflakes. PVP possesses excellent physiological compatibility,
which is convenient for the biological tests of gray arsenic
nanoflakes. The alkali and acid resistance of PAN can prolong
the preservation of gray arsenic nanoflakes in different
environments. The hydrophilic property of PEG can reduce
the surface tension between water and gray arsenic nanoflakes.
To study in detail the gate voltage-dependent drain current

after different durations of ambient air exposure, the gray arsenic
nanoflakes were transferred on SiO2/Si substrates and fabricated
into two-terminus devices. Figure 5b illustrates the typical Id−Vd
curves of a 50 nm thick gray arsenic nanoflake with or without
PEG passivation after different durations of ambient exposure.
The inset presents the corresponding optical image of this gray
arsenic nanoflake-based device. In Figure 5b, the Id−Vd curves of
a 50 nm thick gray arsenic nanoflake show a current decay
tendency similar to that of the 20 nm thick gray arsenic
nanoflake (Figure S20a). The PEG-passivated 50 nm thick gray
arsenic nanoflake also shows a slight decay of electrical
conductivity in Id−Vd curves before and after storage for 50
days. The decreased resistances of gray arsenic nanoflakes with
respect to the ambient exposure time indicate the different
degrees of oxidation and/or degradation. No gate effect is
observed from the freshly prepared gray arsenic nanoflake
devices on the SiO2/Si substrate with the gate voltage ranging
from −60 to 40 V (the purple line in Figure S20b), which was
mainly attributed to the overlap of the energy levels of a
semimetal multilayer gray arsenic nanoflake without a band gap
or Dirac cone. This phenomenon is consistent with previous
theoretical predictions that the band gap will emerge only in
arsenene with single or double atomic layers.13,39 The gate
voltage-dependent drain current curves of this gray arsenic
nanoflake device after exposure to ambient air for different
periods of time are shown in Figure S20b. The transfer
characteristic curve depicts a nearly unchanged drain current
during the gate voltage sweep from −60 to 40 V even after the
175 min ambient air exposure (Figure S20b). Interestingly, the
drain current of this device after the 250 min ambient exposure
presents a slight decrease during the gate voltage sweep from
−60 to 40 V under a consistent drain voltage (the cyan line in
Figure S20b), indicating the emergence of the gate effect. Panels

c and d of Figure 5 illustrate the output and transfer
characteristic curves of the gray arsenic nanoflake device after
250min in ambient air with amagnified vertical scale. The Id−Vd
curve of the gray arsenic nanoflake device after the 250 min
ambient air exposure shows apparent Schottky contacts (Figure
5c), which are attributed to the semiconductive behavior of the
oxidized gray arsenic nanoflake. The drain currents obviously
decrease during the gate voltage (Vg) sweeps from −60 to 40 V,
suggesting a p-type semiconducting feature. The oxidation of As
into AsxOy accounts for the semiconductor transition of gray
arsenic nanoflakes after a long period of ambient air exposure.
The variation of electrical properties after long-term ambient air
exposure suggests more potential applications of gray arsenic
nanoflakes.

■ CONCLUSIONS
In summary, we report the van der Waals epitaxial growth of
single-crystal few-layer rhombohedral-phase arsenic nanoflakes,
which can be transferred from mica to other substrates. Raman
spectra of gray arsenic nanoflakes exhibit thickness-dependent
evolution of A1g and Eg peak shifts. Moreover, we propose a
universal calculation method to evaluate the passivation effect of
polymers on arsenene via first-principles calculations, whichmay
be applied to other 2Dmaterials that are unstable under ambient
conditions. The gray arsenic nanoflakes show highly improved
stability upon exposure to ambient air via polymer coating,
enabling the preservation and further device tests. The
transistors based on gray arsenic nanoflakes were fabricated
and investigated in a freshly prepared state and after ambient air
exposure, showing metal to semiconductor transformation. The
successful epitaxial growth of gray arsenic may pave the way for
further research of 2D arsenicmaterials, such as the investigation
of electronic and biochemical properties for various applications.
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