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ABSTRACT: One-dimensional (1D) arsenene nanostructures
are predicted to host a variety of interesting physical properties
including antiferromagnetic, semiconductor—semimetal tran-
sition and quantum spin Hall effect, which thus holds great
promise for next-generation electronic and spintronic devices.
Herein, we devised a surface template strategy in a combination
with surface-catalyzed decomposition of molecular As, cluster
toward the synthesis of the superlattice of ultranarrow armchair
arsenic nanochains in a large domain on Au(111). In the low
annealing temperature window, zero-dimensional As, nano-
clusters are assembled into continuous films through inter- 0 2 4 6
molecular van der Waals and molecule—substrate interactions. [ Reaction Coordinate (A)
At the elevated temperature, the subsequent surface-assisted

decomposition of molecular As, nanoclusters leads to the formation of a periodic array of 1D armchair arsenic nanochains that
form a (2 X 3) superstructure on the Au(111) surface. These ultranarrow armchair arsenic nanochains are predicted to have a
small bandgap of ~0.50 eV, in contrast to metallic zigzag chains. In addition, the Au-supported arsenic nanochains can be
flipped to form a bilayer structure through tip indentation and manipulation, suggesting the possible transfer of these
nanochains from the substrate. The successful realization of arsenic nanostructures is expected to advance low-dimensional
physics and infrared optoelectronic nanodevices.
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wo-dimensional (2D) materials have attracted great studied.””"** In particular, phosphorene NRs or nanochains
attention due to their distinct physical and chemical can be obtained by top-down and bottom-up methods,
properties for various potential applications.' > Ever including ionic scissoring,22 electrochemical exfoliation,”® and
since the discovery of graphene,6’7 various 2D materials® ™" molecular beam epitaxy (MBE).”' Phosphorene nanoribbons
including transition metal dichalcogenides (TMDS),IZ sili- have been theoretically predicted to possess peculiar Physical
cene,"” borophene,'* germanene,ls and phosphorene,m have properties, such as Stark and Seebeck effects,”** room
been synthesized. Moreover, many attempts have been made temperature magnetism,”* and topological phase transition.”’
to create quasi-one-dimensional (quasi-1D) materials aimed at Similarly, antimonene NRs have been successfully grown by

. 28,29
fine-tuning the physical properties.'”~>' For instance, despite MBE on sapphire(0001) and Ag(111) surfaces and by

the outstanding electronic properties of graphene, its gapless

band structure severely limits its potential applications in Received: July 24, 2022
electronic devices. To circumvent such a constraint, graphene Accepted:  October 12, 2022
nanoribbons (NRs) exhibiting semiconductor properties by Published: October 13, 2022

quantum confinement were often constructed.'”"”
As representative nanostructures in group V elements,
phosphorene and phosphorene NRs have been widely
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Figure 1. Schematic illustration of various low-dimensional arsenic nanostructures and the synthetic strategy of 1D arsenic nanostructures.
(a) 2D arsenene. (b) OD and 1D arsenic nanostructures. (c, d) Calculated band structures of flat (c) metallic zigzag and (d) semiconducting
armchair nanochains. (e) Decomposition from an As, molecule to an arsenic segment for the synthesis of 1D arsenic nanochains. (f—h)
Schematic diagram of substrate temperature dependent arsenic nanostructures. (f) STM image (V. = —1 V, I, = 10 pA) of arsenic film
composed of 0D As, molecules deposited below 175 K. The triangle islands are the second layer of As, molecular film which has the same
structure as the first layer. (g) STM image (V},;,, = 50 mV, I, = 500 pA) of arsenic deposited on the Au(111) substrate from 175 to 250 K.
Arsenic nanochain structures are formed through the decomposition of As, molecules. (h) STM image (V;;,, = 10 mV, I, = 1 nA) of arsenic

nanochains grown in the temperature range of 250—600 K.

plasma-assisted process on InSb.”" It is interesting to find that
the edge structures of antimonene NRs can dramatically affect
their physical ;)roperties,m’32 which can be modulated by
electric field**™° and gas molecular adsorption,”® demonstrat-
ing great potential applications in nanoelectronics and toxic gas
sensors. Arsenic belongs to the same group of chemical
elements and serves as the main raw material for many
arsenide semiconductors. The sp® hybridization of arsenic
produces plenty of possible structures at the nanoscale, such as
nanosheet, nanoribbon, nanotube, nanoring, arsenene, and so
on.””~* For 2D arsenic nanostructures (Figure la), theoretical
studies have predicted that 2D arsenene has various properties,
notably indirect-to-direct bandgap transition,"""** semimetal-
to-semiconductor transition,* quantum spin Hall effect,*~*
and superconductivity.*® Liquid phase exfoliation and
mechanical exfoliation of arsenic were predominantly used to
prepare 2D arsenene.’”*® Recently, Shah et al. have reported

17088

the growth of monolayer arsenene on Ag(111) surface by
sublimation of arsenic from InAs onto a heated substrate at
523—623 K.*’ Using a sample of few-layer black arsenic, the
particle-hole asymmetric Rashba valley and exotic quantum
Hall states were recently observed due to the synergetic effects
between spin—orbit interaction and the Stark effect.** For
zero-dimensional (0D) arsenic nanostructures, 0D As,
molecule (tetrahedral molecular structure composed of four
arsenic atoms in Figure 1b) called yellow arsenic, which is very
unstable and prefers to transform into gray arsenic under
ambient condition, can only be synthesized in solution.*” For
1D arsenic nanostructures, arsenene can be sliced into 1D or
quasi-1D arsenic nanochains or nanoribbons (Figure 1b) with
zigzag or armchair edge. It has been theoretically predicted that
the armchair nanoribbons possess tunable electronic properties
that can be modulated by the nanoribbon width, strain, and
electric field (Figure 1d) while the semimetallic zigzag
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Figure 2. Structures of arsenic molecular films (M-phase and T-phase) on Au(111) grown below 175 K. (a, b) Large-scale STM images (Vj,;,,
=2.0V, I, = 10 pA) of about (a) 0.5 ML and (b) 1.5 ML arsenic films on Au(111). (c) High-resolution STM image (Vj,,; = 50 mV, I, = 300
pA) of arsenic film on Au(111). (d) Large-scale (V};,, = 0.1 V, I, = 500 pA) and (e) the high-resolution STM images (V,;,, = —0.2 V, I, = 500
pA) reveal the boundary between two arsenic phases. (f) FFT image of M-phase arsenic films. The hexagonal patterns marked by purple and
green circles correspond to the periodicities of As, molecular film and Moiré pattern, respectively.

nanoribbons (Figure 1c) exhibit antiferromagnetic properties
by considering the magnetic interaction between the edge
states.”* "> Moreover, a transverse electric field can possibly
induce band inversion to lead to a nontrivial topological phase
which should manifest in the quantum spin Hall effect.’’
Experimentally, multilayer gray and black arsenene nanorib-
bons have been prepared for the potential applications in light-
emitting and thermoelectric devices, respectively.””** Never-
theless, the growth of monolayer or few-layer 1D arsenic
nanochains or quasi-1D arsenic nanoribbons has rarely been
reported for further studies.”*>**

Here, we realize the synthesis of large-size ordered armchair-
like arsenic nanochains on the Au(111) surface by a surface
template strategy. It has been found that high-quality
monolayer As, molecular films and nanochains could be
grown on Au(111) surface at different substrate temperatures
by thermally evaporating a bulk gray As source. At low
temperatures (<175 K), the deposited arsenic on Au(111)
surface was found in the form of As, molecules but
decomposed into atomic segments at high temperatures
(250—600 K). Using scanning tunneling microscopy/spectros-
copy (STM/STS) and density functional theory (DFT)
calculations, the structures and electronic properties of the
arsenic films and nanochains were carefully investigated. The
arsenic films are formed by two alternatively arranged
molecular As, nanoclusters in one unit cell, and the arsenic
nanochains are formed by atomic arsenic with high stability
due to the decomposition of As, molecules by Au(111). The
high-quality arsenic nanochains can organize over a vast
surface of tens of thousands of square nanometers and
demonstrate an armchair structure to form a (2 X 3)
superstructure of Au(111) surface. These freestanding ultra-
narrow armchair arsenic nanochains are calculated to have a
small bandgap of ~0.50 eV, suitable for the applications of
electronic and infrared optoelectronic devices. Furthermore,

the flip of arsenic nanochains by tip indentation and
manipulation demonstrates the feasible exfoliation of arsenic
nanochains for future nanodevice fabrications.

RESULTS AND DISCUSSION

As, molecule-like nanocluster is the main species through the
evaporation of bulk gray arsenic.*” The decomposition of such
As, nanocluster into arsenic segment can lead to the formation
of 1D arsenic nanostructures. It has been calculated that the
total energy of an arsenic nanochain on Au(111) surface is
much lower than that of an As, molecule on Au(111) surface
(Figure le and Figure S1b), suggesting the synthesis of 1D
arsenic nanostructures via surface template strategy. Apart
from this, substrate-induced charge transfer often tends to
stabilize the surface for supporting low-dimensional nanostruc-
tures, as reflected in previous studies.””® Therefore, we first
used the thermal evaporation for the deposition of arsenic
source on Au(111) surface, which can be used for the
subsequent 1D nanochain formation. It is noted that the
morphologies of the grown arsenic nanostructures strongly
depend on the temperature of gold substrate (Figure 1f-h).
Specifically, the substrate temperature can modulate the
surface-assisted effect of Au(111) on the decomposition of
As, molecules to produce different arsenic precursors, leading
to the formation of various arsenic nanostructures. With
elevation of the substrate temperature, the arsenic nanostruc-
tures undergo an evolution from molecular film of As,
assembled by van der Waals forces to 1D nanochains (the
atomic structure of these two different structures will be
discussed in detail later). At low substrate temperatures (<175
K), only a well-ordered arsenic molecular film can be obtained
(Figure 1f); when the substrate temperature reaches the range
from 175 to 250 K, arsenic molecular film and nanochains can
coexist on the substrate (Figure lg). After the substrate
temperature increases to above 250 K, large areas of arsenic
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nanochains are formed without any more arsenic molecular
films (Figure 1h). When the substrate temperature goes higher
than 600 K, the adsorption of arsenic on Au(111) surface is
strongly inhibited with only some residual arsenic islands
remaining on the surface (Figure S2). In the following, we will
focus on the presentation of arsenic films and arsenic
nanochains.

Figure 2a,b shows the STM images of ~0.5 monolayer (ML)
and ~1.5 ML of arsenic deposited on the Au(111) at 175 K.
The ordered arsenic islands prefer to follow a step-flow growth
mode until it covers the whole terraces. This adlayer growth
mode differs from the etching growth mode of P on
Au(111),°7°° demonstrating that the arsenic film is unlikely
to be an alloy. Furthermore, the arsenic film shows two
different domain orientations with an angle difference of 19.1°,
as shown in Figure 2b. The second and third arsenic layers
follow the direction of the underneath first layer. The above
angle difference of 19.1° between domains is consistent with
the angle between [110] and [231] directions on Au(111)
surface (Figure 2d,e and Figure S3). The arsenic film with one
edge along [110] shows clear Moiré patterns (top part of
Figure 2d, denoted as M-phase). The fast Fourier transform
(FFT) images of M-phase in Figure 2f and Figure S3b,c reveal
the innermost six spots corresponding to the Moiré pattern
with the lattice constant of ~30.40 A, which is exactly 4 times
the lattice constant of arsenic film. However, the other arsenic
film with one edge along [231] does not form a Moiré pattern
(bottom part of Figure 2d, denoted as T-phase), demonstrat-
ing the same atomic structure as the M-phase (Figure 2e). To
determine the atomic structure of this arsenic film, the high-
resolution STM image of the arsenic films on Au(111) surface
(Figure 2c) demonstrates a hexagonal lattice with a lattice
constant of 7.60 A. (The primitive unit cell is marked by the
red diamond.) More specifically, the left half unit cell (HUC)
has one bright and large protrusion, while the right HUC has
three dim and small protrusions. Further, the arsenic film
grown on HOPG surface (Figure S4) shows the same
appearance in STM images. As shown in Figure 1f and Figure
S4, we infer that this arsenic film is a molecular film of As,
assembled by van der Waals forces rather than arsenene or
arsenic alloy. This assignment is further supported by the
following reasons: (i) The planar arsenic films can only be
grown at low substrate temperatures (77—175 K). When it is
grown on HOPG, it is less stable and can be easily affected by
the STM tip during scanning (Figure SS). The above
experimental results are against the hi%h stability predicted
by theoretical calculations for arsenene.’** (i) These arsenic
films on Au(111) and HOPG possess the same atomic
structure, indicating that the structure of the arsenic films is
independent of the physical properties and crystallinity of the
substrate. Additionally, the arsenic films show a large lattice
constant of ~7.60 A, approximately twice that of the arsenene,
even though their apparent heights are rather close (Figure
$6).5%%% (iii) The evaporated source by direct heating of the
gray arsenic chunk mainly consists of tetrahedral As, molecular
vapor,”® which cannot be cracked at low temperatures.

To further identify the structure of the As, molecular film,
we performed the first-principles calculations to simulate the
STM images. Arranging the tetrahedral As, molecules with one
of their vertices alternatively pointing upward or downward on
the surface as shown in Figure S7, the structure can be
optimized on both Au(111) and HOPG surfaces. The
simulated STM images (Figure S7) reveal that the upward

As, molecule appears as one big bright spot in the left HUC
and the inverted As, molecule appears as three less bright spots
in the right HUC, in agreement with the experimental images.
The STS spectrum of the As, film on Au(111) surface is
similar to that of Au(111) spectrum (Figure S8), due to the
DOS contribution by Au substrate by the proximity effects.’*
In addition, the surface state of gold is shifted to —0.06 V,
arising from the charge doping to the arsenic film from the
gold substrate. Therefore, the As, molecular self-assembled
monolayer film is governed by the intermolecular interactions
(van der Waals forces),*”“° as well as the molecule—substrate
interactions induced by partial charge transfer,”” which can be
inferred from the various growth behaviors of arsenic on
different substrates at low temperatures (Figure Slla,c,e,g).

Interestingly, arsenic nanochains can be grown on Au(111)
when the temperature reaches above 175 K (Fi§ure S9).
Similar to the atomic chains produced by P and Sb,”"*” high-
density arsenic nanochains can be self-arranged into the
ordered superstructure (Figure 1h and Figure S10). Surpris-
ingly, these arsenic nanochains cannot be grown on HOPG,
Ag(111), and Cu(111) surfaces even when the substrate
temperature is varied over a wide range (Figure S11). It was
observed that As, molecular films can be grown on HOPG at
low temperatures (below 175 K), while no adsorption on this
substrate occurs at high temperatures (Figure Sllc,d). On
Ag(111) substrate, arsenic prefers to form particles or clusters
at low temperatures (below 300 K) and forms a hexagonal
structure without nanochains at high temperatures of ~600 K
(Figure S11e,f).”> On Cu(111) substrate, only arsenic particles
or clusters can be seen at various temperatures (Figure
S11gh). Therefore, we conclude that Au(111) surface is
peculiar for the formation of periodic arsenic nanochains with
large areas (Figure Sllab), probably due to the surface-
catalyzed decomposition of As, molecules on Au(111)
together with its template effect.

To understand the role of Au(111) surface, we have adopted
the climbing image nudged elastic band (CI-NEB) metho % to
search the energy barriers and the reaction pathways of As,
decomposition. As shown in Figure 3a, despite the total energy
of the system being reduced by ~0.978 eV when an adsorbed
As, molecule is decomposed into a segment of an arsenic
nanochain, the rate of As, decomposition on Au(111) surface
is predominantly determined by an energy barrier (activation
energy, ~282 meV) between the first two states. In stark
contrast, the total energy of the system is lower by ~3.05 eV
on HOPG surface for an adsorbed As, molecule than for a
decomposed segment of arsenic chain, yielding a large energy
barrier (~2.77 eV) for the decomposition to occur (Figure
3b). The decomposition rate is related to several parameters as
shown in the following equation:®’

ko Te 5/ T (1)

where E,, ks, and T are the activation energy, Boltzmann
constant, and absolute temperature, respectively. Hence, the
decomposition rate on Au(111) surface is much higher (~10”!
times) than that on HOPG surface at 175 K, revealing that the
As, molecules practically do not decompose on HOPG surface,
in excellent agreement with our experimental observations
(Figure S11). Moreover, the substrate temperature plays an
important role in the decomposition of As, molecule. Even on
Au(111) surface, the decomposition rate at 250 K is ~400
times that at 175 K, consistent with the observation of
nanochains at relatively high temperatures. These calculations
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Figure 3. Surface-assisted effect of Au(111) on the decomposition
of As, molecules. (a) Calculated minimum energy path of As,
decomposition on Au(111) surface. (b) Energy path of As,
decomposition on HOPG surface. The energy barriers of the
first step of As, decomposition are ~0.282 and ~2.77 eV,
respectively. The total energy of the system is reduced by
~0.978 eV on Au(111) surface but is raised by ~3.05 eV on
HOPG surface after As, decomposition.

demonstrate that As, decomposition can proceed readily at
elevated temperature to form 1D nanochain presumably due to
the surface catalysis and template effect of Au(111) surface.
Unlike Au(111) substrate, Ag(111) and Cu(111) substrates
are not suitable for the growth of As chain. As shown in Figure
S12, the total energy of the system is reduced only by ~0.278
eV, demonstrating that the interaction between Ag(111) and
arsenic segment is very weak. On the contrary, the total energy
of the system is significantly reduced by ~1.583 eV on
Cu(111), implying that there is a strong Cu—As bonding
interaction leading to the possible formation of Cu—As surface
alloy. Therefore, the above results demonstrate that Au(111)
substrate plays an important role in the decomposition of As,
molecules to form 1D nanochains. Moreover, the growth mode
of 1D As nanochains (Figure Sla) is also different from the
etching effect in the growth of P on Au(111).”7%

When the substrate temperature is raised higher than 250 K,
we can only observe arsenic nanochains without planar As,
molecular films on Au(111) surface as illustrated in Figure 4a.
The high-resolution STM image of arsenic nanochains in
Figure 4b reveals an armchair-like structure with unit cell
dimensions of 5.70 A x 8.60 A, indicating that arsenic
nanochains tend to self-organize to form a (2 X 3)
superstructure of Au(111) surface extending over a surface
area of tens of thousands square nanometers, despite the
presence of some structural imperfections arising from the
reconstruction of Au(111) surface.”’ Compared to the long-
length 1D P nanochains grown on Ag(111) surface with
similar unit cell dimensions and chain shifts, the length of an
individual As nanochain disrupted by the boundaries of

Au(111) surface construction is ~31.4 A, nearly half of the
unit cell size of Au(111) surface construction (63 A).>"7"7?
DFT calculations were then performed to reveal the
experimentally identified structure. The structural model
displayed in Figure 4c shows the array of arsenic chains after
full relaxation of the system. The simulated STM image from
this structural model (Figure 4d) shows good agreement with
the experimental image.

Figure 4e shows the calculated density of states (DOS) of a
freestanding arsenic nanochain and gold-supported arsenic
nanochain. In detail, the occupied states of the freestanding
arsenic nanochains are dominantly contributed by the s, p,,
and p, orbitals of arsenic and the unoccupied states are mainly
contributed by the p, orbital, resulting in a narrow bandgap of
~0.5 eV (Figure 4e,g and Figure S13). However, the DOS of
the Au-supported arsenic nanochains shown in Figure 4e
demonstrates that the electronic states around the Fermi level
are contributed mainly by the arsenic out-of-plane p, orbital
rather than the in-plane s, p,, and p, orbitals. The overlaps of
As p, orbital and Au d orbitals (Figure S14) lead to a metallic
character for the Au-supported arsenic nanochains. In addition,
the states contributed by the As p, and p, orbitals in the Au-
supported arsenic nanochains are shifted to appeoximately
—0.54 eV, implying that the electron transfer from Au substrate
to arsenic nanochains leads to the n-doping for arsenic
nanochains. The P1 (—1.07 eV) and P2 (1.06 eV) peaks in
Figure 4e are mainly contributed by As p orbitals. The typical
STS spectrum recorded on the Au-supported arsenic nano-
chains in Figure 4f presents a metallic character, consistent
with the theoretical results. Meanwhile, since two prominent
peaks at —1.0 and 1.13 V show the same energy difference
(2.13 eV) as the theoretical results, we suppose that these two
peaks are associated with the theoretically calculated P1 and P2
states, respectively. Figure 4k,i shows dI/dV maps recorded at
the biases corresponding to the energy positions of P1 and P2
states, respectively. The middle region between two neighbor-
ing nanochains in both dI/dV maps exhibits high DOS
possibly due to the contribution by underlying Au substrate,
while the signals acquired at 1.13 and —1.0 V in the chain
region reveal different periodic localized patterns, indicating
the various orbital-associated electronic states. Furthermore,
the I—V spectra taken on the Au-supported arsenic nanochains
with various tip heights are displayed in Figure S15a.”> The
corresponding dI/dV spectra in Figure S15b demonstrate that
the peaks of P1 and P2 can still be clearly seen while, due to
the reduced wave function coupling between the tip and the As
p. orbital/Au d orbitals, the DOS around the Fermi level
decreases more quickly with the increase of tip height,
revealing that both the DOS of Au and charge transfer have
significant impacts on the electronic structures of Au-
supported arsenic nanochains. Moreover, the differential
conductance map (Figure 41) recorded shows no distinct
features, indicating the hybridization between As nanochains
and Au(111) substrate by proximity effects.”*

To evaluate the binding between the arsenic nanochains and
Au(111) substrate, we have performed tip indentation and
manipulation to attempt to flip the chains that can create a
bilayer structure (Figure Sa). The period along the nanochain
(~5.70 A), matching two times the lattice constant along
Au[110] direction (2.88 A), is likely to be an important driving
force for the formation of the ordered (2 X 3)-superstructure
arsenic nanochains. However, as shown in Figure Sb,c, the
arsenic nanochains could be peeled off by the tip indentation
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Figure 4. Structural and electronic properties of arsenic nanochains. (a) Large-scale STM image (V;;,, = 100 mV, I, = 1 nA) and (b) high-
resolution STM image (V};,, = —5 mV, I, = § nA) of parallel arsenic chains on Au(111), whose unit cell marked by the black rhombus is 5.70
A % 8.60 A. (c) Top view of structural model of arsenic nanochains on Au(111) surface. The inset is the side view image. (d) Simulated STM
images of arsenic nanochains. (e) Calculated total and partial DOS for the freestanding and Au-supported arsenic nanochain. The DOS of
the freestanding arsenic nanochain by directly removing the gold substrate in the relaxed As nanochain/Au(111). (f) Experimental dI/dV
spectra of arsenic nanochains at the labeled position in (a) and Au(111) substrate. (g) Band decomposed charge density of valence band
maximum (green) and conduction band minimum (red), respectively. (h—1) High-resolution STM image (Vy;,, = 10 mV, I, = 1 nA) of arsenic
chains and corresponding dI/dV maps recorded at different energy positions [1.13 V for (i), —0.7 V for (j), —1.0 V (k), and 10 mV for (1)].

into the Au(111) substrate with various depths. Several arsenic
nanochains were flipped in the vicinity of the pits produced by
tip indentation (Figure Sd,e and Figure S16). The atomic
structure and lattice constant of the flipped arsenic nanochains
were the same as the underneath surface (in the inset of Figure
Sd,e), indicating the possibility of exfoliating or transferring the
arsenic nanochains for the fabrication of the nanodevices.
Furthermore, the STS recorded on the bilayer nanochains
(Figure S17) also reveals the metallic properties, perhaps due
to the interaction between the top and bottom arsenic
nanochains, which is confirmed by the theoretical calculations
(Figure S18).

Unlike the theoretically predicted structures of arsenic
nanochains,”"**** which usually possess buckled or puckered
honeycomb lattice cut from gray or black arsenic monolayers,
respectively, the in-plane armchair arsenic nanochains formed
on Au(111) surface have not been reported before. In addition,
the geometric properties of arsenic nanochains are different
from the buckled arsenene grown on Ag(111) surface®® but
similar to the phosphorene chains formed on Ag(111)
surface,”’ while the antimonene nanochains on Ag(111)
surface cannot form ordered structure.”” Unexpectedly, the
bandgap of the arsenic nanochains is much smaller than the
predicted bandgap of nonflat arsenene or arsenene NRs.”"*"**
The narrower bandgap of the arsenic nanochains offers great

potential for the applications in nanoelectronics and infrared
optoelectronics. However, the stability test of As nanochains
(Figure S19) reveals that the As nanochains are stable when
exposed to O, under UHV conditions but unstable when
exposed to air perhaps due to their sensitivity to other
atmospheric species, e.g., H,0.”* Therefore, the fabrication of
the practical devices requires a clean environment with a low

humidity.
CONCLUSION

In summary, we have demonstrated the temperature-depend-
ent formation of arsenic nanostructures on Au(111) surface,
including arsenic molecular films and nanochains. The arsenic
film grown at low temperature (<175 K) was a molecular layer
formed by arranging the tetrahedral As, molecules with one of
their vertices alternatively pointing upward or downward on
the surface. The large areas of armchair-like arsenic nanochains
were grown at substrate temperatures above 250 K. Due to the
overlaps of As p, orbital and Au d orbitals, the DOS of Au-
supported arsenic nanochains exhibited a metallic character. By
removing the influence of gold substrate, the freestanding
armchair arsenic nanochain showed a semiconducting
character with a small bandgap of ~0.50 eV, suitable for the
applications of electronic and infrared optoelectronic devices.
Furthermore, the flip of arsenic nanochains by tip indentation
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Figure S. Flip the arsenic nanochains to form the bilayer structure
via controlled tip indentation and manipulation. (a) Schematic
illustration for tip indentation and manipulation of arsenic
nanochains. To ensure the tip scanning without damage, the tip
indentation depth is controlled to be larger than § nm. (b, c)
Large-scale STM images (Vi;,s = 2 V, I, = 100 pA) of arsenic
nanochains before and after tip indentation into the Au(111)
substrate with various depths. (d, ) Zoomed in images (V;,, = 2
V, I, = 100 pA) of the squares in (c). Inset: high resolution images
of the flipped arsenic nanochains [V, = 0.1 V, I, = $ nA in (d) and
Viias = S mV, I, = 9 nA in (e)].

and manipulation demonstrates the feasible exfoliation or
transfer of arsenic nanochains for future nanodevice
fabrications. Our work not only can enrich the family of
arsenic nanostructures for exploring low-dimensional physics
and developing nanodevices but also can shed light on two
directions for the growth of arsenene. One method is to find a
suitable substrate which can assist the decomposition of As,
molecules into arsenic atoms. Another method is to utilize an
arsenic cracker source to directly produce arsenic dimers, even
arsenic single atoms,63 for the growth of arsenene on a wide
range of substrates.

METHODS

Experiments. Our experiments were conducted with a commer-
cial ultrahigh vacuum (UHV) low-temperature STM (Unisoku and
Scienta Omicron Co., Ltd.) at a base pressure better than 1 x 107'°
mbar. A single crystalline Au(111) (MaTecK) was cleaned by Ar*
sputtering and annealed at 800 K repeatedly. Arsenic granules
(99.9999%, Prmat) were loaded in a Knudson cell. The Au(111)
substrate was kept at various set temperatures during the deposition
of arsenic. The evaporating temperature of arsenic was about 455 K,
and the pressure during evaporation was 1 X 1077 mbar
approximately. After arsenic deposition, the sample was immediately
transferred to the STM chamber for characterization. The tungsten tip
was heated to 1300 K by electron beam (EB) heater and modified on
a clean Au(111) surface prior to use. All the STM images were
recorded in constant current mode at 4.8 K and processed with the

17093

WSXM software.”® STS spectra were obtained by directly recording
differential conductance signals using the lock-in technique (the
amplitude of 20 mV and the frequency at 431.231 Hz) at 4.8 K. dI/dV/
maps were measured using the same parameter as spectra in a
constant-current mode.

Calculations. All the first-principles calculations were performed
by the Vienna ab initio simulation package (VASP).”®”” The
electron—ion interactions were described by the projector-augmented
wave (PAW) method,”® and we chose the Perdew—Burke—Ernzerhof
(PBE) functional within the generalized gradient approximation
(GGA) to treat the exchange—correlation interaction of electrons.””
The energy cutoff was set to 450 eV. The climbing image nudged
elastic band (CI-NEB) method was used to search the energy barriers
and reaction pathways.68 In order to avoid the influence of the
periodicity in the z direction, the vacuum layers of all models are set
to 20 A. The Brillouin zone was sampled with a y-centered mesh with
a § X § X 1 k-point for geometry optimization and a denser 9 X 9 X 1
k-mesh for electronic states calculations. The simulated STM images
are produced using the Tersoff—~Hamann scheme,” where the
isovalue p,, = 5 X 107° e/bohr® is used in all calculations.®' The
T-phase is a /7 X 4/7 R19.1° supercell containing 2 As, molecules
and S layers of gold, while the M-phase is an 11 X 11 supercell
containing 32 As, molecules and 3 layers of gold. The structural
model of arsenic nanochain on Au(111) surface is a 2 X 3 supercell
containing 30 Au atoms and 4 As atoms. The As/HOPG is a 3 X 3
supercell containing 2 As, molecules and 2 layers of graphene. All
atoms were fully relaxed to ensure the forces acting on each atom
were below 0.01 eV/A and the convergence criterion of the total
energy was 107° eV. VASPKIT is helpful to analyze calculations from
the VASP code.*”
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