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The isolation of 2D carbon in the form of a single-layer 
honeycomb structure (graphene) [1] was the starting 
point of the current intensive research on various 2D 
materials. In particular, the electronic properties, i.e. 
the high conductivity in combination with the linear 
dispersion of the π-band, forming a Dirac cone, are 
highly interesting for applications in nanoelectronics 
[2]. However, this utilization of graphene is severely 
hampered by the lack of an intrinsic band gap, which it 
shares with graphene-like structures of other group IV 
atoms, i.e. Si, Ge and Sn [3].

Layered materials formed by the group V atoms P, 
As, Sb and Bi, offer a possible solution to this problem. 
Theoretically, single-layer phosphorus (phosphorene) 
is predicted to have a direct band gap in the range 0.8–
2.35 eV [4–8] depending on the calculation method. 
Experimental values for the optical and quasiparticle 
band gaps of 1.3 and 2.2 eV, respectively, were reported 
in [9], while a bandgap value of 2 eV has been reported 
from scanning tunneling spectroscopy measurements 
[6]. Experimental studies have been performed both 
on few-layer [9–11] and monolayer phosphorene [4, 9]  
obtained by exfoliation. In the case of As, there is a 
recent study reporting exfoliation of micron-sized 
flakes of few-layer arsenene (6–12 layers) from gray 
arsenic (As) [12]. Single-layer arsenene, which is 
the topic of our paper, was not reported in [12]. 

Experimental investigations have also been under-
taken on antimonene (Sb) [13–15] and bismuthene 
(Bi) [16]. Extended single layers of antimony and bis-
muth grown on Ag(1 1 1) and SiC(0 0 0 1), respectively 
[15, 16], have been interpreted as planar honeycomb 
structures with significantly larger lattice constants 
compared to the theoretically predicted buckled struc-
tures [7]. There is not yet any experimental report of 
a single-layer honeycomb structure formed by As, i.e. 
arsenene. Theoretically, single-layer arsenene prefers 
a buckled honeycomb structure [17], while puckered 
[18–21] and planar [18] arsenene are less favorable 
energetically. The values of the lattice constant (aars) 
and the buckling, d, depend on the theoretical method. 
Values for aars range from 3.54–3.64 Å [12, 17–19, 
21–26, 28–30], and d ranges from 1.35–1.4 Å [12, 17, 
21, 23–27, 29, 30]. Arsenene has an indirect gap with 
calculated values between 1.42 and 1.88 eV when 
using the Perdew–Burke–Ernzerhof (PBE) functional  
[12, 18, 19, 21, 22, 24–27, 30] and between 1.72 and 
2.49 eV when Heyd–Scurseria–Ernzerhof hybrid func-
tionals (HSE/HSE06) were employed [12, 17–19, 25, 
28, 30]. A recent GW0 calculation resulted in a band 
gap of 2.75 eV [29]. Strain effects on the electronic 
structure have been discussed in several papers [17, 19, 
23, 25, 28]. Apart from a possible conversion to a direct 
bandgap semiconductor, strain has also been stud-
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Abstract
Group V element analogues of graphene have attracted a lot of attention recently due to their 
semiconducting band structures and several other interesting properties predicted by theoretical 
investigations in the literature. In this study, we present atomic and electronic structure data of an 
arsenic (As) layer on Ag(1 1 1). Low-energy electron diffraction and scanning tunneling microscopy 
data provide evidence for an ordered layer with a lattice constant of 3.6 Å. This value fits with the 
theoretical range of 3.54–3.64 Å for buckled arsenene, which is the structure consistently predicted 
by various theoretical studies. The electronic structure obtained by angle-resolved photoelectron 
spectroscopy shows the existence of three 2D electron bands within 4 eV below the Fermi level. The 
number of bands and the agreement between experimental band dispersions and the theoretical band 
structure provide further evidence for the formation of monolayer buckled arsenene on Ag(1 1 1).
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ied as a means to transform arsenene to a topological  
insulator and to achieve a quantum spin Hall phase 
[23, 27, 31]. In addition, superconductivity with a 
transition temperature as high as 30.8 K has been 
predicted for strained electron-doped arsenene [22]. 
Other theoretical studies deal with defects in the 
arsenene layer [21, 32], and the formation of electri-
cal contacts by investigating arsenene metal interfaces 
[24]. Furthermore, in a theoretical study by Pizzi et al, 
arsenene was identified as a promising 2D material for 
field effect transistors with application in future nano-
electronics [26].

In this paper, we present evidence of the success-
ful formation of monolayer arsenene on Ag(1 1 1). 
This conclusion is derived from low-energy electron 
diffraction (LEED), scanning tunneling microscopy 
(STM) and angle-resolved photoelectron spectroscopy 
(ARPES) in combination with density functional the-
ory (DFT) calculations of the atomic and electronic 
structures. LEED data, shown in figure 1, provide evi-
dence for the formation of a well-ordered As structure. 
In addition to the 1  ×  1 spots from Ag(1 1 1), shown in 
figure 1(a), several diffraction spots of varying inten-
sity appear after exposure to As.

In particular, there are six bright spots, one of 
which is indicated by a green arrow in figure 1(b). It 
is natural to assign these bright spots to diffraction 
from a 1  ×  1 unit cell of the As structure. The dif-
fraction pattern in figure 1(b) can be described as a 
4  ×  4 periodicity with respect to the ordered As layer. 
It is worth noting that some of the 4  ×  spots coincide 
with 1  ×  1 spots of Ag(1 1 1); compare the red arrows 
in figures 1(a) and (b). From the distances between 
Ag(1 1 1) 1  ×  1 spots in figure  1(a) and distances 
between As related 1  ×  1 spots in figure 1(b), we find 
that the ratio between the surface lattice constant of 
Ag(1 1 1) (aAg111  =  2.89 Å) and that of the As structure 
(aars) is very close to 0.8. Based on these observations, 
we can conclude that the As structure has a lattice con-
stant that is aars  ≈  1.25  ×  2.89 Å  ≈  3.61 Å. This exper
imental value compares very well with theoretical val-

ues for the lattice constant of freestanding arsenene, 
ranging from 3.54–3.64 Å [12, 17–19, 21–26, 28–30]. 
LEED data clearly indicate that an arsenene layer has 
formed with the same orientation of the unit cell as 
that of the Ag(1 1 1) substrate, with a ‘perfect’ match of 
4aars to 5aAg111. This difference in the lattice constants 
is the origin of the Moiré type of 4  ×  4 LEED pattern 
observed for arsenene on Ag(1 1 1).

In the following, we present STM and ARPES data, 
which, in combination with theoretical results, further 
verify the formation of arsenene.

Arsenene was found to grow uniformly across the 
Ag(1 1 1) surface. A typical STM image is presented 
in figure 2(a). This overview shows the arsenene layer 
on two terraces of the Ag(1 1 1) substrate. The reso-
lution is not sufficient to show the atomic structure, 
but some typical defects are visible. There are a few 
dark triangular defects corresponding to missing As 
atoms. A white arrow in figure 2(a) indicates one such 
defect. Another type of defect, indicated by a blue 
arrow, appears as dark lines. These lines have mainly 
three different orientations, consistent with a hexag-
onal structure. The zoomed-in image in figure 2(b) 
reveals the structure responsible for the 4  ×  perio-
dicity observed by LEED. There is a hexagonal 
arrangement of rather big bright features separated 
by a distance corresponding to 4  ×  aars. FFTs of STM 
images such as the one in figure 2(b) show Fourier 
components that generate a pattern closely match-
ing the diffraction pattern obtained by LEED, see 
figures 1(b) and 2(c). The line defects in figure 2(b) 
separate ordered domains of the 4  ×  structure. There 
appears to be a small phase shift in the positions of the 
bright features creating the linear boundaries. How-
ever, a detailed structure cannot be derived from fig-
ure 2(b). When reducing the bias, the 4  ×  4 structure 
fades out and a 1  ×  1 arsenene structure becomes 
clear, see the inset of figure 2(b). The apparent heights 
of the As atoms are weakly modulated by the 4  ×  4 
long-range order originating from the difference 
in the lattice constants of arsenene and Ag(1 1 1). A 

Figure 1.  Low-energy electron diffraction. (a) LEED pattern of clean Ag(1 1 1) at 50 eV showing 1  ×  1 spots. (b) LEED pattern of 
arsenene on Ag(1 1 1) at 50 eV. Position of one of the Ag(1 1 1) 1  ×  1 spots is indicated by the red arrow, while an arsenene 1  ×  1 
spot is indicated by the green arrow. LEED pattern corresponds to a 4  ×  4 periodicity with respect to the arsenene 1  ×  1 structure. 
Ag(1 1 1) 1  ×  1 spots overlap with 4  ×  spots.

2D Mater. 7 (2020) 025013
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hexagonal structure, consistent with the upper sub-
lattice of buckled arsenene, is clearly observed in the 
STM image in figure 2(d), in which atomic features 
are well resolved. A value of the lattice constant can be 
deduced from the topographic profile (figure 2(e)), 
obtained along the black line in figure 2(d). We find 
an average value of 3.6 Å, which agrees with the lattice 
constant derived from LEED.

As a final step to verify the formation of arsenene on 
Ag(1 1 1), band-structure data from ARPES are com-
pared with the calculated band structure of buckled 
arsenene. The band structure was calculated from the 

model in figure 3(a). Using the lattice constant derived 
from the LEED data, 3.61 Å, resulted in a buckling of 
1.45 Å after full relaxation. This value is similar to cal-
culated values in the literature, 1.35 Å [17], 1.38 Å [24] 
and 1.4 Å [21, 25]. Figure 3(b) shows the band struc-
ture along M̄Γ̄K̄M̄ of the relaxed arsenene structure. 
As shown by this band structure calculation, arsenene 
is an indirect bandgap semiconductor. Our calcul
ation results in a gap of 1.47 eV, which falls within the 
range of the major part of the published values (1.42–
1.88 eV [12, 18, 19, 21, 22, 24–27, 30]) using the PBE 
functional. The three valence bands in figure 3(b) are 

Figure 2.  Scanning tunneling microscopy. (a) Filled state (−1 V) STM image, 254  ×  254 nm2. Large-area image shows that the 
arsenene layer forms uniformly across the surface. White and blue arrows point at two types of defects, i.e. triangular vacancies 
and straight lines, respectively. (b) Empty state (2 V) STM image, 31  ×  31 nm2 revealing features ordered in a 4  ×  4 periodicity, as 
indicated by the red unit cell. The 4  ×  4 features appear much weaker at low bias, as shown by the STM image in the inset (10 meV, 
11.7  ×  9.2 nm2). Image shows a hexagonal structure consistent with buckled arsenene as well as the Moiré character of the 4  ×  4 
periodicity due to the difference in lattice constants between Ag(1 1 1) and arsenene. (c) Representative fast Fourier transform (FFT) 
of STM images showing 4  ×  4 features, as in (b). (d) Atomically resolved empty state (10 mV) STM image, 7.5  ×  7.5 nm2. (e) Line 
profile along the black line in (d) resulting in an average lattice constant of 3.6 Å, which is consistent with buckled arsenene.

Figure 3.  Atomic model and calculated electronic band structure of freestanding arsenene. (a) Top and side views of the arsenene 
model. (b) Calculated band structure of arsenene. Labels A1–A3 have been introduced to facilitate a comparison to experimental 
bands obtained by ARPES.

2D Mater. 7 (2020) 025013
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labeled A1–A3. These labels are used when discussing 
the ARPES data presented in figures 4–6.

ARPES data obtained at a photon energy of 26 eV 
are displayed in figure 4(a). There are several disper-
sive features along the high symmetry lines of the SBZ 
indicated in figure 4(b). The features labeled B show 
the well-known contributions from the Ag substrate 
originating from direct transitions between Ag bulk 
bands. All other features correspond to emission from 
the arsenene layer. Comparing the experimental dis-
persions with the theoretical bands, we find a close 
resemblance between the experimental feature A3 and 
the calculated band with the same label in figure 3. The 
experimental dispersion of A3 follows the periodic-
ity of the arsenene SBZ as verified by the symmetry 
around the M̄ -point. Agreement is also found for the 
steep dispersions observed in the ARPES data close to 
Γ̄1 towards both K̄  and M̄ , which fit with the A2 and 
A1 bands, respectively. It is also important to note that 
the dispersive band near Γ̄1 (k//  =  0 Å−1), labelled A1, 
reappears centered around k//  =  2.0 Å−1, which corre-
sponds to the distance in k-space between Γ̄1 and Γ̄2. 
From this experimental value of the reciprocal lattice 
dimension, we derive a real space lattice constant of 3.6 
Å in agreement with the LEED and STM results.

Proceeding with the comparison, one realizes that 
the ARPES data show two bands in each of the high 
symmetry directions, while the calculated band struc-
ture has three bands. The A1 band along Γ̄1K̄  and the 
A2 band alongΓ̄1M̄  are not visible in the 26 eV ARPES 
data in figure 4(a).

An extensive data set in the form of E(kx, ky ) data 
was recorded using 130 eV photons in order to verify 
the existence of all branches of the theoretical band 
structure in the ARPES data. A constant energy cut at 
a binding energy of  ≈2.7 eV through the ARPES data 
shows three specific contours that are labeled α, β, 
and γ, see figure 5(a). The dashed hexagon shows the 
SBZ as determined from the periodicity of the outer 
hexagonal contour, γ. The size of the SBZ is consistent 
with an arsenene lattice constant of 3.6 Å. Figure 5(b) 
shows the position of the SBZ, from which the ARPES 
data were obtained, relative to the first SBZ contain-
ing the Γ̄1 point, This SBZ was chosen since the bands 
appear more clearly here than in the first SBZ. By com-
paring these data to the dispersion data in figure 4(a) it 
is clear that the γ contour corresponds to the A3 band, 
while assignments of the α and β contours require fur-
ther information in terms of E(k//) cuts through the 
data set in figure 5(a). The visibility of the constant 

Figure 4.  Experimental electronic band structure. (a) Band dispersions obtained by ARPES along K̄Γ̄1M̄Γ̄2 of the 1 × 1 surface 
Brillouin zone (SBZ) of arsenene using a photon energy of 26 eV. A1, A2 and A3 are experimental valence band dispersions. These 
dispersions closely resemble the calculated bands with the same labels in figure 3(b). B indicates emission from direct transitions 
between Ag bulk bands. (b) SBZs with symmetry labels and high symmetry lines.

Figure 5.  Constant energy contours. (a) Constant energy cut at a binding energy of  ≈2.7 eV through a E(kx,ky) data set obtained at a 
photon energy of 130 eV. Three different contours can be identified. There are two partial contours, α, observed mainly horizontally 
in the figure, and β, mainly observed vertically. Third contour, γ, forms a hexagon close to the SBZ boundary. (b) SBZs of arsenene. 
E(kx, ky ) data set was obtained in the SBZ outlined in red centered around Γ̄2.

2D Mater. 7 (2020) 025013
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energy contours varies with the direction in the SBZ. 
It is therefore necessary to look at more than one E(k//) 
cut to obtain the complete picture of the dispersions 
along a certain symmetry direction. Figure  6 shows 
dispersions for two different cuts for each of the Γ̄2K̄M̄  
and Γ̄2M̄  symmetry lines. The fact that these disper-
sions of the A1–A3 bands, obtained at a photon energy 
of 130 eV, coincide with those obtained by 26 eV pho-
tons, verifies the 2D character of the band structure. 
Figure  6(a) shows experimental dispersions along 
two Γ̄2K̄M̄  directions, as indicated by the inset SBZ 
figures. Superimposed on the ARPES data is the calcu-
lated band structure from figure 3(b). The band struc-
ture has the same energy and k// scaling as the exper
imental data. The absolute energy position has been 
shifted downwards by about 1.0 eV to obtain a good 
match with the energy positions of the experimental 
bands. This implies that the Fermi level of the arsenene 
layer on the Ag(1 1 1) substrate is located higher by 
this amount compared to the calculation. One clearly 
notices that the visibility of the experimental bands 
differs between the two directions. In the right-hand 
part of the figure, there is a band with a steep down-
wards dispersion starting from Γ̄2 while in the left-
hand part that band is very weak. Instead, another less 
steep band is observed. Comparing this to the overlaid 
theoretical band structure, one can conclude that the 
A2 band is observed in the right-hand part, while the 

A1 band is observed to the left. The dispersions of the 
A1 and A2 bands fit nicely with those of the calculated 
bands. The experimental bands closest to Γ̄2 along 
Γ̄2M̄ , shown in figure 6(b), exhibit a similar variation 
in emission intensity. To the right, the steep A1 band is 
observed, while the A2 band appears in the left-hand 
part. The dispersion of the third experimental band, 
A3, agrees well with the calculated one along both the 
Γ̄2M̄  and Γ̄2K̄M̄  symmetry lines of the SBZ. To con-
clude this comparison, we find that all branches of the 
calculated band structure are observed in the ARPES 
data and that experimental band dispersions fit closely 
with the calculated band structure for freestanding 
monolayer arsenene. The fact that ARPES shows only 
three bands is evidence for monolayer arsenene, since 
the number of bands would increase by three for each 
additional layer.

In summary, the atomic and electronic structures 
of a well-ordered As layer on Ag(1 1 1) were exper
imentally investigated by LEED, STM and ARPES. 
We have shown that the lattice constant (3.6 Å) and 
the electron band dispersions of the As layer show 
close agreement with theoretical results for freestand-
ing buckled arsenene. The fact that ARPES just shows 
three electron bands is only consistent with the cal-
culated band structure of monolayer arsenene. Alto-
gether, we present strong evidence for the formation 
of monolayer arsenene with a buckled honeycomb 

Figure 6.  Comparison between experimental and calculated band structures of arsenene. Experimental bands are obtained by 
cuts through the E(kx,ky ) data set in figure 5(a). Calculated band structure of arsenene from figure 3(b) is superimposed on the 
experimental dispersions. A1, A2 and A3 are shown by green, red and yellow dash-dotted lines, respectively. Theoretical bands 
have been shifted downwards by ~1.0 eV to overlap with the experimental dispersions. (a) Dispersions along Γ̄2K̄  obtained in two 
different directions, as illustrated by the insets in the left- and right-hand parts of the figure. (b) Dispersions along Γ̄2M̄  in two 
different directions, as indicated by the insets. Experimental data in (a) and (b) verify the existence of both A1 and A2. A1 band is 
observed in the left-hand part of the Γ̄2K̄  panel, and A2 is observed the right-hand part. In the case of Γ̄2M̄ , A2 is observed in the 
left-hand part and A1 in the right-hand part. There is a very good overall agreement between the experimental and calculated band 
structures, which is strong evidence for the formation of arsenene.

2D Mater. 7 (2020) 025013
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structure. This finding opens up for investigations of 
the many interesting properties predicted theoretically 
for arsenene.

Methods

Experiments
Samples were prepared in situ in ultrahigh vacuum 
systems with base pressures in the 10−11 Torr range. 
The Ag(1 1 1) crystal was cleaned by repeated cycles 
of sputtering by Ar+ ions (1 keV) and annealing at 
approximately 400 °C until a sharp (1  ×  1) LEED 
pattern was obtained. The experimental data in this 
paper were obtained from arsenene formed on the 
Ag(1 1 1) substrate by exposure to an As pressure 
of 2  ×  10−7 Torr, while keeping the substrate at  
250–350 °C for 3 min. The As pressure was generated 
by sublimation of As from a heated piece of InAs. The 
temperature range of 250–350 °C results in a well-
defined periodic structure, as evidenced by a sharp 
4  ×  4 LEED pattern. Extended exposures, both in 
time and As pressure, do not result in any change in 
the LEED pattern. The equilibrium vapor pressure 
for As in the temperature range 250–350 °C is as high 
as 3  ×  10−3–4  ×  10−1 Torr and any buildup of As on 
the initial layer at the As pressure of 2  ×  10−7 Torr is 
therefore prevented. Annealing of the arsenene layer at 
400 °C results in a change to a complex striped phase 
described by a rectangular  √3  ×  14 unit cell. This 
sets the upper limit for the substrate temperature for 
the formation of arsenene. The atomic structure of 
the  √3  ×  14 phase, as observed by LEED and STM, 
shows clear similarities with the Ag2Ge surface alloy 
reported in the literature [34], which indicates that the 
amount of As is reduced to 1/3 monolayer.

STM images, recorded at room temperature, using 
an Omicron variable temperature STM, showed a 
homogeneous coverage of the substrate by arsenene 
without any signs of multilayer formation. ARPES data 
were obtained at room temperature from beamline I4 
at MAX-lab (26 eV data) and from the Bloch beam-
line at MAX IV (130 eV data). A Phoibos 100 analyzer 
from Specs, with a 2D detector, was used at beamline 
I4, while a Scienta DA30 analyzer was used at the Bloch 
beamline. The energy and angular resolutions were 50 
meV and 0.3°, respectively.

Calculations
DFT calculations were performed to investigate the 
band structure of freestanding monolayer arsenene. 
A slab model was used where consecutive slabs, 
consisting of a buckled arsenene layer with a lattice 
constant of 3.61 Å, were separated by 19 Å of vacuum 
to avoid interaction between the slabs. All atoms were 
relaxed until the average force was within 0.01 eV 
Å−1. The band structure was calculated using the PBE 

functional and the projector augmented wave method 
Vienna ab initio simulation package code [33]. The 
energy cutoff of the plane-wave basis set was 434 eV, 
and the k-point mesh was (9  ×  9  ×  1).
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