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Scanning tunneling microscopy study of natural black arsenic
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Black arsenic (BAs) has emerged to be an interesting elemental layered material after graphite and black
phosphorus (BP), which can be exfoliated to yield high-quality two-dimensional flakes. Transport measurements
have revealed its strong in-plane anisotropy, giant Stark effect, and strong spin-orbital coupling, all resulting from
its special electronic properties. On the other hand, previous synthetic analysis indicated that the pure BAs phase
is unstable and could only be stabilized by a substantial percentage of impurities. Thus, a microscopic study
of its structural and electronic properties is important for understanding this material. Here, we use scanning
tunneling microscopy and spectroscopy assisted with first-principles calculations to investigate natural BAs at
the atomic level. A puckered lattice structure like that of BP is measured. A bandgap of ∼0.29 eV is detected
with the Fermi level located close to the conduction band. The most common defects form parallel stripes along
a specific crystal direction and are shown to be the possible origin of the n-type doping in the natural BAs. These
results provide valuable information for further study of BAs.
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I. INTRODUCTION

Since the exfoliation of black phosphorus (BP) [1,2], the
two-dimensional group-VA materials have sparked interest
for their unique atomic structure and electronic properties
[3]. The puckered lattice of BP results in a strong in-
plane anisotropy [4–7]. For instance, the carrier mobility
of monolayer BP along the armchair direction could reach
1000 cm2/Vs at room temperature [1,8], which is about two
times that along the zigzag direction [1,6–9]. As for the band
structure, as-grown bulk BP is a p-type doped semiconductor
with a direct bandgap of ∼0.38 eV [10–12]. Black arsenic
(BAs), isomorphic to BP, has the same centrosymmetric lattice
structure and even more intriguing electronic properties. The
mobility of BAs shows enormous in-plane anisotropy. The
hole Hall mobility along the armchair direction reaches an or-
der of magnitude higher than that of the zigzag direction [13].
The valance band edge of BAs consists of three valleys close
in energy, which may be tuned by an external electric field
[14]. In addition, the element arsenic is heavier than phospho-
rus, so the spin-orbital coupling effect of BAs is much more
remarkable, which produces electric-field controlled Landau
level sequences in few-layer BAs [14].

Compared with BP, a special issue with BAs is its phase
stability [15]. Unlike BP, which is the stable phase of phos-
phorus allotropes, BAs was calculated to be metastable and
could only be stabilized by a high percentage of foreign
atoms, e.g., 17% or more phosphorus was detected in syn-
thesized BAs crystal [15]. However, recent transport studies
are all based on the rare natural BAs mineral, arsenolam-
prite [13,14,16,17]. Its microscopic structural and electronic
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properties are thus important for the understanding of this
interesting material. In this paper, we study the natural BAs
crystals at the atomic level by scanning tunneling microscopy
(STM) and spectroscopy (STS) assisted with density func-
tional theory (DFT) calculations. The atomic structure of its
basal plane is shown to be like that of BP, consisting of zigzag
arsenic chains with no signature of high percentage of foreign
atoms. The surface atoms are found to locate at two different
heights, which cannot be reproduced by theoretical calcula-
tions and bulk x-ray diffraction (XRD) data. STS shows a
bandgap of 0.29 eV with the Fermi level located close to the
conduction band edge, indicating the n-type doping of this
narrow-gap semiconductor. This doping could originate from
the most common defects in BAs, which form parallel lines
along the [111] direction. These results provide important
basic information for natural BAs crystals and will benefit
future study of this interesting material.

II. EXPERIMENTAL AND CALCULATIONAL METHODS

The BAs sample was cleaved from natural arsenolamprite
under high vacuum <5 × 10−10 mbar. All STM and STS
measurements were carried out at liquid helium temperature.
DFT calculations were performed by the Vienna Ab init io
Simulation Package (VASP) with Perdew-Burke-Ernzerhof
generalized gradient approximation [18,19]. The first
Brillouin zone was sampled using 10 × 10 × 12k-meshes
[20]. The energy cutoff was set as 500 eV for the whole
calculations. In global geometry optimization of bulk BAs, the
van der Waals interaction was performed by the optB88-vdw
exchange functional [21]. The lattice constant and all atomic
positions were allowed to relax until the force on each atom
was <0.001 eV/Å.
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FIG. 1. (a) Perspective view of the black arsenic (BAs) crystal.
The conventional unit cell is marked by the black dashed lines.
(b) Puckered layer structure. Blue arrow indicates the lattice vector
c of the conventional cell. (c) Top view of a monolayer BAs. The
topmost atoms are colored in black, which are at the same height in
bulk BAs determined by x-ray diffraction (XRD). The red (green)
arrow along the zigzag (armchair) direction is the lattice vector a
(b) of the surface unit cell. (d) Bulk BAs Brillouin zone and high-
symmetry points.

III. RESULTS

Like phosphorus, arsenic also has several allotropes [3].
Among them, the rhombohedral gray arsenic is the most stable
and common phase [15], while the natural orthorhombic BAs
has only been discovered at a few mining sites. Figure 1(a)
shows the lattice structure derived from single-crystal XRD
with the conventional unit cell indicated by the black dashed
lines [22]. Neighboring layers are relatively displaced by half
a lattice constant along the zigzag direction, so the lattice
vector c [the blue arrow in Fig. 1(b)] consists of two mono-
layers. As illustrated in Fig. 1(b), bulk BAs is a puckered
layered material under ambient pressure, like BP. The atoms
are arranged as alternating valleys and ridges. Note that, in
each layer, the atoms can be grouped into two planes, and the
STM should detect the atoms in the topmost plane, which are
shown in black in Fig. 1(c). The two-dimensional unit cell
is a rectangle encircled by the black dashed lines. The red
and green arrows point out the zigzag and armchair directions,
respectively. The difference of atomic structure along the two
directions of BAs indicates strong in-plane anisotropy of elec-
tronic properties. Figure 1(d) shows the first Brillouin zone
corresponding to the primitive unit cell and high-symmetry
paths where the calculated band edges are located. Line ZQ is
along the armchair direction and line ZA′ is along the zigzag
direction.

In Fig. 2(a), a typical large-scale STM image shows the
zigzag chains of BAs vividly. The insert Fourier transfor-
mation reveals the square lattice as expected in Fig. 1(c),
from which the lattice constants a and b can be measured
as 3.61 and 4.54 Å, respectively, in good agreement with the
bulk XRD data in Table I [22]. A few scans contained step
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FIG. 2. (a) Scanning tunneling microscopy (STM) topography of
black arsenic (BAs) surface at bias voltage V = 0.7 V and tunneling
current I = 70 pA. The insert is the Fourier transformation of the
main panel, which shows an orthorhombic lattice of the surface.
(b) Zoom-in STM image obtained with V = 0.7 V, I = 50 pA show-
ing the topmost atoms of the puckered layers. The insert is an
enlarged STM topography of a 2 × 2 nm2 area, showing the two dif-
ferent heights of atoms. (c) Line profile along the diagonal direction
of the orthorhombic lattice [red line in (b)].

edges (not shown here) of height ∼5.63 Å, corresponding
to one layer of BAs. Some slight topography variations can
be seen, especially a straight stripe (in the red oval) near
the lower right corner in Fig. 2(a), but the lattice structure
on the surface is continuous. These are the most commonly
seen defects in BAs, presumably due to some arsenic atoms
replaced by foreign elements, which will be discussed in
more detail later, while in BP, the common defects are miss-
ing atoms which cause distinct dumbbell-shaped electron
standing waves around them [11,12]. The percentage of the
impurities in BAs can be roughly estimated by dividing the
number of defect sites over the number of atoms in a scan,
which is 1.50 ± 0.15% based on the analysis of seven scans,
much lower than that of previously synthesized BAs [15]. The
zoom-in image of Fig. 2(b) reveals the surface structure more
clearly. Particularly, there is a visible height contrast of atoms
in the zigzag chains [insert of Fig. 2(b)]. The line profile along
the diagonal direction of the orthorhombic lattice [red line in
Fig. 2(b)] is shown in Fig. 2(c). The height difference of atoms
is ∼33 pm, ∼9% of the lattice constant, which was not found
in the XRD data of bulk BAs crystals [22].

To simulate the surface atomic structure, a six-layer BAs
slab model was built with a vacuum layer of 17 Å. The po-
sitions of atoms were allowed to relax until the force on
each atom was <0.001 eV/Å. To simulate the possible surface
geometry, two methods were used to optimize the BAs slab
model. The first one is global atomic position optimization,
which shows that the height difference of two types of atoms
on the surface is ∼0.002 Å. The other method is to fix the
lowest two layers in the slab model with the XRD determined
structure while optimizing the rest of the atomic positions
[10]. However, the calculated height difference of the two

TABLE I. Lattice constants of BAs.

Measured by STM Previous XRD data

a = 3.61 Å a = 3.65 Å
b = 4.54 Å b = 4.47 Å
c = 11.26 Å c = 11.00 Å
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FIG. 3. (a) Simulated constant height scanning tunneling mi-
croscopy (STM) image of a six-layer black arsenic (BAs) slab at a
bias voltage V = 0.7 V and a tip height of 1 nm. (b) Side view of the
simulated STM image in (a) along the zigzag direction (as shown in
the inset), indicating that all the atoms on the surface have the same
height.

types of atoms on the surface was even smaller. Using the
Tersoff approximation [23], a simulated constant-height STM
image with the first optimization method is shown in Fig. 3(a),
which corresponds to a scan with a bias voltage of V = 0.7 V
and tip height of 1 nm. Different colors represent tunneling
current which is positively correlated with the height mea-
sured in Fig. 2. All atoms on the surface have similar contrast.
In Fig. 3(b), the side view of the simulated STM image in
Fig. 3(a) along the zigzag direction (as shown in the inset)
illustrates that there is no discernable height difference of the
two inequivalent atoms. Hence, the surface atom relaxation
cannot be captured by the DFT calculation. A similar feature
of BP has been observed before with STM but with no good
explanation [10].

After the structural analysis, the electronic properties are
then examined. The STS in Fig. 4(a) (red curve) illustrates
that BAs is a semiconductor with a narrow bandgap of 0.29 ±
0.01 eV (average and standard deviation of 15 curves), and
the Fermi level resides within ∼28 meV of the conduction
band edge, which indicates that the natural BAs is an n-type
doped semiconductor. In comparison, the STS of bulk BP
[black curve in Fig. 4(a)] shows a slightly bigger bandgap of
∼0.38 eV and p-type doping. These band features determine
their transport properties. When fabricated into few-layer
field-effect transistors, the narrow gaps render ambipolar be-
havior, with the back gate capable of tuning the carrier type
continuously from electrons to holes [1,6,8]. Thanks to the
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FIG. 4. (a) Red: dI/dV of bulk black arsenic (BAs). Black:
dI/dV of bulk black phosphorus (BP). (b) Calculated bulk band
structure of BAs along the high-symmetry lines. Z-Q is the armchair
direction and Z-A′ is the zigzag direction. (c) Calculated total density
of states of bulk BAs.

TABLE II. Calculated effective masses of electrons and holes of
bulk BAs and bulk BP.

Carrier type Zigzag direction Armchair direction

BAs Electron 1.68 m0 0.21 m0

Hole 1.40 m0 0.18 m0

BP Electron 1.15 m0 0.12 m0

Hole 0.71 m0 0.11 m0

narrow gaps, electrical contacts can inject and extract both
electrons and holes from the BAs and BP channels effectively,
with no need to overcome large Schottky barriers that are
common in other two-dimensional semiconductor devices.
The smaller bandgap of BAs gives it an even more balanced
electron-hole conductivity than that in BP [13,14].

DFT calculated energy bands in Fig. 4(b) show that bulk
BAs is a direct bandgap semiconductor, and the band edges
locate at the Z point. The gap size of 0.32 eV is in reasonable
agreement with experimental results. In addition, there are
two hole valleys approaching the valance band edge along the
armchair direction at the two time-reversal symmetry-related
D points. The energy difference between Z and D valleys is
only 0.3 eV, which means that the valance band edge may be
tuned from Z to D valley by external electrical field [14].

Moreover, both the BAs and BP STS curves have a steeper
slope in the conduction band than that of the valance band,
as shown in Fig. 4(a), which is a consequence of different
density of states (DOS) at the band edges. The calculated
total DOS of bulk black BAs in Fig. 4(c) reproduces well
the STS measurement. For semiconductors, the band edge
DOS difference can be captured by the analysis of effective
masses, which are listed in Table II. The electron masses are
heavier than the hole masses for both BAs and BP, indicating a
larger DOS near the conduction band edge. Due to the strong
structural anisotropy of the puckered lattice, the masses along
the zigzag direction are larger than that along the armchair
direction, which results in the strong transport anisotropy.
This band structure is desirable for electronic devices which
require both high current density and carrier mobility. Usually,
high mobility in an isotropic semiconductor (such as GaAs) is
achieved through small effective mass; hence, the band edge
DOS and carrier density are low, leading to a compromised
current density. In the strongly anisotropic BAs and BP, this
dilemma could be resolved. High mobility can be realized
by transport along the low effective mass direction, while the
DOS can be provided by the weaker dispersion along the other
direction.

Finally, we address the line defect and its electronic prop-
erty. Scans on several samples all reveal straight stripes with
different contrast compared with the atomic planes [one ex-
ample is shown in Fig. 5(a)]. Their contrast could change
with different scanning parameters [Fig. 5(b)], indicating that
they are a result of DOS variation rather than topography
features. The zoom-in over the stripe [inset of Fig. 5(a)] shows
that the lattices are perfectly continuous, further supporting
their DOS origin. Presumably arsenic atoms are replaced by
foreign atoms along the stripes. The defects self-assembled
into parallel lines along the [111] crystal direction. Previous
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FIG. 5. (a) Topography of line defects at bias voltage V = 0.7 V
and tunneling current I = 70 pA. The insert is an enlarged scan of a
5 × 5 nm2 area along the black dashed line. (b) Topography across
the line defect along the white dashed line in (a). The height varies
with scanning parameters, indicating that it is caused by a difference
of density of states (DOS) rather than physical height. (c) Scanning
tunneling spectroscopy (STS) profile along the white dashed line at
the bottom of (a). (d) STS at the point defect highlighted by the red
circle in (a). An extra peak is seen in the gap near the valance band
edge.

experiments have shown that, in some materials, defects could
indeed form parallel one-dimensional structures and strongly
affect the material property [24]. To study the electronic be-
havior of the defect, a dI/dV profile is taken along the white
dashed line at the bottom of Fig. 5(a). Right on the stripe,
the conduction band edge is clearly lower than that on the

atomic plane and almost touches the Fermi level [Fig. 5(c)].
Similar results have been obtained on eight different stripes.
Hence, these defects could be assigned as the possible source
of the n-type doping in BAs. In addition to the line defects,
some point defects are visible. One of them is highlighted by
a red circle in Fig. 5(a), whose dI/dV spectrum is shown in
Fig. 5(d). An extra peak is seen within the bandgap near the
valance band edge. A similar peak near the valance band edge
caused by point defects has been reported in BP [11], where
this type of defects is abundant and could be the source of the
p-type doping [11]. Since BAs is isomorphic to BP, the point
defects presumably have similar electronic states.

IV. CONCLUSIONS

In this paper, we studied the structural and electronic prop-
erties of natural BAs crystal at the atomic level. The surface
atomic structure is like that determined from the bulk XRD,
except for a vertical relaxation. No significant content of
impurities proposed in previous works about BAs is found.
The bandgap of BAs is determined to be 0.29 ± 0.01 eV with
n-type doping, which could be generated from an interesting
type of line defects. These results provide information about
the basic structural and electronic properties in BAs, which is
important for further study and utilization of this material.
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