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Scanning tunneling microscopy (STM) was used to image the freshly cleaved (010) surface of orthorhombic black phosphorus
(BP) in air. The surface became oxidized and adsorbed moisture from the air. The hydrophilic and reactive nature resulted in a
rough and changing surface, as revealed by the STM. During STM imaging the BP surface was continuously removed by the W
probe in a layer-by-layer fashion. Nevertheless, high quality STM atomic resolution images were obtained after the tip inscribed
a depression by locally etching away several layers on the substrate. The puckered nature of the surface structure and the associ-
ated [100] oriented channels were clearly observed. Higher resolution imaging revealed the zig-zag arrangement of phosphorus

atoms separated by about 0.22 nm.

Orthorhombic black phosphorus (bp) is the most
stable allotropic form of the element under normal
conditions [1,2]. The material is semiconducting
with an optical gap of 0.3 eV. Its structure consists
of puckered layers stacked in the [010] direction, as
shown in fig. 1 [2,3]. Like many other two-dimen-
sional solids, black phosphorus can be easily cleaved
to expose the (010) surface. One reason we were in-
terested in this material was its reported atomically
flat surface, which could serve as a good substrate
material in STM imaging experiments. Furthermore,
BP provides a potential advantage over highly ori-
ented pyrolytic graphite (HOPG) as a substrate by
providing reactive sites to facilitate surface chemical
bonding. These can enhance the adsorbate-substrate
interaction so that the adsorbate will not be moved
by the STM probe during the imaging process. The
weak interaction between adsorbate and a substrate
like HOPG has been a principal difficulty for STM

imaging of isolated molecules. This report presents-

a preliminary study of the STM of BP. In the course
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Fig. 1. Puckered layer structure for the orthorhombic black phos-
phorus. Bond distances, 1-2, 3-4, 5-6, 7-8: 0.2244 nm; 5-7, 1-
3:0.2224 nm; 3-8, 4-7: 0.3559 nm; 3-6, 2-7: 0.3769 nm. Bond
angles, 1-3-1, 5-7-5: 96.34°; 7-5-6, 5-7-8, 4-3-1, 3-1-2:
102.09° (figure from ref. [2]).
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of this study we observed layer-by-layer etching of
the surface that was induced by the STM imaging
process. We have utilized this etching process to fab-
ricate a simple 1.0 nm deep, 20X 20 nm rectangular
pit on the (010) surface. We then obtained atomic
resolution of the (010) surface of BP by imaging the
depressed region.

Orthorhombic phosphorus can be fabricated by two
different synthetic routes. High pressure methods pi-
oneered by Bridgman [4] are commonly used, and
precipitation from a liquid bismuth—phosphorus al-
loy has also been reported [3]. For the present in-
vestigation needle-shaped crystals, typically 7 mm X
0.5 mm X | mm, were obtained by the precipitation
scheme. Further details on this method and the
product yield will be published elsewhere [5]. X-ray

t =5 min
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microprobe and Auger analysis demonstrated the el-
emental nature of the material, and the crystal struc-
ture (space group Cmca, a=3.31, b =10.54, c=4.36)
confirmed by the X-ray rotating crystal method. In
agreement with prior work, the needle axis was coin-
cident with the [100] direction. For STM analysis
the crystals were attached to platinum foil with silver
paint. The [100] needle axis was oriented parallel to
the y-scan direction of the microscope. The sample
was routinely cleaved, immediately before imaging,
with adhesive tape (Scotch). Imaging was per-
formed in air with a Digital Instruments Nanoscope
II STM (Santa Barbara, CA). Tunneling tips were
made by mechanically cutting Ptgolr,o wire or elec-
trochemically etching tungsten wire in 1 M KOH.
In contrast to the inert van der Waals nature of

t=15min

Fig. 2. Optical micrographs (magnification 500X ) of freshly cleaved black phosphorus surface exposed to air.
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many-layer-type materials, the BP surface is reactive
in air. When the surface was examined by optical mi-
croscopy, inhomogeneities that changed with time
were seen. Some regions exhibited a mirror-like sur-
face while others had a duller appearance and showed
changing interference colors (fig. 2). These surface
features resemble the breath figures [6] arising from
the condensation of moisture on a solid substrate.
When BP was imaged in air with the STM, with elec-
trochemically etched probes (W or Pt/Ir alloy) the
formation of bubbles at the tip was often seen as the
tip approached the tunneling distance to the BP sub-
strate. This was observed only when the W tip was
biased +0.60 V or more with respect to the BP sam-
ple. However, with Pt/Ir tips, gas evolution was ob-
served with either tip polarity when the bias was
higher than +0.60 V. These results are consistent
with the formation of a thin layer of water on the BP
surface. This would occur when the BP is oxidized
in air to produce a strongly hydrophilic P,O,, oxide
layer [7],

P4+502—’P4010 N (l)
which readily reacts with moisture in the air,
P4010+6H20—>4H3PO4. (2)

This reaction mechanism is supported by the results
from scanning Auger spectroscopy, which indicates
the presence of oxygen and an oxidized form of
phosphorus on the BP surface after exposure to air.
This passivating oxide layer is probably responsible
for the stability of BP in the ambient environment.

Electrochemical reactions at the tip and BP prob-
ably produce the bubbles seen in the STM experi-
ments. With a W tip the following reactions are ther-
modynamically possible:

At anode (W tip):

W+H,0-WO,+6H*+6e~,

E°=+0.10V [8], (3)
H,-2H*+3e, (4)
PH, +4H,0-H;PO, +8H* + 8¢~ ,

E°=+0.281V [8], (5)
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Fig. 3 (a) An unfiltered STM image shows the channels running
along the (100) direction of the (010) plane of black phospho-
rus. The image was obtained at a bias of 20 mV and tunneling
current of 5 nA. Two neighboring troughs are separated by 0.43
nm which matches with the c-axis dimension. (b) An enlarged
and filtered STM atomic resolution image of the layered BP. The
image was also obtained at 20 mV and 5 nA, and a two-dimen-
sional Fourier transform filtering method was used to removed
spatial frequencies below 0.20 nm.

At cathode (BP):
P+3H*+3e--PH;,

E°=+0.10V, (6)
2H*+2e~-H,. (7

Gas evolution lasted for more than 5 min in the STM,
so that reactions (1) and (2) must be sufficiently
rapid to form a water layer and H* to allow reac-
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Fig. 4. A sequence of images revealing the progressive layer-by-layer etching of black phosphorus after (a) 0, (b) 50, (¢) 100 and (d)
240 s . These images were obtained with a 300 mV bias voltage and 1.0 nA tunneling current.

tions (6) and (7) to occur. These lead to the for-
mation of PH; and H,, both of which are colorless
gases. The oxidation half-reactions at the W tip elec-
trode could include oxidation of the W tip, or oxi-
dation of H, or PH; coming from the BP substrate.
The failure to observe bubbling at a W probe cath-
ode can be explained by the difficulty of reducing
H™* (high hydrogen overpotential) on the W. How-
ever, at a Pt/Ir tip, water can be both reduced and
oxidized. For the BP, the reduction processes would
still be described by egs. (5) and (6), while a pos-
sible oxidation process is

P+4H,0-H,P0, +5H* +5¢e~ ,
E°=+0.40V . (8)
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Better evidence for the proposed reactions at the
BP surface await futher electrochemical studies. We
might note that electrolysis of water adsorbed from
the atmosphere on a thin P,O,, layer has been used
for water analysis [9].

Even with the BP surface instability, atomic res-
olution images of the (010) surface could be ob-
tained (fig. 3). These images were taken in the con-
stant current mode with a relatively high tunneling
current (5 nA) and a small bias voltage (+20 mV,
tip versus sample). This low bias voltage, compared
to the band gap of BP (0.30 eV), suggests that the
STM was imaging in a point-contact mode [10]
where the tip was in contact with the surface. This
presumably distorts the surface lattice and shifts
states into the band gap which then participate in the
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Fig. 5. A square (20 nm X 20 nm) pit produced by STM scanning
at 200 mV and 1 nA for two min. The depth of this inscribed
depression (1.0 nm) corresponds to the unit length of the b vec-
tor. A line scan across the etched square pit is shown at the top
of the image.

tunneling process. Similar effects were previously
documented to explain the atomic resolution of layer-
type semiconductors, such as MoS, [11] and others
[12]. In the present case the distortion of the atomic
image and the stray noise in the x-scan direction are
consistent with this proposed mechanism (fig. 3).
However, the puckered nature of the (010) surface
is clearly demonstrated by the channels running ver-
tically through the image shown in fig. 3a. These
troughs are parallel with the [100] direction and are
separated by about 0.43 nm, which corresponds to
the (001) unit cell dimension. The high resolution
image shown in fig. 3b reveals the [100] zig-zag ar-
rangement of phosphorus atoms on the topmost por-
tion of the puckered (010) surface. The phosphorus
atoms are separated by about 0.22 nm with a bond
angle of 96°. Resolving the electron density associ-
ated with individual phosphorus atoms is challeng-
ing in view of the small separation. Atomic resolu-
tion of the trough segment of the puckered layer was
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not obtained. Presumably the narrow trough width
(0.30 nm) prevents the tunneling tip from probing
the lower (0.24 nm) portion of this layer. This also
accounts for the anomalously shallow depths (0.070
nm) measured for the troughs.

The freshly cleaved surface has wide terraces, ex-
tending several hundred nanometers, with a high
density of vacancy clusters apparent in these layers.
(fig. 4). These defects and the steps separating each
terrace are ~ 1.1 nm deep; this corresponds to the
(010) unit cell dimension or two puckered layers.
Progressive scanning revealed significant lateral
growth of these defects. An area spanning =~ 200 nm?
could be removed by four min of scanning, as shown
in fig. 4. The material etched away is either trans-
ferred to the tip or volatilized. The etch rate in-
creased with decreasing tip—substrate separation and
decreasing bias. Indeed, it was difficult to find tun-
neling conditions where this process did not occur.
Therefore, high-quality STM images of the (010)
surface like those in fig. 3 were difficult to obtain on
a routine basis; more frequently strong tip-surface
interactions caused the layer-by-layer removal of
substrate material. This etching process could be used
to form a hole of predetermined dimensions, e.g., a
1.0 nm deep pit on the (010) surface. The inscribed
pit shown in fig. 5 was produced by scanning a 20
nm X 20 nm area for 2 min. Similar structures have
been fabricated on other two-dimensional solids [6].
Similar etching phenomena have also been observed
for other two-dimensional solids, e.g., TiSe,, SnSe,,
and NbSe, [13]. Several mechanisms for the etching
process have been proposed, e.g., abrasion of the
substrate via direct tip-sample contact [14] and field
assisted evaporation [15]. In the experiments de-
scribed here there was considerable variation in the
etching rate with different tips, and it was thus dif-
ficult to elucidate the effect of different tunneling
conditions on the etching. The high resolution im-
ages, e.g., fig. 3, probably were obtained, when the
STM probe was scanning within a narrow pit on the
BP substrate, where the tip might block incoming
reactants. Finally, this study suggests that the surface
of BP is probably too reactive in air to serve as a use-
ful substrate for imaging of isolated molecules by
STM, although its use in an inert atmosphere might
be possible.
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