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ABSTRACT: The stability of the surface of in situ cleaved black phosphorus crystals upon exposure to atmosphere is
investigated with synchrotron-based photoelectron spectroscopy. After 2 days atmosphere exposure a stable subnanometer layer
of primarily P,O; forms at the surface. The work function increases by 0.1 eV from 3.9 eV for as-cleaved black phosphorus to 4.0
eV after formation of the 0.4 nm thick oxide, with phosphorus core levels shifting by <0.1 eV. The results indicate minimal charge
transfer, suggesting that the oxide layer is suitable for passivation or as an interface layer for further dielectric deposition.
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lack phosphorus is a bulk semiconductor and represents

the most thermodynamically stable allotrope of phospho-
rus," possessing a band gap of ~0.3 éV>* and a charge carrier
mobility of up to 1000 cm* V™' s™" at room temperature.” As a
layered material, mechanical exfoliation has led to the isolation
of single and few-layer black phosphorus, known as
phosphorene, representing a further addition to the growing
family of two-dimensional (2D) materials.*"® With a band gap
that can be tuned with layer thickness,” large exciton binding
energy (800 meV),*” high current on/off ratios,*'® and
ambipolar charge transport,'" single- and few-layer phosphor-
ene is an attractive candidate for electronic and optoelectronic
devices.’

Black phosphorus, unlike graphene, which is chemically inert
in atmosphere, is expected to oxidize upon exposure to air.'>"?
The formation of surface oxide species has been demonstrated
to cause a measurable increase in surface roughness and
nonuniform degradation,10 along with reduced field-effect
transistor performance.'* This presents experimental challenges
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for the study of phosphorene-based electronic devices that are
prepared and measured in air, because of structural degradation
and its effect on the electronic properties. Currently, the focus
has been on minimizing the exposure to atmosphere or
encapsulating or passivation of phosphorene with air-stable
overlayers.""'* Yet, the possibility of using a native oxide to
deliberately engineer a stable protective layer that protects the
pristine layers of black phosphorus below has yet to be explored
experimentally. A key motivation to this end is that phosphate
glasses are transparent in the ultraviolet (UV) regime,15
allowing preservation of the large photoresponse observed in
phosphorene in the infrared (IR) and UV,'® making it a suitable
platform for optoelectronics.®

In the present work, we utilize surface-sensitive photo-
electron spectroscopy on black phosphorus crystals cleaved in
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vacuum in order to study the chemical changes to the surface
resulting from a brief exposure to atmosphere (S min) followed
by longer exposures (up to 28 days). Surface-sensitive
photoelectron spectroscopy (photon energy hv = 180 eV) of
the P 2p core level allows observation of the evolution of
composition at the black phosphorus surface upon air exposure,
while low-energy secondary electron cutoff spectroscopy
measures the change in work function. We demonstrate that
for prolonged air exposure a native phosphorus oxide forms
only at the topmost layer of bulk black phosphorus, leaving the
deeper layers intact. The oxide growth is found to saturate after
2 days in ambient conditions and consists primarily of
phosphorus pentoxide (P,O;), with smaller contributions
from an intermediate stable oxide p-P,O, consisting of two
distinct oxygen—phosphorus moieties: dangling phosphorus—
oxygen (O—P=O0) and bridging phosphorus—oxygen (P—O—
P)."* The work function of vacuum cleaved black phosphorus is
found to be 3.9 eV and increases by only 0.1 eV with the
formation of the surface oxide. The realization of a stable oxide
layer confined solely to the surface of black phosphorus not
only offers protection to the underlying layers, but suggests
there is only a minimal effect on the doping of black
phosphorus. This makes the native oxide potentially attractive
for the subsequent deposition of additional dielectric layers in
order to fabricate metal-oxide-semiconductor field-effect
transistors.

Figure 1 shows photoelectron spectroscopy measurements of
the P 2p core level (hv = 180 eV). In the upper panel of Figure
1 the P 2p core level is depicted after vacuum cleaving without
exposure to air, with the subsequent lower panels representing
the spectra taken after various exposures to atmosphere. Details
on the sample preparation, measurements and peak fitting
procedure can be found in the Supporting Information. After
cleaving, the phosphorus core level contains only the
characteristic doublet representing the P 2p;/, and P 2p,,,
orbitals with peak positions of 130.06 and 130.92 eV
respectively, with a Gaussian width of 0.21 eV and Lorentz
width of 0.08 eV. These peaks are labeled P1, corresponding to
phosphorus—phosphorus bonds within black phosphorus. The
spin-splitting of 0.86 eV remains fixed in all subsequent peak
fitting of the bulk black phosphorus components. After a S min
air exposure (not shown in Figure 1) no change was observed
in the P 2p core level apart from a slight shift to higher binding
energy of 0.10 eV. This is consistent with a shift of the Fermi
level toward the conduction band that may be a result of
hydrogen defects due to the formation of phosphoric acid on
the surface or physisorbed oxygen and nitrogen.'” After 1 day
air exposure, the P1 component shifts back to lower binding
energy by 0.08 eV along with an increase in the Gaussian width
to 0.48 eV (this width remained constant for the subsequent
longer exposure periods). This shift back in binding energy is
consistent with transport measurements performed on black
phosphorus as a function of exposure time to atmosphere.'”
This is accompanied by the emergence of three new
components within the P 2p core level, all to higher binding
energy of P1, and which are related to the oxidation occurring
at the surface. Following the convention for peak fitting the
broader nature of oxide-derived spin-split core levels, a single
Voigt function rather than a doublet has been used.'®'® The
first two components labeled P2 and P3 are of equal peak area
and located at 131.54 and 132.67 eV, respectively. The third
component labeled P4 represents the most dominant oxide
component and appears at 134.46 eV, and has a peak area ratio
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Figure 1. Evolution of cleaved black phosphorus after exposure to
atmospheric conditions. P 2p core level spectra of black phosphorus
taken at 180 eV where from top to bottom the panels correspond to
the as-cleaved surface, 1 day, 2 day, and 28 day air-exposure. P1
represents phosphorus bonded to phosphorus, and P2, P3, and P4
represent the different oxide species as described in the text.

relative to P2 and P3 of ~11. Moving to the longer 2 day
exposure, the P 2p spectra show a significant increase in the
intensity of P4, whereas P2 and P3 remain relatively constant;
the peak area ratio of P4 to the smaller peaks now increases to
20. Finally, after 28 days exposure to atmosphere the P 2p
spectra shows minimal changes compared to the 2 day
exposure, indicating that the growth of the phosphorus oxide
saturates after approximately 2 days in air. For the prolonged
exposure periods, further XPS scans (not shown) reveal that a
significant amount of adventitious carbon species have
physisorbed onto the surface, along with a small amount of
nitrogen. As neither of these species are expected to chemically
bond to black phosphorus, the presence of these adsorbed
species does not alter our interpretation of the surface
oxidation.

In the upper panel of Figure 2a we plot the P 2p spectra for
the 2 day air exposure taken at hv = 180 eV, where P1, P2, P3,
and P4 are shown as orange, purple, green, and blue,
respectively. The binding energy separation of the P2, P3 and
P4 oxide components from the P 2p;,, component of P1 is 1.48
eV, 2.68, and 4.48 eV respectively. This sequential shift to
higher binding energy of these components represents an
increasing deficiency in electron density around the phosphorus
atom and stronger charge localization around the oxygen. To
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Figure 2. (a) Depth-dependent photoelectron spectroscopy of the P
2p core level of black phosphorus after 2 days air exposure taken at hv
= 180 eV (upper panel), 350 eV (middle panel) and 800 eV (lower
panel). (b) Structural model of p-P,O, where P2 and P3 represent P—
O—P and O—P=O0 bonding configurations, respectively, along with
ball and stick representations of the surrounding atoms to P2 and P3.

determine the origin of the three oxide components we
examine the various stable bonding configurations of oxidized
black phosphorus. The first structural model chosen is an
intermediate stable oxide p-P,O, containing two oxygen—

phosphorus moieties: dangling phosphorus—oxygen (O—P=
O) and bridging phosphorus—oxygen (P—O—P) as shown in
Figure 2(b). > DFT calculations were then performed on this
structure in order to simulate the XPS P 2p core level shifts
with respect to pristine black phosphorus (details in Supporting
Information). For p-P,O, the calculated separations between
the bulk black phosphorus P 2p core level and the bridging (P—
O-P) and dangling (O—P=0) motifs are 1.38 and 2.3 eV,
respectively, close to the experimental values of P2 (1.48 eV)
and P3 (2.68 eV). We therefore assign P2 to bridging (P—O—
P) and P3 to dangling (O—P=0) bonding environments.
Turning to the assignment of P4, the large separation of 4.48
eV from the bulk black phosphorus P 2p;,, component clearly
shows that this component represents a phosphorus species
bonded to an even larger number of oxygen atoms than either
P2 or P3. Phosphorus pentoxide (P,Os) contains four oxygen
atoms bonded to each phosphorus site; representing the most
oxygen-saturated form of phosphorus oxide. Literature values of
P,O; report binding energies between 134.5 eV>* and 135.0
eV,* in good agreement with our value of 134.65 eV for the 2
day air exposure which represents the saturated surface. This
value is also in good agreement with the simulated XPS P 2p
core level shift predicted by DFT calculations on the P,Oq
structure of 5.0 eV. Therefore, we assign P4 to phosphorus—
oxygen bonds in P,Os. The results clearly show that prolonged
air exposure of in situ cleaved black phosphorus causes the
surface to oxidize to form predominantly P,Os, and small
regions of intermediate oxidation composed of the P—-O—P and
O—P=0 motifs, as for example the p-P,O, form shown in
Figure 2b.

With the identification of all oxide components now
complete, we turn to whether the oxidation is confined to
the surface of black phosphorus, or has penetrated deeper into
the bulk. To achieve this, we measured the P 2p core level using
larger photon energies up to 800 eV in order to increase the
photoelectron mean free path and therefore the sampling depth
of the experiment. In Figure 2a, the P 2p core level spectra,
after 2 days air exposure are plotted at 180 eV (upper panel),
350 eV (middle panel) and 800 eV (lower panel). As the
photon energy increases (i, the emitted photoelectrons
possess a larger kinetic energy) the intensity of the oxide
components relative to the bulk black phosphorus decreases.
Because of the larger mean free path of the emitted
photoelectrons, this demonstrates that the formation of
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Figure 3. (a) AFM topography image (S00 nm X S00 nm) of oxidized black phosphorus with an RMS roughness of 1.5 nm. (b) Thickness of two
exfoliated black phosphorus flakes on SiO,/Si as a function of exposure time, where red circles represent a 406 nm as-cleaved flake and blue squares

represent a 95 nm as-cleaved flake.
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phosphorus oxide is confined to the surface of black
phosphorus, with little if any oxidation of the bulk. The
thickness of the phosphorus oxide can be estimated from the
peak area ratio of the black phosphorus and phosphorus oxide
components using the relation d = Aln(Ioq/Igp + 1) where A is
the photoelectron mean free path, and Iy and Io4. represent
the peak area of the bulk black phosphorus and oxide
components, respectively.”>** From the 180, 350, and 800
eV spectra taken after 2 days air exposure in Figure 2a (i.e., the
saturated oxide coverage), we determine an average thickness of
the phosphorus oxide of 0.40 + 0.3 nm. This value is in good
agreement with the calculated value of 0.46 nm for a single
layer of planar P,Oj calculated using DFT,"> and confirms that
only the top layer of black phosphorus has become oxidized.

The observation of a thin stable oxide is surprising in light of
previous AFM studies that have observed significant surface
ro 1ghening of few-layer exfoliated phosphorene on exposure to
air.'*'” To further investigate the effect of air exposure on the
surface morphology, we performed atomic force microscopy in
tapping mode on a black phosphorus crystal that had been in
situ cleaved and then exposed to atmospheric conditions for
more than 28 days. Figure 3a shows a three-dimensional plot of
the surface morphology (500 nm X 500 nm) of air exposed
black phosphorus, which exhibits a RMS surface roughness of
~1.5 nm. In a different region of the sample, a similar RMS
roughness of 2.0 nm was also measured. A black phosphorus
sample was also measured immediately after ex situ cleaving in
ambient conditions, yielding an RMS surface roughness of ~0.8
nm. This increased surface roughness is qualitatively consistent
with previous studies that reported an increase in surface
roughness upon exposure to atmosphere as a result of oxide
formation.'® However, this lateral uniformity in roughness of
our oxidized surface stands in contrast to the large islands or
“bubbles” (possibly water droplets) of approximately S—20 nm
in height reported elsewhere.'*'”** The absence of these large,
thick islands further corroborates our photoelectron spectros-
copy observations that the oxide is related to the black
phosphorus surface and is relatively uniform. Furthermore, it
helps to explain the significant broadening of the Gaussian
width that occurs for air exposure of 1 day or more, as the
increased surface roughness and nonuniform surface potential
is expected to result in increased photoelectron scattering. One
possible explanation for the absence of bubbles is that previous
AFM studies have measured few-layer black phosphorus,
whereas we study bulk black phosphorus samples. For both
black phosphorus and also MoS,, it has been shown that fewer
adsorbed water bubbles are observed on the surface with
increasing layer thickness, as a result of decreased wett-
ability.'”** Another possibility is that the oxide formation
results in stress and causes buckling in thin films of
phosphorene, observed as “bubbles”.

One possible alternative to the formation of a stable oxide is
that the black phosphorus is continually etched away as a result
of phosphoric acid produced during oxidation, with the
phosphoric acid being removed (and thus not apparent) by
evaporation either in ambient or when the sample is placed in
vacuum for XPS measurements. To rule this out, we used AFM
to measure the change in thickness of exfoliated black
phosphorus flakes as a function of exposure time. Figure 3b
plots the change in thickness of two black phosphorus flakes
exfoliated onto a 290 nm SiO,/Si substrate, where the red
circles and blue squares represent 406 nm (flake 1) and 95 nm
(flake 2) as-cleaved flakes, respectively. Both flakes undergo

significant etching after 2 day exposure, with a reduction in
thickness of 15 and 10 nm for flake 1 and 2, respectively. The
etching saturates at 14 days, with no further etching occurring
after an additional 1 week air exposure. At 23 days exposure,
the samples were subsequently introduced into vacuum and
pumped down to 4 X 1077 mbar for 1 h before being taken out
and remeasured (indicated by the dashed line in Figure 3b). No
change in thickness was observed immediately after re-exposure
to atmosphere or after a further 6 days air exposure. This initial
etching of black phosphorus is consistent with previous reports
on thin phosphorene flakes."® Importantly, however, this
saturation is quantitatively consistent with the photoelectron
spectroscopy results that demonstrate the formation of a stable
oxide layer rather than a continuous etching mechanism due to
phosphoric acid.

We now turn to measurements of the valence band and work
function in order to understand the band alignment of black
phosphorus and phosphorus oxide. Figure 4a plots the valence
band (taken at v = 100 V) for the as-cleaved surface (black)
and 2 days air exposure (red). The spectrum obtained for the in
situ cleaved surface is in good agreement with previous
reports.”®*” The inset of Figure 4a plots the joint density-of-
states close to the Fermi level, where the sharp onset in
intensity observed at 40 meV below the Fermi level
corresponds to the valence band maximum (i.e., Eg — Eypy =
40 + 50 meV), in excellent agreement with ref 26. From this we
determine a fixed separation of the valence band maximum to
the P 2p;/, orbital of 130.02 + 0.05 eV. The spectra for the 2
day exposure shows a large suppression in the valence band
features corresponding to black phosphorus, along with the
emergence of a new structure ~4 eV below the Fermi level.
This feature corresponds to the valence band of phosphorus
oxide, and allows us to determine a position of the valence band
maximum of phosphorus oxide relative to the Fermi level of 4.2
+ 0.2 eV (ie,, Ex — Eypy = 4.2 £ 0.2 eV), which is consistent
with previous measurements on layered forms of P,Os.*"

In Figure 4b, the secondary electron yield vs photoelectron
kinetic energy is plotted for as-cleaved (black), 1 day (blue), 2
day (green), and 28 day (red) exposure times. The onset in the
secondary electron yield corresponds to the vacuum level of the
sample with respect to the Fermi energy, and thus directly
yields the work function. For the vacuum cleaved black
phosphorus, the work function is 3.9 + 0.05 eV, and upon air
exposure the position of the cutoff changes by only 0.1 eV and
eventually reaches a saturated value after 2 days air exposure of
4.0 + 0.05 eV. The overall yield of secondary electrons
increases S-fold from the as-cleaved to the 28 day spectra; this
increase is most likely due to a decrease in the electron affinity
upon surface oxidation. The electron affinity of the as-cleaved
black phosphorus is 3.6 + 0.1 eV calculated using y = ¢ + (Eg
— Eypym) —Egap, where ¢ = 3.9 eV, Ep — Eypy = 40 meV, and
Egap = 0.3 eV.> The decrease in electron affinity implies a
bandgap of oxidized black phosphorus which significantly
exceeds the measured Ex — Eypy = 42 + 0.2 eV. This is
consistent with the theoretical calculations that find there is a
substantial increase of the bandgap energy to between 8.5 and
8.7 eV for the different polymorphs of P,Os.'> However, since
we cannot determine the exact planar polymorph via XPS, it is
not possible to establish an exact value for the electron affinity
of the oxidized surface. To summarize our experimental results,
the energy level diagrams of the as-cleaved black phosphorus
and the oxidized surface after 2 days air exposure are shown in
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Figure 4. Valence band and low energy cutoff measurements of in situ
cleaved black phosphorus after exposure to air. (a) Angle-integrated
valence band spectra for as-cleaved black phosphorus (black) and after
two-days air exposure (red). Inset: Zoom in of the valence band
structure close to the Fermi level for the as-cleaved surface. (b)
Secondary electron cutoff as a function of air-exposure for the as-
cleaved (black), 1 day air-exposure (blue), 2 day air-exposure (green),
and 28 day air-exposure (red). (c) Band level diagrams of black
phosphorus for as-cleaved (left panel) and after 2 days oxidation (right
panel).

Figure 4c, where the left panel represents the as-cleaved surface
and the right panel the oxidized surface.

In conclusion, we have demonstrated that a stable single-
layer oxide forms at the surface of black phosphorus after 2 days
of exposure to air. By performing surface-sensitive photo-
electron spectroscopy, three types of local phosphorus—oxygen
environments are identified in the P 2p core level. It is found
that the majority of the oxide is made up of phosphorus
pentoxide, which represents the most thermodynamically stable
oxidation pathway. The demonstration that phosphorus oxide
only forms at the top layer of bulk black phosphorus offers
great potential as a stable and protective capping layer.
Furthermore, the stable phosphorus oxide layer can be used
for optoelectronic devices utilizing black phosphorus or few-
layer phosphorene because of its transparency in the UV.
Finally, the closely matching work functions of black
phosphorus and phosphorus oxide, and small (<100 meV)
shift of the P 2p core levels upon oxidation, indicate only a
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small amount of charge transfer between the oxide and
underlying black phosphorus layers. We conclude that the
native oxide formed on black phosphorus is a stable passivation
layer with minimal effect on the doping of black phosphorus.
The native oxide is also potentially attractive for the subsequent
deposition of additional dielectric layers in order to fabricate
metal-oxide-semiconductor field-effect structures.
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Additional information on the experimental methods including
the photoelectron spectroscopy measurements and the density
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