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Surface structure determination of black phosphorus using photoelectron diffraction
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The atomic structure of single-crystalline black phosphorus is studied using high-resolution synchrotron-based
photoelectron diffraction (XPD). The results show that the topmost phosphorene layer in the black phosphorus is
slightly displaced compared to the bulk structure and presents a small contraction in the direction perpendicular
to the surface. Furthermore, the XPD results show the presence of a small buckling among the surface atoms, in
agreement with previously reported scanning tunneling microscopy results. The contraction of the surface layer
added to the presence of the buckling indicates a uniformity in the size of the sp3 bonds between P atoms at the
surface.
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Since the experimental advent of graphene [1], other two-
dimensional (2D) materials have received enormous attention
due to their great potential in nanoscale devices [2]. The 2D
layered materials are characterized by atoms making strong
covalent in-plane bonds, but the stacking of these atomic layers
results from relatively weak interactions of the van der Waals
type. An interesting possibility is the design of heterostructures
from the stacking of different monolayers of 2D materials,
with these new materials presenting distinct properties [3].
Recently, orthorhombic black phosphorus (BP), the most
stable phosphorus allotrope, has emerged as a “new” promising
material for applications in nanoelectronics and nanophotonics
[4]. The BP is formed by a stack of phosphorus layers arranged
in a honeycomb structure [5,6] known as phosphorene. As
usual in 2D materials, the phosphorene layers are held together
by a weak interaction, which allows the mechanical exfoliation
procedure similar to that applied to graphene [7]. However,
unlike graphene, where the carbon monolayer is strictly flat,
the phosphorene has a strongly puckered structure, where each
phosphorene layer can be seen as a bilayer of P atoms, as shown
in Figs. 1(a) and 1(b). Within the phosphorene layer, each atom
is covalently bonded to three neighbors (sp3 hybridization),
with two bonds connecting the nearest P atoms in the same
plane, and the third bond connecting P atoms between the top
and bottom of the phosphorene layer, as shown in Fig. 1(c).

Another important difference between BP and graphene
is the presence of a direct band gap, which is theoretically
expected to vary with the number of phosphorene layers from
∼0.3 eV for bulk BP to ∼2 eV for the single layer [8]. Several
theoretical results for the bulk, few-layer phosphorene and
nanoribbons show that it is possible to tune the energy and
the position of the band gap by strain and application of
an electric field [9–16]. This controlled modification of the
electronic structure plays a fundamental role in a possible
future application of BP [4], especially using an electric field,
which is more feasible in gated devices. Experimentally, the
effect of applying an electric field was carried out by doping
the material with alkali metals [17], similarly to what was done
for graphene [18].
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From the electronic point of view, the cited examples
demonstrate that the BP has been extensively characterized
and studied, both theoretically and experimentally. On the
other hand, from the atomic structure point of view and
particularly for the surface, the number of studies is limited.
The pioneering studies focused on determining the bulk atomic
structure, for example, by x-ray diffraction [5] and neutron
powder diffraction (NPD) [19]. For the BP surface, a combined
study using scanning tunneling microscopy (STM) and density
functional theory (DFT) calculations [20] shows that the
surface atoms occupy almost the same position of the atoms
in the bulk, except for a small perpendicular relaxation of the
P1 and P2 surface atoms (see Fig. 1).

Although a large number of studies with theoretical
predictions for phosphorene have been published recently
[9,11,14,15,21], the experimental results reported use, in
general, bulk BP samples [17,20,22,23] or few layers obtained
by exfoliation [7,24,25]. The efficient production of a phos-
phorene single layer with its atomic structure and orientation
characterized is still a technological challenge [4]. Recently,
published works have demonstrated that the electrical and
thermal properties of the single layer are spatially in-plane
anisotropic [16,17,21], and therefore it is fundamental to know
the crystallographic orientation of the BP when inserted into a
device in order to take advantage of these properties [24].

Despite the difficulty and challenge in the characterization
of the atomic structure of an isolated single layer, the surface of
a single crystal can be a good approximation, since the surface
is a natural break in the perpendicular periodicity. Notwith-
standing, some questions remain; for example, how different
is the distance indicated as b1 in Fig. 1(a) compared to the
bulk? Another question that arises concerns the small buckling
observed in STM images [20]. Does this buckling observed in
STM exist or is it just an electronic artifact of the imaging? In
order to answer these questions, a structural determination
of the BP surface using high-resolution synchrotron-based
photoelectron diffraction (XPD) is extremely appropriate. We
shall stress the importance of such experimental result, since
most of the bulk measurements were done under atmospheric
conditions, and STM is not very precise in determining
interlayer distances. Moreover, most of the electronic results
already predicted are based on models which assume the bulk
structure. Surface relaxation or reconstruction, for instance
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FIG. 1. Schematic illustration of the BP atomic structure: (a) Side
view (bc plane), which shows three bilayers (or three phosphorene
layers). The P atoms are shown in different gray scales for clarity.
(b) Top view (ac plane), which shows two bilayers and the in-plane
unit cell. (c) Nearest-neighbor distances and bond angles for the
surface phosphorene layer. There are two distinct d2 and α2 due to
the buckling, as explained in the text.

showing a buckling behavior for different P atoms at the
surface, might have an impact in the calculated results for the
electronic structure. Therefore, an experimental input from a
very precise surface structure determination is needed for a
complete understanding of the material, and the results are
presented in the following.

The angle-scanned XPD experiments were carried out at
the Plane Grating Monochromator beam line of the Brazilian
Synchrotron Light Laboratory (LNLS) [26]. A commercial
BP single crystal (HQ Graphene) was cleaved in high vac-
uum, P = 3×10−7 mbar, using a scotch tape and transferred
immediately (few seconds) to the analysis chamber with the
pressure maintained below 1×10−10 mbar during the whole
photoemission measurements and sample at room temperature
(RT). It is possible to observe, from the low-energy electron
diffraction (LEED) pattern [top left of Fig. 2(a)], the quality
of the crystal composed of a single domain with well-defined
spots and the absence of diffuse background. Figure 2(a) also
shows one of the 2760 high-resolution x-ray photoelectron
spectroscopy (XPS) spectra, which were used to construct
the diffraction pattern presented in Fig. 2(b). The P 2p core
level was probed with 350 eV photons, which results in
photoelectrons with a kinetic energy of ∼220 eV. We also mea-
sured XPS spectra with higher photon energy (hν = 650 eV),
which showed negligible contamination of other elements, for
instance, carbon or oxygen, as shown in Fig. 3. The inset of
Fig. 3 also presents a high-resolution XPS spectrum for the P
2p core level measured with hν = 200 eV. The existence of
a single component for P 2p with the characteristic doublet

FIG. 2. (a) P 2p core-level spectrum recorded at polar and az-
imuth angles of � = 36◦ and � = 78◦, respectively. The continuous
black line represents the fitting envelope consisting of the 2p1/2

and 2p3/2 components. The open dots are the experimental data.
The inset shows a LEED pattern measured with 90 eV electron
energy. (b) Experimental photoelectron diffraction pattern. The main
crystallographic directions are shown. (c) Simulated photoelectron
diffraction pattern. The patterns are orthographic projections.

FIG. 3. Survey spectrum recorded at normal emission and
hν = 650 eV. The inset shows a high-resolution P 2p core-level
spectrum recorded at normal emission and hν = 200 eV.
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FIG. 4. (a) Heat map of the R factor as a function of the lattice parameters a and c. (b) Heat map of the R factor as a function of the b1

distance and the buckling. (c) R-factor dependence with the b2 distance. The distances are indicated in Fig. 1.

P 2p3/2 at 130.06 eV and P 2p1/2 at 130.92 eV is clearly
demonstrated. The spectrum was fitted using a Doniach-Sunjic
line shape with asymmetry parameter α = 0.004 resulting in
a Lorentzian FWHM of 0.08 eV and instrumental Gaussian
broadening of 0.23 eV (FWHM), in perfect agreement with the
literature [23]. Therefore, the P atoms in the surface structure
present only one chemical environment (P-P bonds), which is
consistent with a pristine BP.

The photoelectron diffraction pattern was recorded over
a polar angle range of 3 � � � 69◦, and over a full 360◦
azimuthal range (�), in steps of 3◦ for both angles and with
photons of 350 eV. The polar angle � = 0◦ corresponds
to normal emission. Figure 2(b) shows the experimental
photoelectron diffraction pattern. Each point in the pattern
corresponds to the summed area of the 2p1/2 and 2p3/2

components in Fig. 2(a), with the intensity modulation related
to the atomic structure around the emitter atom. It is worth
mentioning that the peak positions and linewidth used to fit
all the 2760 spectra in the XPD experiment were kept the
same, thus revealing no beam damage or contamination during
the whole experiment. The diffraction pattern of Fig. 2(c)
was obtained from multiple scattering calculations with the
MSCD package [27], allowing a maximum of eight scattering
events in a 245-atom cluster. The simulated pattern was
obtained after a relaxation process of the atomic structure
using a method based on the genetic algorithm [28]. The
structure is determined in a search process for the best set of
parameters that describes the agreement between theory and
experiment through minimization of the reliability factor (R
factor), as described elsewhere [29]. After obtaining the best
structure, some structural parameters were varied around their
best values in order to assess whether these changes actually
produce significant changes in the value of R factor and also
to estimate the errors associated with these parameters. The
error associated with the parameters was determined using the
procedure reported in the literature [30,31].

As a starting model for the atomic structure of the BP
surface, the structure expected for the bulk was used. We
used the lattice parameters of the orthorhombic structure,
a = 3.313 Å, b = 10.473 Å, and c = 4.374 Å, as reported by
Cartz et al. [19]. The R factor obtained with these parameters
is 0.083, which is a good result and indicates that the expected
structure for the surface should not differ substantially from
that observed for the bulk, in agreement with the conclusions

obtained by another study [20]. We will use the lattice
parameters cited earlier as reference values to compare our
XPD results throughout the text.

In order to refine the surface atomic structure, the structure
was relaxed searching for small variations compared to the
bulk, as already mentioned. Figure 4(a) shows a heat map of the
R factor as a function of the in-plane lattice parameters. From
the map, it is possible to observe a well-defined minimum, with
the best values of a = 3.27(4) Å and c = 4.34(6) Å. The values
obtained by Zhang et al. with STM [20] were a = 3.33 Å and
c = 4.33 Å. Therefore, the value obtained using XPD for the
in-plane lattice parameter c is in excellent agreement with the
results of STM, and both are slightly compressed compared
to the value obtained for the bulk. For the lattice parameter a,
the value obtained using XPD is also slightly lower than that
obtained for the bulk and differs by only 1.8% from the value
obtained using STM.

In the following will be presented the values obtained for the
distances parallel to the direction [010], that is, perpendicular
to the surface. It is worth noting that the kinetic energy of the
photoelectron is about 220 eV, which results in an inelastic
mean free path of ∼8 Å [32]. This value is smaller than the
lattice parameter b, which highlights the surface character
of the structure determination presented here. Basically, the
probed distances were only the first b1 and b2 distances, as
shown in Fig. 1.

The other structural parameter analyzed is what we have
called buckling. In the previously cited STM work by
Zhang [20], a slight relaxation perpendicular to the surface
was observed, resulting in a height difference (buckling) of
0.02 Å between P1 and P2 atoms, indicated in Fig. 1. The
photoelectron diffraction technique has been successfully used
to determine and quantify the buckling that exists in the buffer
layer obtained on the surface of SiC(0001) [33,34] and is
completely adequate to verify the presence or absence of such
a buckling in the BP surface.

Figure 4(b) shows a heat map of the R factor as a function of
the b1 distance and the buckling. The best value obtained for the
b1 parameter was 2.07(8) Å, which indicates that the topmost
bilayer is compressed about 5% compared to the expected
value of 2.17 Å for the bulk. Also a subtle improvement in
the agreement between theory and experiment was observed
when the buckling was included. In this relaxation process, we
included a decoupling between the two rectangular sublattices
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TABLE I. Lattice parameters, nearest-neighbor distances, and
bond angles measured using NPD [19], STM [20], and XPD (this
work). The parameter b/2 is defined as the sum b1 + b2 + buckling
for the XPD.

Parameter NPD STM XPD

a (Å) 3.313 3.33 3.27
b/2 (Å) 5.2365 5.35
c (Å) 4.374 4.33 4.34
d1 (Å) 2.222 2.20
d2 (Å) 2.277 2.18(d ′

2)/2.23(d ′′
2 )

α1 (deg) 96.5 96.1
α2 (deg) 101.9 103.6(α′

2)/100.9(α′′
2 )

formed by the atoms P1 and P2, allowing each sublattice to
move vertically and independently. The buckling was included
only in the topmost atoms of the surface bilayer. The best value
obtained for the buckling was 0.05(5) Å, which is larger than
the value obtained in the STM study, but within the expected
value if we take into account the experimental error. In fact,
a lower sensitivity to the perpendicular distances compared
to the in-plane distances was observed; as a result, there is
a higher uncertainty for the perpendicular distances probed.
This is made clear by the presence of several local minima
on the heat map of Fig. 4(b), in contrast to the behavior
observed in the heat map of Fig. 4(a). However, the variation
of the R factor as a function of the buckling along the vertical
dotted line in Fig. 4(b) shows a clear trend of improvement
when the buckling is taken into account. The existence of this
small buckling confirms the observed contrast in STM images
between the two rectangular sublattices of the surface. As
argued by Zhang et al. [20], this small variation in height is
enough to observe an apparent discrimination of the electronic
structure probed by STM. We observed no difference in the
choice of which P1 or P2 atom is located close to/far from
the inner layers, as expected. Furthermore, the definition of
the distance b1 is related to the sublattice closer to the inner
layers.

Finally, Fig. 4(c) shows the dependence of the R factor
with the b2 distance. In this case, to obtain higher sensitivity,
only the polar angles measured in the range 3 � � � 36◦
were used, since the photoelectrons emitted in these directions
are those which carry more information from the deeper
layers. The value obtained for b2 was 3.23 Å, which is ∼5%
greater than the expected bulk value (3.07 Å). However,
a more recent study using scanning transmission electron
microscopy (STEM) [25] reported a value of 5.4 Å for b/2,

in excellent agreement with our result of 5.35(10) Å for the
sum b1 + b2 + buckling. This shows that despite the symmetry
breaking in the direction [010] imposed by the surface, there
are no large relaxations in perpendicular distances compared to
the values usually obtained for the bulk. Because of the already
weak interaction of the van der Waals type, the surface presents
basically the same distances between atoms from those found
deeper in the material.

Nevertheless, we can more carefully analyze the contraction
of the b1 distance and the buckling. As already mentioned,
within the phosphorene layer, each atom is covalently bonded
to three neighbours, with two bonds connecting the nearest P
atoms in the same plane (d1), and the third bond connecting
P atoms between the top and bottom of the phosphorene
layer (d2); see Fig. 1(c). However, as reported by Morita
[6], the in-plane distance is slightly smaller than the out-of-
plane distance, d1 = 2.222 Å and d2 = 2.277 Å, respectively.
Results reported by Brown et al. [5] show a smaller difference
between the distances: 2.224 Å and 2.244 Å, respectively. Our
obtained XPD results were d1 = 2.20(5) Å, d ′

2 = 2.18(8) Å,
and d ′′

2 = 2.23(8) Å. There are two different distances for d2

due to the buckling. Thus, in the phosphorene surface layer,
the average distance between neighboring atoms in different
planes (∼2.20 Å) is very close to the distances between the
neighboring atoms in the same plane (2.20 Å), which indicates
a uniformity in the size of the sp3 bonds. Table I summarize
the results presented.

To summarize, the XPD results show that despite the
perpendicular symmetry breaking imposed by the surface,
the structure of the top phosphorene layer is very similar
to that expected for the bulk, probably due to the already
weak interaction between the bilayers. However, our results
show that the top phosphorene layer in the BP is slightly
displaced compared to its bulk structure [19] and presents a
small contraction in the direction perpendicular to the surface.
Furthermore, a small buckling among the surface atoms is
observed, in agreement with results previously reported by
STM [20]. The contraction of the surface phosphorene together
with the buckling indicate a uniformity in the size of the sp3

bonds between the P atoms on the surface.
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