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Anisotropic ultraviolet-plasmon dispersion in black
phosphorus+t

Giuseppe Nicotra,*}* Edo van Veen, 1> loannis Deretzis, ©? Lin Wang,®* Jin Hu,"*?
Zhigiang Mao," Vito Fabio,' Corrado Spinella,® Gennaro Chiarello,*
Alexander Rudenko,*< Shengjun Yuan*®€ and Antonio Politano {2 %

By means of momentum-resolved electron energy loss spectroscopy (EELS) coupled with scanning trans-
mission electron microscopy, we have studied the dispersion relation of interband plasmonic modes in
the ultraviolet in black phosphorus. We find that the dispersion of the interband plasmons is anisotropic.
Experimental results are reproduced by density functional theory, by taking into account both the an-
isotropy of the single-particle response function, arising from the anisotropic band structure, and the
damping. Moreover, our theoretical model also indicates the presence of low-energy excitations in the
near-infrared that are selectively active in the armchair direction, whose existence has been experi-
mentally validated by high-resolution EELS (HREELS) in reflection mode.

Introduction

Recently, van der Waals semiconductors have attracted great
interest.'” This class of semiconductors are layered materials,
composed by two-dimensional (2D) layers bound by interlayer
van der Waals forces. Contrary to the case of graphene,® the
presence of a bulk band gap favors the achievement of high
ON/OFF ratios in field-effect transistors (FETs) with an active
channel of 2D semiconductors.'® These systems, that comprise
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transition-metal dichalcogenides,"'™** I1I-VI compounds (InSe,
GaSe),""* and black phosphorus (BP),'°*® have higher appli-
cation capabilities compared to graphene. Their layered struc-
ture enables easy exfoliation via micromechanical cleavage'®>°
or in liquid phase.>** Therefore, van der Waals semi-
conductors are suitable candidates for applications in
optoelectronics®*™° and flexible electronics.>”*®

Among van der Waals semiconductors, BP shows charge-
carrier mobility as high as 1000 cm® V™' s (ref. 29) with an
ON/OFF ratio of up to 10°,*° with performances that can even
increase upon modification of pristine BP*' and with potential
application also in catalysis.>* BP is the thermodynamically
more stable phase of elemental phosphorus, at ambient
pressure and temperature’® and it is a narrow-gap semi-
conductor with orthorhombic structure,®® with each layer
forming a puckered surface due to sp® hybridization. Its struc-
tural in-plane anisotropy reflects into strongly anisotropic
transport®® and thermal conductivity.>**° In addition, the
strongly anisotropic band dispersion in the vicinity of the gap
implies anisotropic electronic excitations.”! In BP, the in-plane
static screening remains relatively isotropic for momenta
relevant to elastic long-range scattering processes.*?
Nonetheless, calculations predict that the band non-paraboli-
city leads to highly anisotropic plasmons at mid-infrared
frequencies.***

Anisotropic electronic properties provide an additional
degree of freedom in the design of BP-based optoelectronic
nanodevices. Due to its rather low-energy band gap, the an-
isotropy of optical and electronic properties of BP has been
mainly investigated in the near-infrared (NIR) regime*>™” and
only a few works have addressed optical anisotropy in the

This journal is © The Royal Society of Chemistry 2018
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visible range,**”° while the ultraviolet (UV) part of the electro-
magnetic spectrum has not been examined yet. On the other
hand, many efforts have recently been dedicated to explore
potential applications of plasmon modes in the UV
regime®' > and it has been demonstrated that BP can enable
devising UV photodetectors with photoresponsivity as high as
~9 x 10" AW™'.°° One possible advantage of UV plasmons is
the matching of their high energy with the electronic tran-
sition energy of various biomolecules, thus paving the way for
UV plasmonics,”>”” DNA sensing,*®*® UV absorbers,’® UV
photodetectors,®®> UV imaging.®*

It should be noted that gold and silver are the more com-
monly used materials for plasmonics in the visible range,®
but the imaginary part of their dielectric function assumes
rather higher values in the UV range.®® Therefore, researchers
are searching other materials for UV plasmonics.’*>*%°
However, one of the crucial issues in UV plasmonics is the
limitation of the thickness of native oxide.’* As an example,
the notable efforts for UV plasmonics based on AlI>***®” have
given elusive practical results, since Al suffers the formation of
a native oxide layer 3-6 nm thick.®® Conversely, a stable sub-
nanometer (~0.4 nm) layer of P,O5 forms at the surface of BP
exposed to air.® Strikingly, the interaction with ambient atmo-
sphere induces only nearly insignificant energy shift (<0.1 eV)
in core levels of P atoms.”® The minimal charge transfer
suggests that the native P,05 oxide layer on-top of BP is suit-
able for passivation or as an interface layer for further dielec-
tric deposition.

The above-mentioned peculiarities make BP a suitable can-
didate for a phosphorus-based UV plasmonics with low cost,
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wide availability, high conductivity,”® mechanical flexibility,”"
and compatibility with complementary metal-oxide semi-
conductor (CMOS) processing.”' Moreover, anisotropic meta-
materials are strongly desired for the intriguing prospect of
scattering-free plasmonic optics’> and for the possibility to
manipulate the polarizations of electromagnetic waves.””

In this work, we report on the anisotropic UV plasmonic
dispersion in BP by means of momentum-resolved electron
energy loss spectroscopy (EELS) at atomic resolution and
density functional theory (DFT). We find that the excitation
spectrum is dominated by an intense mode around 20 eV with
anisotropic dispersion, arising from the anisotropy of band
structure. Our theoretical model also indicates the presence
modes at 0.9 and 2.2 eV, which should be ascribed to single-
particle excitations selectively active in the armchair direction.
The existence of these features in the excitation spectrum has
been validated by high-resolution EELS (HREELS) in
reflection.

Results and discussion

Theoretical model of the excitation spectrum of BP
experimentally probed by EELS

Fig. 1 shows an experimental high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
image of BP along the [001] (panel a) crystallographic direction
in an AB-stacked BP sample, where P atomic column pairs are
directly imaged. The unit cell of BP has an armchair structure
along a and zigzag along b. HAADF-STEM images allow direct

148 A 443A

zigzag

armchair

Fig. 1 Cross-sectional view (HAADF-STEM images) of bulk BP along the [100] (panel a). In the sketch in panel (b), it is represented that BP atoms
are arranged in puckered honeycomb layers, bound together by van der Waals forces. The armchair (a) and zigzag (b) crystal axis are shown in

panel (c).
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determination of the bulk BP lattice parameters, which have
been measured to be @ = 3.31 + 0.03 A, b = 10.62 + 0.03 A and
¢ = 4.34 + 0.05 A (see ESI, Fig. S1t for the identification of
structural parameters). These in-plane lattice parameters agree
with previous calculations’*”® and experimental structural
investigations.”®’” The absence of oxidation is ensured by the
analysis of the surface vibrational spectrum probed by
HREELS (Fig. S4 in the ESIf) and of the L,; absorption edge of
BP (Fig. S5 and S6 in the ESIf).

The low-loss region of EELS spectra (<50 eV) provides infor-
mation on the dielectric properties of materials and its combi-
nation with STEM allows measuring the excitation spectrum
with sub-nanometer spatial resolution. The loss function of
BP, shown in Fig. 2 for a selected momentum of 0.132 A™", is
dominated by an intense peak at ~20 eV, ascribed to a bulk
plasmon of BP, in analogy with previous findings.”®

With the aim to cover also the low-energy region (<3 eV) of
the excitation spectrum, we have acquired HREELS spectra
(with an energy resolution of few meV) in reflection, finding
additional modes at 0.9 and 2.2 eV (black curve in Fig. 3).
These features are well reproduced by the theoretical loss func-
tion (green dots in Fig. 3), calculated using the model dis-
cussed below.

The excitation spectrum probed by EELS contains both col-
lective electronic excitations and single-particle transitions
from an occupied electronic state to an empty one. Therefore,
the inspection of band structure and of the density of states
(DOS) is particularly useful for determining the nature of each
observed mode. Fig. 4 shows the band structure calculated by
DFT and the corresponding DOS. Specifically, Fig. 4 reports
the bands derived from 3s and 3p orbitals of P, with 8 atoms
in the unit cell.

—— experiment, EELS-TEM

Intensity [Arb. Units]

4 8 12 16 20 24 28 32
Energy [eV]

Fig. 2 EELS spectrum of BP, acquired in transmission with a primary
electron beam energy of 200 keV along the armchair direction. The
momentum is 0.132 A%,

21920 | Nanoscale, 2018, 10, 21918-21927

View Article Online

Nanoscale

—— experiment, HREELS
m theory
& :
£ :
-] 1
g I
< ! :
3 : A
1 ! [ |
15 ! gnnmn®
c ! L
— 1 mE
..Illll...
I..
I-..-
IIIII|IIII|IIII|IIII|IIII|IIII|
0.0 1.0 2.0 3.0
Energy [eV]

Fig. 3 Low-energy excitation spectrum of BP probed by reflection
HREELS (black curve), by collecting electrons inelastically scattered by
the BP surface. The green dots represent theoretical data.

We have evaluated the dielectric function in the plane-wave
basis, which is given by:”
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Here, the factor g = 2 is due to spin degeneracy, £ is the
unit cell area, f; is the Fermi-Dirac distribution, |y;) is an
eigenstate with energy E,x, and y is the damping term, which
is typically proportional to the imaginary part of the electron
self-energy, y ~ Im[X(w, k)]. Since X(w, k) is unknown within
the single-particle theory, y is assumed to be a phenomenolo-
gical parameter, whose value is determined by the details of
electron scattering. Taking into account the highly anisotropic
character of BP, y could direction-dependent.®® However, for
the purposes of this calculation, we set y = 0.2 eV for both
directions.

In the calculation of the macroscopic dielectric function,
local-field effects are neglected, so that:

e(q, w) ~ e90(q, ®).

The resulting dielectric functions (Fig. 5) indicate the pres-
ence of low-energy (<3 eV) excitations in the armchair direc-

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The top panel shows the Brillouin zone of BP. The energy bands of BP along high-symmetry directions are reported in the left part of the
bottom panel. These bands are computed from a tight-binding model based on DFT calculations. On the bottom right, the corresponding DOS is

reported.

tion, as a consequence of the presence of extra features in the
band structure in this direction.

Dispersion relation of plasmonic modes

According to dielectric theory,*" plasmon modes exist for frequen-
cies w for which Re[e(q, w)] = 0. In the case of BP, Re[e(q, w)] = 0
at ~5 and ~20 eV. The dispersion of the plasmon mode
around 20 eV is shown in Fig. 7. As for the mode at 5 €V, the
imaginary part of the dielectric constant for BP is very large
there, and the lifetime (propagation length) of plasmons at
~5 €V is thus short. Conversely, Im[¢(q, w)] is small in the
deep-UV range, thus allowing the existence of the plasmon
mode at ~20 eV, which predominates the loss function probed
by EELS. Contrariwise, the weak shoulder observed in the
EELS spectrum around 10 eV (see Fig. 2) corresponds to a
single-particle transition from the I'," band, derived from
p. orbitals, whose wave function has alternating signs between
nearest neighbors.®” Similarly, the two features at 0.9 and
2.2 eV are single-particle excitations selectively active in the
armchair direction;®® we cannot however attribute them to
plasmonic modes, due to the fact that the real part of the
dielectric function does not cross zero at those energies and
the corresponding imaginary part is too high.

This journal is © The Royal Society of Chemistry 2018

Finally, the energy loss function L(q, ) (shown in Fig. 6) is
computed following:

Hgy )= —tm L(ql, w)}'

Fig. 8 shows the experimentally obtained momentum-
resolved EELS spectra along the armchair (left panel) and
zigzag (right panel) directions, respectively. In the ESI,} we
also report spectra recorded along the I'-M direction
(Fig. S37).

The energy of the plasmon mode at ~20 eV clearly disperses
with the momentum ¢, while the scarce intensity of the
plasmon at ~10 eV complicates the measurement of its dis-
persion relation. The dispersion relation (Fig. 9), obtained
after having extracted the maxima of plasmon spectra, indi-
cates an anisotropic behavior of plasmon dispersion in the
deep-UV regime.

Overall, the agreement between the theoretical L(g, ) with
experimental data is evident, if we compare Fig. 6 and 7 to
Fig. 8 and 9, respectively.

The dispersion relation has been fitted with a second-order
polynomial, as usually done for bulk plasmons:

E(q) = E(0) + Aq>.
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Fig. 5 Real and imaginary parts of the theoretically calculated dielectric function as a function of frequency for different momenta q in the (left)
armchair and (right) zigzag directions, respectively.
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Fig. 6 Theoretical loss function computed by DFT for the (left) armchair and (right) zigzag directions. The excitation spectrum is dominated by the
intense mode around 20 eV.

where E(0) is the plasmon energy at ¢ = 0. The values obtained ior in 4 is reproduced by theory, albeit qualitatively. In experi-
for T-M, armchair and zigzag directions are reported in ments, the anisotropy is more pronounced, likely due to aniso-
Table 1. From this table, it is clear that the anisotropic behav- tropic scattering of plasmons from impurities, phonons, exci-
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Fig. 7 The theoretically calculated plasmon frequency as a function of
wave-vector g in both directions, given by Rele(qg, w)] = 0.

tons or other scattering sources, that are not included in our
theoretical description.

Any layered material is expected to have plasmons showing
anisotropic dispersion in the in-plane and out-of-plane direc-
tions,® but BP also exhibits an in-plane anisotropic UV-
plasmon dispersion due to its lattice anisotropy in both in-
plane and out-of-plane directions, as it could be expected also
for BP analogues, such as ReS,.*® For the sake of complete-
ness, one should mention that theoretical results also predict
anisotropic in-plane UV-plasmon dispersion even for the case
of AA-stacked graphite,®® but only far from the long-wavelength
limit, where instead UV-plasmon dispersion is isotropic.
Conversely, for BP we observe anisotropy even at small
momenta.

It is also worth noticing that the anisotropic in-plane UV-
plasmon dispersion is expected to occur also for monolayer
BP, as previously predicted by ab initio time-dependent DFT
calculations by Ghosh et al.**

In the experimental results, the long-wavelength limit
(g ~0), the armchair and the zigzag direction have similar

Intensity [Arb. Units]

T T T T 1
5 10 15 20 25 30

Energy [eV]
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plasmon energy, ~19.6 eV, with an energy indetermination
given by energy resolution. However, at higher momenta the
dispersion relations along the three directions deviate from
each other. For g > 0, the plasmon energy in the zigzag direc-
tion is always higher than that one in the armchair direction.
The energy difference AE between the two directions increases
with q, reaching AE = 2.2 €V at ¢ = 0.2 A~". Conversely, in the
case of the low-energy plasmon in the THz range, the armchair
direction is characterized by higher THz plasmon frequency,*?

B armchair ®)
T 25 O zigzag
2, 1 & T' M .
= 24
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Fig. 9 Experimental plasmon dispersion relation in AB-stacked BP.

Table 1 Fit parameters of the plasmon dispersion along the various
directions

Experiment Theory
Direction E(0) [eV] Alev A?] E(0) [eV] Alev A?]
r-M 19.6 + 0.1 185+7 — —
Armchair 19.6 + 0.1 88+6 19.7 100
Zigzag 19.6 + 0.1 154 +5 19.5 107
ZIGZAG

Energy [eV]
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Fig. 8 EELS spectra acquired along the armchair and zigzag directions of AB-stacked BP. In the inset, the intensity map is reported.
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even if this prediction has not been experimentally confirmed
yet.

Materials possessing strong response in the UV spectral
range have application capabilities in medicine, ecology, space
communication, and in military as flame and missile launch-
ing detection. Recent works have already demonstrated the
role of BP with working wavelength from mid-infrared extend-
ing to the UV, and with suppressed dark current by bias
voltage.>® Plasmons, being collective oscillation of charged car-
riers, open a new route toward enhancing the light-matter
interaction. Especially, the existence of UV plasmons in BP
opens the way toward the development of UV plasmonic appli-
cations based on BP. The anisotropy of the plasmonic dis-
persion affords tunability to the device, as previously demon-
strated for THz photodetectors based on BP.*”

To clarify the application capabilities of the intense UV
plasmonic mode at ~20 eV, we introduce a figure of merit, i.e.
the quality factor of the plasmon mode y,(q) = wp(q)/T'x(q),**
where I',(g) is the full-width at half-maximum of the plasmon
peak of energy wp(q). The value obtained for the mode at ~20
eV, ie. 4.8, is higher than that estimated for the n-plasmon in
graphene (by using data in ref. 89), whose application has
been recently proposed for sensors for DNA nucleotides.>
Thus, one can conclude that the technological potential of the
plasmonic excitation at ~20 eV in BP is comparable with that
of n-plasmon in graphene or even higher.

Conclusions

We have explored the broadband excitation spectrum of bulk
BP by means of a combination of EELS-based techniques, also
spatially resolved, and DFT calculations. BP is characterized by
an intense bulk plasmon in the deep-UV regime at ~20 eV,
whose dispersion relation is anisotropic. The anisotropic dis-
persion is reproduced by DFT calculations. The marked aniso-
tropic dispersion of UV-plasmon in BP could enable novel
applications of UV plasmonics based on BP. Especially, the
properties of plasmonic devices based on BP would depend on
the orientation of the BP sample.

Moreover, we reveal the existence of modes at 0.9 and 2.2
eV, which are ascribed to single-particle transitions only active
in the armchair direction.

Methods

Theoretical methods

Calculations were done on the basis of the projected augmen-
ted wave (PAW) method®® in conjunction with the Perdew-
Burke-Ernzerhof (PBE)”' exchange-correlation functional, as
implemented in the Vienna ab initio simulation package
(VASP).”>%* An energy cutoff for the plane-wave expansion was
set to 300 eV and the Brillouin zone was sampled by a (20 x
24 x 8) k-point mesh. The lattice constants and atomic
positions were fully relaxed by keeping the lattice symmetry

21924 | Nanoscale, 2018, 10, 21918-21927
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(point group D,y,). The band gap was manually increased by an
amount of 0.5 eV to fit the experimentally observed plasmon
frequency, so as to correct for DFT band gap underestimation
and finite thickness effects.

Synthesis of BP single crystal

BP single crystal was grown via chemical vapor transport tech-
niques. A mixture of red phosphorus, AuSn, and Snl, powder
with mole ratio 1000:100:1 was sealed into an evacuated
quartz tube. The tube is then placed into a double-zone tube
furnace with temperature set at 600 °C and 500 °C for the hot
and cold end, respectively. Large single crystals can be
obtained after a weeks of transport.

STEM sample preparation

Flakes of black-phosphorus have been exfoliated from its bulk
and embedded in-between pieces of scrap material in order to
create the sandwich for cross-view analysis, which was pre-
pared by standard cross-sectional mechanical polishing.
Successively, Ar" ion milling was carried out with an ion beam
energy of 2.5 keV, which has been finally decreased to 0.1 keV
for polishing.

STEM measurements

Atomic-resolution characterization by TEM was performed
through a probe aberration-corrected JEOL ARM200CEF,
equipped with a Ceos hexapole-type Cs corrector, named
CESCOR, and operated at a primary beam energy of 60 keV
and 200 keV. The electron gun is a cold-field emission gun
with an energy spread of 0.3 eV.

The used installation is capable to deliver a probe size of
0.68 A at 200 kv, and 1.1 A at 60 kV. Images were acquired in
Z-contrast mode, by using the Gatan HAADF detector with a
beam illumination angle of 33 mrad and a collection angle of
100 mrad. To improve the signal-to-noise ratio of the
HAADF-STEM, a low-pass filtering of the images was applied.

Low-loss EELS measurements

A fully loaded GIF Quantum ER as EELS spectrometer was
used for the EELS measurements, and both low and core-loss
EELS spectra were nearly simultaneously acquired by using the
DualEELS capability through Gatan Digital Micrograph acqui-
sition software, which also allows the accurate alignment and
energy calibration of EELS spectra. The use of Fourier logarith-
mic deconvolution on a full spectrum obtained by splicing
together low- and core-loss EELS allows removing thickness-
related plural scattering.”® The voltage to acquire the low-loss
EELS is 200 keV, the convergence semi-angle is 0 mrad (paral-
lel beam), and the collection semi-angle is 5 mrad.

Q-resolved EELS (q-EELS) measurements

All  momentum-resolved electron energy-loss (q-EELS)
measurements with TEM were performed at 200 kV under
diffraction mode, with parallel beam illumination. The EELS
spectrometer was set to 0.05 eV dispersion, yielding an energy
resolution of 0.65 eV. Such an energy resolution is sufficient to

This journal is © The Royal Society of Chemistry 2018
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reveal different features in the low-loss region of the spectra.
Acquisition was carried out with a fixed exposure time of
0.4 s. All experiments have been carried out at room
temperature.

HREELS

HREELS experiments in the low-energy region were carried
out by using a Delta 0.5 spectrometer by SPECS GmbH at
University of Calabria, Italy. The experimental resolution is
0.003 eV. The primary electron beam energy is 20 eV. HREELS
experiments have been carried out at room temperature with
incidence and scattering angles fixed at 55° with respect to the
sample normal.
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