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ABSTRACT: Tailoring photonics for monolithic integration beyond the diffraction limit opens a new era of nanoscale
electronic-photonic systems, including graphene plasmonics which exhibits low level of losses and high degree of spatial
confinement. Limited to its isotropic optical conductivity, searching for new plasmonic building blocks which offer tunability and
design flexibility beyond graphene is becoming quite crucial for next-generation optoelectronic device. Here, motivated by the
recent emergence of a new 2D material, we develop a mid-infrared (mid-IR) metasurface by nanostructuring a thin layer of black
phosphorus carbide (b-PC) and realize efficient excitation of hybrid plasmon mode at deep subwavelength-scale. Far-field
infrared spectroscopy demonstrates that the hybrid plasmon mode displays an anticrossing behavior of two splitting optical
modes, which can be attributed to the Fano resonance between plasmons and IR-active optical phonons in b-PC. Significantly, it
further presents a strong anisotropic behavior along different crystal orientations, which arises from its peculiar puckered lattice
structure with two clearly distinguishable axes. The results illustrate that anisotropic b-PC plasmon not only represents an
important advance in subwavelength optoelectronics, but also provides a viable platform for hyperbolic metamaterials, bringing
widespread applications into biosensors, single-photon source, nanoantenna, and subwavelength resolution imaging.
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Nanoscale light—matter interaction through a plethora of
dipole-type excitations has been widely studied in two-
dimensional (2D) layered materials.' In graphene, highly
confined and electrically tunable hybrid modes, that is, surface
plasmon-polaritons (SPPs) or hybrid plasmon-phonon-polar-
itons (HPPPs), have stimulated considerable research efforts,
including tunable terahertz metamaterials,” plasmonic wave-
guides,3 ultrasensitive photodetector,4 and mid-infrared bio-
sensing.”® Motivated by these advancements, great efforts have
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been devoted to discovering and exploring new plasmonic
effects beyond graphene, particularly, black phosphorus (b-P).
Several theoretical works have already demonstrated that the
optical conductivity and collective electronic excitations may
exhibit a strong anisotropy in such a system.””” However, to
the best of our knowledge, except for the near-field optical
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Figure 1. Synthesis and material characterization of b-PC. (a) Schematic diagram describing the synthesis of b-PC via carbon doping on b-P. Inset:
the structural geometry of a-phase of b-PC, including top view, side view (along armchair and zigzag direction), and the Brillouin zone. The lattice
unit is marked by the black dotted line, a, (8.68 A) and a, (2.92 A) are the lattice constants along x- and y-direction, respectively. (b1) HAADF-
STEM image of AL,O;/b-PC/SiO,. (b2) The magnified HR-TEM image collected from the labeled area in (b1). (b3—b6) EDX elemental mapping
of the Al,0,;/b-PC/SiO, cross-section, and (c) corresponding EDX line profiles (along the direction of dotted arrow in b2) for Al (cyan), O (green),
P (yellow), and C (red) elements. (d) Angle-resolved DC mobility along the six directions and circles of the same color corresponds to the
directions indicated by the arrows in the inset. Inset: an optical micrograph of b-PC flake with a thickness of around 20 nm. A total of 12 electrodes
(5 nm Ti/60 nm Au) were fabricated on the same flake spaced at an angle of 30°.

imaging of plasmons in b-P'" and SiO,/b-P/SiO, hetero-
structure,'’ the fundamental behavior of anisotropic plasmon
resonance is rarely studied in experiment, and the design of
plasmonic metamaterials using patterned b-P nanostructures
has not been explored. Determined by its plasmonic Drude
weight,7 the challenge still remains for far-field optical imaging
of intrinsic b-P plasmons because of its larger effective mass of
electrons/holes and insufficient carrier densities compared to
the semimetallic graphene.

As one of the emerging classes of 2D materials, black
phosphorus carbide (b-PC), a compound analogue of graphene
and phosphorene, has a buckled honeycomb lattice. Its highly
anisotropic band structure and finite bandgap make it a
potential candidate for future generations of electronics/
optoelectronics.'” Recently, Tan et al. reported a high-
performance composite few-layer b-PC field-effect transistor
fabricated via a novel carbon doping technique. A high hole
mobility is achieved at room temperature due to the small
effective mass of the electrons/holes in b-PC, which is
predicted to have one of the lightest electrons/holes among
all known 2D materials.'”> According to the structural
similarities that exist between graphene and b-P, the following
intriguing questions arise: is it possible for b-PC to serve as a
promising plasmonic material for manipulating electromagnetic
(EM) signals at the deep-subwavelength scale? If yes, is there
any opportunity to incorporate the anisotropic band dispersion
of b-PC into the lattice-orientation-dependence for intrinsic
plasmons?

In this work, we perform the far-field optical characterization
of few-layer b-PC nanoribbon arrays at mid-infrared (mid-IR)
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spectrum, revealing a new HPPP mode which arises from both
phonon-like and plasmon-like characteristics. HPPP excitation
is evidently identified by IR transmission spectroscopy, with the
resonant frequency tuned in situ, through electrostatic doping
or nanoribbon width. The new HPPP mode is explained by the
coupling between collective electron oscillations and the IR-
active optical phonon vibrations in few-layer b-PC with AB
stacking configuration. More remarkably, in contrast to the
isotropic plasmon—phonon interactions in graphene-based van
der Waals heterostructures,'”"® the HPPP mode in b-PC
nanoribbon strongly disperses along different lattice orienta-
tions due to its in-plane electronic mass anisotropy,
demonstrating a prominent redshift of plasmon frequency
from armchair to zigzag direction. Furthermore, the exper-
imental results show excellent agreement with numerical
calculations using random phase approximation (RPA) theory
and finite element method (FEM). The proposed implementa-
tion based on b-PC nanoribbons exploits the intrinsic in-plane
anisotropy of this material to realize the functionality of its
plasmons and demonstrate important advantage over isotropic
2D materials like graphene, eventually hinting at enormous
potential for future applications such as ultrafast plasmonic
circuits,'® planar hyperlens,'”” and optical communication
systems.18

The synthesis of the b-PC via carbon doping technique is
briefly described in Figure 1. The b-P flake (purity 99.998%,
Smart Element) is mechanically exfoliated onto a lightly doped
SiO, (90 nm)/Si substrate and immediately transferred into the
atomic layer deposition (Savannah ALD) chamber. First,
trimethylaluminum (TMA), that is, Al,(CH;)s precursor is
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Figure 2. Micro-Raman spectroscopic characterization of few-layer b-PC flake. (a) Raman spectra of b-PC, showing four major regimes labeled by
different colors, including P—P bond (purple), Si—Si bond (green), P—C bond (orange), and C—C bond regimes (yellow). Inset: a mid-IR
transmission spectrum of b-PC on SiO, normalized relative to transmission through the SiO,/Si substrate. (b) The phonon dispersion and phonon
density of states calculated for bulk b-PC using DFPT along the high symmetry directions in the first Brillouin zone. (c) Illustration of atomic
displacements for '—point phonon mode of 1510 cm™" in b-PC with AB stacking configuration. Purple and gray circles represent the P and C atoms,
respectively. Black lines denote the relative position of carbon atoms from neighboring two layers. The dotted line box shows the side view and top
view of AB-stacked b-PC are marked by the dotted line and ¢ (10.763 A) denotes the distance between two neighboring layers.

repeatedly pulsed and purged under a chamber temperature of
120 °C and a pressure of 0.3 Torr, leading to the dissociation of
TMA dimers into monomers (Al(CH,);; Step I). Then, the
chamber temperature is increased to 200 °C and subsequently
caused one of the methyl groups in the Al(CHj,); to react with
a hydrogen on another methyl group, liberating methane, CH,
as a free radical (Step IT). With the release of CH,, there is now
a free radical CH, available to break the phosphorus—
phosphorus (P—P) bonds in b-P and allow the carbon atom
in CH, to form the phosphorus—carbon (P—C) bonds (Step
III). Finally, the TMA is repeatedly purged again with H,0
together to form an overlying Al,O; passivation layer (Steps IV
and V). According to previous works, it implies that different
phases of P,C,_, monolayer are possible to be synthesized in
experiment.'” Among them, the stoichiometric monolayers (x
= 0.5) are predicted to be more stable configurations, including
a-, -, and y-phases.” Inspired from previous works,'”'” the
semiconducting a-phase, which is the lowest-energy phase of b-
PC, is represented in this work. As shown in Figure 1, the a-
phase of b-PC monolayer has a puckered surface in hexagonal
networks, consisting of C and P atoms bonding with three
nearest neighbors though sp? and sp® hybridization, respec-
tively. The cross-section high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of
synthesized b-PC flake is presented in Figure 1bl. Figure 1b2
shows the high-resolution transmission electron microscopy
(HR-TEM) image collected from the labeled area (Figure 1b1)
and it characterizes the vertical alignment of different layers,
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clearly demonstrating the boundaries of crystalline few-layer b-
PC sandwiched by the top Al,O; passivation layer and bottom
SiO, substrate. STEM energy-dispersive X-ray spectroscopy
(EDX) elemental mapping (Figure 1b3—b6) reveals the spatial
distributions of Al, O, P, and C elements, confirming that the
contrasts in Figure 1b2 are a result from the variation of
chemical compositions. The corresponding line profile
extracted from EDX mapping is displayed in Figure lc and it
is found that the peak of C atomic concentration locates around
the b-PC and slowly decreases along b-PC thickness toward the
b-PC/SiO, interface. Similar to b-P, the puckered structure also
endows b-PC a highly anisotropic behavior at I point of
reciprocal lattice (inset in Figure la), with in-plane armchair
along the x-direction and zigzag along the y-direction. Angle-
resolved DC mobility measurements further validate its in-
plane electronic mass anisotropy in b-PC. In this experiment,
12 electrodes (5 nm Ti/60 nm Au) were fabricated on the same
flake spaced at an angle of 30° along the directions as shown in
the inset of Figure 1d. The 0° reference direction was selected
arbitrarily. These DC mobility measurements were performed
by applying electrical field across each pair of diagonally
positioned electrodes at 180° apart and the results were plotted
in polar coordinates in Figure 1d. The directional dependence
of mobility in an anisotropic b-PC is fitted by the equation (red
dotted curve): yg = 1, cos*(0 — ) + p, sin*(6 — ¢p), where p,
and p, refer to the mobility of b-PC along x- and y-directions,
respectively. 0 is the angle with respective to the 0° reference
direction and ¢ = —6° gives the best fit for the measurement.
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Figure 3. Schematic diagram for mid-IR transmission measurement of back-gated b-PC nanoribbon arrays by FTIR microscopy. (a) The excitation
light is broadband and polarized perpendicular to the b-PC nanoribbons. The b-PC sheet is grounded though Ti (S nm)/Au (60 nm) that serves as
source-drain contacts, allowing for in situ measurement of the b-PC electrical current. (b1) and (b2) SEM image of a typical array of 80 and 60 nm
b-PC nanoribbons. (¢) Room temperature transfer characteristic, I;—V,, curve of b-PC nanoribbon transistor, showing a bottom in the drain current
at the CNP (charge neutral point). (d) Width dependence of optical transmission through b-PC ribbon with Vg = —40 V. The width is varied from
50 to 110 nm. (e) Gate-induced modulation of transmission through 80 nm wide b-PC nanoribbon, with back-gate voltage from +5 V to —60 V. All
of transmission spectra were normalized to the one obtained at the CNP.

Figure 2a shows the Raman spectrum of b-PC in back-
scattering configuration (Alpha 300R). The wavelength of laser
is 532 nm and the spot size is &1 pgm. According to the lattice
structure of b-PC, several different bonds may exist and
therefore we divide its Raman spectrum into three major
regimes, including P—P, P—C, and C—C bond regimes.
Specifically, three peaks including 352, 434, and 463 cm™,
which correspond to homoatomic P—P bond remain similar to
the characteristic peaks from b-P, except for a slight redshift.
Two prominent phonon modes at 673 and 758 cm™' are
indicative of the P—C bond, based on the theoretical
calculations (670—780 cm™') reported in the literature.*’
Another peak of 1510 cm™, which is close to the G mode of
graphite around 1580 cm™, can be attributed to the bond
stretching motion of the pairs of C sp” atoms in b-PC, as shown
in Figure 2c. Comparing with the G mode of graphite, the b-PC
peak shifts to lower wavenumber due to the 7-p* conjugation,
thus suggesting the formation of P—C bonds.”' Among the
various stacking possibilities of few-layer b-PC, previous works
reported that the most stable configuration is AB stacking with
a half-lattice shift of a,/2 along a, direction (Figure 20).
Figure 2b presents the phonon dispersion for AB-stacked bulk
b-PC, calculated by density functional perturbation theory
(DFPT) along the high symmetry directions in the first
Brillouin zone (see the Section 1 in Supporting Information).
Previous work confirms that the maximum vibrational
frequency around 1510 cm™" for the optical branch of b-PC
is associated with C atoms and is consistent with our calculated
phonon densitzr of states (phDOS) affirming a high strength of
C—C bonds."* Moreover, an IR microscope coupled to a
Fourier transform infrared spectrometer (FTIR) was used to
measure the transmission spectrum of b-PC on SiO, and
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normalized relative to transmission through the SiO,/Si
substrate (in the inset of Figure 2a). Noticeably, the b-PC
spectrum is flat except for a narrow peak that occurs at around
1510 cm™, which has not been reported before. In fact, the AB
stacking configuration of b-PC leads to the breaking of
inversion symmetry, therefore inducing a net macroscopic
dipole moment of C—C sp” bond stretching motion.

In order to achieve strong mid-IR plasmon excitation, we
fabricated the periodic b-PC nanoribbon arrays (with thickness
of ~18 nm), as illustrated in Figure 3a (not to scale). For the
investigation of principal plasmon behavior in b-PC, all of
nanoribbon widths were fabricated along the armchair direction
and the lattice-orientation-dependence for plasmons would be
discussed in the following part. Using this process, we were able
to fabricate armchair-oriented b-PC with ribbon width ranging
from 50 to 110 nm (see the Supporting Information for
details). In order to eliminate the ribbon-to-ribbon coupling
effect, the b-PC nanoribbons were electronically continuous
with a width to gap ratio of 1:1.5,”* as shown in the scanning
electron microscopy (FEI Verios 460 SEM) image in Figure
3b1,b2. Figure 3c displays a typical gate-dependent I-V curve
for our device. The bottom in the I-V curve corresponds to the
charge neutral point (CNP) of the b-PC, when the Fermi level
aligns with middle of bandgap and the carrier density is
minimized. The b-PC at zero gate voltage is found to be highly
p-type doped and this can be ascribed to both defects™ and
carbon doping effect.”

Next, the device was then placed in a FTIR microscope and
measured in transmission mode with incident light polarized
perpendicular to b-PC nanoribbon. The extinction spectra are
given by the normalized transmission spectra T relative to the
one at the CNP (Tcyp) as 1 — T/Tenp. Figure 3d presents the
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Figure 4. Schematics of mechanism responsible for the plasmon—phonon coupling in b-PC ribbon. (a) Phenomenological model of two coupled
classical oscillators with a series of coupling strength and best performance can be obtained using coupling strength of 350 cm™ to fit the extinction
spectrum of b-PC nanoribbon array with W = 50 nm. The inset depicts the coupled oscillator mode scheme which is discussed in detail in the
Supporting Information. (b) Schematic diagram to explain the physical mechanism behind the plasmon—phonon coupling in b-PC ribbon. (c)
Plasmon frequency as a function of wavenumber for peaks 1 and 2. The experimental results are extracted from Figure 3d (purple and blue square
dots for peaks 1 and 2, respectively). The calculated dispersion relation is represented by the loss function and is plotted as a 2D pseudocolor

background.

extinction spectra of b-PC nanoribbon arrays with ribbon width
(W) from S0 to 110 nm, while the gate voltage is biased at —40
V. Two prominent resonance peaks within our measured
frequency range of interest (1250—2000 cm™') are revealed,
which includes a sharp resonance around the optical phonon
mode 1510 cm™ (wop) and another broader peak. Analogous
to the HPPP in graphene,”* we can identify three key trends in
the spectra. The first is dispersion: both of the peaks blueshift
as W decreases, but at very different rates. In particular, peak 2
disperses to higher frequencies at a much faster rate. The
second trend is line width: both line widths of peak 1 and peak
2 increase with decreasing W. The line width is directly related
to plasmon damping and its damping effect may increase as W
decreases, indicative of more carrier scattering at the edges of
ribbon.”® The third trend is an anticrossing behavior of the
spectral weight, which reveals a relative shift of peak 1
transferred to peak 2 as W decreases. To better understand the
origin of these two features, we further studied the dependence
of transmission spectra on carrier density tuned in situ by
electrostatic doping. Figure 3d shows a series of spectra taken
in this manner from 80 nm b-PC nanoribbons. As gate voltage
is increased, more carriers are added to the b-PC nanoribbon
and the two peaks both increase in intensity and shift to higher
frequencies, reaching 1514 and 1710 cm™', respectively. The
carrier density in b-PC nanoribbon was displayed in Figure S2b
(see Section S in the Supporting Information). Based on the
previous work,” the plasmon resonance frequency for 2D
materials is determined by Fermi level E; and wavevector g via

the equation w, = \e’Epq/ (2nh’e,e,), where e denotes the

elementary unit and &, and ¢, present the dielectric constant for
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vacuum and plasmonic material. It demonstrates that when the
Fermi level increase, it leads the more carriers to participate
into the collective oscillation of plasmons and therefore the
blue-shift of both plasmon resonance frequencies. It should be
noted that the energy of peak 2 demonstrates a stronger
dependence of carrier density as compared to that of peak 1.
For a general understanding of the two observed peaks in
experiment, we use a phenomenological model of two coupled
classical oscillators to fit the observed transmission spectra, as
shown in Figure 4a (see the Supporting Information for
details). As a consequence of the coupling effect, the spectrum
is not a simple superposition of Lorentzian line shapes from
both individual oscillators, but rather a distinctly asymmetric
shape with a sharp transparency window in a broad absorption
profile, demonstrating a typical character of Fano resonance.”®
Fano resonance is related to the presence of discrete states, that
is, IR-active optical phonons in this case, interacting coherently
with a broad continuum, that is, plasmon excitation in b-PC
nanoribbon. As schematically shown in Figure 4b, the broken
inversion symmetry in AB-stacked b-PC nanoribbon leads to a
net phonon-induced dipole per unit cell, therefore enabling
coherent interactions between collective electrons oscillations
(marked by black solid arrows) and lattice vibration modes
(marked by black dotted arrows). The best fitted response can
be obtained, using a coupling strength of 350 cm™! between the
plasmon mode and the phonon mode. To get a quantitative
analysis of the proposed physical mechanism, we further
studied the HPPP mode in the framework of generalized RPA

theory and calculated the loss function F[1/ep ], defined as

the imaginary part of the inverse dielectric function, which
represents the ability of the system to dissipate energy via
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Figure 5. Lattice-orientation-dependence of HPPP behavior in b-PC nanoribbon arrays. (a) Lattice-orientation-dependent modulation of
transmission through 80 nm wide b-PC nanoribbon array, with back-gate voltage of —60 V. All of these transmission spectra were normalized to the
one obtained at the CNP. (b) Plasmon frequency as a function of lattice orientation for peaks 1 and 2. The experimental results were extracted from
(a) (purple and blue square dots for peaks 1 and 2, respectively). The calculated dispersion relation is represented by the loss function and it is
plotted as a 2D pseudocolor background. The frequencies of optical mode are marked as horizontal black botted line. (c) Polar intensity plot of
plasmon resonance from armchair to zigzag directions and calculated total electric field intensity (IE*) for b-PC nanoribbon along armchair and

zigzag directions using FEM.

plasmon excitations (see the Section 2 in Supporting
Information)." In a similar fashion of graphene ribbons, we
introduce an effective ribbon width defined as W, = W — W,,
where W, presents the electrically inactive width caused by the
atomic-scale defects or complicated edge chemistry.”” Figure 4c
displays the calculated RPA loss spectra as a function of g = 7/
W, (assuming W, 15 nm) interacting with the phonon
resonant frequency @,, and excellent agreement was achieved
with experimentally observed plasmon—phonon dispersion
collected from Figure 3d. The dashed line represents the
plasmon frequency without considering plasmon—phonon
hybridization and it can be simply denoted by the scaling law
w, « /q predicted by the theory.” Here, a comparison

between the model and experimental data shows clear evidence
of splitting of plasmon dispersion due to the hybridization of
the plasmon mode with the IR-active optical phonon in b-PC.
Similar to HPPP modes in bilayer graphene,'”*” the intensity of
the two peaks changes with the carrier density in b-PC, roughly
indicating the characteristics of each hybrid mode, that is,
phonon-like mode for peak 1 and plasmon-like mode for peak
2. It describes well the evolution of the plasmon and phonon
resonances as they approach each other, evolving from
separated resonances to the Fano-like asymmetric spectral
line shapes, and eventually an induced splitting of dispersion
when their resonant frequencies coincide at @,

Since b-PC exhibits anisotropic mobilities along different
crystallographic axes, it is naturally anticipated to observe the
lattice-orientation-dependent HPPP behavior in b-PC nano-
ribbon arrays, that is, from armchair to zigzag direction. In
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order to eliminate the ribbon configuration induced optical
anisotropy, all of these nanoribbons were fabricated with the
same width of 80 nm and the incident light polarization was
always maintained perpendicularly to b-PC nanoribbons for
each angle. To reveal this relationship, we measured the
transmission spectra of b-PC nanoribbons oriented from 0°
(defined along the armchair direction) to 180° spaced at an
angle of 30° and a prominent periodic variation feature was
demonstrated in angle-resolve behavior of HPPP mode, as
shown in Figure Sa. Note that the transmission spectra from
60° to 120°, their phonon-like branches cannot be detected as
limited to our available measurement scale (limited by
minimum wavevector of 1250 cm™) and their behavior can
be validated by following calculation results in Figure Sb.
Specifically, when the b-PC nanoribbons vary from 0° to
(armchair direction) 90° (zigzag direction), both of the peaks
show a redshift of resonance frequency because of an increasing
effective mass. Compared with the zigzag direction (green line),
the plasmon peak in armchair direction is higher and the
resonance line width is narrower. These results suggest that the
b-PC is optically more lossy for the zigzag direction, which has
been predicted by previous theoretical work."> We also
calculated the variations of plasmonic performance with
different scattering rates and it demonstrates that higher
scattering rate leads to the more serious damping to plasmons
in b-PC nanoribbons (see Section 6 in Supporting
Information). In order to understand the anisotropic behavior
of plasmon resonance in b-PC nanoribbons, Figure 5b shows
the angular dependence of wavevector q on the HPPP behavior
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by plotting the loss function, for W = 80 nm. The results show
that the maximum value of loss function occurs at around 6 =
0° and 180°. Furthermore, we calculated the electromagnetic
profile using FEM along the armchair and zigzag directions,
respectively. Figure Sc plots the amplitude of the IEI* for linear
polarization which clearly illustrates the electric dipole behavior
confined around the edges of b-PC ribbon, indicating a
plasmon resonance behavior. It can be seen that the localized
electrical field around the two edges of armchair-orientated b-
PC nanoribbons is much stronger that the one along zigzag
direction, which is consistent with our experimental results.

In summary, we have introduced a new class of anisotropic
2D material, b-PC, to serve as a promising candidate capable of
supporting tunable anisotropic plasmons. The few-layer b-PC
in the nanoribbon configuration was studied and two
electrically tunable resonances were resolved in the IR
transmission spectroscopy, which were caused by a Fano
resonance-induced HPPP mode. Numerical calculations
confirm the experimental observations and further reveal the
origin of HPPP mode from the coupling between collective
electrons oscillation and the IR-active optical phonon mode in
AB-stacked b-PC nanoribbons. The presented experimental
and simulation results further illustrate the lattice-orientation-
dependence of HPPP, demonstrating a prominent redshift of
plasmon frequency from armchair to zigzag direction. Our work
demonstrates that the intrinsic in-plane anisotropy of b-PC can
provide a natural platform to engineer the plasmonic
performance, leading to a new degree of freedom for which
the light—matter interactions can be manipulated in dynam-
ically reconfigurable directions to offer new functionalities in
novel optical and optoelectronic device applications beyond
conventional materials and approaches.”®
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