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Ultra-confined mid-infrared resonant phonon
polaritons in van der Waals nanostructures

Michele Tamagnone'*, Antonio Ambrosio®**#?, Kundan Chaudhary’, Luis A. Jauregui®,

Philip Kim3, William L. Wilson?, Federico Capasso'"

Hexagonal boron nitride has been proposed as an excellent candidate to achieve subwavelength infrared light
manipulation owing to its polar lattice structure, enabling excitation of low-loss phonon polaritons with
hyperbolic dispersion. We show that strongly subwavelength hexagonal boron nitride planar nanostructures
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can exhibit ultra-confined resonances and local field enhancement. We investigate strong light-matter interaction
in these nanoscale structures via photo-induced force microscopy, scattering-type scanning near-field optical mi-
croscopy, and Fourier transform infrared spectroscopy, with excellent agreement with numerical simulations. We
design optical nano-dipole antennas and directly image the fields when bright- or dark-mode resonances are excited.
These modes are deep subwavelength, and strikingly, they can be supported by arbitrarily small structures. We believe
that phonon polaritons in hexagonal boron nitride can play for infrared light a role similar to that of plasmons in noble
metals at visible frequency, paving the way for a new class of efficient and highly miniaturized nanophotonic devices.

INTRODUCTION

Nanophotonics of two-dimensional (2D) and van der Waals materials
is an increasingly important field due to the new physical properties of
these revolutionary materials. In particular, polaritons in 2D materials,
and especially plasmon polaritons in graphene, have attracted much
attention as a platform for strong light-matter interaction, with applica-
tions for sensing, light modulation, and tunable antennas, to name a few
(1-6). More recently, phonon polaritons in hexagonal boron nitride
(h-BN) have been proposed to achieve strongly confined waveguide
propagation at mid-infrared frequencies (2, 7). Both the propagation
of surface polaritons in h-BN flakes and the presence of standing waves
in h-BN ribbons, conical frusta, and nanorods have been confirmed ex-
perimentally (6-17).

Ultra-confinement of these polaritons is possible because h-BN is a
natural hyperbolic material in two wavelength regions (reststrahlen bands),
namely, the RS1 band (780 to 830 cm ™", where the out-of-plane h-BN per-
mittivity e, is negative) and the RS2 band (1370 to 1610 cm ', where the in-
plane h-BN permittivity €, is negative), as shown in Fig. 1A. The term
hyperbolic derives from the fact that the momenta k of electromagnetic
waves have a hyperbolic dispersion when €., and &, have opposite signs
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This means that, in both bands, waves with arbitrarily high momenta
k can exist on the hyperbola branches, resulting in high confinement,

both vertically (k) and laterally (, /&2 + k;).

Here, we study resonating standing modes excited in subwavelength
thin-patterned h-BN nanostructures. These modes can be understood
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Fig. 1. Resonant modes in h-BN nanodiscs in the RS2 band. (A) In-plane and out-
of-plane relative permittivity of h-BN; the two colored bands are the RS1 band (where
€, < 0) and the RS2 band (where &, < 0). (B) Fundamental propagation mode
supported by a 50-nm-thin h-BN on 285-nm SiO, on Si in the RS2 band. The electric
field and the local charge density in h-BN are shown. (C) Numerical calculation of the
mode effective index as a function of frequency. (D) h-BN is patterned to create par-
ticles with size 10 to 50 times smaller than the free space wavelength, which shows
several resonant modes in the RS2 band that can be imaged via near-field techniques
such as SNOM and PiFM. Confinement is possible owing to the hyperbolic dispersion of
this material, which ensures high confinement both vertically and laterally. (E) Charge
density for the first modes supported by an h-BN disc in the RS2 band, computed an-
alytically from Egs. 2 and 3. Modes are listed according to the values of the integers s
and n appearing in Eq. 3. The solution for s = 0, n = 1 is the constant solution, which
represents the total charge, here assumed to be 0 due to charge neutrality.
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as the result of the confinement of surface waves (supported by a thin
layer of h-BN) by the boundary of the structure. Multiple guided modes
exist in both h-BN reststrahlen bands (7), but we focus here only on the
fundamental propagation mode in each band, starting with the RS2
band (Fig. 1, B and C), where this mode closely resembles the geometry
of plasmon polaritons in graphene (3, 5).

In this case, a simple 2D wave equation can be written to describe the
propagation of the surface polaritons

(iw)’p = v, (@) V?p (2)

where the wave is described via the 2D charge density p (integrated
along the thickness of the h-BN flake), and v, is the phase velocity found
from the mode dispersion relation. The standing-wave solutions can be

determined by solving the wave equation using a Neumann boundary
condition for the edge (derivative of p in the direction orthogonal to the

be modeled with a circular boundary, and the modes in polar coordinates
r, © are given by (18)

p = Jo(ker — ¢)(A cos(s8) + B sin(s0))e™",

(3)

where J; is the Bessel function of order s (=0, 1, 2, ...), A and B are the
arbitrary complex amplitudes, # is a nonzero positive integer, and ¢ =
—0.28n is a correction term modeling the anomalous reflection phase
of the edges due to the presence of evanescent fields beyond the boundary
(16, 19, 20). Figure 1E lists the first modes predicted by this theory. Note
that for s = 0, there is only one mode for each value of #, but for s > 0, two
degenerate modes (that is, modes with the same resonant frequency) ap-
pear for each couple of 7 and s, which can be called the sine mode (A = 0)
and the cosine mode (B = 0). Each eigen solution is represented by the
resonant wave vector ki, which is linked to the resonant frequency oy,

ke = nth root of J{(ka —¢) =0

boundary is set to 0 at the boundary). A disc with radius a (Fig. 1D) can  via the surface polariton dispersion equation (Fig. 1C). All the patterned
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Fig. 2. Imaging resonant modes with s-SNOM. (A) Simplified schematic of the s-SNOM setup. The sample is illuminated by a QCL continuous-wave laser through a
Michelson interferometer. An AFM tip is tapping on the sample and scatters back light, modulating it with its tapping frequency. A moving mirror, oscillating with the same
frequency of the tip, is used to demodulate (pseudoheterodyne demodulation) phase and amplitude of the scattered field (that is, the complex amplitude). Images are
obtained by scanning the sample (tip and laser are left in the same position). (B) The measured amplitude is the superposition of several contributions, listed here, each
associated to a possible path of the photon in the tip-sample system. The modulated scattering contribution is very small here and can be neglected. (C) Procedure to separate
the three contributions. First, the material contribution is measured in the center of the disc (where the E, field of the mode is null) and on the substrate far from the disc. The
two values are assigned respectively inside and outside the disc using the topography to determine the edges of the disc. Then, the material contribution is subtracted from
the image. The resulting polaritonic field is the superposition of the direct and round-trip components. For bright modes, they can be separated, noting that the round-trip is
even with respect to the symmetry axis of the mode, while the direct is odd. For dark modes, the direct contribution vanishes by definition. (D) Example of separation of
contributions for the fundamental mode (1425 cm™") of a disc with diameter D = 730 nm, using the first pseudoheterodyne harmonic. (E) Same as (D) for the second harmonic.
(F) A higher-order mode (n =2, s = 1, 1527 cm™") using the second harmonic. Note that the direct coupling is nonzero only for bright modes (that is, only for s = 1).
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h-BN nanostructures have been defined starting from a 50-nm-thick
h-BN flake.

RESULTS
We first characterized the near field of the nanodiscs using scattering-
type scanning near-field optical microscopy (s-SNOM) in the RS2 band.
This technique consists of measuring the light scattered by an atomic
force microscopy (AFM) tip tapping on the sample and illuminated by a
coherent light source (21). The use of continuous-wave quantum cas-
cade lasers (QCLs) as a source and of a pseudoheterodyne optical de-
tection allowed us to collect both optical amplitude and phase
information of the near field (Fig. 2A). The complex-valued near-field
image measured with s-SNOM is the sum of several contributions, each
deriving from a possible light path (Fig. 2B). The phrase “light path”
indicates here the sequence of coupling steps that, starting from the in-
cident light, leads to the scattered field detected with the pseudoheter-
odyne scheme. For example, incident light can couple directly with
resonant optical modes (only for bright modes) or the interaction can
be mediated by the AFM tip one or multiple times. The array of possible
light paths, which are relevant for this experiment, is illustrated in the
schematics of Fig. 2B. Only light paths interacting at least once with
the AFM tip are contributing because only light modulated by the tip
oscillations is detected. Here, with the word “contributions,” we refer
to the complex amplitude maps associated to each of these light paths.
The material contrast contribution is the one due to the local polar-
izability of the sample that would be observed if the sample had no
boundaries, and it takes different values according to the material im-
mediately below the AFM tip. This contribution is related to the induced
dipole created by the tip on the material beneath. The round-trip con-
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tribution is due to light that is first coupled by the tip to a resonant mode,
which is then coupled back by the tip to free space. For structures with
circular symmetry (such as the discs), the round-trip contribution must
also be circularly symmetric because it depends only on the relative po-
sition of the tip with respect to the sample. This can also be understood
noting that the round-trip contribution is the sum of the squared field
intensity of each mode at the used optical frequency. This implies that
the sine and cosine modes are added quadratically, thus giving a cir-
cularly symmetric profile (see Supplementary Materials).

The direct coupling contribution appears instead when the incident
beam excites a bright resonant mode, which then is “sampled” by the tip
that scatters the local near field to the detector. Unlike the round-trip
contribution, the direct coupling appears only for bright modes (that is,
that can couple with the incident beam), and the image (for example, an
induced dipole) depends on the direction and polarization of the in-
cident exciting beam. Note that this contribution can also occur in the
opposite way, namely, the tip injects light into a mode, which is then
radiated to the detector. However, this contribution is indistinguishable
from the direct one in reciprocal samples, and both are referred to as
direct coupling contributions. Finally, the modulated scattering con-
tribution occurs when the light is directly coupled in and out of the
structure supporting the resonant mode, but the tip perturbs and
affects the overall behavior of the resonator. This is generally negligible,
unless the mode has a strongly enhanced field in a given position, as for
the gap of the dipole antenna presented later. Analog contributions can
be found for guided modes (17); in particular, self-launched guided
modes (14) contribute to the direct coupling.

The different symmetry properties of these contributions can be
used to isolate each of them in our measurements (Fig. 2C) as follows
(see details in the Supplementary Materials). The material contrast is a
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Fig. 3. PiFM imaging and extinction cross section of the nanodiscs. (A) Hyperspectral PiFM imaging of the first four resonance modes (for a disc of 730 nm in diameter)
compared with the expected analytical mode profile. For s = 0, the profile is given by |p|* of the mode; for s > 0, the profile is the sum of |p| of the sine and cosine modes.
(B) Comparison of resonance frequencies of several disc modes computed analytically and numerically (using Lumerical FDTD) and measured with PiFM. (C) From the same
hyperspectral measurement, spectra can be obtained in various points of the disc, confirming the resonant frequency of the modes in discs down to several tens of times smaller
than the free space wavelength (about 7 um). The quality factors of the resonant modes are about Q; = 180, Q, = 210, Q3 = 300, and Q, = 180. (D) Transmission FTIR measurements
of an array of h-BN nanodiscs on high-resistivity silicon (disc diameter D = 480 nm; periodicity P = 1.25 um). The fundamental dipole mode (s = 1,n = 1) can be clearly seen, and the
extinction cross section is about three times the actual area A of the disc. Quality factor is Q; = 120. The fundamental dipole mode has a resonance frequency always above the
phonon resonance (1360 cm™), and this blueshift can be explained considering that the electrostatic field induced by the polarization of the disc acts as an additional restoring

force, which blueshifts the overall resonance of the system.
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complex value obtained from a nonresonant disc (or from the center of
the disc for s > 0 modes, where all the remaining contributions van-
ish) and then subtracted from the whole disc, using the topography to
identify the edges. Similarly, the material contribution of the substrate is
obtained at a position far from the disc and subtracted from all points
outside the disc. The remaining image is the sum of the round-trip and
direct coupling contributions.

The direct coupling is extracted using the fact that it must have an
odd spatial symmetry with respect to the incident wave polarization,
which means that it can be extracted by subtracting from the image
its flipped replica, and the remaining image is the round-trip contribu-
tion, with even symmetry. The obtained direct coupling contribution now
represents the z component of the actual induced dipole field. Figure 2
(D to F) shows the resulting images for the modes (s=1,n=1)and (s=1,
n = 2), and the direct coupling contribution shows excellent agreement
with the theory.

To effectively map the remaining modes, we used a hyperspectral
photo-induced force microscopy (PiFM) setup. Unlike s-SNOM, PiFM
works by mechanically detecting the gradient of the optical force
generated by near fields on the AFM tip, and a pulsed laser is used
as the source (17, 22-24). The detection is fully optomechanical, and
thus, no optical detector is required. The technique images the z com-
ponent of the field, which has the same distribution of the local charge
density due to Gauss’s law. The advantage of using PiFM to characterize
these structures is the possibility of acquiring hyperspectral images, thus
capturing all the resonant modes in the structure with a single scan.
In addition, as explained later, PiFM also allows imaging modes in the
RS1 band. We observed an excellent agreement between the modes
mapped with hyperspectral PiFM and the theoretically computed
round-trip contribution (Fig. 3A). The resonant frequency associated
to each mode agrees well with the analytical and numerical predic-
tions for several disc sizes (Fig. 3B), and the use of the hyperspectral
imaging permits the retrieval of the local spectrum in any part of the
disc (Fig. 3C).

The first nontrivial mode (s = 1, n = 1) is particularly important, as it
acts as a dipole mode and it can interact with an impinging plane wave
(that is, it is a bright mode, which more generally holds only for modes
with s = 1 due to symmetry-induced selection rules). Fourier transform
infrared (FTIR) measurements on these discs (Fig. 3D) show that their
extinction cross section equals to about three times the actual disc area at
peak resonance. The resonance frequency appears blueshifted with respect
to the h-BN phonon peak, which can be understood by modeling phonons
in h-BN as a simple harmonic oscillator: In bulk h-BN, the RS2 phonon
resonance is 1360 cm ™", found from a spring-mass model, where the
spring represents interatomic restoring forces and the mass is the nuclei’s
mass. If h-BN is patterned and the dipole mode is induced, then the
Coulomb force between the charges at the two ends of the nanostructure
is added to the restoring force, blueshifting the resonant frequency.

As mentioned above, for s > 0, two modes appear in degenerate pairs
(sine and cosine). However, we can lift the degeneracy between each
pair by stretching the disc in one direction to form an ellipse (Fig. 4A),
and the mode with the lowest frequency will be polarized along the ellipse
major axis. If two of these ellipses are placed close to each other along the
major axis, separated only by a narrow gap, then the in-plane electric field
shows a very strong enhancement (Fig. 4B). The structure behaves as a
phonon-polaritonic antenna (25-28), similarly to plasmonic nanoanten-
nas at visible frequencies and to graphene plasmonic antennas (1, 29),
with relative field enhancement up to almost 100. Numerical simulations
of the Purcell factor in the antenna gap indicate values up to 80,000 for the
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Fig. 4. Optical polaritonic dipole antennas with h-BN. (A) Geometry of the device
(W = 440 nm, L = 850 nm, G = 50 nm, t = 50 nm). (B) Numerical calculation of the
longitudinal field enhancement for an incident plane wave (that is, ratio of longitudinal
electric field across the antenna normalized with respect to the incident field) for vary-
ing antenna gaps. Notice the strong increase of the field enhancement for small gaps,
which is the behavior expected in an antenna, where the field is inversely proportional
to the gap length. (C) Numerical simulation of the first seven resonant modes for a
single elliptical antenna arm. (D) PiFM imaging of the first modes, which show excellent
agreement with the theoretical calculations. (E) s-SNOM measurements (1400 cm™)
with contribution separation as in Fig. 3, with incident light parallel to the dipole
antenna. The fundamental mode is clearly visible both in the round-trip component
and in the direct one (where the sign of the charges is visible). The green arrow indi-
cates the modulated scattering contribution in the gap. The field in the gap cannot be
seen in the direct coupling instead because it does not have a z component.

50-nm gap (see the Supplementary Materials for various gap sizes and a
comparison with nanodiscs). This is a further demonstration of the use of
these high-quality factor modes to enhance light-matter interactions,
with important applications for sensing (3).

Figure 4 (C and D) shows excellent agreement between PiFM
mode mapping and full-wave simulations (using Lumerical FDTD),
while Fig. 4E shows the s-SNOM measurements with contribution
separation as in Fig. 3, with incident light polarization parallel to the
antenna. Again, the round-trip contribution is very similar to the PiIFM
signal, and the direct coupling matches well with the numerical mode.
In the round-trip contribution, a strong signal is seen in the gap, which
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can be actually attributed to the modulated scattering contribution. This
occurs because the overall scattering of the dipole is strongly modulated
due to the AFM tip repeatedly opening and closing the gap of the
antenna, which is also a proof of the field enhancement in the gap. This
effect is precisely the same exploited for modulated scattering technique
for transponder antennas (30, 31), which motivates the choice of the
name for this contribution.

Resonances are also visible in the RS1 band in these nanoparticles
(see Supplementary Materials). Because the propagating polaritons in
the RS1 band have negative phase velocity, the smaller particles resonate
at a lower photon frequency, and higher-order modes appear at lower
frequencies. Resonances in both bands exist for arbitrarily small particle
sizes, an appealing property for nanophotonics. Finally, we implemen-
ted PiFM on the same setup used for the s-SNOM, and we verified that
the mode geometry is the same, taking PiFM and s-SNOM measures in
the same conditions (see Supplementary Materials).

DISCUSSION

These modes are deep subwavelength, and they can be supported by
arbitrarily small particles, which provide a unique way to confine light
at infrared wavelengths with quality factors one order of magnitude
higher than graphene plasmons or alternative technologies such as col-
loidal nanocrystals or quantum dots (32, 33). We believe that the unique
ability of phonon polaritons in h-BN nanostructures to enhance the in-
teraction of infrared light with matter will pave the way to a new class of
efficient and highly miniaturized nanophotonic devices and allows the
observation of new phenomena at these wavelengths. These phonon po-
laritons are certainly excellent candidates to be mid-infrared counter-
parts for noble metal plasmons in the visible range, with important
implications for future mid-infrared optical devices.

MATERIALS AND METHODS

Numerical simulations

The analytical model was solved in MATLAB, which was also used to
plot the computed fields. Full-wave 3D simulations were performed
with the Lumerical FDTD 3D wave solver. Field enhancement was cal-
culated using a plane wave and by dividing the electric field amplitude
on the antenna (and in the gap) by the electric field of the plane wave.
Purcell factors are available in the Supplementary Materials.

Fabrication

h-BN was mechanically exfoliated onto a 285-nm SiO,/Si substrate with
predefined metallic alignment marks. The substrates were then coated
with MA-N 2403 (negative electron beam resist) and exposed with an
electron beam lithography system with a dose of 1200 uC/cm” using an
accelerating voltage of 125 kV. After developing in AZ-726 for 1 min, the
samples were postbaked at 100°C for 10 min. Then, h-BN was etched
by using a reactive ion etching system with CHF;/Ar/O, at flows of
10/5/2 sccm (standard cubic centimeter per minute), respectively, and a
radio frequency generator at 30 W for 2 to 5 min. A further short ex-
posure to O, plasma at 30 W for 30 s helped to remove any hardened
MA resist. After the etching process, the exposed MA-N 2403 resist was
removed by Remover PG and chloroform. Afterward, the samples were
rinsed with isopropyl alcohol and dried with nitrogen. The samples on
silicon were fabricated as in process above and subsequently aligned
and transferred on the target Si substrate using a standard dry trans-
fer technique.

Tamagnone et al., Sci. Adv. 2018;4:eaat7189 15 June 2018

Measurement setup

Measurement of the cross section was performed using a commercial
Bruker FTIR system coupled to a HYPERION infrared microscope.
s-SNOM measurements were performed with a commercial Neaspec
setup. PIFM measurements were performed using a commercial Molec-
ular Vista setup, using a pulsed QCL from Block Engineering.

Analysis of results
More details about the analysis of the results are shown in the Sup-
plementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/6/eaat7189/DC1

section S1. PiFM and s-SNOM schematics

section S2. Fringing field correction

section S3. Modeling of resonators fields, light path contributions, and their separation
section S4. Additional measurements

section S5. Numerical simulations of Purcell factors

fig. S1. PiFM and s-SNOM schematics.

fig. S2. Possible light paths and coupling coefficients.

fig. S3. Additional PiFM image of the dipole antenna.

fig. S4. Polaritons in discs and ellipses in the RS1 band.

fig. S5. Comparison of PiFM and s-SNOM on the same setup (Neaspec).

fig. S6. Resonance in a disc shifted from its original position.

fig. S7. Monochromatic PiFM images.

table S1. Purcell factors for nanodiscs.

table S2. Purcell factors for nanoantennas.

movie S1. Hyperspectral PiFM for different wavelengths in the RS1 band.

movie S2. Hyperspectral PiFM for different wavelengths in the RS2 band.

movie S3. Zoom-in hyperspectral PiFM for different wavelengths in the RS1 band.
movie S4. Zoom-in hyperspectral PiFM for different wavelengths in the RS2 band.
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