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Optical nanoantennas are of great importance for photonic devices and
spectroscopy due to their capability of squeezing light at the nanoscale and
enhancing light-matter interactions. Among them, nanoantennas made of
polar crystals supporting phonon polaritons (phononic nanoantennas) exhibit
the highest quality factors. This is due to the low optical losses inherent in
these materials, which, however, hinder the spectral tuning of the nano-
antennas due to their dielectric nature. Here, active and passive tuning of
ultranarrow resonances in phononic nanoantennas is realized over a wide spec-
tral range (=35 cm™, being the resonance linewidth =9 cm™"), monitored by
near-field nanoscopy. To do that, the local environment of a single nanoantenna
made of hexagonal boron nitride is modified by placing it on different polar
substrates, such as quartz and 4H-silicon carbide, or covering it with layers of
a high-refractive-index van der Waals crystal (WSe,). Importantly, active tuning
of the nanoantenna polaritonic resonances is demonstrated by placing it on top
of a gated graphene monolayer in which the Fermi energy is varied. This work

1. Introduction

Polaritons,!'3l light coupled to coher-
ently oscillating charges, enable strong
enhancement and confinement of elec-
tromagnetic fields at dimensions deep
below the incident wavelength. They are
thus attractive for numerous applications,
such as nanoscale light trapping, single
molecule sensing,>) or photodetection.®!
Typically, plasmon polaritons—collec-
tive oscillations of free electrons coupled
to photons—at metal or semiconductor
surfaces have been employed to design
plasmonic antennas for light manipula-
tion1% and enhanced spectroscopy.!'-13]
However, the problems of large absorp-
tion losses!™ ™ and lack of active tunability

presents the realization of tunable polaritonic nanoantennas with ultranarrow
resonances, which can find applications in active nanooptics and (bio)sensing.

impose severe limitations to manipulate
plasmon polaritons in metals. As a promi-
sing alternative, the semimetal graphene
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has recently opened new opportunities for the development
of active subwavelength-scale optics!'®l and robust plasmonic
biosensors!™®l due to its tunable plasmonic responsel'>?% and
high degree of light confinement.?!"?3l On the other hand,
phonon polaritons (PhPs)2—hybrid waves resulting from the
coupling of crystal lattice vibrations and photons—have been
far less studied compared to their plasmonic counterparts.
However, PhPs-based phononic nanoantennas provide signifi-
cantly improved field enhancements and quality factors!?>-28!
compared to plasmonic nanoantennas due to the suppression
of Ohmic losses. Some van der Waals (vdW) materials2°-31
exhibit mid-infrared PhPs with a record-high lifetime (up to
20 ps) in the so-called reststrahlen bands, defined as the fre-
quency region between the transverse optical and longitudinal
optical phonons and in which the dielectric permittivity is nega-
tive, hence enabling the existence of polaritonic modes. For
instance, hexagonal boron nitride (h-BN) is a uniaxial hyper-
bolic vdW material,?? whose real-part of the parallel (g) and
perpendicular (g)) dielectric permittivities have opposite signs.
This optical property of h-BN enables the propagation of low-
loss PhPs featuring hyperbolic dispersion and large density
of optical states, which is important for strong field confine-
ment®*34 and enhancement of light-matter interactions.?’!
Large-quality-factor (Q) PhP resonances in h-BN cone-shaped
and linear (dipolar) nanoantennas have been demonstrated
by recent nanospectroscopy experiments,?>?83 revealing the
broad application prospects of phononic nanoantennas made
of hyperbolic materials in infrared (IR) nanophotonics (e.g., for
refractive index sensing/?®l or surface-enhanced infrared absorp-
tion spectroscopyl®**’)). However, since the properties of PhPs
are dictated by the crystal lattice dynamics, spectral tuning
of PhPs is challenging. Although control of the dispersion of
propagating PhPs was achieved by combining h-BN slabs with
gated graphene,3®3 spectral tuning of the resonances in phon-
onic nanoantennas remains elusive, yet it is very appealing due
to their large Q.

Here, we demonstrate active and passive tuning of ultra-
narrow resonances in phononic nanoantennas, namely h-BN
squares with a nanoscale cross-section. Our nanoimaging
experiments and numerical simulations reveal sharp reso-
nances with linewidths of around 9 cm™ (Q = 165), which
generate puzzling near-field patterns that allow shrinking mid-
infrared light (of incident wavelength Aj) to subwavelength
dimensions (=Ao/42). Passive tuning of these ultranarrow reso-
nances is demonstrated over several resonance linewidths by
modifying the dielectric environment of the phononic nanoan-
tenna. This modification is realized by placing the nanoantenna
on different substrates as well as covering it with different
superstrates (without moving the nanoantenna). Importantly,
we also demonstrate the realization of actively tunable nano-
antennas with ultranarrow resonances (linewidths of =20 cm™,
i.e., one order of magnitude smaller than the typical linewidths
in active graphene nanoantennas) by placing them on top of
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gated graphene in which we vary the Fermi energy. Our results
establish the basis for the control of polaritonic resonances in
nanoantennas made of hyperbolic materials, while the com-
bination of refractive-index sensitivity and active tunability of
ultranarrow resonances opens exciting prospects for biosensing
and the realization of tunable strong coupling phenomena at
the nanoscale.

2. Infrared Nanoimaging of Square h-BN
Nanoantennas

To study the polaritonic resonances in phononic nanoan-
tennas made of vdW hyperbolic materials, we fabricate h-BN
squares with a nanoscale cross-section and carry out near-
field measurements by employing scattering-type scanning
near-field optical microscopy (s-SNOM). To nanoimage the
square h-BN nanoantennas, we illuminate the s-SNOM tip
with p-polarized monochromatic mid-IR light and record the
amplitude of the tip-scattered field as a function of the tip
position (see schematics in Figure 1a). PhPs propagate radi-
ally outward from the tip, reflect upon reaching the corners
and edges of the nanoantennas, and modify the tip-scattered
light when they return to the tip. By raster scanning the
nanoantenna surface at different incident frequencies (@),
we observe complex near-field modal patterns with bright
dots at the edges and a variety of features inside the nano-
antenna (Figure 1b—i). Interestingly, the near-field patterns
change dramatically even with a slight variation of @,. For
instance, one single bright spot appearing in the center of
the nanoantenna at @, = 1490 cm™ (Figure le) changes to a
dark spot surrounded by a bright ring for a frequency shift of
only 10 cm™ at @, = 1500 cm™" (Figure 1f). To study the origin
of these near-field patterns, we extract the PhP wavevector g
by taking a line profile in the experimental near-field ampli-
tude images, both inside the nanoantennas (lower panels in
Figure 1b—i) and at their periphery (see the Supporting Infor-
mation). We determine q by using the relation g = 7/L, where
L is the distance between the adjacent maxima in the ampli-
tude line profile.?®! When @, increases from @, = 1450 cm™
(Figure 1b) to @, = 1540 cm™! (Figure 1i), the number of peaks
(lower panels in Figure 1b-i) gradually increases from one
(Figure 1b) to seven (Figure 1i). Such a dramatic increase of
the number of peaks is an important implication of a spec-
trally evolving standing wave pattern, clearly indicating a set
of Fabry-Pérot resonances, analogous to those emerging in
h-BN linear antennas.?! In Figure 1j, we show the dispersion
@y (q) obtained from experiments (filled symbols) and elec-
tromagnetic simulations (solid lines) of the PhP modes in an
infinite h-BN slab. Here, MO (black solid line) and SMO (red
solid line) represent the fundamental volume PhP mode in
semi-infinite h-BN slabsi***] and fundamental surface-con-
fined PhP mode at the edges of h-BN slabs,*?! respectively. We
find a very good agreement between the dispersion curve of
the MO and SMO modes and the measured data points inside
and at the periphery of the nanoantennas, respectively. Thus,
we conclude that the combination of fundamental volume and
surface-confined PhP modes is the cause of the Fabry—Pérot
resonances in the square h-BN nanoantennas.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Real-space imaging of polaritonic modes in a square h-BN nanoantenna. a) Schematics of the s-SNOM measurements of a square h-BN
nanoantenna. b—i) Upper panels: near-field images of the nanoantenna for incident frequencies (ay) of 1450, 1470, 1480, 1490, 1500, 1520, 1530, and
1540 cm™, respectively. Bottom panels: amplitude line profiles extracted along the dashed lines in the near-field images. Scale bar: 1 um. j) Simulated
(solid lines) dispersions of the fundamental volume-confined (MO) and surface-confined (SMO0) hyperbolic modes in a slab of h-BN. The solid symbols
represent the experimental results extracted from line profiles inside the nanoantenna (dashed line in (b—i)) and its periphery (Figure S3, Supporting

Information), respectively.

As expected for PhPs in h-BN in the reststrahlen band
(1395 cm™ < @y < 1630 cm™),* the wavevector g increases with
@y for both the MO and SMO0 modes, the latter showing a larger
q (i-e., smaller wavelength). When a, is larger than 1500 cm™
(Figure 1g—i), the MO-PhP wavelength is much smaller than
the side length (2 um in this work) of the square h-BN nano-
antenna and thus the latter exhibits a typical near-field pattern
with periodic bright spots analogous to the case of large (“semi-
infinite”’) h-BN slabs*l and h-BN linear antennas.?®! However,
for smaller ay, ranging from 1450 cm™ (Figure 1b) to 1500 cm™
(Figure 1f), the MO-PhP wavelength becomes comparable with
the side length of the square nanoantenna, introducing con-
voluted Fabry-Pérot interferences featuring atypical near-field
patterns. Therefore, the near-field patterns inside the square
h-BN nanoantennas can be classified into two categories: atyp-
ical modal patterns (Figure 1b—f) at relatively small @, and
typical periodic patterns (Figure 1g-i) at large @,. On the other
hand, the much smaller wavelength of the SMO mode (always
smaller than the side length) gives rise to periodic bright spots
along the edges of the nanoantennas over the entire frequency
range (Figure 1b-i). Note that those atypical modal patterns
(Figure 1b—f) originating from Fabry-Pérot resonances have
remained elusive until now, since all previous works focused
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on the periodic patterns (e.g., fringes or periodic dots)H043—#I

in the condition that the polariton wavelength is much smaller
than the size of h-BN structures. However, some of those atyp-
ical patterns provide a nanoscale “hot spot” of deeply subwave-
length dimensions (=4/42) with respect to the incident mid-IR
light (A = 6.76 pm). Such “hot spot” largely shrinks the huge
gap between the IR light wavelength (of micrometer size) and
the size of molecules (sub-nanometer size), and thus could
enhance light-molecule interactions and find applications in
molecular spectroscopy.

3. Modal Analysis of Fabry—Pérot Resonances in
Square h-BN Nanoantennas

We further elaborate on the formation of near-field patterns in
our square h-BN nanoantennas (Figure 1) by performing full-
wave numerical simulations (see details in the Experimental
Section). To do that, we approximate the s-SNOM tip by a ver-
tical electric dipole sourcel*! which launches PhPs in the nano-
antennas. For each in-plane location of the dipole, we plot the
amplitude of the simulated out-of-plane component of the elec-
tric near-field (|E,|) below the dipole as a function of frequency,

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

1480cm| &1
[
c3 h-BN
c2
c4 c5
el
e2
e3 h-BN
£
J
w
pe)
Qo s1
)
3
o
©
8 %
d2 °
d3 -
d1 d5 h-BN
'\//\/ dé
1 | 1
1450 1475 1500 1525 1550 s2

Frequency (cm™")

Figure 2. Analysis of the polaritonic modes excited in a square h-BN nanoantenna. a) Simulated near-field spectra obtained by placing a point-dipole
source at the nanoantenna center (black), corner (red), flank (green), and diagonal (purple), as indicated by the schematics (dashed square) in each
case. The cyan and orange vertical lines represent the incident frequencies @, = 1480 and 1500 cm™, respectively. b) Experimental (left) and calculated
(right) complex near-field patterns in a square h-BN nanoantenna at @, = 1480 cm™". c) The field distributions for the calculated individual modes at
the frequencies of the corresponding peaks: c1 (top left), e2 (top right), s2 (bottom left), and d2 (bottom right) in correspondence with (a). Scale bar:

500 nm.

as shown in Figure 2a. Such near-field spectra show a set of
closely spaced peaks in a narrow spectral range, associated with
the excitation of resonant Fabry—Pérot modes. Different spectral
positions of the peaks on different curves indicate that the exci-
tation of PhP modes in the nanoantennas is strongly dependent
on the dipole position. For instance, when the dipole is located
at the center of the nanoantenna, the spectrum (black solid
line in Figure 2a) shows five strong peaks (labeled as cl—c5),
which correspond to five individual PhP modes. By contrast,
when we locate the dipole at the corner of the nanoantenna, the
spectrum (red solid line in Figure 2a) shows four discernable
peaks (labeled as el-e4). On the other hand, when the dipole
is located at the flank of the nanoantenna (green solid line in
Figure 2a) or its diagonal (purple solid line in Figure 2a), more
peaks (labeled as s1-s6 or d1-d6) appear in the spectrum. To
connect these near-field spectra with the experimental near-field
images, we further simulate the |E,| as a function of the dipole
position by raster scanning the dipole above a square h-BN
nanoantenna for two different frequencies. At @, = 1480 cm™,
the experimental near-field image (Figure 2b, left panel) of the
nanoantenna shows three clear features, all of which are well
reproduced by the simulation (Figure 2b, right panel): i) a
bright spot in the center; ii) a bright ring, and iii) four bright
spots decorating the edges. We explain this complex pattern in
the near-field images by the interference of individual modes,
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simultaneously excited due to their spectral overlap for different
dipole locations (simulated spectra in Figure 2a). To disentangle
the individual modes from this interference pattern, we calcu-
late the spatial near-field distribution above the nanoantenna at
the resonant frequencies around @, = 1480 cm™ (cyan line in
Figure 2a), as shown in Figure 2c. When the dipole is located at
the center of the nanoantenna, we observe a “breathing” mode
(c1 mode, top left in Figure 2c), which explains the bright spot
and bright ring obtained in the experimental near-field image
at @y = 1480 cm™ (Figure 2D, left panel). When the dipole is
located at the corner of the nanoantenna, a completely different
mode appears (e2 mode, top right in Figure 2c) with field oscil-
lations strongly confined to the edge, revealing the excitation
of hyperbolic surface PhPs whose interference with the dipole
field produces bright and dark dots along the edges of the nano-
antenna as the result of a Fano-like resonance.*) When the
dipole is located at the flank of the nanoantenna (Figure 2c,
bottom left) or at its diagonal (Figure 2c, bottom right), we can
distinguish the modes s2 and d2 in the field pattern exhibiting
a funnel-like shape or four lobes, respectively. Thus, by locating
the dipole at these representative positions above the h-BN
square nanoantenna, we show that the combination of four
individual modes (c1, €2, s2, d2) can explain the experimental
near-field image taken at @y, = 1480 cm™ (Figure 2b). The inter-
ference of these narrow Fabry-Pérot resonances explains the

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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complex near-field patterns obtained in our square h-BN nano-
antennas, which yield “hot spots” with deeply subwavelength
volumes as small as =150 x 150 x 100 nm? (Figure 2b).

4. Passive Tuning of the Polaritonic Resonances
in a Square h-BN Nanoantenna by Tailoring Its
Dielectric Environment

Since polaritons extend as evanescent waves into the media
above and below polaritonic nanoantennas, their wavelength
is sensitive to the dielectric properties of both the substrate
and superstrate. Passive tuning of dispersion of propagating
PhPs has been reported with substratel*#] and superstrate
engineering,® yet such tuning of narrow resonances in
an individual phononic nanoantenna has never been real-
ized, in spite of its important roles as building blocks in
optical circuitry. To do that, we transfer one and the same

www.advmat.de

square h-BN nanoantenna (see details in the Experimental
Section) on two common substrates: silica (SiO,) and silicon
carbide (4H-SiC). At @, = 1480 cm™, the complex values of
the permittivity for SiO, and SiC are ggo, = 2.01 + 0.01i and
&ic = 5.50 + 0.0051, respectively. Within the regime of a small
loss tangent (Im(g)/Re(g) < 0.1), we can neglect the influence
on the nanoantenna response of the optical losses of these sub-
strates. The near-field images taken at @, = 1480 cm™ for the
nanoantenna placed on SiO, and SiC present significant differ-
ences (Figure 3). Indeed, a prominent bright spot (Figure 3a)
in the center of the nanoantenna on SiO, strongly contrasts
with a dark spot surrounded by a bright circle (Figure 3b) of
the nanoantenna on SiC. Likewise, the number of bright spots
along the edges increases from four (Figure 3a) for the SiO,
substrate to five (Figure 3b) for SiC, clearly indicating that
hyperbolic surface polaritons are also very sensitive to the per-
mittivity of the substrate. In contrast to previous spectroscopic
measurements in phononic nanoantennas,®! these images
reveal varying PhP modes as a result of the different dielectric

a
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Figure 3. Passive tuning of the polaritonic resonances in a square h-BN nanoantenna by tailoring its dielectric environment. a,b) Near-field images
of a square h-BN nanoantenna taken at @, = 1480 cm™ when it is placed on SiO, (a) and SiC (b). c) Calculated near-field spectra for the cases shown
in (a) (black solid line) and in (b) (red solid line), respectively. The green and blue dots represent the experimental results in each case. The insets
show the calculated field distributions at the resonance peaks corresponding to the c1 mode at @, = 1492 and 1458 cm™' for the nanoantenna placed
on SiO, and SiC, respectively. d,e) Near-field images of the nanoantenna taken at @y = 1480 cm™' when it is placed on SiO, and covered with a layer
of WSe, with thickness of 31 nm (d) and 42 nm (e). f) Calculated near-field spectra for the cases shown in (d) (blue solid line) and in (e) (brown solid
line). The red and blue dots represent the experimental results in each case. The insets show the calculated field distribution at the resonance peaks
corresponding to the c1 mode at @y, = 1465 and 1457 cm™' for the cases shown in (d) and (e). The zoomed near-field spectra spanning 1450-1470 cm™'
in the inset demonstrate a clear redshift for the resonance peak corresponding to the c1 mode. Scale bar: 500 nm.
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nature of the substrate, thus demonstrating passive tuning of
the nanoantenna resonances. Notice that the near-field image
taken at @, = 1480 cm™ of the nanoantenna on SiC (Figure 3b)
appears to be similar to that at @y = 1500 cm™! for the nano-
antenna on SiO, (Figure 2c), indicating that at a fixed @, the
PhP wavelength in h-BN/SiC is smaller than that in h-BN/
SiO,, thus implying a redshift of the resonances in the nano-
antenna. To further elaborate on this frequency shift, we per-
form nanoimaging spectroscopy at the center of the square
h-BN nanoantenna by recording the near-field amplitude at
fixed illuminating frequencies (see details in the Experimental
Section). The green and blue symbols in Figure 3c represent
the experimental results for the nanoantenna on SiO, and SiC,
respectively, showing a good quantitative agreement with the
simulated spectra (solid lines in Figure 3c). We observe a clear
redshift of the resonant peaks when the substrate is changed
from SiO, (black solid line in Figure 3c) to SiC (orange solid
line in Figure 3c). Specifically, for the same c1 mode (the field
distribution can be found in the insets to Figure 3c), the reso-
nant frequency (@es.c;) changes from =1492 to ~1458 cm™. Such
redshift can be explained by the general rule of a higher refrac-
tive-index substrate (SiC) to sustain polaritons with smaller
wavelength,”] which agrees well with our near-field images.
We further characterize the quality factor, Q = @,., /Aw,.,» Where
Wres and A, represent the resonant frequency and linewidth
of our square h-BN nanoantennas. By fitting the experimental
results (green solid symbols in Figure 3c) and taking into
account the asymmetric Fano-like shape of the resonant peaks,
we approximately estimate (Figure S5, Supporting Information)
a linewidth of =9 cm™ for the peak corresponding to the cl
mode, which yields Q = 165. This value is comparable to those
extracted for other types of phononic nanoantennas/?¢2835 and
is much higher than those of typical metallic nanoantennast*’!
in the mid-IR range. More importantly, such high Q is accom-
panied by an extreme subwavelength confinement (=4y/42),
thus providing an excellent playground for experiments on
strong light-matter interactions.

Yet, from a practical perspective, it is much more advanta-
geous to realize passive tuning of the nanoantenna resonances
by varying the superstrate rather than the substrate, since by
doing so, one can control the PhP modes without moving
the nanoantenna. To investigate the modulation of the nano-
antenna polaritonic response by changing the superstrate, we
cover a square h-BN nanoantenna with thin slabs of WSe,,
which exhibits a high dielectric index (Re(ewse,) = 14) in the
mid-IR spectral range.”® As shown in Figure 3d, the near-field
pattern in the nanoantenna drastically changes after covering
it with a 31 nm-thick layer of WSe, (Figure 3a). The pattern
strongly changes as well when we put another 11 nm-thick
layer of WSe, on top (Figure 3e), so that the nanoantenna gets
covered by a superstrate layer with a total thickness of 42 nm.
The near-field images of the nanoantennas covered with 31 and
42 nm-thick layers of WSe, at @, = 1480 cm™ are similar to the
ones of the bare nanoantenna at @, = 1520 cm™ (Figure 1g) and
@y = 1530 cm™ (Figure 1h), respectively. This indicates that at a
fixed @y, the PhP wavelength in WSe,-covered h-BN is smaller
than that in bare h-BN, thus implying a redshift of the reso-
nances in the square h-BN nanoantennas. To further elaborate
on this frequency shift, we perform nanoimaging spectroscopy
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at the center of the square nanoantenna by recording the near-
field amplitude at fixed illuminating frequencies. The red and
blue symbols in Figure 3f represent the experimental results
for the nanoantenna covered with 31 and 42 nm of WSe,,
respectively. A good quantitative agreement with the simulated
spectra (solid lines in Figure 3f) is obtained. There is a clear
redshift of the resonant peaks when the thickness of the WSe,
layers changes from 31 nm (blue solid line in Figure 3f) to
42 nm (brown solid line in Figure 3f). Since Re(eys,,) is much
larger than 1, such redshift is analogous to the shift obtained
when transferring the nanoantenna from a low-refractive-index
substrate to a high-refractive-index substrate, e.g., from SiO,
to SiC (Figure 3a,b). Specifically, the peak corresponding to
the c1 mode (field distribution in the insets in Figure 3f) shifts
from (s = 1492 cm™ for h-BN/SiO,, t0 (yes.c1 = 1465 cm™
for 31 nm WSe,/h-BN/SiO,, and finally to @eeq = 1457 cm™
for 42 nm WSe,/h-BN/SiO,. Altogether, our infrared nanospec-
troscopy and nanoimaging experiments reveal that low-loss
resonances in phononic nanoantennas can be widely tuned by
as much as 35 cm™, which is around 4 times the resonance
linewidth (=9 cm™), by varying dynamically the superstrate of
the nanoantennas.

5. Active Tuning of a Polaritonic Resonance in a
Square h-BN Nanoantenna by Electrostatic Gating

Although we demonstrate passive tuning of the polaritonic reso-
nances in square h-BN nanoantennas in Figure 3, the challenge
of active tuning of these resonances severely limits the techno-
logical implementation of phononic nanoantennas. One of the
possibilities to actively tune the dispersion of propagating PhPs
is to place h-BN slabs on top of a monolayer of graphene.l38l
However, a dynamically tunable phononic nanoantenna, which
can merge the merits of phononics (e.g., ultralow losses) and
graphene plasmonics (e.g., dynamically tuning capability), has
never been reported. It is expected that the sharp PhP reso-
nances in our nanoantennas can be controlled via electrostatic
gating of a graphene layer placed below (see schematics in
Figure 4a). By applying a back-gate voltage, we tune the carrier
density and thus the Fermi level (Ef) in graphene (see details
in the Experimental Section) from 0 to 0.25 eV. For the case
of charge neutrality (Er = 0), the near-field image (Figure 4D,
left panel) of the square nanoantenna taken at @, = 1520 cm™
exhibits a dark spot surrounded by a bright ring in the center,
in good agreements with numerical simulations mimicking
the experiment (Figure 4c, left panel). Remarkably, when Eg
increases to 0.25 eV, the dark spot at the center of the nanoan-
tenna both in the experimental and simulated near-field images
transforms into a bright spot (right panels in Figure 4b,c,
respectively).

Such a significant change of the near-field image provides
a direct evidence of an active tuning of the PhP modes in the
square h-BN nanoantenna at a fixed imaging frequency. We
also corroborate the tuning of the spectral shift of the reso-
nant modes in the nanoantenna by simulating the near-field
spectra generated by a point dipole fixed at its center for dif-
ferent doping levels (Figure 4d). The resonant peaks experience
a clear blueshift with increasing Ep, specifically, the resonant
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Figure 4. Active tuning of a polaritonic resonance in a square h-BN nanoantenna by electrostatic gating. a) Schematics of the s-SNOM measurements
of a square h-BN nanoantenna placed on top of a gated graphene layer. b) Near-field images of the h-BN nanoantenna on top of graphene with Fermi
levels Ex =0 eV (left) and Er = 0.25 eV (right). c) Calculated images for the cases shown in (b). d) Calculated near-field spectra of the square h-BN
nanoantenna on top of graphene with Fermi levels Ex = 0 eV (black solid line), Er = 0.15 eV (blue solid line), Er = 0.25 eV (red solid line), Er = 0.45 eV
(green solid line), and Eg = 0.6 eV (cyan solid line). The insets represent the field distribution of the c1 mode at the shifted resonance peaks. The
orange dashed vertical line represents the incident frequency @, = 1520 cm™ in (b) and (c). When the resonance peak corresponding to the c1 mode
is far from the incident frequency (e.g., Er = 0 and 0.15 eV), the experimental near-field patterns (insets framed by black and blue squares) show a
dark area in the center, while it changes to a bright spot (inset framed by red square) for the case that cl-mode resonance peak is close to the incident

frequency (e.g., Er = 0.25 eV). Scale bar: 250 nm.

frequency for the c1 mode (whose field distribution can be
found in the insets in Figure 4d) shifts from @ = 1511 cm™
for Ep = 0 eV (black line in Figure 4d) t0 @1 = 1518 cm™ for
Er = 0.25 eV (red line in Figure 4d), i.e., for moderately doped
graphene. For heavily doped graphene (Eg = 0.6 €V, cyan line in
Figure 4d), it further shifts toward @,cq.q = 1530 cm™. As shown
in the insets in Figure 4d, the experimental near-field pat-
terns show a dark area in the center of the h-BN nanoantenna
for the case of Ep = 0 and 0.25 eV. However, it changes to a
bright spot when Er = 0.25 eV. Given that the near-field signal
in the center is mainly determined by the c1 mode (Figure 2),
such change from dark to bright in the experimental near-
field images agrees well with the calculated near-field spectra,
where the resonance peak corresponding to c1 mode gets closer
and closer to the incident frequency (@, = 1520 cm™) when Eg
increases from 0 to 0.25 eV. Note that the linewidths of these
actively tuned resonances (A@.s = 20 cm™) are larger than
those in bare h-BN nanoantennas (A@,s = 9 cm™), which can
be explained by the unavoidable introduction of Ohmic losses
due to the presence of graphene. However, such linewidths are
still more than one order of magnitude smaller than those typi-
cally obtained for IR plasmonic nanoantennas made of noble
metals (A@yes > 400 cm™)12% or graphene (A@,es = 200 cm™).118]
We notice that such active tunability of PhP resonances in
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h-BN nanoantennas can be alternatively seen as a result of the
coupling (hybridization) between graphene plasmon polari-
tons and PhPs (see Figure S6 in the Supporting Information).
Such vision goes in line with other recent experimental®® and
theoretical® studies. This result implies that our phononic
nanoantennas combined with graphene not only relax the
restriction of Ohmic losses in graphene plasmonic nanoan-
tennas but also preserve their dynamically tuning capability,
thus paving the path for next-generation switchable integrated
photonics devices at IR frequencies.

6. Conclusion

We report active and passive tuning of ultranarrow polari-
tonic resonances in square h-BN nanoantennas. In particular,
we demonstrate that these large-Q resonances can be effec-
tively modulated over a wide spectral range by tailoring their
dielectric environment passively, which is carried out by either
placing them on different substrates, or simply covering them
with nanometer-thick layers of WSe,. More importantly, we
demonstrate reversible in situ (active) tuning of narrow reso-
nances (A@,s = 20 cm™) in these nanoantennas when they are
placed on top of a graphene layer, which promises applications
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based on tunable spectral selectivity or strong light-matter
interactions. Furthermore, we find that the polaritonic modes
associated with these dynamic resonances provide extraordi-
nary near-field features such as a deep-subwavelength focus
(=10/42) of mid-IR light. Altogether, our results introduce tun-
able phononic nanoantennas as promising building blocks for
the development of IR nanodevices, including biosensors and
narrowband thermal emitters.

7. Experimental Section

Sample Preparation: The square h-BN nanoantennas were prepared
by patterning boron-10 isotopically enriched h-BN flakes.*’] To do this,
mechanical exfoliation from bulk h-BN materials was first performed
using Nitto tape (Nitto Denko Co., SPV 224P). Afterward, a second
exfoliation of the h-BN flakes from the initial tape to a transparent
poly(dimethylsiloxane) (PDMS) stamp was performed. Subsequently,
they were onto a SiO,/Si substrate using the dry transfer technique.?
The square-shaped h-BN nanoantennas were defined in the h-BN
flakes by high-resolution electron beam lithography.] To place the
nanoantennas on different substrates, they were picked up using a
stamp formed by a PDMS film covered with a layer of polypropylene
carbonate (PC),’l which was mounted in a micromanipulator. After
the attached nanoantennas were precisely aligned and contacted on the
target substrates, they were up to 200 °C in order to peel off the PDMS
from the PC. Finally, to remove the PC layer, the sample was immersed
into chloroform solvent at 70 °C. The same h-BN nanoantenna was
covered with thin layers of WSe, (exfoliated using Nitto tape and PDMS
stamp) with thicknesses of 31 and 11 nm, respectively.

Nanoimaging Experiments: The nanoimaging experiments were
performed using a commercial s-SNOM system (Neaspec GmbH)
equipped with a quantum cascade laser (Daylight Solutions), spanning
from 1400 to 1600 cm™". The s-SNOM was based on an atomic force
microscopy (AFM) operating in the tapping mode with Q =~ 280 kHz
and an amplitude of =100 nm. Commercial metal-coated (Pt/Ir) AFM
tips (ARROW-NCPt-50, Nanoworld) were employed. The sample was
illuminated with a p-polarized mid-IR laser beam from the quantum
cascade laser and the p-component of the tip-scattered light was
collected with a parabolic mirror. To effectively suppress the background,
the detected signals were demodulated at the 3rd harmonic.
Pseudoheterodyne interferometry was employed to extract both the
amplitude and the phase of the near field.

Numerical ~ Simulations of s-SNOM Images, Near-Field Spectra,
and Mode Dispersions: The full-wave numerical simulations shown
in Figures 2—4 were performed by using a finite element method
(COMSOL). In the simulated model, the AFM tip was approximated
by a vertically oriented electric dipole source. It was assumed that the
vertical component of the electric field (|E,]) below the dipole mimicked
the near-field signal detected in s-SNOM measurements. This simple
model had shown an excellent agreement with the experiment for both
graphene nanoresonators“’ and h-BN linear antennas.[?l

For reproducing the experimental near-field images, the dipole
above the square h-BN nanoantennas was scanned at a fixed imaging
frequency a, |E,| was recorded as a function of the dipole position, and
the simulated near-field images (Figures 2b,c and 4c) were obtained. For
calculating the near-field spectra (Figures 2a, 3c,f, and 4d), the dipole
was located at one fixed position and |E,| was calculated as a function
of @y. For analyzing the electric field distribution of individual modes
(Figures 2b,c, 3¢,f (insets), and 4d), Re(E,) was calculated in the x-y-
plane 30 nm above the h-BN nanoantennas at a fixed dipole position
and imaging frequency. In all simulations, the height of the dipole above
the nanoantennas was fixed to 300 nm. The simulations of the covered
nanoantennas considered that the upper WSe, layer was not in contact
with the sidewalls of the nanoantennas. For calculating the dispersions
of the MO and SMO modes (Figure 1f), the quasinormal mode analysis
implemented in COMSOL was employed and both the material
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anisotropy and losses were considered. From the mode analysis, the
complex wavevectors of the PhPs, along with their electromagnetic field
distributions, were obtained.

Model for Graphene Conductivity and Electrostatic Tuning of the
Chemical Potential: Within the random phase approximation, the
graphene conductivity could be expressed as a sum of the intraband and
interband contributions>3°

O =0Ointrat Tlinter (1)

The intraband and interband contributions read

_ 2ie%t 1 (2)
Cinra =70 In[Zcosh(z—t)]

2 -2\ Q+2)°
Ointer :8_ l+larctan(g 2)—#“]% (3)
4012 & 2t 2r (Q-2)% +(2t)

where Q = hafu, t = T/u, and u is the chemical potential, with
temperature T expressed in units of energy. A finite relaxation time could
be taken into account by substituting @ by @+ i7" in Ciyyra.

The chemical potential of graphene depended upon transverse
electric field via a DC biased gated structure, thus allowing for an active
tuning of the graphene conductivity. The applied DC voltage (Vpc)
modified the graphene carrier density (n;) as®®

CoxVbe =gehs ()

where C_, =£5i0,€0 [t is the gate capacitance, and &go, and t are the
permittivity constant and the thickness of the SiO, that acted as a gate
dielectric. This approximation was valid for small dielectric constants
(such as that of SiO,, &sio, = 2) and thicknesses larger than several
nanometers (t = 280 nm in the measured sample). The carrier density
was related to the chemical potential u following the expression

=2 Ve[ fule-p)- fale+u))de ®

n. =
S omhi.
where ¢is the energy, v is the Fermi velocity (= 10® m s7). By solving the
previous two equations, an approximated closed-form expression that
relates i and Vpc could be obtained

L= hwg /”Co; Voc (6)

This expression was used to relate the capacitance measurements
with the chemical potential of graphene.
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