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We experimentally demonstrate an ultrastrong coupling regime between a gap plasmon and phonon in
metallic-insulator-metallic antennas at far-infrared frequencies. These plasmonic antennas made of a silicon-
doped semiconductor (InAsSb) are versatile structures able to reveal the polaritonic modes due to the
hybridization of a gap plasmon and phonon. The anticrossing behavior featuring the ultrastrong coupling is
properly studied by varying the width of the metallic antenna array. The gap-plasmon resonance supported by the
antennas is shown to be particularly sensitive to the presence of phonons in the GaSb insulator. The experimental
data demonstrate a giant Rabi splitting of 30% of the GaSb transverse optical phonon energy and are in good
agreement with both electromagnetic and semiclassical calculations.
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Confining electromagnetic waves (EW) beyond the diffrac-
tion limit with plasmonic systems attracts a lot of attention
owing to the possibility of conceiving dense and efficient
photonic components [1]. We are currently witnessing a
growing demand for plasmonic components operating in the
far-infrared (Far-IR) and the terahertz (THz) range to address
the challenges posed by several domains such as security,
imaging, sensing, and biomedical [2-6]. In view of proposing
integrated photonic devices, efforts have focused on metal
alloys [7], heavily doped semiconductors [8,9], and more
recently, graphene [10] in order to replace noble metals
which are not compatible with silicon technology [not com-
plementary metal-oxide semiconductor (CMOS) compatible].
Heavily doped semiconductors (HDSC) are promising since,
in addition to their CMOS compatibility, their optical prop-
erties can be adjusted on demand by controlling the doping
level [11-14]. Among the different geometries explored to
reveal plasmonic effects, metal-insulator-metal (MIM) struc-
tures have been proved to boost the Purcell factor and the
light extraction or to behave as perfect and tunable absorbers
[15-19]. MIM antennas support a specific plasmonic mode
named gap plasmon, which is a propagating electromagnetic
wave squeezed into a subwavelength gap between two metals
[20-24]. MIM antennas constitute also an ideal structure
to test extreme interactions between photons and electrons.
When the gap is reduced to only some hundredths of a
wavelength, very high wave vectors are reached for the gap-
plasmon mode allowing one to reveal the nonlocal behavior
for electrons [25-27]. MIM antennas made of HDSC and
operating in the Far-IR have been experimentally studied
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and show similar efficiencies to their noble metal counterpart
[28,29].

In this Rapid Communication, we experimentally demon-
strate that the resonant frequency of MIM antennas can be
shifted to the phonon frequency of the insulator giving rise to
strong coupling between the phonon and gap plasmon. This
quasiparticle that we name gap-plasmon-phonon-polariton
(G3P), is the result of an ultrastrong interaction of light
with the matter within a subwavelength cavity. Classical and
quantum theories show that MIM antennas made of HDSC
constitute a versatile platform for realizing a giant Rabi split-
ting up to 30% of the phonon energy.

Usually, polaritons are obtained with an active material
inserted into an optical resonator. Extensively studied, mi-
crocavity polaritons have led to a new field in photonics
[30-32]. The strength of the interaction is evaluated by the
ratio n between the vacuum field Rabi splitting Ex and the
bare energy of the excitations E.. Weak and strong coupling
regimes correspond to n < 10%. For the ultrastrong coupling
(USC) regime n spans from 10% to 100%, and the deep strong
coupling regime is attained beyond n = 100% [33]. The USC
has been already observed in several systems and at different
wavelengths. The first observation of the USC was with the
intersubband polaritons [34], then in the superconducting cir-
cuits [35], the Landau polaritons [36], the organic molecules
[37], and much more recently the optomechanical systems
[38]. Contrarily to the weak and strong coupling regimes,
the USC is less sensitive to the dissipation and decoherence
effects that affect the quantum properties of the quantum
states [33]. In addition, the USC regime boosts nonlinear
effects and strongly affects the kinetics of a chemical reaction
[39]. Several studies have demonstrated the possibility to
couple phonons and photons in plasmonic structures. Part
of them deals with localized surface plasmons exploiting

©2019 American Physical Society
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FIG. 1. (a) Schematic of the MIM structure. (b) SEM image of
the top view of MIM antennas.

the gap-plasmon or lightning rod effect that couple with the
phonon mode of inorganic material, SiO,, [40,41], or with
an organic material such as the polymethyl methacrylate vi-
brational mode [42] or molecular vibrations of a benzonitrile
solution [43]. In the latter, an optical microcavity was used.
All these experimental demonstrations were realized in the
strong coupling regime except the case of the thickest SiO,
layer in [41], but this work was not discussed in terms of USC.
MIM antennas based on gold has been used to observe USC
with intersubband polaritons but not directly with phonons
because alloys present a too complex phonon band structure
[44,45].

Our work demonstrates that a MIM antenna made of
HDSC is an ideal system for revealing the USC between
the phonon and the gap-plasmon modes. The gap-plasmon
mode resulting yet from a strong interaction of photons and
electrons is particularly sensitive to other resonances that
occur within the insulation spacer embedded into the MIM
antenna. Here the MIM resonators consist of a GaSb dielec-
tric spacer of thickness g = 0.6 um sandwiched between a
back mirror and a periodic set of ribbons made of silicon-
doped InAs( 9Sby ;. Large periods for the arrays of A = 9 and
12 pum, that correspond to about three to five times the ribbon
width w are used to minimize the electromagnetic coupling
between adjacent MIM antennas [Fig. 1(a)]. The MIM layered
structures have been grown by solid source molecular beam
epitaxy (RIBER, compac 21 growth chamber). After an oxide
desorption of the Te-doped (100)-GaSb substrate, three layers
of 993 nm of Si-doped InAsp9Sbg;, 630 nm of noninten-
tionally doped GaSb, and 298 nm of Si-doped InAs(9Sby
have been grown lattice matched to the substrate. The carrier
concentration of the Si-doped InAsyoSbg is 5 x 10" cm™
guaranteeing a metallic behavior for frequency lower than
54 THz (or 1800 cm™'). The antennas are fabricated by laser
lithography and wet chemical etching in the top layer of
heavily doped n-InAsg9Sbg ;. The laser lithography consists
of a direct writing with an ultraviolet laser at A = 365 nm
of a AZMIR-701 photoresist spun at 4000 rpm for 30 s
and heated at 90°C for 1 min. The fabricated samples are
2 x 2 mm? surfaces with different periods and antenna widths.
A scanning electron microscopy (SEM) image of the structure
is shown in Fig. 1(b).

The reflectance spectra are performed using a Bruker
V70 Fourier transform infrared spectrometer equipped with
a potassium bromide beam splitter, a Hg far-infrared source,
and a Si-bolometer detector cooled at 4.2 K. The experimen-
tal setup covers the spectral range from 15 to 55 um. The
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FIG. 2. Experimental reflection spectra plotted for samples A
and B with different ribbon widths (accuracy is 0.05 um). The
antenna array periodicities of samples A and B are, respectively,
(a) 9 um and (b) 12 um. Curves are vertically translated for clarity.
The dashed lines are a guide for the eyes and indicate the evolution
of the gap-plasmon hybridization. Vertical arrows show the wave
numbers of the TO- and LO-phonon lines and the first-order mode
of the grating.

incident EW makes a 60° angle against the normal and is po-
larized by a holographic wire grid. A mask is used to limit the
sample surface and avoid any reflected light from unprocessed
parts of the samples. The oblique incidence configuration
provides access to all photonic modes and notably to the
transverse optic (TO) and longitudinal optic (LO) phonon
resonances thanks to the Berreman effect [46].

Figure 2 represents the measured reflectance spectra for
samples A and B with, respectively, two antenna arrays of
periodicity 9 and 12 um. Each spectrum corresponds to a
ribbon width w. We observe that the full width at half
maximum (FWHM) of the G3P absorption lines are deeply
affected by the ribbon width. Grating modes, indicated by
the vertical arrows, appear at different wave numbers 580 and
445 cm™! according to the periods. As previously mentioned,
the gap-plasmon resonance is governed by the width of the
antenna. For example, very similar spectra are obtained for
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FIG. 3. Resonant frequencies in wave-number units versus the
antenna width for the G3P modes extracted from the experiments
data. The dotted and dashed lines are, respectively, for LO- and
TO-phonon resonances. The blue curve corresponds to the uncou-
pled gap-plasmon mode. The green and magenta curves are the
G3P* (solid line) and G3P~ (dotted line) resonances calculated
respectively with the electromagnetic simulations and the ultrastrong
coupling model.

both lattice periods 9 and 12 pum for similar widths, w =
2.80 um in Fig. 2(a), and w = 2.60 um in Fig. 2(b). The
phonon resonances at the wave numbers v o and vro are
visible on the spectra since the gap plasmon is confined within
the antenna which allows the incident EW to couple directly
with the exposed GaSb surface (about 65%—75% of the total
area).

To demonstrate the strong coupling regime between the
gap plasmon and the phonons, the G3P resonances extracted
from the experimental spectra are represented in wave-number
units as a function of the ribbon width (open and solid
red squares, Fig. 3). An anticrossing behavior is recognized
around the phonon reststrahlen band, which is represented by
the dark dotted and dashed lines. The hybridization of the
gap plasmon with the phonons is confirmed by the reflection
spectra calculated for a TM polarized plane wave presenting
an incident angle of 60° (corresponding to the experimental
measurement) with a homemade code based on the rigorous
coupled wave analysis method [47]. The optical properties
of the materials are implemented with a Lorentz model for
GaSb and a Drude-Lorentz model for InAsSb. The relative
permittivities €; and ¢, respectively for GaSb and InAsSb
read
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FIG. 4. Quality factor extracted from experimental data Q,, =
vgzp/FWHM as a function of the width w for both G3P resonances.

0.56 x 10" rads~'. The parameters for the Drude model
experimentally determined by measuring the Brewster mode
are &, = 11.4, y = 103 rads™!, and the plasma frequency
w, =3.51 x 10" rads™" [48]. Phonons into the InAsSb
are screened due to the high free carrier density, whereas
those into the GaSb drastically modified the scenario when
they coupled with the gap plasmon. Since the gap plasmon
propagates within the spacer, it is extremely sensitive to the
phonon resonances of GaSb. This behavior is confirmed by the
calculations of the resonant frequencies of the MIM antennas
with and without the phonon term of Eq. (1). Without the
phonons in the GaSb layer, the gap-plasmon resonance shifts
over the entire frequency band (blue curve) when the width
of the antenna is varied (Fig. 3). This behavior agrees with a
cavity model for the MIM antenna that expresses the resonant
wavelength as

Ar = 2new + Ay, 3

where the effective index of the gap plasmon is neg = ky/ko
(k. being is the propagation constant and ko the wave number
in vacuum) and A4 is a correction that takes into account
the coupling with the incident field [28,49,50]. This picture
is drastically modified when the EW simulations integrate
the phonon resonances described by Eq. (1) for the GaSb
layer. In that case, the gap plasmon strongly interacts with the
phonons leading to the anticrossing experimentally observed
(green curves, Fig. 3). The Rabi splitting, the minimum energy
between both G3P modes, reaches 30% of the TO-phonon
wave number for an antenna width of 3.1 um. The complete
picture of the gap-plasmon and phonon coupling is depicted in
Fig. 5(a) by the simulated reflectance as a function of the an-
tenna width and the wave number. The strong coupling regime
is also assessed by the modification of the quality factor of the
MIM antenna due to its hybridization with the phonon mode.
The experimental quality factor Q. = vg3p/FWHM is plotted
as a function of the width w for both G3P resonances in Fig. 4.
The experimental data of the G3P~ mode are out of range
for antenna widths larger than 3.4 um. At the maximum of
strong coupling (w = 3.1 um) both G3P resonances present

041302-3



RAFIK SMAALI et al.

PHYSICAL REVIEW B 100, 041302(R) (2019)

Reflectance

100 200 300 400
Wavenumber (cm™)

w0 ©

C(um) '

x'(um)

FIG. 5. (a) Reflectance spectra as a function of the wave number
and the antenna’s width. (b)—(e) Maps of the magnetic field modulus
calculated for each absorption line labeled in panel (a).

equal Q. since in this regime the G3P quasiparticles are
equally mixed, half gap plasmon and half phonon. Far from
this anticrossing, for a small antenna width around w =
1.6 um, their quality factors differ by a factor of 4. Here,
the G3P~ is a phononlike resonance with a large Q,, while
the G3P* is a gap-plasmon-like resonance with a small Q,,.
The opposite situation is observed for a large antenna width.
This behavior is reproduced for the theoretical quality factor
O, obtained with the electromagnetic simulations (not shown
in Fig. 4). Oy, is two times larger than Q,, suggesting that
additional losses attributed to the fabrication process degrade
the electromagnetic confinement of the MIM antennas.

The hybridization of the gap plasmon is also clearly identi-
fied on the map of the modulus of the magnetic field calculated
for a width w = 2.75 um [Figs. 5(b)-5(e)]. The magnetic
field profiles calculated for the absorption lines labeled (1)
and (4) correspond, respectively, to the G3P~ and G3P*
modes [Figs. 5(b) and 5(e)]. The G3P+ looks like a gap
plasmon trapped underneath the ribbon when its resonance
frequency is situated far from that of the phonons [Fig. 5(e)].

The G3P~ is less localized than the G3P* as assessed
by its weaker maximal value and spreads within the GaSb
spacer showing that the gap plasmon better interacts with the
phonons [Fig. 5(b)]. The transverse and longitudinal phonon
resonances cause the weak absorption lines that correspond to
Fabry-Perot resonances within the GaSb layer [see Figs. 5(c)
and 5(d)]. Figure 5(d) corresponds to the Berreman mode with
the enhancement of the magnetic field everywhere in the GaSb
spacer.

Beyond the good agreement of the experimental data and
electromagnetic simulations, we described the gap-plasmon
and phonons coupling in the framework of a semiclassical
theory. However, the choice of the most adapted model is
not so easy. Indeed, the strong coupling regime features an
anticrossing effect but not a frequency gap opening for any
wave number between the upper and the lower polariton
branches, i.e., in the reststrahlen band. A semiclassical strong
coupling model gives a good agreement except for the G3P™*
and the G3P~ modes that reach asymptotically the wrong TO-
or the LO-phonon energies and not the actual LO- and TO-
phonon branches. To feature this energy gap, it is necessary to
consider an ultrastrong coupling model. The two uncoupled
states are the LO-phonon |P) and the gap-plasmon |GP)
levels with respective energy Ep = hwr o, and Egp = hc/A,
where c is the speed of light in vacuum and A, is given by
Eq. (3) (with ner = 6 and Ay = 6 um). The strength of the
coupling between both states is the Rabi energy Egr = nEp.
The diagonalization of the light-matter Hamiltonian in the
dipole gauge [51] gives the secular equation

(E* — Ep)(E® — Egp) = ERECp. “4)

The solutions of Eq. (4) are the G3P dispersion curves drawn
in Fig. 3 (magenta dashed and solid lines). These theoretical
results are in good agreement with the experimental data con-
firming thus the ultrastrong coupling. The asymptotical values
for large and small ribbon’s width of the G3P* and G3P~
modes are, respectively, the LO- and TO-phonon modes.
The reststrahlen band appears between the upper and lower
polariton branches. The unique adjustable parameter of the
model is the Rabi energy which is 30% of the LO-phonon
energy (corresponding to n = 0.3), in agreement with the
giant value experimentally observed. The root-mean-square fit
value of the ultrastrong model is improved by 12% compared
to the electromagnetic model.

In conclusion, we have experimentally demonstrated a
hybridization of gap plasmon with phonons with MIM anten-
nas made of heavily doped semiconductors. MIM antennas
offer a simple way to control the energy of the gap-plasmon-
phonon-polariton resonances. The strong confinement of the
gap plasmon within the GaSb layer enables one to reach the
ultrastrong coupling regime characterized here by a giant Rabi
splitting of 30% of the TO-phonon energy.
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