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Subwavelength Epsilon-Near-Zero (ENZ) films with decorated nanoantennae are an emerging platform for coupling
radiation into the ENZ mode: recent experiments have shown how strong coupling between the two systems underpins
significant nonlinear effects. Field enhancement and the temporal dynamic of the radiation in ENZ films strongly
coupled with plasmonic antennae plays a substantial role in the light-matter interaction, and the latter has not yet been
fully disclosed. We numerically investigate the pulse shaping of radiation impinging on two representative strongly
coupled systems: a transparent conductive oxide with ENZ in the NIR band (ITO) and a polar material with ENZ
in the MIR (SiC). In both cases, we demonstrate that the temporal dynamics and field enhancement are particularly
pronounced within the strong coupling region, and we highlight the different polarization responses of the ITO-based
case from the SiC one. The latter, owing to lower losses, shows extreme reshaping of resonant radiation close to the
ENZ spectral region and is, therefore, a promising candidate for slow-light-enhanced effects.
The ENZ mode arising in deeply subwavelength ENZ films
is tightly confined and field-enhanced due to the continuity
of the longitudinal component of the electric field1 , the large
group index of the bulk material and the slow-light effect consequent of the flat modal dispersion2–5 . Such conditions underpin increased optical nonlinear effects6–10 , e.g., enhanced
harmonic generation1,11–14 , a giant Kerr effect15–17 , strong
negative refraction and high efficiency of four-wave mixing
(FWM)18,19 . Unfortunately, the ENZ mode is not easily accessible from free space due to its large impedance mismatch
with the radiation in air20 . Among the strategies devised to
overcome this issue, one approach exploits the hybridization
of the ENZ mode with plasmonic antennas deposited on top
of the ENZ film21–24 and shows strongly enhanced nonlinearities18,25 . In this regime of light-matter interaction, field
enhancement and slow-light both contribute to increasing the
nonlinear effects. The Antennae-ENZ-Substrate metasurfaces
(MSs) have been predominantly investigated with Indium-Tin
Oxide (ITO) as the ENZ layer, and the enhanced light-matter
interactions have been linked to slow-light effects increasing
the interaction time between light and matter9 . While field enhancement can be numerically assessed with finite-difference
time-domain (FDTD) simulations by analyzing the spectrum
of a broadband source, unveiling the temporal dynamics requires a time-resolved analysis of the FDTD simulated radiation dynamics, which has not been fully addressed yet.
Here, we fill this gap by investigating the temporal dynamics driven by the pulsed excitation of a strongly coupled system comprised of plasmonic antennae and an ENZ
film. We have considered two representative ENZ media,
namely a transparent conductive oxide (TCO) with an ENZ
frequency in the near-infrared, νENZ = 211 THz (ITO, λENZ =

1420 nm) and a polar dielectric (Silicon Carbide, SiC) with a
longitudinal optical phonon resonance in the mid-infrared at
λLO = 10.3 µm. In the latter case, the phonon resonance is responsible for a low-loss ENZ condition at νENZ = 29.1 THz.
The frequency-dependent permittivities for the two media are
shown in Fig. S1(a) and (b) of the Supplementary Material
(SM) - Antennae and ENZ modes.
Our numerical analysis shows that the strong coupling condition enables to increase the pulse duration and delay. These
effects are particularly evident for the normal and in-plane
field components at higher and lower frequency resonances.
Our results show that losses play a major role in quenching
both the duration and the delay of the enhanced field inside
the ENZ medium. SiC, featuring losses three orders of magnitudes smaller than those of TCOs26 (γITO ≥ 1.5e14 rad s−1 ,
γSiC ≥ 9.4e11 rad s−1 , see SM - Antennae and ENZ modes) is,
therefore, a promising solution for slow-light applications27 .
Strong-coupling (SC) is relevant in nanophotonics as it enables fine-tuning of the system response to external stimuli: A
tiny variation of the system characteristics produces, indeed,
large qualitative modifications of its response. It arises from
the hybridization and anti-crossing of two distinct resonant
excitations, which can be thought of as coupled harmonic oscillators. To model the SC system, it is possible to consider
the simple case of two classical harmonic oscillators, with resonant angular frequencies ωe , ωp and dissipation rates γe , γp
coupled by the coupling strength Ω - see Fig. 1(a). In this
case, the eigenfrequencies ν+ , ν− of the system supermodes
follows28 :
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FIG. 1.

(a) Anticrossing and SC-induced dispersion resulting from two
classical harmonic oscillators with resonant frequencies ωe and ωp coupled
by a strength Ω. (b) Sketch of a Au/ENZ/Substrate metasurface undergoing
strong-coupling resonant excitation: the light blue and gray regions indicate
the substrate and the ENZ layer (we considered ITO and SiC), respectively.
The latter is decorated by a periodic array of gold-based nano-antennas (Au).
(c,d) Field enhancement |E/E0 |2 dependence over the impinging carrier frequency and antenna length for (c) ITO- and (d) SiC-based ENZ thin film
of thicknesses tITO = 20 nm and tSiC = 150 nm, respectively. The dashed
black horizontal lines mark the ENZ frequencies of the two materials. The
red dotted line in (d) shows the transverse optical phonon polariton resonance
νTO = ωTO /2π of SiC. The region with a negative real part of the permittivity
ε ′ , between νTO and the ENZ frequency - νLO , is the Reststrahlen band. Finally, the vertical black dotted lines indicate the antenna lengths of maximal
SC strength L0 .
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The onset of strong coupling is identified by the transition
from a perturbative to non-perturbative solution to the system dynamics which occurs for RSC = |2Ω/∆| ≥ 128 , where
ω̃ and ∆ are the average complex frequency of the bare states
and their complex detuning, respectively. Solutions where the
real and imaginary part of the two eigenvalues of the coupled
system Hamiltonian coalesce (ωe = ωp and |γe − γp | = 4Ω)
are known as exceptional points, which mark the boundary
between strong and weak coupling28,29 . We tested the strong
coupling condition for both the investigated systems (antennae for the ITO and SiC ENZ films). To that end, we first characterized the resonances ωe and ωp and dissipation rates γe
and γp of the individual components as described in SM - Antennae and ENZ modes. In a second step we numerically simulated the hybridization of the ENZ mode (a bulk plasmon in
ITO and a collective LO phonon excitation in the SiC) with the
nanoantennae cavity resonances (Au array decorated on top of
films). We simulate the the Au/ENZ/Substrate MS shown in
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FIG. 2. Dependence of the relative enhancements of the spatially-averaged
field components |Ex /EM | (a,b) and |Ez /EM | (c,d) on the excitation frequency
and the antenna length for the (a,c) ITO- and (b,d) SiC-based MSs illustrated
in Fig. 1

Fig. 1(b) for varying antennae lengths (L) and using a broadband approach and a commercial FDTD software (Lumerical). To this end, we injected a short, 6.6 fs for the ITO case
and 33 fs for SiC, pulse into the simulation box and analyzed
the spectrum of the electric field. The antennae with w and
thickness d were kept constant to w = 110 nm, d = 30 nm for
the ITO, and w = 250 nm, d = 40 nm for the SiC MSs. The
simulations are performed with periodic boundary conditions
on the transverse spatial directions, and the box size is chosen
in such a way to avoid antenna-antenna coupling effects. The
numerical results shown in Figs. 1(c) and (d) allowed us to
establish the frequencies of the strongly-coupled systems ν+
and ν− . Combining these with the previous results allowed
us to determine the strong coupling parameter RSC = |2Ω/∆|
and the antenna length at which the coupling is maximized.
We obtained RITO = 1.37 at L0 = 400 nm and RSiC = 1.28 at
L0 = 3 µm, which confirmed that both systems are stronglycoupled at those antenna lengths.
Another metric used to assess the SC regime is given by
the ratio between the energy exchange rate and the overall
loss rates30 : R = 2Ω/(γe + γp ) (see Ref.28 for a discussion
on the different definitions of SC). R > 1 indicates that
the resonances of the coupled system are visible. Based
on the numerical simulations described above we obtained
RITO = 2.42 and RSiC = 3.20.
We note that, by tuning the antenna length, it is not only
possible to manipulate the excitation frequency, but also the
field distribution within the MS. Indeed, while the ENZ mode,
at angular frequency ωe in Fig. 1(a), is polarized normal to
the film plane (field directed along the z-direction), the antenna cavity mode (at angular frequency ωp ) is mainly polarized along the in-plane transverse direction.

ENZ materials have large group velocity dispersion and are
known to slow radiation and reshape the temporal profile, allowing the impinging pulse to persist inside the medium for
far longer than its input duration2 . In turn, the considered SC
regime enables the manipulation of the system dispersion and
the effective radiation coupling into the ENZ material. To investigate the radiation dynamics mediated by the metasurface,
we performed FDTD simulations with a commercial software
(Lumerical) for impinging ultrafast pulses with in-plane polarization (field directed along the x-direction, i.e., along the
antenna length), carrier frequency ν0 ranging from 14 THz to
300 THz and pulse duration τ = 0.05 ps and 0.5 ps for the ITO
and SiC, respectively. Differently from the previous numerical simulations, here we have analyzed the temporal properties of the radiation into the sample, rather than its spectrum,
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Figure 2 shows how the antenna length influences the relative weight of the electric field polarization components
|Ex /EM | (a,b) and |Ez /EM | for both the ITO- (a,c) and SiCbased (b,d) MSs. Here, EM is the maximum field amplitude
for the selected component within the structure. It should be
noted that the input pulse is polarized in-plane (along the antenna length, x-direction). Therefore, while SC removes the
distinction between antenna and ENZ modes, it is interesting to note that the higher frequency resonance (ν+ ) is almost
entirely z-polarized, thus exhibiting ENZ-mode behavior. In
turn, the lower frequency mode (ν− ) is mainly transverse polarized and is, therefore, antenna-like. This is not as evident,
however, with the SiC-based MS, as shown in Figs. 2(b) and
(d). Here, similarly to the ITO case, we do not observe a
transverse polarized ν+ resonance. However, an additional
"pinned", transverse polarized, enhanced field component appears close to the ENZ frequency, at around 27 THz. In
contrast to the ITO case, the field component normal to the
film is enhanced at both ν+ and ν− , with a "pinned" resonance at the ENZ frequency. We note that this behavior is a
consequence of the SiC optical phonon polariton resonance
νTO = ωTO /2π = 23.9 THz appearing in the gap between ν+
and ν− . Radiation is coupled to the transverse optical phonons
either by hybridization of the polaritonic modes consequence
of the spatial localisation, or by the plasmonic resonances of
the metallic antenna31,32 . Numerical simulations performed
in a dispersion landscape similar to that of SiC, but with νTO
artificially shifted at frequencies far smaller than ν− led to
the disappearance of the observed pinned resonance. Furthermore, artificially increasing the losses of such a system to values similar to that of ITO leads to results similar to what was
observed in the ITO case.
A similar pattern can also be observed exploring the spatial
properties of the enhanced radiation. For the ITO MS, it is
indeed clear that the two resonances ν+ and ν− have ENZmode- and antenna-like behaviors. Figure S3 in the SM Spatial and frequency resolved electric fields shows indeed
how ν− is localized at the antenna edges (and is polarized inplane). At the same time, ν+ , mainly polarized in the direction
normal to the film, expands into the ITO below the antenna.
For the SiC MS, instead, ν+ and ν− have both antenna- and
ENZ-mode-like behaviors.
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FIG. 3. Dependence of the group delay (in fs) of the (a,b) |Ex | and (c,d) |Ez |
field components on the excitation frequency and the antenna length for the
(a,c) ITO- and (b,d) SiC-based MSs.

and at varying carrier frequencies. This way, we characterized
the dependence of the radiation dynamics from the different
resonant and coupling conditions. We analyzed the temporal
dynamics at the resonances of the system focusing on the delay δt = tout − tin , where tin,out are the pulse energy density
center of mass (COM) at the input and output, respectively,
and on the pulse duration change ∆t = ∆tout − ∆tin . These
quantities are shown in Fig. 3 and 4, respectively. The fields
are measured at the longitudinal coordinate (z) corresponding
to the interface between the ENZ film and the substrate and at
the transverse coordinate (y) corresponding to the edge of the
antenna.
As expected, similar to what was observed for the field enhancement (Fig. 2) both the delay δt (Fig. 3) and the pulse
duration ∆t (Fig. 4) depend on the excited mode (polarization)
and have maxima in the region where SC occurs. For ITO,
Fig. 3(a) and (c), the delay incurred crossing the 20 nm film
peaks at the ν− and ν+ resonances, for the antenna-like (a) and
the ENZ-like (c) mode, respectively. The maximum recorded
delay of ≃ 13 fs occurs for the antenna-like excitation and
corresponds to an energy velocity index of nu ≃ 85, measured considering the pulse COM. In contrast, for the ENZlike mode, the energy velocity index is nu ≃ 20. The situation is similar, although less straightforward, for the SiC MS Fig. 3(b)(d). In this case, the strong dispersion occurring when
approaching the TO phonon resonance (λTO = 12.55 µm) introduces further contributions to the temporal dynamics. For
this reason, the delay and pulse duration computed for the SiC
MS have only been plotted for |Ez /EM | > 0.2 (the striped areas in Fig. 3(d) and Fig. 4(d) identify those regions where
|Ez /EM | ≤ 0.2). Large delays can be observed for the zpolarized field component field component in proximity to
the system resonances ν+ and ν− , see Fig. 3(d). In contrast,
no significant delay is observed for the x field component at
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FIG. 4. Dependence of the pulse duration (relative to the input pulse duration) of the (a,b) |Ex | and (c,d) |Ez | field components on the excitation frequency and the antenna length for the (a,c) ITO- and (b,d) SiC-based MSs.

ν+ , see Fig. 3(b). The low losses of SiC result in a significantly higher group index and higher Q-factor. In particular,
the "pinned" mode exhibits a strong slow-light effect, similar
to what was observed for the field enhancement.
The strong curvature of the dispersion relations characterizing the radiation shown in Fig. 1(c) and (d) indicates that large
group velocity dispersion effects are expected at the SC condition. The numerical simulations performed with pulsed inputs
and shown in Fig. 4 confirm this expectation. The pulse duration changes significantly and increases more than fourfold
for the SiC MS - Fig. 4(b,d). A similar effect is observed with
ITO, albeit with a more modest 1.1× increase of the pulse
duration -Fig. 4(a,c).
Representative examples of the temporal effects for the SiC
MS are shown in Fig. 5. For a 29 THz carrier frequency pulse
impinging on a MS with 7 µm-long antennae, we observed
a remarkable maximum delay of δt ≃ 860 fs of the z field
component COM, corresponding to nu ≃ 1700, see Fig. 5(a).
Notably, these are also the antennae length and excitation
conditions that correspond to the maximal expected field
enhancement, see Fig. 2(d) and Fig. 1(d). Significant delays
are also recorded at the system resonances ν+ ≃ 30 THz
and ν− ≃ 16.6 THz for the SC system with antennae length
L0 ≃ 3 µm. For such a MS, we obtained δt−,x ≃ 237 fs
(nu ≃ 473); δt−,z ≃ 195 fs (nu ≃ 389); δt+,z ≃ 188 fs
(nu ≃ 376). The pulse profiles for these conditions are shown
in Fig. 5.
In conclusion, we have shown that the sustained energy
transfer between the electromagnetic wave and a collective
oscillation of electrons (ITO) and optical phonons (SiC)
arising in strongly coupled antennae/ENZ systems leads
to significant pulse reshaping. In both cases, the material
excitation is localized on the time scale of the driving optical
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FIG. 5. Pulse envelopes in SiC. (a) Shows the envelope corresponding to
the z component of the field for the conditions where it is maximally delayed.
The black dashed (and shaded) curve is the input pulse envelope (polarized
in the x-direction), and the blue curve is the output pulse in the absence of
the nanoantennae. The red and orange curves are the pulses after propagating
through the 150 nm thick SiC sample patterned with 3 µ m long antennae, at
ν+ , ν− carrier frequencies, respectively. The magenta curve is the pulse at the
ENZ frequency after propagating through the 150 nm thick SiC sample patterned with 7 µ m long antennae. The vertical thick dashed line indicates the
COM of this latter pulse. (b) Shows the envelope corresponding to the transverse (x) component of the electric field oscillating at the ν− excitation and
for 3 µ m-long antennae. The two insets show a detail of the pulse peaks and
serve the purpose to visually compare the pulse delayed at the system’s resonant excitations with what could be expected in case of propagating through
an unpatterned SiC sample of the same thickness (blue curves).

pulse, leading to a delay of the scattered electromagnetic
wave. The longer delays observed with SiC are a consequence
of the longer lifetime of the LO phonons. The investigated
ENZ-based MSs are an alluring platform for manipulating the
temporal pulse properties at the nanoscale, with a complex
interplay between field enhancement and slow-light effects
that may underpin a rich nonlinear phenomenology. Owning
to the expected low losses and large delays, SiC-based MSs
may play a significant role in future linear and nonlinear pulse
shaping applications.

SUPPLEMENTARY MATERIAL

The supplementary material reports on the strong-coupling
model and numerical results. In addition, it proposes numerical results for the spatial and spatial-spectral field enhancement.
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29 Ş. K. Özdemir, S. Rotter, F. Nori, and L. Yang, “Parity–time symmetry and
exceptional points in photonics,” Nature materials 18, 783–798 (2019).
30 L. Novotny, “Strong coupling, energy splitting, and level crossings: A classical perspective,” American Journal of Physics 78, 1199–1202 (2010).
31 B. K. Ridley, Electrons and Phonons in Semiconductor Multilayers (Cambridge University Press, 2014).
32 J. Chen and J. B. Khurgin, “Optical phonons in a periodically inverted polar
superlattice,” Phys. Rev. B 70, 085319 (2004).
14 Y.

Frequency (THz)
300
55

260

45

220

180

250
Frequency (THz)

Frequency

This is the author’s peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0070296

(a)
(b)

Antenna length
Field enhancement factor
(c)
(d)
0.9
1
1.1
1.2 1.3 1.4

140

350 450
550 650
Antenna length (nm)
Field enhancement factor
0.6 0.7 0.8 0.9
1

35

25

15
1
2
3
4
5
6
Antenna length (μm)
7

Frequency (THz)

Frequency (THz)

This is the author’s peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0070296

Field enhancement (normalized)
Field enhancement (normalized)
0.5 0.6 0.7 0.8 0.9 1 (b) 0.4 0.5 0.6 0.7 0.8 0.9 1
(a)
300
35

(c)
260

250
30

220
25

20

180
15

140
10

300

(d)35

260
30

220
25

20

180
15

140
10

350 450
550 650
Antenna length (nm)
1
2
3
4
5
6
Antenna length (μm)
7

Frequency (THz)
240

220

200

180

250
Frequency (THz)

5

240

220

200

180

Frequency (THz)

Frequency (THz)

This is the author’s peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0070296

(a)
Pulse delay (fs)
7
9
11
13 (b) 0

260

160

(c)

260

160

350 450
550 650
Antenna length (nm)

Pulse delay (fs)
200
400 600

1
800

35

30

25

20

15

10

(d)

35

30

25

20

15

10
2
3
4
5
6
Antenna length (μm)
7

Frequency (THz)
240

220

200

180

250
Frequency (THz)

1

240

220

200

180

Frequency (THz)

Frequency (THz)

This is the author’s peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0070296

(a)
Pulse duration (relative)
1.05
1.1(b) 1

260

160

(c)

260

160

350 450
550 650
Antenna length (nm)

Pulse duration (relative)
2
3

1
2
3
4
5
6
Antenna length (μm)

4

35

30

25

20

15

10

(d)

35

30

25

20

15

10
7

(b)1.0

1

0.8
0.6

0.99

1.2

1.4

1.6

|E|2 Input
|Ez|2 SiC @ 30 THz
|Ez|2 SiC 3 μm Antennae ν+
|Ez|2 SiC 3 μm Antennae ν|Ez|2 SiC 7 μm Antennae ν+
COM SiC 7 μm Antennae ν+

0.4
0.2
0
0

1

0.8

1

2

3 4
t (ps)

5

6

7

|E(t)|2 (μm)

|E(t)|2 (μm)

This is the author’s peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0070296

(a) 1.0

0.99

0.6

1.2

1.3

1.4

|E|2 Input
|Ex|2 SiC @16 THz
|Ez|2 SiC 3 μm Antennae νCOM SiC 3 μm Antennae ν-

0.4
0.2
0
0

1

2

3 4
t (ps)

5

6

7

