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ABSTRACT

Epsilon-near-zero (ENZ) modes arising from condensed matter excitations such as phonons and plasmons
are a new path for tailoring light-matter interactions at the nanoscale. Complex spectral shaping can be
achieved by creating such modes in nanoscale semiconductor layers and controlling their interaction with
multiple, distinct, dipole resonant systems. Examples of this behavior are presented for ENZ modes that are
strongly coupled to metamaterial resonators and simultaneously strongly coupled to semiconductor
phonons or quantum well intersubband transitions, resulting in double and triple polariton branches in
transmission and reflection spectra. This design flexibility renders this platform attractive for low-voltage
tunable filters, light-emitting diodes, and efficient nonlinear composite materials. As an example, we show
an increase of second harmonic generation when the ENZ mode is simultaneously strongly coupled to

metamaterial resonators and highly nonlinear intersubband transitions.



INTRODUCTION
The pursuit of natural and artificial epsilon-near-zero (ENZ) response has led to intriguing optical

5,6,7,8

properties’, including supercoupling” > *, highly directional beaming , optical nanocircuits’, optical

1011 "and cloaking devices'?. In this work, we aim to tailor light-matter interactions

switching and bistability
at the nanoscale by using fundamental excitations in condensed matter such as plasmons and phonons that
lead to spectral regions of ENZ behavior. Deeply subwavelength films are known to support coupled
surface modes — ENZ modes — at the frequency where the film’s dielectric permittivity vanishes™ *. We
propose here a system whose spectral properties are controlled by the interaction between the ENZ modes
of semiconductor nanolayers and multiple, distinct, dipole resonant systems. In particular, we consider
ENZ modes that are strongly coupled to metamaterial resonators and simultaneously strongly coupled to
semiconductor phonons or quantum well intersubband transitions (ISTs). Such three-way coupling leads to
double and triple polariton branches in transmission and reflection spectra.

Prior work has shown the realization of double polariton branches by coupling metamaterials
(MMs) to quantum well intersubband transitions'> '® 7 18- 19 20. 2122 "EN7 modes™ **, and optical
phonons® *°. More generally, MM structures interacting with semiconductor heterostructures supporting
excitations such as phonons, plasmons, and electronic transitions, offer a platform for tunable spectral

behavior that is attractive for low-voltage tunable filters®’, innovative efficient nonlinear elements* >’

, and
light-emitting diodes™. Our objective here is to show the advantages of using ENZ modes for tailoring the
spectral response of strongly coupled systems. We also show a significant increase in second harmonic
generation efficiency when the ENZ mode is simultaneously strongly coupled to MM resonators and highly
nonlinear quantum well ISTs. This is important for the development of ultrathin, highly efficient, nonlinear
optical metasurfaces.

The platform discussed in this paper is represented by the block diagram in Fig. 1(a), which

describes a system where ENZ modes interact with two, distinct, dipole resonant systems. In this work,

one of the resonant systems will always be MM resonators, while the other will be either semiconductor



phonons or quantum well ISTs. Of course one can envision a more general system in which the ENZ modes
interact with more than two dipole resonances, but the analysis provided here is sufficient to understand the
achievable properties. In some cases, the ENZ mode and the second dipole resonances coexist in the same
nanolayer, as happens in the case of semiconductor optical phonons shown in Fig. 1(b). This
implementation is however limited by the inability to adjust the optical phonon frequency and the detuning
between the ENZ mode and the phonon resonance. This limitation can be overcome by using two layers,
one supporting the required ENZ modes and the other supporting the second dipole resonance as shown in
Fig. 1(c) for the case of quantum well ISTs. This is the most flexible case, in which the relative positions
and resonant frequencies of the ENZ and dipole layers determine the complex spectral response of the
strongly coupled system.

In what follows, we will analyze three representative cases: (1) simultaneous strong coupling of
ENZ modes to MM resonators and optical phonons (similar to what done in*’) where we clearly observe
the generation of three polariton branches (as opposed to the results of™, where the polariton branch due to
the ENZ mode was barely visible); (2) detuned ENZ mode and IST frequencies which helps us to unravel
the physics of strong coupling with optical phonons; (3) overlapping ENZ mode and IST frequencies which
provides a flexible platform that may lead to efficient, tunable, engineerable structures. This third case will

be used to demonstrate enhanced second harmonic generation.



RESULTS

We first investigate the spectral properties of a system comprising gold split-ring resonator MMs
and an AlAs nanolayer supporting optical phonons as in Fig. 1(b). The relative permittivity of the AlAs
nanolayer is presented in Fig. 2(a) which shows the dipolar phonon resonance at ~360 cm™ and the
associated ENZ frequency at ~400 cm™. Note that the ENZ frequency arises due to the phonon resonance,
and cannot be independently tuned. Because of the spectral separation of the phonon and ENZ frequencies,
we anticipate that both the phonons and the ENZ modes will strongly couple to the MMs and lead to
polariton splitting. Figure 2(b) shows the transmittance as a function of frequency and bare cavity
resonance frequency, obtained from full-wave simulations of the split-ring resonator array on top of the
AlAs nanolayer. The bare cavity resonance frequency is controlled by scaling the MM geometry as
described in the Methods section. We observe clearly that the transmittance spectra exhibit three polariton
branches, a signature of strong coupling of the MM resonators to both the phonon resonance (around 360
cm™) and the ENZ mode (around 400 cm™).

Next, we experimentally verify the predictions of Fig. 2(b). Similar to the full-wave simulations, we
geometrically scale the MM dimensions which allow us to sweep the bare cavity resonance across the ENZ
and phonon resonance frequencies and map out the three polariton branches. The MM is defined by
electron beam lithography directly on top of the semiconductor heterostructure. A Ti/Au (5/100 nm) layer
is evaporated followed by a standard lift-off process. A scanning electron micrograph (SEM) image of a
fabricated sample is reported in Fig. 2(e). We then measure the transmittance spectra at room temperature
using a Bruker IFS66v, reported in Fig. 2(c) for various scaling factors. Two transparency windows are
clearly visible at 360 and 400 cm™ in agreement with full-wave simulations. The minor disagreement can
be attributed to fabrication imperfections. We further apply a three-coupled-oscillator model®" ** (which
describes a coupling behavior of the original ‘bare’ resonances in a system; see the Methods section) and

overlap the three polariton branches in both maps in Fig. 2(b-c) as dotted lines. We observe a good



agreement with both full-wave simulation and experimental results, showing that such a model recovers the
polaritons information.

The results of the previous paragraphs demonstrate that optical phonons can be utilized to tailor the
behavior of photonic structures and opens up new directions for their usage in strong coupling scenarios.
However, optical phonon frequencies are defined by material properties and can hardly be modified. To
circumvent this problem we separate the functionality and use a doped semiconductor layer to create the
ENZ modes, and a multi-quantum well layer containing ISTs as the second dipole resonance. This system
is fully tunable since the ENZ frequency can be adjusted by varying the doping level (see the Methods
section), and the IST frequencies can be tuned by modifying the QW design.

We first analyze the case where the ENZ mode frequency (~600 cm™) is detuned from the IST
resonance frequency (~800 cm™), as shown by the permittivity functions in Figs. 3(a) and 3(b). Figure 3(c)
shows the transmittance maps obtained from full-wave simulations of a MM array of dogbone resonators
on top of a doped semiconductor layer and a multi-quantum well layer (see the Methods section) as a
function of the bare cavity resonance, once again controlled by scaling the MM geometry. We observe
clearly that the transmittance spectra exhibit three polariton branches, a signature of strong coupling of the
MM resonators to an ENZ mode (around 600 cm™) that is detuned from the ISTs (around 800 cm™). This is
very similar to what observed in Fig. 2 for MMs strongly coupled to optical phonons supported by
semiconductor nanolayers. This is also confirmed by the good agreement with the three polariton branches
computed using a three-coupled-oscillator model, shown as dotted lines in Fig. 3(c).

A more interesting effect is achieved when the doping of the ENZ layer is increased so that the
frequency of the ENZ mode coincides with the ISTs resonance frequency (~800 cm™), as shown in the
permittivity plot in Fig. 4(a). We analyze this system for three increasing thicknesses of the ENZ layer (the
QW thickness is kept constant). The resulting transmittance maps for the three cases are shown in Fig. 4(b-
d) which reveal that only two polariton branches are present in this configuration. This is in stark contrast

to the three polariton branches observed in Fig. 3(c) for detuned ENZ mode and IST resonance frequencies.



We find that the MM-ENZ-IST system exhibits a larger Rabi splitting than when the MM resonators are
only coupled to the ENZ mode or the ISTs. Furthermore, we observe an increasing Rabi splitting for
increasing ENZ layer thickness as summarized in Fig. 4(e). The ENZ mode plays a fundamental role in
these effects: while, in general, the field decays exponentially with distance away from the metamaterial
resonators, a thin layer supporting ENZ modes acts as a relayer of E. fields®>. Due to boundary conditions
of the ENZ layer’ the field is enhanced and kept constant within the ENZ layer™ ™, so that it is relayed from
the top interface to the bottom interface. This in turn enhances the coupling, and causes the increase of Rabi
splitting.

To confirm the predictions of Fig. 4(c-d), we now fabricate MM samples for ENZ layer thicknesses
of 100 and 200 nm. Figure 5 shows an SEM image of a MM for the 200 nm case and for a MM scaling
factor 1.3, along with an image of a single dogbone resonator. The experimental transmittance maps of the
two samples are shown in Fig. 5. As predicted in Fig. 4(c-d), we obtain only two polariton branches and a
large Rabi splitting. The minor disagreement between the simulations and measurements can be attributed
to fabrication imperfections.

We next demonstrate the use of this platform to obtain efficient nonlinear composite materials. It
has recently been shown that MMs coupled to ISTs in quantum wells can lead to efficient nonlinear
elements”™ *°. We thus analyze the second harmonic generation properties of the structure shown in Fig.
6(a) comprising both ENZ modes and ISTs in quantum wells, using the simulation procedure is described
in the Methods section. In Fig. 6(b) we show the second harmonic conversion efficiency versus pump
frequency for forward and backward beams for two cases: (i) ISTs only (dashed squares and circles); and
(1) ISTs and ENZ (solid stars and triangles). It is clear that the presence of the ENZ modes enhances the
conversion efficiency by about a factor of two for both forward and backward second harmonic signals. We

stress that this harmonic generation comes from a phase-matching free, subwavelength (~ 4, /43 at 10 pm)

nonlinear metasurface. Further optimization may lead to even higher enhancements.



CONCLUSION

In conclusion, we have demonstrated a platform for tailoring light-matter interactions that employs
fundamental excitations in condensed matter such as plasmons and phonons. In particular we design the
system’s spectral response by creating ENZ modes in semiconductor nanolayers and controlling their
interaction with multiple, distinct dipole resonant systems. We have shown examples of this behavior for
three-way strongly coupled systems of ENZ modes, phonons, and metamaterials, as well as three-way
systems of ENZ modes, quantum well ISTs, and metamaterials. The three-way coupling in these systems
results in double and triple polariton branches in transmission and reflection spectra. The flexibility of
tuning resonant frequencies and couplings renders this platform attractive for efficient nonlinear composite
materials. Towards this end, we have numerically demonstrated an increase of second harmonic generation
when the ENZ mode spectrally overlaps highly nonlinear quantum well ISTs. The use of ultrathin
metasurfaces that are free of phase-matching constraints could open up a plethora of applications, such as
frequency up- and down-conversion, beam manipulation at the second harmonic frequency, and quantum

information processing.
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FIGURE 1
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Fig. 1. ENZ modes arising from condensed matter excitations such as phonons and plasmons
represent a new path for tailoring light-matter interactions at the nanoscale. (a) Block diagram of
the proposed platform comprising ENZ modes and two dipole resonances, where the ENZ modes
are engineerable over a wide frequency band. One of the two dipole resonances will be
represented by MM resonators, such as split ring resonators and dogbone resonators. Then, the
ENZ modes and the second dipole resonance can either belong (b) to the same layer (as in the
case of optical phonons) or (c) to different layers (as in the case of doped semiconductors and
quantum well ISTs). While case (b) is limited to what natural materials allow, case (c) exhibits
great design flexibility on a wide spectral region. MM resonators are shown on top of each

semiconductor heterostructure.
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FIGURE 2
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Fig. 2. Numerical and experimental results of strong coupling between MMs and optical
phonons. (a) Real and imaginary parts of the permittivity of undoped AlAs versus frequency. (b)
Map of transmittance versus frequency and bare cavity resonance for a MM of gold split-ring
resonators on top of a semiconductor heterostructure obtained using full-wave simulations as
described in the Methods section. Note the formation of three polariton branches. (c)
Experimental transmittance spectra for various bare cavity resonances (i.e. scaling factors) in
part (b). Good agreement between numerical and experimental results is observed. We overlap
dotted lines representing the three polariton branches computed using a three-coupled-oscillator
model. (d) Top and side views of the structure with dimensions for scaling factor 1.0. () SEM

image of a MM sample fabricated with electron-beam lithography.
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FIGURE 3
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Fig. 3. Numerical results of strong coupling between MMs, ENZ modes, and quantum well for
detuned ENZ mode and IST frequencies. (a) Real and imaginary parts of the permittivity of
doped InGaAs with ENZ frequency at ~600 cm™. (b) Real and imaginary parts of the
permittivity of InGaAs QWs with the IST dipole transition at ~800 cm™. (c) Map of
transmittance from full-wave simulations for a MM of gold dogbone resonators on top of a
semiconductor heterostructure with detuned ENZ mode and IST frequencies. Note the formation
of three polariton branches as in the case of optical phonons in Fig. 2. We overlap dotted lines
representing the three polariton branches computed using a three-coupled-oscillator model. The

inset shows the side view of the sample.
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FIGURE 4
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Fig. 4. Numerical results of strong coupling between MMs, ENZ modes, and quantum well ISTs
for overlapping resonant frequencies and comparison of the Rabi splittings obtained for different
configurations. (a) Real and imaginary parts of the permittivity of doped InGaAs with the ENZ
crossing at ~800 cm™'. (b-d) Transmittance maps for a MM of gold dogbone resonators on top of
a semiconductor heterostructure with overlapping ENZ mode and IST resonance frequencies
obtained from full-wave simulations: (b) 30 nm ENZ layer; (c¢) 100 nm ENZ layer; and (d) 200
nm ENZ layer. Note the formation of only two polariton branches and the larger splitting for
increasing ENZ layer thickness. The inset shows the side view of the sample. (e) Experimental
and theoretical values of Rabi splitting (in cm™) versus strong coupling configuration: IST only,

ENZ only, and both IST and ENZ. The latter always shows a larger splitting.
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FIGURE 5
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Fig. 5. Experimental results for strong coupling between MMs, ENZ modes, and quantum well
ISTs for overlapping resonant frequencies, with ENZ layer thicknesses of 100 and 200 nm. Note
the good agreement between experimental data and simulation results in Fig. 4(c-d). The minor
disagreement can be attributed to fabrication imperfections. The insets show SEM images of a

MM sample and a single resonator fabricated with electron-beam lithography.
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FIGURE 6
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Fig. 6. Numerical estimation of the second harmonic conversion efficiency for a strongly
coupled sample comprising MMs, ENZ modes, and quantum well ISTs, with a 30-nm-thick ENZ
layer underneath a 200-nm-thick quantum well. The ENZ mode spectrally overlaps the giant
second order nonlinearity of the quantum well ISTs. (a) Schematic of the second harmonic
process. (b) Second harmonic conversion efficiency versus pump frequency for forward and
backward beams. The presence of the ENZ mode enhances the conversion efficiency by about a

factor of two.

18



METHODS

Sample details and full-wave simulations for the structure in Fig. 1(b)

The full-wave simulations are performed using a commercial code (FDTD Lumerical by
Lumerical Inc.). The structure in Fig. 1(b) depicts a MM of gold split-ring resonators interacting
with a semiconductor heterostructure containing a 3-nm-thick GaAs cap layer, a 10-nm-thick
AlAs layer, and a GaAs substrate. The relative permittivity of gold &5, is described using a

Drude model** with parameters extracted from spectral ellipsometry measurements of a 100 nm-

thick gold film which yield a plasma angular frequency of 27 x 2060 x10"rad/s and a damping

rate of 27 x10.9x10"rad/s. The AlAs layer supports optical phonons in the mid-infrared

frequency range (at ~360 and 400 cm™).

To generate the transmittance map in Fig. 2(b), we simulated a set of MMs for which all
the spatial dimensions of the MM of split-ring resonators are scaled by a common scaling factor
that varied between 2.0 and 2.9 (relative to the dimensions shown in Fig. 2(d) which depicts the
unit cell for scaling factor 1.0). For each scaling factor, we performed a full-wave simulation of
the MM without the AlAs layer to determine the bare cavity resonance frequency as the location
of minimum transmittance. Next, we performed simulations including the AlAs nanolayer and
plotted the obtained transmittance spectra versus the bare cavity frequency. A similar procedure

is applied to all the full-wave simulation transmittance maps generated in this manuscript.

Sample details and full-wave simulations for the structure in Fig. 1(c)
The structure in Fig. 1(c) consists of a MM array of dogbone resonators (gold, 100 nm

thick) placed on top of a multilayered substrate comprising: an InAlAs cap layer (30 nm thick)

with &,=10.23; a doped Ins3Gas;As layer exhibiting an ENZ effect; a quantum well slab

19



containing 20 repeat units of an In s3Ga 47As/Al 4sIn 5,As heterostructure (12.5/20 nm) supporting

ISTs at a frequency of ~24.2 THz; and an InP substrate with &, =9.3. The relative permittivity

of the doped In 53Ga 47As, &g , is described with a Drude model

2 -
O + 1wy,

€enz = ‘900(1_L] 1)

where ¢, is given by the Sellmeier’s equation for InGaAs, @, is the plasma frequency

p
proportional to the doping density and the effective mass for InGaAs, and ), is the damping
rate proportional to the mobility and the effective mass. The monochromatic time harmonic
convention, exp (— ia)t), is implicitly assumed. The ENZ crossing point can be tuned by varying
the doping density. The ISTs are described by anisotropic Lorentzian oscillators with (relative)

dielectric tensor given as &,y = & (XX +99)+&,22, with &, =10.97 and

2
fza)o

)

5 — 0" =2iwy g
where @, =27 x24.2x10" rad/s is the IST angular frequency; 2y s; represents the IST damping

rate, with ¥,y =27 x10"rad/s ; and f, =1.2 is proportional to the IST oscillator strength, the

doping density and intersubband matrix elements as described in **.

Three-coupled oscillator model
We apply a three-coupled-oscillator model’" ** and compute the three polariton branches

by retrieving the zeros of the determinant
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Oy =2 Yumeenz  Ymmist
Yvmeenz @z — 2 Venzost |=0 (3)

Y MM-IST Yenzost @t — €2

where @),,, ®g;, and ®g are the metamaterial resonance, the ENZ frequency, and the IST

transition, respectively. yuv-enz> Ymvoist» @d Yenzoist are coupling strengths of the two systems

in the subscripts, and are used as fitting parameters. Finally, Q describes the frequency of the
three polariton branches and is obtained as the solution of the third order polynomial equation

obtained from Eq. (3).

Full-wave simulations for second harmonic generation in Fig. 6
The structure in Fig. 6(a) consists of a MM array of split-ring resonators (gold, 100 nm

thick) placed on top of a multilayered substrate comprising: an InAlAs cap layer (30 nm thick)
with &, =10.23; a 200 nm thick quantum well as in 2. a doped Ins3Ga47As layer exhibiting an
ENZ effect; and an InP substrate with & =9.3. The quantum well ISTs now exhibit two

resonances as described in ** and are thus modeled as anisotropic Lorentzian dipolar oscillators,

leading to a relative dielectric tensor &,y = & (XX +§9)+&,22, with &, =11.08 and

2 2
fz,lza’lz + fz,13(013

2o 2 _ 2 o
Wy —0° =210y, O3 -0" =210y,

(4)
where the first Lorentzian term models the optical transition at 28.1 THz (f,;, =0.67,

@, =2 x28.1x10% radls, 7, =0.04w,,) and the second term models the transition at 57.7
THz (f,13=0.16, w5 =27x57.7x10%radls, y;3=0.04w;). The quantum well ISTs are

characterized by an anisotropic second order susceptibility tensor with the only non-zero element

(2) 35, 36

being 1./ . For our sample, #2 =25x107 m/v *

. Following the simulation method
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outlined in **, we estimate the Poynting vector for both backward and forward pulses through

S= i(E x H*) / 2, where an asterisk indicates the complex conjugate operation, and + (—) refers to

the backward (forward) direction. We then estimate the SH conversion efficiency (in W/W?)
defined as 74" = P4T /P2, where P, is the power at the fundamental frequency and PL! is the

power at the second harmonic frequency (more details in **). The superscripts ¢ and 7 indicate

the forward (i.e. transmitted) and backward (i.e. reflected) directions.
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