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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 at mid-infrared 
frequencies 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 spectra. For the double polariton branches case, we 
find that the best strategy to maximize the Rabi splitting is to use 
a combination of a doped layer supporting an ENZ feature and a 
layer supporting ISTs, with overlapping ENZ and IST 
frequencies.  This design flexibility renders this platform 
attractive for low-voltage tunable filters, light-emitting diodes, 
and efficient nonlinear composite materials.  

 
PACS NUMBERS: 78.67.Pt; 78.67.De; 78.67.-n; 78.20.-e 

 
1. Introduction 
 
The pursuit of natural and artificial epsilon-near-zero (ENZ) 
response has led to intriguing optical properties [1], including 
supercoupling [2-4], highly directional beaming [5-8], optical 
nanocircuits [9], optical switching and bistability [10, 11], and 
cloaking devices [12]. In this work, we aim to tailor light-
matter interactions at the nanoscale by using fundamental 
condensed matter excitations 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 [13-15].  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 (MM) resonators and simultaneously strongly 
coupled to semiconductor phonons or quantum well 
intersubband transitions (ISTs).  Such three-way coupling 
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leads to double and triple polariton branches in transmission 
and reflection spectra. 

Prior work has shown the realization of double polariton 
branches by coupling MMs to quantum well ISTs [16-23], 
ENZ modes [24, 25], and optical phonons [26, 27].  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 [28], innovative efficient nonlinear elements 
[29-31], and light-emitting diodes [32]. Our objective here is 
to show the advantages of using ENZ modes for tailoring the 
spectral response of strongly coupled systems. 

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. Note that both 
the ENZ mode and the ISTs require z-polarized fields, which 
are readily generated in the near field of the MM resonators. 
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 resonance 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 resonance 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 
of three-way coupling using ENZ modes.  In Section 2, we 
examine as “Case 1” the simultaneous strong coupling of ENZ 
modes to MM resonators and optical phonons where we 
clearly observe the generation of three polariton branches.  
This is in contrast to the results of [26] where the polariton 
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branch due to the ENZ mode was barely visible.  In Section 3, 
we investigate as “Case 2” the strong coupling between the 
ENZ mode and quantum well ISTs, for the case where the 
frequencies of the ENZ mode and ISTs are detuned.  This case 
helps us to unravel the physics of strong coupling with optical 
phonons.  Finally, in Section 4 we analyze as “Case 3” the 
case where the frequencies of the ENZ modes and ISTs are 
degenerate. 

 
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. The ENZ modes will be simultaneously 
coupled to MM resonators and a second resonant system which will either be: 
(b) optical phonons occurring in the ENZ layer; or (c) quantum well ISTs 
occurring in a separate layer.  MM resonators are shown on top of each 
semiconductor heterostructure in panels (b) and (c). 

 
2. Case 1: Simultaneous strong coupling of ENZ modes to 
MM resonators and optical phonons 
 
We investigate in this section the spectral properties of a 
system comprising 100-nm-thick gold split-ring resonator 
MMs and a semiconductor heterostructure as in Fig. 2(a) 
containing a 3-nm-thick GaAs cap layer, a 10-nm-thick AlAs 
layer, and a GaAs substrate. The relative permittivity of gold 

Auε  is described using a Drude model [33] with parameters 
extracted from spectral ellipsometry measurements of a 100 
nm-thick gold film which yield a plasma angular frequency of 

rad/s1020602 12××π  and a damping rate of 

rad/s109.102 12××π . The AlAs nanolayer supports optical 
phonons at ~360 cm-1 (see Fig. 2(b)), and the ENZ region 
associated with this resonance occurs at ~400 cm-1.  Note that 
since the ENZ frequency arises as a result of the phonon 

resonance, its frequency is fixed for a given material, thus 
providing limited capabilities with respect to the system 
analyzed in Secs. 3 and 4.  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. Note that the particular 
geometry used for the MM resonators is not important, so 
long as the bare cavity resonance is controlled by the size of 
the resonators. 

 
Fig. 2. Numerical and experimental results for strong coupling between MMs 
and optical phonons. (a) Top and side views of the structure with dimensions 
for scaling factor 1.0. (b) Real and imaginary parts of the permittivity of 
undoped AlAs versus frequency. (c) Map of transmittance versus the incident 
wave frequency and the bare cavity resonant frequency for a MM of gold 
split-ring resonators above the AlAs ENZ/phonon layer. Note the formation of 
three polariton branches. (d) Experimental transmittance spectra for several 
bare cavity resonant frequencies (i.e. scaling factors). Good agreement 
between numerical and experimental results is observed. The dotted lines 
representing the three polariton branches are shown as guides to the eye in 
panels (c) and (d). (e) SEM image of a MM sample fabricated with electron-
beam lithography. 

Figure 2(c) shows the transmittance as a function of 
incident wave frequency and bare cavity resonance frequency, 
obtained from full-wave simulations [34] of the split-ring 
resonator array on top of the AlAs nanolayer. To generate the 
transmittance map in Fig. 2(c), 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(a). 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 was 
used to generate all the full-wave simulation transmittance 
maps shown in this manuscript. 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-1) and the ENZ mode 
(around 400 cm-1).  

Next, we experimentally verify the predictions of Fig. 2(c). 
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 
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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). The transmittance spectra were measured 
at room temperature using a Bruker IFS66v, and are shown in 
Fig. 2(d). Two transparency windows, i.e. three polariton 
branches, are clearly visible at 360 and 400 cm-1 in agreement 
with full-wave simulations. 

As mentioned earlier, the implementation presented in Fig. 
2 is limited by the inability to adjust the optical phonon 
frequency and the detuning between the ENZ mode and the 
phonon resonance. In the next sections, we propose an 
alternative implementation to overcome this limitation.    
 
3. Case 2: Fully engineerable system with detuned ENZ 
mode and IST frequencies  
 
The results of Sec. 2 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 intrinsic 
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, and the 
IST frequencies can be tuned by modifying the quantum well 
design.  In particular, we adopt the structure shown in the 
inset of Fig. 3 which consists of a MM array of dogbone 
resonators (gold, 100 nm thick) placed on top of a 
multilayered substrate comprising: an Al0.48In0.52As  cap layer 
(30 nm thick) with 23.10=cε ; a doped In0.53Ga0.47As layer 
exhibiting an ENZ effect; a quantum well slab containing 20 
repeat units of an In0.53Ga0.47As/Al0.48In0.52As heterostructure 
(12.5/20 nm) supporting ISTs at a frequency of ≈ 24.2 THz; 
and an InP substrate with 3.9=sε . The relative permittivity 

of the doped InGaAs, ENZε , is described with a Drude model  
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where ∞ε  is given by the Sellmeier’s equation for InGaAs, 

pω  is the plasma frequency, and ENZγ  is the damping rate. 
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where rad/s102.242 12
0 ××= πω  is the IST angular 

frequency; IST2γ  represents the IST damping rate, with 

rad/s102 12
IST ×= πγ ; and 2.1=zf  is proportional to the IST 

oscillator strength, the doping density and intersubband matrix 
elements as described in [23].  

 

Fig. 3. Numerical results of strong coupling between MMs and detuned ENZ 
and IST frequencies. (a) Real and imaginary parts of the permittivity of doped 
InGaAs with the ENZ frequency at ~600 cm-1. (b) Real and imaginary parts of 
the permittivity of InGaAs quantum wells with the IST dipole transition at 
~800 cm-1. (c) Transmittance map from full-wave simulations of gold dogbone 
resonators on top of a semiconductor heterostructure with detuned ENZ mode 
and IST transition frequencies. Note the formation of three polariton branches 
as in the case of optical phonons in Fig. 2. The dotted lines representing the 
three polariton branches are shown as guides to the eye. The inset shows the 
side view of the sample. 

We analyze in this section the case where the ENZ mode 
frequency (~600 cm-1) is detuned from the IST transition 
frequency (~800 cm-1).  The permittivities of the two layers 
are shown in Fig. 3(a) and Fig. 3(b), which clearly show the 
ENZ crossing and the IST resonance, respectively.  Figure 
3(c) shows the transmittance maps obtained from full-wave 
simulations of an array of dogbone resonators on top of a 
doped semiconductor layer and a multi-quantum well layer as 
a function of the bare cavity resonance.  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-1) that is detuned from the ISTs 
(around 800 cm-1). This is very similar to what observed in 
Fig. 2 for MMs strongly coupled to optical phonons supported 
by semiconductor nanolayers.  

As mentioned earlier, the implementation presented in Fig. 
3 is fully engineerable, i.e. the resonance frequencies of the 
ENZ and dipole layers can be adjusted independently. We 
further analyze this property in the next section. 

 
 
4. Case 3: Fully engineerable system with overlapping 
ENZ mode and IST frequencies  
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A more interesting effect is achieved using the MM/ENZ/IST 
structure in the inset of Fig. 3 when the doping of the ENZ 
layer is increased so that the frequency of the ENZ mode 
coincides with the ISTs resonant frequency (~800 cm-1) (see 
Fig. 4(a), which clearly shows the ENZ crossing at ~800 cm-

1). We analyze this system for three thicknesses of the ENZ 
layer (the quantum well 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, Fig. 4(e) shows that the Rabi 
splitting increases as the thickness of the ENZ layer is 
increased.  

 

 
Fig. 4. Numerical results of strong coupling in the MM/ENZ/IST system for the case of degenerate ENZ and IST frequencies.  (a) Real and imaginary parts of the 
permittivity of doped InGaAs with the ENZ crossing at ~800 cm-1. (b-d) Full wave simulation transmittance maps for an array of dogbone resonators on top of a 
semiconductor heterostructure with overlapping ENZ mode and IST resonance frequencies for ENZ layer thicknesses of: (b) 30 nm; (c) 100 nm; and (d) 200 nm.  
The inset shows the side view of the sample and |Ez| field relay effect. (e) Experimental and theoretical values for the Rabi splitting (as the spectral difference 
between the two transmittance dips when the resonances are all overlapping) versus strong coupling configuration: IST only, ENZ only, and both IST and ENZ. 
The last always shows the largest splitting.   

 
The increase of the Rabi splitting with increasing ENZ 

layer thickness for the combined ENZ layer/IST layer can be 
understood by considering the dispersion of the ENZ modes 
of this combined stack (shown in Fig. 5(a)). Here we analyze 
a stack consisting of a doped In0.53Ga0.47As layer with a 
plasma frequency at ~800 cm-1; a quantum well slab 
supporting ISTs at a frequency of ~800 cm-1; and an InP 
substrate. We compute the dispersion of the modes in the 
complex-frequency/real-wavenumber plane and show it in 
Fig. 5(b). One can see that for the three ENZ layer thicknesses 
considered, the modes of the combined stack exhibit a rather 
flat dependence on the wavenumber, confirming that they 
behave as ENZ modes similar to those of a single slab [13-
15]. This in turn shows that the semiconductor stack in Fig. 
5(a) effectively behaves as a “thicker” ENZ structure, leading 
to an enhanced Rabi splitting. A similar effect was used in 
Ref. [25] to obtain ultra-strong coupling thanks to a complete 
overlap between the photon mode and the matter polarization. 
A similar Rabi splitting increase with thickness was also 
observed in Ref. [35]. 

100 nm

Doped semiconductor
ISTs in quantum wells

Substrate

Free space
d1

d2

ENZ MODE

(a) (b)

 
Fig. 5. (a) Semiconductor heterostructure for which we compute the dispersion 
of the ENZ modes. (b) Real part of the ENZ mode dispersions for the 
semiconductor heterostructures in (a) with ENZ layer thicknesses of 30, 100 
and 200 nm. Note the relatively flat dispersion of ( )ωRe  versus wavenumber 
for all the ENZ layer thicknesses. 

We also note that the ENZ mode plays a fundamental role 
in these effects: while, in general, the enhanced field 
generated below the paddles of the dogbones decays 
exponentially with distance away from the metamaterial 
resonators, a thin layer supporting ENZ modes acts as a 
relayer of Ez fields [13-15].  Due to boundary conditions of 
the ENZ layer, the field is enhanced and kept constant within 
the ENZ layer [13-15], so that it is relayed from the top 
interface to the bottom interface.  This field relay effect can 
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clearly be seen in the inset of Fig. 4, which shows the |Ez| in 
the y-z plane at 1000 cm-1 for the sample of Fig. 4(b) with 
scaling factor 1.0. The top and bottom ENZ interfaces are 
depicted by white dashed lines in this figure. On these 
grounds, we note that the use of an ENZ layer is beneficial as 
it helps alleviate the field penetration depth limitations 
mentioned in Ref. [20], provided the overall thickness is 
within the existence condition of ENZ modes [13-15]. 
Therefore, the best strategy to maximize the Rabi splitting in a 
metasurface/semiconductor system is to use a combination of 
a doped layer supporting an ENZ feature and a layer 
supporting ISTs, with overlapping ENZ and IST frequencies.  

To confirm the predictions of Fig. 4(c-d), we fabricated 
MM samples for ENZ layer thicknesses of 100 and 200 nm. 
Figure 6 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. 6. 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. 

 

 
Fig. 6. Experimental transmittance maps for strong coupling in the 
MM/ENZ/IST system for degenerate ENZ and IST 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 insets show SEM 
images of an MM sample and a single resonator fabricated with electron-beam 
lithography. 

 
5. 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 spectra. In regards to 

the double polariton branches case, we find that the best 
strategy to maximize the Rabi splitting is to use a combination 
of a doped layer supporting an ENZ feature and a layer 
supporting ISTs, with overlapping ENZ and IST frequencies. 
The flexibility of tuning resonance frequencies and couplings 
renders this platform attractive for low-voltage tunable filters, 
light-emitting diodes, and efficient nonlinear composite 
materials.  
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