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ABSTRACT: Mie-resonant dielectric metasurfaces are excellent
candidates for both fundamental studies related to light−matter
interactions and for numerous applications ranging from
holography to sensing to nonlinear optics. To date, however,
most applications using Mie metasurfaces utilize only weak light-
matter interaction. Here, we go beyond the weak coupling regime
and demonstrate for the first time strong polaritonic coupling
between Mie photonic modes and intersubband (ISB) transitions
in semiconductor heterostructures. Furthermore, along with
demonstrating ISB polaritons with Rabi splitting as large as 10%,
we also demonstrate the ability to tailor the strength of strong
coupling by engineering either the semiconductor heterostructure
or the photonic mode of the resonators. Unlike previous plasmonic-based works, our new all-dielectric metasurface approach to
generate ISB polaritons is free from ohmic losses and has high optical damage thresholds, thereby making it ideal for creating novel
and compact mid-infrared light sources based on nonlinear optics.
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Metasurfaces, which are the planar equivalents of
metamaterials, have attracted significant attention as

platforms for fundamental studies related to light−matter
interaction and for numerous applications.1 Broadly speaking,
metasurfaces can be classified as either plasmonic or all-
dielectric, where the former consists of an array of metal-
dielectric nanoresonators and the latter utilizes meta-atoms that
are fabricated out of high refractive index dielectric materials.1,2

Although metal nanoresonators have the advantage of being
subwavelength in size, they are intrinsically lossy at optical
wavelengths and have low optical damage thresholds, which
prohibits many applications at technologically relevant wave-
lengths. Additionally, metal nanoresonators tend to enhance
electromagnetic fields only near the surface of the metallic
elements,3 which limits the ability to control the interaction
volume and tailor light−matter interactions at the nanoscale. On
the other hand, dielectric resonators exhibit extremely low loss
and high damage thresholds. They support Mie-type volume
resonances where amajor portion of the electromagnetic fields is
confined within the volume of the resonator.2,3 The field
distribution of the Mie modes can be controlled using the
symmetry, shape, and size of the dielectric resonators. Because of
their design flexibility, low optical losses, and high damage
thresholds, all-dielectric metasurfaces have recently been

explored for numerous applications ranging from imaging4,5

and holography6 to ultrathin nonlinear optical elements.7−9

Most of metasurfaces demonstrated to date produce tailored
optical response by electromagnetic engineering of optical
modes in nanoresonators. Recently, more complex polaritonic
metasurface designs that exploit polaritonic coupling of optical
intersubband (ISB) transitions in multiquantum-well (MQW)
semiconductor heterostructures and optical modes in nano-
resonators10,11 were proposed and experimentally demonstra-
ted. This novel design approach has already resulted in
metasurfaces with unique functionalities such as record-high
second-order nonlinear optical response,12−15 optical power
limiters,16 and mid-infrared detectors with record detectivity.17

All these structures were based on polaritonic coupling of
intersubband transitions of MQWs with optical modes of metal
nanoresonators. However, as mentioned earlier, metasurfaces
based on metal resonators have several disadvantages compared
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to all-dielectric metasurfaces. In this work, we demonstrate for
the first time ISB polaritonic metasurfaces with all-dielectric
nanoresonators and show that these structures can be designed
to operate in the strong-coupling regime. Low losses and high
optical damage threshold of all-dielectric metasurfaces are
expected to be particularly important for nonlinear optics where
high intensity pump beams are used.
In our nanoscale all-dielectric polaritonic system, the light

component of the strongly interacting system corresponds to the
Mie photonic modes of the dielectric resonators, while the
matter component comprises electronic ISB transitions of
semiconductor quantum wells (QWs) embedded within the
dielectric nanoresonators. In addition to demonstrating strong
coupling, we also show that the light−matter coupling strength
in the dielectric metasurface can be tailored by engineering
either the matter excitation or the photonic mode through the
geometry of the nanoresonator.
The strength of light−matter coupling depends on both the

nature of the matter excitation as well as the fields of the
photonic mode. In the strong-coupling regime, the light−matter
coupling strength dominates over the losses of the system. This
regime leads to the formation of new hybrid eigenstates called
polaritons which are a superposition of a photonic mode and a
matter excitation.10,11,18 The minimum energy separation
between the two polariton branches in the frequency domain
is called Rabi splitting (in the time domain, this is observed as a
Rabi oscillation).10,11,19 Although many systems can demon-
strate strong coupling,10,11,20−27 very few offer the flexibility to

independently tailor both the light and matter components of
the light−matter interaction. In this letter, we demonstrate that
all-dielectric metasurfaces indeed offer such a flexible platform.
To do this, we present our results in two parts. In the first part,
we concentrate on the matter aspect of the light−matter
interaction and study ISB polaritons in metasurfaces that
support the same photonic Mie resonance but are coupled to
different semiconductor heterostructures. This part focuses on
engineering the matter excitation by controlling the number of
electrons in the strongly coupled system. In the second part, we
focus on the photonic aspect and study ISB polaritons in
metasurfaces that utilize the same semiconductor heterostruc-
ture but are coupled to different photonic Mie resonances. This
part focuses on leveraging different photonic mode profiles
supported by the resonators to tailor the strength of the light−
matter coupling.
Figure 1a shows a schematic of a meta-atom of the polaritonic

dielectric metasurface that was experimentally investigated. The
metasurface consists of periodically spaced cylindrical dielectric
resonators fabricated from III−V semiconductors with n-doped
In0.53Ga0.47As/Al0.52In0.48As MQWs (see Methods for fabrica-
tion details). The semiconductor resonators are bonded to a
sapphire substrate and are capped by an SiO2 layer. Both SiO2
and sapphire have a much lower refractive index (∼1.4 and
∼1.76, respectively) than that of the MQW heterostructure
(∼3.3). This refractive index contrast is the key to allow the
meta-atoms to host highly confined Mie-type photonic modes
with resonant frequencies that can be spectrally tuned by

Figure 1. Schematic and working principle of the dielectric intersubband polaritonic metasurface. (a) Schematic of the metasurface unit cell. The
height (h) of all the fabricated cylindrical Mie resonators is 1.25 μm. The radii (R) of the cylinders are varied to vary the spectral position of the
magnetic dipole (MD) Mie resonances. (b) 8 band k.p band structure calculation of the conduction band of a single period of the MQW
heterostructure used in this study. The quantum well thickness is designed to support a single intersubband transition at the transition frequencyω12/
(2π) ≈ 71 THz. The layer sequence of the single period of the heterostructure is 10 nm/4.3 nm/10 nm, where the thicknesses of the Al0.52In0.48As
barrier is shown in bold and the In0.53Ga0.47As well is in normal font. The In0.53Ga0.47As layer is uniformly n-doped and electron density averaged over
the entire MQW region is 1.4 × 1017 cm−3. (c) Finite-difference-time-domain calculations of the reflectance spectrum from an optimized metasurface
comprised of cylinders with R/h = 0.42 with electric field polarized along x and incidence angle θ = 15°. The MD resonance is spectrally aligned with
the intersubband transition frequency which is shown by the black dashed line (d) Finite-difference-time domain simulation results of theMDmode in
the nanoresonator in c. Shown is the absolute value of the z-component of the electric field in the central plane of the nanoresonator normalized with
respect to incident field Einc.
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controlling the radius (R) and height (h) of the cylinders. The
MQW heterostructure embedded within the resonators is
optimized to support a single ISB transition at ω12/(2π) = 71
THz (4.2 μm). Figure 1b shows an 8-band k.p band structure
calculation of a single period of the MQW system used in this
study. The heterostructure has Al0.52In0.48As layers in the top and
bottom and in the center is made of multiple repetitions of
Al0.52In0.48As and In0.53Ga0.47As/Al0.52In0.48As layers. The
heterostructures are grown by the molecular beam epitaxy
(MBE) on an InP substrate. The details of the MQW structure
and fabrication methods are given in Methods.
Strong coupling of the photonic mode to the ISB transitions

requires the fulfilment of the two conditions: (1) the resonant
frequencies of the photonic mode and the ISB transition should
spectrally align and (2) the photonic mode should have
significant electric field components normal to the QW
multilayer interfaces in order to satisfy the ISB selection rules.28

For the first part of the study, we chose to spectrally overlap
the ISB transition with the lowest-order dipole Mie resonance,
i.e., the resonance associated with magnetic dipole (MD) mode.
For a fixed wavelength (corresponding to the ISB transition) and
fixed height of the cylindrical resonator, the first Mie mode that
we observe for the smallest radii of the cylindrical resonators is
the MD mode.29 At that wavelength, the other higher-order
modes can be supported only by resonators of larger radii.
Choosing the MD mode, therefore, allows for the smallest
achievable resonator dimensions. We varied R to spectrally align
the MD mode with the ISB transition. Figure 1c shows a
numerically calculated reflectance spectrum of the optimized
metasurface, which shows that for cylinders of dimensionless
scale factor, R/h = 0.42, the MD resonance spectrally aligns with
the ISB transition. We keep h fixed at 1.25 μm in this study.
Choosing the MD mode also allows us to satisfy the second
condition mentioned above, since this mode creates strong z-
directed electric field components (due to its circulating out-of-
plane electric fields). Figure 1d shows numerically calculated
absolute values of the z-directed electric field Ez normalized to
the incident field Einc in the x−z plane at the center of the
resonator, for the MD resonance shown in Figure 1c at a
frequency of 71 THz. Having fulfilled both requirements for
strong coupling, we then proceeded to investigate the formation
of ISB polaritons and study their dependence on the matter
excitation in two different polaritonic metasurface systems.
The dependence of Rabi splitting of the ISB polaritons on the

matter excitation can usually be well understood by the Dicke
Model which predicts that for a given photonic mode, an
increase of the electron density inside the resonator enhances
the light-matter coupling, and the Rabi splitting (ΔωR) scales as

Ne where Ne is the total number of electrons inside the
resonator.11,30−32 To confirm this prediction for all-dielectric
metasurfaces, we fabricated and measured two types of
metasurfaces. For both metasurfaces, the resonators have the
same size and shape (therefore they support the same MD
mode) but they are integrated with two different hetero-
structures. The two heterostructures have the same thicknesses
of the Al0.52In0.48As/In0.53Ga0.47As/Al0.52In0.48As layers (10 nm/
4.3 nm/10 nm) and therefore same ISB resonant frequency,
ω12/(2π) = 71 THz but have different number of QWs and
different doping levels, and therefore different Ne. The first
heterostructure (W1) has N1

QW = 30 QWs with doping density
(N1

d) = 8× 1017 cm−3 in the quantumwell. The electron density
averaged over the entire MQW region (N1

v) for W1 is therefore

= 1.4× 1017 cm−3. The second heterostructure (W2) hasN2
QW =

40 QWs with doping density of N2
d = 3 × 1018 cm−3 in the

quantum well and the average electron density of N2
v= 5.3 ×

1017 cm−3. Based on the prediction of Dicke’s model, the ratio of

Rabi splitting for these two samples should be ∼ N
N

4
3

v

v
2

1
= 2.2.

Because the thicknesses of the QWs are the same for both W1
and W2, increasingNd andNQW should only change the number
of participating electrons and for these doping densities, to first
order, not the ISB resonance frequency itself.33,34 We confirmed
this by performing normalized FTIR transmission measure-
ments of the bare samples in a waveguide configuration (details
in Methods). Figure 2a shows the measured transmission

spectra, and we clearly see that both samples have the same ISB
resonance frequency (corresponding to the minima in trans-
mission spectra). Increasing Nd and NQW only increases the
amplitude and the line width of the ISB absorption feature in the
spectrum.
To demonstrate the dependence of the Rabi splittingΔωR on

Ne, we fabricated and measured three sets of metasurfaces.
Figure 2b, c show scanning electron micrographs of one of the
fabricated samples. We started with a control sample, where the
metasurfaces contained embedded W2 heterostructure but the
cylinders had relatively large radii so that all the metasurfaces
had the scale factors R/hmuch larger than 0.42. Because in these
structures, the MD resonance (at ∼62 THz) is spectrally
detuned from the ISB resonance, we do not expect to observe
any spectral signature of light−matter coupling between theMie
mode and the ISB. Furthermore, small changes of the
nanoresonator radii should lead to a linear spectral scaling of
the MD resonance. Figure 3a shows the experimentally
measured reflectance spectra of the metasurfaces. As expected,
no coupling is observed, and we measure a linear scaling of the
MD resonance with increasing the nanoresonator radii. Next, we
measured our polaritonic metasurfaces with cylinders of varying
radii and with scale factors R/h centered around 0.42 to sweep
the bare cavity resonance across the ISB transition. Figure 3b, c

Figure 2. Characterization of the MQW heterostructures and
fabricated metasurfaces. (a) Experimentally measured intersubband
absorption spectrum of the two MQW heterostructures used in this
study. The inset shows the configuration used for the absorption
measurements with the input direction indicated. The absorption
spectrum is produced by taking the ratio of the intensity of the
transmitted transverse magnetic polarized input light to the intensity of
the transmitted transverse electric polarized input light. (b, c) Top and
side view scanning electron micrographs of one of the fabricated
metasurfaces. The white scale bar corresponds to 2 μm (1 μm) in b (c).

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c03744
Nano Lett. 2021, 21, 367−374

369

https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03744?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03744?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03744?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03744?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03744?ref=pdf


shows the experimental results for two different sets of
metasurfaces loaded with W1 and W2 heterostructures,
respectively (see Methods for the details of the experimental
measurements). As opposed to linear scaling, in both cases, one
can now see the anticrossing of the two polariton branches.
Furthermore, for the metasurfaces loaded with the hetero-
structure W2 (Figure 3c), the magnitude of the Rabi splitting
ΔωR/ω12 ≈ 10% of the center frequency and is about 2 times
larger compared to the metasurfaces loaded with W1
heterostructure for which ΔωR/ω12 ≈ 5%. These results nicely
follow the predictions of Dicke’s model and in turn demonstrate
the ability to tailor light-matter interactions in these dielectric
metasurfaces by engineering the matter excitation independ-
ently of the photonic resonance. To validate our experimental
results, we also analytically calculated the polariton dispersion
and compared the calculated values with our experimental
values. We get excellent agreement, and the calculations are
shown in the Supporting Information. We also point out here
that the Rabi splitting of ∼10% is comparable to what has been
observed using intersubband polaritonic metasurfaces with
metal nanoresonators19,31 and it is also comparable to the
generally considered threshold for transitions to the ultrastrong
coupling regime.30 Finally, to verify the experimental results, we
performed finite-difference time domain numerical simulations
of all the three cases corresponding to the structures in Figure

3a−c (see Methods for the details of simulations). Figure 3d−f
shows the simulation results, which are in good qualitative
agreement with the experiment.
Unlike plasmonic metasurfaces, where the field polarization is

perpendicular to metal layers and the fields decay rapidly away
from metal, in dielectric metasurfaces, the types of Mie modes
supported by a metasurface, along with their corresponding
polarization and spatial mode profiles, can be varied by adjusting
the shape, size, or symmetry of the resonators comprising the
metasurface. Our ability to engineer the polarization and the
spatial mode profile of a Mie resonator provides an additional
degree of freedom that can be leveraged to tailor the strength of
the light−matter coupling. To investigate this photonic aspect of
light−matter interaction in the dielectric metasurfaces, we
studied metasurfaces that are loaded with the same semi-
conductor heterostructure but support different types of Mie
modes. As a proof-of-concept, we chose the simplest case of
comparing the polaritonic splitting for electric dipole (ED)
mode and the MD mode in the nanoresonators.
We fabricated two sets of metasurfaces using a third

semiconductor heterostructure design W3 with N3
QW = 30

QWs, N3
d = 3 × 1018 cm−3, and N3

v= 5.3 × 1017 cm−3. The
design of a single period of the MQW and the ISB transition
frequency of the W3 heterostructure is the same as for W1 and
W2. In the first set of metasurfaces fabricated from the W3

Figure 3. Experimental and numerical simulation spectra of the metasurfaces with the magnetic dipole (MD) resonance coupled to ISB transitions. (a)
Experimentally measured reflectance spectra of the metasurfaces made of resonators of different radii with the MD resonances detuned from the ISB
transition resonance. The scale factor of the cylinders (R/h) varies from 0.52 to 0.59 in equal steps with the curve at the top corresponding to the largest
scale factor/radius. Reflectance curves are offset vertically for clarity. Small changes to the radii lead to linear spectral scaling of the MD resonance. (b,
c) Experimentally measured reflectance spectra of the metasurfaces with resonators of different radii with the MD resonances spectrally overlapping
with the ISB resonance supported by (b)W1 and (c)W2 heterostructures, respectively. The scale factor of the cylinders (R/h) varies from 0.4 to 0.49 in
equal steps with the curve at the top corresponding to the largest scale factor/radius. Reflectance curves are offset vertically for clarity. A clear
anticrossing behavior of the polariton branches is observed. The double-sided arrows in (b,c) correspond to experimentally measured Rabi splitting
ΔωR. (d) Numerically calculated reflectance spectra of the metasurfaces made of the resonators of different radii with the MD resonances detuned
from ISB resonance. The scale factor of the cylinders (R/h) varies from 0.5 to 0.55 in equal steps with the curve at the top corresponding to the largest
scale factor/radius. Reflectance curves are offset vertically for clarity. (e, f) Numerically calculated reflectance spectra of the metasurface with
resonators of different radii with the MD resonances spectrally overlapping with the ISB resonance supported by (e) W1 and (f) W2 heterostructures,
respectively. The scale factor of the cylinders (R/h) varies from 0.39 to 0.44 in equal steps with the curve at the top corresponding to the largest scale
factor/radius. A good agreement with experiments is observed. In all panels, the dashed lines are shown as guide to eyes.
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heterostructure, we fabricated cylinders of varying radii and with
scale factors R/h centered around 0.42 so that the MD
resonance couples to the ISB transition. In the second set of
metasurfaces, we fabricated cylinders of varying radii with larger
scale factors R/h centered around 0.58 such that the cylinders
now support an out-of-plane electric dipole (ED) Mie mode
centered at around 71 THz (Figure 4a). Instead of the most

commonly used in-plane ED mode, we chose the out-of-plane
EDmode as it has a nonzero z component of electric field which
is required to couple to the ISB transition. This mode can be
coupled to using off-normal incidence (see Methods). Figure 4b
shows numerically calculated absolute values of the electric field
Ez normalized with respect to the incident field Einc in the x−z
plane at the center and inside the resonator for the ED resonance
shown in Figure 4a.

From Figure 4b, we clearly see that the spatial distribution
(and therefore the spatial overlap between the z-directed electric
fields and the multi-QWs) of |Ez| of the ED mode is different
than that for the MD mode shown in Figure 1d. This indicates
that the strength of light−matter coupling in the metasurface
that supports the MD resonance should be different compared
to the metasurface that supports the ED resonance. To confirm
this prediction, we experimentally measured the reflectance
spectra of both metasurfaces which are presented in Figure 4c, d.
Indeed, a more pronounced and larger Rabi splitting is observed
for the metasurfaces that support the MD resonance which has
larger spatial overlap of |Ez| with the multi-QWs in comparison
to the metasurfaces that support the ED resonance. This
demonstrates that in these polaritonic all-dielectric metasurfa-
ces, the light-matter interaction can be tailored by engineering
the photonic resonance that couples to the matter excitation.
Finally, we also performed numerical simulations of the coupling
of the ED mode to the intersubband transition. The simulation
results are shown in the Supporting Information and they are in
good qualitative agreement with the experimental results in
Figure 4.
In summary, we have fabricated and characterized the first all-

dielectric ISB polaritonic metasurfaces comprising of electro-
magnetically engineered dielectric nanoresonators loaded with
semiconductor heterostructures with quantum-engineered ISB
transitions.We exploited the two lowest order dipoleMiemodes
supported by the dielectric resonators to strongly couple to the
intersubband transitions. Using our all-dielectric metasurface
platform, we demonstrated the ability to tailor the strength of
the light-matter interaction and realize polaritons with variable
Rabi splitting by either engineering the semiconductor
heterostructure (the matter) or by coupling the ISB transitions
to different photonic modes of the nanoresonator (the light).
This all-dielectric nanoresonator design approach allows one to
avoid ohmic losses intrinsic to metasurface with metal-based
nanoresonator designs, while providing similar coupling
strengths to intersubband transitions. All-dielectric ISB
polaritonic metasurfaces can therefore have potential use in
creating new ultrathin classical and quantum light sources using
nonlinear wave phenomena such as high harmonic generation or
quantum optical process such as parametric down conversion in
the mid-infrared spectral region (often referred to as the
“molecular fingerprint” region of the electromagnetic spec-
trum). Such light sources will be of paramount importance for
spectroscopy, sensing, and imaging applications where there is
currently a lack of compact mid-infrared light sources which are
robust, mobile, and require low power.

■ METHODS
Sample Fabrication. The heterostructure had Al0.52In0.48As

layers in the top and bottom and in the center was comprised of
n-doped In0.53Ga0.47As/Al0.52In0.48As multi-QW heterostructure
(described in Figure 1b). The entire heterostructure was first
grown on a semi-insulating InP substrate using molecular beam
epitaxy. For samples with different number of QWs, the
thicknesses of Al0.52In0.48As layers were varied to ensure that
the height (h) of the resonators is fixed at 1.25 μm. The wafer
was then flipped and bonded to a Sapphire substrate. After
bonding, the InP substrate was removed to transfer the epitaxial
Al0.52In0.48As and In0.53Ga0.47As/Al0.52In0.48As QW layers to the
Sapphire substrate. The final step involved e-beam lithography
and inductively coupled plasma reactive ion etching for defining
and fabricating the cylinders. The lower refractive index SiO2

Figure 4. Comparison of strong coupling of electric dipole (ED)
resonance and MD resonance to intersubband transitions. (a) Finite-
difference-time-domain calculations of reflectance from an optimized
metasurface with cylinders of R/h = 0.58 at an incidence angle θ = 15°.
The out-of-plane ED resonance spectrally aligns with the intersubband
transition shown by the black dashed line. Because of the off-normal
incidence condition, the electric field is polarized in the x−z plane
which allows us to excite the EDmode easily. (b) Finite-difference-time
domain calculation of absolute value of z-directed electric field Ez
normalized to incident field Einc in the x−z plane at the center of the
resonator for the ED resonance at 71 THz shown in a. (c, d)
Experimentally measured reflectance spectrum of resonators of
different radii with (c) ED and (d) MD resonances spectrally
overlapping with the ISB resonance supported by W3 heterostructure.
For (c) the ED resonance, the scale factor of the cylinders (R/h) varies
from 0.56 to 0.65 in equal steps and for (d) MD resonance, the scale
factor of the cylinders (R/h) varies from 0.4 to 0.49. Reflectance curves
are offset vertically for clarity with the curve at the top corresponding to
the largest scale factor/radii. The dashed lines are shown as guides to
the eye. In comparison to (d) the MD resonance, a much smaller and
less pronounced Rabi splitting ΔωR (shown by the double sided
arrows) is observed for (c) the ED resonance. The experimental
measurements were done using a FTIR microscope fitted with a
Schwarzschild objective of numerical aperture = 0.4, so that the samples
were illuminated at off-normal incidence angles (8° < θ < 23°), which
allowed us to excite the out-of-plane ED resonance.
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layer on top of the cylinders was used as the mask for the dry
etching.
Experimental Measurements. The semiconductor heter-

ostructures (W1, W2, andW3) were optically characterized using
a Fourier-transform infrared spectroscopy (FTIR) setup. As
shown in the inset of Figure 2a, the bare wafers were polished to
have 45 deg input and output facets and ISB transition resonant
frequencies and line widths were determined by taking the ratio
of transmission of transversemagnetic polarized normal incident
input light to transverse electric polarized input light. The input
direction (k) of the incident light used for the measurements is
shown in the inset of Figure 2a. The reflectance from the
fabricated metasurfaces was measured using a FTIR microscope
fitted with a Schwarzschild objective of numerical aperture = 0.4,
so that the samples were illuminated at off-normal incidence
angles 8° < θ < 23° (see Figure 1a). The off-normal incidence
allowed us to excite the out-of-plane ED resonance which, unlike
the MD resonance, cannot be excited by normal incident
illumination of the samples.
Numerical Simulations. The reflectance spectra of the

polaritonic metasurfaces were calculated using a commercially
available finite-difference-time domain solver (Lumerical). The
multi-QW was modeled as a homogeneous, anisotropic layer
with dielectric-constant tensor ϵQW = ϵt(x̂x̂ + ŷŷ) + ϵlzẑ,̂ where
the transverse dielectric constant is ϵt = 11.08 and the

longitudinal dielectric constant is ϵ = + ω

ω ω ωγ− −
11.08

f

il 2
12 12

2

12
2 2

12
.

In the above, the Lorentzian term models the optical
transition at 71 THz. The resonant angular frequency, ω12 =
2π × 71 × 1012 rad/s, of the ISB transition is same for all the
three samples (W1, W2, and W3) used in this study. The term
2γ12 represents the ISB transition damping rate due to the
resonant absorption (note each sample exhibits a different loss
parameter that was determined by experimental measurements).
The oscillator strength, f12 is also different for each sample and is
proportional to the product of the doping density of the
quantum wells and the dipole matrix length z12 = 1.24 nm
between the electronic level 1 and level 2. The dipole matrix
lengths, ISB resonant frequency, and band structures shown in
Figure 1b were determined from calculations using NextNano3,
a commercial software by nextnano GmbH. To consider the
periodicity of the resonators and off-normal incidence
condition, we solved the electromagnetic problem using finite-
difference-time-domain using broadband fixed angle source
technique. For all the simulations, the angle of incidence was
fixed at 15° with an electric field polarized along the x direction.
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