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ABSTRACT

Strong and ultrastrong coupling between intersubband transitions in quantum wells and cavity photons have
been realized in mid-infrared and terahertz spectral regions. However, most previous works employed a
large number of quantum wells on rigid substrates to achieve coupling strengths reaching the strong or
ultrastrong coupling regime. In this work, we experimentally demonstrate ultrastrong coupling between the
intersubband transition in a single quantum well and the resonant mode of photonic nanocavity at room
temperature. We also observe strong coupling between the nanocavity resonance and the second-order
intersubband transition in a single quantum well. Furthermore, we implement for the first time such
intersubband cavity polariton systems on soft and flexible substrates, and demonstrate that bending of the
single quantum well does not significantly affect the characteristics of the cavity polaritons. This work
paves the way to broaden the range of potential applications of intersubband cavity polaritons, including

soft and wearable photonics.
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TEXT

Strong light-matter interactions underlie the operations of various photonic and optoelectronic devices.
Resonant photonic cavities with small volume and/or high quality factor can significantly enhance
intrinsically weak light-matter interactions via the Purcell effect.!'?! When the coupling between a matter
excitation and a resonant photonic cavity mode becomes sufficiently strong, the rate of energy exchange
between the matter excitation and the cavity mode can exceed the damping rate of either, leading to the

3-12

formation of two hybrid excitations composed of partial light and partial excited matter.*'?) In such a

scenario, the system is in the strong coupling regime and the hybrid light-matter excitations are often
referred to as cavity polaritons. The frequency difference between the two polariton modes is referred to as
the Rabi splitting, which is twice the Rabi frequency (rap; and represents the coupling strength of the light-
matter interaction. When the light-matter interaction is so strong that the Rabi splitting becomes a

significant fraction of the original matter excitation frequency, the system enters the so-called ultrastrong

o [13-18

coupling regim I'Strong coupling and ultrastrong coupling regimes have been realized for a variety of

material platforms and matter excitations, such as electronic transitions in atoms,® excitons in

[5-7,18] 10,11

semiconductors, phonons in solids™®! and vibrational modes in molecules,'*!'!] cyclotrons in two-

dimensional electron gas,"'”! as well as qubits based on Josephson junctions.!'*!6!

Another technologically important system of material and matter excitation for studying and utilizing
such cavity quantum electrodynamics is the intersubband transitions (ISTs) in semiconductor quantum
wells (QWs)."”) Thanks to the highly flexible band structure engineering for QW structures, ISTs can cover
the majority of the terahertz (THz) to mid-infrared (MIR) spectral region and are the foundation of two

crucial device technologies: quantum cascade laser (QCL) **?!! and quantum well infrared photodetector

(QWIP).[?#%! Furthermore, IST cavity polaritons can be exploited for a variety of MIR and THz device

[24,25]

applications, such as realizing unconventional light sources, photodetectors,*® and optical

728 In recent years, strong coupling and ultrastrong coupling between cavity photons

switches/modulators.!
and individual ISTs have been demonstrated using different photonic cavity structures containing multiple
QWs (MQWs) with high doping concentrations.!'>**** Although MQWs facilitate the realization of strong
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B39 the growth

coupling as the coupling strength is proportional to VN (N is the number of repeated QWs),
of MQWs can be more complex and challenging than growing a single QW (SQW). In addition, the
operation principles of some IST-based devices favor fewer number of QWs. For instance, the key

(23341 Fyrthermore,

performance metrics of QWIP are largely inverse proportional to the number of QWs.
thinner semiconductor heterostructures such as a SQW are more suitable for realizing soft and flexible
devices, as they generally can withstand more strain than MQWs. Furthermore, SQW-based structures
allow for effective field effect tuning of the carrier density which can lead to electrically reconfigurable
devices, whereas field effect tuning of the carrier densities in MQWs is difficult or infeasible due to the
interlayer screening of the electric field. However, it is significantly more challenging to reach the same
coupling strength in an SQW-based system than in an MQW-based system. Previous studies have also
shown that when a QW is relatively wide and/or heavily doped to have carriers occupying multiple
subbands, the Coulomb dipole-dipole interaction induces coherence between different individual ISTs and
cause them to merge into a single high-energy multisubband plasmon (MSP),?5*¢ which eventually

37381 Exceedingly strong interactions

transitions into a Berreman mode as the QW becomes much wider.!
between cavity photons and the MSP or Berreman mode have been demonstrated. For example, strong
coupling with 13% normalized Rabi splitting was achieved for the MSP excitation in an SQW"*! and
ultrastrong coupling with 33% normalized Rabi splitting was achieved for the MSP excitation in an MQWs
structure (5 QWs),*®! whereas the normalized Rabi splitting was further increased to 73% for the Berreman
mode in a 148 nm wide SQW'" and to 91% for the Berreman mode in a structure consisting of 5 QWs of

B8 Nevertheless, strong and ultrastrong coupling between cavity photons and an individual

148 nm wide.
IST in an SQW has not yet been demonstrated. On the other hand, all previous demonstrations of IST cavity
polaritons were realized using semiconductor QW structures on rigid substrates, whereas it is not clear
whether such delicate physical systems (with nanometric semiconductor layers) can be implemented on

soft and flexible substrates and withstand significant deformations which would be required for soft and

wearable photonics applications.



In this work, we experimentally demonstrate ultrastrong coupling between an individual MIR IST in a
GaAs SQW and the resonant mode of photonic nanocavity at room temperature. The largest ratio between
the Rabi splitting 20 g ,p; and the measured IST frequency (i.e., the normalized Rabi splitting) reaches 24%,
which to the best of our knowledge is the first demonstration of ultrastrong coupling for an individual IST
in an SQW. Note that an individual IST still involves the collective oscillation of all the electrons in the
subbands. In addition, strong coupling between the nanocavity mode tuned to higher frequencies and the
second-order IST (i.e., the IST between the second and third subbands) in an InGaAs SQW is also observed,
despite the significantly lower carrier density associated with the second-order IST. Furthermore, in sharp
contrast to previous works, we implement these SQW IST cavity polariton systems on soft and flexible
substrates and show that even large bending of these SQW-based structures does not significantly affect
the characteristics of the IST cavity polaritons. This work may pave the way to broaden the range of
potential applications of IST cavity polaritons, such as various soft and wearable photonic devices and
systems. For example, flexible and electrically tunable MIR filters, reflectors, or thermal emitters can be
used for thermal camouflage applications,*” and flexible QWIP focal plane arrays can be integrated on
curved surfaces to realize compound-eye type imaging systems.

We employed two types of III-V semiconductor SQW structures, i.e., GaAs/Alg3Gag7As SQW grown
on a GaAs substrate and lattice-matched Ing 53Gag47As/Ing s2Alo4gAs SQW grown on an InP substrate (see
Supporting Information). Assuming all the free carriers from ionized dopants are in the SQW, the nominal
sheet carrier density in the GaAs SQW is 4.4 X 102 cm™2, and the nominal sheet carrier density in the
InGaAs SQW is 6.9 X 1012 cm™2. However, as these SQWs are located relatively close to the
semiconductor surface (see Supporting Information) which has high-density surface states that can trap a
significant amount of free carriers, the actual sheet carrier density in the SQWs should be a fraction of the
above nominal values. The band structures and envelope wave functions of the subbands in these two SQWs
are shown in Figure 1a and Figure 1b, respectively. A key difference between these two SQWs is that the
GaAs SQW has two quantum confined subbands, whereas the InGaAs SQW has three quantum confined

subbands. Therefore, the GaAs SQW can be considered a two-level system which has one IST. On the other
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hand, the InGaAs SQW can be considered a three-level system which has two allowed ISTs, i.e., the first-
order IST between the first and second subbands, and the second-order IST between the second and third
subbands. We characterized the IST absorption spectra of both SQW samples using the conventional multi-
pass total internal reflection measurement configuration (see Supporting Information), and the results are
plotted in Figure 1c. An absorption peak (at 930 cm™) associated with the single IST in the GaAs SQW and
two absorption peaks (at 1030 cm™ and 1335 cm™) associated with the two IST transitions in the InGaAs
SQW are clearly observed. All the observed IST absorption peaks have a full-width-at-half-maximum
(FWHM) of about 100 cm™. Note that owing to the relatively high carrier density in these SQW structures,

the measured IST absorption frequencies are different from (higher than) the corresponding single-particle

transition frequencies as a result of the depolarization shift.[*3%
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Figure 1 (a) Band structure of the GaAs/AlGaAs SQW with two bound subbands (the square of the envelope wave
functions are plotted) leading to a single IST with ~24 THz transition frequency (~100 meV transition energy). (b)
Band structure of the InGaAs/InAlAs SQW with three bound subbands (the square of the envelope wave functions
are plotted) leading to two ISTs with ~30 THz (~125 meV) and ~39 THz (~163 meV) transition frequencies (transition

energies), respectively. The dashed lines in (a) and (b) indicate the approximate Fermi levels calculated based on the



estimated plasma frequency of the 2D electrons in the SQWs. (c) Spectral ratios of the TM-polarization transmission
to the TE-polarization transmission for both the GaAs SQW and InGaAs SQW structures. The dips in the spectral
ratios represent the IST absorption peaks. The transmission spectra were characterized using the multi-pass total
internal reflection sample/measurement configuration. The two spectra are offset by 25% along the y-axis. (d)
Schematic of the employed patch antenna nanocavity structures enclosing the SQW heterostructure. In addition to the
QW and barrier layers, there are also two thin cap layers in the heterostructure which prevent the oxidation of the

barrier layers.

To achieve exceedingly strong light-matter interactions involving the SQW ISTs, we employed resonant
nanocavities which are essentially patch antenna structures. Figure 1d illustrates the schematic of the
nanocavity structure, which consists of a metal ground plane and a patterned metal strip sandwiching the
thin semiconductor layers of the SQW heterostructure. The nanocavity resonance can be excited by an
incident light polarized perpendicular to the metal strip. At resonance, the electric field component
perpendicular to the semiconductor layers (i.e., E,) is tightly confined between the metal strip and the
ground plane and hence drastically enhanced (see Supporting Information). As E, is the only field
component that can interact with ISTs in QWs, such a patch antenna nanocavity structure is particularly
advantageous for achieving strong interactions with ISTs compared to other nanophotonic
antenna/resonator designs without a ground plane.

We fabricated two types of samples to demonstrate SQW-based IST cavity polariton systems, i.e.,
samples based on rigid glass substrates and samples based on soft/flexible polydimethylsiloxane (PDMS)
substrates. Figure 2a illustrates the fabrication process for the samples on rigid glass substrates, which is

30311 The schematics of the step-by-step fabrication process

similar to those employed in previous studies.!
for the samples on flexible PDMS substrates are shown in Figure 2b. The details of the fabrication processes

for both types of samples are described in the Supporting Information.
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Figure 2 (a) Schematic illustration of the fabrication process for the patch antenna nanocavity structures on rigid glass

substrate. (b) Schematic illustration of the fabrication process for the patch antenna nanocavity structures on flexible

PDMS substrate. The photo at the end of the chain shows a fabricated sample which was significantly bent.

In general, the strength of light-matter interactions is determined by the local field enhancement
experienced by the matter excitation. As the field enhancement inside the patch antenna nanocavity is
approximately inverse proportional to the height of the nanocavity, the entire SQW heterostructure should
be made as thin as possible to achieve strong or even ultrastrong coupling with the nanocavity resonance
mode. Note that the Rabi splitting is proportional to 1/ \/E where L.,y is the nanocavity height (see
Supporting Information).*” On the other hand, as III-V semiconductors have relatively high density of
surface states that can trap free carriers, the SQW layer should not be too close to the semiconductor
surfaces to avoid carrier depletion. Therefore, when it comes to optimizing the total thickness of the SQW
heterostructure (i.e., the nanocavity height), the critical trade-off between the nanocavity field enhancement
and the free carrier density in the SQW needs to be considered. We investigated the minimum GaAs cap

layer thickness that does not cause a significant decrease in the IST absorption signal strength by gradually



reducing the thickness of the upper GaAs cap layer with a digital wet chemical etching process (see
Supporting Information). The minimum cap layer thickness was found to be about 10 nm. Reducing the
cap layer thickness beyond this limit resulted in a significant decrease of the IST absorption signal strength,
likely due to a severe loss of carrier density in the SQW.

To study how the spectral response of the IST-nanocavity system evolves as the nanocavity resonant
frequency varies, several arrays of patch antenna nanocavities with different Au strip widths were fabricated
on the surface of the SQW heterostructure, and their reflection spectra were characterized using a Fourier
transform infrared spectrometer (FTIR, see Supporting Information). The reflection spectra of a set of
nanocavity arrays with the specified Au strip widths on a rigid glass substrate are plotted in Figure 3a. The
upper and lower GaAs cap layers in these samples were etched down to approximately 14 nm and 10 nm,
respectively, making the nanocavity height about 53 nm. It is evident from these reflection spectra that the
strong interaction between the IST in the GaAs SQW and the nanocavity resonance leads to the formation
of two hybrid modes, i.e., the upper and lower IST polaritons, which manifest themselves as two dips with
Lorentzian lineshape in each reflection spectrum. As the nanocavity resonant frequency is varied across the
IST frequency, the evolution of the frequencies of the two IST polaritons exhibits typical anti-crossing
behavior, which is a signature of the strong and ultrastrong coupling regimes. The minimum frequency
difference between the upper and lower polaritons (i.e., the Rabi splitting 20 g ;) is found to be ~220 cm’
! (~6.6 THz), which is obtained from the nanocavity array with 1300 nm wide Au strips. This corresponds
to a normalized Rabi splitting of 24%, which is in the ultrastrong coupling regime (i.e., normalized Rabi
splitting > 20%) according to the conventional definition.'"*) A detailed comparison in terms of the
normalized Rabi splitting, QW number and doping density between our samples and those reported in
numerous representative previous studies are provided in the Supporting Information Table S3. Our result
is the first demonstration of the ultrastrong coupling regime for an individual IST (rather than the MSP or
Berreman mode excitation) in an SQW.

We further conducted comprehensive simulation of the nanocavity-SQW hybrid system using the finite
difference time domain (FDTD) method (see Supporting Information). The simulated reflection spectra of
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the experimentally investigated structures are plotted in Figure 3b, which show very good agreement with
the corresponding experimental spectra. The near-field profiles of the electric field and electric
displacement at the resonance frequencies are included in the Supporting Information. The frequencies of
the two IST polaritons as a function of the Au strip width are extracted from Figures 3a-b and plotted in
Figure 3c, which again confirm the good agreement between the experiment and simulation. These

simulated spectra were obtained by setting a fitting parameter, the plasma frequency w,, associated with the

IST, to 16.8 THz. Based on the measured depolarization-shifted IST absorption frequency (&gt =28 THz,

see Figure 1c), the corresponding single-particle IST frequency is estimated as wist = ’6125T — w} to be

approximately 22.4 THz, which is in good agreement with its design value (24 THz). According to the
relationship between the Rabi splitting and the plasma frequency 2Qg.p; = m wp 3% the mode overlap
factor of the SQW fsqu is estimated to be ~15%, which matches well the ratio between the SQW thickness
(9 nm) and the total thickness of the semiconductor heterostructure (53 nm). The small discrepancies
between the simulation and experimental results may be due to the inaccuracy of the nanocavity thickness
used in the simulation model, which was estimated based on the nominal etching rate of the GaAs cap
layers.

The samples on flexible PDMS substrates can be significantly bent without causing any noticeable
damage to the SQW and nanocavity structures. Therefore, we characterized the reflection spectra of these
samples as they were bent to various extents. Figure 3d shows the reflection spectra of a set of nanocavity
arrays with the specified Au strip widths on a PDMS substrate in three different configurations: i.e., flat,
bent with 12 mm radius, and bent with 6 mm radius, respectively. The reflection spectra of the sample in
all three configurations show clear signatures of IST cavity polaritons in the strong coupling regime, which
exhibit the anti-crossing behavior as the nanocavity resonant frequency is varied across the IST frequency.
In addition, the frequencies of the IST polaritons (i.e., the positions of the reflection dips) do not show any
apparent difference in the different sample configurations, suggesting that the characteristics of these SQW-

based IST cavity polaritons are robust to such relatively large bending of the sample. The Rabi splitting



extracted from these sets of spectra is ~146 cm™ (~4.4 THz), which is smaller than that of the sample in
Figure 3a. This is mainly because the GaAs spacer layers in this particular sample were thicker (~18 nm),

leading to somewhat weaker field enhancement.
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Figure 3 (a) Measured and (b) simulated reflection spectra of different patch antenna nanocavity arrays with various
Au strip widths based on the GaAs SQW on glass substrate. The array periodicity is twice the Au strip width. The
neighboring spectra are offset by 25% along the y-axis. The dashed lines tracing the polariton peak positions are
guides to the eye. (¢) Comparison of the experimentally measured IST polariton frequencies (blue squares) extracted
from the spectra in (a) with the simulated IST polariton frequencies (black stars) extracted from the spectra in (b). The
experimental and simulated results agree well and clearly show the anti-crossing behavior of the two polariton
branches. (d) Measured reflection spectra of different patch antenna nanocavity arrays with various Au strip widths

based on the GaAs SQW on flexible PDMS substrate in three sample configurations: flat, bent with a 12 mm radius,
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and bent with a 6 mm radius. The array periodicity is twice the Au strip width. The neighboring groups of spectra are
offset by 25% along the y-axis. Within each group of three spectra (corresponding to the three sample configurations),

the spectra are offset by 2% along the y-axis.

We implemented similar patch antenna nanocavity structures for the InGaAs SQW heterostructure on both
rigid glass and flexible PDMS substrates, and investigated the strong light-matter interactions between the
nanocavity resonance and the two ISTs in the InGaAs SQW. Figure 4a shows the experimental reflection
spectra of two different samples each with a set of nanocavity arrays with various Au strip widths. One
sample has a rigid glass substrate whereas the other one has a flexible PDMS substrate (in the flat
configuration). Both samples show similar reflection spectra as the nanocavity resonant frequency is varied
across the two ISTs in the InGaAs SQW. The sample on PDMS substrate exhibits a slightly larger Rabi
splitting than the sample on glass substrate, and this small discrepancy might be the result of fabrication
variation and/or wafer non-uniformity. In stark contrast to the results obtained from the GaAs SQW-based
samples, the reflection spectrum of each InGaAs SQW-based nanocavity array shows three resonances
(reflection dips), which is a result of the single nanocavity resonance coupling to two ISTs. When the Au
strip width is relatively large (>850 nm), the nanocavity resonance couples strongly to the first-order IST.
The corresponding Rabi splitting at the anti-crossing condition (900 nm wide Au strip for the sample on
PDMS substrate) is found to be ~5.9 THz (~198 cm™), which is approximately 19% of the first-order IST
frequency and hence entering the ultrastrong coupling regime. When the Au strip width becomes smaller
than 850 nm, the nanocavity resonance predominantly couples to the second-order IST, which also leads to
two distinctive dips in the reflection spectrum. Therefore, strong coupling is also achieved between the
nanocavity resonance and the second-order IST. The corresponding Rabi splitting at the anti-crossing
condition (750 nm wide Au strip) is ~3.8 THz (~128 cm™), which is approximately 10% of the second-
order IST frequency. To the best of our knowledge, this is the first demonstration of strong coupling

involving an individual MIR IST between two higher-order subbands in SQW structures. We also fabricated
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a set of single nanocavity structures of the same designs on glass substrate and characterized their reflection
spectra, which are shown in Figure S2 in the Supporting Information. The resonance positions in the
reflection spectra of the single nanocavity structures match those of the nanocavity arrays very well, which
suggests that the observed strong coupling between the SQW ISTs and the nanocavity resonance occurs on
35]

the single nanocavity level.!

Note that for an infinitely deep QW, the single-particle oscillator strength of the IST between the n-th

64 m?n?

me] In this approximation, the second-order IST has

and the m-th subbands is given by f,, =

a significantly larger oscillator strength than that of the first-order IST, which would facilitate reaching the
strong coupling regime. For an actual QW with a finite depth, this analytical result may not be accurate
enough, and the oscillator strength difference between the two ISTs in the single-particle picture is usually
less significant. However, previous studies have shown that the collective nature of the IST excitations
transfers the oscillator strength partially from the first-order IST to the second-order IST, and hence the

second-order IST can be significantly stronger than the first-order IST.[*4!)
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Figure 4 (a) Measured reflection spectra of different patch antenna nanocavity arrays with various Au strip widths on
two samples based on the InGaAs SQW: one sample on rigid glass substrate (dashed lines) and another sample on
flexible PDMS substrate (solid lines). The array periodicity is twice the Au strip width. The neighboring spectra are
offset by 25% along the y-axis. (b) Measured reflection spectra of different patch antenna nanocavity arrays based on
the InGaAs SQW on flexible PDMS substrate in three sample configurations: flat, bent with a 12 mm radius, and bent
with a 6 mm radius. The neighboring groups of spectra are offset by 25% along the y-axis. Within each group of three
spectra (corresponding to the three sample configurations), the spectra are offset by 2% along the y-axis. (c) Simulated
reflection spectra of different patch antenna nanocavity arrays with various Au strip widths based on the InGaAs SQW
structure. (d) Comparison of the experimentally measured IST polariton frequencies (blue squares and red disks)

extracted from (a) with the simulated IST polariton frequencies (black stars) extracted from (c).
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The reflection spectra of the sample on PDMS substrate in three different configurations (i.e., flat, bent
with 12 mm radius, bent with 6 mm radius) are plotted in Figure 4b. It can be clearly seen that bending of
the sample does not alter the reflection spectra significantly. Therefore, our experimental results show that
the demonstrated nanocavity structures based on both the GaAs SQW and the InGaAs SQW can be
integrated on flexible substrates and withstand significant deformation (bending) without affecting the
characteristics of the IST cavity polaritons. Figure 4c shows the simulated reflection spectra of the
investigated nanocavity arrays based on the InGaAs SQW, which exhibit good agreement with the
experimental spectra. The frequencies of the IST polariton modes were extracted from both the
experimental and simulated spectra in Figures 4a-c and plotted in Figure 4d. The typical anti-crossing
feature associated with strong light-matter interactions can indeed be observed in the polariton modes
originating from both the first-order and second order ISTs. From the values of the Rabi splitting (5.8 THz)
and the fitted first-order IST plasma frequency (12.1 THz), the mode overlap factor of the InGaAs SQW
fsqw 1s estimated to be ~23%, which again is in good agreement with the ratio between the SQW thickness

(10 nm) and the total thickness of the semiconductor heterostructure inside the nanocavity (43 nm).

In summary, we experimentally demonstrated ultrastrong coupling between the IST in an SQW and the
resonant mode of patch antenna nanocavities at room temperature. The Rabi splitting reaches 24% of the
IST frequency in a GaAs SQW, which is the largest normalized coupling strength achieved for MIR IST
cavity polaritons in an SQW. Furthermore, taking advantage of the small thickness of these SQW structures,
we successfully implemented for the first time IST cavity polariton systems on flexible substrates and
showed that the characteristics of the IST cavity polaritons can be robust to significant structural
deformations. Our work paves the way toward future development of highly flexible SQW-based IST

polaritonic devices for a range of applications, including soft and wearable photonics.
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