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ABSTRACT

We demonstrate scalable ultra-strong light-matter coupling with intersubband polaritons in a truly harmonic confining potential. The har-
monicity grants immunity from electron-electron interactions, a protection guaranteed by the Kohn theorem, allowing the intersubband
transition frequency to be lowered while keeping the light-matter interaction strength constant. In principle, this procedure permits increas-
ing the relative coupling strength (17 = Qgapi/w12) at will. We measure a record low intersubband transition at 1.24 THz and a lower polari-
tonic mode at 920 GHz, below the barrier of 1 THz. The system exhibits a # ratio of 0.24, fully in the ultra-strong coupling regime, and
remains stable up to 78 K. This approach is valuable for future non-adiabatic quantum electrodynamic experiments at long wavelengths.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0225733

Increasing the strength of the light-matter interaction well
beyond the system decoherence rates—the so-called ultra-strong light-
matter coupling regime—has been a recent focus of much research in
a variety of material systems."” In such a regime, the effects of the
counter-rotating terms of the Hamiltonian, usually neglected, become
sizable and potentially observable. The promise is to extend quantum
effects and technologies into the THz range of the spectrum,” with—
for instance—the possibility to emit correlated photon pairs when
abruptly modulating such a system" ° or probing quantum phase tran-
sition electrically.”

To gauge when a system enters the ultra-strong coupling (USC)
regime, a first figure of merit was adopted: the ratio between the Rabi
frequency (Qgapi) and the resonant frequency of the two-level system
(012), = Qrapi/12. With 7 greater than 0.1, the system starts to

deviate from the rotating wave approximation: this is generally consid-
ered the threshold value for operation in the USC regime. Recently,
another parameter has been introduced, U = /i X C, where C,
named cooperativity, is defined as C = 4Q3 ;. /x. x and 7 are the cav-
ity and transition linewidths, respectively. A value of U > 1 indicates
that the system operates in the USC regime with a high degree of
coherence, allowing access to its physics.” To date, superconducting
qubits are the most advanced system even though they do not show
the highest values of 1.”

The first demonstrations of USC regime relied on intersubband
transitions (ISBT's) in microcavities. Such a system appeared ideal to
reach the USC as the transition can be designed in the THz range,
while the Rabi frequency can be large since it is directly proportional
to the square root of the activated dopants density (n,p) in the
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heterostructure.” In such systems, the Rabi frequency is equal to
Qr = \/fw,/2, where f,, is the overlap factor between the intersub-
band current and the electromagnetic mode, while w,, is the plasma

frequency expressed as w, = +/fi2e*nap/ecgm* Law, where f;, is the

oscillator strength between the first and second subband, m” is the
electron’s effective mass in GaAs, and Lqy is the length of the period
comprising one well and one barrier. In fact, after the first demonstra-
tions of USC using ISBT,”” evidence of deviation from the linear inter-
action Hamiltonian was obtained with an optimized mode volume at
THz frequencies.'’ Then, the doping density was used as the primary
tuning knob to further increase the coupling strength leading to the
observation of a very large polaritonic gap using multisubband plas-
mons at Mid-InfraRed (MIR) frequencies.'"'* Further improvement
came with inter-Landau level transitions and sub-wavelength resona-
tors reaching 7 equal unity'>'* at subterahertz frequencies. The latter
operates only at very low temperatures (<1.5 K) and elevated magnetic
fields.

In the quest to further increase #, it was understood that ISBTs in
square quantum wells suffer strong limitations and that 1 could not be
further improved by lowering the transition frequency. As thoroughly
discussed in Ref. 15, for a dopant density sufficient to enter the strong
coupling regime, the ISBT would inherently be locked at a lower fre-
quency of ~2.5THz. Furthermore, due to the collective interaction
terms, an ISBT is renormalized in frequency by the depolarization shift

as follows: @ = | /w2, + w;, where wj, is the plasma frequency of the

two-dimensional gas. In turn, any further increase in the doping would
lead to a blueshift of the transition, hence leaving the relative coupling
strength 1 unchanged.

Recently, we have shown that it is possible to overcome this
intrinsic limit by employing a semiconductor-based artificial system
that is not affected by Coulomb interaction. The core idea is to rely on
the properties of the harmonic oscillator, one of the workhorses of
quantum mechanics. Parabolic energy potentials made of digitally
graded alloys have been previously employed to demonstrate strong
light-matter coupling at terahertz (THz) frequencies“”IS with the
promise of room-temperature operation. However, their optical perfor-
mance was relatively poor, presumably because of interface roughness
broadening resulting from the interdigitated epitaxial growth tech-
nique. An alternative approach to this problem is to continuously grade
the alloy composition during the growth with high accuracy. It necessi-
tates precise modulation of time-varying group-III fluxes, which poses
challenges within a conventional molecular beam epitaxy setup due to
the thermal lag in the response of the group III cell. Deimert and
Wasilewski devised an approach utilizing a transfer function model to
harness the effusion cell thermal dynamics, as described in Refs. 19 and
20. This methodology has resulted in high-performance THz ISB

TABLE I. Sample parameters.
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transitions with stable narrow linewidths of 11% of the central fre-
quency up to 150K (Ref. 21) and, more recently, in ISB polaritons with
unprecedented linewidth, operating at the onset of the USC with
17 =0.12." Note that a similar graded alloy composition technique has
also been applied to the chemical vapor deposition growth of Si; ,Ge,
seeking the same promise of room-temperature operation.” **

In the present article, we build on this recent demonstration to
unlock the technique’s full potential. We have implemented a series of
graded parabolic quantum wells (PQW) with identical Rabi frequency
as in Ref. 15, but whose operating frequency is gradually redshifted
from 1.74 THz down to 1.26 THz. Inserting the samples in judiciously
designed micro-cavities leads to operation in the USC regime, with
intersubband polaritons at the record-low frequency of 920 GHz. The
results presented here are taken at 10 K, but operation up to 78 K with
good performance is shown in the supplementary material. Not only
are the results obtained at much higher temperatures than the current
technology established with Landau polaritons, but we have reversed
the approach: we decrease the frequency instead of increasing the Rabi
frequency. Hence, solely by lowering the transition resonant frequency,
we show that we can double the light-matter relative coupling strength
# from an initial value of 0.12 right up to 0.24.

Using the software NextNano, we have designed three different
PQWs with a central frequency below 2 THz (Fig. S1). The parabolic
energy potential is faithfully reproduced by a graded variation of the
aluminum composition of which the profiles are presented in the
supplementary material (Fig. S2), as well as their expected absorption
frequency. Particular care was taken in the design to obtain a constant
Rabi frequency across all three structures and to be equal to sample
G0642 published in Ref. 15 as a matter of comparison. All three struc-
tures are detailed in Table I. For all three samples, the Si doping is
introduced as 0 layers at the barrier center with a nominal sheet den-
sity of 5x 10'°cm™?, ensuring a similar Rabi frequency as sample
G0642. Cladding layers of 50nm AlGaAs and cap layers of 30 nm
GaAs are placed on the top and bottom of the structure. We have also
kept the overall heterostructure thickness constant at 1.205 ym.

To assess the optical performance of the fabricated structures,
samples were shaped into a multi-pass prism, with the facets polished
at a 45° angle. A titanium/gold metallization was applied to the sample
top surface to maximize the electric field overlap with the parabolic
quantum well repetitions. Samples were placed within a continuous-
flow cryostat housed in a Fourier transform infrared spectrometer that
can be placed under vacuum. A polyethylene polarizer was used to
select the polarization of the Globar source that was directed onto the
sample. The transmitted spectra were measured utilizing a liquid-
helium-cooled Si bolometer. Due to the ISBT selection rule, PQWs
selectively absorbed transverse magnetic (TM) polarized light. In order
to isolate this absorption, ratios were computed between the

Targeted Parabola Barrier Doping Aluminum Number
frequency (THz) length (nm) length (nm) (cm™?) composition of repetitions
G0958 14 189 20 5 x 10'° From 2% to 20% 5
G0960 1.6 165 44 5 x 10'° From 2% to 20% 5
G0962 1.9 139 70 5 x 10'° From 2% to 20% 5
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FIG. 1. (a) Transmittance measurement of the samples shaped in the multipass
configuration recorded at 10K. The curves are vertically shifted for clarity.
(b) Central frequency of the ISB transition for each measured sample as a function
of the temperature. (c) Full width at half maximum (FWHM) as a function of the
temperature.

transmission spectra for TE- and TM-polarized incident light. Figure 1
(a) shows the transmittance measurement of the three samples at a
temperature of 10 K. By modeling the transition with a diagonal dielec-
tric tensor,”” we can fit the experimental data and extract the transi-
tion’s central frequency and linewidth to evaluate the structure’s
performance as a function of the temperature. Note: as a matter of
completeness, we directly compared it to sample G0642 from the ear-
lier paper.”” Note that the results from G0642 were obtained with a dif-
ferent bolometer and that the number of scans is increased as we
measure samples with a lower transition, hence significantly reducing
the signal to noise ratio at short frequencies. As a first observation, we
note that we are slightly off the design by ~150 GHz for each sample.
We recorded central frequency at 1.74 THz, 1.41 THz and the lowest
one at 1.24 THz, which is, to date, the lowest ISB transition measured
without the help of a magnetic field. As presented in Figs. 1(b) and
1(c), the central frequency remains relatively stable over the whole
temperature range, and the 150 GHz shift could reasonably be attrib-
uted to the conduction band offset variation. The linewidth shows

ARTICLE pubs.aip.org/aip/apl

excellent performance at 10K, although it broadens as we lower the
transition energy, from 91GHz at 1.74THz central frequency
('})12/6012 = 5%) up to 168 GHz for the 1.26 THz ('})12/@12 = 13%)
Below 78 K, performance remain stable, while above 78 K, we witness
the same trend of linewidth degradation for all the samples—the origin
of this degradation has not been elucidated yet. While the usual scat-
tering mechanisms, such as ionized impurities and interface roughness,
can be excluded, we speculate that the present samples might slightly
deviate from a purely parabolic energy potential. Hence, while lower-
ing the transition, electrons populate non-perfectly equidistant levels
as they spread on the energy ladder, leading to a gradual degradation
of the linewidth. Measurements up to 300K are shown in the
supplementary material.

We then explore the light-matter interaction by embedding these
samples in microcavities. These are 1D metal-insulator-metal stripes
where light is confined at a subwavelength scale with TM polariza-
tion.”® The details of the fabrication can be found in Ref. 27. The active
region thickness being 1.2 um, the confined TM mode forms a
standing-wave pattern with the resonant frequency defined by the
metal stripe width. As depicted in the numerical simulation of
Fig. 2(a), the photonic mode will disperse as a function of the stripe
sizes, ensuring that the classic anti-crossing signature of the strong-
coupling regime can be obtained, enabling a precise gauging of the
interaction strength. Using the same experimental setup, we first
probed the samples closest to the anti-crossing position at an incident
angle of 10°. Figure 2(b) shows the reflectance measurement recorded
at 10K, where one can observe a radical departure from the linear
reflectance with the apparition of the two new polaritonic modes. Note
that we verified that G0958 and G0960 can operate with similar perfor-
mance up to 78 K (see the supplementary material).

To infer the Rabi frequency and the strength of the light-matter
interaction, we measured all the fabricated samples and reconstructed
the polaritonic dispersion. Since our bolometer was limited in terms of
signal-to-noise ratio at frequencies below 1.2 THz, we employed a THz
time-domain spectrometer to record the polariton reflectance.”®
Although we are using a high-resolution photoconductive antenna
approach, the spectral resolution remains limited to v =50 GHz
because the quartz windows on the cryostat induce echoes on the time
trace. Figure 3 presents the dispersion for each stripe size and each sam-
ple. The points are the experimental minima of the reflectance, while the
solid line is a fit using the roots of the polaritonic secular expressed as

(0 = ) (0 - @%) = frope,

where o, is the cavity resonance numerically calculated, @, is the
measured transition, while f,, is the overlap factor between the ISB cur-
rent and the electromagnetic mode, considering that the EM mode is
strictly confined below the metallic stripe. The experimental reflec-
tance curves are presented in the supplementary material, while the
dispersion of sample G0642 can be found in Ref. 15. On Figs. 3(a)-
3(c), the polaritonic gap, represented with the asymptotes (dotted
lines), opens as the transition frequency redshifts, demonstrating a
clear signature of the ultra-strong light-matter interaction.
Interestingly, on the lowest frequency transition, we observe a lower
polaritonic branch pointing at 920 GHz, below the 1 THz threshold of
polaritons based on ISB transitions.

The Rabi frequency for each sample can be extracted from the
dispersion curve. The sole fitting parameter used with the secular
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FIG. 2. (a) Numerical simulation of the photolithographic dispersion. The color plot
presents the reflectivity of an empty cavity as a function of the metal strip width.
The fundamental mode follows the equation frygo = ¢/2ns, where s is the metallic
stripe size. The position of the ISB transitions of all the samples is depicted in
dashed lines. (b) Experimental reflectance spectra of all the samples recorded at
10K. The curves are vertically shifted for clarity. The lines are the fit obtained from
the numerical simulations.

equation is the Rabi frequency. Figure 3(d) shows the extracted values
of the Rabi splittings, which are stable, consistently with the design, at
around 0.49 THz. This corresponds to a calculated sheet carrier density
in the range of 5 x 10"’ cm ™7, in excellent agreement with the nominal
value. Note that doping layers were introduced in the cap layers
(n3g=3.3 x 10'®cm ), helping to minimize the depletion due to
Fermi-level pinning in the proximity of the metal layers. We can then
compute the relative coupling strength from the extracted Rabi split-
ting. Figure 3(e) clearly reveals that, by solely lowering the transition
frequency, we have doubled the relative coupling strength of the light-
matter interaction from 1 =0.12 up to a value of 0.24 for the lowest
energy transition. Even though # has doubled, the linewidth degrada-
tion hampers a clear improvement of the cooperativity parameter and
the estimated U remains about 1.7 as in Ref. 15. Although relatively
low in comparison with what can be achieved with superconducting
circuits, our system based on PQWs is promising for several reasons.
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FIG. 3. (a)—(c) Polaritonic reflectance minima recorded with time domain spectros-
copy (dots). The lines are a fit using the secular polaritonic equation. The dashed
lines are the asymptotes revealing the opening of the polaritonic gap. (d) Extracted
Rabi frequency from the dispersion plots as a function of ISB transition frequency.
(e) Calculated coupling strength for the three samples, along with sample G0642
(highest frequency point).

In the present manuscript, no particular efforts were devoted to the
optimization of the linewidth of the transition. We anticipate that if we
keep the linewidth below 100 GHz while increasing the doping signifi-
cantly up to a factor 5, we could reach values of U= 10, where the
quantum electro-dynamic effect can be investigated. Furthermore,
such a system is compatible with subwavelength microcavities whose
optical density of states can be modulated on ultra-fast timescales,””
which is the prerequisite for non-adiabatic electrodynamic experi-
ments.”’ Finally, the frequency is ideally centered on the bandwidth of
the electro-optic and quantum capacitance detectors, which have been,
respectively, used to probe quantum vacuum fluctuations,”"*” or single
photon at 1.5 THz. "

In conclusion, we have demonstrated that parabolic energy
potentials permit circumventing inherent limitations imposed by
Coulomb interaction. The harmonic oscillator allows lowering the
ISBT energy down to 1.24 THz, a range which was so far unreachable.
Once coupled to a resonant electromagnetic mode, we demonstrated
the operation in the USC regime and the possibility of scaling the
strength of the interaction solely by lowering the transition frequency.
This semiconductor platform and approach offer interesting
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perspectives for extending non-adiabatic quantum electrodynamic
experiments to long wavelengths. We also anticipate that the advan-
tage of the reduced interface roughness scattering could be beneficial
to experiments exploring bosonic final state stimulation.”

See the supplementary material for the numerical Poisson-
Schrodinger simulation that has been done to design the parabolic
quantum well measured experimentally; the full set of ISB transition
transmittance measurements as a function of the temperature as well
as the reflectance measurement of the polaritonic sample at the anti-
crossing as a function of the temperature; and finally, the reflectance of
the samples measured to reconstruct the polaritonic dispersion.
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