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The physics of the interaction between a dense two-dimensional electron gas and a 
microcavity photonic mode is reviewed. For high electronic densities, this system enters 
the ultra-strong coupling regime in which the Rabi energy, which measures the strength of 
the light–matter coupling, is of the same order of magnitude as the matter excitation. 
The ultra-strong coupling has been experimentally demonstrated by inserting a highly 
doped semiconductor layer between two metal plates that produce a microcavity, with 
extreme sub-wavelength confinement of the electromagnetic field. A record value at room 
temperature (73%) of the ratio between the Rabi and the matter excitation energies 
(the relative Rabi energy) has been measured together with a very large photonic gap 
induced by the polariton splitting. The ultra-strong coupling is a manifestation of a huge 
cooperative dipole, which is proportional to the number of electrons participating in the 
interaction. Such a phenomenal interaction with light appears also in the absence of a 
microcavity and, for a dipole coupled with free space, it gives rise to superradiance.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. This is an open access 
article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

r é s u m é

Nous passons en revue la physique de l’interaction entre un gaz bidimensionnel d’électrons 
et un mode photonique de microcavité. Pour des densités électroniques suffisamment 
grandes, le système rentre dans le régime de couplage ultra-fort, dans lequel l’énergie de 
Rabi, qui mesure l’intensité du couplage lumière–matière, est du même ordre de grandeur 
que l’excitation dans la matière. Le couplage ultra-fort a été démontré expérimentalement 
en insérant un semiconducteur fortement dopé entre deux couches métalliques, qui 
forment une cavité avec un confinement très sub-longueur d’onde du champ électro-
magnétique. À température ambiante, une valeur record (73 %) du rapport entre l’énergie 
de Rabi et celle de l’éxcitation électronique (l’énergie de Rabi relative) a été mesurée, ainsi 
qu’une large bande interdite photonique induite par l’anticroisement entre les branches 
polaritoniques. Le couplage ultra-fort est une manifestation de l’existence d’un dipôle 
coopératif, proportionnel au nombre d’électrons qui participent à l’interaction avec la 
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lumière. Ce très fort couplage apparaît aussi en l’absence d’une microcavité et, dans le 
cas d’un dipôle couplé à l’espace libre, donne lieu au phénomène de superradiance.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. This is an open access 
article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ultra-strong light–matter coupling is a regime of cavity quantum electrodynamics, reached when the light–matter cou-
pling energy, the Rabi energy ER, is of the same order of magnitude as that of the matter excitation, Ematter, or of the cavity 
photon, Ec [1]. In this case, the routinely invoked rotating wave approximation is no longer applicable and the light–matter 
interaction Hamiltonian has to include anti-resonant and quadratic terms. As a consequence, new quantum phenomena and 
fascinating effects appear, ranging from dynamical Casimir effect [2,3] to superradiant phase transitions [4,5], efficient light 
emission [6–8], modified photon blockade [9], extraordinary conductance [10–12], cavity-assisted chemical and thermody-
namic effects [13].

The first experimental observation of the ultra-strong coupling regime has been obtained by coupling an electronic 
excitation between confined levels in a quantum well (intersubband excitation) and a microcavity mode [14,15]. The quasi-
particles issued from this coupling are called intersubband polaritons [16,17]. Thanks to the versatile engineering of the 
doping and of the electronic confinement, intersubband polaritons can display high values of the relative Rabi energy, i.e. 
the ratio between the Rabi and the matter excitation energies, ER/Ematter. As a matter of fact, ultra-strong coupling regime 
has been demonstrated with intersubband polaritons in both the mid-infrared [14,18–22] and the THz range [15,23,24], by 
using different cavity geometries, from planar microcavities based on a dielectric confinement, to plasmonic microcavities 
displaying a highly subwavelength photon confinement.

Today, the ultra-strong coupling regime with a microcavity mode has been observed in several other material systems: 
superconducting circuits [25,26], cyclotron transitions [27], and cyclotron plasma [28], Frenkel molecular excitons [29,30], 
dye molecules [31,32].

In this review article, we will focus on intersubband polaritons, which are a system of choice for studying the fundamen-
tal properties of the ultra-strong coupling regime and its applications in photonics. That can be found in devices operating in 
the strong and ultra-strong coupling regime, where intersubband quantum engineering merges with photonic confinement 
to realize, for instance, quantum-well infrared photodetectors [33,34] and electrically pumped emitters [35–39]. Moreover, 
in this class of devices, there is a still underexplored link between electronic transport and quantum optics, which is now 
the object of investigation for organic systems coupled in plasmonic structures [10].

Another property of our system that has attracted much attention in the past few years is the bosonic character of 
intersubband polaritons [40]. Indeed, their interaction with optical phonons [38] may be exploited to realize devices based 
on stimulated emission of polaritons [40,41], following the same operation principle as exciton polariton lasers [42,43].

Finally, it must be pointed out that intersubband transitions in quantum wells are also suitable to be strongly coupled 
with the modes of plasmonic metasurfaces [44–46], giving rise to giant non-linear susceptibilities [47,48]. Coherent per-
fect absorption has been also observed in a photonic crystal resonator in the presence of a coupling with intersubband 
excitations [49].

Here we will review the basic concepts and some of the experimental results on the ultra-strong coupling between 
intersubband excitations in highly doped quantum wells and cavity modes. In sections 2 and 3, we will discuss the main 
properties of intersubband transitions and their coupling with cavity modes. Then, in section 4 we will present the prop-
erties of photon confinement in metal–dielectric–metal microcavities and we will justify why these cavities are particularly 
suitable for the observation of the ultra-strong coupling regime with intersubband excitations. The observation of the ultra-
strong coupling regime with record values of the relative Rabi energy (73%) at room temperature will also be reviewed. The 
origin of such a high value of the relative Rabi energy can be ascribed to the fact that intersubband excitations in highly 
doped quantum wells display an extremely large collective dipole that almost perfectly overlaps with the photonic mode. 
We will show in section 5 that another way to probe the large dipole of collective intersubband excitations is the study 
of their decay into free-space radiation: a phenomenon called superradiance, recently observed in highly doped quantum 
wells [50]. Finally, we will discuss some perspectives in the field of intersubband polaritonics in the ultra-strong coupling 
regime.

2. Collective electronic excitations in quantum wells

Our system, conversely to those discussed in most of the articles of this issue, is based on n-doped semiconductor 
quantum wells, in which doping produces excess electrons. The left-hand part of Fig. 1 presents a sketch of the conduction 
band profile of a quantum well, confining electrons in the growth direction. As electrons are free in the layer plane, they 
display an approximately parabolic dispersion as a function of the in-plane momentum, as shown in the right-hand part of 
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Fig. 1. Single particle (a) and many-body (b) intersubband transitions in the real (left side) and in the reciprocal (right side) space. (a) In a slightly doped 
quantum well, an intersubband absorption is a single particle transition that takes place between the ground and first excited state. (b) In a highly doped 
quantum well, there is a mutual interaction of all the dipolar oscillators at energy E12. This interaction results in a blue shift of the intersubband absorption, 
which is centered at energy h̄ω̃12 = h̄

√
ω2

12 + ω2
P12

.

the figure. The confined energy levels are called subbands. In the following, we will only consider intersubband transitions 
within the conduction band of a doped quantum well.

Transitions between the ground and first excited subband at energy E12 = h̄ω12 = E2 − E1 can take place in the presence 
of an electromagnetic field along the growth direction [51]. Such an intersubband transition corresponds to a polarization 
of the medium, hence to a collection of optical dipoles, along the growth direction z. We can associate with this dipole an 
oscillator strength f12 = 2m∗ω12

h̄ |z12|2 with |z12|2 the square modulus of the dipole matrix element. Assuming a constant 
effective mass for all energies, the parabolic approximation (see ref. [52] for the non-parabolic case), the oscillator strength 
verifies the sum rule 

∑
j f i j = 1 valid for any initial state i, with the sum extending over all possible final states j. In the 

limit case of an infinite quantum well, only parity-changing transitions are allowed due to the symmetry of the potential. 
For the transition from the ground to the first excited state, one has f12 = 0.96, which almost saturates the sum rule. More 
generally, in a square quantum well, transitions between consecutive states (i.e. j = i + 1) are the most relevant ones [51].

In lightly doped quantum wells, light–matter interaction can be described by a single particle picture, where transitions 
between subbands are dictated by the dipole matrix elements between electronic states. In the parabolic approximation, the 
transition energy is the same for all the in-plane electron momenta k, as sketched on the right side of Fig. 1a, such that 
the typical intersubband absorption spectrum is a Lorentzian function centered at energy E12. The absorption amplitude is 
proportional to f12 (N1 − N2), where N1 (respectively N2) is the electronic density per unit surface in the ground subband 
(resp. first excited).

Nevertheless, intersubband absorption typically involves a huge number of electrons, with densities that can reach up 
to 1013 cm−2. It is thus an intrinsically collective phenomenon, and its many-body nature has been the object of a vast 
literature [53]. The most important manifestation of this collective character is the fact that, in the presence of electromag-
netic radiation, each electron feels an effective field induced by the excitation of the other electrons, called depolarization 
field [51,53]. The effect of the depolarization field is sketched in Fig. 1b: the coupling between the different intersubband 
dipoles results in a blue-shift of the intersubband resonance with respect to the transition energy E12, corresponding to the 
excitation of a collective mode of the system, the intersubband plasmon [54]. The absorption spectrum is thus centered in 
this case at energy: Ẽ12 =

√
E2

12 + E2
P12

, where EP12 is the plasma energy of the 1 → 2 transition, defined as:

EP12 = h̄ωP12 = h̄

√
e2 (N1 − N2) f12

ε0εsm∗Leff
(1)

where Leff is the effective length of interaction between the intersubband dipoles and the electromagnetic field [53]. 
The effect of the depolarization field is also shown in Fig. 2a, where the calculated absorption spectrum (blue line) of a 
GaAs/Al0.45Ga0.55As quantum well with an electronic density Ns = 1.4 × 1012 cm−2 in the ground subband, is compared 
with the corresponding spectrum expected in the single-particle approximation (red line).

The effect of the depolarization field is even more spectacular in a highly doped quantum well with several occupied 
subbands. In this case, depicted in Fig. 2b, the absorption spectrum consists of a single resonance (blue line), whose energy 
is completely different from those of the bare intersubband transitions (visible in the single-particle spectrum, red line) [21,
55]. The absorption resonance corresponds to the excitation of a collective mode of the system, the multisubband plasmon, 
resulting from the phase locking of all the different intersubband dipoles and concentrating almost the entire oscillator 
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Fig. 2. Calculated absorption spectra in single-particle approximation (red line) and including the depolarization field (blue line), together with the con-
duction band profile and the square moduli of the electronic wavefunctions (inset) for two GaAs/Al0.45Ga0.55As quantum wells of different thicknesses and 
same electronic density per unit volume Nv = 2 × 1018 cm−3. The Fermi energy is indicated by a dashed line. Panel (a) presents the calculated spectra for a 
7-nm quantum well: in the single particle approximation, the spectrum is centered at energy E12, and undergoes a depolarization shift to energy Ẽ12. The 
spectra in panel (b) have been obtained for a larger quantum well, 25 nm in thickness. In this case, the single-particle spectrum presents three resonances, 
corresponding to transitions 1 → 2, 2 → 3 and 3 → 4. The many-body spectrum shows the emergence of a unique bright resonance, corresponding to the 
excitation of a bright multisubband plasmon.

strength of the system. We have shown [22] that the energy of the multisubband plasmon EMSP in a square quantum well 
can be written in analogy with the case, discussed above, of a single occupied subband:

EMSP =
√

E2
ISB + (h̄�P)

2 (2)

The intersubband contribution, E ISB, is the harmonic mean of the squared intersubband transition energies weighted by 
their plasma energy:

E2
ISB = h̄2 ∑

α ω2
Pα∑

α

ω2
Pα

ω2
α

(3)

where the sum runs over all possible intersubband transitions α = j → j + 1 between consecutive subbands. �P is the 
effective plasma frequency [21], associated with the bright multisubband mode, obtained by adding all the contributions 
from the intersubband transitions involved in the interaction with light:

(�P)
2 =

∑
α

ω2
Pα

(4)

The last equation expresses the redistribution of the oscillator strength of each single electronic transition (∝ ω2
Pα

) into the 
sole bright multisubband plasmon mode [55].

Fig. 3 presents the evolution of the multisubband plasmon energy and of the intersubband contribution in a 
GaAs/Al0.45Ga0.55As quantum well of increasing thickness for a fixed electronic density per unit volume Nv = 2 ×1018 cm−3. 
As Nv is fixed, the plasma contribution to the multisubband plasmon energy is approximately constant (it varies between 
61 and 66 meV). On the contrary, the intersubband contribution goes to zero for increasingly wide quantum wells, as the 
intersubband transition energies are vanishingly small. In this case, �P tends towards the plasma frequency of a three-
dimensional electron gas of density Nv. If the thickness of the doped semiconductor layer along the growth direction L
is smaller than the wavelength in the semiconductor, the response of the three-dimensional electron gas to a radiation 
polarized along the growth direction consists of a well defined resonance at the plasma frequency, known as Berreman 
mode [56,57]. Fig. 3 thus schematizes the crossover from an intersubband (Fig. 2a) to a multisubband (Fig. 2b) plasmon, up 
to a Berreman mode, when varying the thickness of the quantum well while keeping constant the electronic density per 
unit volume. This crossover has also been investigated from an experimental point of view in reference [22].

3. Strong and ultra-strong coupling between a collective electronic excitation and a cavity mode

In order to describe from a theoretical point of view the coupling between intersubband transitions and a cavity mode, 
it is important to treat on the same footing the effect of the depolarization and of the electromagnetic field. This can be 
done by writing the light–matter interaction Hamiltonian in the dipole representation of the Coulomb gauge [58]. In this 
representation, the interaction Hamiltonian H int is written in terms of the intersubband polarization density operator P as:

H int =
∫

1
(

−D · P + 1
P2

)
d3r = H l−p + Hp (5)
ε0εs 2
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Fig. 3. Crossover from an intersubband to a multisubband plasmon, up to a Berreman mode, when varying the thickness of the quantum well while 
keeping constant the electronic density per unit volume. The blue line presents the energy of the absorption resonance EMSP (see Eq. (2)), the green 
line the intersubband contribution (defined by Eq. (3)). Both are calculated for a fixed plasma contribution (horizontal dashed line) as a function of 
the quantum well thickness. The calculation has been performed for a GaAs/Al0.45Ga0.55As quantum well with fixed electronic density per unit volume 
Nv = 2 × 1018 cm−3.

where εs is the background dielectric constant and D is the displacement field operator. The Hamiltonian (5) is composed of 
two terms: Hp describes the polarization self-interaction, i.e. the dipole–dipole interaction between intersubband oscillators, 
H l−p is responsible for the coupling between the multisubband plasmon and its electromagnetic environment.

The complete Hamiltonian of the system, composed by an ensemble of intersubband excitations interacting with a cavity 
mode at energy Ec, is:

H =
∑
α

h̄ωα B†
α Bα + Ec

(
a†a + 1/2

)
+ H int (6)

where the operators B†
α , Bα are bosonic creation and annihilation operators of the intersubband transitions at frequency 

ωα , while a† (a) is the creation (annihilation) operator of the photon mode.
The diagonalization of this Hamiltonian is performed in two steps. First we diagonalize the matter part of the Hamilto-

nian, describing the intersubband transitions and their mutual interaction through Hp [58]:

Hpl =
∑
α

h̄ωα B†
α Bα + Hp (7)

As the dipole–dipole coupling induced by Hp is quadratic in the operators Bα , the Hamiltonian Hpl can be diagonalized 
through a Bogoliubov transformation to obtain its eigenmodes, the multisubband plasmons. In this work, we will only 
consider systems in which the entire interaction with light is concentrated into a unique “bright” MSP mode at energy EMSP. 
Nevertheless, this formalism is suitable to describe all the plasmon modes in the system, including the dark plasmons, which 
can be excited by electron energy loss spectroscopy [59].

The second step of our calculation involves the coupling between the bright MSP and the cavity mode. By introducing 
the multisubband plasmon creation and annihilation operators P †

MSP and PMSP, we can write the complete Hamiltonian of 
the system as [58]:

H = Ec

(
a†a + 1/2

)
+ EMSP P †

MSP PMSP + H l−p (8)

Here the plasmon–cavity mode interaction is expressed as [58]:

H l−p = i
h̄�P

2

√
fw

Ec

EMSP

(
a − a†

)(
PMSP + P †

MSP

)
(9)

where 0 ≤ fw ≤ 1 is the overlap between the photon mode and the matter polarization [15]. As the microscopic dipoles 
associated with the electronic excitations are oriented along the growth direction z, fw can be calculated as the ratio 
between the electromagnetic energy contained in the z-component of the field in the quantum well region and the total 
electromagnetic energy:

fw =
∫

QW |Dz|2 dr∫
volume |D|2 dr

(10)

where the integral at the numerator is intended on the quantum well volume, while that at the denominator is on the 
entire volume of the system.
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Fig. 4. (a) Extracted from ref. [1]. Frequency of the upper and lower polariton states calculated for Ec = E12 in the ultra-strong coupling regime as a function 
of the Rabi frequency. All the frequencies are normalized to that of the intersubband transition ω12. (b) Extracted from ref. [15]. Upper (UP) and lower (LP) 
polariton frequencies (in blue) as functions of the plasma frequency ωP for ωc = ω12. The energy of the intersubband plasmon is also plotted (in red). In 
this plot, all symbols correspond to experimental data, while lines report the theoretical modeling of our results.

After diagonalization of the Hamiltonian (8), including the antiresonant terms, one gets the following secular equation, 
fulfilled by the polaritons, i.e. the new eigenmodes issued from the coupling [15,21,58]:(

E2 − E2
MSP

)(
E2 − E2

c

)
= E2

R E2
c (11)

with ER the Rabi energy. The last is proportional to the plasma energy through:

ER = h̄ �P

√
fw (12)

Note that our formalism is suitable to describe intersubband and multisubband plasmons and, in the limit of large quantum 
wells, also Berreman modes. In the following we will generically indicate the energy of a collective electronic excitation as 
Ematter.

In the first theoretical article introducing the ultra-strong coupling regime [1], the resonance condition between an 
intersubband excitation (in the case of one occupied subband) and a cavity mode was defined as E12 = Ec, in analogy with 
the case of a two-level system coupled with a cavity mode. The ratio ER/E12 was thus considered as a figure of merit of 
the ultra-strong coupling regime [1,18,14,15]. The crossover from the strong to the ultra-strong coupling regime was indeed 
studied by plotting the polariton energies at the “resonance” condition Ec = E12 as a function of ER/E12, as shown in Fig. 4a. 
For ER/E12 ≈ 0.3, the upper and lower polariton energies deviate from the linear dependence typical of the strong coupling 
regime, due to the anti-resonant terms of the light–matter interaction. This non-linear behavior has also been demonstrated 
experimentally with THz intersubband polaritons [15,58], by changing the electronic density in the ground state of the 
quantum well (hence the plasma and the Rabi energy) through the temperature (see Fig. 4b).

However, the resonance condition needs to be redefined if the electronic density is so high that the plasma contribution 
is comparable to the intersubband one. Indeed, as discussed in the previous section, in this case the electronic excitation 
interacting with light is a collective mode, at a different energy Ematter with respect to the electronic transition energies. 
The resonance condition should thus be written as Ec = Ematter and the figure of merit of the light–matter coupling is the 
ratio ER/Ematter. The energies of the polariton states at the resonance condition Ec = Ematter, derived from Eq. (11), are thus 
given by:

EUP/LP

Ematter
=

√
1 ± ER

Ematter
(13)

This dependence is presented by the black line in Fig. 5a. In the limit ER/Ematter << 1, Eq. (13) gives a linear dependence 
of the polariton states on the Rabi energy, which is typical of the strong coupling regime (red dashed line in Fig. 5a). As 
a consequence, also in the case of collective electronic excitations, the non-linear splitting, extracted from Eq. (13), is a 
signature of the ultra-strong coupling regime [1].

Fig. 5b presents the polariton energy, normalized to the matter excitation energy, Ematter, plotted for different values 
of ER/Ematter as a function of the normalized cavity mode energy Ec/Ematter. From these curves, we can see that the 
polariton energies, and particularly those of the lower polariton branch, are significantly modified by the increase in the 
ratio ER/Ematter. Indeed, while the horizontal asymptote of the upper polariton branch is Ematter, that of the lower polariton 

branch is Emin = Ematter

√
1 − (ER/Ematter)

2. Interestingly, the minimum energy splitting between the two branches occurs 
when Ec = Emin. This means that the lower branch can be pushed at arbitrarily low frequencies by increasing the ratio 
ER/Ematter towards 1. This implies that a strong absorption resonance can be produced even in the far infrared. Furthermore, 
a photonic gap appears in the dispersion, whose width E g is given by:
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Fig. 5. (a) Energy of the upper and lower polariton states calculated at resonance (Ec = Ematter) in the ultra-strong (black line) and in the strong (red 
dashed line) coupling regime as a function of the Rabi energy. (b) Adapted from ref. [22]. Energy of the polariton branches as a function of the energy 
of the cavity mode. All the energies are normalized to that of the matter excitation. Four dispersion curves are shown, corresponding to different relative 
coupling strengths.

Fig. 6. (a) Metal–dielectric–metal waveguide of thickness L. The electric field distribution of the first transverse magnetic TMm and transverse electric TEm

has been indicated. (b) Double-metal square patch microcavity. We have considered the regime of low frequencies where the thickness L is small compared 
to the photon wavelength, so that only the TM0 mode is supported. In this regime, the apertures highlighted by dashed lines act as effective boundaries for 
the TM0. (c) Vertical electric field distribution for the standing wave patterns along the x-direction. The integer K counts the nodes of the standing wave 
(indicated by a “0”). For K = 1, we have also sketched the electric field lines.

Eg

Ematter
= 1 −

√
1 −

(
ER

Ematter

)2

(14)

The width of the photonic gap can be adjusted by modifying ER through the overlap with the cavity mode ( fw) and the 
density of the electron gas (which affects �P and thus ER). This property can be used to create materials with an artificial 
Reststrahlen band [22]. Indeed, the shape of the polaritonic dispersion is very similar to that observed when optical phonons 
are coupled with electromagnetic modes [60].

It is important to remark that as fw ≤ 1 and E P ≤ Ematter, there exists an upper limit for the coupling energy, 
ER/Ematter ≤ 1. This condition avoids unphysical values for the polariton energies in agreement with the no-go theorem 
for the electron gas coupled with a microcavity mode [4]. In other words, one could say that the ultimate limit of the ultra-
strong coupling regime is achieved in metals, where the energy of the lower polariton branch vanishes, and the forbidden 
band spans from 0 to the plasma edge EP.

4. Observation of the ultra-strong coupling regime: collective excitations in double metal patch microcavities

From Eq. (12), it clearly appears that two different quantities have to be controlled in order to achieve the ultra-strong 
coupling regime: the ratio h̄�P/Ematter and the factor fw. The first quantity depends on the confinement potential and on 
the density of the electron gas, as discussed in relation to Fig. 3. Berreman modes are particularly interesting for achieving 
the ultra-strong coupling regime, as they are characterized by a negligible intersubband contribution, such that h̄�P ≈
Ematter.

The factor fw only depends on the geometry of the cavity, as it describes the overlap between the cavity mode and the 
electron gas. All – dielectric [17] and hybrid metal – dielectric [61,18,35] cavities were first employed to observe intersub-
band polaritons in the mid-infrared range, with a ratio ER/Ematter up to 0.3. In order to increase this value, double-metal 
microcavities [62] have been proposed and realized both in the mid and in the far infrared.

These waveguides, reminiscent of the microstrip lines of microwave technology [63], were first employed for THz quan-
tum cascade lasers [64]. In these structures, a dielectric layer of thickness L is sandwiched between two metals. Assuming 
an almost perfect metal, the eigenmodes of the structure appear as series of TMm and of TEm modes [65], with electric 
field distribution sketched in Fig. 6a. Of particular relevance is the lowest order TM0 mode, which has an electric field Dz
component that is almost homogeneous along the dielectric core, and thus perfectly fulfills the intersubband selection rule. 
Furthermore, the mode TM0 has a linear dispersion that is independent of the thickness of the waveguide L. Following 
Eq. (10), the overlap factor between the TM0 mode of a double-metal cavity of thickness L and an ensemble of NQW doped 
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Fig. 7. Inset: Scanning electron microscope (SEM) picture of an array of patch micro-cavities, resonating in the THz range, with an indication of the Au–Au 
bonding layer that serves as a metal ground. Main panel: Frequency of the fundamental cavity mode as a function of the inverse patch dimension. The 
symbols present the reflectivity minima measured at 10◦ , while the continuous line shows the result of our model (Eq. (15)).

quantum wells is fw = NQW × LQW/L, where LQW is the quantum well width. Very high values of fw (≈ 0.6) can thus be 
reached by using thin barriers between the quantum wells [15].

Further lateral confinement of the photon field can be achieved by structuring the top metal of the waveguide. Fig. 6b 
presents the example of a square patch with side s. Such structures, reminiscent of RF patch antennas [63], operate in the 
regime where the thickness L is very small as compared to the wavelength. In that case, the only mode that propagates 
in the double-metal region is the TM0 mode. Owing to their subwavelength dimensions, the apertures between the single-
metal and double-metal regions (indicated with dashed line in Fig. 6b) act as effective boundaries for the TM0 mode with 
very strong reflectivity [66]. The TM0 wave that bounces back and forth between the boundaries then forms standing wave 
patterns as indicated in Fig. 6c. For instance, the standing waves along the x-direction have energies E K provided by the 
equation:

E K = h̄ c K

2 neff s
(15)

where c is the speed of light, K is an integer that counts the zeros of the electric field along the x-direction, and neff is an 
effective index, which is typically greater than the bulk refractive index of the dielectric layer [66].

In the inset of Fig. 7, we show a realization of arrays of such patch microcavities with GaAs layers. These structures are 
obtained by the Au–Au wafer bonding technique [67], where the lower bond layer serves as metallic ground. These arrays are 
probed through reflectivity measurements, such that the standing-wave modes appear as reflectivity dips. The main panel of 
Fig. 7 presents the frequency position of the reflectivity minima measured on a double metal patch microcavity as a function 
of the inverse microstrip width s, thus illustrating that the cavity mode energy can be tuned with 1/s following Eq. (15). 
The same cavity concept has been implemented in the mid-infrared frequency range, by downscaling the dimensions of the 
resonator [68], and even in the near infrared [69].

The highest value of the relative Rabi energy at room temperature in any quantum system has been obtained by coupling 
a Berreman mode with the fundamental TM0 mode of a double-metal cavity, as reported in reference [22]. In this work, 
a 148-nm GaInAs layer, n-doped with an electronic density 7 × 1018 cm−3 and embedded between two AlInAs barriers, 
has been inserted into a double-metal cavity of total thickness 240 nm. The calculated overlap factor between the electron 
gas and the cavity mode is in this case fw = 0.53. In order to vary the detuning between the cavity and the Berreman 
mode, square patches of different sizes have been realized, varying from s = 0.65 μm, confining the fundamental mode at 
Ec = 250 meV, to s = 8 μm, corresponding to Ec = 20 meV.

Fig. 8a presents reflectivity spectra measured at room temperature, at an incidence angle of 10◦ for different values of 
the patch dimensions. The energy of the reflectivity minima is plotted in Fig. 8b (bullets) as a function of the first-order 
cavity mode energies. The ultra-strong coupling with the Berreman mode results in the opening of a wide reflectivity band, 
delimited by the horizontal asymptotes of the upper and lower polariton branches, as predicted by our model presented 
in section 3. The Berreman mode energy, indicated by a star in Fig. 8b, fixes the upper bound of the polaritonic gap. 
From the data, we extract Emin = 80 meV and thus a vacuum Rabi energy ER = 86.7 meV, corresponding to 73% of the 
matter excitation energy (EMSP = 118.2 meV). Both this Rabi energy and the ratio ER/EMSP are the highest measured for 
intersubband polaritons.

When the lower polariton branch approaches the energies of GaInAs and AlInAs optical phonons, more anticrossing 
features are visible, demonstrating the existence of phonon–plasmon–polariton modes [70]. The solid blue lines in Fig. 8b 
present the simulated polaritonic dispersion, in excellent agreement with our data. As a comparison, the red dashed line 
presents the dispersion calculated without taking into account the coupling with the optical phonons. It has the same shape 
as the theoretical dispersion curves discussed in relation with Fig. 5, with a single anticrossing due to the interaction with 
the Berreman mode.



A. Vasanelli et al. / C. R. Physique 17 (2016) 861–873 869
Fig. 8. Adapted from ref. [22]. (a) Set of chosen reflectivity spectra, offset for clarity, of the array of patches measured at room temperature. The brown 
rectangle indicates the part of the spectra that has been detected by a bolometer. In order to better evidence the reflectivity minima, the left-hand part 
of the figure shows a zoom where the signal has been multiplied by a factor of three. The magnified spectra have also been translated in order to 
keep the same baseline as in the right part of the figure. (b) Energy position of the reflectivity minima as a function of the fundamental cavity mode 
energy (bullets). The star indicates the energy of the Berreman mode as measured in transmission at Brewster angle. The blue lines present the simulated 
polaritonic dispersion by including the coupling with optical phonons. For comparison, the dashed red line presents the simulated dispersion by only 
including the coupling between the Berreman and the cavity modes.

An improved relative Rabi energy of 91% at room temperature has been recently measured in our group by thinning 
the AlInAs barriers and by etching the semiconductor layer between the metallic patches. This result will be reported in a 
forthcoming publication [71].

5. Observation of superradiance: collective excitations coupled with free-space radiation

The observation of the ultra-strong coupling regime in our system is intrinsically related to the possibility of locking 
together in phase through Coulomb interaction a huge number of electronic oscillators, giving rise to a collective dipole. 
The resulting electronic excitation, the multisubband plasmon, interacts with the electromagnetic field with a coupling 
energy proportional to the effective plasma energy (see Eq. (12)). The last is in turn proportional to the surface density of 
the electron gas, Ns. The cavity is a probe for this interaction, provided it entirely overlaps the spatial distribution of the 
collective mode.

In this section, we discuss a different way to probe the interaction of a collective electronic excitation with an electro-
magnetic field: its spontaneous decay into free space radiation. The spontaneous emission rate of a multisubband plasmon, 
evaluated using Fermi’s golden rule, is expressed as [50,72]:

� (θ) = e2Ns

2 m∗ c ε0
√

εs

sin2 θ

cos θ
(16)

where θ is the emission angle measured with respect to the normal to the quantum well plane. From this expression, we 
can see that the spontaneous emission rate depends on the density per unit surface of the electrons interacting with the 
electromagnetic field. This dependence is typical of the superradiance phenomenon. Superradiance, first introduced by Dicke 
in 1954 [73], is the coherent enhancement of the spontaneous emission rate of a quantum emitter owing to the presence 
in its vicinity of other identical emitters. It was observed in several systems, ranging from low-pressure optically pumped 
gases [74], to cold atomic gases [75], quantum dots [76], organic emitters [77], superconducting transmon qubits [78], and 
cyclotron resonances [79]. Superradiance occurs when a dense collection of emitters oscillates in phase: our system is thus 
ideal for the observation of this phenomenon, as it is based on a dense collection of dipolar oscillators, all oriented along 
the same direction (the confinement direction).

Fig. 9a, extracted from ref. [50], presents the calculated spontaneous emission time of a multisubband plasmon (red line) 
in a GaInAs quantum well, as a function of the electronic density per unit surface, at a fixed emission angle θ = 60◦ . The 
blue line presents for comparison the radiative lifetime of a single emitter at the same energy as that of the multisubband 
plasmon. From this comparison, we can see that the superradiant character of the multisubband plasmon can give rise to 
a six orders of magnitude faster spontaneous emission in the mid infrared. Furthermore, uncommonly for an intersubband 
system, the spontaneous emission lifetime can be even shorter than the non-radiative lifetime (dashed horizontal line), 
such that radiative decay can be the dominant relaxation mechanism of the multisubband plasmon. As a consequence, the 
observation of a radiatively broadened and density dependent linewidth is a striking proof of the superradiant nature of the 
multisubband plasmon.

In reference [50], we presented a set of experimental data showing the radiative broadening of the multisubband plas-
mon and the consequent proof of its superradiant nature. We measured the emission of a multisubband plasmon, under 
the application of an in-plane current in a device based on the same geometry as a field effect transistor. We performed 
angle-resolved spectra of samples with different electronic densities. Some of these spectra are shown in Fig. 9b, measured 
at room temperature on three samples with different electronic densities for the same emission angle. From this graph, we 
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Fig. 9. (a) From reference [50]. Spontaneous emission time as a function of the electronic density for superradiant emission from the multisubband plasmon 
(red line, our case) at θ = 60◦ and a single two-level emitter (blue) with the same energy as the collective excitation. The dashed line indicates the 
typical nonradiative lifetime in intersubband systems. (b) Emission spectra measured on three quantum wells with different electronic densities at the 
same emission angle. The linewidth increases with the electronic density, demonstrating the superradiant character of the emission process.

can clearly see the radiative broadening associated with the increase in the electronic density, in agreement with Eq. (16). 
Our experimental observations are supported by a complete quantum model of the multisubband plasmon incandescent 
emission, based on the resolution of quantum Langevin equations in the input–output formalism [80].

6. Conclusions and perspectives

Electronic excitations in highly-doped semiconductors display a collective behavior when interacting with an electro-
magnetic field. This results in an enhanced light–matter interaction, with a coupling energy proportional to the density 
of the electrons involved. Two physical phenomena attest to this enhancement. The first one is the achievement of the 
ultra-strong coupling between the collective excitation and a microcavity mode displaying a good overlap with the electron 
gas (such as the fundamental mode of a double-metal microcavity). Record values of the relative Rabi energy have indeed 
been observed up to room temperature in this system [15,22]. The second phenomenon is the superradiant behavior of the 
collective electronic excitation, when decaying into the free-space radiation [50].

The demonstration of these two quantum effects with collective electronic excitations opens the way towards the real-
ization of new optoelectronic devices combining many-body physics and quantum optics. To this aim, probably the most 
fascinating phenomenon to investigate, both from a theoretical and from an experimental point of view, is the interplay 
between electronic transport and ultra-strong coupling. Two different approaches can be followed: one can look for sig-
natures of quantum optics on electronic transport, or, conversely, use an electrical current to resonantly excite a bosonic 
light–matter coupled state. Concerning the first approach, an important result has been recently achieved by the group of 
T.W. Ebbesen in organic semiconductors [10]. They measured the conductivity of organic semiconductors strongly coupled 
with the vacuum electromagnetic field on plasmonic structures. They demonstrated that the current can be increased by 
an order of magnitude at resonance, due to a delocalization of the wavefunctions of the hybridized light–matter states. 
The current enhancement due to a coupling with light has also been theoretically investigated by several groups [11,12,81]. 
The observed effect could be very important for applications, as it proposes a way to increase the mobility in disordered 
materials thanks to the coupling with light.

The interplay between electronic transport and quantum optics could also be studied in view of realizing devices based 
on the resonant electrical pumping of polaritons or superradiant states. These devices, taking advantage of the extremely 
short spontaneous emission time of collective electronic excitations, would be efficient cold mid-infrared emitters for sev-
eral civil and military applications, such as environmental sensing, requiring broadband sources, and mid-infrared optical 
coherence tomography [82], requiring short coherence lengths.

Several efforts have already been done in this direction. The demonstration of an electroluminescent device based on 
intersubband polaritons [35] can be considered as a first step in the study of the effect of a current on the polaritonic 
emission. This kind of device stands on a quantum cascade structure inserted into a microcavity. The quantum cascade 
structure is designed so as to avoid population inversion: to this aim, thick extraction barriers are used to maintain an 
important electronic density in the ground state of a highly doped quantum well, even under the application of a bias 
voltage [83]. An electroluminescence signal from the lower polariton branch has been measured, whose energy position 
changes with the applied voltage, as a result of the coupling between the electronic component of the polariton state and 
the injector of the quantum cascade structure [36,37]. The coupling between the injector and the polariton states can be 
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designed through bandstructure engineering, which is a routinely used procedure to realize intersubband devices. As an 
example, reference [38] reports on an electrically pumped device, in which the upper polariton branch is populated by 
resonant tunneling, while the lower polariton branch is populated through upper polariton–LO-phonon scattering. The last 
observation also opens the way towards a new class of devices, based on stimulated emission of polaritons [40,41], following 
the same operation principle as exciton polariton lasers [42,43]. This could be particularly interesting for the THz domain, 
where the operation temperature of quantum cascade lasers [84] currently does not exceed 200 K [85].

It is important to underline that the typical densities necessary for the observation of superradiance and ultra-strong 
light–matter coupling with electronic excitations are typically employed in Si field effect transistors based on CMOS tech-
nology. The possibility of inserting quantum optics into CMOS electronics is an intriguing perspective, as it could enable 
novel functionalities, based on the use of mid- and far-infrared optical signals in existing electronic devices.
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