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We present a detailed study of the electroluminescence of intersubband devices operating in the light-matter
strong-coupling regime. The devices have been characterized by performing angle-resolved spectroscopy that
shows two distinct light intensity spots in the momentum-energy phase diagram. These two features of the
electroluminescence spectra are associated with photons emitted from the lower polariton branch and from the
weak coupling of the intersubband transition with an excited cavity mode. The same electroluminescent active
region has been processed into devices with and without the optical microcavity to illustrate the difference
between a device operating in the strong- and weak-coupling regime. The spectra are very well simulated as
the product of the polariton optical density of states, and a function describing the energy window in which
the polariton states are populated. The evolution of the spectra as a function of the voltage shows that the
strong-coupling regime allows the observation of the electroluminescence at energies otherwise inaccessible.
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I. INTRODUCTION

Intersubband transitions in semiconductor quantum wells
are the mechanism at the heart of unipolar devices, such as
quantum-well infrared photodetectors and quantum cascade
lasers. As the energy difference between two subbands
mainly depends on the thickness of the quantum well, such
devices can be designed to operate in a broad frequency
range. As an example, quantum cascade lasers presently
cover a large wavelength span between 2.6 and 250 �m.1,2

In these devices population inversion, and thus the optical
gain, is obtained thanks to band-structure engineering, by
tailoring the subband lifetimes. On the contrary, the realiza-
tion of light-emitting devices in this frequency range is lim-
ited by the poor value of the radiative quantum efficiency.
Typical values of the spontaneous emission lifetime are on
the order of 10–100 ns while the nonradiative lifetime is on
the order of picosecond. The implementation of the light-
matter strong-coupling concepts within intersubband elec-
troluminescent devices has been seen recently as a promising
way to increase the radiative quantum efficiency with respect
to devices operating in the usual weak-coupling regime.3,4

The first demonstration of the strong-coupling regime be-
tween an intersubband excitation and a microcavity photonic
mode was obtained in 2003 by reflectivity measurements.5

The quasiparticles issued from this coupling are called inter-
subband polaritons. The strength of the coupling is in this
case an important fraction of the photon energy;6 it depends
on the electronic density in the fundamental subband7 and on
the electron effective mass.8 Furthermore, in this kind of sys-
tems, an unprecedented ultrastrong-coupling regime can be
attained in the midinfrared9 and in the terahertz frequency
range.10 The possibility of merging the subband engineering
typical of quantum cascade lasers and the properties of inter-
subband polaritons has been exploited soon after their first
observation, by the realization of midinfrared photodetectors
operating in the strong-coupling regime.11,12

A midinfrared light-emitting device based on intersub-
band polaritons and working up to room temperature has

been recently demonstrated.13 In this device, the subband
engineering led to a selective electronic injection into the
polariton states,14 allowing a frequency tunability of the elec-
troluminescence �EL� of �20%. On the theoretical side, sev-
eral efforts have been made to describe electroluminescence
from polaritonic devices. In fact, the interplay between fer-
mionic transport and bosonic polaritons makes the system
quite complex to model. In Ref. 15 this difficulty is bypassed
by considering, instead of an electronic injector, the coupling
between the polaritons and a dissipation bath of electronic
excitations. This allows the authors to obtain an analytical
expression for the electroluminescence. Electroluminescence
from intersubband polaritons has also been described within
a completely fermionic approach, in the case either of a
broad band4 or of a narrow band16 injector. The electrolumi-
nescence spectra calculated using this second approach are
similar to those of Refs. 13 and 14.

In this work we present a detailed study of the electrolu-
minescence from an intersubband device working in the
light-matter strong-coupling regime. In order to reveal the
peculiar features coming from the polariton dispersion in the
electroluminescence spectra, they are compared to those ob-
tained from an identical device but with a different photonic
confinement that hinders the operation in the strong-coupling
regime. We show that the electroluminescence signal from
the polaritonic device is composed by two main contribu-
tions: the first one comes from the lower polariton branch;
the second one is due to the weak coupling of the intersub-
band transition with an excited cavity mode. The electrolu-
minescence spectra are calculated by considering that polar-
iton states are only populated within an energy window
associated to the electronic injector. By changing the bias
applied to the device, we show that the strong-coupling re-
gime allows the enhancement of the electroluminescence sig-
nal at an energy that depends on the electronic injector.

The paper is organized as follows. In Sec. II we present
the two samples studied in this work. The simulated absorp-
tion spectra for both samples are discussed and demonstrate
that by changing the cavity the same electroluminescent
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active region can move from the strong to the weak-coupling
light-matter regime. In Sec. III we present the electrolumi-
nescence spectra measured for both samples. Section IV is
devoted to the simulation of the electroluminescence spectra,
based on our model.13 In Sec. V we present the voltage evo-
lution of the electroluminescence spectra and their simula-
tion. Finally, in Sec. VI we present the experimental and
simulated quantum efficiency and a discussion on the en-
hancement of the spontaneous emission in our device. Con-
clusions are drawn in Sec. VII.

II. SAMPLES

The active region of our devices consists of a
GaAs /Al0.45Ga0.55As quantum cascade structure, composed
of 30 identical periods. Figure 1 shows one period of the
cascade, simulated at a voltage of 6 V by solving coupled
Schrödinger and Poisson equations. Each period contains a
main quantum well, with two subbands �labeled 1 and 2�
separated by E21=161 meV, and an injection/extraction re-
gion. In the absence of the coupling with the cavity mode,
electrons are electrically injected into the excited subband
and then relax radiatively or nonradiatively into the funda-
mental subband. Tunneling out from the quantum well into a
miniband allows electron extraction and reinjection into the
following period of the cascade. The structure design is such
to increase the tunneling time out of the fundamental sub-
band and avoid population inversion.3 The quantum cascade
structure is grown onto a low-refractive index bilayer, com-
posed of a 0.56-�m-thick GaAs layer n doped to 3
�1018 cm−3 and a 0.52-�m-thick Al0.95Ga0.05As layer. The
growth is terminated by a couple of n-doped GaAs layers, 86
nm thick and 17 nm thick, respectively, doped to 1
�1017 cm−3 and 3�1018 cm−3. In order to perform elec-
troluminescence spectra, the sample is etched into circular
mesas with a diameter of 200 �m. We fabricated two de-
vices with the same active region but with different resona-
tors. In the first device �polaritonic device� light is confined
between the low refractive index layers and a metallic mirror

��Ni�10 nm�/Ge�60 nm�/Au�120 nm�/Ni �20 nm�/Au�200
nm��� evaporated on the top of the mesa. In this device, the
metallic mirror of the cavity is also the top contact. For the
second device �weak-coupling device�, the top contact is
only 50 �m diameter �see inset of Fig. 4 for a top view of
the mesa devices�. In this way only 6% of the mesa surface is
covered with gold and barely contribute to the optical con-
finement. However, the current injection into the quantum
cascade structure is still possible, thanks also to the heavily
doped top layer that allows lateral current spreading.

The dispersion of the photonic mode of the polaritonic
device, obtained by using transfer-matrix formalism, is
shown in Fig. 2�a�. Here the absorption coefficient of the
cavity is plotted in color scale, as a function of the photon
energy and of the in-plane momentum �k��. The absorption
coefficient has been calculated as 1−R, where R is the re-
flectivity since in our experiment there is no transmission
through the upper mirror.13,15 The resonance condition, al-
lowing for a strong coupling between the intersubband tran-
sition and the cavity mode, is fulfilled for a value of the
in-plane photon momentum of approximately kres
=2.55 �m−1. It is related to the photon energy Ep and to the
internal angle for light propagation � by the following
formula:13

k� = Ep
ns

�c
sin � , �1�

where ns is the substrate refractive index. By replacing the
values of the intersubband transition energy E21 and that of k�

at resonance, we obtain the corresponding value of the inter-
nal angle for light propagation, �res=72.5°. In order to ob-
serve the light-matter coupling in angle-resolved experi-
ments, we polished the facet of the sample at 70°. In this way
the light propagating angle inside the cavity can be varied
between 58° and 83.5°, hence spanning the interesting angu-
lar range for the observation of the strong-coupling regime.
In Fig. 2�a�, one can also notice a second-order cavity mode,
which is much broader than the fundamental one. The two
modes are clearly resolved in the inset of Fig. 2�a�, where the
simulated absorption �in logarithmic scale� at Ep
=160 meV is plotted as a function of k�. The full width at
half the maximum of the second-order mode is �25 meV at
the intersubband transition energy, as opposed to �3 meV
for the fundamental mode. The second-order mode is reso-
nant with the intersubband transition for a value of the in-
plane photon momentum kexc�2 �m−1. It follows that, in an
angle-resolved measurement, its contribution can be ob-
served for angles close to 55°. Figure 2�b� shows the calcu-
lated absorption spectrum for the �unbiased� device in the
same angular range spanned in the experiments. The contri-
bution of the intersubband transition has been taken into ac-
count in the dielectric permittivity of the quantum-well lay-
ers including an additional term in the form of an ensemble
of classical polarized Lorentz oscillators.5 The dispersions of
the Au �Ref. 17� and of the doped layers18 have also been
included. In the simulations, we used E21=161 meV for the
energy of the bare intersubband transition and N1=6
�1011 cm−2 for the electronic density in the fundamental
subband. This value gives the best agreement between the

FIG. 1. �Color online� Band diagram of the quantum cascade
structure at a voltage of 6 V obtained by solving coupled
Schrödinger and Poisson equations. The bold curves represent �1�
the fundamental and �2� excited state of the radiative transition, as
well as the injector state �inj�. The energy difference between the
state 1 and the injector quasi-Fermi energy is indicated by �. The
injection and extraction minibands are schematized by triangles.
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simulated and the measured angle-resolved absorption
spectra13 and determines the value of the vacuum Rabi split-
ting in the system: 2��R=11 meV. Figure 2�b� shows a
clear anticrossing between the intersubband excitation and
the cavity mode, giving rise to the two polariton branches.
For k� �kexc we observe a second feature in the calculated
absorption spectrum at the energy of the bare intersubband
transition, due to the coupling between the intersubband tran-
sition and the excited cavity mode. This coupling is weak
due to the broadening of the cavity mode. In fact, the condi-
tion for the system to enter the light-matter strong-coupling
regime is �R

2 �	12	cav, where 	12 is the nonradiative broad-
ening of the intersubband transition �in our case 	12

=9 meV, as extracted from the bare electroluminescence
spectrum� and 	cav is the cavity mode broadening.

Figure 3�a� shows the dispersion of the cavity mode in the
weak-coupling device, obtained using exactly the same pa-
rameters as in Fig. 2�a�. We can see that there is still a cavity
effect, between the air and the low refractive index layers.
The simulated absorption spectrum, including the contribu-
tion of the intersubband transition, is shown in Fig. 3�b�. In
this case the intersubband transition is only weakly coupled
to the photonic mode.

III. ELECTROLUMINESCENCE SPECTRA IN WEAK AND
STRONG COUPLING

After fabrication and mechanical polishing of the facet to
the proper angle, the sample is indium soldered onto a cop-
per holder and mounted in a cryostat for angle-resolved elec-
troluminescence measurements. All the experimental results
in this work have been obtained at 77 K. The electrolumi-
nescence signal from the substrate is collected with a f /2

FIG. 2. �Color online� Absorption coefficient of the device with
the top mirror: �a� 1−R calculated as a function of the photon
in-plane momentum and energy, without including the contribution
of the intersubband transition. The horizontal dashed line indicates
the energy used in the inset. �b� Calculated absorption spectrum,
including the contribution of the intersubband transition. The simu-
lation has been obtained by using E21=161 meV and N1=6
�1011 cm−2. Inset: simulated absorption �in logarithmic scale� at
Ep=160 meV, plotted as a function of k�.

FIG. 3. �Color online� Absorption coefficient of the device with-
out the top mirror �air on top�: �a� 1−R calculated as a function of
the photon in-plane momentum and energy, without including the
contribution of the intersubband transition. �b� Calculated absorp-
tion spectrum, including the contribution of the intersubband
transition.
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ZnSe lens, analyzed by a Fourier transform infrared spec-
trometer and detected using a HgCdTe detector through a
f /0.5 ZnSe lens. The angular resolution of the optical system
has been estimated to be approximately 0.5°. Figure 4 pre-
sents the electroluminescence spectra of the device with �left
panel� and without �right panel� the top Au layer, measured
at the same current �14 mA� and voltage �4.5 V� and for two
different values of the internal angle of light propagation.

The spectra from the weak-coupling device are very similar
at both angles. On the contrary, in the left panel of Fig. 4 we
show that the EL spectrum from the polaritonic device mea-
sured at 71.8°, i.e., close to �res, is very different from the
one obtained far from resonance �57.9°�. The spectra from
the weak-coupling device consist of a main peak, centered at
the energy E21, and a low-energy tail. This shape is typical of
the electroluminescence spectrum of a quantum cascade
structure below the alignment voltage.20 It can be interpreted
as the sum of two contributions. The main peak is due to the
radiative transition from the excited to the fundamental sub-
band �displaying in this case a Gaussian line shape� while the
low-energy tail comes from the diagonal radiative transition
of the injector state �labeled inj in the band diagram in Fig.
1� to the fundamental subband, at an energy Einj. This con-
tribution can be fitted with a Gaussian distribution, whose
energy position and width 
 depend on the applied voltage.

The EL spectra of both structures measured at an internal
angle close to 55° are quasi-identical. This is consistent with
the fact that for these angles, the polaritonic structure is very
far from its resonant condition. The light observed comes
from the previously mentioned high-order cavity mode,
weakly coupled with the intersubband transition. As a con-
sequence, the injector energy can also be inferred by analyz-
ing the EL spectra from the polaritonic device at low angle.
This method has the advantage to guarantee identical voltage
and current conditions for the polaritonic and for the weakly
coupled spectra.

Figure 5 shows electroluminescence spectra �symbols�
from the polaritonic device, measured at different voltages at
an angle of 58°. They are very well fitted �continuous line�
by using a sum of two Gaussian functions �dashed lines�.19

FIG. 4. �Color online� Electroluminescence spectra at 4.5 V �14
mA, 50% duty cycle� and 77 K for a device with �left panel� and
without �right panel� top metallic contact. The curves indicated by
squares have been obtained at a low value of the internal angle
while those indicated by circles have been obtained for an angle
close to �res. The values of the integrated optical power for the four
spectra are the following: left panel: 200 pW �71.8°�, 87 pW
�57.9°�; right panel: 68 pW �71.8°�, 120 pW �56.6°�. The inset is an
optical microscope picture of the two mesa devices.

FIG. 5. �Color online� Electroluminescence spectra �symbol� measured at different voltages from the polaritonic device at an angle of
approximately 58°. The continuous lines are the best fit of the experimental data, given by the sum of two Gaussian functions, shown by
dashed lines.
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The main peak is centered at the same energy in the entire
voltage range �E21=161 meV� while the energy position of
the injector increases with the voltage and approaches E21.
The values of Einj and 
 obtained from the fit are summa-
rized in Table I �second and third columns�. We can see that
the width of the Gaussian function describing the injector
monotonically decreases. This behavior is typical of a tunnel
coupling between the injector and the excited state of the
radiative transition in a quantum cascade structure.20

We display contour plots of the electroluminescence as a
function of the photon energy and in-plane momentum from
�40 angle-resolved electroluminescence spectra and through
the use of Eq. �1�. The comparison between the contour plots
obtained for the two devices at a voltage of 4.5 V �14 mA� is
shown in Fig. 6. In the polaritonic device �Fig. 6�a��, the
most important contribution to the electroluminescence sig-
nal comes from the lower polariton branch.14 This contribu-
tion is associated to a tunneling of the electrons from the
injector state directly into the polariton states.13 On the con-
trary, for the weak-coupling device �Fig. 6�b��, the electrolu-
minescence signal is centered at the energy of the intersub-
band transition. Note that an electroluminescence signal at
the bare intersubband transition energy is observed, even in
the polaritonic device because of the coupling with the high-
order cavity mode. This is analogous to what observed in
reflectivity measurements by Dupont et al.21 In their work
the coupling between the intersubband transition and the ex-
cited cavity mode is responsible for an intense absorption
peak between the upper and lower polariton branches. This
effect has been theoretically investigated by Załużny et
al.22,23

IV. SIMULATION OF THE ELECTROLUMINESCENCE
FROM THE POLARITON STATES

The theoretical description of the electroluminescence
from intersubband polaritons is a complex problem because
the subbands are coupled not only to the radiation but also to
the injection and extraction minibands of the quantum cas-
cade structure. This problem has been addressed recently in
several publications �see, for example, Ref. 16, and refer-
ences therein�, following different approaches. The first at-

tempt to calculate the electroluminescence spectrum from an
intersubband polariton device has been proposed in Ref. 15.
In this paper, the authors describe the input-output dynamics
of an optical cavity in the light-matter ultrastrong-coupling
regime. They consider the case of an intersubband excitation
in a cavity coupled to two bosonic dissipative baths, for the
photon field and for the electronic excitation. Within this
model, the authors derive an analytical expression for the
electroluminescence spectrum, which is proportional to a
term accounting for the spectral shape of the electronic res-
ervoir. Based on this result, a phenomenological model was
used in Ref. 13, in which the experimental electrolumines-
cence spectrum was simulated as the product of the absorp-
tion spectrum �in the strong-coupling regime� and of a
Gaussian function describing the injector state. In this case
the electronic excitation bath may be considered as pairs of
electrons tunneling in and out the main quantum well. The
physical meaning of this model is that the absorption spec-
trum describes the optical density of states of the polaritonic
system while the Gaussian function selects the energy win-
dow in which the polariton states are populated. This de-
scription is analog to that of the photoluminescence from
microcavity exciton polaritons. Indeed, it is described as the
occupancy of the polariton states times the coupling out of
such polaritons, i.e., the reverse process of incoupling of out-

TABLE I. Energy position and width of the diagonal transition
from the injector to the fundamental subband of the main quantum
well, as extracted from the fit of the electroluminescence spectra
measured at �58° internal angle �second and third column�. The
fourth and fifth column presents the values of Einj and 
 used to
simulate the polaritonic electroluminescence �see Sec. V�.

Voltage
�V�

Einj
fit

�meV�

 fit

�meV�
Einj

�meV�



�meV�

4.5 151.6 10 150.5 12

5 152.9 8.5 154 9

6 156.2 7.2 157 7

7.75 158 6.4 158 6.5

13 160 5.2 160 6

FIG. 6. �Color online� Electroluminescence as a function of the
photon energy and in-plane momentum measured at 4.5 V �14 mA�
and 77 K for the device �a� with and �b� without top metallic mirror.
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side photons, given by the absorption coefficient.24–27 Fur-
thermore, the fact that in our system the injector acts as a
filter for the polaritonic emission has also recently been ob-
tained within a completely fermionic model, describing an
electronic injection into an excited subband in a system
strongly coupled with light.16

Following Ref. 13, the electroluminescence spectrum is
proportional to

L�E� = AN1
�E� � exp�−

�E − Einj�2

2
2 � . �2�

A�E� is the calculated absorption spectrum; the index N1 is
inserted to remind the dependence of the vacuum Rabi split-
ting �hence of the absorption spectrum� from the square root
of the population density on the fundamental subband �the
population on the upper subband is always negligible�. Einj
and 
 are inferred from the electroluminescence spectrum
measured at an angle close to 55° �see Table I� and slightly
adjusted to reproduce the experimental data. In order to com-
pare the simulated and experimental electroluminescence, we
have to take into account the effect of the reflection on the
polished facet, by computing the Fresnel coefficients. In fact
the intensity emitted from the facet Iout is proportional to that
incident to the facet Iin times the Fresnel coefficient T
= �4ns cos �out cos �in� / �ns cos �out+cos �in�2, where �in and
�out are, respectively, the incident and refracted angle, mea-
sured with respect to the normal to the facet. The emitted
power per unit angle is proportional to28,29

dIout

d�out
�

cos2 �out

�ns cos �out + cos �in�2 �3�

with �in=�−�, � the polishing angle of the facet, and � the
internal angle for light propagation. In order to obtain the
optical power collected by the detector, we multiply the
emitted intensity per unit angle by the apparent surface of the
facet in the direction of observation �which is proportional to
cos��out�� and by the projection of the surface of the mesa on
the polished facet �which is proportional to cos����. Finally,
the electroluminescence spectra are simulated as

Lsim�E� = L�E� �
�1 − ns

2 sin2�� − ���3/2 cos �

	ns�1 − ns
2 sin2�� − ���1/2 + cos�� − ��
2 .

�4�

Figure 7�a� shows the calculated electroluminescence
spectrum for an applied voltage of 4.5 V. The ground-state
population density used in the simulation is N1=4
�1011 cm−2. The energy position of the injector is 150.5
meV; the Gaussian width 
 is 12 meV. Analogously to what
has been observed in the experimental spectrum �Fig. 6�a��,
we can distinguish two features in the simulation. The first
contribution corresponds to the lower polariton branch and it
is spectrally limited within the energy window defined by the
injector width. The second contribution is much broader and
it is centered at the energy of the bare intersubband transi-
tion, as already discussed before. The observation of this
electroluminescence signal at the energy E21, due to the
second-order cavity mode, indicates that not all the electrons

are injected into the lower polariton branch. This is an im-
portant limiting factor for the quantum efficiency of the de-
vice. A comparison between Figs. 6�a� and 7�a� shows that
there is a very good agreement between the results of our
model and the experimental spectra. The influence of the
electronic density on the electroluminescence spectrum will
be discussed in the next section.

In Fig. 7�b� we show the contour plot obtained by taking
a measured spectrum far from resonance �the one at 57.9°
shown in Fig. 4� multiplied by the absorption calculated in
Fig. 2 and by the Fresnel term in Eq. �4�. By comparing Figs.
7�a� and 7�b� it is apparent that the first one reproduces very
well the data while the second one shows a very different
result. This stresses the fact that to reproduce the data it is
essential to consider the energy of the electrons that are in-
jected into the polariton states of our system. In other words
the polariton emission spectra cannot be reproduced by mul-
tiplying an internal source by the photon density.

FIG. 7. �Color online� �a� Contour plot of the simulated elec-
troluminescence at 4.5 V, obtained by using Eq. �4�. The injector
energy position with respect to the fundamental subband is 150.5
meV and its width 12 meV. �b� “Photonic injection” simulated as
the product of the electroluminescence spectrum in Fig. 4, left
panel, at 57.9° times the calculated absorption and the Fresnel
coefficients.
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V. VOLTAGE DEPENDENCE OF THE
ELECTROLUMINESCENCE SPECTRA

By changing the bias applied to the quantum cascade
structure, the energy of the injector state varies with respect
to the ground state of the quantum well. This strongly affects
the electroluminescence spectrum and has been recently ex-
ploited to tune the electroluminescence of a device based on
a single-quantum well.14 Figure 8 shows the contour plots of
the electroluminescence measured at 77 K at different volt-
ages, from 4 to 13 V. While increasing the applied voltage,
two effects are clearly visible in these spectra: the electrolu-
minescence from the lower polariton branch shifts toward
higher energies; moreover the intensity of the electrolumi-
nescence at the energy E21 becomes preponderant with re-
spect to that from the lower polariton branch. These two

effects are a direct consequence of the fact that the injector
energy depends on the voltage applied to the device. The last
two columns of Table I summarize the values of Einj and 

used to simulate the electroluminescence spectra, by using
Eq. �4�, for the different voltages. These values are very
close to those obtained from the fit of the far from resonance
spectra.30 The simulated spectra are shown in Fig. 9: they
show an excellent agreement with the measured spectra re-
ported in Fig. 8. The simulation reproduces the entire dy-
namics of the system: the energy shift of the lower polariton
luminescence and the increase in the weakly coupled E21
transition. The ground-state population density N1, which af-
fects the Rabi energy, is kept constant and equal to 4
�1011 cm−2. This is consistent with our design of the quan-
tum cascade structure, optimized to preserve a long tunneling
time out from the fundamental subband. In a rate equation

FIG. 8. �Color online� Contour plots of the electroluminescence spectra measured at different voltages. The values of the current for the
voltages indicated in the figure are, respectively: 4 mA, 14 mA, 58 mA, 258 mA, 718 mA, and 2 A. The electroluminescence signal in the
contour plots is normalized to one. The peak power is, respectively �from the lowest to the highest voltage�: 2.6 pW, 14 pW, 73 pW, 340 pW,
720 pW, and 2.1 nW.
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model, the ground-state population N1 is given by3

N1 =
J

q

out + Ns exp�−

�

kBT
� , �5�

where J is the current density, q is the electron charge, 
out is
the tunneling time from subband 1 into the injector states, Ns
is the total doping concentration minus the density of elec-
trons that participate in the transport, and � is the energy
difference between state 1 and the injector quasi-Fermi en-
ergy, as indicated in Fig. 1. From Eq. �5�, for a current of 2
A �corresponding to a voltage of 13 V�, we estimate 
out
�4–5 ps. This is compatible with a tunneling out of the
fundamental subband assisted by interface roughness scatter-
ing, which in our system gives �6 ps.31

A direct proof that the population density of the ground
state stays constant over the voltage span of our experiment
can be obtained by studying the electroluminescence at a

fixed energy. In fact, for constant energy the two contribu-
tions to the optical signal clearly appear at different k�; fur-
thermore they only depend on the optical density of states,
hence on the population density N1. Figure 10�a� shows the
simulated electroluminescence at the energy of the intersub-
band transition �E21=161 meV� as a function of the in-plane
photon momentum, calculated for N1=4�1011 cm−2

�dashed line� and N1=1�1011 cm−2 �continuous line�. For
the highest value of the electronic density, the intersubband
excitation is in the strong-coupling regime with the funda-
mental cavity mode and in the weak-coupling regime with
the excited one. As a consequence, the absorption is inhibited
close to kres and exalted close to kexc. On the contrary for the
lower value of the electronic density the intersubband exci-
tation is weakly coupled with both cavity modes. As can be
observed from Fig. 10�a�, the ratio between the intensity of
the two resonances varies of more than a factor of 4. It is
therefore apparent that a variation in the strength of the cou-

FIG. 9. �Color online� Contour plots of the simulated electroluminescence spectra at different voltages. The parameters used for the
simulations are presented in Table I.
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pling directly affects the relative intensity of the two peaks.
Figure 10�b� shows the normalized electroluminescence
spectra measured in the entire voltage range at the energy
E21. Within the noise all the spectra are identical: this means
that the coupling constant has not changed for different volt-
ages. Moreover, it shows that, apart from a multiplication
factor, all the curves are identical for all voltages. This
proves that the evolution of the electroluminescence spectra
is entirely due to the position and shape of the injector that
acts on always the same optical density AN1

�E�.

VI. ENHANCEMENT OF THE SPONTANEOUS EMISSION

As shown in previous sections, the spectra of our device
are composed of a polaritonic contribution and a weak-
coupling luminescence. The scope of this section is to com-
pare these two contributions and to discuss whether the elec-
troluminescence can be enhanced in the strong-coupling
regime. To this aim, we take advantage of the angular sepa-
ration between the two contributions. In fact, as discussed in
Sec. II, the polaritonic emission is mainly concentrated close
to the fundamental photonic mode, hence in an angular in-
terval between 66° and 82° while the weak-coupling lumi-
nescence occurs mainly at smaller propagation angles. Fig-
ure 11�a� shows, as a function of the internal angle, the
voltage-dependent ratio between the electroluminescence
signal and the current, which is proportional to the quantum
efficiency of the device. The most striking difference be-
tween these curves is the increase in the polaritonic quantum
efficiency when decreasing the voltage applied to the struc-
ture: at 4 V the polaritonic quantum efficiency is twice the
weak-coupling one. A second difference between the curves
is a small angular shift of the peak of the quantum efficiency

�+1.4° when going from 4 to 13 V�. This is related to the
shift of the injector energy with the voltage. These two as-
pects of the voltage evolution of the quantum efficiency are
very well reproduced by our simulations, shown in Fig.
11�b�, which is obtained by integrating at each angle the
electroluminescence spectra of Fig. 9. Note that the physical
origin of the observed enhancement is a Purcell-type effect,
due to the increased photonic density of states of the funda-
mental mode with respect to the second-order mode. The
enhancement is hence obtained in our model by only consid-
ering the variation in the absorption spectrum from out of
resonance to resonance angle �with a correction due to
Fresnel coefficient�. Indeed, the importance of the strong-
coupling regime is that it enables electroluminescent emis-
sion at energies which would be otherwise inaccessible,
thanks to an electronic tunneling into the polariton states.
This is well illustrated in Fig. 12, where the electrolumines-
cence signal measured at 4.5 V is plotted for different con-
stant energies: E21=161 meV �triangles�, 150 meV �circles�,
and 140 meV �squares�. These spectra are normalized to the
weak-coupling peak, in order to show that, thanks to the
polariton dispersion, the electroluminescence signal is en-
hanced by a factor which depends on the energy position of
the injector. An enhancement of a factor of four is obtained
at 4.5 V for the energy 140 meV.

VII. CONCLUSIONS

In conclusion, we have presented a detailed study of the
electroluminescence from an intersubband device operating

FIG. 10. �Color online� �a� Simulated electroluminescence for
the polaritonic device, obtained with N1=4�1011 cm−2 �red
dashed line� and N1=1�1011 cm−2 �black continuous line�. �b�
Normalized electroluminescence signal at the energy of the inter-
subband transition as function of the in-plane photon momentum,
measured at different voltages: 4 V �black line�, 4.5 V �red line�, 5
V �blue line�, 6 V �green line�, 7.75 V �pink line�, and 13 V �light
blue line�. FIG. 11. �Color online� �a� Integrated EL measured as a function

of the internal angle of light propagation at different voltages: 4 V
�black squares�, 4.5 V �red circles�, 5 V �green triangle�, 6 V �blue
down triangle�, 7.75 V �light blue diamond�, and 13 V �pink left
triangle�. �b� Simulation of the integrated EL at the same voltages as
the experiments.
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in the light-matter strong-coupling regime. We have com-
pared two different devices with an identical active region
but fabricated with different optical resonators. This has al-
lowed us to point out the peculiar features which are unique
to the strong-coupling regime. We have shown that the elec-
troluminescence signal in the strong-coupling regime is com-
posed by two main contributions: the first originates from the
lower polariton branch while the second is due to the weak
coupling of the intersubband transition with a second-order
cavity mode. Moreover, we have proven that the shape and
the voltage evolution of the electroluminescence spectra are
well reproduced with numerical simulations by considering
that the polariton branches are populated only close to the
energy of the injector. By studying the electroluminescence
spectra at the energy of the intersubband transition, we have
shown that the Rabi splitting does not vary with the voltage

applied to the device. This implies that the population of the
ground subband does not vary in the spanned voltage range.
As a consequence, the voltage dependence of the electrolu-
minescence spectra only results from the voltage dependence
of the injector, i.e., from the position and width of the energy
window in which the polariton states are populated. Notice
that we did not observe any luminescence from the upper
branch of the polariton dispersion. In fact above the align-
ment voltage �approximately 6 V� our band structure fixes
the position of the injector in resonance with the state 2.
Indeed, we have recently shown that the electroluminescence
from the upper polariton can be observed by using a different
design for the active region.32 This work will be the object of
a forthcoming publication.

The comparison between the weakly coupled and the po-
laritonic emission allowed us to show that the factor of two
enhancement of the emission in the polaritonic mode is only
due to a Purcell-type effect, originating from the different
quality factor of the fundamental and the excited photonic
mode. Indeed, the importance of the strong-coupling regime
resides in the fact that it makes possible to achieve electrolu-
minescence at energies otherwise inaccessible. The quantum
efficiency of polaritonic devices can be improved, in our
opinion, with a more selective injection into the polariton
states, far from the energy of the bare intersubband transi-
tion. This could be obtained by simultaneous engineering of
the active region and the photonic dispersion, and by explor-
ing different kind of resonators.10
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