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Résumé

Ce travail porte sur la réalisation de dispositifs quantiques fonctionnant
en régime de couplage fort entre une excitation d’un gaz d’électrons dans
un puits quantique semiconducteur et un mode de cavité dans le moyen infra-
rouge. Les quasi-particules issues de ce couplage lumiére-matiére sont appelées
"polaritons intersousbande".

La premiére partie de ce manuscrit est consacrée a 'étude d'un dis-
positif électroluminescent basé sur une structure a cascade quantique in-
sérée dans une microcavité planaire. Par une analyse détaillée des spectres
d’électroluminescence a différents voltages, je démontre que les états de po-
laritons sont peuplés de facon résonante, & une énergie qui dépend du voltage
appliqué a la structure. Les résultats expérimentaux sont analysés et in-
terprétés a 'aide d’un modele reliant les spectres d’électroluminescence aux
propriétés de I'injecteur de la structure a cascade.

Pour augmenter la sélectivité de I'injection et observer ainsi une exaltation
de I’émission spontanée, un nouveau type de cavité est développé dans la sec-
onde partie de ce travail. Il s’agit d’une cavité basée sur un confinement plas-
monique, dans laquelle la lumiére est confinée entre deux plans métalliques,
dans une épaisseur trés inférieure a la longueur d’onde. Le miroir supérieur
est faconné en réseau. L’influence des différents paramétres du réseau est
étudiée et deux régimes sont mis en évidence: un régime ot le mode de cavité
se couple a un mode de plasmon de surface et un régime ou le mode de cavité
ne présente pas de dispersion en énergie. En insérant des puits quantiques
dopés dans une cavité de ce deuxiéme type, les régimes de couplage fort puis
de couplage ultra-fort lumiére-matiére sont démontrés jusqu’a température
ambiante. La valeur importante du dédoublement de Rabi et la forte densité
d’états polaritoniques obtenues dans ce type de cavité en font un candidat trés
prometteur pour la réalisation de dispositifs électroluminescents infrarouges
de grande efficacité radiative et fonctionnant sans inversion de population.






Abstract

This work focuses on the realization of quantum devices operating in the
strong coupling regime between an excitation of an electron gas in a semi-
conductor quantum well and a cavity mode in the mid infrared. The quasi-
particules issued from this light-matter coupling are called "intersubband po-
laritons".

The first part of this manuscript is dedicated to the study of an electrolu-
minescent device based on a quantum cascade structure inserted in a planar
microcavity. By means of a detailed analysis of the electroluminescence spec-
tra at different voltages, I demonstrate that in this system the polariton states
are resonantly populated, at energies depending on the applied bias. The ex-
perimental results are analyzed and interpreted by using a model giving the
dependence of the electroluminescent spectra on the properties of the injector
of the quantum cascade structure.

In order to increase the selectivity of the injection and observe an enhance-
ment of the spontaneous emission, metal-dielectric-metal cavities are designed
and realized in the second part of this work. In this cavities, light is confined
in a highly subwavelength semiconductor layer. The top gold mirror is pat-
terned into a grating, whose parameters determine the properties of the cavity
modes. Two regimes are identified: one in which the cavity mode is coupled to
a surface plasmon mode and one in which it presents a flat energy dispersion.
By inserting doped quantum wells in a cavity of this second type, the strong
and ultra-strong light-matter coupling regimes are demonstrated up to room
temperature. The important value of the Rabi splitting and the high polari-
tonic density of states achievable in this cavity makes it a promising candidate
to realize efficient mid infrared electroluminescent devices operating without
electronic population inversion.






Introduction

The mid-infrared (MIR) spectral range covers wavelength between approx-
imately 3um and 30um. This domain of the electromagnetic spectrum has
two main interests. First, it corresponds to the black body emission between
100K and 1500K (according to Wien’s law). Most of the living creatures,
objects and our planet itself will thus emit light in the MIR. A very broad
range of applications is possible, from night vision for security purpose to the
heat leak detection of buildings for ecological and economical optimization
passing by the medical imaging to detect unusual local thermal activity on
a patient. The other interest of this spectral region reside in the fact that a
lot of molecules present vibrational resonances in the MIR frequencies. This
gives easily recognizable spectroscopical features, as each molecule has a pe-
culiar, quite intense, absorption peak at very specific frequencies. Thanks to
this property molecules can be, not only detected in very low concentration,
but also identified. The applications here are mainly in pollutant (CO,, N Hs,
CH,,...) or explosives (T'NT) detection and medical analyses searching for
very low concentrations of certain molecules in non-intrusive breath analyses
for example.

The general context of this PhD work is the realization of efficient mid-
infrared optoelectronic emitters, based on intersubband transitions (i.e. tran-
sitions between confined states of a semiconductor quantum well). This work
is motivated by the fact that in these systems the spontaneous emission is
characterized by an extremely long lifetime when compared to non-radiative
processes, giving rise to devices with very low quantum efficiency (of the or-
der of 107* — 1075). A way to obtain efficient semiconductor emitters in this
wavelength range is exploiting stimulated instead of spontaneous emission.
The so-called quantum cascade lasers, invented in 1994 [Faist et al., 1994],
are today the only semiconductor lasers operating in the mid and far infrared
range. Nevertheless, in order to achieve stimulated emission in these devices,
one needs to engineer population inversion between the levels involved in the
radiative transition. The very low non radiative lifetime of intersubband tran-
sitions makes quite difficult to store electrons on excited states and imposes
relative high current thresholds.



2 Introduction

The aim of this work is to implement novel optoelectronic emitters oper-
ating in the strong coupling regime between an intersubband excitation of a
two-dimensional electron gas and a microcavity photonic mode. The quasi-
particles issued from this strong light-matter coupling are called intersub-
band polaritons. The strength of the coupling, measured by the vacuum Rabi
frequency, is proportional to several parameters, in particular the electronic
density of the two dimensional gas, and inversely proportional to the volume
of the microcavity. By playing on these parameters it is possible to achieve
an unprecedented regime for the light-matter interaction, the so-called ultra-
strong coupling regime. In this case the Rabi frequency is of the same order of
magnitude as the intersubband transition frequency. In particular this regime
can be achieved by using plasmonic microcavities, which allow an extreme
light confinement, in volumes that are much smaller than the wavelength to
the cube.

The strong coupling regime introduces in the system a novel characteris-
tic time for the light-matter interaction, which is orders of magnitude lower
than the spontaneous emission lifetime. By acting on this characteristic time
one could think of improving the quantum efficiency of intersubband light-
emitting devices. The possibility of merging the subband engineering typical
of quantum cascade lasers and the properties of intersubband polaritons is
particularly interesting for the realization of this kind of devices. In fact, only
few years after the first experimental observation of intersubband polaritons
[Dini et al., 2003], an electroluminescent device based on a quantum cascade
structure inserted in a microcavity was demonstrated [Sapienza et al., 2008].

This PhD thesis investigates the properties of electroluminescence emitters
based on polariton states. The first step is to study its voltage dependence
and to relate it to the characteristics of the electrical injection into the po-
lariton branches. We demonstrate that the electroluminescence peak can be
strongly tuned with the applied voltage, resulting in the observation of a light
signal at frequencies otherwise inaccessible to the electronic transitions of the
system. We show that in this device only a small fraction of the electrons is
injected into the polariton states. In order to increase this fraction and, as
a consequence, the quantum efficiency of the device, we realized new cavities
to increase the light-matter coupling (and achieve the ultra strong coupling
regime) and to facilitate the selective injection in the polariton states.

This manuscript is organized as follows:

Chapter 1 is used as a general introduction. First, I introduce the main
properties of quantum wells and optical absorption between subbands. Then
the strong coupling regime between an intersubband excitation and a mi-
crocavity mode is introduced. The different parameters that determine the
strength of the coupling are discussed. I show that for high values of the cou-



pling strength the properties of intersubband polaritons are strongly modified
and the system enters the ultra-strong coupling regime.

Chapter 2 focuses on the passive characterization of an electrolumines-
cent device based on intersubband polaritons. The photon confinement and
the polaritonic dispersion are described, by simulating the absorption in the
sample. Then, after a brief description of the experimental setup, we show
angle resolved absorption measurements and pinpoint that the data must be
represented as a function of the inplane wave vector to deduce the correct
Rabi frequency.

In Chapter 3, we study the electroluminescence of the sample passively
characterized in chapter 2. After an introduction and a state of the art of
research for electroluminescent devices based on intersubband polaritons, a
quick description of the fabrication process and of the experimental setup for
electroluminescence is given. It is followed by an angle resolved study for a
fixed voltage applied on the sample. I will show that the electroluminescence
spectra can be interpreted as the result of a resonant electrical injection into
polariton states. Then, voltage dependent measurements are realized to tune
the electroluminescence peak energy. Finally, the effect of polaritons on the
radiative quantum efficiency of the sample is discussed. In particular I discuss
the limiting role of the dark states to improve the radiative efficiency.

In order to increase the Rabi spitting and to facilitate the electrical injec-
tion in the polariton states without populating the dark states, we decided to
change the photon confinement using metal-dielectric-metal cavities. Chap-
ter 4 first describes the photon confinement in such cavities. The different
steps for the sample fabrication are given and reflectivity measurements are
realized to investigate the effects of the different parameters of the cavity.

In Chapter 5 we insert doped quantum wells in a metal-dielectric-metal
cavity in order to demonstrate the strong coupling regime in this type of cav-
ity. Series of reflectivity measurements are realized on three different samples
with different doping levels to verify the dependence of the polariton dispersion
from the electronic density in the quantum wells. The ultra-strong coupling
regime is achieved for the most doped one. Finally, angle resolved measure-
ments allow demonstrating that the energy of the polariton states does not
depend on the propagation angle of the light.

Chapter 6 is used to draw the conclusions on the samples studied and per-
spectives opened by this work. Preliminary results on two novel devices, whose
complete characterization is still in progress, are presented in Appendix as
well as the growth sheets.






Chapter 1

Strong and ultra-strong coupling

Contents
1.1 Quantum wells and intersubband transitions . . . . . 5
1.2 Intersubband absorption ... .............. 8
1.2.1 Absorption coefficients . . . . . .. ... ... ... .. 8
1.2.2  Depolarization shift . . . . ... ... ... ... ... 9
1.3 Weak and strong coupling regime . . . . . . ... ... 10
1.3.1 One particle description . . . . . . . .. .. ... ... 10
1.3.2 2D electron gas and dark states . . . . . . ... .. .. 14
1.4 Ultra-strong coupling regime . .. ... ... ... .. 15

I will briefly present in this chapter a theoretical description of intersub-
band transitions and the different coupling regimes possible with a cavity
mode. The concepts introduced here will be used in the following chapters.

1.1 Quantum wells and intersubband transi-
tions

Quantum wells (QW) are artificial structures created by epitaxial growth
of a succession of semiconductor layers (heterostructure) with different band
gap energies. This difference results in a discontinuity of the potential energy
of the valence and conduction band at the interfaces between the semiconduc-
tor layers. In this work, we will only be interested in transitions occurring in
the conduction band. The left panel of figure 1.1 schemes with the black con-
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tinuous line the conduction band potential (V' (z)) along the growth direction
z of a quantum well made of a GaAs well and Al 45Gag 55As barriers.

] AlGaAs | GaAs |AlGaAs

S 0.3
L
>
D 0.2
2
Ll
0.14 ___//\\__
1
0.0-
V4 0 k//

Figure 1.1: Left panel: The black line represents the calculated potential en-
ergy created by a 6nm thick GaAs/Aly45Gags5As quantum well along the
growth direction. The colored curves are the two first wave functions in the
QW and are represented at their respective energies. The right panel repre-
sents the energy dispersion of the two first states as a function of the inplane
wave vector k.

In the envelope function approximation [Bastard, 1988], the wave functions
(@;(7)) are written as the product between the Bloch function w(7), which
has the same periodicity as the crystal lattice and a slowly varying envelope
function f;(7) sensitive to the conduction band potential created by the QW
(the index i refers to the quantum numbers of the state).

() = Fi(F)u() (L1)

As u(7) is the same for both semiconductors (the two semiconductors have
the same lattice constant) and assuming an abrupt interface, the electronic
confinement can be calculated by solving a Schrédinger-like eigenvalue equa-
tion:

2H 1 . _»_‘.r
39 (o ¥) 60+ VR = B (12)

where m™* is the electron effective mass and E; the eigenenergies. Because
of the symmetry of the system, the free motion of electrons in the z and y
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direction can be separated from the z direction contribution
Fuky (F) = =170, (2) (13)

where A is the sample area, k; the inplane wave vector and 7" = (g, 2).

The eigenenergies are written as:

27.2
hky

2m*

Bok, = Eo+ (1.4)

where F,, are the confined solutions of the one-dimensional problem in the z
direction. The confined states associated to energies £, 1, ) are called subbands.
The subband dispersion is parabolic if the effective mass is constant. The
blue and red curves of the left panel in figure 1.1 represent the two first wave
functions plotted at the corresponding energy FE, in the conduction band
potential. The right panel shows their dispersion as a function of k;. In
reality, the coupling between different bands makes the effective mass energy-
dependent. In our simulations this effect is taken into account by means of
a three band k - 7 model [Sirtori et al., 1994|. Note that in this manuscript,
the non-parabolicity does not play an important role as we work with GaAs,
which has a relatively large gap.

Except for few simple cases such as infinite quantum well, the Schrodinger
equation cannot be solved analytically. For several coupled quantum wells as
in our structures, the result can be numerically calculated using the transfer
matrix method. It consists in dividing the structure in blocks in which the
potential is constant giving plane-wave solutions and to use the matching
conditions at each interface to tie the blocks together. This procedure allows
us to calculate the energy and wave functions of the structure at k; = 0.

On another hand, because our devices are highly doped, we need to take
into account the potential due to the spatial separation of the localized ion-
ized impurities and the electrons in the structure. Therefore we add to the
heterostructure potential in the Schrodinger equation a mean electrostatic
potential obtained by the solution of Poisson’s equation. An iterative pro-
cedure allows us to consistently solve the Schrédinger-Poisson equations by
calculating for each step the position of the Fermi level in the structure (i.e.
the occupied subbands in the QW structure) and thus deduce the new mean
electrostatic potential.



8 Chapter 1. Strong and ultra-strong coupling

1.2 Intersubband absorption

1.2.1 Absorption coefficients

We now want to describe the transition of an electron between two confined
subbands (from an initial state ¢ to a final state f) by means of a photon
absorption. The transition rate is given by the Fermi golden rule and the
light-matter interaction Hamiltonian can be written in the Coulomb gauge,
and neglecting the contributions of the second order in the electric field, as:

—€

H=—A.p (1.5)

m*
where A is the vector potential and p the electron momentum. Neglecting
the photon wave vector compared to the electron momentum, the energy
conservation imposes a photon energy equal to the energy difference between
the two subbands (E; — E;) to be absorbed. In this approximation, known
as the dipole approximation, we can obtain the following expression for the
transition rate between two conduction subbands:

21 e*E?
h 4m*2w?

Wi = | (il & - PIf) P0(Ey — Ei — hw) (1.6)

where €, is the polarization vector and w the photon frequency. The matrix

element (i|€,.p|f) implies for intersubband transitions that only the z com-

ponent of the radiation electric field gives rise to an intersubband absorption.
In order to easily compare the transition strengths between different sub-

bands, it is convenient to define the oscillator strength of the transition

2 o 2miwiy

| (il p: |£) | — [l 21 (1.7)

fir =

m*hw; ¢

where w; is the frequency between the initial and final states.The oscillator
strength obeys the sum rule
> =1 1y
f

and is positive for absorption and negative for emission. For an effective mass
depending on the energy, one need to take into account the transitions from
the valence band while, for m* constant, only the transitions in the conduction
band need to be taken into account.

For an infinite QW, only parity changing (odd-even or even-odd) tran-
sitions are allowed due to the inversion symmetry of the potential. In our
devices, the electronic population is always in the fundamental state. In this
configuration, only the transition between the first excited state (labeled
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2) and the fundamental state (labeled 1) of the QW has a non negligible
oscillator strength (f12=0.96 while f14 = 0.03).

The absorption coefficient for a plane wave is defined as the ratio between
the absorbed electromagnetic energy per unit time and volume 7uw.W;;/V and
the intensity of the incident radiation egcnE32 /2 where 7 is the refractive index
of the material [Liu and Capasso, 2000]. When considering a two dimension
layer, with an electronic density n,, the summation over every initial and final
states gives the expression:

me? 1 , )
- ' 1.
b EgCnwm*? ; (2)2 /d kyl (il p= 1 f) | (1.9)

X [fFD(Ei,k//) - fFD(Ef,k//)]5(Ef,k// - Ei,k// — hw;y)

where fpp(FE) is the Fermi-Dirac distribution function. We can replace the §
function by a normalized Lorentzian corresponding to the intersubband (ISB)
transition with a full width at half maximum (FWHM) ~9; corresponding to its
broadening. Assuming a parabolic in-plane dispersion and a zero temperature
(energy of the electrons limited by the Fermi energy Er), the absorption be-
tween the first two subbands with only the first one occupied has a lorentzian
line shape given by:

ns€2h ’}/21/2
12
(By — By — hw)? + 73, /4

2D (]_]_0)

- 2eqcmm*

1.2.2 Depolarization shift

The description until now is valid for low doped materials (n, ~ 101° —
10" em™2) which implies asp << 1. In the following I will consider highly
doped QWs. In this case it is important to consider the effect of the Coulomb
interaction on the absorption frequency. Indeed, an electron in a 2DEG (two
dimensional electron gas) is sensitive to the external radiation excitation but
also to the oscillation of the other electrons due to the external radiation.
These oscillations induce an a.c. current that can be written as

j.=0,.F (1.11)

where o, is the z component of the two dimensional conductivity and F the
total electric field. The electric field of the external radiation E.,; is related
to E through

) (112)
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where ¢,, is the dielectric function given by

O-ZZ

£, =141 (1.13)

€0€stw Lesy
with ¢ is the vacuum permittivity, e, the static background dielectric con-
stant and Ly the effective width of the quantum well [Ando et al., 1982]. We
can introduce the modified effective conductivity o., defined as j, = 7., Feu.
Equations 1.11, 1.12 and 1.13 give together the following expression:

€y — 1

Oz = —i€0EstW ey (1.14)

The absorption per unit area is proportional to Re{s,.}, i.e. to Im{(1 —
€,.)/€.-}. The energy position of the absorption peaks is hence related to the
zero of the dielectric function. In our work, only the transition between the
two first subbands will be used. Therefore €., can be written as

2
s 1
c(w) =1 — e ——— (1.15)
m*eoest Lefr w?* — wiy + iyw
Replacing equation 1.15 in equation 1.14, we finally obtain
7. (w) L G (1.16)
O0z\W) = Ep€stW il = : .
0% st fwa—wgl—kww

where ; )
- . 12Ms€

Oy = \JwE +w?  with wh=——""_ 1.17

2 P P m*gogstLeff ( )

wp is known as plasma frequency. The effect of the Coulomb interaction on the
absorption spectrum is a renormalization of the transition frequency towards
higher values. This phenomenon have been addressed in [Zatuzny, 1991] and
described in [Liu and Capasso, 2000].

1.3 Weak and strong coupling regime

We now want to describe the interaction between a confined cavity photon
and an intersubband transition occurring when a doped QW is placed in a
photonic cavity.

1.3.1 One particle description

To simplify we will first consider the cavity and only one electron on the
intersubband transition. An easy analogy can be made with two oscillators
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(one corresponding to the ISB transition and one corresponding to the cavity
mode) coupled together through an interaction term A£2. We note |g, 1) the
state where the electron is in the ground state of the transition with one photon
in the cavity and |e,0) the state where the electron is in the excited state of
the transition with no photon in the cavity. We note Fs; the intersubband
transition energy and FE, the energy of the cavity photon. The Hamiltonian
of the system can be written as:

_ (Ex hQ
H_<m* E> (1.18)

After diagonalization we find the eigenstates of the system as a linear combi-
nation of the two states |g, 1) and |e, 0):

|4) = cosalg, 1) +isinale, 0)
| ) =isinalg, 1) + cosae, 0)
tan2o =

Ex—E.

Those states possess an electronic and a photonic component whose ratio is
solely determined by the energy difference between the ISB transition and the
cavity photon and by the coupling between them. The corresponding energies
are obtained by solving the eigenvalue equation for H:

(Bxt — E)(E. — E) = |hQJ? (1.19)

The energy dispersion of the two states is plotted with black curves as a
function of the energy difference 6 = Fo; — E,. in figure 1.2. The horizontal
dashed line represents the intersubband transition energy Fs; and the oblique
dashed line represents the cavity mode energy F.. When |Ey — E.| >> 1,
the two branches tend to the intersubband and the cavity mode energies. On
the contrary, when Fs; ~ F., an anti-crossing appears which is the signature
of the strong coupling regime. The state corresponding to the energy FE, is
called upper polariton (UP) and the one at E_ is the lower polariton (LP).
At resonance, the energy difference between the two polaritons is

2 = Et ves — B yes (1.20)

where g is the vacuum Rabi frequency in analogy to the strong coupling
regime for atoms in high finesse cavities [Raimond et al., 2001].

The dual light /matter nature of the strong coupling can also be seen by
studying the temporal evolution of the state |e, 0). This is not an eigenstate of



12 Chapter 1. Strong and ultra-strong coupling

Energy (arb. units)

8 (Arb. units)

Figure 1.2: Polariton branches (black curves) energy dispersion as a function
of the energy difference between the cavity mode and the intersubband tran-
sition calculated from equation 1.19. The red dashed lines represents the ISB
transition (constant energy) and the cavity mode energy (dispersive energy).
The black dots correspond to the energies of the two polariton branches when
the cavity mode and the intersubband transition energies are resonant.
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the system but it can be written as |e,0) = 1/v/2(|¢)4) + [1_)). Its temporal
evolution is thus given by

010 = 5 oo (5 ) o) oo () )

= exp(—iwt) [cos (Qrt) |e, 0) — isin (Qgt) |g, 1>} (1.21)

The probability for the system to be in the state |e,0) as a function of the
time is thus:

P(t) = | e, 01t (1)) 2 = cos’(2t) (1.22)

This means that the system oscillates between the states |e,0) and |g,1).
These oscillations are called Rabi oscillations as they directly depend on the
Rabi frequency.

As the intersubband transition and the cavity mode have a finite lifetime,
we introduce damping terms in equation 1.19. The solutions write:

_ Ey + E. B 2.721 + Ye 4 \/(E21 — B, —i(v21 — 7e))? + |hQ2

E
+ 9 2 2

(1.23)
where 51 and 7. are the linewidth of respectively the ISB transition and the
cavity mode. In particular, when the cavity mode is at resonance with the
intersubband transition energy,

By yos = By — z% + %\/—(721 ~ ) £ QP (1.24)
Two different regimes can thus take place. If (751 —7.) > A€, the square
root is imaginary and the degeneracy between the two states is not removed.
Only the energy broadening of the two states are affected by the coupling. This
corresponds to the weak coupling regime. On the contrary, if (791 — 7.) < hS2,
the two states have different energies and enter the strong coupling regime.
Because the ISB transition and the cavity mode broadening are approxi-
mately the same in our samples, it is possible to satisfy the previously men-
tioned strong coupling condition even with a small Rabi frequency and in
particular with 2AQ2 << 791 + 7.. In this condition, it is impossible to
experimentally observe the splitting between the polaritons as it is smaller
than the broadenings of the ISB transition and the cavity mode. There-
fore we choose a different criterion to discriminate between the strong and
weak coupling regime. In atomic physics the relevant parameter for charac-
terizing cavity quantum electrodynamics systems is their cooperativity, which
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relates the reversible dipole coupling (Rabi frequency) and the irreversible cou-
pling to the reservoirs (losses of the cavity mode and intersubband transition)
[Foster et al., 2000]. This parameter is defined by

_n03
Y217Ve

C

(1.25)

In our case, because Y91 & 7. (giving C' =~ h*Q%/73,), the experimental condi-
tion 2h€2z > 721+, necessary to observe the strong coupling can be expressed
as h{lr > 791. The strong coupling regime is thus visible when C' > 1.

1.3.2 2D electron gas and dark states

In the devices studied during my PhD, the strong coupling regime is
achieved using a cavity mode and an intersubband transition of a two di-
mensional electron gas (2DEG). We thus need to describe the light-matter
interaction for several electrons participating to the ISB excitation excited by
one photon only.

The Hamiltonian of such a system with N excitations coupled to the same
cavity mode is given by:

E. hQ hQ --- hQ
> FEy 0 --- 0

H=|h 0 Ey --- 0 (1.26)
hQ* 0 0 -+ Ey

This Hamiltonian can be rewritten as:

E. MWVN 0 -+ 0
MY'VN  Ey 0 - 0
H= 0 0 Eyy -+ 0 (1.27)
0 0 0 - FEy

The light-matter interaction can hence be studied by considering a single
oscillator interacting with the cavity mode with a coupling constant Qv/N.
The other N — 1 oscillators are not coupled to the light. They are thus called
dark states as they do not have any photonic component and are only matter
excitations at the energy Fs;. In contrast, the state coupled with light is
called bright state.
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The strong coupling regime between an intersubband excitation of a 2DEG
and a micro-cavity photon mode has been first observed in [Dini et al., 2003,
by using a planar waveguide. In this case the Rabi frequency is given by:

1/2
2me?
Qp=| ———N. in? 0 1.28
R <€oomoLeff 2DEGnQWf21 S11l ) ( )

where e, is the dielectric constant of the cavity, mg is the free electron mass,
Less is the effective cavity thickness, Nopge the electronic density of the
2DEG, ngw the number of quantum wells coupled to the cavity mode, fs; the
oscillator strength of the intersubband transition and 6 is the angle of propaga-
tion of the light in the cavity. In the case where the cavity is completely filled
with QWs, the effective cavity thickness can be written as Lesr = now X Lp
where Lp is the length of the period containing the QW. It is interesting to
notice that the splitting is proportional to y/1/Lp and to v/Nopgg. It is thus
possible to widen the splitting by either decreasing the length of a period or
by increasing the doping in the structure, i.e. enhencing the electronic density
of the 2DEG [Anappara et al., 2005].

1.4 Ultra-strong coupling regime

The description given above works well when considering a system where
the Rabi frequency represents a small fraction of the ISB transition. Nev-
ertheless, if the ratio 2AQ2g/F>; becomes important, we reach the so called
ultra-strong coupling regime. In this case, the system is described by the
following Hamiltonian [Todorov et al., 2010a] :

1Ep

E E2
H= Ec(aTa+1/2)+E21bTb+T wa—C(a—aT)(b+bT)+—P(b+bT)2 (1.29)
21

where a' is the photonic creation operator and b' is the creation operator of
an intersubband excitation, f, = Low /Lcqy is the overlap factor between the
QW containing the 2DEG and the cavity mode and E), is the plasma energy
(hwp). Introducing a new polarization operator

Ey +E Ey — E
Lo+ 21, b 21

p= = =
2V Eg1 Ey 2V B Ey

we can write the Hamiltonian as

bl (1.30)

1 - FE E.
H=FE.a'a+ 5) +E21PTP+Z'7P wa—(a—aT)(P+pT) (1.31)
21
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The eigenvalues are:
(E® — E3)(E® — E2) = [,ELE? (1.32)

where Ey = \/E2, + E% is the renormalized ISB transition energy due to the
depolarization shift. The energies of the polariton states become

B2 + By /(B2 — E3)? + 4(2h00)* B2
2

E+ =

(1.33)

With these notations, the Rabi frequency is given by 2AQdr = /fuEp.
The minimum splitting between the two states does not occurs for E,. = FEoy;

anymore but for E. ,,;, = Fo1 \/ 1+ 5—22”(1 — fw). An energy gap appears as
21 5

well between the asymptote of the UP when Ey; >> E. which tends to E5; and

the one of the LP when Fy; << E, which tends to E, ;. It is schematized

in figure 1.3 where the LP and UP branches are represented as a function of

FEy — E. in as well as the two asymptotes of the polariton branches.

Energy (Arb. units)

& (Arb. units)

Figure 1.3: Polariton branches (black curves) energy dispersion as a func-
tion of the energy difference between the cavity mode and the intersubband
transition calculated from equation 1.33. The red dashed lines represents the
photonic energy gap between the two polariton branches asymptotes.

The energy gap is given by

(2RQR)?

E!J :E21 _Ec min%fw(Eél _E21) = 2F
21

(1.34)
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and is only visible if the depolarization shift is important (i.e. for a high
electronic density in the 2DEG) or equivalently for an important value of
the ratio 2A2g/F;. As discussed in [Todorov et al., 2010a], this gap directly
results from equation 1.32 and has its origins in the quadratic and antiresonant
terms of the light-matter interaction Hamiltonian. As a consequence, given
the line width of the ISB transitions, the observation of a polaritonic gap in the
dispersion curve can be taken as the experimental signature of the ultrastrong
coupling regime.

E/Eoq

0-8 T T v T v ] v Ll v
0.0 0.1 0.2 0.3 0.4 0.5

Ep/E2q

Figure 1.4: The blue curves represent the polariton branches normalized en-
ergy dispersion following equation 1.33 as a function of the normalized plasma
energy. The black dashed lines correspond to the linear approximation (equa-
tion 1.19) and the red dashed curve corresponds to Fo /Eo.

Figure 1.4 represents the two polariton energies calculated with f,, = 0.35
(blue continuous lines) normalized by the intersubband transition energy for
E. = E. i as a function of Ep/FEs . It clearly appears that the branches
follow the linear approximation (dashed black lines) for EFp << FEs. For
higher plasma energies the dispersion is clearly non linear and we enter into
the ultra-strong coupling regime. Remarkably this occurs already when Ep
is of less than one order magnitude smaller than Fs;. The red dashed line
represents Eo; /Ea.
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2.1 Introduction

The first intersubband electroluminescent device operating in the
light-matter strong coupling regime was demonstrated in reference
[Sapienza et al., 2008|. I started my PhD working on this device to inves-
tigate the physical properties of the electrical injection process. The sample
is based on a quantum cascade structure (QCS) inserted in a planar micro
cavity.

The first aim of this chapter is to describe the cavity and the active region.
The cavity mode dispersion is then presented and the so called "k space"
which represents the energy dependence of the mode as a function of the
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inplane wavevector. The following section is dedicated to the simulations of
the cavity mode energy dispersion and of its modification when coupled with
the 2DEG in the sample. After a brief presentation of the experimental set
up, the polaritonic dispersion obtained thanks to transmission measurements
will be presented and the importance of the k space to determine the Rabi
splitting underlined. The main results shown here have been published in
[Todorov et al., 2008] and [Jouy et al., 2010].

The active operation of the device, investigated by means of voltage and
angle dependent electroluminescence measurements, will be the object of the
next chapter.

2.2 Sample description

The sample is composed of two parts: an optical cavity and a core made
of GaAs/Aly45Gags5As quantum wells. The detailed growth sheet of the
sample is presented in appendix B.1. It has been grown by U. Gennser at LPN
(Laboratoire de Photonique et de Nanostructures). As sketched in figure 2.1,
the cavity is made of a metallic mirror on top and of two low refractive index
layers (compared to the QCS) on the bottom. The low refractive index layers
are a b60nm thick GaAs layer Si doped and a 520nm thick Algg5Gag.o5As
layer. The substrate is an undoped GaAs 450um thick wafer. Light is confined
by total internal reflection between the gold and the low refractive index layers.
From now on our convention will be to use z as the growth direction and //
for a vector in the layers plane (x/O\y)

Au
QCS

Undoped
GaAs substrate |- 4

Figure 2.1: Scheme of the device. 6 is the angle of light propagation in the
substrat and the black continuous line represents the cavity mode vertical
electric field intensity.
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The active region (AR) consists of a GaAs/Aly45Gags5As quantum cas-
cade structure (QCS) composed by 30 periods. Each period consist of a main
quantum well and an injection/extraction region, Si doped in order to have
a two dimensional electron gas (2DEG) in the main well. Figure 2.2 repre-
sents the computed band diagram of two periods of the QCS as a function
of z under a bias of 6. It is calculated by solving self consistently the
Schrodinger and Poisson equations of the system. The black line represents
the conduction band profile and the colored curves represent the square mod-
uli of the wave functions plotted at the corresponding energy. The ground
and excited states of the intersubband transition are in bold color line and
respectively labeled 1 and 2. The calculated intersubband transition energy
is Koy = Ey — Fy = 163meV. In the injector region, the quantum wells
widths are engineered so that the wavefunctions create a triangular shaped
mini-band (schematized with a red triangle) that collects electrons on a broad
energy range and bring them to a single wave function (the injector state, cor-
responding to the purple wave function in the band diagram) tunnel coupled
to the excited state of the main quantum well. The main quantum well is
used for the photon emission at the energy Fs;. Finally the extraction region
(blue triangle) allows to extract electrons from subband 1 and to inject them
in the following period of the QCS (the extraction of a period corresponds to
the injection of the next one). By varying the applied voltage it is possible to
tune the energy of the injector level with respect to level 1 and 2.

Figure 2.3 shows the calculated band diagram of the structure with no
bias applied to the structure. The Fermi level is 10.7meV above level 1. This
electronic population in the main QW allows photon absorption giving the
possibility to experimentally test the photonic dispersion of our sample. By
performing transmission measurements we can thus obtain the dispersion in
the strong coupling regime of our device.
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Figure 2.2: Band diagram of the quantum cascade structure at a voltage of
6V obtained by solving coupled Schrédinger and Poisson equations. The col-
ored curves are the square moduli of the wave functions in the QWs and are
represented at their respective energies. The red (blue) triangle schemes the
injection (extraction) miniband. The fundamental and excited state of the
ISB transition are in bold and respectively labeled 1 and 2. A is the en-
ergy difference between 1 and the injector quasi-Fermi energy of the following
injection miniband.
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Figure 2.3: Simulated band diagram of the QCS with no applied voltage.
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2.3 Description of the cavity mode

As mentioned in the previous section, photons are vertically confined be-
tween the top gold mirror and the low refractive index layers thanks to total
internal reflection. This cavity behaves as a A/2 resonator in which the wave-

length must satisfy
2Lne ff

K
where L is the cavity thickness, K the mode index and n.s is the effective
index of the optical mode. Figure 2.4 represents the vertical electric field
intensity (blue curve) along the z direction together with the optical index of
the different layers (green curve). As one can see, a plasmonic mode "sticks"
to the gold layer and most of its amplitude is located in the QCS region. It is
important to notice that the mode is leaking in the substrate as the electric
field is not equal to zero after the low refractive index layers. Because the

A= (2.1)

9 40.9
8 A_u 0.8
<
5 7 {0.7 -2
'g 6 0.6 g
— 5L Low refractive 0.5 -
© Qcs . f 2
Ol index layers Joa g
5. Substrate | =
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o) \ L
2 0.2
1 0.1
% 1 1
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Figure 2.4: The blue (green) curve represents the simulated cavity mode ver-
tical electric field intensity E, (the optical refractive index) as a function of
the position along the z axis in the cavity.

GaAs substrate is undoped, it is transparent for the MIR domain. It is thus
possible to couple the free space and the cavity mode for optical injection or
extraction through the substrate thanks to the leaky tail of the mode.

If we remove the gold on top of the AR, the refractive index difference
between the air and the AR still allows to confine light thanks to total internal
reflection. This is shown in figure 2.5 where the optical index of the different
layers (green curve) and the confined electric field (blue curve) along the z
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direction are represented. In this case the overlap of the QCS region and the
cavity mode is decreased by a factor 1.77 compared to the case with metal on
top and the mode leaks much more on both sides.

10 1

b § Low refractive et

8k index layers 10.8
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Figure 2.5: The blue (green) curve represents the simulated cavity mode ver-
tical electric field intensity E, (the optical refractive index) as a function of
the position along the 2z axis in the sample without the top metallic mirror.

In our planar cavity, while the photons are confined in the z direction,
they remain free in the layer plane. As a consequence, the inplane photon
wave vector k, can be continuously tuned giving rise to a dispersive mode
energy. Figure 2.6 illustrates the energy dispersion as a function of the inplane
momentum, the so called "k space". The black line represents the energy of
the first cavity mode as a function of k; which is given by:

h 2N,
=" K+ k2 with k. = ety
neff )\

(2.2)

At ky = 0, the energy is minimal while, for k; >> k, it increases linearly
with the inplane wave vector. The inplane component of the wave vector can
be changed by changing the angle of propagation 6 (defined in figure 2.1) in
the substrate. 6 is related to k; through the equation

Ngupl sin 0

- (2.3)

ky =

with ¢ the light velocity and ng,, the substrate optical index. By increasing 6
the cavity mode energy increases. Each angle corresponds to a different cavity
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Figure 2.6: Calculated energy dispersion of the first order cavity mode as a
function of the inplane wave vector (black curve). The red and blue lines
represents the energy dispersion of equation 2.3 for 6 respectively equal to 30°
and 90°.

energy and it is therefore possible to continuously tune it by only changing
the angle of propagation in the substrate. To illustrate how a spectra at a
given angle contributes to the k£ space, the red and black lines in figure 2.6
respectively indicate the energies at # = 30° and 8 = 90°. The one at 90°
is called the light line and corresponds to the maximum inplane wave vector
value reachable for a propagating wave at the energy E. It is given by

nsubE

k// maxr — 7 (24)

It is important to note that 6 is not the appropriate quantum number to
characterize the system. In the following I will show that it is necessary to
plot the optical spectra in the k space to obtain the correct dispersion of the
system.

Note that the optical index is of 3.3 for the AR and 2.9 for the low refractive
index layers. The Snell-Descartes formula

nARsz'n@AR = nAlAssinQAlAs (25)

implies that the total internal reflection in the cavity only occurs for 61.5°
<0<90°. In this region, the photon confinement is optimal. For smaller angles,
the cavity mode becomes more leaky, increasing its broadening (see figure 2.7
in the next section).
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2.4 Simulations of the system

2.4.1 Absorption through the cavity

To simulate the absorption through the multi-layer system I used the
transfer-matrix formalism in which the optical index at a given wavelength of
each layer of the AR is calculated according to its S7 doping level and Al con-
centration. By considering that the transmission through the top gold layer
is zero, the absorption spectrum A is taken as A =1 — R where R is the re-
flectivity at the Alggs9Gag.o5%AS/GaASgupstrate interface. We first neglect the
contribution of the electron gas in the QW to the absorption spectra. In figure
2.7, the absorption is plotted in color scale (red is the maximum absorption
and blue the minimum) as a function of the inplane wave vector k; and the
photon energy E. The green line represents the light line. The dashed red
line represents the designed intersubband transition energy. Two different fea-
tures can be observed here: the fundamental cavity mode with a FWHM (Full
Width at Half Maximum) of less than 2.5meV at 160meV appearing close to
the light line and the second order cavity mode much broader with a FWHM
of about 25meV at 160meV and appearing at lower k;. Figure 2.8 represents
the absorption coefficient as a function of k£, for an energy of 160meV (as
represented by the red dashed line on figure 2.7) and clearly shows the two
modes. The first cavity mode is at resonance with the intersubband transition
energy at kp., = 2.5um ™" corresponding to § ~ 72.5° and the excited cavity
mode at k.p. = 1.9um ™! corresponding to 6 ~ 55°.

The simulation of the absorption corresponding to the sample without
the top metallic mirror is plotted in color scale as a function of £, and the
photon energy in figure 2.9. The dashed red line represents the intersubband
transition energy and the green curve represents the light line. As figure
2.10 shows, the cavity mode is at resonance with the intersubband transition
energy for k., = 2.25um~! corresponding to an angle # ~ 59°. The cavity
mode FWHM is here of about 12.5meV and is much broader than for the
fundamental mode of the sample with the metal on top.

2.4.2 Coupling between the cavity mode and the ISB
transition

The interaction between the 2DEG and the cavity mode is simulated by
considering the 2DEG as a collection of Lorentz oscillators. The left panel of
figure 2.11 corresponds to the simulated k space of the sample with gold on top.
Two features appear at the intersubband transition energy: an anti crossing
occurs at k., while a peak of intensity is observed for k... This is shown in
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Figure 2.7: Contour plot for the simulation of the absorption coefficient of
the device with the top mirror, without including the contribution of the
intersubband transition. The color scale represents the absorption intensity
(blue for no absorption and red for the maximum absorption) as a function
of the inplane wave vector and of the energy. The position of the intersub-
band transition is plotted with a red dashed line. The inplane wave vectors
corresponding to the resonance between the first (second) order cavity mode
and the ISB transition is labeled k,cs (keze). The green line corresponds to
the light line.
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Figure 2.8: Simulated absorption intensity as a function of the inplane wave
vector at ' = 160meV for the sample with top metallic mirror.

the right panel of figure 2.11 where we plot the spectrum at k,.s (red curve)
and k... (black curve). The first spectrum presents two peaks corresponding
to the polariton branches (the asymmetry is due to the light line that cuts a
part of the spectrum) while the second has only one peak centered at the bare
transition energy. The transition is therefore in strong coupling regime with
the fundamental cavity mode and in weak coupling regime with the excited
cavity mode. These behaviors are due to the fact that, as discussed in the
first chapter, the strong coupling regime is achieved only when the condition
[egollar < Q% is satisfied. There I'y; is the nonradiative broadening of the
intersubband transition and I'.,, is the cavity mode broadening.

The left panel of figure 2.12 corresponds to the simulated k space of the
sample without gold on top. For this sample, the strong coupling regime
cannot be achieved due to the width of the cavity mode. The spectrum at
k,es is shown in the right panel of figure 2.12. Only one broad peak appears
at the intersubband transition energy corresponding to the weak coupling
regime. This sample will be thus considered as the weak coupling reference of
the previous one. We will conveniently use both samples in the next chapter
to illustrate the differences between strong and weak coupling and compare
these two regimes.
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Figure 2.9: Contour plot for the simulation of the cavity modes dispersion
as a function of the inplane wave vector for the sample without top metallic
mirror, without including the contribution of the intersubband transition. The
position of the intersubband transition is plotted with a red dashed line. The
inplane wave vectors corresponding to the resonance between the broad cavity
mode and the ISB transition is labeled k,.s. The green line corresponds to
the light line.
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Figure 2.10: Simulated absorption intensity as a function of the inplane wave
vector at £ = 160meV for the sample without top metallic mirror.
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Figure 2.11: Left panel: contour plot of the simulated polariton dispersion as a
function of the inplane wave vector for the sample with the top metallic mirror
taking into account the contribution of the intersubband transition. The green
line corresponds to the light line and the vertical red (black) dashed line
corresponds to kyes (keze). Right panel: simulated spectrum at ks = 2.5um !
(red curve) and keye = 1.9um™! (black curve).
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Figure 2.12: Left panel: contour plot of the simulated absorption dispersion
as a function of the inplane wave vector for the sample without top metallic
mirror taking into account the contribution of the intersubband transition.
The green line corresponds to the light line and the vertical black dashed line
corresponds to k,.s. Right panel: simulated spectrum at k..

2.5 Experimental set up

The absorption spectrum of the device is obtained from transmission mea-
surements. Figure 2.13 schemes the experimental setup. A globar (which is a
silicon carbide thermal light that can be assimilated to a black body at about
470K) is used as a MIR broad band source. Its beam goes through a FTIR
(Fourier transform infrared spectrometer) and is then focused on the sample
facet, collected and re-focused on a detector by the mean of ZnSe lenses. The
diameter of the beam at the exit of the interferometer is of less than 2cm. By
using a lens with a focal distance of 10cm, we obtain a solid angle for 6,,,
(which is the angle outside the sample) of about 10°. The detector is a photo-
conductive MCT (Mercury-Cadmium-Telluride) with a detectivity optimized
at A = 10.3um.

The globar spectrum collected through this system without the sample is
shown in figure 2.14. In our setup configuration, the energy window avail-
able for the measurement and the shape of the collected spectrum is deter-
mined by the wavelength dependance of the beam splitter (used in the FTIR)
transmission, the detector working range and the different absorptions due
to molecules present in the air (the system is not purged). To obtain the
transmission through the device we measure the spectra with the sample and
renormalize it with the spectra without the sample. To increase the contrast,
we use a polarizer before the detection to only select the TM component of
the globar beam as it is the only polarization susceptible to interact with the
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Figure 2.13: Scheme of the experimental set up for transmission measurement.

QCS and the cavity mode. The transmission spectra is thus given by

T = ]TM/ITM ref (26)

where Iy, is the T'M spectra with the sample and Irps,.; the one without
the sample.

In order to obtain the polaritonic dispersion we need to realize angle re-
solved measurements. To do so, we use a multi-pass geometry, as shown in
figure 2.15. The bottom of the sample is mechanically polished to ensure a
good reflectivity of the beam and both facets are polished with an angle 0,
with respect to the substrate. Thanks to equation (2.5) it is possible to ex-
press the angle of propagation of the light in the substrate as a function of
the sample parameters defined in figure 2.15:

. Sin 9 t
0 = 0,0 + arcsin =

= 0pol —|— Gm (27)

Nsub

where 0,,; is the external angle compared to the direction normal to the facet
and ngy, is the substrate optical index (here the substrate is undoped GaAs
and A ~ 10um S0 ngup ~ 3.3).

By varying 0,,; from -90° to 90° the light propagation angle inside the
sample 6 can be varied in the interval [0,, — 18° 6,, + 18°]. It is therefore
important to correctly choose the polishing angle 8, to be able to reach the
desired angles 6 in the substrate. In our system, the intersubband transition
energy and the cavity mode are at resonance for an internal angle of about 72°;
Oy 1s thus chosen to be 70° to investigate the region around the resonance.
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Figure 2.14: Measured emission spectra of the Globar through the trans-
mission set up without sample. The absorption due to HO and CO, are
pinpointed.

Figure 2.15: Scheme of the multi pass geometry for the sample in transmission
measurements.
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2.6 Absorption measurements: strong coupling

As described in section 2.2 the QCS is S7 doped (3.10'"cm™3) and at zero
bias only the first subband of the main QW is occupied. It is thus possible
to measure absorption in the unbiased device and to probe the coupling with
the cavity mode by changing the angle 6.

We experimentally obtain the reflectivity at the Al gs50,Gag.0s9%As/GaAssu
interface R by renormalizing the spectra collected after the sample by the
spectra collected without the sample, following formula 2.6.

The bare intersubband absorption is measured by choosing an angle for
which the cavity mode is out of resonance. According to figure 2.7 this condi-
tion is well satisfied for 6 < 60°. Figure 2.16 presents the absorption spectrum
(blue curve) for § = 54.1° | where the intersubband transition energy appears
at 161meV and the cavity mode energy is below 100meV (below our MCT
detection limit). The intersubband peak can be well fitted by a Gaussian
function (black dashed curve) centered at 160.4meV and with a FWHM of
8meV. The broadening of the transition is attributed to interface roughness
scattering and doping impurities.

Absorption (arb. units)

v T T T T T T T T T T
145 150 155 160 165 170 175
Energy (meV)

Figure 2.16: Absorption spectra for § = 54.1° measured at 77K (blue curve).
The black dashed line represents the fit with a Gaussian.

To investigate the light-matter coupling in the sample, we realize angle re-
solved measurements for 54.1°< 6§ <76.5°. Figure 2.17 summarizes absorption
spectra obtained for the different internal angles at 77K . For a good visualiza-
tion of the polaritonic energy dispersion, they are normalized to the maximum
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absorption value of each spectrum. They are arbitrarily shifted in the y axis
and two dashed curves are guides for the eye to show the dispersion. Two
absorption peaks are clearly visible, whose energy position and width changes
with the internal angle. A clear anti-crossing appears, experimental signature
of the strong coupling regime.

M\‘\ 75.1 °

-——-—-—-"/M—/’_‘\ 73.8°
M 72.4°
’/\—N 71.2°
___—/,\__/I\ 70.0°

__:::,42::::_~_ 64.1°
N\ 1

Absorption (Arb. units)

400 120 140 160 180 200 220 240
Energy (meV)

Figure 2.17: Absorption spectra for different angles # measured at 77K. They
are arbitrarily shifted and dashed black curves underline the two peak posi-
tions for better clarity.

Using formula (2.3) it is possible to transpose all those spectra in the k
space as shown in figure 2.18. This graph represents the absorption intensity
in color scale as a function of the energy E and the inplane wave vector k.
Spectra have been measured with a resolution of approximately 2° for 6,,; to
follow the polaritonic dispersion evolution with a good precision (more than
35 spectra are taken to plot the k space). We clearly see the two polariton
branches expected from chapter 1 with a Rabi splitting of 13meV at ky = k...

In the corresponding simulation (see figure 2.11), the difference of electron
density between the ground and excited states of the intersubband transition
(N7 — Ny) is the only adjustable parameter to correctly fit the experimental
splitting between the polariton branches. The best correspondence is reached
for Ny — Ny = 6.10"em =2 which is very close to the nominal value N; —
Ny = 7.10"em =2, The calculated Fermi energy is only ~ 10meV above the
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Figure 2.18: Contour plot of the absorption spectra measured at 77K. The
black crosses represent the energy position of the absorption peaks obtained
from the simulations ploted in 2.11

fundamental state and the measurement are taken at 77K. In this case Ny
is totally negligible as it is more than 10 orders of magnitude lower than the
electronic density on the fundamental state. A systematic correction on the
angles of 0.7° is used to obtain the dispersion at the same £, as the experiment.
This correction is very reasonable considering the uncertainty on the polishing
angle and on the reference angle position of the device during the experiment.
The energy position of the absorption peaks obtained from the simulations are
reported with black crosses in figure 2.18 and show a good agreement with
the experience.

Figure 2.19 represents the energy difference between the two measured
polariton branches as a function of #. The minimum is reached for 6,,;,, =~
71° and its value is 35meV. This value has been for a long time er-
roneously taken as the Rabi splitting in intersubband polariton literature
[Dini et al., 2003, Sapienza et al., 2007]. However, the correct splitting is ob-
tained when considering the energy dispersion as a function of the inplane
wave vector. Figure 2.20 shows the splitting between the polaritonic branches
as a function of ky. The minimum is obtained for k., ~ 2.5um =" and is of
13meV. This value corresponds to the correct Rabi splitting 2h{2z. In figure
2.21 we report in the schematized polaritonic k£ space the energy positions of
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the two absorption peaks measured at 6 = 0,,,;, marked with triangles and at
ky = kres marked with squares. This graph allows a clear visualization of the
origin of the difference between the values of the splitting.
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Figure 2.19: Experimental energy difference between the two polariton states
as a function of the internal angle 6 at 77K.

) ) )
22- o°\° -
] \ ]
20 %\\ J
£ 184 \\\ _
o i [} ]
= \ :
= 16 Q, .
n LN 1
14 s !
J o 1T
________________ ?& — _\.o--r=e.
|
12 T v T v T
2.2 2.3 2.4 k 25
res
Ky (um™)

Figure 2.20: Experimental energy difference between the two polariton states
as a function of the inplane wave vector k; at 77K.
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Figure 2.21: Schematic representation of the polaritonic dispersion as a func-
tion of the inplane wave vector. The black dashed line is the intersubband
transition energy; the black triangles show the position of the polariton states
at 0,,:n; the black squares show the energy positions of the polariton states at
kres‘

2.7 Conclusion

To conclude, I presented in this chapter the description and the passive
characterization of the electroluminescent device working in the strong cou-
pling regime. After a brief description of the samples, I introduced the cavity
dispersion and the k space as the correct representation for the polariton split-
ting. The experimental setup and the sample geometry has been shown before
presenting our simulations and the experimental results. A Rabi splitting of
13meV is measured in the unbiased device.

The study of electroluminescence from the polaritonic states is presented
in the next chapter.
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3.1 Electrical injection in polaritons

As mentioned in the introduction, the interest of an electroluminescent de-
vice based on intersubband polariton is to reduce the characteristic lifetime for
the photons emission. Indeed, the spontaneous emission in the MIR is char-
acterized by an extremely long lifetime when compared to the non-radiative
processes. As an example we plot in figure 3.1 the radiative spontaneous emis-
sion lifetime (black curve) and the LO-phonon emission lifetime (red curve) as
a function of the energy in a GaAs/Alys5Gags5As QW. While the radiative
lifetime is of the order of 1us, the phonon emission lifetime is of the order of
1ps giving a typical quantum efficiency of the order of 1076 in the MIR.
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Figure 3.1: Calculated lifetime for the spontaneous emission (black curve)

and the phonon emission (red curve) as a function of the energy in a
GCLAS/AZO.45GCLO.55AS QW

In the strong coupling regime, the radiative spontaneous emission is a
reversible process (Rabi oscillations). A new characteristic time is thus intro-
duced in the system, proportional to 1/Qg. In the MIR, it is expected to be
of the order of 1ps which would increase drastically the quantum efficiency.

The first step for realizing electroluminescent (EL) devices operating in
the strong coupling regime was to prove the compatibility of the strong cou-
pling regime with electrical contacts and electric current in the structure. This
has been demonstrated in [Dupont et al., 2003] where photocurrent measure-
ments were performed on a multiple QW structure inserted in a microcavity.
The compatibility with a quantum cascade structure (QCS) was demonstrated
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later with photovoltaic measurements [Sapienza et al., 2007] to probe the po-
lariton states.

The first EL device based on ISB polaritons was published in
[Sapienza et al., 2008] using a GaAs/Aly45Gags5As quantum cascade struc-
ture. In this reference, electroluminescence from the polariton states was
demonstrated up to room temperature. In this system, the electrolumines-
cence at a given voltage presents an emission following the polaritons disper-
sion but on a narrow energy window. As it will be explained later, this effect
is attributed to the resonant electrical injection in the polariton states. The
energy window is determined by the energy distribution of the electrons on
the state of the QCS responsible of the injection in the polaritons.

The theoretical description of the EL from ISB 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 QCS. This prob-
lem has been addressed recently in several publications (see, for example
[De Liberato and Ciuti, 2009a], and references therein), following differ-
ent approaches. The first attempt to calculate the electroluminescence
spectrum from an intersubband polariton device has been proposed in
[Ciuti and Carusotto, 2006]. In this paper, the authors describe the input-
output dynamics of an optical cavity in the light-matter ultra-strong 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 EL spectrum, which is proportional to a term accounting
for the spectral shape of the electronic reservoir.

In the previous chapter we demonstrated the strong coupling regime by ab-
sorption measurements. Here we present electroluminescence (EL) spectra on
the same device. The first part of the chapter will focus on the fabrication pro-
cess and experimental setup necessary for electroluminescence measurement.
The two devices presented in chapter 2 will be studied. These are based on the
same quantum cascade structure but with a different photonic confinement.
Angle resolved EL spectra under a constant applied voltage for both samples
will be presented to understand the peculiar features of the strong coupling
regime under electrical injection. Then, I will present our model to simulate
the EL spectra. Finally a study at different voltages will be detailed. T will
show that the electroluminescence peak is strongly tunable with the applied
voltage in the polaritonic device. The results presented in this chapter are the
object of two publications |Todorov et al., 2008]|, [Jouy et al., 2010].
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3.2 Fabrication process & experimental setup

In order to inject electrons in the QCS we need to have electrical contacts
both on top and at the bottom of the active region (AR). To this end we
realize mesa devices as schematized in figure 3.2. The facet is polished with
an angle 6,,, = 70°. The top 103nm thick doped GaAs layer is needed to
obtain an homogenous injection of the current on the entire mesa surface.
The 560nm thick doped GaAs layer on the other side is used both for the
optical confinement as a low refractive index layer and for the extraction of
the current through a contact on the side of the mesa.
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Figure 3.2: Scheme of the device for electroluminescence measurements.

Figure 3.3 describes the different steps for the samples processing. First, a
photo-sensitive resist is deposited on the wafer to realize by an optical lithogra-
phy circles of resist with a diameter of 200um. A HySO,/H>05/H50 solution
with respective volumic proportions of 1 / 8 / 80 is used to chemically
etch the GaAs/AlGaAs active region not protected by the resist. The etch
speed is of about 0.8nm/minute and a Dektak profilometer permits to mea-
sure regularly the thickness etched in order to stop in the 560nm doped GaAs
layer. A second optical lithography allows to define the surfaces on top of the
mesa and at the bottom of the mesa where the metal will be deposited. The
metal is Ni(10nm)/Ge(60nm)/Au(120nm)/Ni(20nm)/Au(200nm), annealed
at 350° C. Annealing is used to diffuse the Ge in the top (103nm thick) and
the bottom (560nm) doped GaAs layers in order to obtain ohmic contacts.
The electric contact is realized thanks to gold micro-wires with a diameter of
25pum by means of wire bonding.
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Figure 3.3: Scheme of the different steps for the sample processing.

This technique is used to realize two devices. Figure 3.4 presents an optical
microscope picture from the top of the sample where two mesa devices are
visible. In the left one the top metallic contact has a surface approximately
equal to that of the mesa. This top contact is also the top mirror of our
cavity, as discussed in chapter 2. In the device on the right, the disk of metal
deposited on top has a diameter of only 50um (about 6% of the mesa surface).
In this case the electrical injection is still possible but the top metallic mirror
is absent. The cavity mode is in this case like the one shown in figure 2.9.
The device can thus be considered as a weak coupling reference of that on the
left.

Figure 3.5 represents a scheme of the experimental setup used for EL mea-
surements. The sample is Indium soldered on a copper holder, mounted on a
cryostat cold finger and connected to BNC cables for the electrical injection.
The emitted light is collected with a ZnSe lens of focal distance 10cm and
passes through the FTIR before being detected by the MCT. Because the
signal obtained is very small, the sample is operated in a pulsed mode per-
mitting a lock-in detection. This allows to get rid of the constant noise signal
coming from the MIR radiations emitted in the environment surrounding the
experience by subtracting the non modulated to the modulated signal.
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Figure 3.4: Optical microscope picture of the top of the sample. The left
mesa is fully recovered with gold (polaritonic device) while the right one is
only partially covered (reference device).

BNC cable
——

Detector

Figure 3.5: Scheme of the set up for electroluminescence measurements.
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3.3 Electroluminescence spectra at fixed volt-
age

In this section, I will present electroluminescence measurements realized
for a fixed applied voltage on both devices.

3.3.1 Electrical characteristics

In order to obtain the electrical characteristics of the sample, we measure
the voltage applied on the device (directly on an oscilloscope) as a function of
the current (using a current probe). The current-voltage (V' (I)) characteristics
is shown in figure 3.6 with blue dots. As for most QCS it can be divided in two
main parts: in the green area (for 0OmA < I < 90mA) the voltage rises very
fast compared to the current and the curve slope drastically changes, while in
the red area (above 90mA) the voltage increases slowly and linearly with the
current. It can easily be explained by considering the relative position of the
injector compared to the excited state of the main quantum well (see band
diagram in figure 2.2). At 0V the injector is not aligned with the excited state
and therefore electrons cannot tunnel (this is equivalent to a high resistivity
traduced in the V(1) curve by a steep slope). As we increase the voltage,
the injector gets closer to the excited state (green zone) and facilitates the
tunneling until it reaches the resonant tunneling condition which gives the
most efficient injection. Increasing the voltage further only increases linearly
the current (red zone) because the injector is "locked" at resonance with the
excited state as it is the configuration which minimizes the global resistance
of the QCS. The linear regime is pinpointed by the black continuous line.

3.3.2 Injector characteristics

We first realized angle resolved EL measurements before alignment with
an applied voltage of 4.5V and a current of 14mA (black star on the current-
voltage curve in figure 3.6) for both the polaritonic and the reference device.
The left panel of figure 3.7 represents the EL spectrum at two angles (0 = 56.6°
and 6 = 71.8°) for the sample without the top metallic mirror, operating in
the weak coupling regime. For clarity, the maximum peak of both spectra is
normalized to the same value. In this case, the two spectra are similar and
their shape corresponds to the typical spectrum obtained for a QCS before
alignment [Benveniste et al., 2008]. Under this bias configuration two contri-
butions can be identified: a main peak centered at E5; and a tail at lower
energy (E;,;) corresponding to the diagonal transition from the injector di-
rectly to the fundamental state of the well (labeled 1). We can therefore
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Figure 3.6: The blue dots correspond to the current-voltage characteristic of
the sample measured at 77K. The colored regions represents the different
regimes present in the sample; the green is before alignment and the red is
after alignment of the QCS. The black line shows the linear dependance of
the current as a function of the current in the red zone and the black star
pinpoints the position for 4.5V.

extract the injector characteristics directly from the weak coupling spectra.
On the other hand, the right panel of figure 3.7 represents the EL spectrum
obtained for the polaritonic device with the top metallic mirror at 6,., = 71.8°
(red squares) and far from 6,.; (6 = 52.4°%; in blue dots) using the same nor-
malization as in the left panel. These angles correspond to the two different
resonance conditions: at 52.4° the excited cavity mode is weakly coupled with
the intersubband transition. At 71.8° the fundamental cavity mode is strongly
coupled with the intersubband transition giving rise to polaritonic states. In
this second case, the maximum of the spectrum appears at the energy of the
injector instead of that of the intersubband transition. The spectra at 71.8°
for the reference and polaritonic sample are directly compared in the bottom
panel of figure 3.7 and clearly shows an extra feature appearing for the po-
lariton sample at low energy. One can notice that the spectra at low angle for
the reference and the polaritonic sample are approximately the same which
confirms the weak coupling to the excited cavity mode for the low angles of the
polaritonic sample. It is thus possible to deduce the injector energy dispersion
within the same mesa where the strong coupling is measured by only choosing
the appropriate angle. This technique ensures the exact same voltage and cur-
rent conditions for the polaritonic and the weakly coupled spectra. In figure
3.8 the spectra for § = 52.4° of the sample with the top mirror (black squares)
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is well fitted (red continuous line) by a sum of two gaussians (dashed black
lines). The one corresponding to the injector is peaked at E;,; = 151.6meV
with a FWHM of 0;,; = 10meV and the one corresponding to the intersub-
band transition is set to be Ey; = 161meV and o9 = 9meV as deduced from

the passive characterization of the sample discussed in chapter 2.
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Figure 3.7: Left panel: measured electroluminescence spectra for the ref-
erence sample at 77K, with an applied voltage of 4.5V for § = 56.6° (black
squares) and 6 = 71.8° (red dots). Right panel: measured electrolumines-
cence spectra for the polaritonic sample at 77K, with an applied voltage of
4.5V for § = 52.4° (black squares) and 6 = 71.8° (red dots). Bottom panel:
comparison between the EL spectra at 71.8° from the reference sample (red
dots) and the polaritonic device (black squares). Note the extra feature ap-
pearing at low energy for the polaritonic device.
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Figure 3.8: The black dots represents the electroluminescent spectra from the
polaritonic sample at 77K for an angle § = 57.9° and a bias voltage of 4.5V .
The red curve corresponds to the fit with a sum of two gaussians functions
(black dashed lines).

3.3.3 Electroluminescence spectra in the k£ space

In order to obtain the k space for both samples thanks to equation 2.3, we
measure the EL spectra for about 40 different angles with the same applied
voltage of 4.5V. Figure 3.9 show the k spaces for the sample with (left panel)
and without (right panel) the top metallic mirror. As one can notice, the
two dispersions are very different. In the polaritonic device two contributions
appear. The main one comes from the strong coupling and follows the lower
polariton branch dispersion centered around 150meV . Therefore, there is no
intensity at the intersubband transition energy for k,., due to the Rabi split-
ting at resonance. The second contribution is at the intersubband transition
energy and corresponds to its weak coupling with the excited cavity mode dis-
cussed in figure 2.7. Indeed, thanks to the width of the excited cavity mode,
we can see the weak coupling even at higher inplane wave vector than k...
This gives rise to an EL signal centered at the intersubband transition energy
with a tail at lower energy. For the reference device, only one contribution ap-
pears corresponding to the weak coupling of the intersubband transition with
the broad cavity mode appearing at k,.; described in figure 2.9. The com-
parison of those two k spaces clearly shows that the strong coupling regime
allows to obtain EL at energies otherwise inaccessible. In comparison to the
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k space obtained for the absorption in the previous chapter (figure 2.11), we
can underline that the polaritonic EL is limited to a narrower energy window
(from 110meV to 170meV).
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Figure 3.9: Contour plot of the electroluminescence from the reference device
measured at 77K as a function of the inplane wave vector and of the energy
for an applied voltage of 4.5V on the polaritonic (left panel) and the reference
(right panel) sample.

3.4 Simulations of the electroluminescence
spectra at fixed voltage

The data presented in the previous section show that EL spectra follow
the lower polariton dispersion in a limited energy window. The spectrum also
strongly depends on the internal angle. Therefore, several elements have to
be taken into account to simulate the data. Geometric factor will be studied
in paragraph 3.4.1 with a sample not designed to display the strong coupling
regime. Section 3.4.2 will present the influence of the photonic density of
states and of the AR on the spectra.

3.4.1 Fresnel coefficients

In order to realize the simulations corresponding to the experimental EL
k spaces, we first need to take into account the geometry of the samples. We
realized angle resolved measurement on a GaAs EL device realized by Elsa
Benveniste in our laboratory [Benveniste et al., 2009] with the same shape
(200pm @ mesa) as our samples to determine the correct transmission coef-
ficients. This device is based on an active region very similar to that of our
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device, but the sample is not designed to display the strong coupling regime.
Angle resolved EL measurements on this sample allows us to determine the
angular dependance of the EL intensity inherent to the mesa geometry used
for our devices. Figure 3.10 shows the integrated intensity of the EL spectra
as a function of the internal angle for 6,,, = 60° (black squares) and 6, = 70°
(blue triangles) where 6, is the polishing angle. The curves present a max-
imum of intensity respectively around 58.5° and 62°. This behavior is very
different from the integrated EL intensity from a dipole in free space, which
is expected to vary as sin? @ |[Landau and Lifchits, 1994| as represented on the
figure 3.11 with a black curve. In order to calculate the expected EL intensity
from a dipole in the multilayer structure of the device, we use the transfer
matrix simulation and obtain the red curve. Even if this simulation gives
an angular dependance closer to the experimental one, we need to take into
account the Fresnel reflection coefficients at the polished facet to reproduce
correctly the intensity dependance of the polishing angle.
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Figure 3.10: The black squares (blue triangles) represent the integrated elec-
troluminescence of the device realized by Elsa Benveniste measured at 77K
for an applied voltage of 4.5V for 6,, = 60° (6,; = 70°) as a function of 6.
The red dashed lines are the corresponding simulations taking into account
the geometry of the samples.

The intensity transmitted through the facet per unit angle df,,; is obtained
with
dl oy = Tdl;, (3.1)
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Figure 3.11: The black curve represent the function sin?6. The red curve
is the integrated electroluminescence inside the substrate as a function of
simulated by the transfer matrix formalism for an applied voltage of 4.5V".

where [, is the intensity in the sample and 7' is the Fresnel intensity trans-
mission coefficient given by:

T - Angyp €OS Oyt cOS O, (3.2)
 (Nisub COS Oy + €08 0, )2 )

Therefore we need to calculate the transmitted intensity per unit angle
dl oyt /A0,y From equation 3.1, we deduce

dIout T dIm _ lezn dezn

deout d‘gout dem deout
The Snell-Descartes equation gives df;,/d0,,; = €080y /(ncosb;,). As pre-
sented in reference |Lukosz and Kunz, 1977] and |Benisty et al., 1998|, by re-
placing the terms in equation 3.3, we obtain that the collected power per unit
angle depends on the emitted power per unit angle (dl;,/df;,) as

dl cos? O, dl;
x
A0t~ (ng O8Oy + o8 0;,)? dbip

(3.3)

(3.4)

To obtain the optical power collected by the detector, we need to multiply the
emitted intensity per unit angle by the apparent surface of the facet in the
direction of observation (which is proportional to cosf,,;) and by the projec-
tion of the surface of the mesa on the polished facet (which is proportional to
cos ). Using equation 3.4, cos? + sin®> = 1 and 0,, = ot — 0, the geometric
term including the Fresnel coefficient finally becomes

[1 — n2sin?(0, — 0)]*/? cos 0

F(6
(6) o {ng[1 — nZsin®(Opo — 0)]1/2 + cos(Bp — ) }2

(3.5)
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Thanks to this correction we can reproduce the shape of the data with the
transfer matrix simulation for both polishing angles (red curves in figure 3.10)
with a systematic angle correction of -7° for 6,, = 60° and -4° for 0,,; =
70°. Once again, those correction on the angle are reasonable considering
the experimental uncertainties. The fact that the corrections are different for
the two polishing angles (and in the next section for the simulations of the
polaritonic sample) comes both from the uncertainty on the polishing angle
and on the experimental position of the 0° angle.

3.4.2 Simulated £k space

To reproduce our experimental & space for the polaritonic sample, we now
need to simulate the EL taking place inside our sample. Never the less, the
theoretical description of the EL 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 QCS. The EL spectra are sim-
ulated as the product of the photonic density of states and of the occupancy of
the polariton branches, determined by the voltage applied to the device. The
photonic density of states is given by the absorption spectrum Ay (E) (in the
strong coupling regime). The occupancy of the polariton states is described
by a Gaussian function, centered at the energy corresponding to that of the
injector. This description is analog to that of the photoluminescence from
microcavity exciton polaritons [Stanley et al., 1996], [Weisbuch et al., 2000,
[Houdré et al., 1994|, [Houdré, 2005|. Indeed, it is described as the occupancy
of the polariton states times the coupling out of such polaritons, i.e., the re-
verse process of incoupling of outside photons, given by the absorption coeffi-
cient. Taking into account the Fresnel coefficients F() calculated above, the
EL collected from our device is proportional to

(E — Ein;)?

2
Qij

L(E,0) x An(E,0) x exp — x F(0) (3.6)

where Ay (FE,0) is the absorption spectrum at the angle § (the index N re-
minds the dependance of this dispersion on the square root of the electronic
population in the fundamental state for the polaritonic device), E;,; the injec-
tor energy compared to the ground state and o;,; the FWHM of the gaussian
corresponding to the injector.

The left panel of figure 3.12 is the simulated %k space corresponding to the
left panel of figure 3.9. It has been calculated by using equation 3.6. An
electronic density of 4.10em ™2 is used to calculate the absorption and a cor-
rection of 5° is needed (this correction is still reasonable with the uncertainties
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on the reference angle chosen during the measurements) to reproduce the ex-
perimental spectra. The parameters F;,; and 0;,; coming from the fit in figure
3.8 are slightly adjusted to respectively 150.5meV and 12meV to obtain the
best correspondence with the data. In the left panel of figure 3.12 we can
observe both the contributions at the intersubband transition energy at k..
and that following the lower polaritonic branch at k,.;. Those two features
reproduce both the weak coupling with the excited cavity mode and the lower
polariton branch contributions observed in the experimental spectra.

Energy (meV)
Energy (meV)

1.6 18 2 22 24 26 28 1.6 1.8 2 2.2 2.4 2.6 2.8
1 1
K, (um™) Ky (m™)

Figure 3.12: Contour plot of the simulated electroluminescence as a function
of the inplane wave vector and of the energy for an applied voltage of 4.5V for
the sample with (left panel) and without (right panel) the top gold mirror.

As a comparison, the right panel of figure 3.12 shows the simulated k space
with the same parameters but for the sample without the top metallic mirror.
Only one peak is visible at the intersubband transition energy for k,.s with a
low energy tail. This spectrum is in good agreement with the experimental
one in the right panel of figure 3.9.

3.4.3 Electrical vs photonic resonant injection

Before concluding this section, I would like to compare the EL spectrum
of the polaritonic device with the effect of an optical pump on a medium
containing ISB polaritons.

Figure 3.13 shows the contour plot obtained by multiplying the bare EL
spectrum F Ly, (obtained far from resonance at 57.9°) and the polaritonic
absorption dispersion and the Fresnel term F'(6). It corresponds to the equa-
tion:

L(E,0) x Ax(E,0) X ELyge x F(6) (3.7)
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Here the energy window for the injection in the polariton states is
given by the sum of the Gaussians corresponding to the diagonal
transition from the injector to the fundamental state and of the
Gaussian corresponding to the ISB transition (as shown in figure 3.8
ELpgre = aexp —(E — Ei;)?/20;,; + B exp —(E — E51)? /203, where o and 3
are coefficient that depend on the voltage applied). Two contributions are vis-
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Figure 3.13: Contour plot of the simulated electroluminescence with photonic
injection process into the polariton states as a function of the inplane wave
vector and of the energy for an applied voltage of 4.5V.

ible: a main peak at the intersubband transition energy centered at k... and a
much smaller contribution following the lower branch dispersion around k.
In this case the main contribution comes from the weak coupling with the
excited cavity mode. The simulations realized so far were based on a resonant
injection of the electrons from the injector (corresponding to the Gaussian
centered at the injector energy) directly in the polaritonic states as schemed
in figure 3.14. On the contrary, in this case the main contribution comes
from the strong coupling with the fundamental cavity mode. This simulation
would correspond to an optical pumping of the polariton states by an internal
emitter; as schemed in figure 3.15 the light emitted from the QCS FE Lpye
(corresponding to the sum of the ISB transition (dashed blue line) and the di-
agonal transition (red dashed line)) would populate the polaritonic dispersion.

By comparing figure 3.12 and 3.13 to the experimental spectrum it clearly
appears that the first one is in better correspondence. It thus proves that the
EL spectra of our sample is due to the resonant injection of electrons from
the injector into the polariton states and not due to the injection of photons
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emitted within the QCS into the polaritonic states. An example of this kind
of device will be presented in the appendix.
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Figure 3.14: Top panel: band diagram showing the direct injection of electrons
in the polariton states. Bottom panel: the simulation presented in figure 3.12
is the product of the injector energy dispersion deduced from figure 3.8 times
the absorption simulation (including the Fresnel coefficients).
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Figure 3.15: Top panel: band diagram showing the two contributions F5; and
Ei,; in the bare EL. Bottom panel: the simulation presented in figure 3.13
is the product of the bare EL spectra (with the contributions of the ISB Ej
and the diagonal transition Ej,;) times the absorption simulation (including
the Fresnel coefficients).
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3.5 Voltage dependance of the electrolumines-
cence spectra

3.5.1 Experimental EL spectra at different voltages

In order to study the dependance of the EL as a function of the applied
voltage, we realized angle resolved measurements for different positions on the
current-voltage curve from figure 3.6. The six panels in figure 3.16 represent
the experimental k space at 77K for the following electrical characteristics:
4V (4.1mA), 4.5V (14mA), 5V (58mA), 6V (258mA), 7.75V (718mA) and
13V (2000mA). Each one presents the two contributions due to the weak
coupling with the excited cavity mode and to the lower polariton branch issued
from the strong coupling with the cavity mode. Two effects are visible while
increasing the voltage. The first is a transfer of the EL intensity between the
lower polariton branch in favor of the spot weakly coupled, while increasing
the voltage. The second effect is that the energy of the contribution from
the lower polariton branch increases from 144meV at 4V to 160meV at 13V
and the FWHM gets narrower for the highest voltages. This effect can be
explained by the alignment conditions of the injector with the excited state of
the intersubband transition. This is schematized on the right side of figure 3.16
where we represent the main quantum well (black line) with the fundamental
and excited states (in blue) as well as the injector and extraction minibands (in
red) for different voltages. As we move to higher voltages the energy between
the injector and the fundamental state increases. Furthermore, at low voltage
(4V for example), the wave functions forming the injector miniband are poorly
aligned because designed for a voltage of 6V. In this condition, the miniband
shape is no longer triangular as its wave functions involved in the electrical
injection (i.e. close to the main well) appear at different energies, giving rise to
a very broad injection. By increasing the voltage these wave functions become
aligned and are tunnel coupled to the upper state of the radiative transition.

We summarize on figure 3.17, as a function of the inplane wave vector, the
energy position of the maximum peak from the EL spectra measured at the
different voltages (color dots). A series of two peaks appear for each voltages:
one at low energy presenting an important dispersion and one constant at the
ISB transition energy. The black curve and dots represent the position for
the simulated absorption of the lower polariton branch corresponding to the
black crosses in figure 2.18. As one can see, the low energy peaks position
for the different voltages perfectly reproduce the lower polariton branch dis-
persion confirming its attribution to the emission from the polariton states.
The contribution at the ISB energy corresponds on the contrary to the weak
coupling to the excited cavity mode.
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Figure 3.16: Contour plots of the electroluminescence of the polaritonic sample
measured at 77K as a function of the inplane wave vector and of the energy,
for different applied voltages.
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Figure 3.17: Energy position of the maximum peaks from the experimental EL
spectra for the different voltages (color dots) as a function of the inplane wave
vector. The black curve represents the absorption dispersion (lower polariton
branch) calculated with our transfer matrix program.



60 Chapter 3. Resonant electrical injection in the polariton states

3.5.2 Simulated EL at different voltages

As the polaritonic absorption depends on the electronic density in the
ground state of the transition, we need to estimate its value to simulate the
EL at the different applied voltages. In fact, changing the applied voltage can
redistribute the electrons in other QWs of the QCS. To estimate the electronic
density for each voltage, we have analyzed the wave vector dependence of the
EL signal at 160meV. At this energy close to the intersubband transition,
the EL strongly depends on the Rabi splitting and thus changes for different
values of the electronic density. As an example we report in the left panel of
figure 3.18 the simulations (proportional to Ay (FE, 0)x F(0)) for a density N =
2.10"em™2 (black curve), N = 4.10"em™2 (red curve) and N = 6.10em ™
(blue curve) of the absorption as a function of ky. The three curves present
indeed a drastically different shape due to the different coupling with the
fundamental and first excited cavity mode. We thus plot in the right panel
of figure 3.18 the EL signal measured at 160meV as a function of k, for each
measured voltage. For better comparison, the spectra are normalized to the
intensity peak. One can notice that all the spectra present the same shape
here which means that the electronic density stays constant for all the voltages
studied. The best fit of the experimental data is obtained for N = 4.10' ¢m =2
(red line in the left panel of figure 3.18). As expected, this value is lower than
the one at 0V bias due to electron redistribution but stays important thanks
to the QCS design optimized to preserve a long tunneling time out from the
fundamental state (thick extraction barrier).

The consistence of this value can be checked with a rate equation model in
which the ground-state population Ny is given by ([Colombelli et al., 2005])

J A
Nl — ETout + Nexp (_kB_T) (38)

where J is the current density, ¢ is the electron charge, 7,,; the tunneling time
from subband 1 into extraction state, N is the total doping concentration mi-
nus the density of electrons that participate in the transport, and A is the
energy difference between state 1 and the quasi-Fermi energy in the previous
period, as indicated in figure 2.2. The term N exp (—A/kgT) comes from the
so called "back filling" which corresponds to electrons from the extractor ther-
mally populating the main quantum well. From equation 3.8, for a current of
2A (corresponding to a voltage of 13V'), we obtain 7,,; ~ 4—5ps. This is com-
patible with a tunneling out of the fundamental subband assisted by interface
roughness scattering, which in our system gives ~ 6ps [Leuliet et al., 2006].
In the simulations that I will present, the voltage dependance of the electronic
density in the fundamental state will be neglected and for each voltage I will
consider N = 4.10"em =2,
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Figure 3.18: Left panel: simulated electroluminescence intensity as a function
of the inplane wave vector at the energy of 160meV for the polaritonic sample.
The black line is obtained for an electronic density of 2.10em =2, the red for
an electronic density of 4.10'*e¢m =2 and the blue for an electronic density
of 6.10"* e¢m=2. Right panel: electroluminescence intensity measured at 77K
as a function of the inplane wave vector at the energy of 160meV for the
different applied voltages (color curves) on the polaritonic sample. Each curve
is normalized by its corresponding current.
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On another side, as the injector energy varies with the voltage, we need
to extract the injector characteristics as in subsection 3.3.2 for the different
bias. In figure 3.19 are represented the spectra measured for § = 57.9° (black
dots), the fit (red continuous line) and the two Gaussians from the fit (dashed
black line). The maximum intensity of each spectrum is normalized to 1. As
the voltage increases, the injector energy increases and its FWHM decreases.
Note that the fit for 4V is not presented because the signal /noise ratio of the
spectra is too low to be accurate. The fit at 13V is not shown either because
the injector is too close to the intersubband energy.
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Figure 3.19: Each panel corresponds to a different voltage applied on the QCS.
The black dots represents the electroluminescent spectra from the polaritonic
sample at 77K for an angle § = 57.9. The red curve corresponds to the fit
with the sum of the two gaussians functions (black dashed lines).

Figure 3.20 shows the simulated k space at the same voltages as in figure
3.16. The switch of the dominant contribution from the lower polariton branch
to the weak coupling with the higher order mode is well reproduced for each
voltage. The increase of the energy and the energy window of the EL perfectly
corresponds to the experience.
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Figure 3.20: Simulated contour plots of the electroluminescence of the polari-
tonic sample as a function of the inplane wave vector and of the energy, for
different applied voltages.
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3.5.3 Stark tunability in a single QW

Another way to underline the voltage tunability of the emission is to look
at the spectra at a given angle for different voltages. Therefore, we realized
a new study of EL spectra between 3.25V and 7.75V. Figure 3.21 and 3.22
show the spectra for each voltage respectively for an angle of 63.4° (from 3.5V
to 7.5V by steps of 1V) and 74.0° (from 3.25V to 7.75V by steps of 0.25V).
They are arbitrarily normalized and shifted for better clarity. For 63.4° all the
EL spectra are peaked at ~ 162meV with a tail at £j,;. At 74.0° the peak
shifts from 125meV at 3.25V to 161meV at 7.75V and the FWHM decreases
from =~ 40meV to 18meV. Those two very different behaviors in the same
voltage range can easily be understood by considering the polaritonic disper-
sion shown in figure 3.23. In this figure we represent the peak positions of
the absorption measured at 0V (black triangles), the corresponding simulated
absorption dispersion (black continuous line) and the experimental peak po-
sition of the EL spectra from figure 3.21 (red squares) and figure 3.22 (blue
dots) as a function of the inplane wave vector. The two chosen angles for EL
measurements are in two different portions of the polaritonic dispersion. At
63.4° the spectrum only crosses the excited mode at approximately 162meV;
the EL peak is thus always at the same energy. On the contrary, the spec-
trum at 74.0° follows more or less the lower polariton branch dispersion; the
continuum of energy available for the emission allows a tuning of the EL peak
with AA/A &~ 22.5%. In the same sample, by only choosing the appropriate
angle, we can have both an EL energy that does not depend on the bias or one
that strongly varies with the applied voltage, mimicking a Stark effect but in
a single quantum well.



3.5. Voltage dependance of the electroluminescence spectra 65

1.54

0

H

3 1.0

g

8 7.5V

m A
0.5- :
0.0 , , 3.5V

100 150 200

Energy (meV)

Figure 3.21: Electroluminescence spectra measured for the polaritonic device
at 77K for 0 = 63.4° with applied voltages from 3.5V to 7.5V with a step of
1V. The spectra are normalized to their peak and shifted.
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Figure 3.22: Electroluminescence spectra measured for the polaritonic device
at 77K for 0 = 74.0° with applied voltages from 3.25V to 7.5V with a step of
0.25V. The spectra are normalized to their peak and shifted.
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Figure 3.23: Energy dispersion of the polariton branches as a function of
the inplane wave vector. The black triangles represent the peaks positions
obtained from angle resolved absorption spectra measured at 77K with no
voltage, the black curves represent the corresponding simulated polariton dis-
persions, the red squares (blue dots) shows the peak positions of the electro-

luminescence measured at 77K for § = 63.4° (6 = 74.0°) for different applied
voltages.
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3.6 Quantum efficiency

To investigate the difference in the EL signal between the strong and
weak coupling regime, we will take advantage of the spatial separation of
the weak and strong coupling contributions in the polaritonic sample. Indeed,
the strong coupling appears in an angle interval between 66° and 82° while the
weak one corresponds to lower angles. The top panel of figure 3.24 shows the
integrated EL intensity as a function of the angle 6. It is normalized to the
current for each voltage and it is thus proportional to the quantum efficiency.
The low angle peak is associated to the weak coupling regime. As a conse-
quence the quantum efficiency is the same for all voltages. The first noticeable
difference between these curves is the increase in the quantum efficiency as-
sociated to the polaritonic peak when decreasing the voltage applied to the
structure: at 4V 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 (+41.4° when going from 4V to 13V'). This is
related to the shift of the injector energy with the voltage. These two aspects
of the voltage evolution of the quantum efficiency are very well reproduced
by our simulations, shown in the bottom panel of figure 3.24, which are ob-
tained by integrating at each angle the electroluminescence spectra of figure
3.20. In the simulations, only the radiative lifetime of the polaritons is taken
into account as we only calculate the energy dispersion due to the coupling
of the cavity mode to Lorentz oscillators in the quantum well. The fact that
our data are well reproduced by these simulations indicates that the observed
enhancement comes from a Purcell-like effect and is due to the increased pho-
tonic density of states of the fundamental mode with respect to the excited
mode.

An other way to represent the EL intensity is to integrate it as a function
of the energy. In figure 3.25, we take advantage of the spatial separation of
the weak and strong coupling contributions and only integrate the spectra
for angles above 66°. This allows to see the evolution of the contribution on
the lower polariton branch only. Two behaviors are visible as the applied
voltage increases (color curves). First the peak energy shifts toward higher
energies (the electrical injection is tuned with the voltage) and second, the
maximum intensity (and the area) decreases as the injection gets closer to the
intersubband transition energy.

The fact that we do not obtain the expected enhancement due to the
polaritons is attributed to the dark states (DS) [De Liberato and Ciuti, 2009a
described in the first chapter. Their energy is the same one as the intersubband
transition as schematized in figure 3.26.

In our sample, the electronic injector always has an overlap with the dark
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Figure 3.24: Experimental (top panel) and simulated (bottom panel) inte-
grated intensity of the electroluminescence spectra as a function of 6 for differ-
ent voltages. The experimental curves are normalized by their corresponding
current to be proportional to the quantum efficiency.
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Figure 3.25: Experimental integrated intensity of the electroluminescence
spectra taken above 66° as a function of the energy for different voltages.
The experimental curves are normalized by their corresponding current to be
proportional to the quantum efficiency.
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Figure 3.26: Schematic representation of the polaritonic dispersion as a func-
tion of the inplane wave vector. The black dashed line is the intersubband
transition energy and the black rectangle represents the dark states.



70 Chapter 3. Resonant electrical injection in the polariton states

states. Therefore, due to their spectral weight, most of the electrons are
injected in the dark states and thus do not participate in optical emission.
The electronic transport in our structure is thus governed by the dark states.
In our device, the band structure simulations predict that above 6V the energy
of the injector should be above the energy of the excited state and thus that
the electronic injection should appear in the upper polariton branch. This is
in contradiction with the datas presented in figure 3.16 where, for voltages
above 6V, no contribution comes from the upper polariton branch. It can
be explained because the electrical transport in our structure is dominated
by the dark states. Therefore, the best configuration is obtained when the
injector is tunneling resonant with the dark states and results in the locking
of the injector at the ISB energy for voltages higher than 6V .

3.7 Conclusion

To conclude, the data and simulations presented in this chapter have
proven the electrical resonant injection in the polariton states. This allowed
us to obtain electroluminescence at energies otherwise unreachable. A de-
tailed study of the data has permitted to investigate the different parameters
controlling the polaritonic emission. The voltage dependance of the EL has
also been investigated and a large tunability of the emission energy has been
reached.

To bypass the problem of the dark states to enhance the polaritonic quan-
tum efficiency, we believe that a larger Rabi splitting is necessary as well as a
new cavity design to obtain a dispersion-less cavity mode giving rise to a high
photonic density of state. In this configuration a resonant injection specifically
in the polariton states would be easier. It is with those objectives in mind
that we studied another type of cavity for strong coupling in the following
chapters.
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4.1 Introduction

In order to obtain a more suitable device for a selective electrical injection
in intersubband polariton states, we explored a different photonic confine-
ment for mid-infrared wavelengths. The cavities that we realized are based
on a semiconductor slab embedded between two metallic layers, one of which
is patterned as a periodic grating. This type of cavity has already been used
in different energy ranges of the electro-magnetic spectrum, particularly in
the microwaves ranges |[Hibbins et al., 2004],|Lockyear et al., 2009] and THz
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[Todorov et al., 2010b| to confine and manipulate light at sub-wavelength di-
mensions. There are two main advantages for using these cavities to realize
polaritonic devices. The first one is the possibility to use extremely sub-
wavelength dimensions for the light confinement. For polaritonic systems,
1.28 indicates that the Rabi frequency is proportional to 1/ V'L ; decreasing
the cavity length is thus a synonym of increasing the splitting between the
polaritonic branches. The second aspect concerns the energy dispersion of
the cavity mode; by choosing the appropriate parameters, it is possible to ob-
tain dispersion-less modes, characterized by a high density of photonic states
which are very suitable for resonant electrical injection.

In this chapter, after describing the photon confinement in Metal-
Dielectric-Metal (MDM) cavities, I will present my experimental results that
demonstrate the feasibility of similar cavities in the mid-infrared domain. The
influence of their different parameters will be studied in detail both with ex-
periments and simulations. I will conclude by describing some experimental
advantages of the MDM cavities. All the measurements presented in this chap-
ter have been realized at room temperature. Some of the results presented
here have been published in [Jouy et al., 2011a].

4.2 Photonic confinement in MDM cavities

4.2.1 Double metal cavity mode

To understand the confinement in our MDM cavities we consider the sim-
plest double metal cavity geometry (schematized in figure 4.1) made of a
semiconductor slab of thickness L (assimilated to the cavity length) embed-
ded between two metallic mirrors. To begin with, we will consider perfect
metals to describe the light confinement. The z direction corresponds to the
direction of propagation of the light in the semiconductor layer plane (to sim-
plify, k, = 0) while z corresponds to the direction perpendicular to the layer.
This geometry supports both T'M and T'E guided modes confined between
the two metallic mirrors. As represented in the bottom of figure 4.1, the only
non-zero components for the 7'M modes are F, and E, for the electric field
and H, for the magnetic field while for T'F modes it is E, for the electric field
and H, and H, for the magnetic field. To obtain confined guided modes, the
boundary conditions on the electric field for perfect metals impose the tangen-
tial components to nullify at the interface metal/semiconductor (E, = E, =0
forz=0o0r z= L), E, to vary as cos (z%) and E, and E, to vary as sin (z%)
along the z axis with @ the mode index and z = 0 at the interface of the lower

metallic mirror and the semiconductor. In particular for () = 0, in the z di-
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rection, I, = cst and E, = E, = 0. As a result, the T'E, mode does not exist
(as all its electric field components are equal to zero) and for the 7'M, mode,
only the component FE, is different from zero and is constant along the z axis.
The intensity along z of E, for the T'My and of E, for the T'Ey first modes
is schematized in figure 4.1 with a blue line.

Solving Maxwell equations for this geometry [Adams, 1981] allows to ob-
tain the energies of the different cavity modes. Their energy dispersion as a
function of the inplane wave vector k, is shown in figure 4.2 and it is given
by the Helmholtz equation:

E:%c,/k:gwgwg with k, =0 and kzz§ (4.1)

where n is the semiconductor refractive index. The dispersions have been
calculated for n = 3.3 (which corresponds to the GaAs refractive index in the
MIR) and L = 0.3um. For @) > 1 the cavity modes correspond to a standing
wave in a A\/2 like mode and the 7'M and T'Eg modes have the same energies.
The minimum energy of those modes (called cut off energy) is obtained for
k, =k, = 0 and it is related to the cavity length L as E.. off = her@Q/nL.
This means that to confine photons of a certain energy implies a minimum
thickness for L. A 300nm thick GaAs cavity can thus not confine photons
of less than about 630meV. On the contrary for ) = 0, k&, = 0. Therefore
the confinement of the T'My mode does not depend on L and thus does not
present a cut off energy, allowing arbitrarily thin cavities. Actually, the metal
is not perfect and a small fraction of the electromagnetic field penetrates in it.
To take into account this effect on the light propagation in the MDM cavity
we use an effective refractive index n.s¢ instead of n. We obtain in section
4.4.2 a value of n.sy = 4.5 in the MIR for a cavity thickness of 0.3um which
only reduces the minimum cut off energy to about 460meV . Because we are
interested in very small cavity volumes (less than 300nm) at energies around
110meV, only the T'My mode can be exploited for light confinement.

An advantage of the T'M, mode in double metal cavities, compared for
example to the single metal cavities presented in the first chapters, is that
the entire intensity of the electric field is confined between the two mir-
rors (we can neglect the fraction in the metal) as it is almost zero at the
metal /semiconductor interface. On the other hand, one inconvenient of this
design is the difficulty to couple the cavity mode with the free space due
both to small dimensions (typically 300nm thick cavities for mid-infrared)
and to the impedance mismatch at the end of the cavity. One can intuitively
understand this point when considering the spacial distribution of the mode.
Indeed, because L < Ay where ) is the cavity mode wavelength, the transvers
Fourier transform of the cavity profile on the facet that gives its wave vector
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Figure 4.1: The top part is a scheme of a double metal cavity. The left three
blue curves represent the vertical electric field component intensity F, along
the z axis for the three first M modes. The right two blue curves represent
the horizontal electric field component intensity E, along the z axis for the
first and second T'E modes. The bottom part shows the nonzero components
of the electric and magnetic fields for T'M and T'E modes.
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Figure 4.2: Calculated energy dispersion as a function of the inplane wave
vector for the first TM and TE modes. The calculation is made for a dou-
ble metal cavity made of perfect metals and a GaAs semiconductor core of
constant refractive index n = 3.3.
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Figure 4.3: Scheme of our MDM cavity. The parameters of the top metallic
grating are the strip width s and the period p. The core thickness is L. The
angle for the light propagation on the surface of the sample is 6.

distribution covers a very broad range of wave vectors. On the contrary, in the
free space, the wave vectors Fourier components are limited by the light cone
given by |k| < 2m/Xg. Therefore, only the photons satisfying |k| < 27 /g can
exit the cavity and propagate in the free space while the others (which repre-
sent the majority) bounce back in the cavity. This phenomena is responsible
for the high reflectivity of facet with sub-wavelength dimension. To prevent
this problem, different approaches have been imagined for example in double
metal lasers [Kumar et al., 2007|, [Maineult et al., 2008| to extract the light
from such cavity modes.

Instead of two planar metallic mirrors we chose to replace the top one with
a metallic periodic grating allowing the coupling with the free space through
the sample surface. Note that here the periodicity of the grating is not en-
gineered to match the confined photons wavelength as in a DFB (distributed
feed back) cavity. Figure 4.3 represents a scheme of the cavity with L the
semiconductor thickness, s the width of the metallic strips and p its period.
Additionally, because the top metal is not infinite anymore, the 7'M, mode
can no longer propagate freely along the x direction and only the modes form-
ing a standing wave under the metallic strips are supported. We simulate the
vertical component of the electric field (£,) by using the modal method formal-
ism with surface impedance boundary conditions |[Todorov and Minot, 2007].
Figures 4.4 represents in color scale the simulated E, component for the first
standing wave cavity modes for an incoming plane wave with a normal in-
cidence on the cavity (f = 0°). It shows that the mode is localized under
the metallic strips and that modes from two neighbors strips are uncoupled.
One can notice that F, slightly leaks in the semiconductor from the region
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between two metallic strips. This translates in an effective strip width s.zf
slightly larger than s. We choose to integrate this effect in the effective re-
fractive index n.y; introduced above. Keeping k, = 0, the following condition

N 2n 4
B S—_
+ - + -
z | ' '
X

Figure 4.4: Coupe of the MDM cavity perpendicularly to the metallic strips.
The color scale represents the simulated intensity of the vertical component
of the electric field E, in the semiconductor. The "+" and "-" signs scheme
the electrons oscillations in the metallic strips.

on the cavity mode wavelength is obtained

_ 28Neyy

ATk

(4.2)
where K is a non-zero integer corresponding to the number of nodes along
the x axis for F, and n.yy is the effective refractive index of the cavity mode.
The dispersion due to k, in our devices will be studied in the section 5.5 of
the next chapter where we estimate the shift in energy to be negligeable as of
less than 5%. This geometry thus allows the confinement of the light also in
the x direction and to obtain dispersion-less cavity modes.

It is easy to couple light in this type of cavity from free space as it acts
as a patch antenna. Indeed, the electric field of an incoming electro-magnetic
wave is gonna make oscillate the electrons in the metallic strips (as schemed in
figure 4.4). These oscillations of charges can then couple to the E, component
of the MDM cavity mode.

4.2.2 Surface plasmon mode

In our MDM cavities, the lower continuous metallic mirror permit the
propagation of plasmonic modes at its surface. Because the metals are not
perfect, those modes present losses and their energy is limited by the so called
plasma energy. 1 will now briefly present the main properties of surface plas-
mons that will be used in this work.
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For metal/dielectric or metal/air interfaces, the electromagnetic field can
be confined at the metal surface and its amplitude exponentially decreases
in the semiconductor or air region (see right pannels of figures 4.5 and 4.6).
At the interfaces the coherent oscillations of the free electrons of the metal
support the so called surface plasmon polariton (SPP) modes. In general for
an interface between a metal (of dielectric constant ¢,,) and a medium with
dielectric constant €1, the SPP energy dispersion is given by the equation

1
E = hckyy| — + — (4.3)

where k, is the inplane wave vector in the x direction and ¢ the light velocity.
In the free electron Drude model the metal dielectric function depends on E

as
E% | Ne?

where Ep is the plasma frequency, N the bulk electron density of the metal, e
the electron charge, ¢y the vacuum permitivity and m the electron mass. The
cavity mode energy dispersion is thus limited for large k, by the surface plasma
energy (Esp) related to the maximum frequency to which free electrons from
the metal can oscillate. It is given by

Ep

Eop = ———— 4.5

Figure 4.5 represents the SPP energy dispersion as a function of the inplane
wave vector (black curve) and the light line (red line) for a metal /air interface
(as schematized on the right panel). For small k, the SPP is very close to
the light line Ej;; = hck,. When k, becomes comparable and greater than
Esp air/fic, the energy dispersion tends asymptotically to the surface plasma
energy Esp 4 = Ep/v/2 (indicated with a dashed blue line in the figure). The
right panel represents the intensity decay of the plasmon electric field along
z in the air. The decay length corresponds to the distance to the surface to
which the field is divided by a factor e. It is given in the air by

1 2
cateay = Ty With ks = Y k2 (4.6)

c2

If we replace the air with a semi infinite semiconductor region as GaAs (see
scheme and energy dispersion in figure 4.6), the light line becomes E; =
hk.c/n where n is the semiconductor refractive index and the cavity energy
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Figure 4.5: Left panel: calculated energy dispersion of the air-gold SPP as
a function of the inplane wave vector (black continuous curve). The red line
represents the light line and the dashed blue line corresponds to the asymptote
Esp qir of the SPP. Right panel: scheme of the interface and of the decay
length of the SPP along the z axis (black line).
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Figure 4.6: Left panel: calculated energy dispersion of the GaAs-gold SPP as
a function of the inplane wave vector (black continuous curve). The red line
represents the light line and the dashed blue line corresponds to the asymptote
Esp qaas of the SPP. Right panel: scheme of the interface and of the decay
length of the SPP along the z axis (black line).
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asymptote becomes Fgsp goas = Fp/y/(1+¢1). The decay length is now
given by

81&]2
2

s (4.7)

Zdecay = M with kz = -

The field is thus more compressed in the semiconductor than in the air.

For the SPP, the cavity in figure 4.3 presents two different zones:
a metal/semiconductor /metal interface under the metallic strips and a
metal /semiconductor/air interface between the metallic strips.

In the Metal/semiconductor/metal region, because the semiconductor
thickness is smaller than the decay length of the SPP, the electric field in-
tensity is compressed in the semiconductor slab between the two metallic
layers, as the plasmon almost does not penetrate in the metal. For the
metal /semiconductor/air zone, the two regimes described in figures 4.5 and
4.6 take place as shown in figure 4.7. Indeed, for small inplane wave vectors,
the decay length is large and most of the SPP mode is localized in the air and
almost does not overlap with the 300nm thick semiconductor slab. In this
region, the SPP energy follows the one of the metal/air SPP. When increas-
ing the inplane wave vector, the decay length becomes shorter and shorter
until most of the SPP field is concentrated in the semiconductor. The disper-
sion thus follows the one of the metal/semiconductor SPP and tends to the
asymptote Esp qaas-

As the SPP energy dispersion is always below the light line, it does not
couple to the free space radiation. Thanks to the periodicity of the cavity
grating, the diffraction phenomena appears and the SPP dispersion is folded
back in the first Brillouin zone (kZrilevin — 7 /p) as shown in figure 4.8. The
first diffraction order to come into play is the -1 diffracted order which, for
the light line, has a wavelength of

A_1=p(1 +sind) (4.8)

where 6 is the angle of collection of the photons with respect to the z axis.
This allows the SPP to couple with the free space when above the light line
[Hibbins et al., 2006]. If we change the periodicity of the grating, we change
the value of the inplane wave vector corresponding to the first Brillouin zone
limit kBrillevin - Figures 4.8 and 4.9 represent the energy dispersion of a SPP
as a function of the inplane wave vector for two gratings with different peri-
odicities. In both cases, the black curve is the plasmon dispersion in the first
Brillouin zone (delimited by the vertical dashed black line), the red continu-
ous line represents the light line, the red dotted line represents the different
diffracted orders of the light line in the first Brillouin zone and the purple
dashed line represents the energy for an angle § = 30°. We can notice that
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Figure 4.7: Left panel: Calculated energy dispersion of the air-semiconductor-
gold SPP as a function of the inplane wave vector (black continuous curve).
The red line represents the light line in the air and the dashed blue lines
corresponds to the asymptote Esp and Esp gqas of the SPP. Right panel:
scheme of the interface and of the decay length of the SPP along the z axis
(black line).

for a fixed k, (or €) the SPP will be observed at an energy depending on the
grating period. For example, in figures 4.8 and 4.9, for k, = 5um (0 = 30°)
the SPP energy is respectively at about 0.9¢V and 1.6eV (0.8eV and 1.4eV).

Those different features for the SPP will be experimentally observed in
section 4.4.3.
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Figure 4.8: SPP energy dispersion as a function of the inplane wave vector
in the first Brillouin zone for a period p = 7/10 (black continuous curve).
The continuous red line is the corresponding light line and the dashed red
line represents its different diffracted orders in the Brillouin zone. The dashed
purple line shows the position of a spectra for § = 30°.
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Figure 4.9: SPP energy dispersion as a function of the inplane wave vector in
the first Brillouin zone for a period p = 7/20 (black continuous curve). The
continuous red line is the corresponding light line and the dashed red line its
different diffracted orders in the Brillouin zone. The dashed purple line shows
the position of a spectra for § = 30°.
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4.3 Sample processing

This section is devoted to the description of the samples and of the pro-
cessing steps. The samples that I will describe in this chapter have been grown
by MBE in TASC (Trieste, Italy) by G. Biasiol and L. Sorba.

Due to lattice mismatch between gold and GaAs crystal it is not possible
to grow the semiconductor on top of a gold layer. To bypass this problem
a special fabrication process is necessary (schematized in figure 4.10), called
wafer bonding. A 300nm thick Algse,Gasy As stop layer is grown on the GaAs
substrate wafer before the active region is grown. In this chapter the "ac-
tive region" is simply a 300nm GaAs layer. In the following chapters I will
consider the case of a system of quantum wells. A thick gold layer (Ti/Au
10nm/500nm) is deposited on top of the active region as well as on a host
substrate. The T layer plays the role of an adhesive layer, to help the gold
evaporation on the surface. The two wafers are sent for thermo-compression
to an external company. The GaAs substrate is mechanically thinned down
to approximately 100um. A citric acid solution selectively attacks the remain-
ing GaAs substrate and stops on the Algs9,Gasy As stop layer. HF allows to
selectively remove the stop layer without damaging the active region. Finally,
depending on the grating dimensions the top metallic strips are realized with
optical (s > 2um) or e-beam lithography (s < 2um). In both cases the def-
inition of the patterns strongly depends on the thickness of the resist. The
thinner the resist, the better the precision. I chose a 1.4um thick resist for
optical and a 300nm thick resist for e-beam lithography. To avoid any compli-
cation during the lift-off step after the metal deposition, one needs a ratio of
at least 1:3 between the thicknesses of the metal and of the resist layer. There-
fore, the top metal grating is only 76nm (7% /Au 5nm/76nm) thick for e-beam
lithography while I can use the same thickness as for samples of chapters 2
and 3 for optical lithography (7/Au 10nm/200nm).

Figure 4.11 shows a colored SEM (Scanning Electron Microscope) picture
(the gold is tinted in yellow while the semiconductor is in blue) of a typical
grating obtained with e-beam lithography. For most of the MDM processes |
used the e-beam lithography at the Ecole Normale Supérieure.
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Figure 4.10: Scheme of the different steps for a double metal cavity process.

Figure 4.11: Scanning electron microscope picture of a device in false colors

(blue for the GaAs and yellow for the gold).
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4.4 Reflectivity measurements

4.4.1 Experimental setup

In order to characterize the sample, we realize reflectivity measurements.
The experimental set-up is shown in figure 4.12. As in chapter 2, a globar
is used as broadband source for the MIR (see spectrum in figure 2.14); its
beam goes through the FTIR; is then focused thanks to a parabolic mirror
on the sample surface with a chosen angle 6. The reflectivity signal is finally
collected at the same angle # and refocused on a detector by two parabolic
mirrors. For angles from 30° to 65° the detector is the same MCT as used
for measurements of Chapter 2 and 3. A special mount allows to perform
10° reflectivity measurements directly inside the interferometer using a DTGS
(triglycine sulfate) pyroelectric detector. In this chapter, we will only vary
angles in the xOz plane (see figure 4.3) and keep an incidence normal to the
surface in the yOz plane.

FTIR

Detector

Sample

Figure 4.12: Scheme of the reflectivity measurement set up.

4.4.2 Dependency of the photonic modes on the strip
width

Following equation (4.2), the energy of the confined modes depends on
the strip width. To experimentally verify this dependence and estimate the
effective index n.s, we realized several gratings with s = 0.4pum to 2.5um
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while the distance between the strips is kept constant (p — s) = 2um. Figure
4.13 shows the reflectivity spectrum measured at 45° (black line) for a grating
s = 0.8um. We can clearly see the first and second order cavity modes at
respectively 155meV and 240meV with quality factors of respectively 7 and
10. The red dashed curve represents the simulated reflectivity spectrum for an
incoming plane wave propagating at 45°. The simulations are in a very good
agreement with the data using the parameters s = 0.78um, p = 2.71pum and
a dielectric constant for the gold ¢(F) =1 —2.29 x 107/[E(FE + i145)] , with
E the photon energy in meV. Note that the metal losses in this formula are
increased with respect to the values known from the literature [Palik, 1998].
This could be due to scattering on the semiconductor-metal interface and to
the presence of T adhesive layers between the semiconductor and the gold
coatings.

It is important to pinpoint that a high contrast (about 90%) is obtained
for the first order cavity mode of this grating. This is achieved thanks to an
optimization of the grating openings (p — s) in order to reach the situation
where the amplitude coupled in the cavity and the losses within it are equal
(see [Cai et al., 2000]). The influence of the parameter p on the spectra will
be discussed in the next subsection. Figure 4.14 shows the reflectivity mea-
surements at 45° for the first order mode for s = 0.4pum up to 1.3um with
(p —s) = 2um and for s = 2um and s = 2.5um with (p — s) = 2.25um. It
worth noticing that by varying s from 0.4um to 2.5 um the first order cavity
mode energy is continuously tuned from 5um up to 20um (i.e. from 60meV
up to 240meV’). On an other hand, the FWHM of the cavity modes remain
of the order of 15% of the cavity mode energy which is comparable to the
typical width of the ISB transition (6A/A ~ 10%) and does not hinder the
observation of the strong coupling regime.

Figure 4.15 summarizes the first (red dots) and second (black dots) or-
der cavity mode energies as a function of s; the squares are for the gratings
realized with e-beam lithography while the dots are for the gratings realized
with optical lithography (s > 2um) on another part of the sample. It appears
that the cavity wavelength does not increase linearly with s because of the
wavelength dependance of n.rs. Indeed, figure 4.16 gives the effective index of
the cavity modes extracted from the data of figure 4.15 using equation (4.2)
as a function of the wavelength. For comparison we also show the bulk GaAs
refractive index (purple dots) obtained from [Palik, 1998|. The value of n.yy
is greater than that in bulk GaAs in the entire wavelength range as expected
from a thin slab embedded between two higher optical refractive index layers.
The wavelength dependency and especially the great increase of the effective
index for short wavelengths can be explained by the plasmonic nature of the
cavity modes. Indeed the cavity mode wavelength is limited by the surface
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Figure 4.13: Reflectivity spectrum of the two firt cavity modes measured at
room temperature for a grating with s = 0.8um and p = 2.8um (black curve).
The red dashed line is the corresponding simulation obtained with the modal

method formalism.
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Figure 4.14: Reflectivity spectra for the first order cavity mode measured at
room temperature for gratings with s varying from 0.4um to 2.5um.
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plasma energy Esp in the metal /semiconductor/metal region. When the cav-
ity mode frequency approaches this limit, related to the maximum oscillation
speed of the electrons, its velocity is reduced thus resulting in an increase of
the effective index. To illustrate this behavior, we report in figure 4.16 the
effective index calculated for a Au/GaAs SPP with a black continuous line.
As for our cavity mode, n.rs diverges when reaching Asp gqas (= 0.475um).

One can notice a difference between the effective index of the two cavity
mode orders for wavelengths shorter than 10um; this is due to the overlap of
the second order cavity mode with the first diffracted order from the grating
given by

2psin
) — Zpsin
l
where [ is the integer corresponding to the diffracted order.

(4.9)
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Figure 4.15: Resonant wavelengths for the first order (red symbols) and second
order (black symbols) as a function of the strip width s, determined from
reflectivity measurements at room temperature. The squares corresponds to
samples realized with e-beam lithography while the dots have been realized
with optical lithography.

4.4.3 MDM cavity mode and SPP mode coupling

To fully understand the influence of the different parameters on the optical
properties of the cavity, we now keep the strip width constant (s = 0.8um)
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Figure 4.16: Effective index of the first (black squares) and second (red dots)
cavity modes as a function of the wavelength deduced from the experimental
reflectivity measurements at room temperature by using equation 4.2. The
purple curve is the refractive index of the bulk GaAs and the black curve is
the effective index calculated for a air-gold SPP.

and vary the period p from 2.3um to 4.8um. The reflectivity spectra and their
corresponding simulations are shown in figure 4.17. We clearly observe the first
and second order cavity modes (at about 160meV and 270meV represented
with the two vertical black lines), fixed by the width of the strips, plus an
additional feature moving in this energy range.

For p = 2.3um, only the two cavity modes are visible; for 2.8um the ad-
ditional feature is coupled with the second order mode (slightly changing its
energy) and from 3.8um up to 4.8um, it approaches and then passes through
the first order cavity mode giving rise to a splitting, which is the signature of
a strong coupling regime. Black dashed lines represent the simulated spectra.
Figure 4.18 shows a simulation of the vertical component of the electric field
in the cavity for a periodicity of 3.8um at the energy F = 190meV, corre-
sponding to the additional feature (out of resonance with the cavity modes).
As we can see, no cavity mode is supported by the metallic strips and a large
part of the electric field remains above the grating. We associate this addi-
tional feature to a SPP propagating at the surface of the lower planar metallic
mirror. As described in section 4.2, changing the periodicity of the grating
changes the first Brillouin zone limit kZ"#oun  For the same angle 6 the -1
diffracted order of the SPP mode will appear at different energies for different
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periodicities. This explains why in figure 4.17, by only changing the distance
between the metallic strips, we can tune the SPP energy toward the first order
cavity mode. Note that the k, values we are considering in the different expe-
riences of this work are always relatively small compared to Egp/hic and thus
the SPP dispersion is always quite close to the light line or its -1 diffracted
order in the first Brillouin zone.
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Figure 4.17: Experimental reflectivity spectra (continuous red curves) for
structures with strip width s = 0.8um and variable grating period p. The
incident angle is # = 45°. The black doted curves are the corresponding sim-
ulated spectra. The black vertical lines indicate the position of the first and
second cavity mode.

In order to investigate the SPP and cavity mode energy dispersion as a
function of the inplane wave vector, we performed a set of angle resolved
reflectivity measurements on two samples with the same s = 0.8um and two
different periods, p = 3.8um and p = 4.8um. Indeed, by measuring the
reflectivity spectra at different angles of propagation in the xOz plane we
can tune the k, component of the wave vector. Reflectivity spectra (red
continuous lines) for different angles and the corresponding simulations (black
dotted lines) for p = 3.8uum are presented in figure 4.19. For this value of the
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Figure 4.18: Simulation of the vertical electric field (E£z) distribution for the
SPP for s = 0.8um and p = 3.8um.

grating period the first order cavity mode is never coupled with the SPP, and
its energy stays constant with the angle. The positions of the dips, indicated
with colored dots are reported in figure 4.20 as a function of the energy and
of k.. The simulated reflectivity spectra are represented in color scale. The
green continuous line is the light line and the dashed line is the -1 diffracted
orders of the light line in the first Brillouin zone. The conversion from angles
to inplane wave vector is obtained once again with

nkEsint
k, = 4.10
= (4.10)
but here we need to consider the air refractive index n = 1 because the

incoming light couples to the cavity from the air contrarily to Chapter 2 and
3 where the light couples to the cavity mode through the GaAs substrate.
We clearly see a dispersion-less cavity mode at approximately 150meV (red
squares). We also see a dispersive feature corresponding to the SPP, close to
the -1 diffracted order. The second order cavity mode is at about 270meV.
The simulations well reproduce all those features. One can notice again that
the SPP appears always at higher energy than the first order cavity mode in
the entire dispersion and thus never couples to it.

To reach a resonance between the SPP and the first order cavity mode,
we need to increase the periodicity in order to increase the first Brillouin
zone limit as discussed at the end of section 4.2.2. Therfore, angle resolved
measurements and simulations of the sample p = 4.8um are presented in the
same way in figure 4.21 and 4.22. On the contrary here, the SPP energy passes
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Figure 4.19: Reflectivity spectra (continuous red curves) and corresponding
simulations (black dashed curves) for a structure with strip width s = 0.8um
and period p = 3.8um for different incident angles #. The black line gives the
first order cavity mode energy and the marks underline the minima positions.
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Figure 4.20: Simulated reflectivity (colored contour plot) as a function of the
photon energy E and inplane wave vector &, for the grating with p = 3.8um.
The different marks corresponds to the experimental peaks, the green line is
the light line and the dashed line its -1 diffraction order.
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through the first cavity mode energy, indicated by the black continuous line
in figure 4.21. Figure 4.22 represents the reflectivity spectra as a function of
the energy and of k,. At low k, the two modes are well separated in energy:
the first order cavity mode is at 150meV and the SPP at more than 200meV .
While increasing k, up to 0.6um™!, the cavity mode energy stays constant
and the SPP energy decreases continuously following the —1 diffracted order
of the light line. If we go to higher k, the SPP and the cavity mode energies
become resonant and present an anti-crossing. This is the signature of a
strong coupling regime between the SPP and the cavity mode. Indeed, the
two "branches" exchange their dispersion (the lowest becomes dispersive and
the upper becomes dispersion-less) and their FWHM. In our geometry, the
two modes spatially overlap in the region below the metallic strips. Because
the energy oscillation time between the cavity mode and the SPP is faster
than the time for the photon to leave the cavity (due to the metal losses for
example), the strong coupling regime is achieved.

In figure 4.23, we represent the simulated spatial dispersion of the £,
component in the cavity for both branches at the anti crossing (for k, =
0.75um). It clearly appears that both the MDM mode under the metal strips
and the SPP mode leaking in the air are present. This emphasizes the mixing
due to the strong coupling regime between the two modes.

The study of those two samples (p = 3.8um and p = 4.8um) shows two
different possible configurations for the MDM cavity. By choosing a small
periodicity we can achieve a dispersion-less cavity mode. This constant en-
ergy as a function of k, gives rise to a high density of states. It makes the
device very suitable to obtain a good efficiency for resonant electrical injec-
tion in the polariton states. This is thus the configuration we will exploit
in the next chapter to obtain polaritons in MDM cavities. The other pos-
sibility is to choose a larger periodicity to couple the MDM cavity mode to
a SPP mode. SPP electrical generation or amplification have already been
investigated [Babuty et al., 2010]. Furthermore in the past decades, SPPs
have been of a great interest for spectroscopy |Liebermann and Knoll, 2000,
[Haes and Van Duyne, 2002|, [Lal et al., 2007]. Indeed, the sub-wavelength
confinement of the electromagnetic field at the surface of a metal allows
to reach a very good overlap between the light field and small particles or
molecules deposited on the surface. This increases the contrast of the ab-
sorption as compared to usual transmission measurements through a solution
for example and only needs a small quantity of molecules. The possibility of
coupling a SPP with a MDM cavity mode as in our device can be promis-
ing to obtain very compact electrically driven spectroscopy systems. Indeed,
the idea would be to replace the GaAs region with an active quantum cas-
cade structure to obtain an internal electroluminescent source able to realize
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Figure 4.21: Reflectivity spectra (continuous red curves) and corresponding
simulations (black dashed curves) for a structure with strip width s = 0.8um
and period p = 4.8um for different incident angles 6. The black line gives the
first order cavity mode energy and the marks underline the minima positions.
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Figure 4.22: Simulated reflectivity (colored contour plot) as a function of the
photon energy E and inplane wave vector k, for the grating with p = 4.8um.
The different marks corresponds to the experimental peaks, the green line is
the light line and the dashed line its -1 diffraction order.

Lower mixed mode Upper mixed mode

Figure 4.23: Simulation of the vertical electric field (Ez) distribution for the
lower (left panel) and upper (right panel) mixed modes when the first cavity
mode and the SPP are at resonance.
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the spectroscopy of molecules deposited on top of the sample. This system
presents the most compact geometry as the light source is directly below the
surface where the molecules are deposited. Our cavities designed for the MIR
domain fits especially well this purpose considering that most of the molecules
present vibrational energies in this part of the electromagnetic spectrum.

4.5 Conclusion

I presented in this chapter our results that demonstrate the feasibility
of MDM cavities in the MIR domain. After a brief description to explain
the nature of the light confinement I discussed the impact of the different
parameters of the gratings on the cavity modes. The first step was to prove
the tunability of the cavity energy over a broad range of wavelengths (from
5um to 20um) by changing the metallic strip width of only 2um. The second
part showed the presence of SPP mode for certain periodicity of the grating.
An angle resolved study of two samples allowed to prove the existence of two
possible configurations: a dispersion-less cavity, as well as a strong coupling
between the MDM cavity mode and the SPP.

To conclude this chapter, I would like to describe practical advantages of
MDM cavities. First of all, with this geometry, we directly access to the cavity
mode from the free space. Therefore there is no loss of intensity due to Fresnel
refraction on a facet nor from absorption in a substrate. From an experimental
point of view, the measurements alignment can be simplified by adapting the
grating dimensions. For our studies we processed gratings on surfaces from
0.2mm x 0.2mm to 2mm x 2mm. Additionally, for dispersion-less cavities,
we can measure the spectra from any angle §. On another hand, because
the cavity energy depends only on the grating parameters, it is possible to
realize a large number of cavities with different mode energies on a single
epitaxially grown sample. This allows to keep the exact same growth condition
for the different cavities tested. Finally, it is always possible to find a set of
parameters to have the cavity mode at resonance for a certain energy. It
will be convenient in the next chapter where the AR will be filled with QWs
whose intersubband transitions can be shifted from the requested energy due
to growth problems for example.

Moreover, MDM cavities present two fundamental advantages for inter-
subband polaritons. One is the small cavity thickness which increases the
Rabi frequency as 1/ VL. As we demonstrated here, highly sub wavelength
cavities support confined modes (our cavities are only 300nm thick for a wave-
length between 5um and 20pum). The other point concerns the dispersion-less
character of the modes that gives rise to a high density of states. Indeed the
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flat dispersion is expected to facilitate the selectivity of the electrical resonant
injection and thus to increase the injection efficiency into polariton states by
avoiding the dark states mentioned in 3.6.
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5.1 Introduction

As described in chapter 1, the Rabi splitting is proportional to 1/ V/L; with
a cavity length of only few hundreds of nm, the MDM cavities presented in
the previous chapter are thus very good candidates to obtain a large Rabi
splitting. This would allow us to increase the energy separation between the
polaritonic branches and the dark states, and finally increasing the quantum
efficiency of the electroluminescence.

In this chapter I will study the strong coupling between the fundamental
mode of a MDM cavity and an intersubband excitation of a two-dimensional
electron gas (2DEG). The chapter is organized as follows: I will shortly de-
scribe the three samples studied here and show their characteristics without
the double metal cavity. Then I will present the reflectivity measurements on
the devices and the polaritonic dispersions deduced from them. I will show
that a photonic gap appears in the dispersion, which is the signature of the
ultra-strong coupling regime for our system. Finally I will demonstrate that
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the spectra are independent on the measurement angle. The main results
presented in this chapter have been published in [Jouy et al., 2011b].

5.2 Sample description and ISB transition char-
acteristics

To optimize the strong coupling our MDM cavity was completely filled with
QWs. This means that the number of periods (which corresponds to a QW
and one of its barriers) is directly proportional to the cavity length chosen. As
the Rabi splitting frequency is proportional to /1/Lp as described in section
1.3.2, it should thus stay constant for any cavity length. Nevertheless, as
represented in the left panel of figure 5.1, we need one more barrier than the
number of periods and GaAs claddings on both sides of the AR. Those do not
contribute to the strong coupling and occupy a larger fraction of the cavity
when the number of periods decreases. As a result, the Rabi splitting changes
as a function of the cavity length. It is convenient at this point to introduce
the filling factor f, which corresponds to the spatial overlap between the
quantum well and the cavity mode and is thus proportional to the square
of the Rabi splitting. In the right panel of figure 5.1, the black curve plots
the calculated filling factor for our structure as a function of the number of
periods in the cavity (i.e. as a function of the cavity length). We can see
that it changes drastically for few periods before reaching an almost constant
value after about ten periods. Therefore, we chose to grow ten periods in
our structure to both obtain a large splitting and a small cavity volume (only
259nm). The red and blue dashed lines correspond to the filling factor for
AlGaAs barriers respectively thinner (10nm) and thicker (20nm) than the
one we chose. As expected, the smaller the barriers, the best the filling factor.
We opt for 14nm thick barriers as it is the thinnest value for which the wave
functions of neighboring quantum wells are not coupled.

The AR is thus made of ten GaAs/Aly35GagesAs QWs with 9nm thick
GaAs wells and 14nm thick AlGaAs barriers. A 10nm GaAs cladding is used
to avoid the oxidation of the last barrier, while a 5nm cladding is used to
allow the HF' chemical attack of the stop layer without removing the first
barrier. The total thickness of the semiconductor region is 259nm. It is
embedded in a MDM cavity as shown in figure 5.2. To study the effect of
the electronic density on the strong coupling, we realized three samples which
only differ by their doping levels. Samples HM2892 and HM2951 have been
delta doped in the middle of the barriers while sample HM2952 is Si doped
in the barriers for a length of 12 nm (1nm on each side is kept undoped to
limit the diffusion of defects in the well that would result in a broadening
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Figure 5.1: Calculated filling factor as a function of the number of periods in
the cavity for 14nm (black curve), 10nm (red dashed curve) and 20nm (blue
dashed curve) thick AlGaAs barriers. The black dashed line indicates the

number of quantum wells that we chose.

Figure 5.2: Scheme of our MDM cavity with the QWs in the AR.
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of the intersubband transition). Shubnikov-de Haas measurements have been
performed at 1.5K and gave the following electronic densities: 8.10cm ™2
(HM2892), 1.5.10"2cm =2 (HM2951) and 3.10"2cm 2 (HM2952).

In order to obtain the intersubband transition energies, we realized absorp-
tion measurements on the samples before the wafer bonding. A gold mirror
was deposited on top of the AR and samples were polished for measuring the
transmission in the multi pass geometry. The spectra are shown in figure 5.3
at room temperature for HM2892 (black line), HM2951 (red line) and HM2952
(blue line). Two behaviors appear. First, the integrated absorption intensity
increases with the electronic density. And second, while the absorption maxi-
mum is at 108.5meV for the two lowest electronic densities, it moves at higher
energy for HM2952 (112.5meV’). The increase of the integrated absorption in-

Absorption (Arb. units)

T T T T T T T ¥ T T T T
80 90 100 110 120 130 140 150

Energy (meV)

Figure 5.3: Experimental absorption spectra at room temperature for HM2892
(black curve), HM2951 (red curve) and HM2952 (blue curve).

tensity is due to the increase of electron density in the fundamental state of
the QW. The energy shift is well explained by taking into account the de-
polarization shift (or plasma shift) of the intersubband transition introduced
in section 1.2.2. The effect is the renormalization of the absorption energy
toward higher values as

n [ 2 2 ; Ne?

where Fs; is the bare transition energy in the QW expected to be 105meV
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and E, is the plasma energy. Figure 5.4 shows the simulated spectra cor-
responding to figure 5.3. They have been calculated by Aymeric Delteil for
the different doping levels taking into account the collective character of the
intersubband transition through the depolarization shift. Those simulations
have been realized with the same bare ISB transition energy (105meV’) and
a FWHM of 8meV for HM2892 and HM2951 and of 13meV for HM2952 to
reproduce the width in the data and by using the electronic densities obtained
from Shubnikov-de Haas measurements. The comparison with the data shows
that a good agreement is obtained for the relative absorption intensity of the
three samples. The resonance position correspond as well for the two highest
electronic densities sample but not for the sample HM2892 where the reso-
nance is expected to be at lower energy (105.5meV in the simulation instead
of 108.5meV in the data). We attribute this difference to the uncertainty
on the well width due to growth that can give a slightly different intersub-
band transition energy for two samples with the same growth sheet but grown
separately.

Absorption (Arb. units)

80 9 100 110 120
Energy (meV)

130 140 150

Figure 5.4: Simulated absorption spectra at room temperature for HM2892
(black curve), HM2951 (red curve) and HM2952 (blue curve).

Figure 5.5 represents the absorption spectra for the sample HM2952 mea-
sured at 77K (blue line) and 300K (black line). While at room temperature
the absorption is peaked at 112.5meV/, it shifts to 114.5meV at 77K and the
maximum intensity changes. It is well reproduced on the simulations (red
dots) as they take into account the variation of the semiconductors gap as a
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function of the temperature. At room temperature the gap decreases and as
a result of the interactions between the bands (taken into account in the k -
model used here) the intersubband transition is shifted to lower energy.

Absorption (Arb. units)
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Energy (meV)

Figure 5.5: Experimental (continuous blue and black curves) and simulated
(red dots) absorption on HM2952 at 77K and 300K.

Note that the FWHM in this simulation is manually changed from 8meV
at 77K to 13meV at 300K to fit the experimental spectra width but the ratio
of the maximum absorption value between the two temperatures is directly
obtained with the simulation as well as the shape (slightly asymmetric for
300K) and perfectly reproduces the data.

5.3 Strong coupling

In this section I will focus on samples HM2892 and HM2951 for which
the plasma energy contribution is negligible (Ezl ~ Fy). A series of MDM
cavities with different gratings have been realized. The metallic strip width
vary from 0.6pum to 2um while (p — s) is kept constant and equal to 1.5um.
Reflectivity measurements were performed at room temperature for § = 10°
and are summarized in figure 5.6 (top panel for HM2892 and bottom panel
for HM2951) which represent the reflectivity spectra for the different values of
s. The transmission spectra corresponding to the absorption shown in figure
5.3 is represented here by black dashed line for each sample. The spectra
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are offset for clarity. We can observe two peaks moving as the cavity energy
is tuned through the variation of the strip width s. For both samples, an
anti-crossing of the two branches is clearly visible.
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Figure 5.6: Reflectivity spectra measured for samples HM2892 (top panel)
and HM2951 (bottom panel) at 300K for different values of the strip width.
The period p is 1.5um. The spectrum in dashed line presents the transmission
measured at 300K on an unprocessed sample in the multipass geometry.

In figure 5.7 we show the peaks energy obtained from figure 5.6 (black
dots) as a function of the cavity mode energy (F.u,). Feaw is deduced for
each value of s from the measurements realized on the empty cavity in the
previous chapter. Because the cavity thickness is not exactly the same here
and because of the uncertainty on s for each e-beam lithography (it has been
realized separately for the empty cavity, HM2892, HM2951 and HM2952),
we slightly adjusted E.,, to obtain the minimum value of the splitting for
Eopo = Eo1. The corresponding correction on s is of 57nm for HM2892 and of
230nm for HM2951. The polariton branches present the expected dispersion,
showing an anticrossing when the cavity mode energy becomes resonant with
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the intersubband transition one. The blue stars represent the absorption
energy obtained in figure 5.3 with no cavity mode. The red curves represent
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Figure 5.7: Reflectivity minima at 300 K (bullets), plotted as function of the
cavity mode energy. The continuous line is the simulated polariton dispersion,
following equation 5.2. The dashed horizontal lines are the asymptotes of the
polariton branches. The star indicates the ISB absorption measured from
transmission experiments at 300 K on an unprocessed sample. The top panel

concerns the sample HM2892 while the bottom panel concerns the sample
HM2951.

the calculated polaritonic dispersion given by equation 1.19:

By + E. % \/(Ea — E.)? + (20Q5)?

Ey 5

(5.2)

where F, is the upper polariton branch and E_ the lower polariton branch
energy. They correspond to the solutions of the strong coupling equation

(E = En)(E — E.) = (hQr)” (5.3)
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The dashed black line represents the intersubband transition energy and cor-
responds to the asymptote of both polaritonic branches. As FEy; is deduced
from the absorption measurements, the only adjustable parameter for the cal-
culated dispersions is the Rabi frequency. The best correspondence is obtained
with 2hQr = 9.5meV for HM2892 and 2hQ)r = 14meV for HM2951 (those
values are reported in table 5.1). The same samples have been characterized
at 77K and their energy dispersions are presented in figure 5.8. In this case
the Rabi splitting is slightly larger (11.5meV for HM2892 and 16meV for
HM2951). This is due to the thermal population of the excited level of the
ISB transition at higher temperature. Indeed, at room temperature approxi-
mately 5% of the electrons in the QW are on the level 2; on the contrary, this
value becomes less than 0.1% at 77K . As the splitting is proportional to the
square root of the electronic density difference between the fundamental and
excited state, it becomes greater at 77K.

The study of those two samples demonstrated the strong coupling regime
in MDM cavities for the mid-infrared and confirmed the dependance of the
Rabi splitting on the electronic density.
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Figure 5.8: Reflectivity minima at 77K (bullets), plotted as function of the
cavity mode energy. The continuous line is the simulated polariton dispersion,
following equation 5.2. The dashed horizontal lines are the asymptotes of the
polariton branches. The top panel concerns the sample HM2892 while the
bottom panel concerns the sample HM2951.
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5.4 Ultra-strong coupling

In this section I present the results of reflectivity measurements on the
sample with the highest electronic density (HM2952). As in the previous sec-
tion, s is tuned from 0.4pum to 1.4um and (p—s) is kept constant and equal to
1.5pum. Figure 5.9 shows the reflectivity spectra at room temperature for the
different metallic strip widths (color curves) and the transmission spectrum
obtained without cavity (black dashed curve). The spectra are shifted for
better clarity and a black dashed line underlines the bare absorption position.
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Figure 5.9: Reflectivity spectra measured for sample HM2952 at 300K for
different values of the strip width. The period p is 1.5um. The spectrum in
dashed line presents the transmission measured at 300/ on an unprocessed
sample in the multipass geometry.

The energy of the two polaritonic peaks for each spectrum of figure 5.9 is
plotted as a function of the cavity mode energy in figure 5.10 (black dots).
The blue star corresponds to the bare intersubband transition energy obtained
in figure 5.5. The two branches present an important anti-crossing as the
minimum splitting is 2h{2r = 21.5meV .

When the Rabi splitting represents an important fraction of the in-
tersubband transition energy, the so called wltra strong coupling regime is
achieved. In this case, unlike for HM2892 and HM2951, the experimental
polaritonic dispersion does not match the calculations with equation 5.2. As
in [Todorov et al., 2010al, one needs to solve the following eigenvalue equa-
tion resulting from the complete Hamiltonian of the system, including the
quadratic term, which accounts for the polarization self-interaction, and the
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Figure 5.10: Reflectivity minima at 300 K (bullets), plotted as function of the
cavity mode energy for the sample HM2952. The continuous red line is the
simulated polariton dispersion, following equation 5.5. The dashed horizontal
lines are the asymptotes of the polariton branches. The star indicates the ISB
absorption measured from transmission experiments at 300 K on a sample
without cavity.

anti-resonant terms [Ciuti et al., 2005]
(B — E,)(E® - E2) = 4(h2p)°E (5.4)

The two polariton branches energy dispersion is thus given by

E2+ E2 + \/(Eg — E3)% + 4(2hQR)2E2
2

E+ =

(5.5)

Contrarily to equation 5.2, the minimum splitting does not occur for £, = FEy
but for E, nin = Eo \/1 + 5—5(1 — fw) where f, = (21QR)?*/E} is the spatial
overlap between the quantum well and the cavity mode. In our sample f,
is equal to 0.35. E.,.;, corresponds as well to the asymptote of the lower
polariton branch for E. >> FEy;. In the opposite limit, the upper polariton
branch energy reaches the value FEy for E. << Fs. These two different
values for the asymptotes (represented with black dashed lines on the figure)
indicates the opening of a photonic gap between the two polaritonic branches.
The parameters for the calculated polaritonic dispersion (red lines in figure
5.10) are directly obtained from the data. Indeed, the plasma energy E, is
extracted from the minimum splitting value that corresponds to 2AQx (The
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Rabi frequency is related to f,, and to the plasma energy by 2hQr = /[, E,)
while the bare intersubband transition energy is inferred from the value of
E,.in obtained with the lower polariton asymptote. From those, we can deduce
Es and conveniently check it with the upper polariton asymptote value. We
estimate the electronic population difference between the two subbands from
the plasma energy (see equation 5.1). For this sample at room temperature
we obtain N; — Ny = 8.5.10 em =2 while we expect a value of 2.3.102cm =2 at
300K using the equation:

. m*kBT

Ny(T) = — —(Ez — Er)

kT ]

In[1l+ exp (5.6)
where Epeqm; is the Fermi energy, kp is the Boltzmann constant and T is
the temperature. This discrepancy was already observed in the literature
[Geiser et al., 2010] and it can be due to the localization of a fraction of the
electrons in defects originated from the wafer bonding process.

Measurements realized at 77K are summarized in figure 5.11. As for sam-
ples HM2892 and 2951, the Rabi splitting slightly increases compared to the
room temperature value and is of 23.5meV .
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Figure 5.11: Reflectivity minima at 77K (bullets), plotted as function of the
cavity mode energy for the sample HM2952. The continuous line is the sim-
ulated polariton dispersion, following equation 5.5. The dashed horizontal
lines are the asymptotes of the polariton branches. The star indicates the
ISB absorption measured from transmission experiments at 77K on a sample
without cavity.

Table 5.1 summarizes all the relevant parameters obtained for the three
samples at room temperature and 77K. As expected, the value of the Rabi
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splitting increases as the square root of the electronic density in the sample
even if only a part of the electrons seems to be available on the electronic states
of the QW. With the different doping concentration used, we have been able
to achieve the strong coupling regime for the two smallest electronic densities
and to reach the ultra-strong coupling regime for the last sample with a ratio
hQgr/Es = 0.1 at room temperature.

ng Shubnikov-de | n, effective Es 2hQR E,

Haas (102cm™2) | (102cm™2) (meV) (meV) (meV)
HM2892 08 0.27 (0.35) | 108.9 (108.6) | 9.5 (11.5) | 0.4 (0.6)
HM2951 1.5 0.53 (0.7) | 108.9 (111.6) 14 (16) 0.9 (1.2)
HM2952 3 1.3 (L5) | 112.5 (114.5) | 21.5 (23.5) | 2 (2.62)

Table 5.1: Summary of the different parameters obtained from the fit of the
data for the three different samples. For the four last columns, the values in
() are for 77K while the others are for 300K.

The energy gap is given by

(2RQR)?

E, ~ fw(EQI — FEy) = Yo

(5.7)
E, is proportional to the difference between the ISB transition energy renor-
malized by the plasma energy (which is only visible for high electronic den-
sities) and the bare ISB transition energy times the overlap factor. It is also
proportional to the ratio between the Rabi splitting and the bare intersub-
band transition energy 2AQr/FEs. When this ratio is of the order of 1, the
ultra-strong coupling regime is achieved. The opening of a photonic gap be-
tween the polariton branches in our experimental data can be considered as
the signature of the ultra-strong coupling regime. Indeed, it is only observable
if of the order of few meV due to the broadening of our ISB transition and
our cavity mode which are both of I'y; &~ I'. & 10meV. Following equation
5.7, an energy gap of 2.5meV corresponds to a ratio E,/FEs =~ 0.35 which is
clearly in the ultra strong coupling regime according to figure 1.4. The energy
gap is represented as a function of the Rabi splitting in figure 5.12. The black
curve is calculated following equation 5.7 for Ey; = 110meV and the values
for the three samples studied in this chapter are marked with black square for
room temperature and red circles for 77K measurements.



5.5. Angular dependance of the spectra 113

3-0 T T T T v T v L) v Ll

25
20

; 3
o 15}
E ]

0.0 s ] s ] s ] s ] s
0 4 8 12 16 20 24

Rabi splitting (meV)

Figure 5.12: Energy gap as a function of the Rabi splitting. The continuous
black curve corresponds to the calculation while the black squares (red dots)
correspond to the experimental values at 300K (77K).

5.5 Angular dependance of the spectra

On the sample HM2952, we chose the grating where the cavity mode energy
is at resonance with E.,.;, (s = 1.2um) to perform angle resolved measure-
ments. This allows us to obtain the polariton dispersion as a function of the
wave vector components k, or k.

First we only vary the incidence angle 6 in the xOz plane. Figure 5.13
shows the measured spectra for different angles (from 10° to 55°) arbitrarily
shifted; the two peaks corresponding to the two polariton branches are clearly
visible. The energy minima stay constant with the incidence angle. Figure
5.14 shows the energy dispersion as a function of k,. The grey scale is the
simulated absorption coefficient and the white dots are the absorption peaks
extracted from the spectra. The simulated and the experimental results are in
a good agreement: the system presents a flat energy dispersion as a function
of k,. This is consistent with results found in chapter 4 in which a similar
value of (p — s) gave a dispersion-less cavity mode.

We now change the angle in the direction along the metallic strips (in the
yOz plane) from 10° to 50°. The spectra are presented in figure 5.15 and are
arbitrarily shifted for better clarity. Those results are summarized in figure
5.16 where the polaritonic absorption peak energy is plotted as a function of
k, (black dots). We observe a slight increase of the energy of the two branches
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Figure 5.13: Reflectivity spectra measured for sample HM2952 at 300K for
different values of the # in the zOz plane. The strip width s is 1.2um and the
period p is 1.5um.
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Figure 5.14: Reflectivity minima (white dots) and simulated reflectivity (gray
scale) as functions of k, for s = 1.2um; the line represents the light cone.
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(less than 2meV’) for the highest values of k, compared to the lowest one. The
cavity mode energy is given by

fic
E. =
Neff

k3 caw + K5 (5.8)
where k, .4, is the component of the wave-vector in the x direction. The
calculated energy dispersion for a cavity with s = 1.2um is plotted in red
continuous line in the figure. It is clear that, while the cavity mode is confined
in the x direction thanks to the metallic strips, no confinement occurs in
the y direction (in this direction the strips are ~ 800um and are thus very
long compared to the photon wavelength). Therefore, the energy contribution
in the y direction can be tuned. Nevertheless, the maximum values of k,
reachable in the experience (limited by the light line) is of the order of 0.6um~*
for cavities wave vector along the x axis (ky cay = Eeness/he) around 2.5um ™",
The contribution of k, is small compared to k; ., and thus does not affect
much the cavity mode energy. In particular the energy shift with k, is smaller
than the linewidth of the polariton states.

50°

40°

30°

10°

Reflectivity (Arb. units)

10 120 140
Energy (meV)

Figure 5.15: Reflectivity spectra measured for sample HM2952 at 300K for
different values of the € in the yOz plane. The strip width s is 1.2um and the
period p is 1.5um.

Furthermore, as far as concern the electrical injection, our cavity can be
considered as dispersion-less. Indeed, the electronic injector FWHM is at least
of the order of bmeV for our energy range; a shift of only 2meV will therefore
not affect much the resonant electrical injection.
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Figure 5.16: Reflectivity minima measured at 300K (black dots) as functions
of k, for s = 1.2um. The red curve is the calculated dispersion for a cavity
mode with an energy of 110meV for k, = 0; the blue line represents the light
cone.

5.6 Conclusion

Our strategy to maximize the strong coupling was to use highly subwave-
length cavities to strongly confine the photonic mode. Three samples have
been studied, with different doping level, and allowed to demonstrate strong
coupling regime. For the sample with the highest electronic density, the mea-
sured Rabi splitting of 21.5meV at room temperature represents an important
fraction of the intersubband transition energy (h{)r/FE2; = 0.1). In this con-
dition, the energy dispersion showed the opening of a photonic gap energy
between the two polariton branches, signature of the ultra-strong coupling
regime.

Angle resolved reflectivity measurements both in z and y directions allowed
to demonstrate the flat energy dispersion of the polaritons in our samples.
This gives rise to a high density of photonic states, very suitable for resonant
electrical injection in the polaritonic states.



Chapter 6

Conclusions and perspectives

Contents
6.1 Conclusions . . . . . . . . i i v i i v i i 117
6.2 Perspectives. . . . . . . ... . i e 118

In this chapter I will summarize the main results obtained during my PhD
and draw some conclusions on this work. The second part of the chapter will
be devoted to perspectives and future projects related to my work.

6.1 Conclusions

My PhD work was devoted to the design, realization and characteriza-
tion of mid-infrared electrically injected devices operating in the light-matter
strong coupling regime. I first studied an electroluminescent device, based on
a quantum cascade structure inserted in a planar microcavity. It was first
characterized by reflectivity measurements, to obtain the polariton disper-
sion. My PhD work has started by emphasizing the importance of the correct
representation of the energy vs the wave vector diagram (the "k space")to
obtain the correct value for the Rabi frequency. In this device a Rabi split-
ting of 2AL2r ~ 13meV was measured. The sample was then characterized by
angle resolved electroluminescent measurement, in order to understand how
the polariton states are populated by an electrical current. I showed that the
electroluminescence spectra are obtained as the product of the optical density
of states, given by the reflectivity spectra, times a function describing the
occupation of the polariton states. The study of EL for a fixed voltage of the
polaritonic and a reference sample allowed us to relate the occupency of the
polariton states to the injector of the quantum cascade structure. By varying
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the applied voltage, we showed a tunability of the emission from the polari-
ton states from ~ 140meV up to ~ 160meV in a structure based on a single
QW. This is possible thanks to the energy dispersion of the lower polariton
branch. Nevertheless, this device did not show a significant increase of the
quantum efficiency, as expected from an electroluminescent device operating
in the strong coupling regime. This was attributed to the presence of the
dark states at the intersubband transition energy, that control the electronic
transport.

We decided, then, to look for another photon confinement scheme to ob-
tain dispersion-less states and increase the Rabi splitting, with the aim of
facilitating a selective electrical injection in the polariton states, avoiding the
dark states. We chose to use a very thin MDM cavity with a metallic grat-
ing as the top metallic mirror. We first demonstrated the feasibility of such
cavity in the MIR. We showed the continuous tunability of the cavity mode
by changing the metallic strip width and the possibility of either having a
flat energy dispersion as a function of the inplane wave vector or coupling the
cavity mode with a SPP by choosing the appropriate periodicity of the grat-
ing. We finally inserted doped QWs in MDM cavities to observe the strong
coupling regime. Three samples with different electronic densities gave a Rabi
splitting at room temperature of 9.5meV, 14meV and 21.5meV by using only
10 QWs and a cavity thickness of 259nm. The most doped sample presented
a photonic gap between the two polariton branches which is the experimental
signature of the ultra-strong coupling regime. We finally demonstrated a flat
dispersion of the polariton branches obtained thanks to the geometry of the
cavities.

6.2 Perspectives

The perspectives of my work are, first to inject photons in polariton states
using an internal electrically tunable MIR source in a planar cavity and second
to realize electroluminescence measurements in the metal-dielectric-metal cav-
ities. The preliminary experimental results I obtained for those two purposes
are detailed in appendix A.

On a more general point of view, the research on ISB devices operating in
the strong coupling regime is expanding very rapidly, both on the experimen-
tal and theoretical side. Two main objectives are pursued: the realization
of efficient inversion-less emitters and the realization of sub-THz devices.
The work presented in this manuscript proposed new devices for the first
objective. In order to obtain efficient emitters the first step is now to complete
the investigation for electrical injection in the MDM cavities. Indeed, the
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data of chapter 4 and 5 allowed us to optimize the grating parameters to
obtain the best absorption in this geometry. We now need to optimize the
parameters for the inverse mechanism as we want to extract light from the
MDM cavity through EL measurements. Therefore, we need to find out the
best geometry for light extraction, by exploiting the properties of the gratings.

Another perspective is the realisation of devices based on polariton stim-
ulated emission. This approach is pursued by Aymeric Delteil in his PhD
thesis. He realized an InAs/AlSb QCS to inject electrons in the upper po-
lariton branch. He observed in the EL spectra two features, corresponding
to the upper and lower branches, separated by the energy of a LO phonon.
This is the signature of a phonon-polariton interaction |Delteil et al., 2011]. A
theoretical proposal was published in [De Liberato and Ciuti, 2009b| suggest-
ing that the transition from the upper to the lower polariton branch through
phonon relaxation could lead to an inversion-less laser thanks to the bosonic
character of the polaritons.

As demonstrated in chapter 5, the Rabi splitting in our devices depends
on the difference between the electronic populations in the subbands N; — Ns
(see equation 1.28). To optimize the strong coupling, the Fermi level must
thus be slightly below the second subband. It has been both theoretically
and experimentally demonstrated that for high electronic densities the optical
response of a 2DEG is strongly modified by the collective nature of the inter-
subband resonance [Luin et al., 2001, Warburton et al., 1998|. In particular,
when several subbands are occupied, the optical response of the system can
be concentrated into a single resonance with an increased oscillator strength,
at greater energy than the single particle transition. In our group we used
a GalnAs/AlInAs highly doped structure with five occupied subbands and
coupled it with a planar cavity to obtain an ultra-strong coupling regime, with
a Rabi splitting of 55meV for an ISB transition at 160meV . The results from
this study are in an article under submission and open a new perspective to
increase even more the light-matter coupling in MDM cavities, both in the
mid and far-infrared.
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This chapter presents the preliminary experimental results obtained on
two different samples during my PhD.

A.1 Electrically driven photonic injection in the
polariton states

The samples presented in this section were grown in LPN (Laboratoire de
Photonique et de Nanostructures) by Ulf Gennser.

Our goal is to inject photons in polariton states using an internal electri-
cally tunable MIR source in a planar cavity (as in chapters 2 and 3). Figure
A.1 represents a scheme of the sample chemically etched in a mesa device
(with a 200um diameter).

Metallic contacts

\ Diagonal structure
/J n-doped GaAs I |
ﬁ / QCS x3 \ > Cavity
n-doped GaAs N
undoped GaAs //
QWs x30 )
Al 95Gag gsAS ~ / \
Doped QWs

undoped GaAs substrate /

Figure A.1: Scheme of the device for electroluminescence measurements

From top to bottom (the detailed growth sheet is in appendix B.2):
the metal layer (Pd(25nm)/Ge(75nm)/Ti(10nm)/Au(200nm) annealed at
350°C) is used both as a top mirror and as the top ohmic contact; the doped
GaAs layer ensure an equal distribution of the current on the entire sample
surface. A 3 period QCS is then grown followed by another doped GaAs layer
used as a conductive layer to report the bottom contact on the side of the
mesa. A GaAs cladding is then necessary to electrically isolate the following
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30 highly doped GaAs/Aly45GagssAs (7.2nm/12nm) QWs. The intersub-
band transition between the first two levels of these QWs is coupled with the
cavity mode. The structure ends with an Al g5GagosAs low refractive index
layer which acts as the bottom mirror of the cavity before an undoped GaAs
substrate. The electrons injected with the two electric contacts only circulate
in the QCS while the QWs are isolated. Therefore, the chemical etching of
the mesa needs to be stopped in the middle of the lower doped GaAs layer
using a profilometer to follow the etching depth during the process.

A.1.1 The diagonal QCS

The QCS is based on a diagonal transition [Blaser et al., 2002]. Figure
A.2 represents the computed band diagram for two periods as a function of
z under a bias of 0.21V per period. The black line represents the conduction
band profile and the colored curves represent the square moduli of the wave
functions plotted at the corresponding energy. The ground and excited states
of the diagonal transition are in bold color line and respectively labeled 1 and
2. The injection and extraction minibands are engineered so that the structure
can work on a broad bias voltage range. Because the two levels of the diagonal
transition are localized in two different QWs, their energy difference is very
dependent on the voltage, due to Stark effect. As a consequence, the photon
energy can be tuned by applying different voltages.

In order to test the tunability of the QCS, we realized a reference sample
with 20 periods of the QCS instead of 3 and without the bottom mirror and
the doped QWs. The left panel of figure A.3 summarizes the EL spectra
measured at 77K for different voltages on the reference sample. The spectra
are normalized for better clarity. By tuning the applied voltage from 1.5V to
7.5V, the peak of EL is tuned from 115meV up to 142meV as shown in the
right panel where the energy of the EL peak is represented as a function of
the voltage.

A.1.2 Absorption and EL measurements

I realized angle resolved transmission measurements to passively char-
acterize the sample and verify the strong coupling regime. The spectra,
measured at room temperature, are shown in figure A.4 for the different
measured angles. They are normalized and shifted for better clarity and two
dashed curves underline the two polariton branches. We can clearly observe
the anti-crossing when the cavity mode is at resonance with the intersubband
transition energy and we obtain a splitting of 2A)z &~ 15meV in the k space.
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Figure A.2: Band diagram of the diagonal QCS calculated by solving
Schrodinger and Poisson equations for a voltage of 0.21V per periods. The
two states of the diagonal transition are in bold and labeled 1 and 2.
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Figure A.3: Left panel: normalized EL spectra measured at 77K on the
reference sample for voltages from 1.5V to 7.5V with 0.5V steps. Right panel:
Energy of the EL peak measured at 77K as a function of the voltage applied
on the sample.
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Figure A.4: Transmission spectra measured at room temperature for different
angles of propagation of the light. The spectra are normalized and shifted
and black dashed curves underline the two polariton branches.

In order to inject photons at different energies in the polariton dispersion,
we realized angle resolved EL measurements for different voltages applied on
the QCS. Figure A.5 summarizes the k space for 3V, 4V 5V and 6V at 7T7K.
We report on each graph a fit of the EL spectrum measured on the reference
sample at the same current. In a similar way to what observed in chapter 3,
the EL follows the polariton dispersion in an energy window delimited by the
linewidth of the QCS EL spectra. Additionally, one can notice for each voltage
a signal peaked ~ 36meV below the first contribution. This constant energy
difference suggests to attribute this feature to a phonon replica of the polariton
state populated by the emitted photons. This phonon-polariton scattering
has already been reported in an ISB polaritonic sample [Delteil et al., 2011].
Further studies are necessary to confirm this interpretation and to complete
the measurements shown in this section.

For optical pumping of the polariton states, our geometry is the most com-
pact one as the photons are directly created within the same cavity mode as the
polaritons. There is no need for an external source nor for optical alignment.
While the polaritonic states are populated through their photonic component,
their electronic component allows the interaction with the phonons giving the
lower energy feature.
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Figure A.5: Contour plots of the EL measured at 77K for 3V, 4V, 5V and
6V. The white lines are the fit of the EL spectra measured on the reference
sample for similar currents.
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A.2 Electrical injection in MDM cavities

In this section, I will present the preliminary results obtained on a sample
designed for electrical injection in the polariton states in a MDM cavity.

A.2.1 Sample description

In order to design a QCS suitable for strong coupling in MDM cavities,
it is important to consider that the Rabi splitting depends on the overlap
between the QWs and the cavity mode, f,,, hence limiting the total length of
the injector region. I designed a device with a 201.8nm thick AR, based on
only 5 QCS periods. Figure A.6 represents the computed band diagram for
two periods of the QCS as a function of z under a bias of 0.14V per period.
The black line represents the conduction band profile and the colored curves
represent the square moduli of the wave functions plotted at the corresponding
energy. The ground and excited states of the transition are in bold color line
and respectively labeled 1 and 2. As one can notice, only two QWs are used as
the injection miniband. Such a short QCS was chosen to reach the best ratio
between the width of the QW where the ISB transition takes place and the
rest of the QCS in order to increase f,, and hence the Rabi frequency. As in
the structure of chapter 3, a thick extraction barrier ensure a long tunneling
time out of the main QW.

Two reference samples were realized to test the QCS. They consist of 5
and 20 periods of the diagonal QCS processed in mesas (same geometry as
in chapter 3), without photonic cavity (the top of the mesa is covered with
metal for the electrical contact but no low refractive index layer is used on the
other side of the AR). The left panel of figure A.7 shows EL spectra of both
samples (black curve for 5 periods and blue curve for 20 periods) for similar
current. They have the same shape and are peaked around 125meV. This
demonstrates that the QCS works as well for 5 than for 20 periods and that
the very thin AR is not a problem for ELL measurements.

In order to compare the electric characteristics of the samples with
ohmic and non-ohmic contacts, we used two different metallic alloys for
the electric contact on the 5 periods reference sample. The non ohmic
contact is made of T%(10nm)Au(200nm) while the ohmic contact is made of
Pd(25nm)/Ge(75nm)/ Ti(10nm)/Au(200nm) annealed at 350°C' to diffuse
the Ge in the doped GaAs layer on each side of the AR. The use of PdGe
alloy allows a smaller diffusion length compared to NiGe for example allowing
a thinner doped GaAs layer and thus giving a greater value for f, and
reducing the radiative losses due to free carrier absorption. The right panel
of figure A.7 presents the voltage-current characteristics for both contacts.
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Figure A.6: Calculated band structure of the QCS for a voltage of 0.14V per
periodes. The fundamental and excited states of the ISB transition are in
bold and respectively labeled 1 and 2.

For the same current in the structure, the non-ohmic contact requires a
more important applied voltage on the QCS. This is due to the presence of
a Schottky barrier at the interface between the TiAwu alloy and the doped
GaAs layer. In the MDM, the grating is realized by using 7% Au mirrors.
In order to avoid Schottky barriers for the injected electrons, I realized a
PdGeTiAu contact on the back of the sample and polarized the device to
have the back contact at ground.

The same processing as in figure 4.10 was used to realize the MDM cavity.
Nevertheless, few additional steps are necessary to realize the contacts used
for the electrical injection in the QCS. They are schematized in figure A.8.
The first step consists in depositing a metallic pad that contacts every metallic
strip of the grating and is large enough to allow the wire bonding. Therefore
we use an optical lithography followed by a metallic evaporation and a lift-
off. The second step consists in the chemical etching of the sample around
the grating to reach the bottom metallic layer to realize the wire bonding
of the bottom contact. To do so, we realize another optical lithography to
protect with the resist the grating and the contact previously deposited. A
H,S50,/H,05/H50 (1 / 8 / 80) solution is used to etch the AR. Figure A.9
shows an optical microscope picture of the final sample. We can see several
gratings with a top contact pad on each of them.
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Figure A.7: Left panel: EL spectra for the reference samples with 5 (black
curve) and 20 (red curve) periods of the QCS. Right panel: V(I) characteristics
for a TiAu (red curve) and a PdGeTiAu electric contact.
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Figure A.9: Optical microscope picture of gratings processed for EL measure-
ments.

A.2.2 Reflectivity and electrical characterizations

In order to obtain the optical dispersion of the device, we first realized
reflectivity measurements on gratings with different metallic strip width. The
left panel of figure A.10 shows few spectra close to the resonance between
the cavity mode and the intersubband transition. They are normalized and
shifted for better clarity. In the right panel of figure A.10, we plot with
red curves the energy position of the minima from the reflectivity spectra
as a function of 1/s. We observe a splitting between the two branches,
experimental signature of the strong coupling regime. The minimum splitting
is obtained for s = 1.15um and is of 2h{2p ~ 10meV .

Figure A.11 shows the electrical characteristic (V (1)) of the sample. The
QCS aligns at a voltage of ~ 0.6V as expected from our simulations.

Figure A.12 summarizes the first EL spectra obtained at 77K for gratings
with different metallic strip width. They are normalized and shifted. Two
peaks appear: one at the intersubband transition energy and one following the
cavity mode energy as we tune s. Unfortunately, a series of deeps in the peaks
attributed to a bad lock-in detection configuration (part of the interferogram
is negative) degrades the clarity of the spectra. It is thus difficult to clearly
interpret the intensity ratio between the two contributions and to observe the
Rabi splitting for the EL. Those measurements are nevertheless promising as
they represent the first EL for those cavities in the MIR.
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Figure A.10: Left panel: reflectivity spectrum at room temperature for differ-
ent values of s. The spectra are normalized and shifted. Dashed black curves
underline the two polariton branches. Right panel: summary of the polariton
energies as a function of 1/s obtained from the reflectivity measurements at
room temperature.
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Figure A.11: V(I) characteristic at 77K of the sample for electrical injection
in a MDM.
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B.1 Structure chapter 2 and 3

Growth sheet of the sample used in chapters 2 and 3 for the electrolumi-
nescence from a sample in the strong coupling regime. The cavity is made
of a top metallic mirror and low refractive index layers (AlggsGagosAs and
doped GaAs). The QCS allows the injection of electrons in the main QW
which contains a 2DEG.

The sample have been grown by Ulf Gennser at the Laboratoire Pho-
tonique et Nanostructures.

nt  GaAs 3.108em™3  170A
nt GaAs 1.107em ™2 860A
1 GaAs 22A
i Al 45Gags5As 224
i GaAs 18A
n Alg45Gags5As 3.107em =3 20A
n GaAs 3.107em =3 19A
n AlyasGag s5As 3.10"em ™3 20A
n GaAs 3.107em ™3 23A
repeat x30
n AlpssGag s5As 3.107em=3  18A
n GaAs 3.107em™3  32A
i Aly.a5Gag55As 16A
? GaAs 33A
7 AlyasGag s5As 36A
1 GaAs 64A
i Aly.a5Gag55As 39A
? GaAs 22A
i Al 45Gag 55 As 224
1 GaAs 18A
n Aly4sGag s5As 3.107em=3  20A
n GaAs 3.107em™3  19A
n Aly.45GagssAs 3.10%em=®  20A
n GaAs 3.10%em™3  23A
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n Alga5Gags5As 3.107em ™3 18A

n GaAs 3.10%em™3 324

7 Grading to Aly45GagssAs 16A
ntt  GaAs 3.10%em™=3  0.56um
) Al osGagosAs 0.520um

Undoped GaAs substrate
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B.2 Photonic injection with a diagonal struc-
ture

Growth sheet of the sample presented in the appendix A.1 for the photonic
injection in the polariton states. The cavity is made of a top metallic mirror
and a low refractive index layers (AlygsGagosAs). The electrons circulate
in a QCS with a diagonal transition producing photons which energy can
be tuned by changing the applied voltage on the structure. Additionally, a
passive region made of identical quantum wells containing 2DEG are in the
cavity and are used to reach the strong coupling regime.

The sample have been grown by Ulf Gennser at the Laboratoire Pho-
tonique et Nanostructures.

ntt  GaAs 3.10%cm™  200A
nt GaAs 1.107em=3  500A
i GaAs 21A
i AlyasGags5As 35A
) GaAs 21A
7 Al0_45GCLO_55AS 32A
n GaAs 2.107em =3 23A
i Alg45Gag s5As 28A
n GaAs 2.107em=3  25A
1 Al0.45GCLO.55AS 26A
n GaAs 2.10"em =3 29A repeat x3
1 Al0_45Ga0_55A3 24A
i GaAs 32A
1 Al(].45GCLO.55AS 24A
i GaAs 37A
7 Al0_45GCLO_55AS 32A
i GaAs 46A
) Aly 45Gag ssAs 30A
i GaAs 21A
1 Al0_45GCLO_55AS 35A
i GaAs 21A
i Alg 45Gag 55 As 32A
n GaAs 2.10"em =3 23A
7 Al0_45Ga0_55As 28A
n GaAs 2.10"em =3 25A
7 Aly 45GagssAs 26A
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n GaAs 2.10em ™3 20A

7 Alp 45GagssAs 24A

i Grading to Aly45Gags5As 32A

ntt  GaAs 2.10%cm ™3  0.2um

i Alg.a5Gags5As 500A

n Alg45Gag s5As 2.108em=3  120A

1 GaAs 72A

n Alp1sGaoanAs 510%em = 1204 | repeat x30
i Alyg5GagsAs 2pm

Undoped GaAs substrate
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B.3 Electrical injection in a MDM cavity

Growth sheet of the sample presented in the appendix A.2 for the electrical
injection in the polariton states in MDM cavities. The cavity is made of
two metallic mirrors. A QCS with only two quantum wells for the injection
miniband is used to resonantly inject in the polariton states.

The sample have been grown by Giorgio Biasiol at the laboratory TASC.

ntt GaAs 3.108em =3 3OOA ‘
i Aly35GapesAs 1A

n GaAs 3108 cm -3 BA

i Aly35GagesAs 22A

? GaAs A

i Aly35GagesAs 44

? GaAs 9K

i Alg35GagesAs 48A

n GaAs 3.108em =3 13K repeat x5
i Aly 35GagesAs 29K

l GaAs A
ntt GaAs 310%em—3  200A ‘
1 AlysGagsAs etch stop 0.4um ‘

Undoped GaAs substrate
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