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Résumé

L'utilisation du rayonnement térahertz (THz) connait un essor rapide, allant
de la recherche fondamentale aux applications variées telles que les commu-
nications, la sécurité ou les tests non destructifs. Pourtant, un probleme tech-
nologique subsiste : aucun dispositif compact a base de semiconducteurs ne
permet une émission continuement accordable sur toute la gamme 1-5 THz.
Cette these s’inscrit dans ce contexte, en explorant les propriétés physiques des
matériaux de Dirac et les phénomeénes fondamentaux susceptibles de conduire
a de nouvelles sources THz.

Les travaux expérimentaux portent sur I’étude magnéto-spectroscopique
d’hétérostructures semi-conductrices, avec un accent particulier sur 1’émission
cyclotron (ou émission Landau). Alors que la magnéto-absorption repose sur la
transition entre niveaux de Landau par absorption de photons, I’émission Lan-
dau correspond au processus inverse, c’est-a-dire la recombinaison radiative de
porteurs excités vers des niveaux d’énergie plus bas. Ce mécanisme a permis
la réalisation du seul laser a niveaux de Landau a ce jour, le laser p-Ge, capable
de couvrir une large portion du domaine THz grace a 'accordabilitité par le
champ magnétique. Cependant, son fonctionnement nécessite de forts champs
magnétiques et électriques ainsi que des températures cryogéniques, limitant
son utilisation a la recherche fondamentale.

Les puits quantiques a base de HgTe, identifiés dans les années 2000 comme
matériaux de Dirac et topologiques, permettent une émission de Landau in-
tense sur tout le spectre THz, a des champs magnétiques bien plus faibles. Le
premier résultat de cette these a consisté a démontrer que cette phase de Dirac
permet une accordabilité électrique de la fréquence d’émission grace a la mod-
ulation de la densité électronique par effet de grille. Des expériences menées
sous champs électriques et magnétiques croisés intenses visant a explorer des
régimes de transport extrémes ont aussi révélé la forte non-parabolicité de la
structure de bande a travers la dynamique des porteurs chauds.

Ce comportement met en évidence 1'une des principales limites des semi-
conducteurs II-VI : leur sensibilité a la température et la complexité de fabri-
cation, rendant difficile 'obtention des champs électriques intenses nécessaires

7



a une inversion de population. Une autre approche pour atteindre 1’émission
stimulée consiste a exploiter le fort couplage lumiere—matiére, menant a la for-
mation de quasi-particules hybrides appelées polaritons. Ces entités peuvent
condenser dans un état quantique unique et émettre une lumiére cohérente lors
de leur recombinaison radiative. Une cavité Fabry—Perot THz a ainsi été concue,
dont la résonance est couplée a la transition cyclotron des structures a base de
HgTe, favorisant la formation de polaritons de Landau. Leur existence a été con-
firmée par des mesures de magnéto-réflectivité. Nous avons ensuite démontré
I'électroluminescence de ces polaritons et montré que le systeme opére a prox-
imité du seuil laser. L’amélioration du facteur de qualité de la cavité apparait
comme la voie la plus prometteuse pour atteindre le régime laser polaritonique
et réaliser un émetteur THz compact.

Enfin, la theése s’ouvre sur une autre famille de semi-conducteurs, les com-
posés III-V, moins sensibles a la température, technologiquement matures et
pouvant présenter de hautes mobilités électroniques. L'émission de Landau
a été étudiée dans des puits a base d'InSb et de GaAs, ainsi que dans une
hétérostructure exotique en super-réseau a base d’'InAs et de GaInSb. Ce sys-
téme, qui abrite une phase de Dirac tridimensionnelle, apparait comme un can-
didat particulierement prometteur pour la réalisation d'un laser a niveaux de
Landau capable de combler le fossé technologique du domaine térahertz.
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1.1 Motivation: filling the Terahertz technological gap

The Terahertz (THz) frequency range is a part of the electromagnetic spectrum convention-
ally located between 0.3 THz and 10 THz. It is at the interface between microwaves and
infrared (IR) radiations and thus exhibits a combination of properties from both regions.
The energy of THz waves corresponds to that of many fundamental excitations in solids,
liquids, and gases, such as phonons, plasmons, electron spin resonances, cyclotron reso-
nances, molecular vibrations, and others. Moreover, THz radiations are non-ionizing and
can penetrate a wide variety of non-conducting materials such as plastics, composite mate-
rials, concrete, clothes, but also living tissues, among others. It has therefore a very broad
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14 Chapter 1. Introduction

tield of applications beyond fundamental physics, ranging from medical imaging or chemi-
cal spectroscopy to ultrafast wireless communications and security [1]. For a long time, the
THz spectrum remained largely inaccessible due to the lack of efficient sources and detec-
tors. Although the situation has improved in recent years, this technological gap has not
yet been fully bridged as we will see later on. On the side of THz radiation sources, and
considering the position of this frequency range within the electromagnetic spectrum, THz
radiations can be generated through two main approaches. The first approach, based on
electronic technologies, covers the lower-frequency end of the THz spectrum, near the mi-
crowave region, and is mainly based on of multiplier circuits based on Schottky diodes [2]
and oscillating circuits including a component featuring a negative resistance. To achieve
this second part, a wide number of solutions have been developed but one can cite Gunn
diodes [3]], resonant tunneling diodes [4] and impact ionizing avalanche transit time diodes
[5]. These solid sources have the advantages to be very compact and can efficiently cover
the low frequency part of the THz range up to about 1 THz [6, 7]. On the other hand, the sec-
ond family of solid sources is mainly composed of quantum cascade laser (QCL) [8]. These
are semiconductors-based lasers operating at a fixed output frequency but allowing to cover
the upper part of the THz range (above 10 THz) thanks to heterostructure design. Thanks to
recent improvements, it was possible to lower the output frequency of such lasers and THz-
QCLs can now cover the 1 to 5 THz frequency range, with output powers reaching 1 W and
operating at rather high temperatures up to 250 K, relying on Peltier coolers [9]. However,
these single-mode sources don’t allow a very wide range of tunability. Indeed, despite so-
phisticated cavity design, people could only reach frequency tuning ranges of few hundreds
of GHz [9]]. Therefore, there is currently a lack of THz source able to be continuously tuned
across the 1 to 5 THz frequency range, that we will call "THz gap" in the following.

Some experimental techniques, not based in solid states sources, can nonetheless allow
to perform spectroscopy within the whole THz range. One widely used is the time-domain
spectroscopy (TDS) technique where a broad-band radiation (typically ranging from 500
GHz to 4 THz) is emitted thanks to a photoconductive antenna when submitted to an ultra-
tast optical pulse [10]. Another way to cover this THz gap is the use of gas-based laser, using
CO; as a pump of a second laser based on different other gases as methanol or formic acid
for example, that can produce several intense monochromatic emission lines from below 1
THz up to several THz, depending on the gas mixture and the pressure [11]. However, all
these techniques are either very bulky or not tunable, which can be significant drawbacks
for applications.

We will therefore investigate how to obtain a compact, solid-state-based source that is
powerful enough and easily tunable to fully cover the THz technological gap.

1.2 Overview of the cyclotron-resonance-based emitters

The idea to use cyclotron resonance of electrons to generate THz waves arose in the late
1950s. The cyclotron resonance (CR) is a phenomenon that happens when the frequency of
an incident radiation matches the one of the natural carrier’s rotation when submitted to a
magnetic field. This cyclotron resonance frequency (for non-relativistic carriers) is given by

wC - %/ (11)

where g is the carrier’s charge, B the magnetic field strength and m the mass of the carrier.
For example, the CR frequency of an electron in free space submitted to a magnetic field
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Figure 1.1: Highlighting of the THz technological gap. Adapted from [6].

intensity of 1 T is around 28 GHz, falling in the millimeter wave range. Therefore, the idea
to have stimulated emission, tunable with magnetic field, has emerged at this period. In
particular, it led to the development of the yet most powerful source of millimeter light
that is the gyrotron [12, [13]. When submitted to a transverse magnetic field, relativistic
electrons produced by an electron gun can emit intense radiation by a gyration motion. It
has been demonstrated that a state-of-the-art gyrotron could produce light at 300 GHz and
with an output power of 1.5 kW [13]. However, it is a very bulky set-up and despite the
intense emission, the output frequency remains far from the interest zone that is the THz
gap. Itis clear from Eq. [1.1/that if we want to reach the THz range with this technique while
maintaining reasonably low magnetic field strength, it is necessary to reduce the mass of the
carriers. That is why CR emission is very interesting in semiconductors systems. Indeed,
in addition to being more compact, electrons can have effective masses 10 to 50 times lower
than in vacuum, thus shifting the CR frequency towards the THz gap.

Developments of cyclotron-resonance-based emitters in semiconductors have been very
productive in the 1970s. Back then, cyclotron resonance was a well established experimental
method to characterize the effective mass and band structure of semiconductors. The de-
velopment of numerical methods for scattering process calculations in crossed electric and
magnetic fields enabled physicists to develop potential carrier distribution inversion meth-
ods in semiconductors. One of the main challenges that the physicists encountered is the
Auger effect or Auger scattering. It is a non-radiative carrier-carrier recombination, first dis-
covered in the 20s in the context of X-rays spectroscopy of ionized gas, that can be dominant
in semiconductors. It occurs when two excited carriers are close in energy and interact, one
being scattered down in energy and the other being scattered up. The electron that is scat-
tered towards higher energies can then relax by the assistance of phonons and it results in
no net emission of photon. For this mechanism to be possible, there must be a state available
for the down-scattered carrier and for the up-scattered one. If we now look at the LLs land-
scape for a parabolic band-structure (we will detail its computation later on), one can see on
Fig. [1.2|that, since all the levels are equidistant, as soon as carriers are excited towards high
indexes LLs, one can find a lot of sets of empty LLs that could host electron after an Auger
scattering event. Therefore, in parabolic systems, non-radiative Auger processes can be very
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16 Chapter 1. Introduction

large, limiting the output optical power available at the end.
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Figure 1.2: Magnetic field dependence of the LLs for electrons in a parabolic band structure
(light grey lines). Several non-radiative Auger processes are sketched for a fixed magnetic
tield. Adapted from [14].

In this framework of minimizing this non-radiative Auger effect, people have started
to look for material featuring non-parabolicities in their band-structure. It has led to the
realization of two THz sources in bulk p-doped Germanium that are the light-hole Landau
level (LL) laser [15-19] and the CR-based Negative Effective Mass Amplifier and Generator
(NEMAG) [20, 21]. While the last one was shown to be emitting very efficiently but in a
restricted frequency range (between 100 and 300 GHz for magnetic fields ranging from 2 to
6 T), the first one is the only, up to date, solid-state THz source that can emit through the
entire THz gap in a continuously tunable manner with the applied magnetic field. Indeed,
it is capable of generating radiation of frequency ranging from 500 GHz to 3.5 THz with
magnetic field of 1 to 6 T [22]]. The only drawback that this technique encountered is the high
required magnetic field, implying a high bulkiness (due to the need for superconducting
coil) and a low-speed tunability (due to the magnetic field sweeping time).

We will now take time to develop the principle of this p-Ge LL laser in order to understand
how to improve it.

1.3 Description of the p-Ge Landau level laser

This section aims at describing the different building blocks of the Landau level laser opera-
tion and to see the application on the p-Ge system. We will only focus on the one-band case,
where only the light-holes are involved in the emission, because it is more representative of
the phenomenon at play in our structures. However, the most efficient version of the p-Ge
LL laser was obtained by taking advantages of light-hole to heavy-hole transitions [23].
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1.3.1 Landau levels quantization

When submitted to a high enough magnetic field, the band structure of a semiconductors
is strongly modified. It leads to the well known Landau levels where the energy bands
becomes quantized in sub-bands. To describe electrons in the presence of a magnetic field,
we need to replace the momentum p by 7t = p + eA where A is the potential vector and e
the electron charge. For a magnetic field aligned with the z direction, we can choose the
Landau gauge, giving A= (- By, 0,0). If we now apply this formalism to a two-dimensional
parabolic system, the Hamiltonian becomes

(p +eA)?

H =
2m*

+V (), (12)

where m* is the effective mass of the semiconductor and V(z) a confinement potential along
the z direction. We can separate the Hamiltonian in two terms:

pz
H, = ﬁ + V(z), (1.3)
2 2
_ Py (px — eBy)
Hyy = o + - . (1.4)

The first term does not depend on the magnetic field and will give bound states due to
the confinement. At the quantum limit, only the lower energy one will be populated. The
second term can be solved by using the following Ansatz function:

P(x,y) = ™y (y) (1.5)

and it leads to the following eigenvalue problem:

2 2
Py 1 * 2 . hkx -
o T e ( ~5 ) | 1W) =Enly) (1.6)

which is nothing else than a one-dimensional quantum mechanical harmonic oscillator, cen-

fik
tered around yp = e_E;' Therefore, the eigenvalues read:

E, = hw, n—i—l +p_§ (1.7)
2 2m’

where n > 0 is a quantum number labeling the different Landau sub-bands. We retrieve
the fact that, as we saw earlier with Fig. the LLs of a parabolic band-structure disperse
linearly with the magnetic field. This means that all the neighbor levels are spaced by the
same amount of energy hwe.

However, due to the coupling between its two valence bands and a split-off one, p-Ge
does not have a purely parabolic band-structure [22] (see sketch of Fig. . The two valence
bands can be modeled using the effective 4-bands Luttinger Hamiltonian [25]

2

h
Huut = 5 | MK =2 L KTF =4 L kikififj| (1.8)
i i#
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heavy hole band

light hole band

split-off band

Figure 1.3: Sketch of the valence bands in p-Ge. Adapted from [24].

where 1; are the Luttinger parameters, J; the spin matrices and k = (ky, ky, kz). In the first
order in k?, Eq. [1.8|reduces to give

) 2k k>

Ejin(k) = 5, (1 —27) and Efj(k) (11 +27), (1.9)

- 2m0
where v = 92 = <3 in a spherical approximation and HH (resp. LH) stands for heavy-
hole (resp. light-hole). These two expressions are parabolic approximations and give the

my
71E2y
effect of the third split-off band (due to the spin-orbit coupling for example), we can treat
the problem perturbatively as follow:

two effective masses for the hole bands m7;; ;= . When taking into account the

Ern/nn(k) = AR + B + O(k°), (1.10)

h
where A = ——— and B is a function of the 7; and the energy distance A between the
2m] /1 )

E
two valence band and the split-off one, so that B ~ AX At first order we have k? ~ 1 and
Eq. can be written as

2
E(k) ~ AR + B (%) , (1.11)
and therefore: A
E(k) (1 — ﬁE> ~ AK?. (1.12)
We finally obtain the compact form
212
E (1 - %) = % (1.13)
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which takes into account a small non-parabolicity correction. The smaller A is, namely
the closer from the two valence bands the split-off band is, the more pronounced the non-
parabolicities will be.

We can now compute the associated Landau level dispersion by applying the same pro-
cedure as detailed at the beginning of this subsection. The LLs can be computed by numer-
ically solving the following equation [26]:

(a+b)Vab+ (b—a)?log (%) =0, (1.14)

where
a=E,—¢€, b=A+E,+e€4, (1.15)
and
2
A A 1
€, = —— — | + A (n+= . (1.16)
2 2 2
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Figure 1.4: Comparison between the parabolic and non-parabolic models.
(a) Band dispersion and (b) LLs dispersion with magnetic field for a purely parabolic system
(solid blue lines) and a non-parabolic one (red dashed lines).

Figure shows the comparison between a purely parabolic band and a band com-
puted with Eq. taking A = 100 meV. On Fig. is plotted the associated LLs dis-
persions according to Eq. It is clear that the non-parabolicity correction in the band-
structure induces the breaking of the equidistance of the LLs. This is a key ingredient in the
functioning of the p-Ge Landau level laser as its valence band features non-parabolicities
and therefore, Auger scattering processes are highly reduced.

1.3.2 Streaming motion

In the past, several theoretical propositions in the aim of achieving a light amplification in a
cyclotron resonance system have been made. The most convincing one was proposed by T.
Kurosawa [27] and relies on the fact that in most materials, the interaction between carriers
and optical phonons is very efficient. Therefore, in specific crossed electric and magnetic
fields, it could be possible to accumulate carriers in the phase space and eventually induce
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Figure 1.5: Streaming motion, in velocity space, of a carrier under crossed electric and
magnetic fields.

(a) The carrier is first accelerated from its initial state to the optical phonon velocity (1). It
is then scattered back to the center of the velocity space by emitting an optical phonon (2).
It is again accelerated toward the optical phonon speed where it will be scattered (3). (b)
After a short time, all the carriers are compelled to move in a restricted zone of the velocity
space, identified by the red dashed area. (c) When a magnetic field is applied, the situation
is similar except that the carriers are now accelerated in circular orbits, where the center is
the drift velocity E/B. After a certain time, more and more carriers will be trapped in the
dashed area of the velocity space.

a population inversion. When subjected to an electric field, the electrons’ speed increases
(see step (1) of Fig. [I.5a). The carrier’s velocity is however limited by the electron-optical
phonon interaction. It is usually very efficient and as soon as the carrier reaches a velocity
close to the optical phonon one (represented as the dashed green circle V,, on Fig. [L.5), it
looses all its kinetic energy by emitting a phonon (see step (2) of Fig. [I.5a). Since the electric
tield is still on, the electron is again accelerated until it reaches the optical-phonon velocity
and so on (see step (3) of Fig. [I.5p). After a certain time, all the carriers are compelled in a
restricted area in the velocity space (see Fig.[I.5b) and describe a streaming motion.

The situation is similar when a magnetic field is now applied, perpendicular to the elec-
tric field and to the 2DEG plan. The difference is that the carriers now follow circular trajec-

tories in the velocity space, centered around the drift velocity %. When % < %, there are no

orbits crossing the optical phonon velocity and no streaming effect occurs. Now if % > Vop,
all the orbits crosses the optical phonon limit, thus establishing a streaming regime. Finally,
for the particular condition where

1< Vop
=~ (E/B)

<2, (1.17)

some orbits cross the optical phonon velocity but some do not. Therefore, a streaming
regime takes place but some carriers are still following closed orbits and are never scat-
tered by the optical phonons. This situation is depicted on Fig. [1.5, where the streaming
motion is sketched by the blue arrow and the closed orbits are contained in the red dashed
area. Carriers following a streaming motion can be scattered towards the dashed area here
it will stay for a long time, leading to an accumulation of electrons in this specific zone of
the velocity space.

One should notice that, for this particular motion to establish, carriers should have the
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1.3. Description of the p-Ge Landau level laser 21

time to reach the optical-phonon velocity and should be able to stay long enough in the ac-
cumulation area before being scattered by any other mean. This condition can be expressed
as T > T,p, where T is the momentum relaxation time of the carriers that can be estimated
by transport measurements and Ty, the time-of-flight for on electron to reach the optical
phonon velocity. Therefore, a high quality crystal is required for this streaming motion to
take place.
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Figure 1.6: Streaming motion conditions for HgTe-based QW.
False-color mapping of the time-of-flight T, that takes a carrier to reach the optical phonon
speed. The white areas highlight the electric and magnetic field region where the streaming

motion is impossible (% < %) or when it is allowed but no accumulation can occur (% >
Vop)- The iso-level labeled T emphasizes the T,, < T condition. The streaming regime is thus
restrained to the right part of this iso-level.

All these conditions are summarized in Fig. By solving the equation of motion of a
carrier of charge e and mass m, in crossed electric and magnetic fields, we can show that the
time-of-flight T, is given by:

2 VopB
= — i . 1.1
Top o arcsm( >F ) (1.18)

Figure|1.6|shows the evolution of Ty, when varying the electric and magnetic field strengths.
The following parameters were taken: m* = 0.02 mg and V,, = 5.7x10> m/s, which are
characteristic of HgTe-based QW as we will see later. Two white areas are added to take
condition into account. A specific iso-level, labeled 7, is added to highlight the fact
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that T,, should be compared to the typical carrier scattering time. Therefore, the conditions
favorable to a streaming motion and leading to a carrier accumulation in the velocity space
are located at the right of the iso-level, in the colored area of Fig.

1.3.3 Landau level lasing in one band

If we now take into account the Landau levels structuration, carriers accumulated in the
specific area in velocity space can only access quantized orbits. It was shown [27] that, if the
electron-optical-phonon is strong enough, high index LLs will be more populated than low
indexes ones. Indeed, as mentioned previously, if this interaction is efficient, the carriers’
velocity after an optical phonon emission will be close to zero. The small remaining energy
after the scattering event can be enough for the electron to reach a high index LL, as it orbits
are passing close to the v = 0 point (see Fig. [1.7p). Finally, LLs close to the drift velocity
center are less likely to be populated and the distribution area will result in a doughnut
shape. Figure depicts the resulting inversion-population mechanism in k-space, for

Vy
A Vop=V2hwep/m

n-1

Light hole
accumulation

—>»E V Energy

(a) (b)

Figure 1.7: Principle of the inversion population of light-holes in p-Ge.

(a) Representation of the LLs involved in the accumulation area previously identified. As
a result of strong electron-optical-phonon interaction, the area has a doughnut shape. (b)
Representation of the inversion population mechanism in the k-space. Due to the streaming
motion, there is an accumulation of light-hole in the higher indexes LLs. Radiative transi-
tions can occur between subsequent LLs. The grey curve is the zero-field band-structure of
light-holes in p-Ge. Adapted from [23].

the light-hole band of p-Ge. Carriers accumulate in high indexes LLs thanks to the electric
tield induced streaming motion. The radiative transitions occur between higher and lower
LLs indexes and result in a lasing effect when the system is put in an adequate cavity. It
was demonstrated [23] that, with gold-coated Mylar mirrors and electrical pulses of 1 us
duration and 2 kV of amplitude, one could obtain an emission ranging from 1 THz to 3 THz
when tuning the magnetic field from 2 T to 4.5 T, and with an output power of around 50
mW.

As mentioned earlier, the p-Ge band-structure also features a second valence band that
is the heavy-hole one. However, due to its higher effective mass, for a crossed fields config-
uration setting the light-holes in a bounded motion situation (see Fig. [1.7a), the heavy-holes
will be in a pure streaming motion where the carriers are constantly traveling from the cen-
ter of the velocity space to the optical phonon speed [23]. When scattered back to the k =
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1.4. The Dirac materials class for Landau emission 23

0 point, some of the heavy-holes can be tunneled towards the light-holes band. Therefore,
this additional band acts as a reservoir that feeds the light-hole band, where the population
inversion takes place, making the lasing effect even more efficient compared to a purely
one-band mechanism.

A certain number of drawbacks are to be noted. The first one being that the required
electric field is very large, almost causing the breakdown of the material. The second is the
low-temperature operation. Indeed, in order to reach 4.5 T, liquid Helium temperature is
required for the superconducting coil.

1.4 The Dirac materials class for Landau emission

A Dirac material is a condensed matter system in which the band-structure can be described
by the Dirac equation. Whether it is 2D or 3D, it usually results in a linear (or almost lin-
ear) band-structure in particular points of the reciprocal space and therefore leads to non-
equidistant LL ladders. Indeed, as we saw earlier with Eq. for a fixed magnetic field
strength, the energy scales up with the square-root of the LL’s index. In this sense, as
the Auger process should be reduced in these systems, they are interesting for achieving
a LL laser. We will here only focus on graphene, HgTe-based quantum wells and some het-
erostructures of the III-V family but a lot of other materials have demonstrated such a Dirac
phase and therefore would also be of great interest.

1.4.1 Graphene

Graphene is a well known 2D Van der Waals material, discovered and characterized for
the first time by Novoselov and Geim in 2004 [31]. It is an atomically thin layer of graphite
and it has been demonstrated, both theoretically [28] and experimentally [29], that its band-
structure is well described by the Dirac equation, giving rise to a 2D Dirac cone in particular
points of the reciprocal space (see Fig. and b).

We can compute its LLs fan chart by following the same procedure as earlier. The Hamil-
tonian will be transformed as followed [32]

hUF 0 a
H= iﬁ? (ﬁ+ o) , (1.19)

| h
where vr is the Fermi velocity, defining the slope of the linear band-structure, [p = B the

magnetic length and 4" (resp. 4) the creation (resp. destruction) operator, defined as

! I
i=—L (A, —ir,) and &' = —L_(A,+in,), (1.20)

V2h

7y sy being the impulsion operators. From equation it is quite easy to deduce the eigen-
values that define the LLs structure of such a linear band:

E, = thwe/n = +op\/2ghBn, (1.21)
V20F

Ip

where this time, the CR pulsation is now defined as w, =
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Figure 1.8: Evidence of the Dirac nature of graphene.

(a) Theoretical calculation of the band-structure of graphene. It evidences a band touching
at K point and a linear dispersion at low energy. Adapted from [28]. (b) Representation
of the 2D Dirac cone in the plane of the graphene sheet and at the K point (red square of
b) ). Adapted from [29]. (c) Transitions observed by magneto-transmission experiments
on graphene, along with their labels. The dashed lines are simultaneous fits giving the
parameter vy = 1.03 x 106 m/s. Adapted from [30].

Equation shows that the graphene LLs follow a square-root evolution with mag-
netic field. This behavior is very different from the parabolic case and in particular, LL
spectroscopy is a very efficient probe of the nature of the materials” band-structure [35| 36].
A plot of the LLs evolution is shown on Fig. and its square-root dependence with re-
spect to the magnetic field has been perfectly verified soon after graphene’s discovery[30]
(see Fig. [1.8c).

The non-equidistancy of graphene’s LLs, supposedly reducing the Auger mechanisms,
has revived the possibility of achieving a low-field tunable LL laser [37]. Thanks to pump-
probe analysis of the carriers’ relaxation times, it was indeed successfully demonstrated that
Auger scattering was reduced due to the Dirac nature of carriers in graphene [38].

However, it was shown a few years later that a strong Auger effect remains as subsets of
Landau levels with matching energies continue to exist[39} [40] (as illustrated on Fig. [1.9).
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Figure 1.9: (a) Representation of the LLs fan chart in graphene and illustration of two possi-
ble Auger processes, surviving due to the perfect square-root behavior of the LLs. Adapted
from [33]. (b) Very recent Landau emission obtained in graphene. Adapted from [34].

Therefore, graphene does not seem to be the adequate candidate for the realization of a
Landau laser.

However, one should still note that spontaneous Landau emission has been observed
very recently by Inamura et al. [34] but the optical signal is extremely weak and thus it
required a very sophisticated detection set-up. Moreover, the emission energy is around 90
meV so quite far from the THz technological gap (see Fig. [1.9b).

1.4.2 HgTe quantum well

We highlighted the fact that a purely square-root behavior of the LLs is not enough to over-
come the Auger scattering process because it opens new diffusion channels. Therefore, an
idea would be to find a material with an in-between band-structure. In the beginning of the
2000s, Bernevig et al. [41] predicted a Dirac fermion phase in HgTe-based quantum wells
(QW), for specific growth parameters. For a critical thickness of the well, the material un-
dergoes a topological phase transition and become a Quantum-Spin-Hall-Insulator (QSHI).
This effect has notably been experimentally demonstrated the year after its prediction [42].
Figure shows the structure of such a material, composed of a well of HgTe embedded
in CdTe barriers. When the HgTe thickness is greater than a critical value, there is a band in-
version, giving rise to a topological state. The corresponding band-structure of such a state
is depicted Fig. and features a 2D massive Dirac cone in the plane of the QW. Note that
for the critical thickness value, the band-structure is a massless Dirac cone. It was computed
thanks to a low-energy model developed in [41], called the Bernevig-Hughes-Zhang (BHZ)
model and that we will present in the next chapter. As we will see later, the band-structures
are composed of both linear and quadratic k-terms.

Figure shows the LLs fan chart of those two structures. As expected, it has a be-
havior between a linear and a square-root evolution. On top of the lines are sketched two
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Auger mechanisms that were existing in graphene and one can see that it is no longer pos-
sible due to the new LLs spacing. Therefore it is expected to be hard to find any subset of
levels matching for Auger scattering and one can expect to see intense Landau emission out
of these structures.
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Figure 1.10: (a) Energy sketch of the well. (b) Corresponding band-structure, featuring a
2D Dirac cone in the plane of the well. Adapted from . (c) LLs fan chart of HgTe QW
for the critical thickness (left panel) and for a thickness greater that the critical value (right
panel). Two suppressed Auger mechanisms are sketched to highlight the difference with the
graphene LLs dispersion. Adapted from [33].

A very complete study has been performed in 2023 by Gebert et al. [33], showing that
it is indeed possible to observe THz radiation from these structures. The QWs they studied
have carrier densities close to 5x 10 cm~2 and mobilities of the order of 100 000 cm?/V /s.
These quantities have a strong implication on the Landau energy landscape. Indeed, even
though the Landau quantization is already present (it is notably confirmed by the existence

NGO




1.4. The Dirac materials class for Landau emission 27

of Shubnikov-de Haas oscillations in the magnetoresistance), the different LLs still greatly
overlap. The author define this specific regime as the "incipient regime" between a semi-
classical and a fully quantized regime [33]. Therefore, the observable transitions are reduced

to the semi-classical CR formula 5
E=n2, (1.22)
mc

where m, is called the cyclotron mass and is defined as followed [43]:

h? 9A )

Me = 27 OF where A = rtk%, (1.23)
with kr being the Fermi wave-vector. In the case of a purely parabolic band we have E =
1K ivin oF _(L1OE = s Therefore, we obtain m, = m™* so the cyclotron
2m V8 54 T \ w2 ety 27Tm* ’ ‘c y
mass would be constant and inherent to the material. On the other hand, for a purely linear

OE (1 OE hop W0} E
band, E = hork so 54 = <;m)k—1@ = % = ﬁUFF which finally gives m, = 0—5 Itisa

general result for Dirac materials that the cyclotron mass depends on the Fermi level and it
is also the case for HgTe QWs as we will see later. This gives another leverage of frequency
tunability of the radiation. It is indeed possible to modulate the Fermi level position through
the carrier density. This is exactly what has been demonstrated in [33], where they studied
8 different QWs featuring 8 different electron concentrations. Thanks to a unique Landau
emission set-up (that will be described in details in the next chapter), they first showed
that these structures can emit an intense THz radiation, tunable in magnetic field in great
accordance with Eq. (Figs. and c). One can see that the frequency range covered
by the emission is exactly in the THz gap as it extends from 500 GHz to more than 2.5
THz. Furthermore, they successfully demonstrated that the slope of the CR is different from
one sample to another (Fig. [1.I1k) and they could extract each corresponding cyclotron
mass. Figure shows a plot of these experimental cyclotron masses versus the carrier
density of the QW (determined by analysis of the Shubnikov-de Haas oscillations in the
magnetoresistance). It is compared with the theoretical prediction of the BHZ model and it
shows an excellent agreement. It is a very important result because it opens the way to an
electrically tunable CR THz source, based on these HgTe QWs. Indeed, it could be possible
to directly modulate the carrier concentration in a single QW by the mean of a gate effect.
This is one of the first results that I obtained during my thesis work and that I will present
in

The authors evaluated the conditions required for the streaming motion regime to es-
tablish and a possible LLs population inversion to take place [33]. One express the optical
phonon velocity and the time-of-flight for one carrier to reach the optical phonon energy as
[44]:

Vopmc 2hwop
Top — T and Vop — mc , (1.24)
where Tiw,p ~18.5 meV in HgTe QWs and E is the electric field applied on the sample. As
V.
mentioned earlier, one should have 1 < % <2. This condition allowed the authors to

estimate that a streaming motion could occur in their HgTe QW for a minimal value of E
~ 2 000 V/cm and a magnetic field value around 0.5 T. In order for the streaming motion
to take place, we should also have T > T,,, where 7 is the transport momentum relaxation
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Figure 1.11: Landau emission results obtained on HgTe QWs.

(a) Waterfall plot of emission spectra obtain on one HgTe QW. The magnetic field is scanned
while the detection energy is fixed. (b) Evolution of the cyclotron mass for two different
well thicknesses (solid lines). Experimental points extracted for 8 different samples were
plotted on top (numbered circles) for comparison. (c) Extracted emission maxima plotted in
the energy/magnetic field plane, for the 8 different QWs. Adapted from [33].

time. This implies that the sample should have an electron mobility of the order of 2x10°
cm?/(Vs), which is the case here. Even if the required electric field value is close to the
substrate breakdown limit, it could still be achievable with an adapted processing like a
submillimeter-sized grating [33].

One have to point out one very important drawback with the use of II-VI alloys. These
are materials that are very sensitive to temperature. Indeed, due to its low boiling tem-
perature, mercury atoms can migrate and create vacancies in the structure, hence totally
changing the properties of the material. Moreover, the band-structure itself is tempera-
ture dependent. It has been shown that it is possible to close the topological gap of a bulk
HgCdTe sample by increasing temperature [36]. This temperature sensitivity renders any
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1.4. The Dirac materials class for Landau emission 29

room-temperature applications impossible and complicates all cleanroom processes, as they
must be carried out at temperatures below 80 °C. Therefore, it would be beneficial to in-
vestigate Landau emission in Dirac fermions hosted by another semiconductors family, like
the III-V one where the temperature sensitivity is way lower and the technological process
knowledge is mature.

1.4.3 The lll-V familly

Less than five years after the discovery of the QSHI phase in HgTe QWs, it has been theo-
rized and experimentally evidenced that a similar phase should take place in bro-
ken gap InAs/GaSb QWs. However, the topological gap remains very small compared to
the one in HgTe and the effect is therefore very fragile. It is only in 2018 that researchers
proposed a new geometry of III-V based QWs (namely trilayers QWs as depicted on Fig.
[1.12a) which could host a QSHI phase with a large gap, reaching 60 meV [47]. In this paper,
the authors also predicted the existence of a Dirac fermion phase, featuring a 2D Dirac cone
for specific growth parameters (see Fig. [1.12b).

It has soon be experimentally confirmed that these III-V heterostructures can host a Dirac
fermion phase, thanks to magneto-transport and magneto-absorption measurements
49]. Moreover, the same team also demonstrated that the band-structure of these materials
was not affected by temperatures up to 100 K [50], thus validating the robustness of these
alloys compared to the II-VI ones. Therefore, the III-V semiconductor family seems to be
very promising for Landau emission and we will see preliminary results in
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Figure 1.12: (a) Sketch of the III-V based trilayer. It is composed of an InAs/GaSb/InAs well
embedded in AlSb barriers. (b) 2D plot of the Dirac cone in the plane of the well. Adapted

from [47].
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1.5 Alaser without population inversion: the polariton laser

In the previous section, we identified a certain numbers of difficulties to achieve a popu-
lation inversion using a streaming motion effect. In particular, the need for high electron
mobility devices and the use of intense electric fields are quite limiting. It is thus interesting
to look for another physical mechanism that could lead us to a CR-based stimulated emis-
sion without facing these drawbacks. Therefore, the object of this section is to describe a
totally different laser mechanism, which does not imply the use of strong electric fields.

It is based on strong light-matter coupling, namely polariton quasi-particles, and it does
not involve a population inversion like with conventional Landau lasing effect.

1.5.1 Strong light-matter coupling

The strong coupling regime is characterized by a reversible exchange of energy between a
material oscillator and an electromagnetic mode. In the weak coupling, light and matter
interact in an irreversible way, meaning that after interacting, either the material or the elec-
tromagnetic mode dephases, though its environment, before eventually interacting again
[51]. It is the case, for example, in a conventional laser where a photon is emitted from a
material resonance, then dephase inside the cavity before interacting again with the ampli-
tying medium. These situations are very well described by the well known Fermi Golden
Rule (FGR) approximation [51].
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Figure 1.13: Strong coupling between QWs’ excitons and optical cavity mode.

(a) Sketch of the device used to observe the strong coupling between an optical cavity mode
and excitons in several QWs. Adapted from [51]. (b) Reflectivity spectra obtained on the
sample, for different cavity detuning. (c) Extracted reflectivity minima plotted versus the
cavity detuning, exhibiting a clear anti-crossing. Adapted from [52].

On the other hand, if a single material oscillator interact and a single electromagnetic
mode interact in a reversible way, we enter what we call the strong-coupling regime [51]].
It is possible if the energy exchange rate between light and matter (given by the coupling
strength or Rabi frequency) is higher than the losses rates [53]]. Therefore, the two systems
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1.5. A laser without population inversion: the polariton laser 31

cannot be considered separately and the FGR is no longer the viable approach to describe the
system. A full resolution of the problem is needed and it leads to new mixed eigenstates that
we call polaritons [53]. To achieve this strong coupling regime, it is necessary to overcome
as best as possible the losses and therefore high quality factor’s cavities are needed.

One of its first experimental realization was done in 1992 between excitons confined in a
QW and the optical mode of a cavity [52]. Figure sketched the geometry of the sample
used to demonstrate this strong coupling. It is made of several AlGaAs QWs embedded
between two Distributed-Bragg-Reflectors (DBRs) made of the stacks of AlGaAs/AlAs lay-
ers. The authors took advantage of the growth in-homogeneity between the edge and the
center of the cavity as a leverage of detuning of the optical mode compared to the QWs
mode. Figure shows different reflectivity spectra obtained for different detuning. The
cavity mode is approaching the QW mode but it never cross, leading to what we call an
anti-crossing (highlighted in Fig. [1.13c) which is one of the main characteristic features of
the presence of a polariton. From this anti-crossing, one can extract the value of the Rabi
splitting, which is given by the energy difference between the photon energy and the matter
oscillator’s one at resonance. In Fig. one can estimate it to be around 4 meV and itis a
way to quantify the strength of the coupling.
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Figure 1.14: (a) Energy dispersion of the polariton branches, along with the bare exciton
and cavity mode ones. (b) Evolution of the different matter/light fractions in the polaritonic
branches. (c) Falsecolor mapping of the electroluminescence of the semiconductor micro-
cavity depicted Fig. [I.13p. Adapted from [51].

A simpler way to tune the optical part is to change the angle of the incident light. Indeed
it can be shown [51] that the planar cavity mode dispersion is given by

_ he 2pm 2 ’
Ec= o <m> +kH, (1.25)

where L, is the cavity length, n the optical index of the material, p > 1 an integer and k\l
the wave-vector component in the QW plane, which is linked to the incident light angle.
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The energy dispersion of the polariton can be described by the following Hamiltonian [51]

. hQ)
Ex +iyx —
H= 2 , (1.26)
hQ )
7 EC + yc

where Ey is the exciton energy, () the Rabi splitting and yx (resp. yc) the linewidth of the
exciton (resp. optical) resonance. This Hamiltonian can easily be diagonalized and it will
give rise to two new eigenstates that we call Upper Polariton (UP) and Lower Polariton
(LP) the dispersion of which is depicted on Fig. [I.14a. We retrieve the anti-crossing pattern
with a gap given by the Rabi splitting. Figure [1.14c displays a falsecolor mapping of the
electroluminescence of the AlGaAs-based microcavity and it shows an excellent agreement
with the theoretical model.

What one can also derive is the light/matter fraction of each branch. Indeed, polaritons
are mixed particles and we can therefore define a fraction of exciton or photon for each
state. Figure displays the computation for the lower branch and one can notice that
the bottom of the LP branch is almost only photonic, which will play an important role in
the polariton lasing effect.

1.5.2 Polariton laser

Exciton-polariton laser was first theorized in 1996 [54], the principle being sketched in Fig.
[I.I5a. The sample is first pumped, optically or electrically, at very high energies, well above
the QW levels. It creates an electron-hole reservoir that will relax through phonon emis-
sion. The carriers will then start to populate the excitonic part of the LP branch and finally,
by several mechanisms like phonon-polariton or polariton-polariton scattering events, they
should relax towards the bottom of the LP branch [51]]. Since polaritons are made of bosonic
particles, it is itself a boson and hence obey the Bose-Einstein statistics. Therefore, the k=0
state population can potentially become very large as long as the pump is on and at the
end, the polariton population can undergo a Bose-Einstein condensation in the bottom of
the LP branch. We can see from Fig. that the polariton states located around k=0
are mainly photonic, hence the polaritons mostly decay radiatively [51]. Therefore, we can
observe light that is emitted coherently because all the photons collected emerge from the
same polaritonic state.

The first polariton lasing effect was observed in CdTe-based microcavity in 2006 [55].
Figure displays the main results of their study. It shows the far-field emission emerg-
ing from the microcavity, for three different input powers. Below the threshold power there
is a broad and weak emission while it is intense and narrow above the threshold, witnessing
a coherent emission. The authors also made a complete characterization of the emitted light,
notably the spatial coherence, polarization and coherence lifetime [55].

To summarize, it is possible to obtain a coherent radiation out of a polaritonic system and
this without the need of population inversion. Furthermore, it was shown in another paper
[56] that the threshold power needed to achieve the lasing effect is lowered by more than
one order of magnitude compared to a classical population-inversion laser (see Fig. [1.15c).
In an electrically pumped system, it would be extremely useful because it would move the
threshold bias away from the breakdown bias of the sample.
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Figure 1.15: First evidence of polariton lasing in a CdTe-based microcavity.

(a) Sketch of the polariton laser principle. (b) Far-field emission measured for different input
powers, witnessing a condensation and a laser effect. Adapted from [55]. (c) Evolution of
the populations of LPs (dark triangles) and photons (dark circles) of the lasing mode with
respect to the injected carrier density. The inflections of the curves witness the respective
lasing thresholds. Adapted from [56].

1.5.3 Landau polariton

So far, we have only been interested in polaritonic system emitting in the IR /visible energy
range and composed of excitons as matter part. However it was proposed in 2010 that
a 2DEG CR coupled to a cavity resonator could also undergo a strong light-matter coupling,
leading to what we now call a Landau polariton. It was experimentally demonstrated in var-
ious geometries, using meta-materials like split-ring-resonators (SRRs) (see Fig. [1.16p)
or conventional DBR-based micro-cavity more recently (see Fig. [1.16f).

In these experiments, the magnetic field is used to tune the CR of a 2DEG. When it gets
close to the resonator’s energy, there is an anticrossing (see Fig. and d), witnessing the
presence of a polaritons. The initial idea of these studies was to reach a new light-matter
interaction regime, the ultra-strong coupling [57], characterized by a Rabi splitting that is
of the order of the light/matter excitations. Indeed, as seen on Fig. the resonators are
designed to have modes in the THz range and the Rabi splitting achieved are around several
meV. Therefore, one can reach reduced Rabi splittings of almost Q2/w =1 [58460], where w
is the resonator’s frequency. This was made possible by significant technological advances
that enabled the resonances of the resonators to be lowered to the THz range [61-63]. It also
required ingenuity to adapt DBR-based microcavities to this energy range, using stacks of
Silicon and air layers [59].

The Landau polariton presents characteristics that differ markedly from those of the ex-
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Figure 1.16: Experimental signatures of Landau polariton in two different geometries.

(a) Sketch of the device which consist of a multiple GaAs QW on top of which is deposited
a SSRs golden pattern that acts as a light resonator. (b) Time-Domain-Spectroscopy (TDS)
magneto-transmission measurements highlighting the anti-crossing when tuning the mag-
netic field. Adapted from [58]. (c) Sketch of the device which consists in a 2DEG embedded
in a DBR-based micro-cavity. (d) Magneto-transmission measurements also displaying an
anti-crossing, along with a theoretical analysis. Adapted from [59].

citon polariton, in particular through the absence of a pronounced minimum in its energy
dispersion. This distinctive feature implies that Bose-Einstein condensation and lasing phe-
nomena may follow alternative mechanisms compared to conventional exciton—polariton
systems. Interestingly, as shown in several studies, polariton accumulation and coherent
emission can occur even away from an energy minimum. For instance, the well-known bot-
tleneck effect, which arises at a minimum in the density of states due to the short radiative
lifetime of polaritons compared with other scattering processes [64-67], can lead to polariton
lasing away from the k = 0 point, forming so-called ring condensates [68]. More generally,
various systems could lead to a polariton laser effect by optical selectivity, in a photonic
bound states in continuum or topological photonic systems for example [69].

However, no polariton laser in the THz range was reported so far and we will explore

this possibility in
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1.6 Overview of the manuscript

This manuscript will be structured as follows. After detailing the experimental and nu-
merical methods that I used during my PhD thesis (chapter 2), I will focus on the Landau
emission in HgTe-based structures (chapter 3). In this chapter, I will demonstrate the pos-
sibility to have an electrically tunable cyclotron source, based on the Dirac nature of the
material. I will also present results in a strong crossed electric and magnetic fields and show
some limitations in the use of semiconductors of the II-VI family. In this sense, [chapter 5 will
explore many possibilities through different III-V materials, less sensitive to temperature. I
will present results on an InSb-based QW which features high non linearity in its band struc-
ture, a GaAs-based QW which hosts a very high carriers mobility, before characterizing a 3D
topological structure based on a InAs/GalnSb superlattice.

Finally, will be the core of this manuscript and aims at exploring the possibil-
ity of having a stimulated emission from these HgTe-based structures without the need of
population inversion based on a strong electric field. In this chapter we show the electrolu-
minescence of Landau polaritons and demonstrate that it is close to a lasing thresholds. We
also propose several ways of improvement that could lead us towards a polariton stimulated
emission.

I will naturally end this manuscript with a general conclusion and a summary of all the
perspectives that were identified.
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The idea of this chapter is to detail the methods, both numerical and experimental, that
were used during my PhD thesis. I will first present the well known Bernevig-Hugues-
Zhang (BHZ) model, describing the band-structure of the HgTe-based QWs. I will then
detail the magneto-spectroscopy experimental set-up that we used to characterize the sam-
ples. I will finish by presenting the unique Landau emission set-up that was central in my

PhD work.
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2.1 The BHZ model, a very useful tool

Initially developed by Bernevig, Hughes and Zhang in 2006 [41], the BHZ model is an ef-
fective four-band Hamiltonian that describes HgTe-based QWs. As we will see later on, it
accurately describes the low-energy band structure and since it is analytic, it is a very useful
tool to capture different other properties of the QW.

2.1.1 Band dispersion calculation

Starting from a six-band model, composed of the I' and I's atomic bands, it leads to two
sets (spin up and spin down) of QW bands: E1, H1 and L1 [41]. It has been shown that
the L1 band is separated from the two other and we can therefore neglect it, leaving an
effective four-band model [41]. By symmetry considerations under a two-dimensional spa-
tial reflection, it is possible to express the general form of the Hamiltonian, in the basis of
|E1l,m; =1/2), |El,m; = —1/2), |H1,m; = 3/2) and |H1,m; = —3/2), as

H(k 0
Hppiz (kv ky) = ( é ) H*(—k)> , @.1)
where H(k) = (C — Dk?)op + (M — Bk?)o: + A(ky0x + kyoy) can be written as:
[ C+M—(D+B)k? Ak ¢
H(l) = < Ak C— M~ (D-B))k ) / 2.2)

withk = (ky, ky) being the in-plane momentum and k+ = ky £ik,. A, B, C and D are param-
eters depending on the growth parameters such as the QW width, the barriers composition
or the strain [41]. The M is the mass or gap parameter which is the energy difference be-
tween the E1 and H1 bands at the center of the Brillouin zone. The diagonal form of the
matrix comes from the inversion symmetry and axial symmetry of the material [41]]. This
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Figure 2.1: Results of the fitting procedure for (a) a gapless QW and (b) a gapped QW. The
green curves were obtained by setting B = D = 0 from the BHZ model, in order to retrieve
the Dirac model. Adapted from [33].

Hamiltonian can be exactly diagonalized and it gives the following eigenenergies

Eo(k) = C — DK + 51/ (M — Bk2)? + A2, (2.3)
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where s = +1 (resp. —1) stands for the conduction (resp. valence) band, the two bands
being spin-degenerated. One can notice that if we set B = D = 0, one retrieves the band
dispersion of a massive Dirac fermion. Therefore, the quadratic terms of the BHZ model are
specific to these HgTe QW and will play an important role as we will see later on.

A procedure has been developed in [33] to evaluate the BHZ parameters. The idea is to
use a realistic 8-bands k-p calculation based on the six initial bands within the Kane model to
compute the band-structure of the material. The parameters are then determined by fitting
the obtained curves with equation Figure [2.1] shows the results of the fitting procedure
for one gapless and one gapped QW. One can see that the conduction band (CB) is very well
reproduced by the model and that there is a good agreement at low energy for the valence
band (VB). The corresponding parameters are summarized in Table 2.1|[33]].

The BHZ can accurately reproduce the CB of HgTe QWs and as discussed in the In-
troduction, it features a highly non-parabolic dispersion, with additional quadratic terms
compared to a purely graphene-like dispersion. As we will now see, this model allows us
to compute other very useful quantities, namely the cyclotron mass and the LLs dispersion
when a magnetic field is applied.

d C M A B D
[nm] X [meV] | [meV] | [meV-nm] | [meV-nm?] | [meV-nm?] 8e &h
6.2 | 0.65| -26.5 0 375.8 -634.4 -451.6 59.15 | 2.43
8 0.8 | -32.8 | -12.7 353.3 - 828.5 -645.4 44.04 | 2.41

Table 2.1: BHZ parameters obtained from the fitting procedure described in the main text. x
is the Cd content of the Hg;_,Cd,Te barriers.

2.1.2 Cyclotron mass

As discussed in the Introduction, the high non-parabolicity of the HgTe QW’s band-structure
induces a large dependency of the cyclotron mass with the position of the Fermi level. Using
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Figure 2.2: Predictions of the BHZ model.
(a) Evolution of the cyclotron mass with the carrier density, for a gapped QW (second row of
table 2.1). (b) Evolution of the corresponding CR frequency, for two magnetic field values.
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equation one can inject the BHZ formula [2.3| to compute the corresponding cyclotron
mass. One easily obtains

72\ (M — Bk3)2 + A2
$ [A2 —2B(M — BK2)] — 2D\ /(M — BR3)2 + A%k

— (2.4)

where kr is the Fermi momentum and can be computed as follow for a 2D system kr =
V/27tns, ns being the carrier concentration.

This formula was used to predict the evolution of the cyclotron mass of the 8 nm HgTe
QWs with their respective electron densities in Fig. [I.1Tb. It is plotted in Fig. for the
gapped QW of table 2.1|and one can see that the mass increase is very large. For a carrier
density ranging from 1 to 6x10''cm ™2, the cyclotron mass would go from 0.01m, to 0.02m,.
Figure shows that it would imply a CR emitting frequency range from 1 to 4 THz for
reasonably low magnetic field values, totally achievable with standard permanent magnets.

2.1.3 Landau-level calculation

It is also possible to compute the LLs fan chart with the BHZ model. To take into account
the effect of a magnetic field oriented perpendicularly to the QW plane, one should perform
A
Peierls substitution [33]], namely k — k + % where A is the vector potential so that B =

V x A. As detailed in [70], it implies the following transformation:

k. — V2 V2 e L2 (a*a + 1) , (2.5)

I Iy 2 2

no . At/
where 13 = g 1S the magnetic length and 4" /4 are the standard ladder operators. One also
have to take into account Zeeman splitting, with the following additional term

ge 0 O

0
B|o 0 0
Hzeeman = _ﬂg 0 goh 0

00 0 -g

, (2.6)

i being the Bohr magneton and g. and gj, the effective out-of-plan g-factors of the E1 and
H1 bands. Finally, the LLs matrix takes the following form

2(D 1 2
C+M—%(n+§) \/Z—A\/ﬁ

HLL = B B + HZeeman/ (2-7)

ﬁA\/ﬁ com AD=B)( 1

Iy 2 2

where n > 0is the LL index. For the n = 0 term, the matrix becomes
(D + B)
C+M—-—~——+= 0
Hé(z) = l% + HZeeman~ (2'8)
0 C—M
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Those two matrices can be analytically diagonalized and we obtain:

( (£ _2Dnj:l3j:ge—|—gh

e, = C 2 1 upB
2
TN VI ghVBB_2Bn2:I:D> Zn;l
I I (2.9)
D+ B
e(()+) - C+ M- ;2_ —l—%]«lBB
B
_ D-B
eé) = C-M-— z —g?hyBB

Figure displays the 40 first LLs of the CB and VB of a gapped HgTe QW. Unlike in
graphene, there is a strong spin-splitting, coming from the large spin-orbit coupling in
HgTe. As mentioned earlier in the Introduction, this LL fa chart has an in-between behav-

ior between linear a square-rootish evolution in magnetic field. The eéi) levels are called
"zero-mode Landau levels" and they have the particularity to disperse with magnetic field,
compared to graphene. They are represented in grey on Fig. 2.3a. All these specificities

participate in the Auger scattering suppression in these structures.
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Figure 2.3: LLs fan chart computed via the BHZ model.

(a) The 40 first LLs are computed. Spin up (resp. down) are plotted in solid (resp. dashed)
lines and the CB (resp. VB) levels are plotted in blue (resp. red). The zero-mode LLs are
plotted in grey. (b) Evolution of the Fermi energy with magnetic field for electron densities
of 3 x 10" em~2 and 5 x 10! cm~2 (resp. purple and magenta lines). The LLs of the CB are
plotted in black thin lines.

2.1.4 Fermilevel position

A standard information that we can access with the LLs fan chart is the position of the
Fermi level with respect to the magnetic field. The first step is to compute the 2D Density of
States (DOS) at a given magnetic field value. It can be approximated by modeling the LLs
broadening by a Lorentzian function as

B B r/2
Dop(E) = %;5(15 —Ey) = %%‘, = EN)/2 f(r/z)z’ (2.10)
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where the sum is made over all the LLs of the CB and I is the LLs broadening. From this we
can compute the Fermi energy by minimizing the following quantity

eB
where 1,y is the experimental carrier density and v(E) the filling factor at a given energy ,
i.e., the number of LLs filled under an energy E. It is expressed as follows

v(E) = % /_Eoo Dyp (E)dE = ; B + %arctan (EF_/IZSN” : (2.12)

Figure shows the evolution of the Fermi energy with respect to magnetic field obtained
by this method, for a broadening I' = 1 meV and for two electron densities of 3 x 10'! cm~?2
and 5 x 10" cm™2. Knowing the position and evolution of the Fermi level will prove to be
very useful in the following.

2.2 The Transfer-Matrix-Method

In the following chapters, we will need to compute the energy position of optical cavity
modes in a 2D planar vertical geometry. The Transfer-Matrix-Method (TMM) is very useful
and easy to implement for this purpose. We will briefly detail it in this section and give some
examples for simple cavity and Tamm cavities. The following description can be found in
[71].

We consider a dielectric multi-layer environment, each layer n being characterized by its
refractive index n,. We work in one dimension, in the basis of the forward Ef and backward
E, electric field, of respective u, and w, complex amplitudes for the wave that enters the n'"
layer. A sketch of the problem is represented on Fig.

(n-1)t* layer of index n,, ,
and thickness e,

nt" layer of index n,
and thickness e,

(n+1)™ layer of index n,.,
and thickness e,

(Ef, Un) (Ef’ un+1) (Ef, UH+2)
EE—— EEEE— E—
4+— 4 4—
(Eb’ Wn) (Eba Wn+1) (Eb, Wn+2)

—» than —p tina

Figure 2.4: Conventions for TMM calculations.
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We can then formulate the problem as follows

Up Up41
=M , 2.13
(an) =20 (2r2) @12

with M,, being the transfer matrix for the n*/* layer. It is the product of a propagation matrix
P, and an interface matrix I, which are given by:

e tknen 0 1 1 —r
P, = . and I, = ntln > , 2.14
! < O elkne”> ! tn,n-l—l (rn/n—'_l 1 + rn/n+1 + r?’l—'—l,l’l ( )

where e, is the thickness of the n'* layer and rij and t; ; are respectively the reflection and
transmission coefficients at the i/j interface and can be expressed (at normal incidence) as:

2 .
and i

ni—Tl]'—Zo(T
Tli—l—n]'—l—ZOO' Z’]_i’li—l—nj—l—ZOO',

1’1'/]' = (215)

where Zy ~ 377 () is the free space impedance, ¢ a possible surface conductivity at the in-

1.0 T : : : : 1.0
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Figure 2.5: Example of reflectivity spectra computed with the TMM method. (a) Spectrum
computed for a simple cavity (see geometry in insert) composed of a 25 ym thick layer of
GaAs on top of a gold layer. (b) Spectrum computed for a Tamm cavity which consists on a
simple cavity on top of which is deposited a DBR-like mirror made of GaAs/air.

terface and 1;/; the refractive index of the layer i/j. We can finally access the total reflectivity
and transmission of the multi-layer by computing the total transfer matrix:

T\ _ scor [t : tot _ N
(r) = M (o) with  M" _10]:[1\/1”, (2.16)

Ip being the incident intensity and therefore:

2 2

tot

1
- [

tot
MO,O

n
; and T = N+
ot n.;
0,0 air

(2.17)

We can now compute the reflectivity spectrum for various cavity geometries, as summarized
on Fig. where a simple cavity geometry and a Tamm geometry were considered. This
method will be very useful in when we will study the light-matter interaction in
our structures.
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2.3 Basic transport characterization

In this section we will briefly present the electrical transport methods that we used to de-
termine basics properties of the samples, namely their carrier density and electron mobility.
Figure 2.6/shows a sketch of the sample geometry used for these characterizations.

1 2
B
O,

4 3

Figure 2.6: Sketch of the sample’s geometry for the transport characterizations.

Four Indium contacts (golden squares) are welded at the corners of the sample. The sample
is then inserted in a cryofree cryostat, allowing to work at 10 K and under a magnetic field
up to 0.5 T via the use of an electromagnet.

We first perform Hall effect measurement to determine the carrier type and density ng.
It is given by the following formula

B 1

n = - = —,
* T 4Ry Ky

(2.18)

where g is the carrier charge, Ry the Hall resistance, B the magnetic field applied (0.5 T for

our experiments), Ky = =8 the Hall coefficient. To maximize the precision of the measure-

ments, Ry was obtained by computing the mean of R34 and Ry 13 with injection currents
of £10 uA and £100 A to suppress any thermo-electric effects (8 terms in total). The fol-
lowing convention was adopted: R;j is the resistance between contacts i and j when the
current is injected from k to [.

Another way to have access to the electron density is to study the quantum oscillations
of the magnetoresistance, namely the Shubnikov-de Haas (SdH) oscillations. If we call A the
period of these oscillations (in T~!), the electron density is given by

2e
hA'
where h is the Planck constant and for a spin-degenerated system.

We can then perform Van der Pauw (VdP) measurements to determine the QW sheet
resistance. It is given by the following formula [72]

ng = (2.19)

(2.20)
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where Rg is the sample’s sheet resistance (in (2/[]) and R the average value of Ry423, R4312,
R3p 41 and Ry43 once again for four injection current values.
Finally, one can have access to the sample’s mobility by combining the two last quantities
1 Ky
qnsRs  Rs

U= (2.21)
One should note that no correction factor was introduced in the VdP formula to take into
account the shape of the sample. Therefore, the mobility value should be taken as an order
of magnitude more than a precise value.

2.4 Basic THz characterization

The most basic and easy-to-do optical characterization that we could perform is room-
temperature Time-Domain-Spectroscopy (TDS), without magnetic field. We do it thanks to
a commercial Terapulse 4000 experimental set-up of the Teraview brand, that can be settled in
a transmission or reflectivity mode. The TDS principle is sketched on Fig. A broadband

Sample

THz Beam 2 >
E'Efe.lence(f) Esamp.'e( t)
Femtosecond ' N L
laser pulse
Emitter
| = Femtosecond
laser pulse Detector

Figure 2.7: Sketch of the Time-Domain-Spectroscopy experimental set-up in transmission
mode. Adapted from [73]

THz beam is generated from an emitter submitted to a femtosecond pulsed laser. The beam
is then guided through the sample of interest and the signal emerging from it is in turn
guided to a detector. Emitter and detector works on the same principle and are synchro-
nized via the pulsed laser. Note that some additional mirrors are present when the set-up
is in reflectivity mode. The absorbed spectrum is retrieved by taking the numerical Fourrier
Esumple (t)

Ereference (t) .

This set-up allows us to have rapid optical response of our samples and will prove itself
very useful at characterizing the modes of our resonators (see following chapters).

transform of the ratio
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2.5 Magneto-spectroscopy experimental set-up

The first experimental tool that is typically used to characterize the samples is a magneto-
spectroscopy set-up. It allows one to have a very good understanding of the LLs energy
landscape of the material and proves very useful in order to interpret further emission re-
sults. Measurements have been performed both in Montpellier at Charles Coulomb labora-
tory and in Grenoble where I was hosted by the National Laboratory of Intense Magnetic
Fields (LNCMI). I will present the general principle of these set-ups, even though some
characteristics may differ from one lab to the other.

2.5.1 Transmission configuration

FT Spectrometer

Wave guide

_| l
Preamplifier | |  |[ |--—-- - ---- VTI

Temperature
controller

Compensating :r
coil ~~°°°°

Cryostat

Figure 2.8: Sketch of the magneto-transmission experimental set-up.

The set-up is composed of a FTIR spectrometer coupled to a 16 T cryostat. The light is guided
to the sample via a wave-guide. The transmitted light is detected by a bolometer located at
the bottom of the cryostat.
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To perform spectroscopy in the THz/MIR energy range, the Fourier Transform Infrared
(FTIR) technique is widely used. It allows one to have a very broad range of spectroscopy.
Figure 2.8|displays a sketch of a typical magneto-transmission FTIR-based set-up. It is com-
posed of a Fourier Transform (FT) spectrometer and a source that will generate a THz/MIR
radiation. This radiation is guided toward a wet liquid Helium (LHe) cryostat that hosts the
sample and the superconducting coils. The sample is at the center of a first coil that creates
the Landau quantization. The sample is inserted in the cryostat via a Variable Temperature

FT Spectrometer

a Preamplifier ——

| / \ External

bolometer !
— '
| C | il
External cryostat
———————— ---- VTI
Temperature
controller

-----Sample

- r
Compensating :
coil ~~~—°°°

Cryostat

Figure 2.9: Sketch of the magneto-reflectivity experimental set-up.

It is composed of a FTIR spectrometer coupled to a 16 T cryostat. The light is guided to the
sample via a wave-guide. The reflected light is guided outside of the cryostat thanks to an
additional bean-splitter. The light is detected by an outside bolometer, cooled down by its
own cryostat.

Insert (VTI) that allows to control the working temperature. The light goes through the ma-
terial and hits a bolometer, separated from the rest of the cryostat by a diamond window.
The bolometer is thus isolated from the VTI insert and stays at 4.2 K. It is also decoupled
from the sample’s magnetic field thanks to a compensating coil. The bolometer’s output
signal is then processed by the FT spectrometer and acquired by a software. Note that I also
used the LNCMI-Grenoble laboratory facilities that owns a slightly different experimental
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set-up. Namely, there is no compensating coil so the bolometer is influenced by the magnetic
tield, but this is taken into account in the data processing part.

To process the data we perform the following protocol. The transmitted output signal
can be expressed as follows

Ttotal (wr B) = H(w)Tsample(w/ B)/ (2-22)

where H(w) is only a function of frequency and represents the different contributions of
the source, the experimental set-up or the bolometer’s responsivity. The signal of interest
is Tsampie(w, B), which is the transmission of the sample at a given frequency and magnetic
tield value. Therefore, it is very convenient to represent the following quantity

Tsample ((U, B)

T(w,B) = :
(. B) Tsample(w/B:())

(2.23)

This way we have access of the normalized transmission of the sample for different fre-
quencies and magnetic field values, without being bothered by frequency fluctuations of
the source, the bolometer or any other component.

2.5.2 Reflectivity configuration

Transmission experiment are possible only when we deal with transparent or thin samples.
When it is not the case, we can use the same spectroscopy set-up but in a slightly different
operation mode. Figure 2.9sketchs the experimental set-up in the reflectivity configuration.
The only thing that differs from the transmission configuration is that we are now interested
in the light reflected at the surface of the sample. It is guided outside of the wet crysostat
via an additional beamsplitter and it finally goes into an external cryostat hosting a second
bolometer.

2.6 Landau emission experimental set-up

The main experimental set-up that was used during my PhD is the Landau emission spec-
trometer, of the TEST team in Montpellier. It is a quite unique set-up, as it is one of the
only ones remaining is the world. We will begin with a general overview of how the set-up,
before detailing two critical components that are the detectors and the detection blocks.

2.6.1 General overview of the spectrometer

Figure displays a sketch of the Landau emission experimental set-up. It is composed
of three superconducting coils embedded in a wet LHe cryostat. Both the sample and the
detector are mounted on the same insert that goes inside the cryostat. They are linked to-
gether by a copper-based wave guide. The sample is located at the center of a upper coil
that creates the LLs dispersion. The detector is located at the center of a lower coil that is
used to tune the energy window of the latter, as will be detailed in the following. The third
and last coil is there to decouple the two first magnetic fields from each other. There are two
possible operating configurations. The first is to sweep the magnetic field on the sample
while keeping the magnetic field on the detector fixed. This way, we can have access to the
magnetic field dependence of a phenomenon at a given energy. The second operating mode
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Figure 2.10: Sketch of the Landau emission experimental set-up.

It is composed of a three-superconducting-coil system, embedded in a wet LHe cryostat.
The sample is excited with short electric pulses. The emitted light is guided through an
inside bolometer. The signal is then amplified processed by a detection block.

consists in sweeping the magnetic field value on the detector while keeping the one on the
sample constant. We have thus access to the full spectrum at a given magnetic field.

The sample is electrically excited by short voltage pulses, creating an out-of-equilibrium
distribution of electrons in high index LLs, well above the Fermi energy. The typical width
of the pulses is ranging from dozens of ms to dozens of ys, depending on the sample and the
pulse’s amplitude. The latter can be set from a few Volts to 200 V peak-to-peak thanks to two
coupled 8114a Keysight Agilent pulse generators. The samples are electrically bounded via
Indium welding. It is a simple way to achieve good Ohmic contact as the Indium diffuses
throughout the whole structure.

The output signal of the bolometer is send to a X100 NF Electronic Instruments low-noise
pre-amplifier and then processed by the detection block. It can be either a lock-in amplifier
block or a box-car-averager as we will detail later on. The final signal is acquired by a
computer though a Labview software.

All the measurements are performed at liquid Helium temperature at 4.2 K.
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2.6.2 Different detectors

During my PhD, we used two different detectors, one made of InSb and the other of GaAs.
They are both photoconductive detectors and offer complementary characteristics in terms
of resolution and detection range.

The first and mainly used detector is an InSb hot electron bolometer commercialized by
QMC Instrument Ltd. Its photoresponse has widely been described in [74, 75] and is sum-
marized Fig. It displays the photoresponse of such a detector for two laser frequencies
(blues lines) as a function of magnetic field and for 4.2 K. One can see two resonances, com-
ing from an intraband LL transition and its associated impurity-level transition (see sketch
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Figure 2.11: Characteristics of the InSb detector used in Landau emission.

Photoresponse of the InSb detector as a function of the magnetic field (blue curves, right
axis), for two different frequencies. The frequency dispersion with magnetic field is also
plotted (black lines, left axis). The insert sketch the two intraband LLs transitions involved
in the photoresponse, namely D; and D.. Adapted from [76].

in the insert). The magnetic field dependency of these two lines is also plotted on the left
axis and one can see that it almost follows a linear behavior. Therefore, this InSb detector is
easily magnetic field tunable between 1 and 18 meV (8 cm ! to 150 cm!). The drawback of
such a detector is inherent to the fact that two transitions exists. It limits the available res-
olution to 1 meV (8 cm~1!). One way to improve this is to reduce the working temperature.
Figure shows the photoresponse for 2 K (red dashed lines) and one can see that the D"
transition becomes frozen, thus increasing the resolution to 0.25 meV (8 cm~1). However,
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since our set-up does not allow us to cool down to 2 K, this is not a viable solution. Another
drawback to this detector is the the intrinsic Restshtrahlendband that hinders any detection

above 22 meV [77,[78].
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Figure 2.12: Characteristics of the GaAs detector used in Landau emission.
Photoresponse of the GaAs detector as a function of frequency (blue and red lines, right
axis), for two different magnetic field. The magnetic field dispersions of the three resonances
are also plotted (dashed lines, left axis). Adapted from [76].

One way to cope with this low resolution is to use the other detector. Indeed, thanks
to decades of studies and improvements, GaAs is the material that can reach the highest
mobility at cryogenic temperatures [79]. Its photoresponse with magnetic field can be found
in [80, 81], and Fig. summarizes its main features. When submitted to a magnetic field
(red curve), the dominant resonance splits into three peaks and the broad-band tail vanishes
(see blue curve for the zero field response). One can see that the three transitions are really
sharp, their linewidths reaching 0.025 meV (0.2 cm~!). Figure also depicts the magnetic
tield tunability of each peak, which is also linear, making GaAs suitable to a magnetic field
detection energy control. However, since there are three resonances, this kind of detector is
only suited to a range above 6 meV (50 cm~!) where only the third peak is present. It was
also shown that the transition can be followed only up to 14 meV (110 cm™1).

To summarize, we use an InSb bolometer for a broad-range characterization but with a
poor resolution while we switch to the GaAs detector to study fine spectral response but
on a narrower energy window. Note that the sensitivity of the two detectors is comparable,
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with a nominal value of 10° V/W at 4.2 K.

2.6.3 Different detection methods

Let us now present the detection block. Two main methods are used and depending on the
injection conditions, it is preferable to use one or the other.

The first method is based on the well known lock-in detection principle. For that method
we used a EG&G Instrument lock-in amplifier with a 127 Hz modulation frequency, also
used as a reference for the pulse generators. Figure displays a sketch of the principle
of detection of such a method. The signal to analyze is multiplied by a reference sinusoidal
signal and a low-pass filter is then applied to retrieve the amplitude and phase of the signal
of interest. It is a very powerful detection technique and very easy to set in place. We used
it as an exploratory tool, to get information on new samples. When using a lock-in detection
technique, we typically send pulses of duration ranging from 4 to 1 ms (corresponding to
duty cycle values of 50 to 1 % respectively) and amplitude up to 20 V peak to peak. All the
emission information is typically contained in the phase signal.

Input Signal V (1)

Lock-in
Amplifier

Amplitude R
Phase ©

Reference Signal V (t)

Figure 2.13: Sketch of the principle of detection of a lock-in amplifier.

The signal of interest is multiplied by a reference signal of the same frequency. After a low-
pass filtering, it is possible to recover the amplitude and/or phase of the measured signal.
Adapted from [82].

However, this technique has a major limitation when used on pulsed experiments. In-
deed, the detection is made over the whole temporal range of the signal. Therefore, when
working with low duty cycles, most of the integrated signal will be made of noise and it
can be hard to extract the signal. Additionally, as we will see later on, when we increase the
input voltage, the sample starts to heat quite significantly. Consequently, it is beneficial to
reduce the time of the pulse in order to reduce the heating of the device. Therefore, at high
input bias, we can’t use a lock-in detection anymore as it becomes too noisy and we have to
go to a more pulsed-experiment adequate detection device.

The second detection method is a boxcar averager. For that we used a Stanford Research
Instrument Inc. boxcar. Figure shows the principle of such a detection system. It consists
in acquiring signal only during a certain time window (see center panel of Fig. 2.14). The
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output signal is given by the average of the signal contained in the boxes over a high number
of periods. It is really meant for pulsed experiments as it captures information only on the
time ranges where the input pulse is on. It is therefore possible to work with pulses times
below 1 ms. When acquiring with the boxcar averager, we typically use pulses of 3 us (duty
cycle of 0.04 %). This way, we can increase the input bias to 200 V peak to peak without
heating too much the device. One very interesting option that can be provided by a boxcar
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Figure 2.14: Sketch of the principle of detection of a box-car averager.
The signal of interest is convoluted with a box kind of signal and is being averaged over
several periods. Adapted from [83].

averager is the background subtraction. It is possible to subtract any unwanted offset by
opening a reference window in the time interval between pulses and to remove it from the
signal of interest. This way, as we will see later, we could for example remove the heating
part of the emitted signal.
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2.7 Sample summary

In this section we will summarize the different samples measured and we will give some of
their main characteristics.

2.7.1 HgTe-based QWs

During my PhD, two sets of HgTe QWs were studied. One was grown in the Institute for
Physics of Microstructures of the Russian Academy of Sciences in Nizhny Novgorod, Russia
(091222, see Table and the other one was made by the CEA-LETT at the MINATEC Cam-
pus, DOPT in Grenoble, France (28104, see table 2.2). The two growths have been done by
Molecular Beam Epitaxy (MBE) and have the same composition but are grown on different
substrates (see Fig. [2.15p) for a sketch of the growth). It is composed of a buffer that is used
to absorbs the strain relaxation between the substrate and the active layers, due to a mis-
match of the mesh mismatch. Then comes the active layers namely a first HgCdTe barrier,
a HgTe well and another HgCdTe barrier. The growth is closed with a CdTe cap layer to
protect from any adsorption at its surface.

Table2.2lsummarizes different characteristics of the wells, obtained by the electrical char-
acterizations presented earlier. One can note that the mobilities are comparable but that
sample 28104 is less doped than sample 091222.

2.7.2 InSb-based QWs

I also measured an InSb-based QW which MBE growth has been made at the Purdue Uni-
versity in West Lafayette, USA. Figure sketched the detailed growth which consists in
a buffer, a first large AlInSb barrier and then the InSb well before the other barrier and a cap
layer. A doping layer has been introduced in the second barrier to ensure the n-type of the
QW.

Table[2.2| gives different characteristics of the sample. Its mobility is much lower than the
HgTe ones but its electron density is comparable.

2.7.3 GaAs-based QWs

We also obtained GaAs-based QWs, grown by MBE at the Center for Nanotechnology and
Nanoscience (C2N), Palaiseau, France. Its structure is sketched Fig. and some trans-
port characteristic are given in Table This sample features a very high mobility com-
pared to all the other ones (> 2 000 000 cm?/Vs) and is therefore very interesting for Landau
emission measurements.

Sample name | Substrate | Carrier density [cm 2] | Carriers mobility [cm?/Vs]
091222 GaAs 7 x 1011 ~ 200 000
28104 CdTe 3 x 101 ~ 180 000
InSb QW GaAs 7 x 1011 ~ 50 000
GaAs QW GaAs 3 x 101! ~ 2 000 000

Table 2.2: Table summarizing the different samples” characteristics.
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InSb (30 nm) GaAs (30 nhm)

(@) (b) (©)

Figure 2.15: Sketches of the growth of the HgTe-, InSb-, and GaAs-based QWs.

(a) Sketch of the HgTe-based QW’s growth. The substrate’s nature depends on the QW (see
Table 2.2). (b) and (c) Sketch of the InSb- and GaAs-based QW’s growth respectively. The
dotted lines are the Si doping levels incorporated during the growth.
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3.1 Gate bias effect on the emission frequency

As mentioned previously, one of the peculiarities of Dirac fermions is the large dependence
of the cyclotron mass with the Fermi level position. Thanks to the BHZ low-energy model
we derived the precise evolution of the mass with the electron density, for HgTe QWs (see
equation 2.4). We also saw in the Introduction that there is a perfect agreement between the
experimental mass derived from the slope of the CR and the BHZ model, when studying
different QWs with different electron densities [33]. The idea of this section is therefore to
demonstrate the possibility to use this Dirac fermion special feature to develop a potential
source, tunable over the whole THz gap with a reasonably low static magnetic field. In-
deed, it is possible to control the carrier density within one single QW, by means of a gate
voltage. All the results presented in this section have been published during my thesis and
can be found in Gate tunable terahertz cyclotron emission from two-dimensional Dirac fermions, B.
Benhamou—Bui et al., APL Photonics 8, 116106 (2023) https://doi.org/10.1063/5.0168578.

3.1.1 Device presentation

Due to the need for rather low (< 80 °C) working temperature to prevent atom migration, it is
quite difficult to develop any technological process on Hg-based heterostructure. In addition
to that, we need to let the surface of the sample uncovered to prevent any screening of the
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emitted THz radiation. Therefore, a simple way to implement an electrical gate effect on a
QW was proposed by Baenninger et al. [84]. The idea is to use the sample’s semi-insulating
substrate as a back-gate dielectric to modulate the electron density of the 2DEG. Figure
displays a sketch of the different steps to create the device. The backside of the sample is
tirst polished to reduce the substrate’s thickness down to approximately 100 ym. This part is
achieved using a Minitech 250 SP1 mechanical polishing machine, commercialized by Presi
and was done on sample 091222 grown on GaAs (see Methods). The sample is then reported
on a sample holder and glued using conducting silver paint to ensure good electrical contact.

Buffer (a)

Buffer

300um Sy
.

Silver paint

Buffer >

=

Figure 3.1: Sketch detailing the different steps of implementation of the back-gate on the
sample.

(a) The substrate is thinned down to a thickness around 100 ym via mechanical polishing.
(b) The sample is then reported on a sample holder and glued thank to a conducting silver
paint.

Sample holder

3.1.2 Experimental results and discussion

Transport characterization

To reveal and quantify the gate effect on the QW, we first carried out magnetotransport
measurements. Figure displays 3 two-probe magnetoresistance curves obtained under
different gate biases, ranging from -200 to +200 V. Clear SdH oscillations can be observed,
which shift when the gate voltage is changed. From these quantum oscillations and using
equation one can extract each corresponding electron concentrations. It is plotted on
Fig. and it shows a clear density modulation from 3.3 x 10''em~2 to 5.6 x 10''em 2.
It exhibits a linear dependence on the gate voltage, as expected for a planar capacitor. From
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the slope, the surface capacity of the device can be extracted, and is found to be Csexp =
0.9 uF/m?. This value is coherent with a planar capacitor model that would give C, =

=1.1uF/ m?, where €¢, 45 is the substrate permittivity (taken as 12.6) and /=100 ym its

€GaAs
thickness. The discrepancy could arise from the thickness inhomogeneity of the substrate.
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Figure 3.2: Transport characterization of the back-gate effect in the sample.

(a) Magnetoresistance of the sample for different gate bias, displaying SAH oscillations. A
linear background has been removed to emphasize the effect. The grey curve has been
obtained with the red LED on. (b) Evolution of the electron density, extracted via the SAH
oscillations, with the gate voltage value (red stars). A linear fitting is plotted on top (red
dashed line) to extract the surface capacity of the device. The grey star has been obtained
with the red LED on.

As a proof of concept, we employed an additional technique to modify the electron den-
sity in our system, namely the persistent photoconductivity (PPC). It has been demonstrated
that a HgTe-based QW can have its electron concentration efficiently tuned when exposed
to visible light [85]. The mechanism behind this doping effect is the generation of electron-
hole pairs in the barriers, if the incident radiation has an energy higher than the barriers’
gap (~ 1.6 eV). Some of the excited electrons can then be dragged into the well by a small
build-in electric field, thus increasing the carrier concentration of the latter [85]. We there-
fore mounted a 660 nm LED on the sample holder to further increase the QW doping. This
additional point is displayed in grey on Fig. when the LED is on. One can see that with
this light-induced doping, one reaches carrier densities of almost 6 x 10 cm~2.

Finally, this transport characterization confirms the ability of our process to induce a
gate effect on the QW. It allows an electron density modulation of about 40% using only an
electrical effect. With a light-induced doping, the modulation can reach 45%.

Emission measurements

We then performed Landau emission spectroscopy on the device, using the Lock-In de-
tection technique, typically with 5 to 10 V peak to peak amplitude and a 25% duty cycle
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60 Chapter 3. Landau emission in HgTe QW

pulses. Figure shows a typical result, obtained for a fixed gate bias. At a given mag-
netic field value on the sample, an intense emission peak is observed when scanning the
detector’s energy. This peak blue-shifts with increasing magnetic field, as expected for CR
emission behavior. Figure displays another representation of these results, in the form
of a false-color map. The emission energy indeed exhibits a linear dispersion with magnetic
tield. From this we can extract the slope and then the value of the cyclotron mass (see pink

2.0 b

Energy (meV)
Emission amplitude (uV)

Normalized amplitude

06T

0. 1 Il Il Il 1
B0 25 50 75 100 125 00 02 04 06 08 1.0 12 14 16
Energy (meV) Magnetic field (T)
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Figure 3.3: Landau emission spectroscopy results obtained on the device for zero gate
bias.

(a) Waterfall plots of emission spectra obtained for different magnetic fields applied to the
sample. (b) False-color mapping of the emission amplitude withe respect to the energy and
magnetic field. The pink dashed line is a linear fitting used to extract the CR mass of the
sample.

dashed line) using equation For example, results of Fig. gives a cyclotron mass
of 0.018 my. As mentioned previously, this mass is considerably lower than those in con-
ventional semiconductors like GaAs (0.067 mq [86]) or p-Ge (0.047 myg [17]) which makes it
possible to significantly lower the magnetic field required to cover the THz gap.

By performing such measurements for different gate voltage values, one can determine
the evolution of the cyclotron mass with the electron density, obtained via the SdH oscilla-
tions. It is summarized on Fig. 3.4 where three representative points are plotted: -200 V,0 V
and +200 V. A fourth point was added using the PPC effet via a red LED. It can be seen that
it accurately follows the BHZ model’s prediction (black dashed line) detailed in the previous
chapter.

Finally, as a proof of concept, we performed cyclotron emission measurements at a fixed
low magnetic field of 1.5 T while sweeping the gate voltage value from -130 V to +150 V.
The results are presented in Fig. along with an additional spectrum obtained with
the red LED turned on. The emission peak is clearly red-shifted when increasing the gate
bias and thus the electron density, in accordance with the increase in cyclotron mass. With
the combined effect of the electrical gate and the LED, the peak shifts by almost 1 meV
corresponding to a 250 GHz displacement. This effect is better depicted in Fig. where
the peak frequencies are plotted with respect to the gate bias. It clearly shows that the
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Figure 3.4: Evolution of the cyclotron mass with electron density.
Experimental CR mass, determined by Landau emission, plotted versus the electron density
(colored points). The black dashed line is the BHZ model prediction (see [chapter 2).

emission can be tuned from 2.3 to 2.15 THz, giving an electrical tunability of 536 MHz/V.
From the above results we conclude that we are able to produce cyclotron light within the
THz gap, electrically tunable with a low static magnetic field (< 1.5 T). This new leverage of
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Figure 3.5: Landau emission experiment for a fixed magnetic field and different gate bias.
(a) Different emission spectra obtained for a fixed magnetic field of 1.5 T and gate voltage
ranging from -130 to +150 V. The grey curve was obtained with the red LED on. (b) Extracted
emission maxima plotted versus the gate bias.

tunability offers many advantages over magnetic field based tuning. Indeed, it is way easier
to implement and more compact as it can be operated with a permanent magnet (750 mT to
1 T) rather than a superconducting coil. Last but not least, this electrical tunability offers the
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62 Chapter 3. Landau emission in HgTe QW

possibility to modulate the output frequency at much higher speeds, eventually up to the
GHz range, which is highly promising for potential telecommunication applications.

Discussion and perspectives

So far, our home-made device offers a limited tunability range. However, several improve-
ment possibilities exist. A first way would be to increase the gate effect through a more
advanced implementation. A semi-transparent gate (required to allow light emission from
the structure),which have demonstrated large ranges of density modulation [87, [88]], could
be fabricated using NiCr alloys.

Another way to proceed would be to lower the HgTe QW intrinsic doping. This can be
done by introducing Hg vacancies during the growth [84] . Indeed, as shown in Fig.
the BHZ model predicts a rapid change of the emitted frequency for low carrier densities
(typically < 2 x 10''em~2). This is because the non-parabolicity of the HgTe QW band-
structure is more pronounced at low energy and thus at low electron densities. The QW that
we studied has a relatively high intrinsic doping (around 4 x 10''cm~2) and therefore, the
density modulation effect on the emitted frequency is low. If we imagine having a QW with a
zero bias density of 2 x 10! cm ™2, then with the same range of modulation that we have here
(around An = 1.5 x 10 cm~2) we could have a much greater tunability. Indeed, it would
result in a density modulation between 5 x 101%cm~2 and 3.5 x 10''cm~2 and if we look at
the BHZ model’s prediction (Fig. [3.6), for a magnetic field value of 1.5 T, it would correspond
to a CR frequency ranging from 2.1 to 3.5 THz. This way, the tunability range is increased
to 4.5 GHz/V which is ten times more than what we currently have. To conclude, we have
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Figure 3.6: Prediction from the BHZ model.

Evolution of the frequency of the emitted light with the electron density, according to the
BHZ model, for different magnetic field values (solid lines). The experimental points are
added for comparison.

shown in this section that electrically tunable CR emission can be observed from HgTe QW,
under a reasonably low magnetic field, thus allowing a fast frequency modulation and the
use of permanent magnets. We also demonstrated that with some realistic improvements,
this tunability range could be expanded to cover the whole THz gap.
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3.2. Landau emission in strong crossed electric and magnetic fields 63

3.2 Landauemissioninstrongcrossed electricand magneticfields

The Landau emission set-up we use has a crossed electric and magnetic fields geometry
and so far, we have only applied relatively low electric fields. However, as discussed in
if we aim to achieve a population inversion to obtain stimulated emission, we will
need to increase the pulse amplitude to enter the streaming regime. The aim of this section
is to present the interesting phenomena we observed when entering the regime of strong
crossed electric and magnetic fields. Among other effects, we will see that the influence of
the electric field on the LLs dispersion can no longer be neglected.

3.2.1 The hot carriers distribution

It is first important to understand how Landau emission works in the crossed fields configu-
ration. A complete study has been done by Chaubet et al. to understand and model how light
is emitted from a 2DEG submitted to crossed electric and magnetic fields [89]. The model
they developed is based on a purely parabolic system, which is not the case for HgTe-based
QW. However, by adopting HgTe representative parameters along with the use of the BHZ
LLs, it gives interesting results in terms of interpretation.

The key ingredient is the interaction between electrons and acoustic phonons. It is
through these scattering processes that electrons can populate higher-index Landau levels.
If we consider a 2DEG in the (x,y) plane, submitted to a magnetic field in the z direction
and an electric field in the x direction, then the authors showed that the LLs are tilted and
disperse with k; (see Fig. 3.7p). This way, through scattering, electrons from occupied LLs
can jump into unoccupied states and then have a chance to de-excite radiatively.

n+1 : ® : occupied states

o : empty states

n 21‘[/LY p Zn/Ly ky
(@) (b)

Figure 3.7: Tilted LLs in a crossed electric and magnetic fields configuration.

(a) In the presence of a strong electric field in the x direction, the LLs are tilted in the k,
direction. w, is the cyclotron frequency and Q is a characteristic distance which depends
both on the electric and magnetic fields strengths. (b) The LLs population dynamic results
in the balance of radiative (Wy) and non-radiative (W) processes. Adapted from [89].
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64 Chapter 3. Landau emission in HgTe QW

The steady-state is given by the balance between radiative and non-radiative processes,
summarized in Fig. B.7b, and can be described by the following master equations, governing
the population dynamics between different quantum levels [89]:

fn+1< W +W0)+fn 1
n+l—n 71~>n

(1= fu-1) (Wo + W ) + (1= fur1) W +faox W+ fun (Wo + W )
n—n—1 n—n+1 n—1—n n+l—n
(3.1)
where f,, is the n-th LL occupation, W;_; is the non-radiative transition rate from level i to
4 BZ \/—
(n+1)
27egcdm*3
[90]. Here we will consider that electron-phonon interaction is the dominant non—radiative
process in play. It was modeled by the authors and they reveal that the electric field has a
very large influence on the transition rate as it appears in the following exponential term

fn:

level j and Wy the radiative transition rate which is given by Wy(n, B) =

1 ehB?
29 e
WZ'*)]' xe2 xe 2m<E , (32)
13 B
where [2 = — is the magnetic length and Q = @e> a characteristic distance in ky, which

depends on both the electric and magnetic fields strengths (depicted in Fig. 3.7b). It is clear
from this dependency and from picture [3.7b that a small increase of electric field will result
in a larger tilt of the LLs and therefore a greater number of electrons scattered to high indexes

levels.

1.0

LLs population
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Figure 3.8: Evolution of the LLs population with electric field, in HgTe-based QW. Results
of the numerical resolution of equation 3.1} for 7 LLs and a magnetic field of 1.5 T.

Equation (3.1 can be numerically solved and one can have access to the LLs populations
for different electric field strengths. An example of resolution is plotted Fig. 3.8l where 7 LLs
and a magnetic field of 1.5 T were considered. For this simulation, I used realistic parameters
for HgTe, namely the speed of sound c¢; = 2 000 m/s [91], the deformation potential E; = 3.7
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3.2. Landau emission in strong crossed electric and magnetic fields 65

eV [92] and the relative permittivity €, = 10.4 [93]]. For low fields, (typically < 1500 V/cm),
the initially filled LLs start to be depopulated and the higher ones starts to be filled. In
this regime, we can make the assumption that the electrons are quickly thermalized at a
temperature different from the lattice one. Therefore, we can still use the Fermi-Dirac (FD)
distribution to describe this out-of-equilibrium situation, using the electronic temperature

T,:
= ey (3.3)
p kBTe

where € is the energy, i the chemical potential and kg the Boltzmann constant. Figure
shows the evolution of this temperature with the electric field strength and Fig. dis-
plays three distribution function examples. For very low fields, almost only the first LLs are
populated and the electronic temperature is close to the crystal’s one. When the electric field
increases, so does the electronic temperature and the FD distribution starts to bend toward
the higher LLs before becoming almost flat. At this point, the LL populations do not evolve
much and the electronic temperature remains very high.

Note that this model does not aim at being quantitative, as it only considers scattering
between electrons and acoustic phonons. However, it gives an interesting picture of the
effect of the electric field on the LLs population. It also defines the notion of electronic

temperature that is useful for understanding the electrons out-of-equilibrium distribution
and we will reuse this quantity later on.
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Figure 3.9: Electronic temperature evolution in HgTe-based QW. (a) Evolution of the elec-
tronic temperature with respect to the applied electric field. (b) Plot of the FD distribution
function for three different electric field strengths, superimposed on the BHZ LLs ladder.

One last thing we can estimate with this model is the emitted power. It can be expressed
as [90]

Ptot:ZPn :an(l_fn—l)WO(n/B)hchr (34)

where N is the density of electrons involved in the emission processes. This latter quantity
is very difficult to estimate as it appears that the emission takes place only in "hot spots" lo-
calized around the current injection [94]. Therefore, we cannot simply replace N by the total
electron density n;. However we can have an estimation of the emitted power per electron,
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which is depicted in Fig. It is clear that an increase of the electronic temperature at rel-
atively low electric field (typically < 1500 V/cm) implies an increase of the emitted power.
When the saturation regime is reached (> 1500 V/cm) and all the LLs are equally filled, the
total emitted power becomes almost constant with the electric field.
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Figure 3.10: Evolution of the emitted power per electron with respect to the electric field.
The total emitted power per electron is computed thanks to equation 3.4/and plotted versus
the electric field strength (solid black line). The different LLs power contributions are also
plotted as a comparison (dashed lines).

3.2.2 Crossed fields effect on the Landau levels dispersion

Up to now, the only influence of the electric field we considered was to bend the LLs, re-
sulting in the hot-carrier distribution that we just discussed. However, for large drift ve-
locities v; = E/B, the LLs magnetic field dispersion itself is modified. This crossed electric
and magnetic field effect was first studied by Zawadzki et al. and they showed that the LLs
energy landscape was drastically affected [95]. We will detail these findings in a first sub-
section. These authors developed a fully quantized model suited for bulk InSb, which is
a different system than HgTe-based QW as it features a much greater band-gap. Adapting
this theory to our system is a complicated task and we will therefore present a semi-classical
model that still demonstrate the effect of the crossed fields influence on the system.

Lorentz boost in InSb

Zawadzki et al. considered a narrow-gap semiconductor of gap energy €, and spin-orbit
value A > ¢, and they took into account one conduction band and two valence bands.
They more precisely considered a 2DEG geometry subjected to a electric field in the gas
plane and an magnetic field perpendicular to it. It can be shown that the LLs energies are
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given by [95]:
€2 1/2
EE (ky) = hoghs + /1 — 62 {(Eg) + egD,ﬂ , (3.5)
where
D = hwe/1 — 62 (n + %) + %goyBB, (3.6)
and )
2 Y4
— o (3.7)

n being the LL index, go a Landé factor and pp the Bohr magneton. With these formulas we
retrieve that the LLs disperse along a direction perpendicular to the electric field. Therefore,
the conclusions of the first subsection are still valid. However, we see that the magnetic
tield dispersion is now affected by the drift velocity and thus the electric field strength. In
particular, we can identify an effective cyclotron frequency w, ¢ = w¢ V1 — 2. For low drift-
velocities, the LLs spectrum is weakly affected by the electric field and we can interpret the
experimental results within the framework of the previous subsection. However, for large
drift-velocities, w,y is significantly modified and so is the LLs dispersion. Eventually, if the

electric field is strong enough so that 6> >1, the LLs spectrum collapses.
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Figure 3.11: Effect of the electric field on the LLs landscape in bulk n-InSb. LLs fan-chart
computed within the model described in the main text, for three electric field strengths. The
solid (resp. dashed) lines are LLs for spin up (resp. down) and the pink area highlights the
magnetic field range where the LLs collapse.

Figure displays LLs fan-charts computed using equation 3.5 first with no electric
tield (left plot) and then with two different electric field strengths (two right plots). Bulk n-
InSb parameters where taken, to illustrate the crossed fields influence: m* = 0.0136 my, go =
-51.3 and A = 236 meV. It clearly highlights how the electric field distorts the LLs dispersion
and how they collapse at low magnetic field (ie at high drift-velocity). In particular, this
collapse implies a drastic increase of the cyclotron mass, as it can be defined like

heB

. 3.8
En+l - En ( )

me =
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This mass increase is plotted in Fig. along with the experimental data obtained in [95].
In these experiments, the authors excite the n = 17 — n = 0 transition of a bulk n-type
InSb in a Metal-Oxyde-Semiconductor geometry for various crossed electric and magnetic
field strengths. The data show a good qualitative agreement with the model described above
and it shades light on the abrupt increase of the cyclotron mass at high drift-velocities.

This mass evolution with drift-velocity can be viewed as a semi-relativistic behavior of
the conduction electrons in the material. This is more generally the case of all Dirac ma-
terials as their band-structure (without any influence of the fields) can be described in a
pseudo-relativistic framework [96, 97]. In particular, it was shown by Kane that the energy-
momentum of an electron in InSb and without electric field can be written as [98]:

2
_ €g\% | &P
E(p) = \/(2> + 5,5 (3.9)
It has the form of the energy-momentum relation of relativistic electrons in vacuum and one
can thus make the following analogy:

2moc? €g,

my < m*. (3.10)

With this analogy we can deduce the maximum velocity for the conduction electrons in
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Figure 3.12: Drastic increase of the cyclotron mass in bulk n-InSb. Evolution of the cy-
clotron mass with magnetic field for different electric field strengths (solid lines). It is com-
puted thanks to equations|3.5\and [3.8} for the n = 17 — n = 0 transition. The markers are
experimental data extracted from [95].

€ 1 1
InSb: u = 5 n% =1.23 x 10° m/s. The Lorentz factor is then given by W = Vg
2
and by applying a Lorentz transformation, Zawadzki et al. showed that one can retrieve the

exact spectrum of equation Therefore, the increase of the mass with the drift velocity
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3.2. Landau emission in strong crossed electric and magnetic fields 69

can be seen as a relativistic accumulation of mass when the electron velocity approaches the
material "speed of light" u. Figure shows the experimental evolution of the cyclotron
mass with magnetic field, for different electric field strengths. It witnesses the mass diver-
gence when the drift velocity is increased. In particular, the maximum mass (=~ 0.023 my) is
reached for 13 kV/cm and 1.5 T, giving a drift velocity vy= 0.86 x 10 m/s = 0.7u.

HgTe has a gap that it is one order of magnitude lower than InSb and a comparable zero-
electric-field cyclotron mass. Therefore, the limiting speed u will be way lower in HgTe and
we can therefore expect to see this "Lorentz-boost" effect for lower electric field strengths.
Indeed, in HgTe we have m. = 0.02 my at zero electric field and a gap energy close to 28 meV.
Therefore, for an electric and magnetic field strengths of 6.5 kV/cm and 2 T respectively, we
obtain § ~ 0.93, where it was only 0.26 in the same conditions in InSb.

Semi-classical model applied to HgTe-based QW

As mentioned earlier, it is quite hard to perform the same Landau level computation for
the HgTe QW system, as its band-structure features both quadratic and linear in k terms.
Therefore, to model the effect of strong drift velocities, we use a semi-classical approach,
based on the optical conductivity (OC) computation. We will therefore not have access to
the LLs of the material but we will be able to see the evolution of the cyclotron resonance
when varying different parameters. This is relevant in our case because, as discussed earlier,
due to the mobility of the carriers, the system is in the so-called incipient regime where LLs
are formed but still strongly overlap, thus allowing a semi-classical treatment.

The calculations were made by Dr. S. S. Krishtopenko and I will only detail the main
ingredients required to understand the model. A collection of charged particles in a static
magnetic B aligned with the z direction and an oscillatory E;; = E + E(™) electric field along
the y direction is considered. To compute the optical conductivity of the system, one needs
to consider the Boltzmann kinetic equation, that will give access to the distribution function
f =fo + f.. After an ingenious change of variable from momentum (py, py) to angle-action
coordinates (¢, Z) (can be found in [99]]) and a first order approximation in f. /fy, it is pos-
sible to compute the distribution function. Once this is made, we can have access to the
current densities

j,(CN)(w) = ge/w dW /_7; dpo(p,W)f(p,W,w) cos ¢, (3.11)

é”kag::geAQdMKKZd¢U@LMOfV@LMCw)ﬁn¢, (3.12)

where ¢ is a degeneracy factor equal to two for the spin, W = €(p) + v;p, is the total energy
and v(¢, W) the velocity distribution. The influence of the crossed-fields configuration is
mostly contained in W, through the drift velocity and the bending of the band structures in
the electric field direction. Finally, the OC can be obtained using the following relation:

(~) (~)
j &@)Z (~) (a ), (3.13)
<].(N) () o (w) Eéw)

By only considering the fundamental frequency and isotropic scattering, the velocity and f.
terms can be greatly simplified and we finally obtain the following OC expression

* (_afo(W)> [Vo(W) + Va(W)]? v
W 2 o — . (W2 +

Re [oxr(w)] = 7Tg62/

—00

SdW,  (314)
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where V) /(W) are the resonant velocity terms, whose expressions won't be detailed here, v
is a broadening parameter (assumed to be constant) and w.(W) the cyclotron pulsation. Its
expression is given by

eB 2m
oW

where S(w) is the p-space area bounded by a trajectory for a given energy W. It is a very
important quantity as it contains the bending of the band-structure with the applied electric
tield. It can be computed within the BHZ model and it yields

T aW? — (a — B2)M?
sow) = & ,
W) = ) aa =)

where B = h—;’ti = danda = 1— 2%#, A,B,D and M being the BHZ parameter

introduced in

(3.16)
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Figure 3.13: Simulations of the CR for HgTe-based QW, without electric field. (a) Water-
tallplot of the real-part of the OC with respect to the emitted energy, for different magnetic
tield strengths ranging from 0.5 to 2.5 T. (b) False-color mapping of the same data, witness-
ing a linear evolution of the OC’s maxima with magnetic field. The red dashed line is a
linear fit used to extract the cyclotron mass value.

Due to rapid electron-electron interactions, the non-equilibrium distribution function f
can be considered stationary and written in the following form

1

fo(W) = o <W£y) +1,

(3.17)

where y is the chemical potential and is a function of the electronic temperature T, though
the following condition

m= [ Lzﬁh)z asam fo(W)aw, (3.18)
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where 1, is the electron concentration.

To summarize, the optical conductivity is the product of three terms: (i) a Lorentzian
function, of width v, emerging from the isotropic collisions and resonant around the CR
pulsation, (ii) a temperature dependent term made of the derivative of the distribution func-
tion, narrowing the integral around the chemical potential and (iii) a velocity form factor.
The main parameters are the electronic temperature and B, that is given by the drift velocity.
Note that this quantity is the same as the ¢ found in the Lorentz-boost model developed for

InSb.
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Figure 3.14: Simulation of the influence of B on the optical conductivity in HgTe-based
QW. (a) False-color mapping of the real-part of the OC with respect to the energy and when
varying the electric field strength at a fixed magnetic field value. (b) Evolution of the chem-
ical potential with respect to the electric field strength.

We can first verify that the model correctly reproduces the cyclotron resonance behavior
when increasing the magnetic field strength. The simulation’s results are shown in Fig.
for an electronic temperature of 4 K and a carrier concentration of 3x 10! cm~2. We took
v =1/1 ~ 09 ps, where T = VeTfﬂ* is given by the Drude formula, y, being the electron
mobility estimated to be around 10° cm?/V/s. The OC’s real part exhibits a Lorentzian
shape which maximum is blue-shifting when increasing the magnetic field strength (see
Fig. B.13p). It is better depicted in Fig. where the OC’s energy maximum linearly
evolves with the field (see red dashed line). A linear fit of this behavior gives a cyclotron
mass of 0.02 mp which is coherent with our structure, thus validating the simulation.

We can then study the influence of the electric field, at a fixed value of magnetic field.
This is included by changing the value of the B parameter and an example is plotted on
Fig. , for 1.5 T, an electronic temperature of 4 K and a carrier concentration of 3x 10!
cm™“. When g varies from 0 to 0.9, attesting from an increase of the electric field, a clear red-
shift of the cyclotron resonance is observed, from 8.5 to almost 4 meV. We retrieve here the
Lorentz boost effect at strong drift velocities that was previously observed in InSb. Indeed,
a diminution of the CR energy directly implies an increase in the cyclotron mass. Figure
also depicts the evolution of the chemical potential, recalculated at every step of the
simulation. It is clear that it decreases, by more than a factor of two, when the electric field
gets stronger. This is coherent with the interpretation of a LLs collapse as the energy of the
last filled level should also collapse and so will the chemical potential.
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Figure 3.15: Simulation of the influence of the electronic temperature on the optical con-
ductivity. (a) OC’s spectra for different electronic temperatures, ranging from 4 to 500 K. (b)
False-color mapping of the real-part of the OC with respect to the energy and when varying
the electronic temperature at a fixed magnetic field of 1.5 T and zero electric field.

Finally, we can study the influence of an increase of the electronic temperature. Indeed,
we saw in a previous section that one of the effects of the crossed electric and magnetic field
was to populate empty high energy LLs, resulting in an electronic temperature increase,
well above the crystal one. We can therefore use the previously derived model to study the
influence of such an increase on the CR spectrum. The results for a magnetic field of 1.5 T
and zero electric field are shown in Fig. When increasing the electronic temperature
from 4 to 500 K, we can see that the OC’s energy maximum is red-shifting. This is better
depicted in Fig. where the normalized spectra are plotted as a false-color mapping
where a shift of 1 meV is observed. We can also notice a broadening of the spectra as the
temperature rises, along with the appearance of a slight disymmetry towards high energies.
These findings can be interpreted by the fact that, when increasing the electronic tempera-
ture, the distribution function gets flattened. Therefore, higher indexes LLs get populated
and since the system is highly non-parabolic, the spacing of these high energy LLs is reduce.
This leads to a decrease of the resonance energy as well as an inhomogeneous broadening
since more transitions with different energies are now involved.

We can study this red-shift and broadening effect for different magnetic field strengths.
The results are summarized in Fig. where the cyclotron mass and the full width at half
maxima (FWHM) are plotted. It doesn’t seem that the temperature rise is magnetic field
dependent, as the three curves almost perfectly overlap, up to numerical precision. The
mass witnesses a 13 % increase as the electronic temperature range from 4 to 500 K. On the
other hand, the spectral broadening is magnetic field dependent. The three curves feature
the same behavior as they increase until 200 K before saturating. The FWHM'’s increase
ranges from 60 to almost 70 % when the field is changed from 1.5t0 2.5 T.

3.2.3 Landau emission experiments in a crossed-fields configuration

Armed with this knowledge, we will now study the influence of a strong electric field on
the cyclotron emission, in crossed fields configurations. We performed Landau emission
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Figure 3.16: Evolution of the mass and FWHM with the electronic temperature. Evolution
of (a) the cyclotron mass, (b) the FWHM of the spectra, with the electronic temperature and
for the three different magnetic field values.

experiments on HgTe QWs at different values of injection bias V,,. Here we used the Box-
car detection method because we want to apply high voltages on the sample. Therefore, if
we want to avoid any damage, a solution is to decrease the pulse ratio (typically down to
0.5 %) and the Lock-in detection is no longer suited for this very short pulses detection.

Since the current is injected through Indium contacts, the current lines are not well con-
trolled and therefore it is very difficult to accurately estimate the value of the electric field
within the sample. We will thus refer to the bias rather than the electric field and we cannot
expect our results to be quantitative with respect to the preceding subsection. Implementing
a clean-room process to control the sample geometry (into a H-bar or Hall-bar for example)
would be a valuable improvement for future work.

Low bias regime

Figure shows an example of Landau emission spectra obtained at fixed magnetic field of
1.5 T and increasing injection bias (typically below 100 V peak-to-peak). The first noticeable
feature is that the maximum amplitude of the spectrum increases with the bias, suggesting a
corresponding increase of the emitted power increases. This is coherent with the conclusions
of the simple statistic model developed earlier. Indeed, as the electric field is increased, the
LLs become more tilted, leading to the occupation of higher levels and, consequently, to an
increase of the total emitted power.

High bias regime

Beyond the increase in amplitude with the bias, Fig. also reveals a slight red shift of
the spectra’s maximum. We increased the injection voltage to higher values to probe how
significant this shift can become. We also performed the experiment at different magnetic
tield strengths to investigate any additional dependencies. It is summarized on Fig.
where we reached 150 V peak-to-peak for 1.5,2 and 2.5 T.

We first note that the emitted amplitude continues to increase with the applied bias, even
at larger values. Therefore, it seems that we never reach the saturation regime identified in
the previous section, where all the LLs are equally populated.
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Figure 3.17: Landau emission spectra at low bias. Experimental spectra obtained in HgTe
QW, for a magnetic field strength of 1.5 T and low increasing peak-to-peak excitation bias.

For high values of bias, in addition to the cyclotron emission peak, we start to see a
shouldering whose position does not depend on the magnetic field strength. We associate
this secondary emission to the black-body radiation. When a strong current flows through
the sample, the Indium contacts and the material itself start to heat-up and therefore emit in
the THz range according to the Planck’s law [100]. We can estimate the position of the black-
body radiation’s maximum to be around 4 meV (see Fig. 3.18). Using the Wien displacement
law, one can estimate the corresponding black-body temperature to be around 10 K, which
seems plausible given the high values of bias applied.

B=15T B=20T B=25T

—— 150

—— 150

Amplitude (V)

0 5 10 o 5 10 15 0 5 10 15
Energy (meV) Energy (meV) Energy (meV)

Figure 3.18: Landau emission spectra at high bias. Experimental spectra obtained in HgTe
QW, for different magnetic field strength and high increasing peak-to-peak excitation bias.
The grey dotted line is a guide for the eye pointing the low field energy position of the CR.

The most notable effect of the strong injection bias is the previously mentioned red shift,
which becomes more pronounced for voltage exceeding 100 V peak-to-peak. Figure (3.19
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displays the evolution of the emission maxima with respect to the applied bias, for the four
different magnetic field values. The red-shift is rather weak at 1 T (around 1 meV) and
increases with the magnetic field strength. In particular it reaches almost 2 meV at higher
tields. We now discuss whether this shift can be attributed to a Lorentz-boost effect or a
potential streaming effects described in the previous subsections.
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Figure 3.19: Red-shift of the emitted energy with increasing electric field. The emitted
energy is extracted from Fig. and plotted with respect to the peak-to-peak injection
bias.

To investigate the influence of the crossed electric and magnetic fields, it is interesting to
plot the cyclotron mass rather than the energy of the emission maximum. It is done on the
left panel of Fig. [3.20p, where I used equation to compute the mass. There is a clear
increase of the cyclotron mass with the applied bias, of nearly 20 %.

This mass change could be due to an increase of the lattice temperature due to the high
applied voltage. Indeed, it was shown that HgTe-based QWs undergo a topological phase
transition with temperature, from an inverted to a conventional phase, leading to the closing
of the gap for a critical temperature [101]. Therefore, the more the lattice temperature is
increased, the closer the system gets from a purely linear band-structure and, for a fixed
Fermi level position, the cyclotron mass should thus decrease. Since we observe a increase
of the mass with the applied bias, we can then discard this explanation.

Additionally, this increase remains almost magnetic field independent. Since the Lorentz-
boost effect depends on the drift velocity and thus on the magnetic field, the mass increase
is expected to be bigger when decreasing magnetic field. However, this is not observed ex-
perimentally, as the mass increase with electric field remains the same for all magnetic field
values. This finding rules out the Lorentz-boost effect as the origin of the red shift in the
Landau emission observed under crossed-field conditions. We can try to estimate a favor-
able situation for the observation of this relativistic effect, based on the previously derived
Zawadzki model. In order to avoid at best the influence of the black-body radiation, we
should work at at relatively high magnetic field strength (2 T for example) to increase the
magnetoresistance of the sample. We can then consider that we start to see a Lorentz-boost
effect when ¢ is of the order of 0.25 (see discussion at the end of subsection 1.2.2). Therefore,
the minimal electric field strength required in HgTe would be approximately 1.8 kV/cm.
Regarding our device, the Indium contact can be placed at best at 1 mm from one another.
If we assume that the electric field is homogeneous between the two probes, it would give
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an electric field of 1.5 kV/cm for a 150 V bias applied.

It is clear with this very optimistic estimation that we currently do not apply a strong
enough electric field to observe a Lorentz-boost in our sample. However, the implemen-
tation of very close electrical contacts could allow us to further increase the electric field
strength and see this relativistic effect.
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Figure 3.20: Evolution of the mass and FWHM with the applied bias. Evolution of (a) the
cyclotron mass, (b) the FWHM of the spectra, extracted from Fig. with the applied
voltage and for the three different magnetic field values.

Finally, although this relativistic phenomenon does not account for the observed red
shift, the effect might still be interpreted within the framework of pseudo-special relativ-
ity. Indeed, we can understand this mass increase as follow. As discussed earlier, one
effect of the electric field, fundamental to Landau emission, is to heat the carriers. As a
consequence, the electrons populate higher index LLs. Since HgTe-based QWs feature a
highly-non parabolic band-structure, its LLs fan-chart is therefore strongly non-equidistant.
As the carriers are driven to higher energies, the spacing between the LLs they experience
becomes progressively smaller, and thus the cyclotron mass increases. The experimental
increase of the mass that we measured can therefore be seen as the manifestation of the
non-equidistance of the LLs fan-chart of the material.

In addition of being red-shifted, the spectra are also broadened. The peaks are becoming
asymmetrical, probably due, at least partially, to the additional black-body contribution, and
it is therefore difficult to fit them with a Gaussian-like function. We can nonetheless estimate
the width by taking the definition of the FWHM. The evolution of the spectra’s FWHM with
the injected bias is plotted on Fig. [3.20b. This broadening of the spectra at high bias could be
due to an approaching streaming regime, as described in [44] and detailled below. However,
as mentionned earlier, it could also be due to the black-body emission that artificially enlarge
the spectra. Finally, it could be due to the heating of the carriers. Indeed, through the optical
conductivity simulations, we saw previously that the spectra get broadened when increasing
the electronic temperature. However, a saturation of the broadening was observed so it can
not solely be attributed to this phenomenon. This evolution is still not yet well understood
and under investigations.

The mass increase and the spectra’s broadening put together, it strongly suggests that
we observe the beginning of a streaming regime. Indeed, Komiyama et al. observed the same
behavior in many crystals like p-Ge or AgBr [44] and they also interpreted this situation by
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a flattening of the distribution function and thus a population of the high indexes LLs. In
their study, when they increase the electric field further, they observe clear signatures of a
streaming regime.

3.2.4 Summary and perspectives

In this section we presented two effects of the crossed fields configuration on the Landau
emission. The first one results from the bending of the LLs by the electric field, which in-
duces the filling of higher-index LLs. This leads to an increase of the emitted intensity, which
we observed experimentally. In our case, this hot-carrier regime also revealed an increase of
the cyclotron mass as it probes the non-equidistance of the HgTe QW Landau levels, which
are quite peculiar.

The second effect occurs for high drift velocity values (strong electric field or low mag-
netic field). Similarly to the special relativity Lorentz-boost, the crossed fields strongly mod-
ity the LL dispersion, inducing a mass accumulation. However, we could not observe this
effect experimentally. Indeed, if we want to avoid the emission to be enlarged by the black-
body radiation, we should work at relatively high magnetic fields (typically at least 1.5 T).
Therefore, to reach a sufficiently high drift velocity we should apply strong electric fields.

We are thus currently limited by the contacting technique that we use which only al-
lows the generation of few kV/cm. As discussed previously, a perspective would be to
implement very close contacts or even intertwined grating contacts to apply stronger fields
without heating the sample too much. Most importantly, this could also allow us to reach
the streaming regime mentioned earlier, and eventually induce a population inversion and
a lasing effect as demonstrated in p-Ge. At the end, we would obtain a compact and electri-
cally tunable cyclotron source, capable of covering the whole THz technological gap.
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In this chapter, as mentioned in the Introduction, we will explore another way to obtain
stimulated emission without the need of a population inversion. The idea is based on the
remarkable properties of the hybrid particles known as Landau polaritons, created by the
strong interaction between the cyclotron resonance (CR) excitation of a 2DEG and an optical
cavity mode. I will first describe how we induced THz cavity modes in the HgTe-based
QWs. I will then present the magneto-reflectivity data confirming the presence of Landau
polaritons in our structures. I will conclude with the electroluminescence of these polaritons

and an estimate of how close our devices are to a lasing threshold.
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4.1 Device presentation

4.1.1 Cavity fabrication

Our strategy for inducing a cavity effect is to use the substrate as a planar resonator, like in a
Fabry-Perot vertical cavity. At frequencies around 1.5 THz, the substrate’s thickness should

be below }% where 7 is the substrate’s optical index, which gives a critical thickness of
55 ym for GaAs (n ~ 3.6) and 62 ym for CdTe (n >~ 3.2).

wrl Jo suazoq

Golden layer

Sample holder

2D planar optical cavity

Figure 4.1: Sketch of the cavity geometry at the end of the process.
The mechanically and chemically thinned sample is glued on a golden sample-holder, form-
ing a Fabry-Perot cavity.

The first step of the process is identical to the one used earlier in [chapter 3] Mechanical
thinning can produce substrate thicknesses close to 50 ym but below this, the sample be-
comes too fragile for standard mechanical polishing. To further reduce thickness we apply
chemical/ plasma etching using an inductively coupled plasma reactive ion etcher (Oxford
ICP-RIE machine located at the IES laboratory, Montpellier) with a BClz /Cl, / Ar gas mixture
at about 2 mTorr total pressure. Under our conditions we remove roughly 500 nm of GaAs
per minute. Combining mechanical and chemical etching allowed us to obtain GaAs sub-
strates below 30 um. A different approach was used to further thin the CdTe-based samples.

Sample name | Substrate | Final thickness Thinning process
091222-50um GaAs 50 pm Mechanical thinning
091222-32um GaAs 32 ym Mechanical thinning + ICP-RIE ecthing
091222-28um-A | GaAs 28 ym Mechanical thinning + ICP-RIE ecthing
091222-28um-B GaAs 28 ym Mechanical thinning + ICP-RIE ecthing
28104-80um CdTe 80 ym Mechanical thinning
28104-64um CdTe 64 ym Mechanical thinning
28104-40um CdTe 40 ym Micrometric rotary saw

Table 4.1: Table summarizing the different measured devices.

It was performed at the CEA-Leti laboratory in Grenoble, where a micro-metric rotary saw
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was used to etch the substrate out of the sample. By this method, the substrate thickness
was reduced down of about 40 ym.

The second step involves placing the thinned sample onto a gold substrate, which acts as
a perfect backside mirror. The sample/air interface closes the cavity from the top, due to the
refractive index mismatch. In the end, we obtain a vertical Fabry-Perot cavity as illustrated

on Fig.

4.1.2 Thickness homogeneity

It is important to assess the thickness homogeneity of the samples at the end of the process.
Indeed, the position of the optical modes is highly dependent on the cavity size, therefore
any inhomogeneities could lead to a spectral broadening. To achieve this, we performed op-
tical profilometry measurements which provided access to the height profile of the samples.

Profil 2

282
E| —Froni1
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Figure 4.2: Example of a profilometry characterization.

The light grey surface is the top of the sample and the dark surface is the golden sample-
holder. Three profiles were measured to have an idea of the thickness of sample 091222-
28um-A (2) and of its inhomogeneities along the two directions (1 and 3).

Figure 4.2/ shows an example of such a characterization on one of the thinnest samples
we obtained (sample 091222-28um-A). We can see one extremity of the sample’s surface (in
light grey) on top of the golden sample-holder (dark area). Using the Gwyddion software, it
is possible to measure height profiles from the image. This was done to estimate the total
thickness of the device (profile 2, red) and it gives an average step of 28 um. Thickness in-
homogeneities can also be assessed by drawing profiles along the surface of the sample, in
two directions (profiles 1 and 2, black and green). It shows that there is a rather large devi-
ation from the mean thickness, which can reach several ym per millimeter. This thickness
variation can be correlated with energy mode variations using the TMM method developed
inchapter 2| Figure[4.3)shows an example of such a calculation, for a sample close to sample
091222-28um-A (ie a GaAs substrate on top of a gold layer). It reveals that a 2 ym change in
the cavity size leads to a shift of 200 GHz (resp. 600 GHz) of the first (resp. second) optical
mode’s energy. For the simulations, I took a real refractive index of 3.6 for GaAs and the
following frequency dependency for Gold

neota(w) = my(w) +iny(w), (4.1)
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where

2 2
@ = F (122} and () = L (1452), a

with wp = 1.4 x 10% rad.s~! and w, = 4.5 x 1013 [102].
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Figure 4.3: Influence of the cavity’s thickness.
TMM calculations for a GaAs substrate, of width 30 ym (blue curve) and 28 ym (red curve),
on top of a gold layer.

This large thickness inhomogeneity is due to the initial mechanical thinning which is
performed manually. One way to improve this would be to rely exclusively on chemical
etching, but this would require a very long etching time (close to a day). An acid-based
etching process could be a possible solution to this issue.

4.1.3 Optical modes characterization

Time Domain Spectroscopy

A first approach to characterizing the optical response of the cavities is to use TDS in reflec-
tivity mode (see [chapter 2). The left panel of Fig. .4 shows two spectra obtained from two
different cavities. They feature several absorption modes located in the 0.5 - 3 THz range.
The minima are extracted and plotted with respect to an arbitrary index (see right panel
of Fig. along with a TMM computation. It shows an excellent agreement with the ex-
perimental data, confirming that the reduced thickness of the substrate indeed induces an
optical cavity effect in the sample. Thanks to a Gaussian fitting, the width of the resonances
could be estimated as 2x = 1 meV.

Landau emission

Another way to highlight the presence of the cavity is to perform emission spectroscopy at
zero magnetic field. Indeed, in these conditions, the only detectable light comes from the
black-body radiation of the sample or its electrical contacts, both heated by the electrical
pulses.
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Figure 4.4: TDS characterization of two cavities.

(Left panel) TDS reflectivity spectra measured for two different cavities, one on sample
091222-28um-A (blue curve) and the other on sample 28104-40um (red curve). (Right panel)
Transmission minima extracted and plotted against an arbitrary index (empty circles). A
TMM-based prediction (dashed lines) is overlaid, showing excellent agreement with the ex-
perimental data.

Figure |4.5|displays three spectra obtained from thinned samples along with one from a
bare sample for comparison (top panel). A mode structuration is visible on the processed
samples (dashed lines), featuring additional maxima compared to the unprocessed sample.
The grey dashed lines indicate the position of the modes that are visible only at finite mag-
netic field strengths. We can see that the Planck-shape spectrum is strongly modified by the
presence of the cavity and becomes convoluted with the optical modes. This modification of
the emitted spectrum compared to the ideal Planck curve has already been reported some
years ago on sub-wavelength objects and is very well understood, opening a new field in
the thermal radiation physics [103} 104].

When extracted, these emission maxima are once again in very good agreement with
the predictions of the TMM model. Figure |4.6| demonstrates that the samples’ thicknesses
measured by profilometry are very close to those estimated with the model and the zero-
field emission spectra. In particular, the right panel of Fig. shows a perfect agreement
with the red curve of Fig. 4.4]as they correspond to the same cavities. We can now confirm
that reducing the substrate thickness enables the formation of an optical mode landscape in
our samples. We will now see how it behaves when coupled to the cyclotron resonance of
the 2DEG as the magnetic field is tuned.
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Figure 4.5: Zero magnetic field emission spectra obtained on different cavities.

On the bare sample (300 ym), the spectrum exhibits no structuration. When the substrate
thickness is reduced below 100 ym (sample 28104-80um, 28104-64um and 28104-40um), ad-
ditional extrema (blue dashed lines) emerge, indicating a cavity effect. Notably, the 8 meV
line in sample 28104-80um and the 9.5 meV line in sample 28104-64um (grey dashed lines)
are barely visible at B = 0 T but become observable through cyclotron resonance at finite

magnetic fields.
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Figure 4.6: Evolution of the cavity mode energies extracted from the zero field emission
spectra. Triangular markers correspond to data obtained at high magnetic fields. The energy
values were deduced from the B = 0 T emission spectra. A TMM prediction (dashed lines)
is overlaid, showing excellent agreement with the experimental data.
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4.2 Evidence of the Landau-polaritons presence

To highlight the presence of Landau polaritons in our systems, we used the magneto-reflectivity
spectroscopy technique. These experiments were performed at the Laboratoire National des
Champs Magnétique Intenses in Grenoble (LNCMI-G), where I was hosted in Milan Orlita’s

group.
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Figure 4.7: Magneto-spectroscopy experiment on a raw QW.

(a) Waterfallplot of the different spectra obtained when tuning the magnetic field strength.
(b) False-color map of the reflectivity signal with respect to energy and magnetic field. The
light grey areas are energy ranges corresponding to the Reststrahlen bands of either the
substrate or the beam-splitter, giving no signal at the end.

Before investigating the samples featuring a THz cavity, it is useful to recall how a bare
CR appears in such an experiment. Figure 4.7a displays a waterfallplot of several spectra
obtained by magneto-reflectivity and for different magnetic field strength. It shows a mini-
mum of reflectivity blue-shifting when increasing the field. It is the same resonance previ-
ously observed in emission mode in Figure shows the same results but in the
form of a false-color map and exhibiting a clear linear behavior with magnetic field, charac-
teristic of the cyclotron resonance. The width of the bare CR absorption could be estimated
as 2y = 2.9 meV, thanks to a Gaussian fitting.

Figure 4.8 now presents the results obtained when performing magnetospectroscopy on
samples processed to include a cavity effect. A clear difference with the raw sample map-
ping can be observed, as the straight CR line is no longer visible. We can see instead several
diamond-like shapes centered around well defined energies. As discussed in the Introduc-
tion, this is one of the signatures of the presence of a Landau polariton. A closer look reveals
that these diamonds are in fact anti-crossings, typical of interacting systems. We can notice
that the energies at which the anti-crossings occur correspond exactly to those previously
identified as the THz cavity modes (see Fig. 4.4/and Fig. [4.6 right panel).

It is better depicted on Fig. [£.9 where raw spectra are plotted for magnetic fields around
the anticrossings of sample 091222-28-A. For each region, two absorption minima are visi-
ble. These minima are getting closer in energy as we approach the anticrossing (0.65 T for
the lower mode and 2.2 T for the upper one) before going further away. The green and blue
dashed lines truly emphasize the avoided crossing performed by the two modes. Taken
together, these results strongly suggest that we have successfully induced light-matter cou-
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Figure 4.8: Magneto-spectroscopy experiment on QW with a cavity process.
False-colors map of the reflectivity spectra obtained when tuning the magnetic field strength
for (a) sample 09122-28um-A and (b) sample 28104-40um.

pling in our QWs, leading to the formation of Landau-polaritons.
We can determine the coupling strength of the interaction by using the model developed
in [57] and later adapted in [58]. It is based on the following total Hopfield Hamiltonian

H= Hcavity + Hirandau + Hint + Haia (4.3)

where H gyt is the bare Hamiltonian of the cavity, Hj 4,44, describes the collective cyclotron
excitation of the electrons occupying the Landau levels, H;;; is the paramagnetic light-matter
interaction, while Hy;, is the diamagnetic contribution. This Hamiltonian can be exactly
diagonalized using a Hopfield transformation and the polariton excitations can be obtained
by finding the eigenvalues the following Hopfield-Bogoliubov matrix [57]]

we Xjv/We 0 Xjv/we
XivV@e  wi+2x7 Xjv/we 2x7

M;(B, x;) =h , 44
i) 0 @ —w —xpae =
—XjiVWe =27 —XjV/@e —wj—2)7
where
Q
(4.5)

Xj= NG
is a fitting parameter, independent of the magnetic field, (); being the collective polariton
coupling (Rabi) frequency for the electromagnetic mode j. By diagonalizing this Hamilto-
nian, we can access the theoretical polaritonic branches, labelled w].up (B, x) (resp. w].LP (B, x)
) for the upper branch (resp. lower branch). Therefore, we can extract the coupling strength
by minimizing the following root mean square deviation (RMSD) quantity

Nexp

Lix

(el — "By 0)" + (ol — o (By0)'

2Nexp

RMSD;(x) = , (4.6)

where Ny, is the number of experimentally measured points.
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Figure 4.9: Highlighting of the anti-crossings of sample 091222-28um-A.

Waterfall plot of the magneto-reflectivity spectra obtained for different magnetic field
strengths (empty black circles), around the (a) first and (b) second anti-crossing of sam-
ple 091222-28um-A. The red lines are double Gaussian fitting to highlight the positions of
the lower and upper polaritons. The blue and green dashed lines are guide for the eye to
emphasize the evolution of the anti-crossings.

Figure shows an example of this minimization procedure, applied to sample 09122-
28um-A. The minimum of each curve gives us the optimal x parameter of each anti-crossing
(see Fig. [£.10p for the correspondence) and thus the coupling strength. Figure shows

that the model provides an excellent fit to the reflectivity data, giving — = 0.21 and w_
w1

= 0.06 with g1 = —th = 0.65 meV and g, = —th = 0.62 meV for the first and second
anti-crossings respectwely The fitting also allows us to confidently identify the polaritonic
branches which we will refer to as UP1/LP1 and UP2/LP2.

At this point, we can assess several figures of merit of our system. The first one is the

2§K quantity, where g is the coupling strength and « and x the width of

commonly used
the matter and cavity modes respectively, when there is no coupling. We can estimate this

2 2
quantity for sample 091222-28um-A and we find m &1 A ~ 1.44 and m flK‘ ~ 1.38. The
fact that 2¢ > |y — k| means that light and matter exchange energy faster than any decay
mechanisms, therefore profoundly modifying the system into what is called the strong cou-

Q
pling regime [105]. The other aspect of this regime is that for mode one, w—l =0.21, meaning

1
that the Rabi splitting is a significant fraction of the cavity mode (typically greater than 10
%). This is the signature of ultra-strong coupling and a drastic change of the ground-state
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Figure 4.10: Example of fitting of the polaritonic branches.

(a) Example of the minimization of the RMSD quantity (see main text) applied to sample
09122-28um-A. The blue (resp. green) curve corresponds to the lower (resp. higher) mode
anti-crossing. (b) False-color map of the reflectivity obtained on the same cavity. The result
of the fitting described in the text is superimposed and shows excellent agreement with the
experimental data. The corresponding polaritonic branches are labeled in accordance.

properties is to be expected in this situation [57].

These magnetoreflectivity measurements have successfully confirmed the presence of
Landau-polaritons in our QWs when processed inside a THz cavity. Let us now see if these
structures can emit light when subjected to electric pulses.

4.3 Landau polariton electroluminescence

We performed Landau emission spectroscopy on the same two samples previously mea-
sured in magneto-reflectivity and for different cavity thicknesses. Figure shows the
results obtained, plotted as a waterfallplot for the different magnetic field strengths applied.
A typical CR feature plotted again in the two left panels (bare samples) for comparison. As
soon as the substrate thickness falls below a critical value (identified in a previous subsec-
tion) the magnetic dispersion of the emission peak starts to deviate from the CR classical
evolution.

Indeed, one no longer observe a single peak blue-shifting as the magnetic field strength is
increasing. Instead we now observe several discrete peaks that are almost not moving with
magnetic field. The peaks slightly blue-shift on specific magnetic field ranges and finally
merge with the one just above in energy. The positions of the discrete peaks is consistent
with the one of optical modes identified with previous techniques, the thinner the cavity,
the widely spaced the modes become, strongly suggesting the presence of anti-crossings.
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Figure 4.11: Electroluminescence of Landau polaritons for different cavities. Waterfallplot
of Landau emission spectra obtained on different cavities and when tuning the magnetic
strength for (a) 091222 and (b) 28104 growths. The two left plots are obtained for bare sam-
ples without cavity.

This is confirmed when extracting the emission maxima’s positions. It was done for
sample 09122-28um-A and 28104-40um, which exhibit the strongest shift. It is plotted on
Fig. along with the corresponding magneto-reflectivity mapping in the background for
comparison. We can see that the emission data perfectly follow the previously identified
upper branches. This provides clear confirmation of the electroluminescence of Landau
polaritons in our structures.
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Figure 4.12: Electroluminescence and magneto-reflectivity comparison Emission maxima’s
energy plotted with respect to the magnetic field for sample (a) 091223 thinned down to
28 ym and (b) 28104 thinned down to 40 ym. The corresponding false-color magneto-
reflectivity map is plotting behind as a comparison.

Indeed, the higher polariton branch dominates in our emission spectra. This may result
from a bottleneck effect that strongly inhibits the redistribution of polaritons from the upper
to the lower branches [55]. Such a bottleneck arises from a complex interplay of relaxation
mechanisms, including polariton-phonon, polariton-carrier, and polariton-polariton scatter-
ing, as well as intrinsic radiative and non-radiative losses. While near-infrared exciton-
polaritons typically relax efficiently toward the lower branch, our Landau-quantized sys-
tem exhibits the opposite trend, with electroluminescence predominantly emitted from the
upper branches. A possible explanation lies in the combined influence of non-equidistant
Landau levels and the non-equilibrium carrier distribution generated by electrical injection,
as discussed in a previous chapter, especially carriers occupying high-energy states above
the Fermi level. These electrons can absorb energy at lower scales due to the reduced spacing
between Landau level. This effect may be further amplified by the presence of crossed elec-
tric and magnetic fields, which cause higher energy levels to shift downward more rapidly
than lower ones. In addition, Coulomb interactions may enhance this process by enabling
the conversion of polaritons into electron-hole excitations at similar energies through inter-
actions with non-equilibrium carriers. A deeper understanding of these relaxation mecha-
nisms calls for further experimental and theoretical investigation, both in this system and in
other Dirac materials.

4.4 Estimation of the Landau population

From the magneto-reflectivity and electroluminescence results, we can have an estimation
of the Landau polaritons population. This information is particularly valuable to have as it
allows us to know whether or not we are close to a potential lasing threshold. Indeed, as dis-
cussed in the Introduction, polariton lasers are based on the accumulation of quasi-particles
into one state thus generating a coherent emission. Therefore, the polariton population in
this state should become macroscopic, thus serving as a reliable indicator of how far the
system is from the lasing point.
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Figure 4.13: Comparison of the raw reflectivity and emission spectra.

(Top panel) Emission spectrum obtained on sample 091222-28um-A and a magnetic field
value of 0.75 T, positioning it in the first anti-crossing. (Bottom panel) Corresponding
magneto-reflectivity spectrum, displaying the two polaritonic resonances.

In this section we will therefore develop three methods that allow us to estimate the
polariton population. This was made possible with the precious help of Pr. Cristiano Ciuti
of MPQ laboratory in Paris. A first one will be derived considering that all available states
are populated. Since it is a very unlikely scenario, it will provide a lower bound of the
population. On the other hand, in the second method, we consider a single populated mode.
This will thus give an upper bound for the population. Finally, in a third method based
on the width of the emission spectra, we will derive a realistic estimation of the polariton
population, coherent with the two first methods.

4.4.1 Lower bound estimation

Let us consider the cavity energy dispersion

hic /
Eca'()(k) — 7 k% + kz, (4.7)

where c is the speed of light, n the refractive index of the substrate, z is the direction per-
pendicular to the 2D material. For small in-plane wave vectors, the cavity dispersion can be
approximated as parabolic, namely

hc k2 1 k2
Ecao(k) = —kz4/1+ 75 = Ecao(0 (1+——>. (4.8)
cav( " z k% cav ) 2k%
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The density of photonic states is

A 2
D(E) ~ o /d kS(E — Ecan(K))
A
— o [ Kk 8(E — Eco (1), (4.9)
where A is the area of sample where there is emission. Since dE sy = Eq(0) k]fzk, then kdk =
EC:;Z( )dEmv and therefore

AR
D(E) = S Eo (0]

The polariton density of states is comparable to the photonic density of states, which will be
used for our estimate of the number of polariton modes involved in the emission process

(4.10)

A SAE,, i
Nmode = D(E) AEemission = E@%, (4-11)

where AE,,ission 1S the emission linewidth Given the experimental nominal parameters,
we can take A ~ 1mm?, k, = ﬁw = W = 10°m~ ! and AE,ission = 3meV we have
Ecap(0) ~ 3meV we get NV,,04. ~ 1500. Finally, we can estimate the number of polariton via

the emitted power

emission ~ g avg
P pol 'ym hwpola, (4.12)

where N1 is the number of polaritons in the steady state, 'y the average radiative rate and

hw!'S the average photon emission energy. By injecting the exper1mental values Pemission ~

polu
10 nW, A’ ola ~ 3meV and 7/ § ~ % 3meV ~ 0.7 ps~! we get: Npo ~ 30. Finally,
we get the lower bound:
N
N’”"; >2.1072, (4.13)
mode

4.4.2 Upper bound estimation

The upper bound for the polariton occupation number is obtained by assuming that all
the polaritons are occupying the same polariton mode. This is certainly not the case, but
together with the lower bound calculated above, it will allow us to have a decent estimate
of the polariton occupation numbers. Assuming that only one mode participates in the
emission, we can assess the polariton population from the non-linear dependence of the
emission amplitude with respect to the injected electrical power. This can be calculated via
the simple rate equation

AN,
dt

- _'YNpol +77Pelec(1 +Npol)/ (4.14)
where 7 is the polariton loss rate and 7 is unknown. The steady-state solution reads

77Pelec

—_— . 4.15
Y- ’7Pelec ( )

Npol =
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From this equation we can see that for P,,. — P(EIZZCrEShOldS) = % then Ny, — +oo. Below

threshold, we can Taylor-expand the previous solution as follows

2
N, — 77Pelec 1 ~ 77Pelec 1 77Pelec ~ 77Pelec 77Pelec 4.16
pol — 7Pulec ( + ) - + : (4.16)
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Figure 4.14: Evolution of the emitted power with the injection power for sample 091222-
28um-B.

(a) Plot of several emission spectra, obtained for a fixed value of magnetic field of 0.9 T,
when increasing the injected electrical power from 0.15 to 1.45 W (corresponding to electric
tields ranging from 300 to 1000 V/cm). (b) Evolution of the emitted power with the injected
electrical power, for the two polaritonic branches identified on panel (a) with the marker
styles and colors. The dashed lines are quadratic fittings used to compute the corresponding
polariton population (shown in insert) according to the model derived in the main text.

Therefore, we now have the dependence of the emission power on the electrical power,
namely

pemission Y8 100"Y8 ~ A1V 1,78 TIPEZEC + 77Pelec : =a1P,,.+a P2 4.17)
pol rym pola — ,Ym pola v v 1 elec 2 elecr

where a;/a; = /1. We can therefore have access to the polariton population by fitting the
curve corresponding to the measured emitted power versus the electrical injected power,
as shown in Fig. for sample 091222-28um-B. For the considered sample, the polariton
population would reach more than one for an electrical injected power of 1.5 W (obtained
for an electric field of 1 kV/cm).

From the two scenarios developed above, we can conclude that the polariton occupation
from the most populated mode in our system is bound as follows:

N
2.1072< P <1, (4.18)

mode
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4.4.3 Realistic estimation via the losses

Another approach to estimating the polariton population is to study the evolution of the
emission peak spectral linewidth (full width at half maximum, FWHM) as the electrical in-
jection bias increases. Figure shows that the UP2 emission peak spectrally narrows
when increasing the electrical power P and reaches a minimum around 0.5 W. Increasing
P further, the linewidth increases and for power exceeding 0.8 W, there is net broadening
with respect to the low-power regime. This could be attributed to non-linear polariton losses
caused by scattering processes [106], where a polariton is converted into an excitation of car-
riers in higher-energy Landau levels. We can model in a general way the power-dependent
emission linewidth with the following formula

rp)= 10

= ————= tIne(P),
1+ Ny (P) (P)

(4.19)

where Ny, (P) is the polariton occupation number and I'yr(P) is a power-induced addi-
tional broadening. This formula includes both Schawlow-Townes narrowing produced by
stimulated scattering due to the polariton final-state population [107] and nonlinear losses.
At the lowest order in the power, N,y (P) ~ NP and I'y.(P) =~ 5P, since both quanti-
ties vanish for P — 0. With this formula we achieve an excellent fit of the experimental
linewidth versus power, as shown in Fig. with the fitting parameters I'(0) = 5.65
meV, N' = 2.0 W~ and # = 3.1 meV/W. For a power P = 0.5 W, the estimated polariton
occupation number is 1, which is consistent with the previous discussed bounds.
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Figure 4.15: Evolution of the FWHM with the injection bias.

(a) Example of double-Gaussian fitting used to extract the emitted amplitude and FWHM.
(b) Evolution of the FWHM of the UP2 branch when increasing the injection bias (pink mark-
ers). The pink dashed line is a fit using the loss-inclusion model described in the main text
and showing great accordance with the experimental data.
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4.4.4 Discussion

One point needs to be addressed carefully. Indeed, the last subsections demonstrated that
the system is close to a lasing thresholds. In particular, it seems that the higher energy peak
UP2 is the most likely to reach this state. However, all the experiments were conducted at 0.9
T, which favors the low energy anticrossing. In practice, because sample 091222-28um-B has
a lower carrier density, it exhibits a smaller cyclotron mass and therefore a steeper cyclotron
slope. Consequently, the anticrossing between the CR and the second cavity mode occurs
at lower magnetic fields in sample 091222-28um-B than in sample 091222-28um-A. In other
words, at 0.9 T we are closer to this second anticrossing in sample 091222-28um-B than in
sample 091222-28um-A, although, still not exactly within the theoretical anticrossing region.
Nevertheless, since the CR is intrinsically broad in emission in the absence of the cavity
(see Fig. and c), the second mode is already activated at lower magnetic fields. This
behavior is also evident in Fig. .16, which presents a waterfall plot of spectra at different
magnetic fields; in particular, at 0.9 T, the peak associated with the second mode becomes
visible. Thus, the signal observed on this mode does not arise from thermal emission but
originates from the broadened cyclotron resonance coupled to the cavity mode. We therefore
emphasize that our interpretation in terms of nonlinear electroluminescence from Landau
polaritons remains valid for the UP2 mode, even if the emission does not occur exactly at
the theoretical anticrossing position.
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Figure 4.16: Evolution of the FWHM with the injection bias.

(a) Waterfall plot of raw emission spectra from sample B with increasing magnetic field (0
-19T). At 09 T (bold curve), two peaks are visible, corresponding to the first and second
cavity modes. (b) Extracted emission maxima (solid circles) corresponding to the two UP
branches of panel (a). The circle size reflects the amplitude of the corresponding emission
spectrum. Fits based on the Hopfield model are also shown (dashed lines). The black dotted
vertical line marks the point B = 0.9 T. The dark gray (resp. light gray) shaded regions denote
the energy ranges over which the bare CR extends, corresponding to the FWHM (resp. twice
the FWHM) of the curve in panel (c). (c) Bare CR emission obtained without the cavity at a
magnetic field of 0.9 T.
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4.5 A way to make it better: improving the quality factor

We just demonstrated that our system is close to a potential polariton-lasing threshold. Our
devices were made using a basic, homemade process that could largely be improved. We
will now discuss the main leverage of improvement and the technological solutions that we
could implement as perspectives for future studies.

The lower polariton population estimation, based on a pessimistic situation where every
mode is occupied, gives an interesting result in terms of how does the population behaves.
Indeed, combining equations and we can deduce that

1
N

pol /state & —AEEm' (4.20)

where AE,;, is the emission linewidth. This formula indicates that the narrower the emitted
spectrum, the higher the polariton population. Therefore, it may be possible to reach the
lasing threshold before non-linear losses become too important (like in Fig. 4.15p).

4.5.1 Overcoming the thickness inhomogeneities

Currently, the quality factor of our cavities can be estimated around 3 with a linewidth of
about 1 meV in reflectivity mode (see Fig. 4.13). As a comparison, the linewidth is 4 or 5
times larger in emission mode (see Fig. [£.15b). This is primarily attributed to the involve-
ment of additional inter-level transitions in the emission process compared to the reflectivity
one, due to the hot-carrier distribution and the Stark effect on ionized impurities. However,
in systems with optical cavities, these are not the only contributing factors. As discussed in
a previous section, the thickness inhomogeneities of the cavities are critical here. The typical
magneto-optic spot-size is around 500 ym whereas the emitted area, determined by the size
of the contacts, is at least on the order of mm?2. Moreover, the emitted radiation will spread
over the whole sample through multiple reflections in the cavity. Therefore the emission
process is way more sensitive to the thickness inhomogeneities of the sample, resulting in a
larger inhomogeneous broadening than in optical spectroscopy.

A way to reduce these thickness variations would be to get rid of the mechanical thin-
ning step. Since it is done manually, it is a large source of inhomogeneities that propagates
through the rest of the process. A first option would be to thin the substrate exclusively
using plasma etching, but this would require a very long processing time, imposing mul-
tiple runs to maintain consistent machine conditions for reproducibility. Another option
would be to use chemical etching. It was demonstrated in several papers [108, 109] that a
H,0O,/NH,OH based solution is very efficient at etching GaAs substrates, in a much faster
way than with a plasma. These two options would eliminate the need for manual etching,
thus drastically reducing thickness inhomogeneities.

4.5.2 Upgrading the cavity

Another approach to increasing the cavity’s quality factor is to reduce the photonic losses.
They could come from absorption processes in the substrate or light diffusion from impuri-
ties or due to the surface roughness. However, a dominant source of losses could be that too
many photons are escaping the device without interacting with the cavity. Indeed, in our
system, the optical cavity consists of a first gold mirror at the back of the sample but it lacks
a true second mirror to complete the cavity. The top part of the cavity is made of the high

NGO



4.5. A way to make it better: improving the quality factor 97

refractive index gradient at the sample (n ~ 3.6) / air (n ~ 1) interface. A simple calculation
based on the Fresnel coefficient gives us

) 2
T—=1- (M> ~07, (4.21)
NGaAs T Nair

meaning that almost 70% of the light escapes the cavity after a single round trip. There-
fore this intrinsically leads to a poor quality factor. A simple yet effective modification to

(a) (b) (©)

Figure 4.17: Sketch of the enhanced cavity process. (a) The thinned sample is glued on the
golden sample holder via the SU8 resin technique. (b) A photolithography is then performed
on the sample to delimit the area to open. The gold is then deposited and lifted off the
surface of the sample. (c) A layer of oxide is deposited on the device to isolate the sample.
Another photolitography is then made to delimit the area to etch in order to open the central
rectangle.

improve this cavity design would be to close the cavity with a gold layer on the top and
around the sample. The process that we implemented is illustrated in Fig. The first
step is to perform a photolithography on the sample to define the shape of a gold-free area
on the surface. Indeed, since the Indium contacts are welded on the surface, an opened area
without gold is required. We chose a rectangular shape with a width of 700 ym and a height
of 3.2 mm. Once the lithography is done, we then deposited 150 nm of a Ti/Au alloy and
performed a lift-off in an acetone combined to ultrasound bath. Figure[4.17b shows what we
obtain at this stage of the process. In order to prevent any current leakage from the contact
to the top gold layer, we added an extra step, involving the deposition of a protective oxide
layer. For that purpose we deposited a thick layer of SiO,. We then performed another step
of lithography to shape a slightly smaller rectangle (500 ym x 3 mm) and we finally etch the
oxide by mean of the ICP RIE machine previously presented. At the end of the process, the
device should look like Fig. f.17c.

Figure displays a photo of the device at the end of the fabrication process. The
grey area corresponds to the QW’s surface, the yellow one indicates the deposited gold and
a pink area represents the deposited dielectric layer. We then covered the lateral surface of
the sample with silver paint and welded two Indium balls on the surface (see Fig. 4.18b).
Finally, we performed Landau emission spectroscopy and the results are shown on [4.18k.
Unfortunately, no clear amelioration is visible. Indeed, the width of the emission peaks are
still as wide as before and the coupling (blue-shift) remains low. This could be due to the fact
that a large uncovered portion of the sample still remains between the two electrical contacts
and therefore a majority of photons escape without seeing the rest of the cavity. Therefore,
it could be necessary to look for a cavity design that is able to include the contacts inside the
resonating volume. A certain number of geometry exists but the one that seem to be suited
for our purpose is the so-called Tamm cavity. We will now detail its functioning and present
some preliminary results.
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Figure 4.18: Photos of the enhanced cavity at the end of the process. Photo of the sample
after the process developed in the main text, (a) and after we welded the Indium contacts in
the opened area (b). The sample’s contours have been covered with silver paint to prevent
from any photon leakage from the sides. (c) Waterfall plot of the emission spectra obtained
on the enhanced cavity, for different magnetic field strengths.

4.5.3 Toward high-tech cavities: the Tamm cavity

Presentation

Tamm electromagnetic modes take place at the interface between a periodic stack of mate-
rials featuring highly different optical indexes (distributed Bragg reflector, DBR) and free
space. It was theorized in 1996 and rapidly applied to visible/IR systems due to the
availability of high-quality AlGaAs/GaAs stacks 112]]. To adapt this technology to the
THz range, it is necessary to have thicker layers in the DBR thus disabling the use of molec-
ular beam epitaxy for its growth. Therefore Tamm cavities have been realized using stacks
of silicon layers (n ~ 3.42) of thickness close to 25 ym, spaced with air layers (n ~ 1) of
approximately the same thickness. In particular, these DBR have been applied to the p-Ge
laser as efficient semi-transparent THz mirrors [113]. More recently it has been shown that
Tamm cavities can reach very high quality factor (> 200) for a resonant frequency of 1 THz
when coupled to a gold mirror [102].

The geometry of such a THz Tamm cavity is sketched on Fig. [4.19a. The layers typically
used are GaAs or silicon, with air spacers as previously mentioned. To size the air layer,
spacers are used, typically made of scotch tape, GaAs or silicon. The sample of interest is in-
serted in the cavity by being placed at the interface with the DBR. Its bottom is covered with
a gold layer, thus closing the cavity. Figure shows a TMM calculation of the reflec-
tivity spectra for such a structure, when varying the number of GaAs/Si/air layers. It was
obtained considering 13.6 ym of GaAs as a DBR layer and 50 ym of air. When the periodicity
of the DBR is increased, the resonance width decreases as its strength diminishes (see insert
of the plot). In particular, the quality factor of the Tamm cavity ranges from 10 to 74 for
DBRs from 1 to 3 periods. For comparison, the reflectivity of the bare cavity (namely only
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Figure 4.19: Sketch of a THz Tamm cavity. (a) Side view of a THz Tamm cavity, composed
of a DBR stack made of either GaAs either silicon layers separated by air and closed with
a gold mirror, positioned at the back of the sample of interest. A zoom around 1.5 THz
is plotted in insert. (b) Reflectivity spectrum, computed by the mean of the TMM method
(see Methods), obtained for these structures for different number of GaAs/Si/air layers. A
simple cavity (ie just the thinned sample) spectrum is plotted on top for comparison.

the thinned sample) is plotted, clearly demonstrating that the Tamm cavity design brings a
great improvement in the quality factor. From Fig. 4.19p, it seems that having a two periods
DBR is a good trade-off between high quality factor and intense resonance.

TDS characterization

We characterized two Tamm cavities using room temperature TDS measurements. The first
cavity was built by my myself and it is made of 150 ym thick scotch spacers and a 50 ym
thick undoped GaAs layer. The sample originates from the 091222 growth and its substrate
has been thinned down to 50 ym. It is glued on golden holder (see insert of Fig. [4.20a).
The second cavity was provided by Pr. Jun Kono’s group of Rice University, USA. It was
tabricated by Alan Covarrubias and consists of a 28104 sample thinned down to 160 pm,
with two layers of Si (50 ym thick)/air (173 ym thick). The whole cavity is encapsulated
with a PTFE cover (see insert of Fig. [4.20p).

Figure displays the TDS reflectivity spectra obtained on the two Tamm cavities. In
both cases, it features several resonances, much narrower than the one obtained with the
bare cavities. Indeed, the linewidth of the home-made cavity is typically of 70 GHz com-
pared to 42 GHz for the Rice device, whereas it exceeded 250 GHz for the simple cavity (see
Fig. [£.4). The higher quality factor of the American’s cavity is most likely due to the fact
that it features two stacks where the homemade only has one. Nonetheless, these TDS re-
sults already demonstrate that Tamm cavity could greatly improve the quality factor of the
system.

NGO




Chapter 4. Electroluminescence from Landau
100 polariton

[ T T T T T
L AT
e f f s
10—1_ ‘ / l J
£ 10-1) z F ‘
: Sl || |
“iu_) § 10 F : . 3
w Y—
o -2 ()
10 o 10—3
1072 : : : 1074}
0.0 0.5 1.0 15 2.0 050 0.75 1.00 1.25 150 1.75 2.00
Frequency (THz) Frequency (THz)

(a) (b)

Figure 4.20: TDS characterization of the two Tamm cavities. TDS reflectivity spectrum
obtained on (a) the homemade Tamm cavity and (b) the Tamm cavity provided by Pr. Kono,
Rice University. A photo of each device is shown in insert.

Magneto-reflectivity measurements

I measured these two samples at the LNCMI-G laboratory to probe their optical magneto-
reflectivity. It is shown in the left panel of Fig. plotted as a false-color map. It features
several anti-crossings whose positions are in good agreement with the previous TDS charac-
terization, even though only the more pronounced modes appear to be visible in magneto-
optics. It means that we successfully induced light-matter coupling in our samples, in the
form of Landau polaritons.

The coupling seems to be relatively low and can be roughly estimated at below 10%
(around 5% for the American and 9% for the homemade cavity). However, when we look at
the raw spectra on the right panel of Fig. it is clear that the resonances are significantly
narrower than previously (see red curve for the comparison with the simple cavity). Indeed,
the UP/LP modes of the homemade (resp. the American) cavity exhibits linewidths of 100
GHz (resp. 50 GHz) compared to 210 GHz for the simple cavity, corresponding to quality
factors of 10 (resp. 16) versus 3 previously. We finally succeeded at enhancing the quality
factor of the resonator by more than a factor 3 by implementing a Tamm cavity design.

The quality factor Q characterizes the lifetime of a resonant mode, while the coupling
strength ¢ quantifies the intensity of the light-matter interaction. These two quantities are
governed by different parameters: Q depends on losses, whereas g is determined by the
local field strength, and thus by the effective mode volume. In our case, the new cavity
exhibits a higher quality factor, indicating reduced losses. However, the coupling strength
remains unchanged or it is even slightly lower. This suggests that, despite better energy
confinement in time (i.e., lower losses, higher Q), the electromagnetic field is not more tightly
confined in space. In other words, the cavity concentrates the field less efficiently, which
weakens the local light-matter interaction and therefore reduces the coupling strength g.
Improving ¢ is essential to reach the strong coupling regime. However, once this regime
is achieved, progressing toward Bose-Einstein condensation relies primarily on enhancing
the quality factor Q. A higher Q leads to longer polariton lifetimes, which facilitates more
efficient relaxation into the ground state and increases the likelihood of condensation.
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Figure 4.21: Magneto-reflectivity obtained on the two Tamm cavities. (Left panels) False-
color magneto-reflectivity mapping obtained on the homemade (upper plot) and American
(bottom plot) Tamm cavity. (Right panels) Raw reflectivity spectra displaying the different
polaritonic modes. The spectrum obtained with a simple cavity on 091222 is added for
comparison. The diamond markers point at the different polaritonic branches.

Emission measurements

Finally, we aim to determine whether Landau emission can be obtained from these two
structures, with narrower resonances. The results are plotted on Fig. The first obser-
vation is that there is no effect of the optical modes with the USA Tamm cavity. Indeed,
we can only see a classical CR blue-shifting when increasing the magnetic field strength.
This absence may be attributed to the electrical contacts, located outside of the cavity, thus
preventing the emitted light from coupling to the electromagnetic modes.

On the other hand, the emission obtained with the homemade cavity exhibits some op-
tical modes. The positions of the modes seem to be in good accordance with the ones pre-
viously observed in TDS and magneto-reflectivity (see figures and £.21). However, the
coupling is really weak as no clear deviation from one mode to the other is visible. Therefore,
we don’t induce any polaritonic phase in the system. This is nonetheless an encouraging re-
sult as for this cavity as an effort to weld the Indium contact inside the cavity have been
made, resulting in the coupling of the emitted light with the cavity modes.
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Overall, the emission and magneto-reflectivity results are very different. The fact that
we loose the light-matter coupling may be due to the increased interaction volume when
probing the emission. Indeed, as discussed earlier, while the magneto-optic radiation is
well focused on the sample, thus probing a small and homogeneous part of the cavity, the
emission case is quite different. For the American cavity, the light could escape the sample
without being affected by the cavity as the electrical contacts lay outside of it. In the home-
made cavity, it could be due to a guided propagation towards the sides of the sample, both
leading to an inhomogeneous broadening and an increase of the interaction volume, thus
destroying the light-matter coupling.
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Figure 4.22: Landau emission spectroscopy of the two Tamm cavities. Landau electrolu-
minescence spectrum obtained on (a) the homemade Tamm cavity and (b) the Tamm cavity
provided by Pr. Kono, Rice University. It was obtained for different magnetic field strength
and plotted as a waterfall plot with a constant amplitude offset.

In summary, it is necessary to consider a new cavity design that provides better spatial
confinement of the electromagnetic field in the active material region, while improving the
quality factor. Several complementary approaches can be considered to improve the per-
formance of the cavity. To enhance the light-matter coupling, one should employ structures
with strong spatial confinement of the field, position the emitters at the maxima of the elec-
tric field, and increase the number of coupled emitters, for instance by integrating multiple
quantum wells [57]]. To increase the quality factor Q, it is essential to reduce all sources of
losses that limit the mode lifetime. This involves minimizing radiative losses through higher
mirror reflectivity and optimized cavity geometry, as well as reducing material losses by se-
lecting low-absorption materials and operating at suitable wavelengths. Finally, fabrication
quality plays a crucial role: precise control of layer thicknesses, minimal surface roughness,
and high uniformity of the deposited layers are key to suppressing scattering and signifi-
cantly enhancing Q.
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The objective of this chapter is to present some preliminary results obtained on samples
of the III-V semiconductors family. Indeed, as it was mentioned in the Introduction, these
materials” band structures are less temperature sensitive compared to the II-VI family and
benefit from an advanced technological process knowledge, making them mature for po-
tential applications. Results on InSb- and GaAs-based quantum wells will be presented,
followed by an investigation of the magneto-optical properties of a superlattice structure

composed of InAs/GalnSb alloys.
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104 Chapter 5. III-V-based heterostructures

5.1 InSb-based quantum wells

5.1.1 Landau emission experiments

One of the first system where Landau emission was observed are bulk structures of n-type
InSb [114-117]. It was already known that InSb is a narrow-gap semiconductor and thus
features a non-parabolic band-structure. It was evidenced that, under electric excitation,
electrons are excited from impurity states to conduction Landau levels and then recombine
radiatively. However, it was shown that, due to strong electron-electron interactions, a pop-
ulation inversion was hard to achieve in these structures[23]. Additionally, bulk materials
offer poor leverage of tunability as it is impossible to tune the carriers concentration. Since
no Landau emission results where reported in InSb-based QWs, it is interesting to go to-
wards this research direction. The InSb-based QW sample were provided to us by the group
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Figure 5.1: Landau emission experiments on InSb QW. (a) Waterfall plot of the Landau
emission spectra obtained when varying the magnetic field strength. (b) Extracted spectrum
maxima plotted against the magnetic field. The dashed line is a linear fit used to extract the
cyclotron mass value. (c) Cyclotron mass for the given electron density of the sample (red
star). Multi-bands Kane models prediction is plotted for comparison (black line), showing
good agreement [118]].
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of Pr. Manfra of Purdue University, West-Lafayette, USA. The detailed growth as well as
some characteristics are summarized in the previous chapter. We performed Landau emis-
sion spectroscopy measurements on this structure and the results are shown on Fig.
We can see an intense emission ranging from 5 to 13 meV when tuning the magnetic field
strength from 0.8 to 2.3 T (Fig. [5.1a). When extracted, the positions of the spectra’s maximum
align well with a linear-in-magnetic-field behavior, characteristic of the cyclotron resonance
(Fig. [5.1p). The cyclotron mass deduced from the slope of a linear fit is estimated to be
0.02 m,, which is in good agreement with the Kane model , for the measured electron

density (Fig. [5.1k).

5.1.2 Towards engineered ohmic contacts

As discussed in the Introduction, one of the advantages of the III-V semiconductors’” fam-
ily is the extended available knowledge regarding fabrication processes. Therefore, ohmic
contacts were fabricated on this InSb-based structure. It is indeed important to find an al-
ternative to the Indium-ball contacting method as it does not allow a precise control of the
electric field lines inside the sample. In this subsection, the work carried out to achieve this
goal will be detailed. The adopted geometry is a Van der Pauw (VdP) 2.5 mmx2.5 mm
square (see Methods) with contact pads” width of 500 ym.

The key step is the etching process. Indeed, accessing the well requires the local removal
of the 40 nm-thick barrier, followed by the deposition of a metal layer to establish contact
with the well. To perform this step, I used a well established wet etching technique, based
on a citric acid/H,O; solution [119H122]]. Since it does not require any heavy equipment,
unlike dry-etching techniques, it has the advantage of being easy to implement.

UV exposition

InSb QW + InSb QW Wet etching InSb QW Profilometer InSb QW

measurement

)

(c)

development

)

(a)

)

(b)

| Wet etching I

(d)

Figure 5.2: Sketch of the etching protocol. (a) The deposited resist is exposed to UV light
through a Chrome mask with the VdP shape. It is then developed in an acetone bath. (b)
The sample is then plunged inside the citric acid/H>O, solution for a defined time. (c) The
sample is then measured by the mean of a profilometer. The red line shows the path of the
tip that allows us to estimate the etched depth. (d) The sample is then plunged again in the
solution until the desired depth is reached.

Before etching the sample, I performed tests on pure InSb wafers to establish an efficient
recipe and an associate etching speed. The protocol is the following: after a UV lithography
to pattern the VAP shape (see step (a) of Fig. 5.2), the sample is plunged inside the citric
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acid/HyO; with a 50:1 ratio (based on [120]) to start the etch the material (see step (b) of
Fig. [5.2). After a certain defined time, the sample is removed from the solution, rinsed and
the etched depth is measured by the mean of a profilometer (see step (c) of Fig. [5.2). I then
repeat the etching and depth measuring steps for around 20 min to have an estimation of
the etching speed. As a result, the etched depth exhibits an evolution with etching time
that is nearly linear (see Fig. ) When comparing with Chang et al.’s work [120], the
etching speed that we obtain is much larger. Indeed, after removing the resist, a final mea-
surement of the etched step was carried out. I find 1328 nm which gives an etching speed of
66 nm/min compared to 16 nm/min in Chang’s work. This could be explained by the dif-
ference in the etched material, the slightly different temperature of operation (22°C against
18 in [120]) or the state of the chemical solution (concentration, freshness etc...). This test
allows us to have an estimation of the etching time needed to reach the InSb QW, located 40
nm below the surface of the sample (see Methods).
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Figure 5.3: (a) Optical photo of the final device obtained after the etching process and the
metal deposition. (b) Etched depth evolution with time for our work (blue empty circles)
compared to Chang et al.’s work [120] (red stars). (c) I(V) curves obtained, at room temper-
ature, on four two-probes configurations of the sample.

Figure shows an optical photo of the processed sample, after the etching and the
metal deposition. A simple Ti / Au (10/50 nm) metallic alloy was deposited to contact the
well. We then performed I(V) characterizations, at room temperature, on four different two-
probes configurations and the results are plotted in Fig. [5.3k. It displays a perfect linear
behavior, giving an average resistance of 893 (). Although these room-temperature results
are encouraging, they are not sufficient, as the contact resistance increases drastically when
the temperature is lowered to that of liquid nitrogen. This means that a Schottky barrier
is formed at the interface between the metal and the semiconductor [123] and therefore the
QW is not properly contacted. A way to improve this would be to perform an thermal
annealing to break this barrier or to change the metal alloy towards a composition that can
diffuse inside the structure, like AuGeNi [119, [122].
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5.1.3 Towards light-matter coupling

InSb QWs have been used to study the influence of band structure’s non-parabolicities on
the light-matter coupling [124]. The use of these metamaterials has the benefit to be quite
straightforward, compared to the thinning process, as it only require one step of lithography
and a step of metal deposition and a lift-off. It also offers an easily tunable platform since,
as we will see later, the resonance frequency is determined by its size. It is therefore a very
promising platform to study Landau polaritons [58, 124].

Small introduction to the split-ring resonators

-«
W
> e
(b)

(a)

High |

<A
N
I
|

Relative permittivity

® A © » ®

Frequency (THz)

1/\/ O

Low |

(©

Figure 5.4: (a) Sketch of the typical geometry of a SRR. (b) Electromagnetic simulation and
(c) associated real (resp. imaginary) part of the computed permittivity (red resp. blue line).
Adapted from [125].

Figure shows the typical geometry of a SRR. It is usually made by a metal of thick-
ness t, of width W, lateral length r and features a slit of size g. Its resonator mechanism can
be understood, in a first approximation, as a miniature LC circuit. The metallic loop plays
the role of an inductance, while the gap introduced in the ring behaves as a capacitance.
Together they form a resonant oscillator whose natural frequency is determined by the com-
bination of these two elements. When an electromagnetic wave illuminates the resonator,
the magnetic field perpendicular to the loop induces a circulating current through Faraday’s
law, and the electric field parallel to the gap drives a build-up of charges across it. The result
is a resonant excitation that efficiently converts the incident field into localized oscillations
of currents and charges.

This mechanism provides an interface between light and matter: the incoming light cou-
ples to a photonic mode confined by the geometry of the split-ring. When the split-ring
is placed close to a semiconductor material subjected to a static magnetic field, the rele-
vant matter mode is the cyclotron resonance. When the natural frequency of the LC circuit
formed by the split-ring coincides with the cyclotron frequency, the interaction between the
two becomes resonant. The localized field in the resonator’s gap acts as an extremely effi-
cient antenna, capable of forcing the carriers to oscillate at the imposed frequency. This way,
it is possible to induce strong light-matter coupling and the formation of Landau polaritons,
like previously observed in [58, 124].
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We can have an estimation of the SRR resonance frequency with the following formula

fom 1
0" onVIC

where L and C are the inductance and capacitance of the equivalent circuit representing
the system. In practice, it is hard to have a precise value of these two quantities and full
electromagnetic simulation are required to determine the resonance frequency. However,
we can still have an estimation of it using basic formula for L and C. Indeed, in a very
simple model we can approximate the inductance of a thin loop with

(5.1)

L >~ por (log 8—1/\1; — 2) , (5.2)

where 11 is the vacuum permeability. We can also use a planar model to estimate the capac-

itance of the gap:

c:%awgﬂ (5.3)

where €g¢; is the substrate permittivity. By taking t = 100 nm, W =5 ym, r = 50 ym and g
=2 um, we find fo ~ 2.4 THz. It is a very brutal estimation because it neglects the sides
effects but it has been shown with both simulations and experiments that these dimensions
typically give rise to resonances in the THz range [62| [125-127] (see Fig. and c for
example).

Clean-room realization and TDS characterization

Therefore, I designed a Chromium mask featuring several SRRs patterns, of various charac-
teristic sizes. These structures have shown to be resonant in the THz range when the size of
the gap is typically on the ym order and that the resonance frequency red-shifts when the
motif is scaled up [126]. Figure [5.5shows a sketch of the mask, detailing the different SRRs
geometries, inspired from [62, 125-127].

After several conclusive tests on Silicium and GaAs to find the correct lithography recipe,
I processed an InSb-based QW sample with the (c) SRRs pattern. I deposited a standard Ti
/ Au (10/50 nm) metallic layer on top to shape the resonators and the results is shown on
Fig. [5.6p. Most of the patterns are well defined and the size of the gap is around 1.1 ym
and one expects a resonance frequency at 1.5 THz, based on the study made by O’Hara et
al. [62]. I performed room-temperature TDS characterization to confirm the THz resonance
in the meta-material. The transmission spectra are plotted on Fig. [5.6p, for two polariza-
tion configuration indicated on Fig. [5.6a. The spectra were obtained by taking the Fourrier
transform of the time-truncated electric field signal, to filter the interference arising from the
Fabry-Perot effect in the substrate.

The gap in the ring works like the capacitor of the LC circuit, and its orientation decides
whether the incoming electric field can excite the resonance. If the field is polarized across
the gap, no voltage builds up and nothing resonates. If the field is polarized along the gap,
charges pile up at its edges, the circuit is driven, and a clear resonance around 1.5 THz
appears. The resonance’s width is quite important as it is estimated to be around 440 GHz
for a resonance frequency of 1.45 THz, giving a quality factor around 3.5. This value is
below the one obtained in [62]], where they measure a resonance’s quality factor around 10.
This discrepancy could be attributed to the fact that in their study, the authors designed
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Figure 5.5: Split-ring resonators for THz light-matter coupling. (a) Sketch of the designed
Chromium mask. It also includes plasmonics and oxide deposition patterns that are not
presented in this manuscript. (b to f) Different SRRs geometries, adapted from
127].

SRR resonating around 600 GHz. To shift this resonance towards higher frequency, it was
necessary to reduce the size of the split-ring pattern. Itleads to a 2 ym gap, which dimension
is close to the UV lithography limit. Therefore, the quality of the patterns is affected and an
inhomogeneous broadening is expected.
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Figure 5.6: TDS characterization of the SRRs device. (a) Optical photo of the processed
device. The red (resp. blue) arrow indicate the polarization of the incident TDS beam, per-
pendicular (resp. parallel) to the split-ring gap. (b) TDS transmission spectra obtained on
the sample, for the two polarization configurations.

NGO
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The next step is to characterize the sample in the presence of a magnetic field, in order to
verify the presence of a coupling between the meta-material and the InSb 2DEG.

Magneto-absorption characterization

The magnetoabsorption measurements were performed at the LNCMI-G laboratory, by Mr.
Kassa Krystof and the results are shown on Fig. The false-color mapping reveals an anti-
crossing around 6 meV and 1.1 T, as expected given the TDS characterization. Using the
same procedure detailed in the previous chapter, the polariton branches and the coupling
strength could be determined. I find a Rabi spitting () = 0.6 meV giving a coupling ration
of 9 %. It confirms that we successfully induced a strong light-matter coupling in the InSb
QW using a SRRs meta-material.

In the future, Landau emission experiments on this structure could be interesting as it
features a greater quality factor than with the Fabry-Perot devices, thus offering a promising
asset for Landau polariton lasing.
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Figure 5.7: Magneto-absorption characterization of the SRRs device. False color mapping
of the magneto-absorption spectra when varying the magnetic field strength. It exhibits an
anti-crossing around 6 meV and 1 T. The dashed lines are Hopfiled fittings (see for
the detail of the procedure).

5.1.4 Summary and perspectives

In this section, we investigated an InSb-based QW, through magneto-absorption and cy-
clotron emission experiments. We showed for the first time that this structure can emit THz
radiation. We tried to implement ohmic contacts to better control the current injection. This
was not successful and we should try to understand why.

We also attempted at inducing a light-matter coupling in the structure, through the use of
Split-Ring resonators. We successfully demonstrate the presence of Landau polariton by the
mean of magneto-optics experiments. As a perspective, we would like to observe Landau
emission emerging from this strongly coupled system.

NGO



5.2. Landau emission in GaAs-based QWs 111

5.2 Landau emission in GaAs-based QWs

5.2.1 Transport characterization

I also had the occasion to measure GaAs-based QWs samples. It was given to us by Dr.
U. Gennser from the C2N laboratory, Palaiseau. Even if this structure features a parabolic
bandstructure, making it highly sensitive to Auger scattering, it holds a very high carrier
mobility. Indeed, the growth is supposed to have an electron mobility of the order of 2x10°
cm?/(Vs) which is one order of magnitude higher than what we can achieve in the HgTe
QWs presented in this manuscript. Therefore, it makes the study of this material very inter-
esting because, as we saw in the Introduction, a higher mobility makes it easier to reach a
streaming regime and thus a potential cyclotron lasing effect. The structure of the growth is
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Figure 5.8: (a) Temperature profile used for the Indium contact annealing. (b) Two-probe
magneto-resistance evolution of the GaAs-based QW. The start of the quantum oscillations
is plotted in insert, which range is indicated with the red dashed box.

In order to implement electrical contacts on the sample, it is necessary to perform an
annealing of the Indium balls. Figure displays the temperature profile used and im-
plemented in an Annealsys oven. It allowed us to create good ohmic contact and perform
electrical measurements. Figure 5.8b shows the evolution of the two-probe magnetoresis-
tance of the sample. It shows well defined quantum oscillations, that starts at rather low
magnetic field values (see insert) witnessing the high carrier mobility. The SAHO’s period
allow us to estimate the carrier density to be around 1.38x 10! cm 2.

We can notice the presence of a splitting of the quantum oscillations for magnetic fields
larger than 2 T. It was observed several times before [128, 129] and it could indicate that
we start to resolve the spin splitting of the material at high magnetic fields. Note that this
behavior was not systematically observed on all samples, witnessing inhomogeneities in the
growth.

5.2.2 Landau emission experiments

We then performed Landau emission experiments. Figures and c shows the spectra
obtained when increasing the magnetic field strength. Even if Landau emission has already
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112 Chapter 5. III-V-based heterostructures

been observed in GaAs-based structures [90], it is the first time that it is observed in a QW
structure. The FWHM of the spectra is estimated to be around 2 meV, which is less than the
width typically obtained in HgTe-based QWs (around 3 meV). This is most probably due
to the fact the electron mobility is higher in GaAs thus reducing the LLs broadening. Once
extracted, the spectrum maxima’s position give a perfectly linear CR and a cyclotron mass of
0.0703 m, (see fitting of the black experimental points in Fig[5.9c), way larger than in HgTe,
as expected, and coherent with the literature [86].
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Figure 5.9: Landau emission experiments on GaAs-based QW. (a and b) Emission spectra
waterfallplot for different magnetic field strengths. (c) Extracted emission maxima plotted
with respect to the magnetic field value (empty circles). The black points are extracted from
the spectrum only showing one maximum, and is used to determine the cyclotron mass
thanks to a linear fitting (see grey dashed line). The blue and red circles are extracted from
the spectra featuring a dedoubling of the emission peak.

We can notice that, for magnetic field strengths above 3.5 T, a cyclotron resonance doublet
is observed, separated by around 1 meV. This is neither a conventional nor an expected
result, and it requires discussion. Certain explanations can be excluded rapidly. A first
possibility would be that the doublet reflects the occupation of two electronic subbands. In
wide GaAs quantum wells, the second subband can indeed be populated [130]. However,
the cyclotron frequency in the two subbands differs only through band non-parabolicity,
which is weak in GaAs, and should therefore induce a mass difference far smaller than the
values observed here.

Two other possibilities are more directly connected to the breakdown of Kohn's theo-
rem under strong non-equilibrium conditions. The first is that the doublet originates from a
purely nonlinear response. In the linear regime, Kohn’s theorem ensures that the cyclotron
resonance energy in a parabolic band is unaffected by electron-electron interactions [131].
Under intense terahertz driving, however, these conditions no longer apply: Maag et al.
showed that strong-field THz pulses drive the 2DEG beyond Kohn’s protection, revealing
anharmonic Landau-level ladder climbing and distinct extra peaks that are nonlinear side-
bands rather than independent equilibrium CR lines [132].

A second, closely related possibility is that the doublet reflects interaction-driven spin
effects under non-equilibrium conditions. In a simple single-particle picture, the two same-
spin cyclotron transitions are degenerate. Even with electron-electron interactions, as long
as Kohn's theorem applies, this degeneracy is preserved and only the spin splitting of Lan-

NGO



5.2. Landau emission in GaAs-based QWs 113

daulevels is enhanced 129]. To actually separate the two cyclotron transitions in energy
requires going beyond Kohn's theorem. In our experiments, the system is driven far from
equilibrium by a strong electric field, so that the cancellation mechanism that protects the
resonance energy may fail. In this case, dynamic correlation effects can shift the two transi-
tions differently, leading to a measurable splitting. This second scenario would be consistent
with the previous magneto-transport results since it seems that the spin splitting is resolved.

Testing this scenario requires complementary magneto-absorption experiments at ther-
mal equilibrium, where only a single resonance should be visible if this interpretation is
correct. It has been done at the LNCMI laboratory and the results are shown in Fig. [5.10p,
as the form of a false-color mapping of the magneto-absorption of the material. It displays
a perfectly linear CR over the full 16 T range, which cyclotron mass is coherent with the
previously deduced emission one. A raw spectrum is shown in Fig. [5.10b, witnessing that
the cyclotron resonance is not splitted and thus strengthening the previous hypothesis of a
splitting induced by the breakdown of Kohn's theorem due to the hot carrier regime in the
Landau emission configuration.
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Figure 5.10: Magnetoabsorption experiments on GaAs-based QW. (a) False-color mapping
of the sample’s absorption spectra when tuning the magnetic field strength. (b) Raw spec-
trum, obtained at 5 T, highlighting the presence of two resonances.

We can notice the presence of a second linear resonance, approximately 4 meV above the
cyclotron line. This resonance is too low to be attributed to an inter-band transition between
two electronic subbands. We think it can be explained by the presence of charged impurities
in the QW. These could come from the doping layers outside the well and that would have
diffuse inside the 2DEG, as explained in [133]]. These impurities create additional states be-
low the 2DEG LLs and therefore allow new transitions to be visible. It has been extensively
studied in GaAs heterostructure and the binding energy’s order of magnitude of
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4 meV is coherent with Silicon doping. The exact nature of the impurity levels involved as
well as the magnetic field dependence of the transition is still to be addressed and is part of
an ongoing investigation.

5.2.3 Emission in strong crossed electric and magnetic fields

We finally increased the injection bias at a fixed magnetic field. The amplitude first increases
and then saturates (see Fig. ). When V,, reaches 140 V, the emission spectrum becomes
highly distorted, transforming from its usual Gaussian shape into a sequence of peaks (see
Fig. [5.11p). Equally spaced peaks are observed, and multi-Gaussian fitting (red dashed
line of Fig. [5.11p) reveals an energy spacing of 470 ueV. Since the sample is not shaped to
embed any optical cavity, a possible explanation is that the substrate itself plays the role of
a a Fabry-Perot cavity. With this reasoning, the energy spacing that we just measured might
be the Free Spectral Range (FSR) of the cavity. From this value, we can extract the length
of the cavity. Taking the refraction index of GaAs ng,4s = 3.6, we find a cavity length I.4, =

——— =368 £ 76 ym. When we compare with the substrate’s thickness of 300 ym,
2nGaasAEFsR

the hypothesis of a cavity effect is plausible.
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Figure 5.11: Landau emission in GaAs-based QW at high electric field. (a) Emission spec-
tra for fixed magnetic field of 2 T and for various increasing values of injection bias. (b)
Emission spectrum obtained for a magnetic field strength of 3.5 T and a injection voltage
of 140 V peak-to-peak (black solid line). The red dashed line is a multiple-Gaussian fit to
extract the positions of the peaks.

However, unlike the case of Landau polaritons observed in HgTe quantum wells, this
structuring of the emission spectrum does not appear for all values of the applied electric
tield. It emerges only above a relatively high threshold field, beyond which the emission
becomes unstable and the spectrum is radically deformed. This threshold behavior and
specific structuring resemble the emission spectrum of a frequency comb laser. In this sce-
nario, however, the only possible lasing mechanism involves population inversion through
a streaming motion effect, as described in the Introduction. Given the high mobility of the
sample, the electron have time to reach the optical phonon energy before being scattered.

| 2h
Indeed, in GaAs hw,, ~ 37 meV [44] giving an optical phonon speed of V;,, = nC:OP =
c
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4.3%10° m.s~! with the experimental mass previously determined. Therefore, the minimal
electric field at which a carrier reaches the optical phonon energy before being scattered is
‘Gpmc

. o mee .
Ening = ~ 43 V/cm if we take a scattering time of T = —— =~ 40 ps corresponding

to a mobility u = 106 cm?/(Vs). This electric field is very low and largely achieved at 140 V
over 1 mm distance between the contacts, therefore corresponding to 1400 V/cm.
However, we saw in the Introduction that the other required condition for a streaming

Emm2

|%
motion to establish is ~ %. As a reminder, this situation corresponds to the limit

when the orbit of motion of the carrier is tangent to the optical phonon’s speed. Taking B
= 3.5 T like in Fig. situation, it reads E,;;,» ~ 7.5 kV/cm. If we compare to the most
optimistic estimation of the electric field in Fig. which gives 1.4 kV/cm (140 V between
1 mm-spaced contacts), we see that we are one order of magnitude too low for the streaming
regime to be established. The most plausible explanation at this stage is that, owing to the
absence of shaping (such as in a Hall bar), the current distribution within the sample cannot
be controlled. Therefore, it is possible that locally, there is a tightening of the current lines
and thus a local increase of the electric field. This makes it impossible to reproduce the result
without more elaborate technological processing of the sample. Therefore, there is a need to
shape the sample to better control the electric field.

5.2.4 Summary and perspectives

In this section we investigated a GaAs-based QW through magneto-transport, absorption
and cyclotron emission. It revealed a quite unusual behavior as it showed a splitted CR
line that we want to attribute to a splitting emerging from the hot carrier distribution in the
sample, thus breaking the Kohn's theorem.

Strong crossed electric and magnetic field emission experiments showed that we could
have reached a streaming regime in the material, leading to the onset of the laser effect.
Unfortunately, due to the poor electric field control in our structure, these results could not
be reproduced.

It is therefore natural to seek for professional process to shape the sample and control
the field applied. Grating contacts could allow us to apply strong electric fields and reach
a potential Landau lasing threshold. As a second perspective, we would like to implement
a cavity pattern like introduced in the previous chapter. Indeed, this GaAs-based QW fea-
tures a high electron mobility and thus the emission linewidth is reduced, compared to the
one obtained in HgTe-based samples. Therefore, we can expect the threshold of a potential
Landau polariton laser to be achieved at lower electric field strengths.

5.3 Toward a small gap and bulk I1I-V material

This section aims at presenting preliminary results on a superlattice (SL) structure made of
stacks of InAs and GaInSb layers. This material was proposed with the purpose of obtaining
a three dimensional system exhibiting a very rich topological phase diagram. Indeed, only
by varying the respective InAs/GalnSb layers thicknesses, it was shown that is is possible
to obtain a state of matter ranging from a trivial to a 3D topological insulator and a Dirac
semimetal phase. It was achieved in II-VI materials [136, 137] where the authors could ob-
serve clear signatures of the Dirac nodes along with surface states, one of the characteristics
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of 3D topological insulators. However, additionally to the fact that this semiconductor’s
family is highly sensitive to temperature rises, these structures are only 60 nm thick so it is

hard to consider it as being truly three dimensional. Therefore this InAs/GalnSb SL aims at
offering a true topological platform, more robust against high temperatures.
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Figure 5.12: Presentation of the InAs/GalnSb SL structure. (a) Sketch of the epitaxial
growth, made at the IES laboratory in Montpellier. ML stands for mono-layer. (b) Theo-
retical phase diagram obtained by the mean of k-p calculations. It displays three different
phases (trivial, Dirac semi-metal and three dimensional topological insulator), accessible by
varying the InAs (resp. GalnSb) thickness d; (resp. dj). The red star locates the studied
growth. (c) Theoretical bandstructure in the k” /k; plan (z being the direction of the growth
and || standing for either x or y). The £ kp identify the k, values for which the two bands

are touching. (d) Theoretical band-structure in the ky/ky plan for k; = & kp, displaying a
Dirac cone.

5.3.1 Presentation of the structure

The SL was made at the IES laboratory in Montpellier and was grown on a GaSb substrate.

It consists of the alternation of a Ga;_,In,Sb layer and an InAs layer where x = 0.33 (see
Fig. [5.12a for a sketch of the structure). The SL's number of periods (ie the number of

GalnSb/InAs bilayers) is 200. 8-bands k-p calculations where performed in the team to de-
termine the bandstructure of this sample, depending on the layers thicknesses that can be
summarized on the phase diagram displayed on Fig. 5.12b. Depending on the respective
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thicknesses of the GaInSb and InAs layers, it leads to a different state, from a trivial insula-
tor with a normal band ordering to a Dirac semimetal phase and finally a three dimensional
topological insulator with an inverted band-structure. The structure examined here com-
prises a stack of 11 GaInSb monolayers and 18 InAs monolayers, yielding thicknesses of 3.3
nm and 5.4 nm, respectively. The red star of the diagram indicates the theoretical position of
the considered growth and we therefore expect signatures of a Dirac semimetal. Figure[5.12c
shows the theoretical bandstructure of this structure in the kH (ky or ky) / k; plan, where z

is the growth direction. One can see that for the particular values k, ~ 4 0.118 nm~! = +
kp, the two bands are touching. The in-plane corresponding bandstructure is then plotted
on Fig. . Atk, = &+ kp, the dispersion takes the form of a Dirac cone, which justifies the
term Dirac semimetal phase. Therefore, this structure would be particularly well suited for
Landau emission due to its strongly non-parabolic band structure.

5.3.2 Low-energy magneto-spectroscopy

Experimental results
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Figure 5.13: Magneto-transmission measurements obtained on the SL. False-color map-
ping of the magneto-transmission spectra, obtained when tuning the magnetic field
strength. It was plotted with respect to the (a) magnetic field and (b) square-root value
of the magnetic field. The red solid lines are linear guides for the eye and the grey bands
are absorption bands of either the substrate or the different optical component of the exper-
imental set-up such as the beam-splitter or the different lenses.

To characterize the band structure of the SL, we performed transmission magneto-spectroscopy
measurements. The results are shown in Fig. as the form of false-color mappings of
the transmission spectra. It displays four sets of very bright transitions, that evolves in a
square-root-like behavior when increasing the magnetic field (Fig. [5.13p). It is evidenced
more clearly on Fig. where the same mapping is plotted as a function of the square-
root of the magnetic field. It then exhibits a linear behavior, emphasized by the red solid
lines that are guides for the eye.

A second noticeable aspect is that all the transitions are converging towards a small en-
ergy value (< 10 meV) when the magnetic field is extrapolated to zero. This suggests that
we are observing inter-band LL transitions, from a system presenting a narrow gap in its
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band structure. This is consistent with the previous observations of [35], where they studied
a 3D topological insulator, featuring an almost flat hole band. The authors showed that the
almost non-dispersive band pins the Fermi level in its vicinity. In our system, the E1 band
is almost flat along the k, direction and we can thus expect to have the Fermi energy lying
close to the Dirac points.

We can also notice that the higher energy transitions are vanishing for magnetic fields
below 1 T. This is another indication that the Fermi level is positioned slightly above the
Dirac node, thus disactivating certain transitions at low field because of the filing of the
upper LL involved in the transition. A better estimation will be done later on when looking
at the precise LL dispersion. Finally, we can see that the LLs transitions are asymmetric in
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Figure 5.14: Raw transmission spectrum obtained at 7.5 T. It features an asymmetric mini-
mum around 50 meV, typical from a 3D system absorption.

energy. Indeed, the first bright transition has a sharp low energy ending whereas it features
a high energy tail. It is evidenced more clearly on the raw spectrum of Fig. showing
an asymmetric transmission minimum around 50 meV. This behavior, explained by the joint
density of states and the shape of the Landau bands, is typical from 3D absorption as it has
already been characterized in previous works [35].

Taken together, these observations strongly suggest that we are probing a low n-doped
3D Dirac system with a small energy gap, possibly arising from spin-orbit coupling asso-
ciated with symmetry breaking. We will now try to interpret this within an 8-bands k-p
framework.

Comparison with an 8-band k-p calculation

The first thing that we investigated is the joint density of state (JDOS) of the k, dispersion.
It is given by the following formula [138]

JDOS(hw) =Y Y 6 (hw — Ec), (5.4)

Kz kaky
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Figure 5.15: Theoretical optical transitions. (a) False-color mapping of the partial JDOS for
different k, and excitation energy values. (b) Evolution of the total JDOS with the excitation
energy.

where fiw is the excitation’s energy and E., = E; — E, is the energy difference between the
conduction and valence bands. The result at low energy is plotted on Fig. as a false-
color mapping of the partial JDOS, defined as the JDOS for a fixed value of k,. If the total
JDOS (Fig. [5.15b) does not exhibit any particular behavior, it is clear from Fig. that the
major contributions arise from k, values close to kp. This is valid only at low excitation’s
energies but when looking at the magneto-absorption mapping, we continuously follow the
transitions towards low energy. Therefore, by continuity, we can assume that these emerge
from k, ~ kp LLs.
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Figure 5.16: LLs fan-chart and oscillator strength. (a) Theoretical Landau-level fan chart for
k. = + kp. (b) Example of oscillation strength calculation for the (~)-type transitions.
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The above argument tends to attest that we can capture most of the optical properties of
the material by computing the Landau levels only at the particular k, = kp point of the band
structure (see Fig. [5.16p).

From the LLs fan chart we can now try to determine which transitions come to play.
Since linear polarized light was used, it is natural to consider An = +1 transitions where n
is the index of the Landau level. From all these possible transitions, we can select only the
strongest ones by evaluating their respective oscillator strength, defined as follow

~ 2

oH
n—m __ 27710 ‘<m|ﬁ|n>‘ (55)
N |

where (n] (resp. (m|) is the wave function of the initial (resp. final) state involved in the
transition, associated with the LL energy E, (resp. E;;). Figure shows an example of
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Figure 5.17: Theoretical optical transitions and comparison. Theoretical transitions pre-
viously selected considering there oscillator strengths (solid colored lines). The false-color
magneto-transmission mapping is plotted in the background for comparison.

such a calculation for the ’y(_)—type transitions (n = 2 — m = 1), for a wide range of magnetic

tields. One can identify two strong transitions, that are fy(*) and 'y(*), where the two others
are rather weak. We can therefore select only the two strong ones. Table |5.1| explains how
the transitions labels were chosen. Figure shows the final results compiling the experi-
mental mapping along with the theoretical selected transitions. One can see that there is an
overall very good agreement between experiment and theory, strengthening the idea that
we have a Dirac phase inside the superlattice.

It also shows that what we previously interpreted as splittings were actually energy close
transitions. Indeed, all the identified transitions are giving slightly different energies be-
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tween An = +1 et An = -1 cases, reflecting the electron-hole asymmetry in the structure. Fi-
nally, it is noticeable that all the theoretical lines lie below the experimental ones. This could
be due to the fact that no gap was taken into account in the model. As mentioned earlier,
all the transitions are extrapolating at a finite energy at zero magnetic field thus witnessing
the presence of a gap. The consideration of this narrow gap further improve the accordance
between theoretical and experimental results.

One last thing that we can deduce is the Fermi level position. As mentioned previously,
the higer energy transition vanish for magnetic fields below 1 T. These transitions are now

identified and looking at Fig. |5.16@, the only way to continuously see transitions ocgﬂ or p(+)
but not the other ones is to have the Fermi level lying around 50 meV.

Label 3 B 0 ¥ 0
ncm | n=0m=1|n=-2m=-1|n=-1m=0|n=1,m=2|n=2,m=3

Table 5.1: Transition labeling conventions. An exponent (+) ( resp. (-) ) is added to indicate
a transition n — m with n < m (resp. n > m).

5.3.3 High-energy magneto-spectroscopy

To further investigate the structure, we then performed magneto-transmission experiments
at the LNCMI-G laboratory, in M. Orlita’s group. Their unique facilities allowed us to reach
higher energies and magnetic field up to 35 T.

The results are presented on Fig. as a false-color mapping. In addition to the previ-
ously identified square-rootish transitions, we can now observe resonances at higher ener-
gies. This set of transitions evolve linearly when increasing the magnetic field strength and
all extrapolate at the same energy value of around 309 meV at zero field. This suggests that
these resonances come from a conventional semiconductor system with a gap value close to
300 meV.

A way to understand this set of transitions is to look at the full band-structure of the
super-lattice. Indeed, in addition to the E1 and H1 bands, there is a third band of light-holes
LH1 that lies far below the two first in terms of energy. When we look at the gap between
LH1 and H1 for the considered structure, we find 257 meV at k, = 0. However, this value was
obtained using k-p calculations with a model that does not include any interface inversion
asymmetry (IIA). It was indeed shown that this asymmetry plays an important role in these
kind of heterostructures [139,140] and this could be exacerbated in MBE-grown superlattices
where the interfaces are very sharp and are present in large numbers. This IIA term induces
a spin splitting of the bands into two subbands thus implying an increase of the effective gap
at k; = 0. This symmetry breaking could also explain the previously identified gap when
extrapolating the low-energy transitions to zero magnetic field. Therefore, including this
ITA term into the model could allow us to fully describe the magneto-transmission mapping
obtained on this SL.

Another potential explanation would be that these transitions are emerging from the
InAs cap layer. Indeed, these transitions are crossing the ones of the SL, indicating that there
is no interactions between the two systems. We also saw that all the lines are extrapolating
at 309 meV at zero magnetic field, value that is not too far from the gap value of InAs at low
temperature (around 400 meV [141} [142]]). Even though the InAs band gap value is rather
far, it would still be interesting to measure this sample again, after having the cap removed.
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Figure 5.18: High-energy magneto-transmission measurement on the SL. False-color map-
ping of the magneto-transmission measurements obtained on the studied SL. It was per-
formed using a Silicon beam-splitter to reach high energies. The magnetic field could be
tuned up to 35 T thanks to the LNCMI-G facilities.

5.3.4 Magneto-transport measurements

We also performed magneto-transport measurements on this superlattice structure. In ad-
dition to providing interesting characteristics of the material, it is a powerful tool to probe
the nature of the band-structure.

Low-temperature magneto-transport

I first carried out magneto-resistance measurements at low temperature. It was done using
an Helium 3 insert that allows us to reach 300 mK. The sample was contacted by soldering
Indium balls at its surface, in a Van der Pauw geometry. Figure displays the evolution
of the resistance when tuning the magnetic field strength, perpendicular to the sample’s
surface. It features clear Shubnikov-de Haas oscillations (SdHO) on top of a monotonic
background evolution of the longitudinal resistance. This background could result from the
fact that, given the VdP geometry with non-ideal contacts, an increase of the magnetic field
induces a longer path for the carrier to travel and thus a higher resistance [143]. Another
possible explanation is the presence of multiple carriers that induces a quadratic magnetore-
sistance increase [144]. When looking at the behavior of the Hall effect on Fig. [5.19b, two
different slopes are evidenced, indicating that two n-type carriers are present in the system
thus making the second explanation plausible.

Nonetheless, SAHO are visible attesting for the good quality of the sample. We can ex-
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Figure 5.19: Magneto-transport measurements on the SL at 300 mK. (a) Four-probe Van
der Pauw longitudinal resistance measured when tuning the magnetic field value, perpen-
dicular to the sample’s surface. In insert in plotted the extracted inverse magnetic field
corresponding to the minima of the oscillation, used to determine the carrier density. (b)
Corresponding low-field Hall resistance.

tract a carrier density via the position of the minima’s position (see insert of Fig. [5.19%a) and
we found n = 3.5 x 10!! em~2. This density seems really high and not coherent with the
previous magneto-transmission results. Indeed, the overall evolution of the Hall resistance
on Fig. gives us a negative slope which for this measurement corresponds to a n-type
of carriers. According to the density value that we just extracted, it would mean that for a

magnetic field value of 1 T, v = ~ 15. However, if we look at the lowest energy transi-

eB/h
tion on Fig. |5.16b, it is either ocgﬂ or B{*). Thus, it implies that the LLs number 2 or 3 should
be empty for the transitions to be possible. A possible density for the f(*) transition to be
visible at 1 T would be 5 x 101 cm™2. Therefore the density extracted from the transport
measurements is way too large to be coherent with the optical experiments.

Temperature dependence of the SAHO

To further characterize the sample, we then performed temperature dependent magneto-
resistance measurements. For this purpose we used a Variable-Temperature-Insert (VTI)
that allowed us to tune the temperature from 3 to 40 K. The results are presented in Fig.
5.20p, where only the curves from 8 to 25 K are presented. We can see that the amplitude
of the SAHO is damped when the temperature rises. From this evolution we can extract the
effective mass of the material, using the Lifshitz-Kosevich (LK) formula [145]

AR(T,B) T sinh(27*kpT,.pm*/heB)
AR(Tyef,B)  Tyof sinh(2712%kpTm* /TieB)’

(5.6)

where AR(B, T) is the SAHO amplitude at a magnetic field B and temperature T, kg the
Boltzmann constant, T, a reference temperature taken in the data-set and m* the effective
mass of the material.

We extracted the amplitude for two sets of oscillations, around 5 and 7 T (see black and

red points on Fig. 5.20a), and the results are plotted in figures 5.20b and c, along with the
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Figure 5.20: Temperature dependence of the SAHO. (a) Longitudinal magneto-resistance
for temperature values ranging from 8 to 25 K. The black (resp. red) points shows where the
maximum (resp. minimum) value of resistance was taken for each temperature. (b) (resp.
(c)) Evolution of the amplitude of the considered peak around 5 T (resp. 7 T) when tuning
the temperature. The dashed line is the result of the LK fitting.

best fit using formula 5.6|with T;,r = 8.5 K. The fittings are good and gives an average mass
value of m* = 0.0268 mg (0.0237 mg at 5 T and 0.0298 my at 7 T). Given the strong magne-
toresistance background, it is hard to evaluate the true amplitude of the SAHO. Therefore,
this mass value is to be taken as an order of magnitude more than a precise value. At this
stage, it is worth noting that this value is really close to the value of 0.026 m, expected
for a pure InAs system [141} 142]. Combined to the fact that we see two sets of SAHO in
the magneto-transport experiments, it strongly suggests that the InAs cap layer brings an
important contribution in the measurements.

Magneto-transport in a titled field

Finally, we performed magneto-transport measurements for various angle of the magnetic
tield. This is is a very useful way to have insights on the nature (2D or 3D) of the structure
that we probe. Indeed, the period of the SAHO is given by the extreme cross-sections of
the Fermi surface in the plane normal to the magnetic field [43]]. Therefore, by rotating the
magnetic field direction and determining each SAHO period, it is possible to reconstruct the
Fermi surface and have information on the band-structure of the material. An example of 3D
Fermi surface is plotted in Fig. It has a rugby ball shape and therefore, if we go from a
situation where the magnetic field direction is aligned with the growth direction (Fig. 5.21j)
to a situation where the field is in the plane (Fig. [5.21p), we expect an increase of the Fermi
cross-section and thus a decrease of the SAHO’s period.
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growth direction

A =

y €005

(a) (b)

Figure 5.21: Probing the Fermi surface via titled-field measurements. Example of 3D Fermi
surface (cyan surface). Two extreme magnetic-field configurations are represented: (a) the
field is perpendicular to the sample’s growth direction and (b) the field is is the plane of the
sample. The dashed area are the extreme cross-sections of the Fermi surface, determining
the SAHO’s period.

Figure shows the measured longitudinal magnetoresistance for field directions
ranging from 0° to 80°, where the angle is taken with respect to the normal of the the sam-
ple. We can see that the SAHO remains as we increase the field direction’s angle. Figure
shows the evolution of the density, extracted from the SAHO’s period, as a function
of the angle. The prediction for a pure 2D system is plotted as a comparison (black dashed
line). Indeed, in the latter case, the density is constant and the SAHO’s period should be

20

18}

60 T 16}
g 14+t
50 ’/
— —
o 12} /
awl 3 /
c Z 10f /
ECR ‘L’
n 8f e
20 S 1
8 o +1
10 T
Q- K}
. . . . . o . . , . . , . .
0 2 4 6 8 10 12 0 10 20 30 40 50 60 70 80

Magnetic field (T)

(a) (b)

Figure 5.22: Magneto-transport experiments at various field angles. (a) Longitudinal
magneto-resistance evolution for a field direction varying from 0 to 80°. (b) Evolution of
the SdHO-extracted density with respect to the field direction (blue empty circles). The un-
certainties are given for 3 sigmas. The grey dashed line is the predicted evolution for a pure
2D system.

only determined by the perpendicular component of the magnetic field. Therefore it reads:

nop = e< = ¢ = ¢ ) cos® = n(6)cos6

nea(d) na(sdag) noa(
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where 6 is the magnetic field direction’s angle, B is the field projection on the normal di-
rection of the sample, n,p is the system’s density, also equal to the density at 6§ = 0 and n(6)
is the density extracted from the SAHO. The good accordance of the experimental data with
the 2D prediction strongly suggest that the system that we are probing has a 2D band struc-
ture. This is another indication that we could be probing the InAs cap layer. Therefore, we
tried to remove this protecting layer and perform these measurements once again.

Magneto-transport after removal of the cap layer

The InAs cap layer was removed by wet chemical etching, performed by Dr. Salah Ben-
lemgwanssa, using a H3PO4/H>0,/H;0 solution in a 2:1:2 ratio. For InAs, the etching rate
was approximately 1.1 yum/min. The etching duration was approximately 10 s, so the cap
layer is certainly removed. After etching, the sample was contacted using the same proce-
dure as described previously.

T 3.00
— 0° — 40° 32.6 meV :
100 - L
— 10° — 50° 39.2 meV X 275
so4 || — 200 — 60° — 46.2 meV -2.50
—_— —_70° 0| | se--- 1/cos 6 Y
— -2.25 35
S 60+ X experiment <
s -2.00 ¢
< 40 L1.75 &
20 n B 150
- 1.25
o1 . : 1.00
-10 0 10 0 20 40 60 80
Btotcos(0) (T) angle 8 (degrees)

Figure 5.23: Angle dependence of the SAHO without cap layer. (a) Magnetoresistance as a
function of Biot cos(0), where 6 is the angle of the magnetic field with respect to the z direc-
tion. The curves have been shifted vertically for clarity. (b) Calculated normalized effective
carrier density neg(6)/neg(0), for three different values of the Fermi energy reported in Fig.
The experimental values #1e¢(0) /1e(0) extracted from the SAHOs shown in (a) are
reported as black crosses.

Figure presents magnetoresistance measurements obtained after removal of the
cap layer. A key observation is that the fast component of the SAHOs previously observed
in Ryqp has disappeared, leaving only the slower oscillations (see 0° curve of |5_T3‘F1) This
strongly suggests that the doped InAs cap layer was successfully removed. Nevertheless, a
detailed inspection of the Hall resistance (not shown here) still indicates the presence of at
least two types of carriers.

In the following, we restrict the analysis to the main SAHO peaks observed in Rygp. From
the positions of the resistance maxima at B ~ 2.5 T and B ~ 5.5 T, we extract an effective
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electron sheet density of

ns = —[A(1/B)] ' ~ 1.1 x 10 em 2. (5.8)

¢
h

This density is in better agreement with the low Fermi energy values previously deduced
from magneto-transmission experiments. To interpret these results, Fig. shows the
calculated band structure of the SL in reciprocal space, together with representative Fermi
surfaces. The band structure was evaluated from a k-p calculation. For different assumed
Fermi energies, we evaluated the effective 2D carrier density that would be inferred from
SdHO measurements with the magnetic field applied along B,. In this configuration, the
SdHOs probe the Fermi surface cut at k, = 0.

80 80
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Figure 5.24: Iso-energy at the Fermi level for different field directions. (a) Band dispersion
along k; at ky = ky, = Onm~!. (b) Band dispersion along ky at k, = 0.12 nm~!, which
corresponds to the zero-gap location. (c) Slices of the Fermi contour at three different values
of the Fermi energy: E = 46.2meV (red), 39.2meV (orange), and 32.6 meV (blue), at ky =
0nm~!. The conduction band edge is at 31 meV. (d) Similar slices at k, = 0.

For Er — E™" = 1.4 meV, 8 meV, and 15 meV (E™" = 31.2 meV being the bottom of the
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conduction band, at kH =0 and k, = + kp), the calculated densities are

ns = 7.4 x 10°cm?, (5.9)
ns = 5.2 x 101 em 2, (5.10)
ng = 1.15 x 10 em 2, (5.11)

respectively. The highest value is close to the experimentally observed SAHO periodicity.
The corresponding 3D carrier density is numerically estimated as n ~ 5 x 1016 cm~3.

We then simulated the evolution of the Fermi level with increasing B, for this concen-
tration. The calculation could be performed as the k-p band structure was first fitted by a
BHZ Hamiltonian, whose parameters depend on k, (see Appendix A). The electrochemical
potential y(B) is shown in Fig. as an orange line. At low fields, y(B) follows the Lan-
dau levels (LLs) near k, = 0 (dashed red lines), consistent with semi-classical expectations.
At higher fields, j1(B) becomes strongly pinned to a zero-mode LL of hole character, whose
energy decreases with B,, due to the large density of states in this region. Around B ~ 8

T, u(B) crosses the second zero-mode LL. This should produce an additional SdH peak. At
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Figure 5.25: Chemical potential evolution with magnetic field. Energy of the Fermi level
#(B) as a function of the magnetic field applied along the z direction. The Landau level (LL)
dispersion at specific slices of the k; momentum are highlighted: in blue for k; = Onm™!,
and in red for k; = 0.12nm™! (the zero-gap position), showing the pinning of % (B) at the
k, = 0 density of states. The other LLs at different k, values are shown in grey, evidencing

the pinning of y(B) in a normal gap above B = 8T.
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still higher fields, u(B) enters a trivial insulating gap, and y(B) becomes pinned due to a
high degeneracy of states on the low energy side of that gap. The absence of available states
in this region is illustrated in Fig. (grey lines), showing the LL dispersion at all k, with
a step Ak, ~ 0.015 nm L.

Within this simple model, we approximately reproduce the positions of the last two ob-
served SAHO peaks (2.5 T for the first, and around 8 T versus the experimental 5.5 T for the
second). Moreover, the model naturally explains the clear magnetic-field-induced metal-
insulator transition seen experimentally. In view of Fig. this transition has the character
of a topological metal-insulator transition.

To further test this interpretation, SAHO measurements were performed with the mag-
netic field tilted by an angle 0. The effective carrier density was extracted from the oscillation
period as

nest = 1 [A(1/B)] 7. (5.12)

We find that 1. (6) /11¢(0) follows very closely a 1/ cos 6 dependence (Fig. 5.23p), which is
characteristic of a 2D electronic system, rather than a quasi-3D bulk state. For comparison,
Fig. also shows the calculated n.(6) for the three Fermi energies considered above.
For the case 714¢(8 = 0) ~ 1.15 x 10! cm~2, the calculation predicts a strong deviation from
the 1/ cos 6 trend, which should have been experimentally observable.

We cannot conclude on the exact origin of the SAHOs at this stage. On the one hand, the
used semiclassical model is not valid in strong magnetic field, and especially cannot repro-
duce the peculiar crossing of the zero-mode LLs. Thus an apparent 2D 1/ cos(0) behavior
could possibly be explained by an adequate model taking into account the real evolution of
the band structure in tilted magnetic field. On the other hand, a possible way to interpret
these results would be the presence of surface states at the top of the SL. Indeed, it was
extensively demonstrated that semiconductor superlattices can host Tamm states [146-148].
These states have a 2D nature and could explain these unexpected results.

5.3.5 Summary and perspectives

In this subsection we performed magneto-absorption and transport measurements on a
InAs/GalnSb superlattice. We managed to show that this sample is hosting an exotic topo-
logical phase in which lies massive 3D Dirac fermions. The 2D nature of the SdHOs is
nonetheless quite puzzling and could be interpreted as surface electronic states. Further
theoretical investigations are needed. Finally, the presence of a gap in the system is still un-
clear, but including a symmetry breaking term in the Hamiltonian could help us understand
this aspect.

On the other hand, what is more disappointing is the total absence of observable emis-
sion from this system. Since this SL hosts a highly non-parabolic band structure, we were
expecting this system to be a good candidate for Landau emission experiments. More gen-
erally, we never observed any THz emission from ternary III-V alloys such as GalnSb or
InAsSb. This absence of emission is still an open question at the moment.







Conclusion and perspectives

During my PhD work, I first had the opportunity to continue the study initiated by S. Gebert
et al. on Landau emission in HgTe-based quantum wells [33]. I confirmed that these II-VI
structures constitute an excellent platform for investigating cyclotron emission. The strong
non-parabolicity of their band structure leads to a pronounced dependence of the cyclotron
mass on the electron density. As a result, I demonstrated that the emitted frequency can
be tuned through a back-gate bias in a single quantum well and at relatively low magnetic
fields. On this basis, the first continuously electrically tunable THz light emitting diode
was designed and fabricated. This result establishes a new approach for achieving voltage-
controlled THz emission in solid-state systems. A natural next step would be to implement
a more efficient gating scheme on a device with lower intrinsic doping.

I also investigated the effect of strong crossed electric and magnetic fields. The purpose
of these experiments was twofold: to explore the possible onset of a streaming regime, and
to probe potential relativistic-like effects in these structures as the Lorentz boost. A clear
shift of the cyclotron emission was observed with increasing electric field, originating from
the pronounced non-parabolicity of the band structure. As carriers gain energy and occupy
higher states in the conduction band, the Landau levels become more closely spaced and
the transition energy decreases. This effect can be interpreted as an increase in the effective
mass of hot electrons, resulting in the measured redshift of the cyclotron emission. This
study once again emphasized the need for improved control over the applied electric field,
as well as the ability to increase it sufficiently to reach regimes such as carrier streaming or
Lorentz boost.

The main objective of my PhD was to explore an alternative route to achieving a lasing
effect, without relying on population inversion and the associated strong electric fields. We
discovered that, by reducing the substrate thickness below the emitted wavelength, an in-
trinsic optical cavity effect can be induced within the device. Through magneto-reflectivity
experiments, we demonstrated that these optical modes efficiently couple to the cyclotron
resonance of the two-dimensional electron gas, leading to the formation of Dirac Landau
polaritons. This strong light-matter coupling was observed and thoroughly characterized
across multiple samples, confirming the robustness of the phenomenon. Most importantly,
these hybrid quasiparticles were found to emit in the THz range. The position of the emis-
sion maxima shows excellent agreement with the reflectivity spectra, providing compelling
evidence that the observed signal corresponds to the electroluminescence from Dirac-Landau
polaritons. Using three different complementary models, each relying on distinct experi-
mental findings (namely the emitted power evolution with the injected power and the spec-
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tral narrowing), we were able to estimate the polariton population, showing that our system
operates close to the lasing threshold. The natural continuation of this work is therefore the
development of a more efficient optical cavity, combining great quality factors and small
effective mode volumes. Although several approaches for improvement were explored, the
performance of our current cavities could not be significantly enhanced. Ongoing collabo-
rations are expected to provide access to highly efficient cavity designs capable of coupling
more effectively to the cyclotron radiation.

I concluded this manuscript with an exploratory chapter dedicated to the potential of
the III-V material family. In this last part, I demonstrated that Landau emission can be ob-
served from InSb-based quantum wells, which also exhibit a strongly non-linear band struc-
ture. I developed and tested several approaches to achieve ohmic contacts on these struc-
tures. I then explored the possibility of inducing light-matter coupling in this system using a
metamaterial approach, which appears promising for further studies. In addition, I demon-
strated cyclotron emission from GaAs-based quantum wells. Although this material exhibits
a parabolic band structure, its high carrier mobility makes it a compelling platform for inves-
tigating population inversion through streaming effects. Interestingly, when increasing the
applied electric field, a structuring of the emission line was indeed observed. This feature
resembles a comb-like pattern that could be attributed to stimulated emission, which would
only occur if the actual electric field inside the device were significantly higher than our esti-
mated values. Further optimization of the electrical injection is therefore required to confirm
these preliminary observations. In addition, integrating a Fabry—Perot cavity or a Tamm
cavity would be highly beneficial for studying Landau polariton emission. The simpler pro-
cessing technology of these III-V structures, combined with their higher carrier mobility,
could lead to cavities with larger quality factors than what was obtained in HgTe QW-based
systems. This would open the way to probing Bose-Einstein condensation and stimulated
emission in the strong coupling regime. Finally, I investigated a three-dimensional super-
lattice material exhibiting a highly exotic band structure. Magneto-optical characterization
revealed that this system hosts a Dirac semimetal phase. However, transport and emission
measurements indicated that the electrical contacts do not efficiently probe the entire struc-
ture. Advanced processing techniques will therefore be necessary to fully access and explore
the rich physical properties of this promising material.




BHZ fitting of the SL band structure

The idea is to develop a BHZ-like toy model in order to describe, qualitatively but in an easy
way, the physics of InAs/GalnSb-based superlattices. The goal is to evaluate the parameters
of the low-energy model from the 8-bands k-p calculations.

Near the center of the Brillouin zone, one can show that it is possible to write the Hamil-
tonian of the system in the following form

Hgp = HH (kx/ ky) + Hz(kz)/ (A-l)

where the first term is a typical BHZ Hamiltonian which describes the material at k, con-
stant. The second term describes the dispersion of the bands in the growth direction and

can be written as
Ak2 0 0 0

0 Bk 0 0

0 0 0 B,k
. . AZ + BZ 2
Therefore, the total Hamiltonien can be casted as: where C, = Cy + — kz and M, =
C.+M,—(D+ B)kﬁ Ak, 0 0
Ak_ C,—-M,—(D—-B )i\'ﬁ 0 0 .
Hst = 0 0 Co+ M, — (D + B)K —Ak_ (A3)
0 0 — Ak, C,—M,—(D-B )kﬁ
Az - Bz 2 . . . .
My + > kZ. One can see that we have here a BHZ-like Hamiltonian to describe the

system. In order to reproduce the periodicity of the SL along the z direction, one can do the
following transformation:

2
K — 2 (1 —cosk;L), (A.3)

where L is the period of the SL. Finally, given this hamiltonian, one can show that the eigen-
values are given by the following formula:

B/ = Co— DI +5,/A%3 + (M: — B2, (A4)
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where s = =+ stands for conduction/valence band and (+/-) for the spin. With such an
Hamiltonian, we have a fully spin degenerated system. The eigenvectors can be written as:

(+)
( Bk2 + \/Azk — BK2)2—M

(+) _ gt B ” 2
11ISL,c(kx; ky, kz) = Slngc where tanG = Ak+ ,

0

cos 6

(A.5)
for the conduction band. For the valence band, we have:

(+)

t M +\/A2k2 — BK2)? — BR2

(+ . . a(+) Mz i ”
‘PSL,)U (ky, ky, kz) = smgv where tan6'") = 'S

0

cos 6

(A.6)
For the spin (-), we have the same expressions but with the non-zero and zero components
reversed:

0 0
(-) 0 (=) 0
IIISL,C(kx’ ky’ kz) = CoSs QE*) and 1~FSL,U(kJC/ ky/ kz) = CoS 9{(]*) . (A7)
sin 6!~ singl”)

Dispersion along k,

In order to obtain the values of A, and B, one have to fit the k-p curves for k|| = 0. In these
conditions, H | can be written as

E=f(k,) for k;=0
100 1 1 1 1 | L 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
—— BHZ-like fit
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Figure Al: Solid lines: low-energy fitting. Dashed lines: k-p calculations.
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Co+ My 0 0 0
Hy (k) =0) = 0o Co J(:Mo 0 (A.8)
0 0 0 Co — My
And therefore one finds:
Ey(kj = 0,kz) = Co+ Mo + Azk2 A9)
{ Hy (ky = 0,k;) = Co — Mo + B.k? '

Figure |A1|shows that the model reproduces quite well the full k, dispersion. One finds the
following parameters:

Az = 1657.1 meV.nm* et B, = —0.01 meV.nm? |et|Co = 20.5meV et My = —10.7 meV|.

In-plane BHZ parameters

Let’s now evaluate the BHZ paremeters A, B and D. For this, one will fit the k.p energy
dispersions at k, = kp. At this particular point, M, = 0 (by definition of the Dirac node) so
we directly have:

E=f(k,) for k;=k

— simple fit

600
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E (meV)
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—-200
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Figure A2: Solid lines: low-energy fitting. Dashed lines: k.p calculations.

El(k”,kz = kD) = Cz(kD) — Dkﬁ — 4 /szﬁ + Azkﬁ

(A.10)
Hl(k”/kz = kD) = CZ(kD) — Dkﬁ + 4 /szﬁ + Azkﬁ
which can be written as:
E{(ky,k; = kp) + Hy(ky, ky; = k
1ky, ks D>2 1ky ks D):Cz(kD)—Dk2|
P (A.11)
Ei(ky, k; = kp) — Hy(ky, k, = k
(1( I-”2 D)z 1ky ks D)> = B’k + A%
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These two equations allow us to obtain the BHZ parameters. Figure shows that the
model can correctly fit the k-p calculations around k| = 0. [ obtained the following parame-
ters:

A =2669meV.nm, B= —351.1 meV.nm? et D = —223.9meV.nm?|.

Landé factors

The last parameters that we have to know are the Landé factors. Indeed, if one wants to
compute the Landau Levels of the material, one have to add a Zeeman term and therefore
Landé factors. To do so, one will fit the k-p zero-mode LLs computed at k, = kp. After a
Peierls substitution, one knows from the BHZ model that the zero-mode LLs can be writen
as followed:

D+ B
E(()Jr) = C;(kp) — >+ %,‘L{BB
B
(A.12)
_ D-B
E(() ) = CZ(kD) — 5 — g—hl‘uBB
ag 2
where B is the magnetic field applied and a3 = L is the magnetic length. Here, only g.

and g, are unknown. Figure |[A3shows that the low-energy model can well reproduce the
zero-mode LLs for low magnetic field values. I obtained the following Lande factors values:

Qe =27 et g, = 34|

Zero mode LLs
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Figure A3: Solid lines: low-energy fitting. Dashed lines: k.p calculations.




Influence of the strong-coupling
regime on the zero-mode LLs anti-
crossing

As mentioned in the Introduction, 8 nm HgTe-based QWs are the first topological insulators
in which Quantum Spin Hall effect (QSHE) has been experimentally demonstrated [41), 42].
One of the specificity of this topological phase, that results from the inverted band struc-
ture, is the magnetic field dispersion of the peculiar zero-mode LLs (LLOs). These levels
emerge from the band edges, the one coming from the CB decreasing with magnetic field
and the one rising from the VB increasing with the field. Therefore, these LLs0 are crossing
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Figure B1: LLs dispersion for an 8 nm HgTe QW, based on the BHZ model. The LLOs are
plotted in thick lines. Spin up (resp. down) levels are plotted in solid (resp. dashed) line.
The a, &/, B and B’ transitions are indicated by arrows, as well as the critical field B,.

at a critical magnetic field value B.. A sketch of the situation is depicted in Fig. [B1) where
the LLOs are plotted in bold lines. This crossing of the zero-mode LLs has proven to be a
very useful way to probe the topological nature of a material as it is only visible when the
band structure is inverted. It has been shown that, in the presence crystalline asymmetries,
in addition to the classical & and f transitions, "spin-flip" transitions a’ and p’ are also ac-
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tivated in this material [70} 149H151]. Since these transitions involve the LLOs, they should
cross when tuning the magnetic field through B.. However, an avoided crossing is instead
experimentally observed in THz magneto-spectroscopy, characterized by an energy gap A
at the critical field value [70} [149H151]]. The origin of this anti-crossing is not fully clear but
the latest results tend to assess that, if the Interface Inversion Asymmetry (IIA) plays a small
role, many-particles effects should be the dominant driving mechanism [70]. Indeed, it has
been shown long time ago that inter-LLs excitations can be described as "magnetic excitons"
and are subjected to many-body interactions [70, [152].

To describe the LLOs anti-crossing, a toy-model based on the BHZ model was developed
70]. It can be modeled using the following equation:

2 2
B A
AE = \/M7- (1 - B—) + 5 (B.1)
c
fiw, — hw hwg — hw
where AE = o = Tevn| or AE = y, M is the bandstructure’s gap and A the
75— . - — 30
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Figure B2: LLOs anti-crossing in presence of the cavity for 28104-40um. (a) False-color
mapping of the magneto-reflectivity experiments on 28104-40um. The a / ' (resp. B / B')
transitions are identified with the red (resp. magenta) markers. (b) (resp. (c) ) Fitting, using
the toy-model described in the main text, performed to determine the « / o’ (resp. B / B')
anti-crossing parameters.

anti-crossing gap. In a recent paper, the authors measured the 28104 8-nm HgTe QW’s LLOs
anti-crossing and they determined the following parameters [153]:

{ B =49T, A* = 55meV, 2|M*| = 10.4 meV

5 (B.2)
B =59T, AP =4.6meV, 2|MP| = 19 meV
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During my PhD work, we also had the occasion to probe the LLOs anti-crossing of sample
28104-40um. The results are shown in Fig. [B2h, as a false-color mapping of the magneto-
reflectivity spectra and where the « / a’ and B / p’ transitions are highlighted with empty
markers. The transitions are patterned with interferences, witnessing the presence of the
cavity. Using the toy-model of equation I could extract the anti-crossing parameters
and the results are shown in Fig. and c. If no clear deviation in the B parameters can
be observed, the a parameters are significantly modified. In particular, the critical field is
decreased by almost 0.5 T. One might be tempted to attribute this shift to a change in the
electron density within the QW. Indeed, it was shown that the anti-crossing parameters
are sensitive to the carrier density inside the well, as it was a signature of the many-body
driving mechanism [70]. However, the study showed that for a density modulation of 33
%, the critical field shifted by only 0.2 T, thus barely overcoming the fitting error. We could
estimate the difference in carrier concentration between the sample measured in [153] and
ours to be around 40 %. Therefore, for a similar change of electron density, we observe a
critical field shift almost two times bigger.

The origin of this shift is still unclear but this could be due to a strong coupling effect
induced by the cavity created in the thinned sample’s substrate. It was shown long time ago
that the vacuum field, i.e. the quantum fluctuations of the electromagnetic field’s ground-
state, can manifest itself through its interaction with matter. In particular, it explains the
Lamb shift of the hydrogen’s fine structure and the modification of the electron magnetic
moment in atoms [154, 155]. More recently, it was demonstrated that the electronic magneto-
transport properties of a GaAs-based 2DEG are highly modified when strongly coupled to
a cavity [156-158]. In particular, the authors showed that the topological protection of the
integer quantum Hall effect as well as the correlations in the fractional quantum Hall effect
were affected by the strong light-matter coupling. Even more recently, a group claimed that
the LL fan diagram in graphene was modified when embedded in a strong coupling cavity
[159]. All these studies highlight the fact that, when strongly coupled to the vacuum field,
the matter properties are highly modified. Since we demonstrated that our device operates
in the strong light-matter coupling, it could explain the critical field shift experimentally
observed. More systematic measurements and theoretical support are of course needed to
tully test this hypothesis.
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