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ABSTRACT

The present dissertation is focused on the study of semiconductor mi-
crocavities with embedded quantum wells. The devices are based on the
strong coupling between light (photons in a cavity) and matter (excitons in
quantum wells), forming new quasiparticles called polaritons. Such struc-
tures aim to provide an alternative way of generating THz photons utiliz-
ing a bosonic cascade phenomenon. The cascade is based on a series of
sequential transitions of bosons from equidistant energy levels and in the
process THz photons are emitted. The work presented here is divided into
two parts. The first part deals with a study of semiconductor structures
based on a single parabolic quantum well. The second part describes the
development and evaluation of a THz time domain spectrometer aimed to
study bosonic cascade.

In the first part we show that the parabolic quantum well exhibits the ex-
pected equally spaced excitonic transitions. We observe quantum beat-
ing at THz frequencies between the discrete energy levels of quantum
well excitons. When a single parabolic quantum well is placed in a micro-
cavity, the full structure shows a clear anticrossing between heavy hole
/ light hole excitons and the cavity mode, revealing the strong coupling
regime. Furthermore, under non-resonant optical excitation, the micro-
cavity exhibits non-linear stimulated emission. In addition, a relaxation
dynamics study shows that excitons relax much faster in the parabolic
potential compared to a structure with conventional rectangular quan-
tum wells. The theoretical modeling of relaxation dynamics qualitatively
agrees with the experimental results and predicts the time evolution of
exciton densities at each level of the parabolic quantum well, along with
the photoluminescence contribution of each transition.

The second part deals with the development and evaluation of a THz
time domain spectrometer which allows measurements of THz emission
as well as optically induced modulation of THz transmission, gain, and ab-
sorption. The setup provides the ability of performing such experiments in
cryogenic environment at a temperature range of 14-300 K. Preliminary
results on absorption/gain measurements on parabolic quantum well mi-
crocavities are also presented.






[Teplindn

H napotoa epyacio ectidletar oTn UEAETN MUY WYIXGY UXEOXOLNOTATWY UE
xPavtixd mydoe. O douéc autée otnpilovion otny oyuer| cLCEULn HETULY
PWTOC (PwToVIA OTN ptxpoxohdTnTa) xat NG (e€rtdviar otor xBovTind mnyddia),
ONULOLEYOVTAS VEX Peudoomuatidlr Tou ovoudlovtor Tohapttovia. Tétoleg do-
UES UTOPOVY VUL TROGPELOUY EVAY EVOAIXTIXG TEOTO extouniic THz axtivoPo-
MaC, YPNOWOTOIOVTIC TO QPUVOUEVO TwV UTOLOVIXMY AAUCIOOTOY UETUPACENDY
Ao LGUTEYOVOES EVERYELXES xataoTdoels. H epyaocio ywpeiletar o dbo uépn.
To mp®to Y€pog aoyolelton P TN UEAETY) NULOYWYIXWY DOUOY BACLONEVLY GE
xPavtind mnydd ye mopoolnd duvauixd. To dedtepo pgpog meplypdpet TNV
avamTugn xou 1) doxipr) evog THz gacuatouétpou i n UEAETN TV Unolovi-
AWV AAUCWTOY PETUPBACEWY.

Y10 mpwTo pépog Belyvouue 6Tl To TaEUBohxS XPoavTind YOl eupavilel To
AVOUEVOUEVA LoamEyovTa evepyeloxd emineda. Iapoatnpolue »Bavtinés Toho-
viwoele (quantum beating) oe cuyvotntec THz petall TwV EVERYELUXWY
EMMEBWY TV €EITOVIWY Tou xBavTixol tnyadol. ‘Otay To TapaBohixd xPavTind
T YEOL EUTEPLEYETAL OF ULXPOXOLANOTNTAL, 1) BOUT| el VEL T1) YUPUXTNELO TIXT CU-
UTEpLpopd amouaiouc Tophc (anticrossing) uetoll eZttoviwy Popliv/ehapptidy
OTV X0l TOU QOTOVIXOU puIHOU, ATOBEXVVOVTOS €T0L TO XAVECTWS oY LENS
o0leving. Emmiéov, umd un ouvtoviouévn omtixr SIEYEpoT), 1) UXPOXOINOTY-
Tot EPoVICEL UN-YEoUUXT) EEAVOYXUOUEVT) EXTIOUTY. TN CUVEYELX, 1) HEAETT
OLUVOIXAC EBELEE OTL To EELTOVIAL ATTOBLEYEIPOVTOL TILO Y1 YORA OTO TaEAB0AIXO
OLVAULXO CUYXELTIXG UE [iot SoUT| UE XPovTind Ty ddLo TETEOY VX0V BUVAUIXOU.
H Yewentind avdiuot tng SUVOIXTC ATOBIEYEPCEWY CUUPWVEL TOLOTIXG UE To
TELRAUATIXG OTOTEAECUAUTO XL TEPLYRAPEL T YpovixY| eCEMEN TwV eEITOVIXMDY
mAnduou®y oe xdie eninedo Tou mapaBolixol ¥Bavtixol Tyadol wall ue TN
OLVELGPOEY %diE PETEBuoTS OTH CUVOAMXT| POTOPWTAVYELI.

270 8e0TEPO PEPOC TEPLYPAPOUPE TNV AVETTUEN Xan T1) doxut| evoe THz gaoua-
ToU€TEou To omolo emteénel TN Yétenon THz exnounic xadde xon Ty odhoryt
TOU TEOXUAEL EEMTEPWT OTTXT| BIEYEPOT), 0T SLaBLOOUEVT 6To Oetyua THZ o-
xtvoBorio. H Sidtadn npoogépet Tn SuvatotTnTo HETENOEWY O VEpUOXPACIES
oo 14 €we 300 K. Iapouoidlovton eniong to Tp@dTol AmOTEAECUATA ATOPEOPT-
ong/ evioyvong o nuaywyLxr douy| UixpoxolhotnToc Ue TopoBolxd xPovTixd
TNy 3oL
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INTRODUCTION

We explore a recently proposed alternative way of emitting or amplifying
THz photons, using a system based on a microcavity structure with an
embedded quantum well with parabolic potential. The parabolic quantum
well is responsible for the creation of equally spaced energy levels and
of almost-equally spaced excitonic levels!, which act as a ladder for cas-
cade relaxation. In such structures, a macroscopically occupied ground
state enhances the transitions to the ground state and improves the emis-
sion. The generation process is similar to the well-known quantum cas-
cade laser which is able to emit multiple THz photons for each injected
electron, without the need of population inversion for every transition.
The proposed device has the advantage of a simpler structure, without
a superlattice, and employs a bosonic cascade regime which is based on
sequential transitions of bosons (such as excitons) instead of electrons.

The present thesis is focused on the study of semiconductor microcavities
with embedded parabolic quantum wells. We begin by exploring the sim-
plest case of a bare parabolic quantum well and we continue with a study
of a microcavity structure with a parabolic quantum well in it. In addition,
we present our results on the non-trivial relaxation dynamics of the sys-
tem and we compare the relaxation of carriers on the parabolic quantum
well structure with the relaxation on a conventional one with rectangular
quantum wells.

The ultimate aim is to measure THz emission from these specially de-
signed structures. We develop and evaluate a THz spectrometer based
on photoconductive antennas for both generation and detection of THz
pulses. Due to the spurious emission from the semiconductor samples un-
der external optical pumping, we separate and isolate the different emis-
sion sources by employing double lock-in detection. This optical-pump
THz-probe technique cuts out the optically generated emission and mea-
sures only the optically induced modulation of the THz transmission.

The energy states (electron, hole) are equally spaced, the excitonic states are not
exactly equally spaced due to their binding energy.
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The manuscript is divided into 5 chapters and 2 appendices. Chapter 1
presents an overview of the fundamental background. In Chapter 2, our
first study of the parabolic quantum well structures is presented and we
continue, in Chapter 3, by studying the energy relaxation dynamics in
such structures. Chapter 4 describes the experimental regimes of the
THz time domain spectroscopy setup and our first evaluation with differ-
ent samples, including a microcavity structure. Chapter 5 is a synopsis
accompanied by some technical recommendations. Appendix A presents
all the experimental techniques, setups, and instruments and Appendix B
contains calculations, automation programs, and programming codes.
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eraprer 1
Chapter

FUNDAMENTALS

This chapter introduces a brief overview of the theoretical background
and the related fundamental concepts. It starts with an introduction to
semiconductors, the type of materials that we use for our samples. Then,
the two basic ingredients for light-matter interaction are described. Mat-
ter is represented by excitons, so, first, excitons and their confinement
are discussed. Light is represented by photons and their confinement is
achieved by a special type of structure, the microcavity (MC). After the de-
scription of both of them, the basics for their interaction and the concept
of polaritons are presented. Then, the phenomenon of polariton conden-
sation and its natural consequence, the polariton lasing, are described.
Lastly, THz radiation and the concept of the bosonic cascade laser (BCL)
are explained.

1.1 Semiconductors and the bandgap

Solids are divided into three categories on the basis of their electrical con-
ductivity, namely insulators, conductors, and semiconductors. The elec-
trical conductivity is related to the so-called bandgap, an energy range
where states cannot exist. The energy band below the bandgap is called
the valence band, while the one above the bandgap is called the conduc-
tion band. Photons with energy greater than the bandgap, can excite elec-
trons from the valence band to the conduction band. When electrons are
in there, they have enough energy to move in the material and create
electric current, while when they fall back to the valence band, they can
emit light.

Insulators have a large bandgap, therefore, a large amount of energy is
required to move the electrons to the conduction band. In conductors,
the valence and the conduction bands overlap, thus, they don’t have a
bandgap. Electrons can effortlessly move between the two bands making
the material highly conductive. Semiconductors have an electrical con-
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ductivity between insulators and conductors and that property is what
makes them useful.

A semiconductor can be roughly defined as a material with a bandgap
greater than O and less than 4 eV. There are, of course, exceptions to
this definition. For example, there are terms such as semi-conducting dia-
mond with a 6 eV bandgap and semi-insulating Gallium Arsenide (SI GaAs)
with a 1.5 eV bandgap. There are many different types of semiconductors,
e.g., elemental (such as Si), organic (such as Polyacetylene), binary (such
as Gallium Arsenide (GaAs)), etc. For a detailed analysis see [1]. Here,
we mostly use binary and ternary semiconductors like GaAs, Aluminum
Arsenide (AlAs), and Aluminum Gallium Arsenide (AlGaAs).

The bandgap energy is temperature dependent and it decreases as the
temperature increases. The following relation (1.1) was suggested by Y. P.
Varshni [2] in 1967

aT?

Ebg( T)= Ebg(o) -

where Ep.(0) is the bandgap energy value at 0 K, & and f are constants
which are adjusted depending on the sample and are determined by fitting
experimental data, and T is the temperature. A theoretical calculation
of GaAs bandgap energy versus temperature using the Varshni equation,
with Ebg(O) =1.519 eV, a = 5.405- 104 eV/K, B = 204K, is shown in Fig-
ure 1.1. As can be seen, the bandgap energy drops ~ 100 meV, from the
lowest temperature to room temperature.

Lastly, the bandgap is divided into two main types, the direct and the indi-
rect. A semiconductor has a direct bandgap when the maximum of the va-
lence band and the minimum of the conduction band have the same mo-
mentum (k-vector). Otherwise, the semiconductor has an indirect bandgap.
This difference is important for the optical devices. In both the production
of an electron-hole pair and the recombination, a direct bandgap semi-
conductor is better. It's easier for a photon to produce an electron-hole
pair in a direct bandgap semiconductor and it’s also more efficient for the
pair to recombine and emit light. In an indirect bandgap, the momentum is
different, so, the processes should be mediated by something else, which
in this case is a lattice vibration (phonon), in order for the electron to ei-
ther gain or lose momentum.
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Figure 1.1: Theoretical calculation of GaAs bandgap energy versus tem-
perature using the Varshni equation.

1.2 Excitons and quantum confinement

Experimental optical studies in semiconductors have revealed absorp-
tion peaks in energies inside the bandgap, near the conduction band.
These peaks correspond to electron-hole pairs bound by the electrostatic
Coulomb force, which are called excitons. The concept of excitons can be
described by various methods [1, 3], but the simpler is by using the effec-
tive mass approximation. Within this approximation, the electron and the
hole are considered as two particles moving with the effective masses of
the conduction and valence bands, respectively. This approximation also
suggests that the Coulomb interaction between electron and hole leads
to a Hydrogen-like situation with a Coulomb potential term

—e?

Ve(r) (1.2)

"~ dmegelr, -y
where e is the electron charge, ¢p is the vacuum permittivity, € is the
medium permittivity, and |r, — ;| is the distance between the electron-hole
pair. For simple parabolic bands and a direct bandgap semiconductor, the
relative motion of electron and hole can be separated from the motion of
the center of mass. The dispersion relation of excitons is

.1 hk?
Eexc(nBl K) = Ebg - Ry n_é + W;

(1.3)
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where £, is the bandgap energy,
Ry" is the effective Rydberg energy

1
Ry' =136, (1.4)
mg €
where p is the reduced exciton mass

MeMp

=—= 1 1.5
e — (1.5)
where m,, m; are the electron and hole masses,
mq is the free electron mass,
and € is the medium premittivity,
ng is the principal quantum number
ng=123,.., (1.6)
his the reduced Planck constant,
K is the exciton wave-vector
K = ke +kp, (1.7)
where kg, k, are the electron and hole wave-vectors,
and M is the translational mass
M= m.+ my, (1.8)

where mg, my, are the electron and hole masses.

There are two types of excitons, Frenkel excitons [4], named after the So-
viet physicist Jacov Frenkel, and Wannier-Mott excitons [5], named after
the Swiss physicist Gregory Wannier and the British physicist Nevill Fran-
cis Mott. Frenkel excitons are found in materials with small dielectric con-
stants (like organic materials), where the Coulomb interaction is strong,
thus, the excitons are small. Their typical binding energy is ~ 1 eV and
their typical radius is ~ 1 nm. Wannier-Mott excitons are found in mate-
rials with large dielectric constants (like inorganic semiconductors), the
Coulomb interaction is weak, thus, the excitons are large. Their typical
binding energy is ~ 10 meV and their typical radius is ~ 10 nm. Note that,
Coulomb force depends on the dielectric constant of the medium and is in-
versely proportional to it. The dielectric constant is also known as relative
permittivity, is dimensionless, and it is given by the equation « = €, = €/¢.
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In the present thesis, inorganic semiconductors were used, therefore, the
term exciton is referred to the Wannier-Mott type. The binding energy of
the excitons is an important factor for their temperature stability. Wannier-
Mott excitons have small binding energy, thus, low temperature helps ex-
citon to survive. The value for the exciton binding energy in GaAs for ex-
ample, is 4.2 meV [6], while room temperature energy is kT = 25.7 meV.
Therefore, excitons dissociate at high temperature. Lastly, it should be
noted that the photon energy required for absorption is lowered by the
exciton binding energy.

When one or more dimensions of a material are reduced, its electrical
and optical properties are affected. The result is a low-dimensional struc-
ture, typically ~ 1-1000 nm. To be more precise, when the dimension ap-
proaches a critical quantum term called exciton Bohr radius, the effect of
quantum confinement takes place. Quantum confinement changes the
properties of a material and both the bandgap and the ground state en-
ergy are increased.

For a free particle with effective mass m*, confined in an infinite potential
energy in the z direction, the allowed wave-vectors k, are given by the
relation k,, = 2n/A, = nn/L, n = 1,2,3,... . lts ground state energy is
increased by the amount AE relative to the unconfined case

_ R’k R? m?
C2mt 2mr L2
The energy AE is called the confinement energy of the particle and it is
a consequence of Heisenberg’s uncertainty principle. In addition to the
ground state energy increase, quantum confinement also causes the par-
ticle’s excited state energies to became quantized.

AE (1.9)

There are three main kinds of quantum confined low-dimensional struc-
tures, depending on the number of degrees of freedom in the particle mo-
mentum (or on the number of dimensions with confinement). Confine-
ment of excitons is possible along 1, 2, or 3 dimensions, creating quan-
tum wells, quantum wires, and quantum dots respectively. As can be seen
from Table 1.1, in the 3-Dimensional structure (bulk) there is no quan-
tum confinement and the particle is free to move. In the 2-Dimensional
structure (the quantum well) the quantization occurs in one dimension,
while the particle is free to move in the other two dimensions. In the 1-
Dimensional structure (the quantum wire), the quantization occurs in two
dimensions, while the particle is free to move in one dimension. Finally, in
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the O-Dimensional structure (the quantum dot) the quantization occurs in
all three dimensions.

Structure Quantum Free
confinement | dimensions
Bulk 0 3
Quantum well 1 2
Quantum wire 2 1
Quantum dot 3 0

Table 1.1: Categories of low-dimensional structures.

In the present thesis, quantum wells (QWs) are used for the exciton con-
finement. Practically, a QW is realized with a thin semiconductor layer
embedded between two semiconductor layers of wider bandgap (e.g. GaAs
QW embedded in two AlGaAs layers). These thin nanostructures can be
fabricated using crystal growth methods with precise and controlled stack-
ing of semiconductor layers, such as molecular beam epitaxy (used here)
and metalorganic chemical vapour deposition.

1.3 Microcavities and light confinement

A MC is a structure that traps light. It is an optical resonator, comparable
to the dimension of the wavelength of light and it is used to confine pho-
tons [7]. A MC is similar to a planar Fabry-Perot cavity with two opposing
flat mirrors which are formed from distributed Bragg reflectors (DBRs). A
DBR consists of alternate layers of semiconductor materials of low and
high refractive index, specially designed for a specific wavelength 1. The
combination of two layers, one with low refractive index and the next one
with high refractive index, is called a pair. The thickness of each layer is
given by

Ao/ N
lpr, = 04 %, (1.10)

where A is the desired wavelength and n, is the refractive index of each
material of the pair. This periodic structure creates a mirror-like response
with a broadband high-reflectivity region centered at A, called the stop-
band (Figure 1.2 left), with oscillating side-lobes on either side [8].
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Figure 1.2: Reflectivity simulation of a DBR (left) and a MC (right).

1.0 1.0
. 0.8+ (’ - 0.8-
'E *§ — 32 pa@rs
= 0.6- = 0.61 — 24 pairs
o 1 5] X
[0) 0] — 20 pairs
= — n1=3.62 5 — 16 pairs
@ 047 n2 =3.05 ¢ 047

— n1=3.38
0.2 n2 = 3.05 0.24
750 800 850 750 800 850
Wavelength (nm) Wavelength (nm)

Figure 1.3: Reflectivity simulation of a DBR showing the effect of the re-
fractive index contrast (left) and the number of pairs (right).

Light waves that propagate in the transmission direction interfere de-
structively, while light waves that propagate in the reflection direction in-
terfere constructively. The reflectivity without losses is given by

n n 2N
R:1—4ﬂ(ﬂ) ) (1.11)
ne nhigh
where Neyt, Ne, Niow, Nhigh are the refractive indices of the external medium,
the cavity material, the low and high refractive index layers of the pair,
and N is the number of pairs. Thus, to achieve high reflectivity, materials
with high refractive index contrast, and a high number of pairs should be
used (see Figure 1.3 for an example). The cavity exists between two DBRs
and its thickness determines the so-called cavity mode. The cavity mode
is the one wavelength that will be formed as standing wave inside the cav-
ity (Figure 1.2 right). According to the Bragg condition, the thickness of
the cavity should be an integer multiple of Ay/2 in the cavity medium, and
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is calculated by

m/\o/nc’

2
where Ag is the desired wavelength and n. is the refractive index of the
cavity material. The short cavity length leads to photon quantization in
the growth direction and provides no confinement perpendicular to the
growth axis, thus, the photon has an in-plane dispersion. DBRs force the
wave-vector k, in the medium to be 27/L, therefore, the cavity photon
energy is

lc=

m=1,2,3.. (1.12)

e

1/2
k2| 1.13
ne ne Lc l ( )

and the dispersion is parabolic near k| = 0. This relation works well in sim-
ple empty cavities but for more complicated structures the transfer matrix
theory should be used. The transfer matrix method includes losses and it
is used to calculate the optical properties of the structure, such as reflec-
tivity (shown in Figure 1.3), transmission, and absorption, together with
the electric field inside the cavity [8]. A schematic diagram of a typical
MC and a scanning electron microscope (SEM) image of a real structure,
are shown in Figure 1.4.

DBR DBR
4 Cavity
Cavity |
! DBR
DBR

Figure 1.4: Schematic of a MC structure, showing the two DBRs and the
cavity between them (left), SEM image of a MC structure (right).
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1.4 Light-Matter interaction and polaritons

To take advantage of both photon confinement (light) and exciton confine-
ment (matter), one or more QWs are placed inside the cavity and the cav-
ity mode is designed to be near the excitonic transition in the QW. In semi-
conductor MCs, depending on the conditions, light-matter interaction is
divided into two regimes, the weak and the strong coupling regime (SCR)
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Figure 1.5: Weak (left) and strong (right) coupling regime. Coupling
strength V is related to the probability for a photon to interact with the
medium. Losses y are related to the quality of the mirrors, and the exci-
ton and photon decay rates (or lifetimes). When V << y the probability for
the medium to be in an excited state decays with time (left). When V >>y
the photon stays enough time to interact with the medium, becomes exci-
ton, this exciton emits a photon and so on (right).

Figure 1.5 shows a representation of the two regimes. When the coupling
strength V is much smaller than the losses y (V << y), the photon leaks
the cavity after some reflections (weak coupling), while when V >> » the
photon interacts and re-excited the medium (strong coupling). There-
fore, in the weak coupling regime, the probability for the medium to be
in an excited state decays with time (Figure 1.5 left). On the contrary,
in the strong coupling regime, the probability oscillates with time (Fig-
ure 1.5 right). The state constantly oscillates back and forth between the
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cavity photon and the exciton, the distinction between light and matter is
lost, and new modes called exciton-polaritons (polaritons from now on)
are produced, having both a photonic and an excitonic part. In reflectivity,
the cavity mode is replaced by two polariton modes, as shown in the sim-
ulation of Figure 1.6. Note that one mode means that there is no strong
coupling but two modes doesn’t necessarily mean the existence of strong
coupling. The characteristic feature of strong coupling is the anticrossing
behaviour which is described at the end of the present section.
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Figure 1.6: Reflectivity simulation of a MC structure in weak (left) and
strong (right) coupling regime. The single dip in the weak coupling is the
cavity mode which coincides with the excitonic transition at k=0. The two
dips in the strong coupling correspond to the upper and lower polariton
energies. More information can be found at the end of the present sec-
tion where the dispersion curves are presented.

A polariton is a quasiparticle, which means that behaves like a particle. It
is the result of the strong coupling of photons with an excitonic transition.
It has mass but it is better described in momentum space. It is short-lived
with a typical lifetime of a few picoseconds. If it decays radiatively, emis-
sion of photons occurs which carries energy and phase information. It is
a boson, which means that many of them can occupy the same quantum
state.

The mathematical description of polaritons starts with the Hamiltonian of
the system. Here, the basic steps are presented, for a detailed analysis
see [7],[10], and [11]. The Hamiltonian [10] of the exciton-photon system
is

HP:Hc+Hx+H/, (114)
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where P is polariton, C is cavity photon, X is exciton, and [ is the interac-
tion between the photon and the exciton,

_ ot 4 At g ot 7 5t
Hp = Z Ec(kpar ay, + Z Ex(ky)bf, by, + ZhVak” b, + bl ), (1.15)
Ki Ki ki
where EC(k”) is the cavity photon energy, dﬁ”, dk” are the photon creation
and annihilation operators, Ex(kj) is the excitonic transition energy, BI”,

Bk” are the exciton creation and annihilation operators, and V is the cou-
pling strength between the cavity photon and the exciton. The following
transformation [10] is used to diagonalise the Hamiltonian

Piy = X iy + Ciq g (1.16)

iy = = Ciq by + Xig g (1.17)

where Xk” and Ck” are the Hopfield coefficients [11]. The Hamiltonian now
is

~t A~ ~t A
Hp = Z ELp(ky)Py, Pig + Z Eup(ki)a, dx, (1.18)
Ki Ki
where ﬁﬁ”ﬁk”, CAII” élkll are the eigen-modes of the system, and LP, UP corre-

spond to the lower and upper polariton branches.

Hopfield coefficients give the photonic and excitonic part of the branch
and should satisfy the equation

X |° +1Cig |* = 1. (1.19)
For example, when |Xk”|2 = |C,<”|2 = 3, the polariton branches are half pho-

ton and half exciton.

The detuning ¢ is defined as the energy difference between the cavity pho-
ton and the exciton at k) = 0,

5= Ec—Ey, (1.20)

and Xk”, Ck” are

6

1
|xk|2:—(1+—,
T2\ Ve2ian2v2

(1.21)
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1 5
|C |2:—(1——). (1.22)
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By diagonalising the Hamiltonian (1.18), the eigen-energies [10] can be
calculated

ELP,UP(kH) = %(Ec(k”) + Ex(k”) + V62 + 4h? VZ) (123)

Equation 1.23 gives the polariton energy-momentum dispersion curves,
the lower polariton (LP) and upper polariton (UP) branches.

When the dispersion curve is measured, in weak coupling, photons from
the cavity mode and the excitonic transition are observed, as shown in
Figure 1.7 (a). In strong coupling, instead of observing the cavity mode
and the excitonic transition, two new branches appear. At zero detuning
6, the two polariton branches have the minimum energy separation, which
is equal to 2hV and it is called the vacuum Rabi splitting. The main char-
acteristic of strong coupling is the anticrossing of the two branches. In
Figure 1.7 (b), (c), and (d), the LP and UP branches are shown, in different
detuning values 6. Detuning 6 can be zero (b), negative (c), or positive
(d). Experimentally, the polariton branches can be measured with optical
measurements like photoluminescence (PL). Note that there is one more
term for polariton branches, the middle polariton (MP) branch, which ap-
pears when two or more excitons are present. Two excitons create one
MP branch and three excitons create two MP branches. The code for the
calculation of the dispersion curves is shown in Appendix B.3.
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Figure 1.7: Dispersion of cavity photon and one exciton in weak coupling
(a). Polariton dispersion curves for zero detuning 6 = 0 meV (b), negative
6 =-4 meV (c), and positive 6 = 4 meV (d), for the same coupling strength.

1.5 Polariton condensation and lasing

In physics, most of the times, the word condensation recalls the Bose-
Einstein condensation (BEC). The BEC, like superfluidity and superconduc-
tivity, is related to a phase transition to a quantum condensate phase. The
phenomenon of BEC is known since 1924 [12], when Satyendra Nath Bose
and Albert Einstein theoretically predicted that above a critical density
(or below a critical temperature), a large number of bosons can sponta-
neously occupy the same quantum state, at the lowest available energy
of the system. A BEC is a highly coherent state of matter where all the
particles have the same phase.

Despite the very early theoretical prediction of the BEC, the experimental
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realization came almost 70 years later. The reason was the extremely low
critical temperature which is below 2 uK (near absolute zero) in the case
of the atomic systems. Such low temperatures can only be reached by us-
ing special techniques, like laser cooling and magnetic evaporative cool-
ing. It wasn't until 1995, when the experimental realization of BEC was
finally demonstrated. Within a few months, three different approaches
succeeded in creating BEC in Rubidium [13], Lithium [14], and Sodium [15]
atoms, to temperatures 170 nK, 100-400 nK, and 2 K respectively, and
densities ~ 1012 - 101* c¢cm™3. In 2001, The Nobel Prize in Physics was
awarded jointly to Eric Cornell, Wolfgang Ketterle and Carl Wieman "for
the achievement of Bose-Einstein condensation in dilute gases of alkali
atoms, and for early fundamental studies of the properties of the con-
densates".

As mentioned above, one difficulty of BEC is the low critical temperature,
therefore, research is focused on systems able to operate at higher tem-
peratures. A way to increase the temperature is to use a system with
lighter effective mass than atoms (or, as usually called, atomic gases),
like excitons, or even better, polaritons. Table 1.2 compares the basic
parameters of polaritons to semiconductor excitons and atomic gases,
which are the major systems for quantum phase studies [16]. It can be
seen that polaritons have 8 orders of magnitude smaller effective mass
than atomic gases (10_5 m. compared to 103 m, for atomic gases) and
can create a system able to operate at higher temperatures (1 K - 300 K).
These values of temperature are easily achievable by standard cryogenic
techniques.

Parameter Atomic Excitons Polaritons
gases

Effective mass (m*/m,) ~ 103 ~1071 ~107

Bohr radius (A) ~1071 ~ 107 ~ 107

Critical temperature ~1nK-1puK | ~1mK-1K | ~1K-300K

Lifetime ~1s ~1ns ~1-10ps

Thermalisation time ~1ms ~ 10 ps ~1-10ps

Table 1.2: Parameter comparison for condensation (or BEC) in atomic, ex-
citonic, and polaritonic systems. Data from [16].

A restriction of polaritons is their very short lifetime (some ps compared
to ~ 1 s for atomic gases), therefore, polariton condensation requires a
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high quality MC and strong light-matter coupling, to create long-lived po-
laritons. Note that, the polariton effective mass and lifetime are predom-
inantly determined by their photonic component, whose effective mass
is much lighter and lifetime is much shorter than the excitonic part. The
photons have a finite lifetime due to leakage of the light through the MC
mirrors [17].

A first approach to polariton condensation was made in 2002 by Deng et
al. [18], where a phase transition from a classical thermal mixed state to
a quantum-mechanical pure state of polaritons was observed in a GaAs
multiple QW MC. They observed a non-linear threshold behaviour in the
pump-intensity dependence of the emission, a polariton-like dispersion re-
lation above threshold, and a decrease of the relaxation time into the LP
state. The first experimental observation of polariton condensation (with
clear evidence) was presented in 2006 by Kaspzak et al. [19], where they
demonstrated polariton condensation in CdTe/CdMgTe MC with 16 CdTe
QWs. Above some critical density, condensation took place in the ground
state, at 19 K. The phase-transition character of the phenomenon was
clearly seen for the first time in the solid state, by the build-up of spatial
coherence and macroscopic polarization across the entire condensate.

Polariton condensation is a very important phenomenon because it brings
pure quantum effects to the macroscopic scale. It's also important to clar-
ify that a polariton condensation is not the same as the atomic BEC, even
if sometimes the term polariton BEC is used. BEC is based on an ideal
bosonic gas in 3-Dimensions. Ideal bosonic gas means: non-intreracting
bosons and thermal equilibrium. A polariton condensation is not an ideal
gas since polaritons interact with each other, it is not at thermal equi-
librium?!, and the system is in 2-Dimensions. Actually, the only similarity
between BEC and polariton condensation is that many bosons occupy the
lowest quantum state. Although, this is not entirely true for every case.
Here [20, 21], G. Tosi et al. and P. Cristofolini et al., demonstrated that
coherence of polaritons is possible, not only in the ground state, but also
in higher energy states, simultaneously.

A consequence of polariton condensation is the emission of coherent light.
All started in 1996, when A. Imamoglu et al. [22] suggested the possibility
for non-linear effects such as lasing, when they proposed a different type

1The thermalisation time of polaritons is comparable to their lifetime (Table 1.2),
meaning that polaritons, in contrast to atoms, do not reach thermal equilibrium.
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of laser which operates without electronic population inversion and uti-
lizes many-body coherences. They analyzed elementary properties of ex-
citon and polariton lasers and they discussed the possibility of generating
coherent light by spontaneous radiative recombination from a coherent
polariton condensation. Before continuing with the polariton lasing phe-
nomenon, it is important to mention that other types of light emitting de-
vices, such as light emitting diodes (LEDs), have also been demonstrated.
In 2008, two realizations of a polariton based LED using a GaAs MC with
doped Bragg mirrors, operating at 10 K [23], and up to 100 K [24], were
presented. Then, S. Tsintzos et al. presented an experimental realization
of an electrically pumped semiconductor polariton LED, which emits di-
rectly from polariton states near room temperature (235 K) [25] and at
room temperature (315 K) [26]. Temperature and angle-resolved electro-
luminescence measurements on the devices clearly showed the persis-
tence of Rabi splitting and anticrossing behaviour. They also showed that
by increasing the number of QWs in the structure, the cut-off temperature
for the strong coupling regime can be pushed beyond room temperature,
in good agreement with theory. These results are important for the real-
ization of ultra-efficient polaritonic devices.

Laser light emission can be observed in both weak and strong coupling
regimes [27], but only that coming from strong coupling can be described
as polariton lasing. Emission from the uncoupled cavity mode (which is
purely photonic) is photon lasing, while emission from the bottom of the LP
branch is polariton lasing, however, the distinction is not always obvious
[28]. A good approach to measure the two different lasing phenomena
is by performing power dependent PL measurements. The log plot of the
curve usually shows two S-like features as shown in Figure 1.8. The first
in the low pump power position corresponds to polariton lasing, while the
second in the higher pump power position corresponds to photon lasing.
In general, lasing is shown in power dependent experiments, by a non-
linear increase of light intensity and a simultaneous linewidth decrease
of the emission peak. The main advantage of the polariton laser is the
low lasing threshold. As mentioned earlier, due to a different operation
principle, population inversion is not needed in a polariton laser, there-
fore, it is expected that the required pump power will be lower than that
of a conventional laser based on weak coupling operation. In 2007, S.
Christopoulos et al. [29] showed for the first time, room-temperature po-
lariton lasing in bulk Gallium Nitride (GaN) MCs. They showed that lumi-
nescence from the LP branch exhibits a transition with a clear threshold
to a coherent state which is localized in a few micron sized regions of the
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excited sample.
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Figure 1.8: Schematic showing different zones of light emission. The first
zone (orange) shows the linear response of polariton PL. Then, in the
second zone (green), polariton condensation occurs and a non-linear in-
crease of the emission is observed, resulting in polariton lasing. Lastly,
in the third zone (blue), the SCR is lost and the bare cavity mode emits
photon lasing.

Lastly, a practical polariton laser [30] should be able to operate under
electrical injection at room temperature. Recently, in 2014, P. Bhattacharya
et al. [31] demonstrated such a device, using a bulk GaN-based MC diode.
The large exciton binding energy of the wide bandgap GaN creates robust
excitons at room temperature, which is important for practical applica-
tions. A low non-linear threshold for polariton lasing was accompanied by
a collapse of the emission linewidth and small blueshift of the emission
peak. A second threshold, due to conventional photon lasing, was also
observed. The above polariton laser is based on GaN, thus, light emis-
sion is in the ultraviolet (UV) region, which is also very important from a
technological point of view. Nevertheless, polariton lasers have a main
disadvantage, their emission power is very low, so for now, their potential
applications are limited to those with low laser power requirements.
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1.6 Terahertz radiation and bosonic cascade

Three topics will be presented in this section: THz radiation, the quantum
cascade laser (QCL), and the concept of the BCL. Before describing these
topics, I'll try to explain the main idea

The THz radiation has historically been characterized by a relative lack
of efficient emitters, detectors, and transmission technology. Therefore,
there is a continuous research effort to increase the number of devices
able to emit and detect THz radiation. A successful step towards this
direction was the QCL [32] which is based on subsequent intersubband
transitions of electrons/holes in a semiconductor superlattice, under ex-
ternal electric field (Figure 1.9). The concept of the BCL was introduced
to combine the QCL property of multiple THz photons emission from a
single excitation, but in a simpler structure without a superlattice. An-
other approach for THz generation is the use of a single parabolic quan-
tum well (PQW), which is the subject of the present thesis.
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Figure 1.9: Schematic band diagram of two periods of a QCL structure
[33].

1 THz has a wavelength of 300 um, a photon energy of 4.1 meV, and a
period of 1 ps. The THz region of the electromagnetic spectrum [34] is
located between microwaves and infrared radiation, thus, it provides an
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interface between electronics and optics. Although, the principles, mea-
surements, and tools, used for optical and electrical waves are different,
and THz do not simply fit into either category. For example, the equa-
tions that describe electronics (and electromagnetism in general) are the
Maxwell equations, while in optics there are the Schrodinger equations.
The main type of measurement in electronics is the electric field, while in
optics is the intensity. Lastly, the tools used for electronics are circuits
and antennas, while in optics are lens systems and mirrors.
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Figure 1.10: A scheme of the electromagnetic spectrum with indication of
wavelengths, frequencies, and energies [35]. THz radiation is also known
as sub-mm radiation.

Despite these difficulties, THz radiation has useful properties for applica-
tions [34]. First, it is non-ionising, which means that due to low photon
energies, THz radiation cannot lead to photoionization in biological tis-
sues (unlike X-rays). Also, due to extreme water absorption, THz waves
cannot penetrate into the human body, therefore, even if THz waves do
cause any harm, it is limited to skin level. Second, THz waves have longer
wavelengths than visible light, are less affected by Mie scattering, and are
transparent to most dry dielectric materials, such as cloth, paper, wood,
and plastic. That’s the reason why they are considered very promising
in non-destructive evaluation applications. Third, many biological and
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chemical compounds have distinct signature responses to THz waves due
to their unique molecular vibrations and rotational energy levels, there-
fore, it is possible to use THz spectroscopy for characterization, and ex-
amination of the chemical composition. Additionally, the THz frequency
range, often mentioned as 0.1 to 10 THz (~ 0.4 to 40 meV), is of great im-
portance to inorganic semiconductor studies. The THz electric field can
stimulate charged carriers such as electrons, holes, excitons, and plas-
mons, as well as collective excitations such as phonons. It is also sensi-
tive to the conductivity of inorganic semiconductor materials because it
is close to their carrier’s scattering rates.

The development of the femtosecond laser enabled a new spectroscopic
method known as terahertz time domain spectroscopy (THz-TDS). The
technique was first described in 1989 [36] and was relied on the optical
excitation of photoconductive dipole antennas [37, 38, 39]. Various meth-
ods have been used to handle THz radiation, but the most common ones
for broadband pulsed THz beams are photoconductive antennas and opti-
cal rectification (second-order non-linear effects in electro-optic crystals)
[39, 40]. In the present thesis, we use photoconductive antennas for both
generation and detection of THz pulses.

A photoconductive antenna [34] consists of a semi-insulating semicon-
ductor substrate, preferably with high carrier mobility (for high genera-
tion efficiency), short carrier lifetime (for high response speed), and high
dark resistance (for sufficient breakdown voltage). Two metal electrodes
with a gap between them are coated to the substrate (Figure 1.11). Since
the substrate is semi-insulating, electric energy from an applied voltage
can be stored in the gap area. Laser pulses act like switches to open this
reservoir of electric energy and release it in the form of THz pulses. Po-
larization of the THz waves is parallel to the biased field which in turn is
perpendicular to the strip lines of the antenna. The same antenna can
be used both as an emitter or detector, depending on whether it is biased
or not. In both cases, ultrafast laser pulses are needed to induce photo-
carriers. A material that is commonly used is low temperature grown Gal-
lium Arsenide (LT-GaAs), which is GaAs grown by molecular beam epitaxy
at low temperatures, typically in the range of 180-300 K. The lower the
temperature of the growth the shorter the carrier lifetime of the sample. A
detailed analysis of our THz-TDS experimental setup is presented in Sec-
tion A.5.

As previously mentioned, one of the main disadvantages of THz radia-
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tion in general, is the lack of reliable, compact, and tunable sources. A
great achievement towards this direction was the demonstration of THz
QCLs, which can now deliver mW of continuous-wave (CW) coherent THz
radiation [32]. In 1971, R. F. Kazarinov and R. A. Suris [41] proposed a
theoretical scheme where amplification of electromagnetic waves can be
obtained, exploiting a series of intersubband electron transitions, by ap-
plying external electric field in a semiconductor superlattice. It wasn’t
until 1994 that the first QCL was experimentally realised by J. Faist, F. Ca-
passo, et al. [42]. It was designed by proper band structure engineering
and was grown by molecular beam epitaxy.

dipole

Figure 1.11: Picture of a photoconductive antenna showing the single
dipole structure. There is one wrapped dipole structure on the chip and
the chip is mounted on a PCB [43].

In conventional semiconductor lasers, light is generated by the radia-
tive recombination of conduction band electrons with valence band holes
across the bandgap of the active material. In contrast, electrons in a QCL
propagate through a potential ladder of coupled QWSs, where the conduc-
tion band is split by quantum confinement into a number of distinct sub-
bands. By changing the layer thickness and the applied electric field, life-
times and tunnelling probabilities of each level can be controlled, to ob-
tain population inversion between two subbands, in a series of identical
repeats. The radiation frequency is determined by the energy spacing of
the lasing subbands, allowing in principle operation at long wavelengths.
In practice, the intersubband transitions pose limitations to the QCL per-
formance, suppressing the emission to the infrared (IR) wavelength range.

In the first demonstration of the QCL [42], electrons were streaming down
a potential ladder, sequentially emitted photons at the steps. The steps
consisted of coupled QWs in which population inversion between discrete
conduction band excited states was achieved by control of tunneling. A
strong narrowing of the emission spectrum, above threshold, provided di-
rect evidence of lasing in the IR frequency range, at a wavelength of 4.2



34

pum, with peak power of 8 mW in pulsed mode operation.

Six years later, in 2002, the first THz-QCL was demonstrated by R. Kohler
et al. [44]. They reported a monolithic THz injection laser that was based
on interband transitions in the conduction band of a GaAs / AlGaAs semi-
conductor heterostructure. The structure emitted a single mode at 4.4
THz and showed output power of more than 2 mW. In the last years [32],
there are several reports which demonstrate spectral coverage in the
range of 0.84-5 THz [45, 46], at temperatures up to 164 K pulsed, and
117 K CW, at approximately 3 THz [47], and output powers up to 248 mW
pulsed, and 138 mW CW [48]. Furthermore, a demonstration of a room
temperature THz QCL source based on intracavity difference-frequency
generation has been presented [49]. They demonstrated devices that op-
erate in mid-IR at 8.9 ym and 10.5 ypm and produce THz output at 60 ym
via difference-frequency generation with 7 yW at 80 K, 1 yW at 250K, and
approximately 300 nW at 300 K [49]. Difference-frequency generation is
a non-linear optical process in which two beams at frequencies w; and w>»
interact in a medium with effective second-order non-linear susceptibility
x'? to produce radiation at frequency wsz = w1 — w>.

Perhaps, one of the most important limiting factors of the QCL is the Pauli
exclusion principle, which prevents an electron to propagate to the lowest
level of the ladder, if this level is already occupied [50]. The concept of
the BCL has been proposed [51] to overcome this limitation by replacing
the use of fermionic statistics with bosonic. In contrast to the kinetics of
fermions, kinetics of bosons allow the transition to the lowest occupied
level. The authors proposed a new scheme where excitons are used in-
stead of electrons, exploiting the equidistant levels of a PQW to form the
ladder. The bosonic cascade is defined as a series of bosonic energy lev-
els with equal, in the THz range, energy spacing [52]. A boson excited
in the highest level can follow a chain of transitions, generating multiple
THz photons. The difference between a bosonic cascade and a fermionic
one, is that in the bosonic system, the strength of relaxation processes
is enhanced by bosonic stimulation. The bosonic final state stimulation
enhances the scattering rates such that even in the limit of a weak spon-
taneous scattering rate, particles can reach the ground level of the cas-
cade [52].

Specifically, the theoretical description starts by considering the weak
coupling regime where the optical mode is resonant with the highest ex-
citonic level. The other energy levels are uncoupled to the cavity mode.
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The device would emit radiation propagating in the cavity plane in the
wave guiding regime. The following set of rate equations was introduced
to theoretically describe the BCL [51]:

dN N
d—t’”:P—Tm—WNm(Nm_1+1)+ W'N,p_1 (N + 1) (1.24)
dN N
— = WINGa (Ne+ 1) = Ne(Nig +1)]
) 1.25
FW [Nt (N +1) = N (Nar +1)] (1.25)
V2<k<m-1
dN N
d_tl:—71+WN2(N1+1)—W’N1(N2+1) (1.26)
dan n &
THz THz
= +W N.(N._1+1
ot — ; k(Ni_1+1)
(1.27)

m
~W'Y Nt (Ne+1)
2

where m is the highest energy state which is resonantly pumped with rate
P and 1 is the lowest energy state, with N being the population of the state.
W is the THz emission rate and W’ is the THz absorption rate. The lifetime
of the cascade levels 7, includes both their radiative and non-radiative de-
cay rates, which includes losses due to phonon scattering. nyy, is the THz
mode occupation and Ty, is the THz mode lifetime.

A generic scheme of the BCL is presented in Figure 1.12. A series of
equidistant energy levels with N population are coupled via THz radia-
tive transitions, having a spontaneous scattering rate W [52]. The high-
est energy level mis resonantly pumped at rate P and all levels dissipate
energy at rate 771. The THz mode enters the system at rate Pr,, ex-
periences gain [ from cascade relaxation processes, and leaves it at a
rate T}LZ. When the external THz mode is taken into consideration, the
scattering between the modes is further stimulated and enhanced, due
to macroscopic number of THz photons. A more detailed analysis of our
theoretical model can be found on Section 3.5.
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Figure 1.12: Schematic of a BCL. P: cascade pump rate, Pry,: THz field,
N: population of the level, W spontaneous scattering rate, : lifetime.

As already discussed, a PQW is important for the ladder of the equally
spaced2 levels and for the experimental understanding and the physical
impementation of the BCL concept. A study of a single PQW MC for THz
cascade is presented in the next chapter.

2Almost—equally spaced. The energy states are equally spaced, the excitonic states
are not exactly equally spaced due to their binding energy.
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I
Chapter

A ParaBOLIC QUANTUM WELL STUDY

This chapter presents a study of PQW structures for THz cascade. After
a general introduction, the samples are described, followed by the study
of a single PQW without a MC. Then, a similar PQW is embedded in a MC,
it is optically characterized, and the results are presented.

2.1 Introduction

The THz spectral region (~ 0.1 to 10 THz) remains one of the most un-
exploited parts of the electromagnetic spectrum, despite its potential ap-
plications in various fields such as medicine, biosensing, and industrial
inspection. The main reason has been the lack of reliable and efficient
radiation sources, which makes the development of such emitters a tech-
nological challenge of high importance. This is mainly due to the fact that
direct generation of THz radiation is limited by the lack of materials with
appropriately small bandgap. A great achievement towards this direction
is the development of QCL demonstrated in 1994 with a frequency of 75
THz [42]. Contrary to typical semiconductor lasers which use interband
transitions to emit light, QCLs use intersubband transitions which nowa-
days are able to produce light with even lower frequency, typically in the 1
to 5 THz range [45, 46]. To combine strong optical gain and carrier trans-
port through the device, a complex band structure is required, particularly
because the active region is repeated several times [32].

Alternative ways for the emission of THz photons using MC systems in the
SCR [53, 54, 55, 56, 57, 58, 59] have been recently proposed [51, 60, 61].
Such devices are based on the strong coupling between light (photons in
a cavity) and matter (excitons in semiconductor QWs forming new quasi-
particles called polaritons. Theoretical proposals describe the production
of THz emission from the transition between the UP and LP state [60] and
the use of the oscillation of the dipole moment of polaritons from cou-
pled QWs [61]. Of particular interest is a recent theoretical proposal of
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a BCL using the equally spaced excitonic levels of a PQW [51]. In po-
laritonic structures the possibility to have a macroscopically occupied
ground state is expected to enhance the transitions to the ground state
(through bosonic stimulation) and thus improve THz emission. There-
fore, the study of semiconductor MCs utilizing PQW capable of support-
ing stimulated cascaded relaxation between equidistant energy levels for
THz emission is imminent.

This chapter reports on the SCR in a MC containing a PQW [51, 60, 62, 63,
64]. When the PQW is studied alone [65], the expected equally spaced ex-
citonic transitions are observed. When placed in a MC, the full structure
exhibits a clear anticrossing between the ground state heavy hole (hh) /
light hole (Lh) excitons and the cavity mode, revealing the SCR. The study
of the excitonic relaxation shows oscillations with frequencies in the THz
range. Furthermore, under non-resonant optical excitation, the MC ex-
hibits stimulated emission in the weak coupling regime. This is a neces-
sary prerequisite for a cascaded bosonic relaxation which will result in
THz emission.

2.2 Samples

Both samples under study were grown by molecular beam epitaxy on n*
GaAs substrate with n*GaAs buffer layer and a GaAs cap layer on the top
to prevent them from oxidation. The first one is a single PQW grown by
varying the Aluminum concentration of Al,Ga;_,As, producing a 50 nm
QW at the top of potential profile with its band structure presented in Fig-
ure 2.1 (a). The parabolic potential is broken into several linear growth
segments and the Aluminum concentration is adjusted continuously dur-
ing growth. The structure was designed to provide a reasonable number
(=~ 15) of equally spaced excitonic energy levels which include both hh and
lh excitonic transitions. All allowed transitions are shown with arrows in
Figure 2.1 (a).

In the second sample (Figure 2.2) a similar PQW was embedded inside a
MC. A A cavity layer was sandwiched between two Alg 15Gag gsAs/AlAs
DBRs with 22 pairs for the bottom one and 17 for the top one. The PQW
was inserted at the center of the Alg 15Gag gsAs cavity layer at the antin-
ode of the electric field to maximize the light-matter coupling. Figure 2.1 (b)
is a SEM image which shows the central region of the MC and Figure 2.1 (c)
is the calculated electric field along that part of the structure.
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Figure 2.1: (a) The designed PQW composition profile (Al ~ 4.5% - 10.5%),
calculated valence (Ev) and conduction (Ec) bands, electron (e), heavy
hole (hh) and light hole (lh) energy levels with the allowed transitions (ver-
tical arrows). (b) SEM image of the central region of the MC and (c) the
corresponding simulation of the electric field along the structure and the
refractive index distribution inside the MC.
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Figure 2.2: (a) The MC structure with the embedded PQW. (b) The PQW
design, zoom-in from Figure 2.1 (c). The design code is shown in Ap-
pendix B.2.
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2.3 Excitonic levels and terahertz oscillations

We first assess the quality of the PQW by measuring the different exci-
tonic levels, at 28 K, in the structure without MC. Brewster angle reflec-
tivity (Appendix A.3.2) was employed to probe these transitions due to its
high signal to noise ratio. At the Brewster angle, the reflection from the
surface of the sample is greatly reduced and, consequently, the sensitivity
to the refractive index modulations caused by the excitonic resonances is
increased. In our setup, light from a halogen lamp passes through a po-
lariser to acquire transverse magnetic (TM) polarisation, a lens is used to
focus the light on the sample and a mirror to guide it on the specific Brew-
ster angle (=~ 74°). The reflectivity is collected and sent to a spectrometer
coupled to a liquid-nitrogen-cooled charged coupled device (CCD).

Figure 2.3 (a) shows the Brewster angle reflectivity spectrum of the PQW
(right side of the graph). Both hh and lh excitons from the fundamen-
tal transition can be seen with a 2.6 meV splitting. At higher energies,
smaller spectral features that we attribute to specific excitonic transi-
tions are visible, noted with the respective numbers. The electron-hole
energy levels were calculated by solving the Schrodinger equation while
the binding energies were computed by the variational method [66, 67].
Some transitions are not clearly noticeable due to their lower oscillator
strength. The extracted energy positions of all observed states are plot-
ted in the inset graph showing the expected equally spaced optical tran-
sitions with energy separation of ~ 4.3 meV. These equally spaced energy
levels are characteristic of harmonic confinement proving the successful
realisation of the parabolic profile and potentially allow the bosonic cas-
cade THz emission recently proposed [51]. The area of the circular mark-
ers (log scale) is proportional to the calculated oscillator strength of the
excitonic levels. Good agreement between measured reflectivity dips and
calculated oscillator strengths is found. Potential discrepancies could re-
sult from deviations from the parabolic potential of the fabricated QW
which could slightly modify the energy positions of some of the excited
states.

In order to reveal the potential of the PQW for THz generation we study
the dynamics of excitonic relaxation by using pump-probe spectroscopy
(Appendix A.6). In our setup, the 80-femtosecond pulses from a Ti:Sapphire
laser are used for the pump and probe beams. The reflectivity of the probe
beam is measured at normal incidence geometry, by using a monochro-
mator with a photodiode connected to a lock-in amplifier. This spectral
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selection allowed us to detect signhal for different excitonic transition as a
function of delay between the pump and probe pulses.

Brewster angle reflectivity
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Figure 2.3: (a) Potential profile in the PQW (blue line) and reflectivity spec-
trum in Brewster angle configuration (red line, right side), horizontal black
lines show the excitonic energy levels. (a) (inset) Energy position of the
excitonic transitions (open circles) along with a linear fit (black line). The
area of the circles (log scale) is proportional to the corresponding oscilla-
tor strength of each excitonic level. (b) Pump-probe reflectivity measure-
ments in three different detection energies, which are shown in (a) with
horizontal colored arrows, demonstrating the quantum beats of different
excitonic states, which are shown in (a) with vertical colored arrows. The
colored numbers in (a) are the energy (frequency) distances between the
interfering states obtained from the reflectivity spectrum. Time traces
were vertically spaced for clarity and zero baselines are shown with hori-
zontal dashed lines. (c) The Fast Fourier Transform of the time traces.

Figure 2.3 (b) shows the pump-probe reflectivity measurements for three
different detection energies. These show pronounced oscillations, which
we interpret as quantum beats between the 1st and 6th, 1st and 4th, 2nd
and 3rd excitonic levels. Quantum beating is not a proof of the cascade
relaxation, however, it is an indication of real and pure excitonic states
able to support transition between them. The frequencies of oscillations
(extracted by Fast Fourier Transform shown in Figure 2.3 (c)), are in the
THz range, 4.5 THz, 2.9 THz, and 0.9 THz, corresponding to energy sep-
aration of 18.6 meV, 12 meV, and 3.7 meV respectively. Vertical arrows
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of corresponding colors in Figure 2.3 (a) show the excitonic levels which
contribute to the quantum beats. This data demonstrates that excitons
occupying different quantum confined states in PQW maintain mutual co-
herence for a few picoseconds, defined by the decay time due to inhomo-
geneous broadening of the excitonic states in the structure under study.
We note here, that any remaining background in Figure 2.3 (b) is due to the
long-lived excitonic reservoir states which have typical lifetimes of several
nanoseconds [68].

2.4 Strong coupling and non-linear emission

We now study the possibility of achieving the SCR with such a PQW em-
bedded in a MC. For that, we characterized our MC sample at 28 K using a
PL imaging setup. The sample is excited with a tuneable continuous-wave
Ti:Sapphire laser, at a wavelength corresponding to the first minimum of
the DBR reflectivity on the high energy side of the spectrum (753 nm), just
below AlGaAs barrier absorption, to directly inject carriers in the PQW.
Laser light is focused through an objective lens and the emission at the
Fourier plane is imaged on the entrance slit of an imaging spectrometer
coupled to a liquid-nitrogen-cooled CCD.

Figure 2.4 (a) shows the measured energy versus angle PL image of the
sample. A strong emission peak exhibiting the characteristic dispersion of
a lower LP branch is clearly visible. By saturating the color scale it is pos-
sible to observe two extra polariton branches, the middle (MP) one and the
upper (UP) one (Figure 2.4 (a) inset). These three branches reveal the SCR
involving both the hh and lh excitons. The fitted polariton branches were
extracted by a 3 x 3 coupled harmonic oscillator model [69, 70] and the
characteristic anticrossing behaviour of the SCR is observed. The hh-lh
energy separation is 2.7 meV which is in good agreement with the reflec-
tivity measurement on the bare PQW.

To examine the non-linear emission characteristics of this PQW MC we
measure power dependent PL under excitation at the reflectivity dip at the
edge of the DBR stop-band and tuned just below AlGaAs barrier energy to
avoid absorption and to ensure that all light is absorbed by the QW. The
measured normal incidence PL spectra with increasing excitation power,
taken for optimal exciton-photon detuning, are plotted in Figure 2.4 (b) (i).
It shows an initially linearly increasing emission and blueshift presented
in Figure 2.4 (b) (iii). At higher powers, non-linear stimulated emission is
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observed with simultaneous line narrowing, plotted in Figure 2.4 (b) (ii),
and collapse of SCR. Further evidence for stimulated relaxation is ob-
tained from two-pump time-resolved experiments [71], presented in the
next chapter, which show strong enhancement of the PL spectrum just
below threshold for small time delays.
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Figure 2.4: (a) Energy versus angle PL image and dispersion fittings ob-
tained from the solutions of a 3 x 3 coupled harmonic Hamiltonian. Heavy
hole (hh) and light hole (lh) excitons (horizontal plus and minus sym-
bols respectively). Polariton branches, upper (dashed line), middle (dots),
lower (continuous line). Cavity mode (parabolic dashed line). (b) (i) PL
spectra at normal incidence to the sample for an increasing power. (ii) The
integrated PL (circles) along with the linewidths (squares) versus power
and (iii) the corresponding peak positions. The dispersion of (a) and the
power dependence of (b) were performed at different exciton-photon de-
tuning conditions.

The collapse of the SCR is observed from the position of lasing emission
peak which coincides with the modelled bare cavity mode energy obtained
from the fit to the polariton dispersions (Figure 2.4 (b) (i)). Here, we note
that although the observed non-linear emission is not achieved in the
SCR, nevertheless, it is a potential sign of bosonically enhanced relax-
ation in this system which could be utilized for THz emission as proposed
in [51]. However, deterministic answer requires further experiments and
is a subject of ongoing investigation.
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2.5 Conclusion

In conclusion, we observe the expected equally spaced excitonic transi-
tions of a PQW and quantum beating at THz frequencies between the dis-
crete energy levels of QW excitons. When a single PQW is placed in a MC,
the full structure shows a clear anticrossing between heavy hole / light
hole excitons and the cavity mode, revealing the SCR. Furthermore, un-
der non-resonant optical excitation, the MC exhibits non-linear stimulated
emission. Such results constitute the first step towards the development
of THz emitters based on bosonic cascade.
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Crapter
Chapter

ENERGY RELAXATION DYNAMICS

This chapter presents a study on the energy relaxation dynamics in PQW
structures and, for comparison, in conventional rectangular QW struc-
tures. After a short introduction, the samples are described followed by
the study of a single PQW. Then, the exciton dynamics of two MC struc-
tures are presented. This work is important for further understanding of
the bosonic cascade concept and the stimulated relaxation phenomenon.

3.1 Introduction

Here, we continue the project of the PQW started in the previous chapter
by presenting further studies of the relaxation dynamics in PQW struc-
tures. First, we present the reflectivity spectrum and the power dependent
PL of the single PQW without a MC. Then, we study the non-trivial exciton
dynamics of the bosonic cascade MCs by employing a pump-pump tech-
nique and compare it to a conventional structure containing rectangular
QWs. Excitons relax much faster in the parabolic potential, which seems
to be an indication of stimulated relaxation in the bosonic cascade.

3.2 Samples

Three semiconductor samples were grown by molecular beam epitaxy for
the purpose of this study. One sample with a single PQW and two MC sam-
ples, one with a single PQW and one with multiple rectangular QWs.

More specifically, sample 1 is a single PQW grown by varying the Indium
concentration of Indium Gallium Arsenide (InGaAs) producing a 50 nm
QW. The parabolic potential is broken into several linear growth segments
and the Indium concentration is adjusted continuously during growth, from
~ 2% near the InGaAs/GaAs interface to ~ 6% in the middle of the QW.
InGaAs is chosen to mainly observe the intense hh excitons and avoid lh
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excitons, due to material’s larger separation between hh and Lh energies.

Sample 2 is a MC structure containing a single PQW grown by varying the
Aluminum concentration of Al,Ga;_,As, from ~ 10.5% near the AlGaAs/AlAs
interface to ~ 4.5% in the middle of the PQW, producing a 50 nm PQW. A A
cavity layer was sandwiched between two Alg 15Gag gsAs/AlAs DBRs with
22 pairs for the bottom one and 17 for the top one. The PQW was inserted
at the center of the Alg 15Gag gsAs cavity layer at the antinode of the elec-
tric field to maximize the light-matter coupling.

Sample 3is a 54/2 MC having two Alg 15Gag gsAs/AlAs DBRs with 35 pairs
for the bottom one and 32 for the top one. 12 rectangular GaAs QWs are
embedded in the cavity layer.

3.3 Excitonic levels and indication of a cascade
mechanism

We first assess the quality of the PQW by measuring the different exci-
tonic levels of sample 1, at 5 K. This time, instead of Brewster angle re-
flectivity, we employ a different method, the A-modulated reflectivity (Ap-
pendix A.7). Figure 3.1 (a) shows the reflectivity spectrum where 11 ex-
citonic states can be identified, having an energy spacing of ~ 6 meV (~
1.45 THz).

Power dependent PL measurements were performed, as shown in Figure 3.1
(b). The sample was excited with a CW laser, resonantly tuned to the
barrier layer above the 11" quantum confined excitonic state. The in-
tegrated PL peaks versus pump power, corresponding to specific transi-
tions, are plotted in Figure 3.1 (b). It can be seen that PL intensity from
the lowest level increases and then saturates, as power increases. At the
same time, PL intensity from the excited levels follows a similar behaviour,
it increases and then saturates, as power increases. The full set of the
PL data was analyzed by the deconvolution of each spectrum into a set
of Lorentzian curves which correspond to different excitonic transitions.
As earlier mentioned, the pump is resonantly tuned to the excitonic res-
onance in the barrier layers, thus it directly creates excitons rather than
uncoupled electron-hole pairs. The relaxation of electron-hole pairs dif-
fers from the relaxation of the excitons. If electron-hole pairs are created
by non-resonant excitation, a broad background appears in the PL spec-
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tra.The important result here is that the observed behaviour of the time
integrated PL intensities of resonant excitonic peaks is a characteristic of
PQWs. It's an indication that excitons may relax via a cascade mechanism
between neighboring energy levels.
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Figure 3.1: (a) A-modulated reflectivity spectrum of the single PQW with-
out MC (sample 1) showing the equally spaced quantum confined exci-
tonic states. (b) Power dependent PL from different quantum confined
excitonic states. The pump wavelength was tuned to the excitonic res-
onance in the barrier layer (above the 11" excitonic state). The inset
presents the same curves plotted in logarithmic scale to reveal the low
power region.

3.4 A comparative study of exciton relaxation

To investigate the relaxation processes in the PQW MC structure, a dou-
ble pump PL technique is used (Appendix A.8). The important property of
the stimulated cascade relaxation is its strong dependence on the lower
excitonic state. The double pump method is based on the typical PL exper-
iment but instead of one pump pulse, employs two pulses with a controlled
time delay between them. The first pulse creates an initial exciton density
and the second pulse creates additional excitons at the highest level. The
relaxation of such excitons strongly depends on the population of the low
energy excitonic levels created by the first pump pulse. If this population
is large enough, the stimulated relaxation is triggered and accelerated
(Figure 3.2). This acceleration should result in a non-linear increase of
the total PL.
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Figure 3.2: The relaxation of the excitons is accelerated when a critical
exciton population already exists in the low level (blue oval). The excited
excitons from the second pulse (red oval) in the double pulse case, need
less time to relax compared to the case where no other excitons exist in
the low level (single pulse case).

In addition, it is expected that the PL intensity will depend on the de-
lay between the two pulses. Non-linear PL increase should not occur
at very large delays, where the excitons created by the first pulse relax
and recombine before the second pulse arrives. We use the double pump
method to study the two MC samples, sample 2 with the PQW and sample
3 with the rectangular QWs. The samples were cooled down to 5 K and
the time integrated PL spectra were acquired as a function of the time de-
lay.

Figure 3.3 shows PL spectra versus the delay time for different pump power
values, for both MC samples. The pump power values were chosen to be
close to the lasing threshold. There are several points to discuss here.

First, there is an initially PL increase at the first negative delay times. The
delay range is considerably smaller for the PQW sample which is around
150 ps (the graph shows from -150 to O ps), compared to the other sample
which needs several hundred ps. Second, a narrow dip at delay O appears
in sample 2 (PQW) but doesn’t appear in sample 3 (rectangular QWs).
This is an indication of different relaxation processes in these samples.
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Third, both samples have an asymmetry for negative and positive delay
times. This is caused by the difference in the pump power values of the
two pulses. When the weak pulse comes first (negative delay), the exciton
population is relatively low, therefore, the bosonic stimulation is weak and
the exciton relaxation is slow. When the strong pulse comes first (positive
delay), the stimulated relaxation occurs and accelerated. Lastly, an addi-
tional peak appears in both samples for positive delay time values, when
the pump power exceeds the lasing threshold power. It is narrower and
in a shorter delay time in sample 2, compared to sample 3, due to faster
relaxation dynamics in the sample with the PQW.

To better understand the second peak, the results from another study, re-
lated to the time dependence of PL intensity, can be used [72]. PL kinetics
were studied at different excitation powers for both below and above the
polariton lasing threshold (P;,). It was found that, when P < P, PL in-
tensity slowly rises and reaches its maximum at ~ t; = 100 ps. Then, PL
intensity slowly decreases with a characteristic decay time of ~ t; = 400
ps. When P > P;,, a strong pulse of polariton laser emission appears at
time t; with a 10-20 ps pulse duration. These findings allow us to assume
the following for our results. When the sample is pumped by two pulses
and the first pulse has higher power than the threshold, two maxima of
the polariton laser emission may be seen. The reason is that the number
of excitons remained after the first pulse of the polariton lasing peak plus
the number of excitons created by the second pulse, is sufficient enough
for the formation of a second peak of polariton laser emission. This dou-
ble appearance of polariton lasing is seen in both samples, but the time
delay and the width of the second peak strongly depends on the relax-
ation dynamics. It can be concluded that the relaxation in sample 2 is
faster than in sample 3.
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3.5 Theoretical modeling

For a theoretical analysis of our PQW structures, we start from the rate
equations introduced in [51]. Considering m the maximum number of the
excitonic levels in a PQW and k each level from 2 to m— 1, the popula-
tion dynamics of each level can be described by the following set of rate
equations [71]:

(3.1)

dNe ) (2) Ny
dt =P, (0)+ R, (Tdelay)_,l__p

k-1

m—k
+ ) WiNii (Ne+1)= ) WiNi (N +1)
i=1 i=1

—aNZ (Ngeq + 1) (Ng_1 + 1) + aNjg N4
(43
x (N +1)% + EN,EH (Ne+ 1) (Niyo + 1)
a
2
o
X (Nie2 +1) + 5 N2 N (Niea +1)%,

a
(Nis1 + 1) NeNigs2 = 5 Ny (N +1)

k=2...m-1

aNg Ny
— =t ) WiNg (N +1)
= (33)

+ gNZZ(Nl +1)(N3+1)— %N1N3(N2 +1)2

N is the occupation of the level, a describes the exciton-exciton scatter-
ing, P is the pumping rate, —N/t describe the radiative and non-radiative
decay rate of excitons at each level, 7 is the decay time of the levels
(ground, pumped, and above the pumped level), and W, is related to the
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transition from a level k to a level k—i. Phonon-assisted exciton relaxation
is taken into account, except for the first level where only the radiative re-
combination is considered. Transitions between adjacent levels may be
mediated by THz emission, as suggested in the proposal [51]. We assume
that the pumping is centered at one of the middle levels of the cascade.

Experimentally, the system is excited by fs pulses which are relatively
broad in energy and are able to simultaneously pump several energy lev-
els of the cascade. To account such a spectral broadening of the pulse in
the theoretical model, we assume that the excitation is possible, not only
at the level k, but also at the nearest levels k—1 and k+1. In the numerical
simulations the cascade has 9 levels, with level 6 receiving the major part
of pulse power (2/3) and levels 5 and 7 receiving the 1/6 of total input
power each.

Figure 3.4 shows the time evolution of exciton densities at each energy
level, plotted for zero and -5 ps delay between the pulses. If the system is
excited by a single pulse (zero delay, solid lines in Figure 3.4), levels 5-7
are populated and all the other levels are almost empty, for the first ~ 10
ps after the pulse. Due to high exciton density at level 5, the bosonic stim-
ulation from the upper levels 6 and 7 is switched on resulting in a huge
population increase of level 5. The population of level 5 reaches its maxi-
mum at time ~ 5 ps, while at the same time levels 6 and 7 become empty.

The low energy levels, 4-1, are slowly populated. A critical exciton den-
sity value for bosonic stimulation is achieved for level 4 first, due to our
model consideration that relaxation between adjacent levels is more effi-
cient. This explains the threshold-like increase of population of level 4 at
time ~ 30 ps. Similarly, populations of levels 3 and 2 rapidly increase at
time ~ 60 ps and ~ 120 ps, respectively.

However, the population of the lowest level 1 is not efficiently boosted via
this pathway due to the low population of the adjacent level 2. Therefore,
we have to assume in our model that there is a direct relaxation of exci-
tons from the pumped level 5 to the lowest level. As we will see below, this
process explains the second maximum which is experimentally observed
in pump-pump experiments shown in Figure 3.3.

Non-radiative losses of excitons, described by terms —N/7 in rate equa-
tions, compete with the relaxation processes. Losses depend on the time
spent by excitons at the excited levels. This time can be drastically short-
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Figure 3.4: Time evolution of exciton densities at each level in the PQW.
Solid lines are calculated for zero delay between pulses and dashed lines
show the same for a time delay of -5 ps.

ened and, correspondingly, the PL yield can be increased, in the bosonic
stimulation regime. Separation of the excitation pulse into two pulses
controls the non-radiative losses by controlling the population of differ-
ent excitonic levels.

Once the excitons created by the first pulse have relaxed to level 5 (it
takes about 5 ps), the excitons created by the second pulse which is de-
layed by 5 ps, rapidly relax from levels 6 and 7 to level 5 via bosonic stim-
ulation. This stimulation gives rise to the increased population of level 5
relative to that obtained for zero delay, as it can be concluded comparing
solid and dashed lines of level 5 in Figure 3.4. The corresponding increase
of population in the double pulse case is also observed for other levels. In
particular, a remarkable increase of population is observed for level 1,
which is the key point for understanding of the dip in the delay dependent
PL intensity experimentally observed and shown in Figure 3.3 (left).

Figure 3.5 shows the integral of PL intensity Ip;, as a function of the delay
between pulses for two excitation powers with total power P14+ P < P,
where P, is the lasing threshold. The other curves represent the contri-
bution of each transition term into the total PL. As it can be seen, the
theoretical modeling predicts a dip in the PL intensity at delays near zero.
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Further increase of the delay time between the pulses gives rise to the
depopulation of level 5 when the second pulse arrives. As a result the
bosonic stimulation of levels 6 and 7 excited by the second pulse becomes
less efficient and the non-radiative losses increase. This explains the de-
crease of PL intensity at delays 10-40 ps as shown in Figure 3.5 (b). How-
ever, when the delay > 40 ps, the population of the ground level is so
large that the direct bosonic stimulated relaxation from level 6 becomes
an efficient pathway for the exciton relaxation to the ground level. Corre-
spondingly, efficient depopulation of level 6 occurs that results in the de-
crease of non-radiative losses. These processes explain the appearance
of a second peak at the delay dependence of PL intensity. The calculated
behaviour of total PL intensities at weak and strong pumping qualitatively
reproduce the experimental results shown in Figure 3.3 for the PQW.
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Figure 3.5: Modeling of PL intensity versus the delay time between two
pulses. The total PL intensity from the ground level Ip,; is plotted, along
with the separate contribution of each transition, for two different values
of pump powers: (a) P11 = 0.25P,,, P\?) = 0.3P,;, and (b) PY) = 0.25P,,,,
P2 =0.7P,,.
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3.6 Conclusion

The results presented in this chapter extended our understanding on the
exciton dynamics in bosonic cascade systems. We investigated two PQW
samples, with and without DBRs and we compared the relaxation dynam-
ics of the PQW MC structure to a conventional MC with rectangular QWs.
Strong difference in the relaxation characteristics between the samples
was found. We have found a qualitative agreement between the theoreti-
cal model and the experimental results. A quantitive agreement was not
possible due to the strong non-linearity of the PL on the pump power close
to the lasing threshold. The theoretical modeling showed that there are
two different pathways for the relaxation of the system. The first pathway
is the relaxation via cascade transitions where all levels are being filled,
while the second pathway is the direct transition from the pumped level
to the ground level. The difference in PL for samples 2 and 3, shown in
Figure 3.3, can be explained by including the observation that the PL min-
imum at zero delay time occurs only in multi-level excitation [71]. The
energy levels in a rectangular QW increase with n? meaning that high
energy levels are separated from each other by a greater distance than
low energy levels are, thus excitons are excited only at one energy level
Consequently, multi-level excitation cannot be achieved and there is no
minimum at zero time delay in the rectangular QW structure.
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—A
Chapter

TowARDS TERAHERTZ EMISSION AND
DETECTION

One of the main objectives of the project is to investigate the possibility of
generating THz radiation in semiconductor MCs. For that reason, we need
an experimental setup able to generate and detect THz light. In general, a
fundamental limitation preventing the realization of a reliable solid state
THz source, is the low spontaneous emission rate of THz photons. The
spontaneous emission time of a THz photon typically is in the ms range,
while the lifetime of photo-excited carriers and crystal excitations typi-
cally is in the ps range. The spontaneous emission rate can be increased
either by placing the emitter in a THz cavity or by using the cascade ef-
fect in QCLs [60, 73, 74]. In the last decade, it was proposed that the rate
can be additionally increased by the phenomenon of bosonic stimulation,
if a radiative transition occurs into a condensate state [51, 60, 73]. To
investigate this amplification of spontaneous emission and THz radiation
we developed a THz-TDS system described in Appendix A.5. This chap-
ter presents the basic methodology and preliminary results from the first
evaluation and testing.

4,1 The basics

There are two main experimental regimes [75], THz-TDS and optical pump
THz probe (OPTP) spectroscopy (which is also considered a THz-TDS tech-
nique as it is an extension of it). These two regimes measure the trans-
mission of the THz waves (which is directly related to the electrical con-
ductivity) at carrier equilibrium and in photo-excited state, respectively.
In the THz-TDS experiment, the sample is probed with a THz pulse with
electric field E(t) as a function of time. The THz pulse E.(t) is transmitted
through the sample, therefore it is delayed and its intensity is decreased
due to absorption. A Fourier transform is applied to every E(t) to obtain
the corresponding frequency domain E(w) of the pulse. The transmission
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function in the frequency domain is given by the ratio

T(w) = 2= (4.1)
Eref(w)

In the OPTP technique [76], the sample is probed with a THz electric field
E(t), similar to the THz-TDS case, while at the same time it is photo-excited
by an optical pump pulse. As already mentioned, the photo-excitation
of charged carriers increases the electrical conductivity, and thus, de-
creases the transmission of the THz probe pulse. The difference between
the transmitted THz pulses with and without photo-excitation is defined
as

AE(t) = EQN(t) - EQFF (1), (4.2)

where ESON(t) is the electric field of the THz pulse in the excited regime
of the sample and ESOFF(t) in the unexcited regime. A term that is typi-
cally used is the AT/T, which is the change in transmission due to photo-
excitation, and can be calculated by

AT(w)  AE(w)  E2M(w)-E2 M (w) 43
Tw)  Ew) EOFF(w) (43)

The OPTP setup is able to measure two different kinds of data, photo-
conductivity spectra and photoconductivity decays, depending on which
delay stage is scanned. A photoconductivity spectrum can be obtained
when the THz probe delay stage is scanned, while a photoconductivity
decay can be obtained when the pump delay stage is scanned and the
probe delay is fixed at the peak of the THz pulse. It should be noted that,
to extract conductivity o from T(w) on the THz-TDS method and Ao from
A(Tw)/ T(w) on the OPTP method, requires consideration of many param-
eters, such as the sample geometry and the wave propagation through
the sample.

The chopped pump pulse modulates the sample between the photo-excited
and unexcited regime, therefore, the transmitted THz pulse is modulated
between the EON(t) and EQF(t) state. As mentioned in Section A.5, the
OPTP setup is based on double lock-in detection. The first lock-in amplifier
measures the average of EZN(t) and EQFF(t), which is

S(EN (1) + EO7F (1), (4.4)
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while the second measures the difference AE(t) (shown in Equation 4.2).
Using Equation 4.2, the average becomes equal to

AE(t)
2

Generally, the difference is much smaller than the electric field, AE(t) <<
ESOFF(t), therefore, it can be considered that the first amplifier measures
the EOTF(t), which is needed for the calculation of AT(w)/T(w). A typical
way to present OPTP spectrum and decay data is by plotting AE(t) ver-
sus the appropriate time delay t. In addition, if many scans of both kinds
of measurements are combined, a 2-Dimensional graph can be produced,
having the two different delay times in x and y axes and AE(t) in the z axis.

+EOTF (1), (4.5)

Furthermore, by fitting a single or double exponential to the THz decay
curve (OPTP pump scan), the decay time constants (or carrier lifetimes)
can be obtained. The equations of the exponential fits are

f(x) = yo + Aex—xo)/T (4.6)

for the single exponential, and

f(x) = yo +Ale—(X—Xo)/T1 +AS e~ (x=x0)/72 (4.7)

for the double exponential, where xg, yg are the offsets and A, A1, A>
are the amplitudes of the exponential terms, corresponding to the car-
rier populations which decayed with 7, 71, and 7> lifetimes [77].

THz waves are absorbed from polar molecules, such as water [36], there-
fore, it is better to perform measurements in a low humidity environment.
Usually, THz-TDS setups are enclosed in a box and atmospheric air is re-
placed to reduce the humidity level. In our setup, a constant flow of gas
nitrogen is used to replace air and eliminate the absorption peaks of wa-
ter. Figure 4.1 shows the effect of nitrogen in the experimental THz mea-
surement, both in time and frequency domain. 30 minutes of constant
flow is enough time to eliminate the water absorption peaks.

Sometimes, to improve the accuracy of the amplitudes of a Fourier trans-
form of a signal, a technique called zero padding is used. Zero padding
is the process of adding zeros to the end of a time domain signal to in-
crease its length. The technique is also used in specific Fourier transform
algorithms which require input data with a power of 2 length, so it is ap-
plied to fill the missing points. When zero padding is applied to a signal,
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the resulted frequency domain appears interpolated with higher number
of points compared to a non-padded signal. However, there is a miscon-
ception whether zero padding increases the frequency resolution or not
and it’s happening due to different definitions of the term resolution. After
all, it is important to understand that zero padding may reveal, but can-
not create, useful information about the initial signal. The effect of zero
padding to our data is shown in Figure 4.2, where the amplitude of the ab-
sorption lines of water is increased.

When a double lock-in detection is used (OPTP), the two amplifiers are
serially connected and they need two reference frequencies. Usually, one
of them has a high frequency (f;,) and the other one a low (f5;), with low
and high time constants respectively (71, T>p). To make the double lock-in
detection work [34], the following relationship should be satisfied

fip >> 1 >> fo >> i (4.8)
T11 T2h
Most of our results were taken using the values shown in Table 4.1. As
you will probably realize, there are many parameters to consider when
choosing the appropriate values. Begin with the values of Table 4.1 and
then, adjust them accordingly, trying to reveal and measure the signal in
a reasonable time duration of the experiment.

Lock-in | Frequency | Time constant
1 42 kHz 640 ps
2 56 Hz, 73 Hz 3 sec, 2 sec

Table 4.1: Values used in the lock-in amplifiers.

Note that the highest time constant determines the duration of the exper-
iment. Typically, three times the time constant is enough time for each
point of the scan to be measured. The lowest time constant 71, is also
important. We need a low value to achieve a high frequency and increase
the frequency distance from f5;. By increasing the frequency distance

from Tlu to f;;, we also decrease the corresponding distance from f, to
1

T although, this is not so crucial because we can easily increase the
first frequency from the function generator and maintain a big difference
between them. Equation 4.9 shows the result of a combination of Equa-

tion 4.8 and Table 4.1.

42 kHz >>~ 1.5 kHz >> 56 Hz >> 0.33 Hz (4.9)
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Figure 4.1: The effect of gas nitrogen to THz waves in our THz-TDS sys-
tem. (a) The THz pulse in the time domain (THz-TDS probe scan) and (b)
the corresponding Fourier transform in the frequency domain. The sec-
ond peak that appears in our THz-TDS probe scans can be attributed to
reflections in the THz path. (c) The absorption lines of water. (d) Data
from [78] for comparison, solid line is in water vapour atmosphere.
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It should be noted that, for the cryostat’s windows we use either Sapphire
or Quartz, which are transparent in both THz and visible regions with a
transmission of ~ 50-70%. However, organic materials like TPX (poly-
methylpentene), PE (polyethylene), and PP (polypropylene), have higher
transmission than crystalline materials, ~ 80-90%, with TPX being the
best alternative to our existing setup.

To perform OPTP measurements, the appropriate pump delay time should
be found. A sample able to easily emit THz pulses upon laser irradiation,
such as LT-GaAs, can be used [77]. First, two THz-TDS probe scans are
performed to find the delayed THz signal through the sample, as shown in
Figure 4.3 (a). Then, to find the pump delay time, a THz-TDS pump scan is
performed, as shown in Figure 4.3 (b).

single lockin, pump
antenna OFF

— GaAs SI, T 15K, nitrogen,
ump scan,

Current (nA)
Current (nA)

Figure 4.3: (a) THz-TDS probe scans reveal the delayed THz peak. (b)
THz-TDS pump scan to measure the THz emission from the sample and
find the pump delay time.

Another important step is to find a good spatial overlap between the THz
beam passing through the sample and the pump laser beam exciting the
sample (Figure 4.4). To achieve that, it is crucial to use a sample with
a high carrier lifetime, such as high resistivity Silicon (Si HR). First, the
delayed THz wave that travels through the sample is found, as shown in
Figure 4.5 (a), and then, the effect of the pump laser at the THz peak is
observed (pump OFF/ON), as shown in Figure 4.5 (b) and (c). Addition-
ally, it is necessary to avoid focusing the pump beam because the pump
spot size should be larger than the THz spot size. This ensures a uni-
form photo-excited carrier density over the area probed by the THz pulse
[75, 79].
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Figure 4.4: Schematic showing the orientation of the sample and the THz,
pump beams. For a uniform photo-excited carrier density over the probed
area, the pump spot size should be larger than the THz spot size.
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Figure 4.5: Si HR is used to find the overlap between the THz beam passing
through the sample and the pump laser beam exciting the sample. (a) The
delayed THz signal from the sample. (b), (c) The effect of the pump laser
beam to the transmitted THz signal from the sample.
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In general, repeating a scan multiple times and averaging a series of sig-
nals results in reduced random noise. Averaging is effective in the time
domain, but not in the frequency domain when a non-linear operator, such
as an absolute (when the magnitude of the Fourier transform is displayed),
is applied [80, 81]. Decreasing the scan step can reveal the signal fluctua-
tions, thus, a good combination of a relatively small step with a number of
repeated measurements should be found. It should be noted that, as the
scan step is reduced, the time needed for a single scan of the same total
length is increased. Figure 4.6 shows the effect of averaging a number of
repeated OPTP pump measurements for a 0.5 ps step.

-54 -54
—~ 1 —~ 1
) R
~ 1 ~ 1
-104 LT-GaAs angle 45 degrees -10+ LT-GaAs angle 45 degrees’
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> 1 —— average from 4 loops > 1 —— average from 6 loops
1 —— just 1 scan 1 —— just 1 scan
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Figure 4.6: Averaging a number of repeated measurements reduces the
noise. Comparison of one scan and an average of four scans (left) and six
scans (right).

4,2 Results

As previously mentioned, the THz-TDS technique can be used to measure
the absorption of molecules, such as the water absorption shown in Fig-
ure 4.1. It is also used to measure free carrier absorption. We will use a
LT-GaAs sample to demonstrate such a measurement.

OPTP pump scans at the THz peak of a LT-GaAs sample were performed.
The sample was placed at a 45 degrees angle to the surface normal and
different delay steps and number of repeats (loops) were tried. The probe
delay was fixed at the THz peak and the modulation of this peak is studied
by scanning the pump delay. First, upon carrier injection, a fast reduc-
tion of the THz signal is observed, and then, the signal recovers exponen-
tially near its initial value. The photo-excitation of the sample modifies
the probe THz pulses generated from the antenna, by THz absorption.
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THz absorption is related to conductivity, therefore, it provides carrier in-
formation. It should be noted that, to generate enough carriers, the pump
source should be a powerful fs laser system [77].

Figure 4.7 shows the THz decay curves and the corresponding single ex-
ponential fittings for a LT-GaAs sample. The obtained decay time constant
is approximately 16 ps. In addition, it should be noted that, the lower the
temperature of the growth of LT-GaAs, the shorter the carrier lifetime of
the sample. Defects due to the non stoichiometric growth of GaAs at low
substrate temperature, act as carrier traps [77, 82] and decrease their
lifetime. Our sample was grown at ~ 300 K. Faster time decays are usu-
ally observed in samples grown at temperature ~ 180-250 K.

07 07
-2 ]
S 4 S 5
£ 6] E ]
[ ] O _104
[ -8 7 [ 10 q LT-GaAs angle 45 degrees
..(E ] LT-GaAs angle 45 degrees. .SE 1 double lockin 3
o -104 double lockin 3 ° ] pump scan at THz peak
S ] pump scan at THz peak > 154 step 0.15 ps
_1 2 4 step 0.15 ps. 4 tc 3 sec, wait 9 sec
] tc 3 sec, wait 9 sec 4 average from 2 loops
14+ 201
LA U Ll ) A M M B L S e - R RN Lo e L e e e i
0 10 20 30 40 50 60 70 80 90 100 10 0 10 20 30 40 50 60
Time (ps) Time (ps)
(a) (b)
4] 0
-6 ]
> .8 > -57
£ ] E
o 101 o -0
g -2 Pk IS B
6 14 ] p:JmpOsscan at THz peak e) 1 pum%sscan at THz peak
- | step 0.5 ps. 1 .
= ] tc Spsec‘ ?Nait 9sec = -15 ] tsce;sec, %78". 9 sec
-1 65 average from 6 loops 4 average from 3 loops
1 ] 48, datat, scan2_loop
-18 e e T =20 T T T
10 0 10 20 30 40 50 60 -10 0 10 20 30 40 50 60
Time (ps) Time (ps)
() (d)

Figure 4.7: OPTP pump scans at the THz peak of LT-GaAs. In all cases the
sample is at 45 degrees angle to the incident pump beam. The exponen-
tial fit is shown in red. Decay time constants are: (a) T =16 ps, (b) T = 16.6
ps,(c)t=17.8ps, (d) T=15.8 ps.



66

To provide more evidence that the measured signal is the effect of the
pump beam to the THz pulse that passes through the sample, we per-
formed 3 different scans, as shown in Figure 4.8. The signal is zero when
either the antenna or the pump beam is disabled.

5 4
oA
S
E 57
% : —— antenna ON, pump OFF
s 7 — a0 O
-20:|""""'|""""'|""""'|""""'|"'"""|""""Y'|""""
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Figure 4.8: OPTP pump scans at the THz peak of a LT-GaAs sample. Three
different cases with antenna/pump ON/OFF as shown in the annotation.
The sample is at 45 degrees angle to the incident pump beam. The mea-
surement is detectable only when both the generation antenna and the
pump laser are enabled.

In Figures 4.9 and 4.10, a preliminary two dimensional analysis is shown.
First, a THz-TDS probe scan is presented which shows the different probe
delays for the pump scans. Then, all of them are plotted in the following
two graphs. The emission starts with a low amplitude for negative pump
delay times, then rises up to a maximum amplitude at pump delay = 0 ps,
and then slowly decays for positive pump delay times. The same process
was repeated one more time. In Figure 4.9 every data file is one scan,
while in Figure 4.10 every data file is a loop of 3 scans, and that’s why the
last appears smoother. Consequently, from a 2-D graph, both the OPTP
pump and probe scans can be extracted by taking slices at fixed delays.
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Figure 4.9: A 2D representation of the photo-induced change in THz trans-
mission AE(t) in LT-GaAs. Red points in a THz-TDS probe scan show the
positions of the pump scans. Then, a 2D graph and a contour plot from the
same data show all the OPTP pump scans for the different probe delays.
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Figure 4.10: Repeat of measurements presented in Figure 4.9, but here
every measurement is an average of 3 scans.
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Our next step was to design and test a new structure based on the con-
cept of PQWs. It's a MC structure with 4 embedded InGaAs PQWs, on a
SI GaAs substrate. The parabolic potential is achieved by varying Indium
concentration from O to 4%, along the growth direction. The DBRs are
alternate layers of GaAs and AlAs, with 29 periods for the bottom and 25
for the top. The complete structure is shown in Figure 4.11.

s496

GaAs 588.3 A
AlAs 695.2 A
GaAs 1000.2 A
InGaAs PARABOLIC 0-4-0 400 A
GaAs 760 A
GaAs 240.2 A
AlAs 695.2 A
GaAs 588.3 A
GaAs buffer
SI GaAs(100) substrate
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x4

x29
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Figure 4.11: The MC structure with four PQWs.

A sample like this is expected to provide a THz gain due to the cascade
phenomenon. We externally pump the sample, so a THz emission from
the semiconductor itself will be emitted. To decouple the sample’s THz
generation from the measured sighal, we use the double lock-in detection
of the OPTP method.

In summary, first, the THz-TDS probe scan is checked to measure the THz
radiation that passes through the sample. Then, the ability of THz emis-
sion from the sample is evaluated along with the effect of the pump beam
to the THz probe peak. Finally, the OPTP technique is employed to photo-
excite the carriers and perform both pump and probe scans to measure
the change in transmission, both the decay at the THz peak and the en-
tire THz waveform.

The sample generates and emits THz radiation, as shown in Figure 4.12
(a), where a THz-TDS pump scan is presented. Then, a THz-TDS probe
scan (Figure 4.12 (b)) shows the THz beam that passes through the sam-
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ple. It should be noted that these measurements are at low temperature
(T = 15 K), so the signal is low due to the intensity reduction from the
cryostat’s windows. In Figure 4.12 (b) there are two scans, without and
with the optical pump beam. If there is a difference, it's a small one, so
a more careful measurement should be done. To examine it, we fix the
delay at the specific peak and let the pump beam ON and OFF. Figure 4.12
(c) shows the results. The pump pulses reduce the intensity in a tiny but
observable amount. It is difficult to observe the difference in the scans
of Figure 4.12 (b) and there is no difference in the corresponding Fourier
transforms® shown in Figure 4.12 (d).
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| pump scan at THz probe peak, 34 single lockin, probe scan at pump delay 0|
antenna OFF —— pump OFF
0.044 ——pump ON
< <
£ 0.004 £
€ €
g 0.04 g
= =
O .0.08 o
0.12
4 50, 20180319 '1 | 50, 20180319
R R R MRS — .
-8 -4 0 4 8 12 14 16 18 20 22 24 26
Time (ps) Time (ps)
(a) (b)
356 E ——s496, T15K, nitrogen, pump OFF/ON at THz peak : Eil g::g 8’?:
. 3543 10 4
< 3
— 3.527
£ 3.503
a3 3
3.484 0.1
3 g
B B - B B e B
3 -— 50, 20180319 50, 20180319
T T T T T T T T T T T T T T T T
0 40 80 120 160 200 240 0 1 2 3 4 5 6
Time (sec) Frequency (THz)
(c) (d)

Figure 4.12: Sample 496 at 15 K. (a) THz-TDS pump scan. (b) THz-TDS
probe scan with/without the pump laser and (d) the corresponding Fourier
transforms. (c) The effect of the pump beam to the THz peak.

To continue, we repeat the OPTP measurement previously presented. In
Figure 4.13 (a), it is shown that carriers in the new sample seem to be un-
able to decay and the absorption remains constant, contrary to LT-GaAs
where they decay as shown on the same graph for comparison. The mea-

Ifor the Igor Pro code of the Fourier transform see Appendix B.5.
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surement is again the same, the pump delay is scanned and the probe
delay is fixed at the THz peak.

An OPTP probe scan is shown in Figure 4.13 (b). It shows three scans at
low temperature with antenna/pump ON/OFF as noted in the annotation.
As already mentioned, the signal is only measured when both the gener-
ation antenna and the pump beam are enabled.

-5 304 5496, T15K, nitrogen, double lockin 3,
1 probe scan at pump delay 0

—— antenna OFF, pump ON
204 —— antenna ON, pump OFF
— antenna ON, pump ON

double lockin 3, pump scan at probe THz peak|
— 49
— LT-GaAs

Voltage (mV)
Voltage (mV)

20

-254

50, 20180314 i 50, 20180316
——— T T T R B AR e e
-0 0 10 20 30 40 50 60 70 80 90 100 14 15 16 17 18 19 20 21 22 23 24
Time (ps) Time (ps)

(a) (b)

Figure 4.13: OPTP measurements on s496. (a) Pump scan at THz probe
peak for s496 and LT-GaAs for comparison. (b) Probe scans at low tem-
perature (15 K) for three different combinations of the antenna and the
pump beam.

We believe that the OPTP probe scan of the MC sample in Figure 4.13 is
related to absorption, not gain. It is not obvious from just the OPTP probe
scan if the measurement is absorption or gain. An initial signal, such as
the black onein Figure 4.14 (a), undergoes an intensity reduction when it’s
absorbed and an intensity increase when it's amplified. The differences
between the two signals (black minus red/blue), for the two cases, are
shown in Figure 4.14 (b). The main difference is which increases first and
which second. As it can be seen, the red starts, decreases and then in-
creases, while the blue does the opposite. The red is related to absorption
while the blue to gain. We compare this behaviour to our results.



71

1.0
— s496_THzTDS_PROBE_x — Gain (middle minus top)

— s496_THzTDS_PROBE_x_below| — Absorption (middle minus below)|
— s496_THzTDS_PROBE_x_top

4 Gain

34 Absorption 0.54

=t

0.0

Voltage (mV)
Voltage (mV)

-0.5

-1.04
B At e e i
12 13 14 15 16 17 18 19 20 21 22 12 13 14 15 16 17 18 19 20 21 22
Time (ps) Time (ps)

(@) (b)

Figure 4.14: A representation of absorption and gain. (a) When a signal
is absorbed, its intensity decreases (black to red), while when a signal is
amplified, its intensity increases. (b) The corresponding difference.

To provide more information, we compare the response of known samples
that exhibit absorption (such as Si HR) to the MC sample. In Figure 4.15
we show the THz-TDS and the OPTP scans for two samples, the Si HR and
the MC sample (s496). In addition to the x value of the lock-in amplifier
which is commonly presented, we also show the y and r values accompa-
nied with the corresponding phase. The phase is shown to ensure that it’s
zero near the main THz peak and remains zero when the sample under
study is changed from the Si HR to the MC one. The measurements are
at low temperature (40 K) and the box is purged with gas nitrogen. Three
samples (Si HR, LT-GaAs, and s496) are glued with silver paint to the spe-
cially designed copper mount inside the cryostat, at 45 degrees angle to
the surface normal. As already discussed, Si HR is used for the overlap
between the optical and the THz pulse and LT-GaAs for the estimation of
the zero pump delay.
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Figure 4.15: THz-TDS and OPTP scans for two samples, Si HR and s496,
at low temperature (40 K), showing all the available lock-in amplifier mea-
surements, x, y, r, and phase. (a) THz-TDS of Si HR, (b) OPTP of Si HR, (c)
THz-TDS of s496, (d) OPTP of s496.

In the above configuration with three samples inside the cryostat, we can
move the position of the cryostat to select a specific sample. After finding
the zero pump delay time from the THz emission of LT-GaAs, we select the
Si HR sample and perform an OPTP pump scan at its THz peak. We expect
to observe a step change near the zero pump delay time, as presented in
Figure 4.16. Si HR has high carrier lifetime, therefore we observe a con-
stant change which will not return to its initial value in the timescale of
the experiment (some ps). The phase at the THz peak is zero and constant
during the OPTP pump scan. It's also possible to quantify the change in
terms of the percentage of absorption, as it can be seen in the right axis
of Figure 4.16. By knowing the absorption change of the sample when it is
optically pumped, such as the one measured with single lock-in detection
in Figure 4.5 (c) and Figure 4.12 (c), we can assign it to the initial absorp-
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tion that is displayed in the negative delay time of Figure 4.16. As it can be
seen in Figure 4.16, the additional change is 2% (from 30% to 32%) and
it is clear that the technique is able to measure even smaller changes.
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Figure 4.16: OPTP pump scan of Si HR. The zero pump delay has already
been found from a THz-TDS pump scan measurement of LT-GaAs. Neg-
ative time means that the pump pulse comes after the THz pulse, while
positive time means the opposite, as shown in the schematic.

The histogram of the OPTP pump scan of Si HR is presented in Figure 4.17.
A Gaussian fit for each absorption state is applied to provide a clearer
view. The standard deviation o of the fit is 1.15 mV for the first peak
and 0.84 mV for the second peak, while the separation between the max-
imum of the peaks is 11.7 mV. The FWHM is 3.81 mV for the first peak and
2.78 mV for the second peak, corresponding to a percentage difference of
0.52% and 0.38% respectively, as shown in the annotation.
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Figure 4.17: Histogram of the OPTP pump scan of Si HR showed in Fig-
ure 4.16.

Another step is to rotate the MC sample at 90 degrees angle to the THz
pulse. In this orientation, not just a projection of the emission, but the
whole possible amplification can be measured. This is due to the theoret-
ical proposal’s suggestion that the emission from this kind of structures
is from their sides. Therefore, the sample should be appropriately placed
in the specific angle. This wasn’'t achieved till the writing of the present
thesis and it’s a subject of ongoing investigation.

If a link to physical parameters is needed, a suitable method to extract
the conductivity o and Ao from the measured transmission function T
and AT/T should be appliedz. Physical parameters such as charge car-
rier scattering rate, may be obtained by fitting the spectra with physical
models, such as the Drude model [75]. The Drude model is a classical
model for the conductivity o(w) of metals and semiconductors and de-
scribes the motion of charge carriers under an alternating electric field.
It connects the conductivity with parameters such as the charge carri-
ers scattering rate, density, and mobility [75]. Many systems are complex

2THz-TDS and OPTP techniques provide the frequency dependent conductivity spec-
tra o(w) and the photoconductivity spectra Ao(w), respectively.
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and deviate from the standard Drude model, therefore, there are exten-
sions of the Drude model aimed to describe specific systems (such as the
Drude-Smith model for nanowires).

4.3 Conclusion

The THz-TDS experimental setup was successfully realized. Preliminary
results presented a general idea of the important aspects of the mea-
surements. A very careful alignment is crucial and more experiments are
needed to fully explore the samples in the bosonic cascade regime. The-
oretical proposals suggest that the THz radiation from this kind of struc-
tures is emitted from their sides. In our first attempts, the sample was
placed in a 45 degrees orientation as shown in Figure 4.18 (left). It was
a necessary step to better understand the basic principles of the experi-
ments. To be able to measure the entire THz emission, the sample should
be placed at 90 degrees angle to the THz pulse as shown in Figure 4.18
(right). This wasn't achieved till the writing of the present thesis and it’'s a
subject of ongoing research. In our configuration, we compared the signal
of Si HR, which we know that exhibits absorption, to the MC sample. We
observe a similar behaviour and we conclude that the response of the MC
structure is related to absorption, not gain.

THz THz
— —)
Pump
Pump

Figure 4.18: Orientation of the sample in the OPTP technique. At 45 de-
grees angle to the surface normal (left) and at O degrees angle to the
surface normal (right).
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enapter
Chapter

OVERVIEW AND FINAL THOUGHTS

The work presented in this dissertation was focused on two goals with
a common ultimate purpose; the cascade THz emission from polaritonic
structures. The main idea was based on the concept of the BCL which
uses the equally spaced excitonic levels of a PQW and the phenomenon
of bosonic stimulation to generate and improve THz emission.

The first goal was the study of semiconductor MC structures utilizing a
PQW, capable of supporting stimulated cascaded relaxation [83]. It was
shown that the PQW exhibits almost-equally spaced excitonic transitions
and we observed quantum beating at THz frequencies between specific
levels. The MC structure showed a clear anticrossing between the exci-
tons and the cavity mode, revealing the SCR. Furthermore, under non-
resonant optical excitation, the MC exhibits non-linear stimulated emis-
sion. This part was based on the proposal of a BCL [51]. However, studies
of exciton dynamics showed that the radiative cascade wasn’t the dom-
inant relaxation mechanism [71, 84]. A recent theoretical study tried to
explain this suppression of the radiative transitions and proposed a new
alternative scheme based on double QW structures [84]. Nevertheless,
we showed that excitons relax much faster in the parabolic potential com-
pared to a structure with conventional rectangular QWs. The theoretical
modeling of relaxation dynamics qualitatively agreed with the experimen-
tal results and predicted the time evolution of exciton densities at each
level of the PQW, along with the photoluminescence contribution of each
transition.

The second goal was the design, build, and evaluation of a new THz-TDS
experimental setup. The setup was successfully built and tested and pre-
liminary results were presented. It is able to generate and detect THz
radiation, externally pump the sample under study, and perform mea-
surements at low temperatures by the use of a cryostat. Both THz-TDS
and OPTP measurements are possible. A preliminary evaluation was per-
formed using samples such as LT-GaAs, Si HR, and a PQW MC structure.
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Results on absorption/gain measurements on parabolic quantum well mi-
crocavities were also presented.

For a future perspective, an important step is to explore the propagation of
THz radiation on a waveguide. This will result in a long gain medium and
will significantly increase the overlap between the optical pump and the
THz probe beams. Some investigations have already been published but
there are mainly in plasmonic systems [85]. Nevertheless, it is a positive
step towards the development of THz wave guiding materials and tech-
niques.

The scientific community continues to study BCLs and propose new ways,
structures, and systems capable of emitting THz radiation [50, 52, 71, 84,
86, 87]. Technology is advancing and THz related components and se-
tups are getting better, faster, and more reliable. THz spectroscopy has
evolved into a well established technique and many companies build and
sell THz systems for spectroscopic and imaging applications.

Here, I'll discuss my thoughts for future changes and improvements. I'll
point out some remarks, hoping that will help and accelerate the progress
of the related experiments in the lab. My recommendations are mostly
technical and are related to the specific setup in our lab.

About the optical elements:

First, the THz experimental setup, like the majority of this kind of setups,
employs off-axis parabolic mirrors to guide the THz beam. These mirrors
are useful because they are achromatic and turn the light path off-axis.
Usually, these optics are 90 degrees off-axis, meaning that either they ac-
cept a divergent beam from a point source at their focal length and reflect
it to a collimated beam at 90 degrees or they accept a collimated beam
and reflect it to a focused beam at their focal length at 90 degrees. How-
ever, they are extremely sensitive to every movement and rotation and
they are very difficult to align. Therefore, either lock their rotation and
use high precision robust and fixed mounts or replace them. A good al-
ternative is based on plastic materials (such as TPX) which are used to
construct special lenses able to manipulate THz radiation in a much sim-
pler approach. Using these lenses, a four-parabolic-mirror setup can be
transformed to a one-line setup, easier to align and handle. Second, THz
antennas are usually accompanied by a silicon lens to collimate, focus,
or just decrease the high divergence of the THz beam. The position of
this lens is also very important and sensitive, so it is better to choose an
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antenna with the silicon lens pre-alighed and mounted from the company.
There is no need to change the distance between the antenna and the sil-
icon lens and you’ll have one less thing to worry about.

About the instruments:

For the OPTP setup, two lock-in amplifiers are needed. It is better to have
two digital amplifies with pc connectivity. It is important because the setup
will be able to simultaneously measure the signal from both of them in
one scan, which considerably decreases the time needed. Till now, our
automation programs can control two lock-in amplifiers, the SR830 and
the EGG7260 (Appendix A.5).

About the lasers:

The setup is based on one laser, for both the operation of the antennas
and the pumping of the sample. Antennas are very efficient around spe-
cific wavelengths, which typically are ~ 800 nm, 1060 nm, and 1550 nm,
depending on the type of the antenna. In our experiments the most com-
mon one is the 800 nm. Therefore, keep in mind that there is a limitation
of the laser wavelength tuning. The wavelength should be tuned near the
antennas’ optimized value of 800 nm. The same wavelength is used to
photo-excite the sample. In addition, it has been noticed that when the
laser wavelength is altered, the laser beam position slightly changes.

About the optical delay lines:

In a future upgrade of the setup consider replacing the delay lines. The
translation stages and their controller are bulky and they take a lot of
space on the table and on the shelves too. Concerning the optics on the
stages, it is better to use a combination of a prism mirror and a 90 de-
grees V-Block with mirrors. Excellent compact optical delay line systems
are commercially available.

About the automation control program:

Averaging is very important in this kind of measurements and this fea-
ture should be improved to the current automation program. It is very
useful to easily scan multiple times and save all the scans and the aver-
age automatically. If two digital lock-in amplifiers with pc connectivity are
available, add to the program the ability to measure both of them simulta-
neously. Finally, | believe it is time to re-write all the automation programs
in NI LABVIEW. It will take some time but | am sure that it will be worth it.
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About taking measurements:

An experimental setup like this has many different components. As you
probably know, we don't live in a ideal world and something is almost al-
ways not working as intended. Therefore, when you are lucky enough and
everything is working properly, try to take as much data as you can.
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Appendix

EXPERIMENTAL TECHNIQUES

Here, the experimental techniques, setups, and instruments are described.
For temperature and position control the samples are usually mounted on
a cryostat, so, first, the vacuum and cooling system is briefly explained.
Second, the laser is described, a system common to the majority of the
experimental setups. Then, the main characterisation techniques, reflec-
tivity and luminescence, are presented, and finally our inhouse THz spec-
troscopy setup is described.

A.1 Vacuum and cooling system

To perform experiments at low temperatures, a cooling system is appar-
ently needed. We use a closed cycle cryostat which is capable of reaching
temperatures near 14 K without the need for cryogens. The main compo-
nents of the system are the expander (also known as the cold finger), the
compressor, the vacuum chamber, and the vacuum pump.

The vacuum pump creates the necessary vacuum in the vacuum chamber
where the cold finger is located and the refrigeration cycle takes place. In
our system, a pressure of 107® mbar is usually obtained. Two gas lines
from the compressor are connected to the expander. One line is respon-
sible of providing high pressure Helium gas to the expander and the other
of returning low pressure Helium gas to the compressor. The samples
are glued with thermal conductive silver paint to special designed copper
mounts which are placed at the end of the cold finger. The expander is
mounted on a X-Y-Z axes stage for the position control of the sample.

For the temperature control, a temperature controller with a sensor and a
heater is used. Both the sensor and the heater are located inside the cold
finger and are responsible of maintaining the desired temperature. Our
experiments usually require a temperature range of 4-300 K.
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VAacuuM pump: Pfeiffer vacuum Hicube.

CompRrEssoR: APD Cryogenics, HC-2 Helium vacuum cryo compressor, wa-
ter cooled.

ExpAaNDER: APD Cryogenics, DE-202.
TEMPERATURE CONTROLLER: Oxford Instruments, 3120.

TEMPERATURE SENSOR: Oxford Instruments, 3-point calibrated Rhodium-Iron
resistance sensor with a range of 1.4-800 K.

A.2 Continuous-wave and pulsed laser system

The great majority of light-matter interaction experiments use a laser as
an excitation or probing tool. Our laser system consists of a Coherent
Mira 900 and its pump laser, a Coherent Verdi V6.

CoHERENT MIRA 900: A mode-locked ultrafast laser that uses Sapphire
doped with Titanium (Ti:Sapphire) as a gain medium
and is tunable from 700 to 980 nm. It can be oper-
ated in both CW and pulsed mode. The pulse-width
is ~ 150 fs and the repetition rate is 76 MHz. The
maximum output power is 500 mW.

CoHERENT VERDI V6: A CW diode-pumped laser at 532 nm with a maxi-
mum output power of 6 W.

A.3 Reflectivity

Reflectivity is the ratio of the intensity of light reflected by the surface of
a sample to the intensity of the incident light. Another term, reflectance,
is used to describe the case where the sample reflects volumetrically, in-
cluding its internal reflections between the rear and front faces. Thick
opaque samples usually have the same reflectivity and reflectance value,
while layered non-opaque samples have different. Even though there is a
clear difference between the two definitions, sometimes the term reflec-
tivity is used to describe all cases related to the phenomenon of reflec-
tion. In the present thesis, only the term reflectivity will be used, despite
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the fact that reflectance is a more appropriate term for our samples.

In our experiments, reflectivity is a vital and very helpful measurement.
It's the first characterisation step for every sample because it gives in-
formation about the stop-band and the detuning range of the structure.
The experimental setup is quite simple; we only need a light source (a
white-light lamp), a spectrometer to analyse the spectrum, and some op-
tics/fibers to guide the light to/from the sample. We usually perform two
kinds of reflectivity measurements, fiber and free-space, in both room and
low temperature. Another reflectivity approach, at Brewster angle, is also
used for the measurements of our PQW samples. All these experimental
setups are described below.

A.3.1 Fiber / Free-space reflectivity

Reflectivity using fibers (Figure A.1) is a straight forward technique. A
three-leg reflection probe with fiber cores is used. Two ends of the probe
are terminated with connectors, one is connected to a lamp (multi-fiber
leg), and the other to a spectrometer (single-fiber leg), while the third end
is placed above the surface of the sample. Light from the lamp travels to
the end of the leg where the sample is located. The reflected light from
the sample enters the same leg and is guided to the spectrometer. The
spectrometer is connected to a computer to control the experiment and
display the spectrum.

Free-space reflectivity (Figure A.1) is more complicated but remains a sim-
ple experimental setup. It has the advantages of a clearer spectrum and
a better focusing of the light. Light from a lamp passes through a series
of optics to control the shape of it. We usually use lens to collimate the
light and iris to control the size. Then, light goes to a beamsplitter and
is focused to the sample with a lens. The reflected light from the sample
passes through the same lens which collimates it. After that, it passes
through the beamsplitter and is guided with mirrors to the spectrometer
where it is focused to the slit with a lens. The spectrometer is again con-
nected to a computer to control the experiment and display the spectrum.
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Figure A.1: Fiber (left) and free-space (right) reflectivity setups. S: sample,
L: lens, I: iris, M: mirror, BS: beamsplitter. The arrow indicates the focal
length of the lens.

LaMpP: 1. Ocean Optics LS1 Tungsten Halogen light source.
2. Mikropack DH-2000 Deuterium Halogen UV-VIS-NIR light source.

FiBer: Ocean Optics.
SPecTROMETER: Ocean Optics HR2000CG-UV-NIR.

SPECTROMETER AND CCD: Princeton Instruments Acton SP2500 0.5 mimag-
ing triple grating monochromator spectrograph
+ Pylon.

A.3.2 Brewster angle reflectivity

Brewster angle reflectivity is used when high signal to noise ratio is needed.
The experimental setup (Figure A.2) has a few optical elements but atten-
tion is needed to achieve the Brewster angle. Light from a lamp passes
through a polariser to acquire p-polarisation (transverse magnetic). A
lens is used to focus the light and a mirror to guide it to the sample in
the Brewster angle. Then, another mirror collects the light and guides the
beam to a lens to focus it on the spectrometer. The spectrometer is con-
nected to a computer to control the experiment and display the spectrum.

To calculate the Brewster angle you need to know the refractive indices
of the two media that light travels through. If the initial medium has a
refractive index n; and the second medium n,, the Brewster angle can be
calculated by the equation 6g = arctan(Z—f). After calculating the Brew-
ster angle, it’s easy to find the appropriate lengths (x and y in Figure A.3)
in order to place the mirror in the correct position.
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Figure A.2: Brewster angle reflectivity setup. P: polariser, L: lens, M: mirror,
S: sample. The arrow indicates the focal length of the lens.

|

|

|

|
y Bs |
I
|

|

|

|

|

Figure A.3: Og: Brewster angle. Length y is related to the height of the mir-
ror while x to the horizontal distance between the mirror and the surface
of the sample. Note that y is calculated from the height of the sample, not
from the optical table.

A.4 Luminescence

Luminescence is a general term which describes the phenomenon of light
emission from a material. When a material absorbs energy, its carriers
are excited and due to the unstable nature of the excited states, they fall
back to the ground state. The absorbed energy is released in the form
of heat, light, or both. There are many different types of luminescence,
depending on the cause of the excitation e.g. electroluminescence for
electrical current, chemiluminescence for a chemical reaction, etc. Here,
laser light is used to excite the samples, therefore, the method is called
photoluminescence (PL). The PL experimental techniques are described
below.

A.4.1 Photoluminescence

PL is a well established technique and one of the most widely used for the
characterisation of semiconductor materials, nanostructures, and devices.
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It is a non-destructive method and gives information about processes
near the bandgap energy. Depending on what we need to study, the ex-
perimental setup slightly changes. A PL experimental setup is relatively
simple, but when an angle dependance of the emission is needed, it can
be more complicated in terms of alignment.

At its simplest form, a PL setup requires a laser, a spectrometer, one lens
for focusing to the sample, and a two-lens system for collecting the emis-
sion and focusing it to the spectrometer. In our lab we use an experimen-
tal setup for both PL and angle dependent PL (known as k-space imaging)
which is described in the next section.

A.4.2 Photoluminescence, k-space / real-space imaging

We usually perform three kinds of measurements, PL, k-space imaging,
and real-space imaging. The experimental setup for both PL and k-space
imaging is shown in Figure A.4. The setup is the same for both measure-
ments, the only difference is at the settings of the spectrometer. If the
spectrometer is in "imaging mode", all the angles which the objective lens
is capable of collecting, are shown. If it is in "spectroscopy mode" and the
appropriate pixel range is selected, only the angle equals zero is shown.

Laser light is guided through a mirror to a beamsplitter. A part of it is fo-
cused to the sample with an objective lens. The same objective lens col-
lects the PL and displays the Fourier plane at its focal length. The Fourier
plane is projected to the spectrometer by a combination of two lenses.
In case we need to see the surface of the sample, the real-space imag-
ing setup should be used. To change from k-space imaging to real-space
imaging, we only need to add or remove one lens. We usually add a lens
(Figure A.5) because it’s easier to return back to the k-space setup without
changing again the alignment.
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Figure A.4: k-space imaging. S: sample, O: objective lens, FP: Fourier plane,
BS: beamsplitter, M: mirror, L: lens. The arrow indicates the focal length
of the lens.
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Figure A.5: Real space imaging. S: sample, O: objective lens, BS: beam-
splitter, M: mirror, L: lens. The arrow indicates the focal length of the lens.

A.5 Terahertz spectroscopy

The THz setup is based on a typical pump-probe setup where a femtosec-
ond laser beam is split into two parts. The first is used to pump the gen-
eration antenna (pump) and the other to activate the detection antenna
(probe). The experimental setup is shown in Figure A.6. Light pulses from
the femtosecond Ti:Sapphire laser arrive at the first beamsplitter and are
split into two parts, the red and the blue. The red part is sent to a beam-
splitter and is split into two parts, the red and the green. The red is the
one which optically excites the generation antenna and generates THz
pulses while the green activates the detection antenna to measure the
THz pulses. A linear translation stage is used to change the time delay
between the two parts and obtain the whole THz pulse profile.
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Figure A.6: The THz setup. BS: beamsplitter, LTS: linear translation stage,
M: mirror, OC: optical chopper, PM: parabolic mirror, DA: detection an-
tenna, GA: generation antenna, S: sample.

After the THz generation, the THz pulses are collected, transmitted, and
focused, by four parabolic mirrors. The first parabolic mirror collects and
collimates the pulses and the second focuses them to its focal length.
The third, similar to the first, collects and collimates the pulses while the
last focuses them to the detection antenna. The sample is placed at the
focal length of the second parabolic mirror, in the middle of the distance
between the second and the third mirror.

Till now, the effect of the sample to the transmitted THz pulse can be stud-
ied. Sometimes though, we need to study the ability of the sample itself to
generate THz radiation. This is the first of two reasons why the first beam-
splitter splits the beam to the blue line part. This laser part is used to op-
tically excite the sample, usually at a 45 or O degrees angle. The emitted
THz pulses are collected from the third parabolic mirror, are collimated
and transmitted to the fourth, and focused to the detection antenna like
the previous case. To obtain the whole THz pulse profile, another linear
translation stage is used to scan the time delay between the two paths.
The second and most important reason though, is related to another type
of a THz-TDS method, the so-called OPTP spectroscopy. The OPTP setup
is a modified THz-TDS setup in which the sample is also pumped by an
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optical pulse. The THz pulses from the generation antenna pass through
the sample, as usual in the original THz-TDS setup. Although, the photo-
excitation of charged carriers in the sample increases its conductivity,
thus, decreases the transmission of the THz pulse. Therefore, the OPTP
technique is used to study the effect of the optical pump on the transmit-
ted THz pulse.

To perform an experiment, a function generator (or a chopper, or both)
and a lock-in amplifier (or two) are also required. A computer is used
to control all the instruments and acquire the data. The basic measure-
ment consists of scanning the time delay and measuring the THz-induced
modulation by a lock-in amplifier. The acquired information is in the time
domain and can be transformed to the frequency domain with a Fourier
transform.

Here, we performed four kinds of measurements and we refer to them
as THz-TDS probe (single lock-in probe), THz-TDS pump (single lock-in
pump), OPTP probe (double lock-in probe), and OPTP pump (double lock-in
pump). Each one has a specific purpose and different characteristics and
instrument connections. All the instrument connections are shown in Fig-
ures A.7,A.8,and A.9. The THz-TDS and the OPTP setup mentioned earlier
are based on single lock-in and double lock-in detection, respectively.

THz-TDS probe (single lock-in probe) is the basic kind of measurement in
which the antenna is used to generate the THz waves, one lock-in ampli-
fier connected to the detection antenna is used to measure, one transla-
tion stage controls the time delay, there is no external optical pumping of
the sample, and, thus, only the THz radiation that goes through the sam-
ple is measured.

THz-TDS pump (single lock-in pump) is the kind of measurement in which
the sample is optically pumped in order to measure its own THz genera-
tion. The generation antenna is not used, one translation stage controls
the time delay, and the same lock-in amplifier, but nhow with a frequency
reference from an optical chopper placed in the pump laser beam, is used
to measure the THz emission.

OPTP (double lock-in) is a method which uses two lock-in amplifiers, both
the function generator and the optical chopper, and both the translation
stages. The first lock-in amplifier, similar to the single lock-in probe setup,
receives the signal from the detection antenna and is locked to the fre-
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quency of the function generator. The second lock-in amplifier receives
the signal from the first amplifier and is locked to the frequency of the
optical chopper located in the path of the pump beam. The sample is
optically pumped and the effect of this pumping to the transmitted THz
waves, is studied. The difference between the two versions of the double
lock-in technique is related to which translation stage is fixed and which is
scanned. Consequently, double lock-in probe means that the delay stage
of the THz is scanned and the delay stage of the pump beam is fixed, while
double lock-in pump is the opposite.

LINEAR TRANSLATION STAGE: OWIS SMKO02-Z and LIMES120, full step reso-
lution 2.5 pm.

PHOTOCONDUCTIVE ANTENNA: MenloSystems TERA8-1 and T8-H2 holder. The
photoconductive material is LT-GaAs, opti-
mized for laser wavelength 800 nm and max-
imum optical power 10 mW at 100 MHz, 40
Volts maximum bias for emitter, mounted on
a 40 mm x 40 mm PCB.

Lock-IN AMPLIFIER: 1. Stanford Research Systems, SR830 DSP.
2. EG&G Princeton Applied Research model 128A.
3. EG&G Instruments 7260 DSP.
Note that in our automation programs, the measure-
ment is performed either with the SR830 as the sec-
ond lock-in amplifier or with both the SR830 and the
EGG7260 connected and controlled by two separate
programs, with SR830 being the first amplifier and EGG7260
the second.

FUNCTION GENERATOR: ISO-TECH GFG2004.

OpTICAL cHOPPER: THORLABS MC2000.
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Figure A.7: Instrument connections of THz-TDS probe setup.

[ Lock-in amplifier 1 ]— - [Translation stage controller

Translation stage 2 ]

[ Detection antenna ] b Optical chopper

Figure A.8: Instrument connections of THz-TDS pump setup.

[ Lock-in amplifier 1 ]——| [Translation stage controller

Translation stage 1 ]

Translation stage 2 ]

|
|
|
: [ Lock-in amplifier 2 }—|
| |
|

I
b ———— :————~[ Function generator]

e 1
; |

|
[ Detection antenna ] -[Opticalchopper] [Generation antenna]

Figure A.9: Instrument connections of OPTP setup, where the first lock-in
amplifier is connected to the frequency of the antenna (function genera-
tor) and the second to the frequency of the pump beam (optical chopper).
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A.6 Pump-probe spectroscopy for THz oscilla-
tions

Broadband femtosecond pulses are used to pump and probe the sample.
The probe reflection is filtered through a monochromator and is measured
by a photodiode connected to a lock-in amplifier. The monochromator is
scanned in energy. Oscillations are measured at specific energies and we
convert them from frequency to energy. By knowing the selected energy
from the monochromator and the converted energy from the oscillation,
we can identify specific transitions. This spectral selection allow us to de-
tect different excitonic transitions as a function of the pump-probe delay
time.

M

. LASER
Ra7s .
pump | TN /
Figure A.10: The pump-probe setup for the observation of THz oscilla-
tions. S: sample, BS: beamsplitter, M: mirror, LTS: linear translation stage.

| LOCK-IN AMPLIFIER

[MONOCHROMATORT PHOTODIODE * ]

A.7 A-modulated reflectivity

Instead of directly measuring an optical spectrum, the derivative of this
spectrum with respect to a parameter is measured. This can be accom-
plished by applying the parameter as a small periodic perturbation and
measuring the corresponding change in the optical properties with a lock-
in amplifier [88].

In our case, the above mentioned parameter is the wavelength. We use a
monochromator and a modulation slit which oscillates and periodically
changes the output wavelength. A white light lamp is used at the en-
trance of the monochromator and the output is focused on the sample.
The reflection from the sample is detected from a photodiode which is
connected to a lock-in amplifier. The oscillating signal that is applied to



93

the entrance slit of the monochromator is also applied as a reference fre-
quency to the lock-in amplifier. The measured signal from the amplifier is
proportional to the derivative of the reflection spectrum.

Slit
A l[ MONOCHROMATOR |—) °
V| )V

L

PHOTODIODE +
LOCK-IN AMPLIFIER

Figure A.11: The A-modulated reflectivity setup for the identification of
the excitonic states in the PQW. S: sample, L: lens.

A.8 Double-pump technique for relaxation dy-
namics

The setup is based on a typical PL experiment but instead of one pump
pulse, it employs two pulses with a controlled time delay between them. It
is used to highlight relaxation processes in the PQW MC structures. Laser
pulses are split into two paths and one of them is delayed using a lin-
ear translation stage. The two pulses meet again and are focused to the
sample. PL from the sample is collected and is guided to a spectrometer
coupled with a CCD.

A AN
A 7

LTS

[SPECTROMETERI CCD ] J
1= A
S ) ] —
U — M

— BS

Figure A.12: BS: beamsplitter, LTS: linear translation stage, M: mirror, S:
sample, L: lens. The arrow indicates the focal length of the lens.
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ppens B
Appendix

CODES AND CALCULATIONS

B.1 The parabolic potential well

The parabolic potential well [89] is a direct analogy to the classical-mechanical
concept of the harmonic oscillator, where the potential is proportional to
the square of the displacement

ZZ
V(z)=C—, (B.1)
2
where C is a constant and z the displacement. If a particle of mass m is
in the equilibrium position and is displaced by Az, the restoring force is
proportional to

1%
-5 =-Cz, (B.2)

causing oscillations of amplitude Az and angular frequency

w=1/—. (B.3)
m
The behaviour of a quantum particle (such as an electron or a hole) in
a parabolic potential is different. The Schrodinger equation for this case
would be

ne 92 z?

and by substituting w for C the equation becomes

h? 92 522
—_ U+ mMwc—1 = E. B.5
St et S = Ey (B.5)
A detailed solution of the eigen-value problem can be found in [89, 90]. It
is shown that the energy levels are given by
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1
z)hwl n= 01 11 2; 3; ceey (86)

where n = 0 is the ground state. The above solution shows that the energy
levels are quantized and the ground state energy is hw/2. Above this, the
remaining energy steps are equally-spaced (Figure B.1), contrary to the
case of the square potential well where the energy levels are proportional

to n2.

E,=(n+

> Es
© hw
(0 E,
hw
Eq
hw
hw/2 Fo
T
0
Z

Figure B.1: The quantum-mechanical harmonic oscillator.

B.2 Igor Pro code: Sample structure design

The following code was written in the programming environment of the
scientific data analysis software Wavemetrics Igor Pro. The algorithm is
used to design the structure of the PQW MC sample measured in Chap-
ter 2.

Function microcav242 () // ParabolicMC Al
air (50)
DBR(17,0.15,1,56.14,64.26); // top mirror

AlGaAs(0.15,87.2)

AlGaAs(0.11,3.333) //parabolic profile
AlGaAs(0.10,3.333)
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AlGaAs (0.09,3.333)
AlGaAs (0.08,3.333)
AlGaAs (0.07,3.333)
AlGaAs (0.06,3.333)
AlGaAs (0.055,3.333)
AlGaAs (0.05,3.333)
AlGaAs (0.055,3.333)
AlGaAs (0.06,3.333)
AlGaAs (0.07,3.333)
AlGaAs (0.08,3.333)
AlGaAs (0.09,3.333)
AlGaAs(0.10,3.333)
AlGaAs(0.11,3.333)

AlGaAs(0.15,87.2)

DBR(22,1,0.15,64.26,56.14); // bottom mirror
GaAssubstrate ()

End

B.3 Igor Pro code: Four oscillator model

The following code was written in the programming environment of the
scientific data analysis software Wavemetrics Igor Pro. The algorithm is
used to calculate the polariton branches in order to fit the experimental
polariton dispersion data. It creates a panel and can calculate four po-
lariton branches (LP, MP1, MP2, UP), taking into account three excitons,
the detuning value, and the effective refractive index of the structure. To
calculate and display the polariton branches, first run the function Initial-
ize() and then the function Graph(). Adjust the parameters accordingly.

#pragma rtGlobals=1
// run initialize

function Initialize ()
variable/g Detuning, Ecav, Eexcl, Eexc2, Eexc3, Couplingl, Coupling2, Coupling3, neff

make/n=120/d/O ANGLE_RAD
make/n=120/d/O ANGLE_DEG
make/n=120/d/O CAV
make/n=120/d/O LP
make/n=120/d/O MP1
make/n=120/d/O MP2
make/n=120/d/O UP
make/n=120/d/O EXC1
make/n=120/d/0O EXC2
make/n=120/d/0O EXC3
make/n=(4,4)/d/O HH
make/n=4/d/O EIGVREAL
SetScale/l x -50+pi/180,50%pi/180,"120", ANGLE_RAD
ANGLE_RAD=x
ANGLE_DEG=ANGLE_RAD%180/ pi
execute "SliderPanel ()"
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function FourOscillator_Tz ()
variable ii

nvar Detuning, Ecav, Eexcl, Eexc2, Eexc3, Couplingl,
wave ANGLE_RAD, ANGLE_DEG, CAV, LP, MP1, MP2, UP, EXC1,
//INPUTS————

//Neff=3.35

//Detuning=—4 // meV
//Eexc1=1.5225 // eV
//Eexc2=Eexc1+0.002 // ev
//Eexc3=Eexc1+0.012 // eV

Cav - Eexcl

Coupling2, Coupling3, neff
EXC2, EXC3, HH, EIGVREAL

//Coupling1=0.009 // eV
//Coupling2=0.003 // eV
//Coupling3=0.002 // eV
Ecav=Eexcl+Detuning // eV
//INPUTS————
EXCl=Eexcl
EXC2=Eexc2
EXC3=Eexc3
for (ii=0; ii<dimsize(ANGLE_RAD,0); ii+=1)
CAV[ ii]=Ecav+(1—(sin(ANGLE_RAD[ii]))A2/NeffA2)A(=1/2) // eV
HH[0][0]=CAV[ii]
HH[O0][1]= Couplingl
HH[O][2]=Coupling2
HH[O][3]=Coupling3
HH[1][0]=Couplingl
HH[1][1]=Eexcl
HH[1][2]=0
HH[1][3]=0
HH[2][0]=Coupling2
HH[2][1]=0
HH[2][2]=Eexc2
HH[2][3]=0
HH[3][0]=Coupling3
HH[3][1]=0
HH[3][2]=0
HH[3][3]=Eexc3
MatrixEigenV/R HH // matrix solution

Wave W_Eigenvalues,
EIGVREAL=real (W_Eigenvalues)

M_R_eigenVectors

Sort EIGVREAL EIGVREAL // rearranging the data values

LP[ii]=EIGVREAL[O]
MP1[ii]=EIGVREAL[1]
MP2[ I |=EIGVREAL [ 2]
UP[ ii ]=EIGVREAL[3]
endfor
end

Function SliderProc(sa)
STRUCT WMSliderAction &sa

switch( sa.eventCode )

if ( sa.eventCode & 1 )

SliderControl

being killed

Variable curval

// value set

sa.curval

FourOscillator_Tz ()

case -1: // control
break
default:
endif
break
endswitch
return O

Function SetVarProc(sva)

SetVariableControl

STRUCT WMSetVariableAction &sva

switch( sva.eventCode )
case 1: // mouse up

case 2: // enter key

case 3: // live update
Variable dval = sva.dval
String sval = sva.sval
FourOscillator_Tz ()
break

case —-1: // control being killed
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break

endswitch
return O

End

Window SliderPanel() : Panel
PauseUpdate; Silent 1 // building window
NewPanel /W=(711,56,1265,668) as "SliderPanel"
ShowTools/A
Slider Detuning_slider ,pos={90,18},size={288,55},proc=SliderProc
Slider Detuning_slider,limits={-0.012,0.012,0.0001},variable= Detuning,vert= 0
Slider Couplingl_slider ,pos={90,90},size ={288,55},proc=SliderProc
Slider Couplingl_slider ,limits={0,0.01,0.0001},variable= Couplingl ,vert= 0
Slider Coupling2_slider ,pos={90,161},size={288,55},proc=SliderProc
Slider Coupling2_slider ,limits={0,0.01,0.0001},variable= Coupling2,vert= 0
Slider Coupling3_slider ,pos={90,234},size={288,55},proc=SliderProc
Slider Coupling3_slider ,limits={0,0.01,0.0001},variable= Coupling3,vert= 0
Slider Excitonl_slider ,pos={90,318},size={288,45},proc=SliderProc
Slider Excitonl_slider,limits={1.4,1.6,0.0001},variable= Eexcl,vert= 0
Slider Exciton2_slider ,pos={90,388},size={288,45},proc=SliderProc
Slider Exciton2_slider,limits={1.4,1.6,0.0001},variable= Eexc2,vert= 0
Slider Exciton3_slider ,pos={90,460},size={288,45},proc=SliderProc
Slider Exciton3_slider,limits={1.4,1.6,0.0001},variable= Eexc3,vert= 0
Slider neff_slider ,pos={90,532},size={288,45},proc=SliderProc
Slider neff_slider ,limits={3,6,0.01},variable= neff,vert= 0
TitleBox Detuning_title ,pos={18,18},size={60,24},title="Detuning",fSize=12
TitleBox Detuning_title ,frame=2
TitleBox Couplingl_title ,pos={18,90},size={65,24},title ="Couplingl", fSize=12
TitleBox Couplingl_title ,frame=2
TitleBox Coupling2_title ,pos={18,161},size={65,24},title ="Coupling2",fSize=12
TitleBox Coupling2_title ,frame=2
TitleBox Coupling3_title ,pos={18,234},size={65,24},title="Coupling3",fSize=12
TitleBox Coupling3_title ,frame=2
TitleBox Excitonl_title ,pos={18,318},size={58,24},title="Excitonl",fSize=12
TitleBox Excitonl_title ,frame=2
TitleBox Exciton2_title ,pos={18,388},size={58,24},title="Exciton2",fSize=12
TitleBox Exciton2_title ,frame=2
TitleBox Exciton3_title ,pos={18,460},size={58,24},title="Exciton3",fSize=12
TitleBox Exciton3_title ,frame=2
TitleBox neff_title ,pos={18,532},size={31,24},title="neff",fSize=12,frame=2
SetVariable Detuning_value ,pos={387,18},size={140,19},proc=SetVarProc, fSize=12
SetVariable Detuning_value,limits={-0.012,0.012,0.0001},value= Detuning
SetVariable Couplingl_value,pos={387,90},size={140,19},proc=SetVarProc, fSize=12
SetVariable Couplingl_value,limits={0,0.01,0.0001},value= Couplingl
SetVariable Coupling2_value ,pos={387,161},size={140,19},proc=SetVarProc, fSize=12
SetVariable Coupling2_value,limits={0,0.01,0.0001},value= Coupling2
SetVariable Coupling3_value ,pos={387,234},size={140,19},proc=SetVarProc, fSize=12
SetVariable Coupling3_value,limits={0,0.01,0.0001},value= Coupling3
SetVariable Excitonl_value ,pos={387,318},size={140,19},proc=SetVarProc, fSize=12
SetVariable Excitonl_value,limits={1.5,1.6,0.0001},value= Eexcl
SetVariable Exciton2_value ,pos={387,388},size={140,19},proc=SetVarProc, fSize=12
SetVariable Exciton2_value,limits={1.5,1.6,0.0001},value= Eexc2
SetVariable Exciton3_value ,pos={387,460},size={140,19},proc=SetVarProc, fSize=12
SetVariable Exciton3_value,limits={1.5,1.6,0.0001},value= Eexc3
SetVariable neff_value ,pos={387,532},size={140,19},proc=SetVarProc, fSize=12
SetVariable neff_value,limits={3,6,0.01},value= neff
ToolsGrid snap=1,visible=1

EndMacro

Function Graph ()

Display CAV,LP,MP1,MP2,UP,EXC1,EXC2,EXC3 vs ANGLE_DEG

ModifyGraph mirror=1

ModifyGraph standoff=0

ModifyGraph tick=2

ModifyGraph rgb(EXC1)=(65535,21845,0),rgb (EXC2)=(65535,21845,0),rgb (EXC3)=(65535,21845,0)
ModifyGraph rgb(CAV)=(16385,65535,65535)

ModifyGraph rgb(LP)=(1,12815,52428),rgb(MP1)=(1,12815,52428),rgb (MP2)=(1,12815,52428),rgb (UP)=(1,12815,52428)
ModifyGraph fSize=18,font="Arial"

Label bottom "\\F’Arial "\\Z22Angle (Degrees)"

Label left "\\F’'Arial "\\Z22Energy (eV)"

end
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B.4 THz-TDS control program: Step calculation

The automation program was written in Agilent Vee. Screenshot exam-
ples are shown below. The program controls the lock-in amplifier and the
translation stages. The delay stage step calculation used in the program
is:

1 cm = 4000 steps, 1 mm = 400 steps, 1 mm = 0.001 m

-2 0091 _g67.1012 s
3.108
t=6.67 ps
6.67
—— =0.01667 B.7
200 0.016675 ps (B.7)

1 step (2.5um) = path difference 5uym = 0.016675 ps

[/ ={Main =1
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3n

¥ name

¥ name
5n

4n

1264p =

t(ps) Frequency (THz)

Lockin "
4n

tips) tps) tips)

Figure B.2: Screenshot of the automation program showing the interface
for the probe scan.
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Figure B.3: Screenshot of the automation program showing the code for
the pump scan.
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Figure B.4: Screenshot of the automation program showing an example
of code to measure the value from the lock-in amplifier as time passes by.
This is used to see the fluctuations of the measurement only due to the
environment and the instrument, without changing anything else.
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B.5 Igor Pro code: Procedure for FFT function
and THz menu

The following code was written in the programming environment of the
scientific data analysis software Wavemetrics Igor Pro. The algorithm is
used to calculate the Fourier transform of time domain data. The first
function (THz_FFT()) is used for the Fourier transform of all data and the
second (THz_FFT_C()) for data between the two cursors of the program.

Function THz_FFT ()

variable numberOfRows, ps_min, ps_max

wave waveO, wavel

// need: waveO (1 column, x—axis, time in ps),
// wavel (1 column, y—-axis, current in Ampere),
// and even number of rows

numberOfRows=DimSize (wavel,0)

if (mod(numberOfRows,2)==1)
DeletePoints 0,1, waveO
DeletePoints 0,1, wavel
endif

ps_min=wave0[0]

ps_max=wave0 [ numberOfRows—1]

print ps_min

print ps_max

SetScale/l x ps_min, ps_max, "", wavel
wavel=wavelx10"9 //convert to nanoAmpere
Display wavel

Label bottom "Time delay (ps)
Label left "Current (nA)"

"

FFT/OUT=3/DEST=W_FFT1 wavel
//FFT/OUT=3/RP=[pcsr(A),pcsr(B)]/DEST=W_FFT_C wavel
Display W_FFT1

ModifyGraph log(left)=1
SetAxis bottom 0,6

Label bottom "Frequency (THz)

"

end
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Function THz_FFT_C{()
wave wavel

if (mod((pcsr(B)—pcsr(A)),2)==1)
FFT/OUT=3/RP=[pcsr(A),pcsr(B)]/DEST=W_FFT1_C wavel
else

FFT/OUT=3/RP=[pcsr(A)+1,pcsr(B)]/DEST=W_FFT1_C wavel
endif

Display W_FFT1_C

ModifyGraph log(left)=1
SetAxis bottom 0,6

Label bottom "Frequency (THz)"

end

To add a menu for the Fourier transform the following code was added to
our custom menus procedure.

Submenu "THz"

"FFT from waveO and wavel",THz_FFT ()
"FFT from cursors",THz_FFT_C{()

End
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B.6 Mathematica code: Loop scans

(*INPUT DIRECTORY AND FILENAME=x)
dir = SetDirectory["/Users/tzalex/UoC/PhD/2_Lab_data_THz/49 2D"];
dataFile = Import["scanl0_0d65ps.txt", "Table"];

(*INPUT SCAN PARAMETERS=*)
wait = 9; (»waiting time for each point in secondss)

(#parameters calculated from filesx)

start = IntegerPart [dataFile[[1l, 1]]] (#start position in ps+)

stop = IntegerPart [dataFile[ [Length[dataFile], 1]]] (#stop position in ps+)

stepps = Abs[dataFile[[1, 1]] - dataFile[[2, 1]]] (#step in ps«)

numberOfPoints = IntegerPart [ (Abs [start] + Abs[stop]) / stepps] + 1 (#number of points in one scans)
loops = IntegerPart [Length[dataFile] / numberOfPoints] (snumber of loopssx)

totalTimeEachLoop = numberOfPoints x wait / 60. (#scan duration for each scan in minutess)
totalTime = totalTimeEachLoop » loops (s#total scan duration for all loops in minutess)

(#seperate the two columnss:)
coll = Table[dataFile[[i, 1]], {i, 1, Length[dataFile]}];
col2 = Table[dataFile[[i, 2]], {i, 1, Length[dataFile]}];

collc = Range [start, stop, stepps]; (xcalculate the x range (time)=s)
colld = Take[coll, numberOfPoints]; (+xtake the x range (time) from data file collsx)

col2part = Partition[col2, numberOfPoints];
col2partAverage = Sum[col2part[[i]], {i, 1, loops}] / loops;

graph = Table[{colld[[i]], col2partAverage[[i]] » 1000}, {i, 1, numberOfPoints}];
graphp = ListPlot [graph, Joined » True, Frame - True,
FrameLabel -+ {"Time (ps)", "Voltage (mV)"},
PlotLabel » "graph"]
Export|["graph.pdf", graphp];
Export|["graph.txt", graph, "Table"];

Figure B.5: Mathematica code for averaging a loop scan.
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B.7 Mathematica code: 2D plot

dir = SetDirectory["/Users/tzalex/Desktop/data/2/data/"];
fn = FileNames ["».txt"];
dataFiles = Table [ReadList[fn[[i]], Number, RecordLists -+ True], {i, 1, Length[£fn]}];

Do[scans[i] = ListPlot [dataFiles[[i]], PlotRange -> {All, All}, Frame -> True,
PlotLabel » fn[[i]], FrameLabel -+ {"Time (ps)", "Voltage (mV)"}, Joined -> True],
{i, 1, Length[£fn]}];

coll = Table[dataFiles[[i, j, 1]], {i, 1, Length[£fn]}, {j, 1, Length[dataFiles[[i]]]}];
col2 = Table[dataFiles[[i, j, 2]], {i, 1, Length[£fn]}, {j, 1, Length[dataFiles[[i]]]}];
probeDelays2 = {-3, -1.2, -0.7, -0.45, -0.3, -0.2, 0, 0.2, 0.35, 0.65};

probeDelays = {-4, -2, -1.4, -1, -0.6, -0.4, -0.3, -0.2, 0, 0.2, 0.3, 0.4, 0.6, 0.8};

data = Flatten[Table[{coll[[1l, i]], probeDelays|[[j]], col2[[]j, i]] = 1000},
{j, 1, Length[probeDelays]}, {i, 1, Length[coll[[1]]]1}], 1];

graphpl = ListContourPlot [data, ColorFunction -+ "GrayTones",
FrameLabel -+ {"Pump delay time (ps)", "Probe delay time (ps)"},
PlotLegends - Automatic, PlotRange - All]

graphp2 = ListPlot3D[data, ColorFunction + "GrayTones", PlotRange - All,
AxesLabel » {"Pump delay time (ps)", "Probe delay time (ps)", "Voltage (mV)"}]

Export["graphl.pdf", graphpl];
Export["graph2.pdf", graphp2];

Figure B.6: Mathematica code for plotting 2D graphs.
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