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The terahertz (THz) region of the electromagnetic spectrum is considered to be techno-

logically under-developed in comparison to its neighbouring wavelength regions owing

in part to the lack of compact, tuneable, and low-power sources. Conversely, the field

of polaritonics has experienced rapid growth in recent years and has thus been cited as

a promising new candidate for both generation and detection of THz. This is because

a polariton system can provide emission frequency selection, lasing without inversion of

population, emitters a few mm thick, and - depending on the material - room temper-

ature operation. This thesis aims to investigate potential new sources of THz radiation

capable of being used in novel optoelectronic devices and sensors based on semiconductor

microcavities with multiple embedded GaAs quantum wells, operating in both the strong

and weak coupling regime. The thesis focuses on non-linear phenomena as a method of

THz generation, beginning with THz emission via two photon absorption [105] (Chapter

2 ), emission within a parabolic quantum well due to the cascade effect [182] (Chapter

3 ), and finally THz guiding using emitters based on the lateral photo-Dember effect

(Chapter 4 ). Theory and experimental findings conclude that whilst polariton emitters

remain an exciting test-bed for the study of bosonic interactions, and a promising source

of THz radiation, direct detection of such emission needs to be provided, therefore the

realisation of a THz-polaritonic device still requires development. It was found that

cutting-edge parabollic cavities [102] remain the best candidate for microcavity THz

due to the amplification supplied by the unique excitation scheme similar to that of the

well-known quantum cascade laser. This work further concludes that, using simple lens

geometry, lateral photo-Dember emitters are capable of being focused in free space and

can provide THz frequency selection providing an alternative to cumbersome parabolic

mirrors used for sample interrogation in a THz time-domain spectroscopy set-up. This

implies that THz can be easily guided or launched on to a waveguide combatting another

fundamental problem with the THz region - in vitro or in situ analysis.
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1.1 The THz gap lies at the interface of electronics and photonic technolo-
gies and between microwaves and IR. The surrounding wavelengths have
experienced thorough technological development for many years, unlike
THz, which has long suffered due to a lack of suitable sources and detectors. 2

1.2 A typical THz-TDS set up generates THz by optically exciting a THz
emitter (PCA pictured) with a femtosecond Ti:Sa laser tuned to roughly
800 nm. The probe beam (red) is split, going to the emitter and detector
via a variable delay line. The delay line changes the position upon the THz
pulse, which is gated; mapping out the whole waveform coherently. THz
radiation (pink) is typically collected or focused using parabolic mirrors,
and detected using a lock-in amplifier. Here the lock-in is triggered by
the function generator frequency providing the electrical bias of the PCA. 3

1.3 A photoconductive antenna generates THz when excited by an ultrafast
optical pulse. Excitation is provided by a Ti:Sa, fs laser that is focused
tightly between the two electrodes of the antenna of width w, and sepa-
ration h. A voltage bias running across these electrodes creates a static
electric field between them due to acceleration of carriers between the
electrodes. When the laser is incident, electrons and holes are produced
if the energy is greater than the bandgap of the semiconductor upon which
the electrodes are deposited. The electrons and holes create a time de-
pendent current density due to diffusion in different directions along the
static field; the rate of change of current density generates a THz electric
field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 The detected electric field of the THz pulse is a convolution of the pump
beam and the THz signal, where the pump (being on the fs scale) is taken
to be a delta function compared to the THz. The THz pulse envelope is
mapped in time depending on delay between the probe and THz field at
the detector. At point a, the probe (red diamond) arrives before the THz
electric field (arrows) reaches the detector, so no signal is detected. At a
later time, b, the positive THz field coincides with the probe field causing
a spike in detection. Even later still at point, c, the THz field has the
opposite sign and so the detected envelope is negative. . . . . . . . . . . . 7
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1.5 In a QCL, adjacent quantum wells are grown with a unique asymmet-
ric profile forming a relaxation ladder and an electrical bias is put along
the length of the structure. In one quantum well, an electron is injected
resonant with an upper energy subband, and can be stimulated to decay
to a lower subband level, thereby emitting a photon. The lower-energy
electron then tunnels to the next quantum well and causes another in-
tersubband transition and the process continues along the ladder. The
electrons causing the transitions decrease in energy along the ladder but
the photon emission is designed to remain the same since it is caused by
the intersubband decay. In this way amplification of emission is achieved. 9

1.6 A distributed Bragg reflector (DBR) is created by stacking numerous
semiconductor pairs upon one another. The two semiconductors making
the pair need to have very different refractive indices to create the highest
reflectance and the length of each individual semiconductor layer is λ/4
where λ is the central cavity mode. Between the DBRs, for a microcavity
planar sample, quantum wells can be placed as active media to generate
polaritons. For maximum coupling the quantum wells are placed at the
antinodes of the central cavity mode. In this scheme, the quantum wells
create confinement in to the xy-plane of the sample, preventing carriers
moving in the z-direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.7 Excitons are generated in a microcavity sample when the semiconductor
is excited by photons of energy greater than the bandgap, which creates
electron and hole pairs that are bound together over ten or more lattice
constants. These are generated within the quantum wells placed between
the DBR mirrors that form the outer layers of the sample. The DBRs,
consisting of alternate pair of semiconductors with different refractive in-
dices (N1 and N2), work to provide greater confinement and wavefunction
overlap between the photons and excitons within the cavity. If the energy
exchange between a photon and an exciton is greater than the damping
between them a polariton will be formed. Polaritons are confined to the
xy plane of the system and can not propagate in the z-direction, hence
k|| of the polaritons is of the greatest interest as a function of energy. . . . 13

1.8 Polaritons have two eigenmodes — the upper (UP) and lower (LP) polari-
ton branches — separated by an energy ~ΩR known as the Vacuum Field
Rabi Splitting. By changing the dispersion of the cavity and 1s excitons,
the energy splitting between these two branches can also be changed; this
is the process of detuning. The branches can either have (a) positive
detuning (b) zero detuning or (c) negative detuning. . . . . . . . . . . . . 16

1.9 Parametric scattering is created by multiple pair scattering events of po-
laritons at high k-vectors, whereby an “idler” polariton gains energy and
a “signal” polariton loses energy from the interaction, and the total en-
ergy between the two particles remains constant. Since k vectors must be
conserved in these interactions, the idler scatters to a higher momentum
and the signal scatters towards k = 0 with no net energy change. As
mentioned, bosonic statistics state that as the occupation of a particu-
lar state increases, the probability of other bosons scattering into that
state increases; there is a particular tendency for polaritons to accumu-
late along the dispersion if they are not able to scatter quickly enough,
leading to a relaxation bottleneck[135] and scattering to the lower states
is prevented. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
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Chapter 1

Introduction

A fundamental application of terahertz (THz) radiation is THz time-domain spec-

troscopy (THz-TDS) in the free space regime, and any new (synchronous) THz detector

or emitter would ideally fit into a TDS set-up with ease and little modification. In this

chapter the workings of a standard THz spectrometer are discussed, and a historical

summary of work in the THz region is presented. Particular emphasis towards the most

widely used detectors and emitters in the field — and their shortcomings — are given

in order to give context to the advantages of novel optoelectronic THz generators. The

essential concepts of polaritonics and antenna-mode THz emitters are also discussed and

the theoretical justification as to why these two systems have been selected as the basis

of a new wave of THz emitters and detectors is explained.

1.1 Established THz Systems and Methods

1.1.1 The THz Gap

The THz region of the electromagnetic spectrum, usually considered to be from 100 GHz

to 30 THz (see Figure. 1.1), holds a considerable amount of theoretical and technological

interest as it remains industrially under-developed in contrast to other wavelengths of

the electromagnetic spectrum [48, 57]. The goal to create an efficient, ultra-compact

and tuneable source of THz radiation continues to be a significant objective of modern

applied solid state physics and the achievement of such a system would open up the

current scientific sector of THz radiation to include a new range of applications, devices

and detectors. THz radiation applications are traditionally based in astronomy and

spectroscopy, but given the relatively recent advances in photonics and nanophotonics,

industrial applications are being developed towards areas such as medical sciences, se-

curity, and quality control. THz are desirable for use here due to their non-ionising

properties (regarding human tissue) and ability to contrast against conductors [181].

1
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Current developments for the THz band are in non-contact spectroscopy and skin cancer

imaging, explosives detection, pharmaceutical drug characterisation, structural defect

analysis, thickness measurements and corrosion inspection [77]. THz is also particularly

useful for probing chemical species in pharmaceuticals as there are numerous molecules

that have rotational and vibrational energies in the THz range. In solid state applica-

tions, many inorganic semiconductor exciton levels are a few THz [140, 172], and the

wavelength region could provide future crystal information regarding carrier lifetime,

carrier dynamics and densities, and electron ionisation in plasma. Although imaging

Figure 1.1: The THz gap lies at the interface of electronics and photonic tech-
nologies and between microwaves and IR. The surrounding wavelengths have
experienced thorough technological development for many years, unlike THz,
which has long suffered due to a lack of suitable sources and detectors.

with THz can be considered fairly new, following its rapid development in Bell Labs

in the mid-1990s there are a number of systems that are well-established as methods

of THz generation, detection and research including optical rectification, optical down-

conversion, quantum cascade lasers (QCLs), photo-conductive antennas (PCAs), and

photo-Dember emitters [46] as discussed in more detail later in this section.

This thesis will focus on THz emitters that are pulsed and would be suitable for use in a

pump-probe setup. Such an emission/detection scheme provides excellent understand-

ing of the picosecond dynamics of processes happening within a sample and can deliver

millimetre to tens-of-microns resolution. The emitters and therefore detectors proposed

in this thesis will not be inherently broadband, as there a numerous devices such as the

bolometer, Golay cell and pyroelectric detector that are commercially available. Due to

their broadband nature, these detectors are either inherently more noisy than coherent

detectors or require large-scale cooling to provide good sensitivity. All THz emitters

proposed or used in the subsequent chapters will be low-threshold power operated, com-

pact, and capable of also acting as a THz detector with no change to the sample growth

or structure.
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1.1.2 THz-TDS

In THz-TDS, the real and imaginary parts of the electric field are measured and can

reveal sample properties such as the dielectric function, absorption coefficient, and re-

fractive index. A typical TDS pump-probe setup is featured in Figure. 1.2. Due to the

Figure 1.2: A typical THz-TDS set up generates THz by optically exciting a
THz emitter (PCA pictured) with a femtosecond Ti:Sa laser tuned to roughly
800 nm. The probe beam (red) is split, going to the emitter and detector via
a variable delay line. The delay line changes the position upon the THz pulse,
which is gated; mapping out the whole waveform coherently. THz radiation
(pink) is typically collected or focused using parabolic mirrors, and detected
using a lock-in amplifier. Here the lock-in is triggered by the function generator
frequency providing the electrical bias of the PCA.

pump-probe nature of the set-up, the time resolution given in a THz-TDS is dictated

by the pulse length of the THz wavepacket (a few ps). The excitation laser, for THz

generation based on semiconductor phenomena, typically emits approximately 800 nm

(depending on the bandgap of the material) and has a repetition rate in the MHz range.

This input laser is sent through a beam splitter creating two paths — that need to be

of similar length — and these are denoted the emitter and detector pathways [46]:

• Emitter pathway: After the beam splitter, the pump beam is sent to the emitter

via lenses for collimation, focusing, and/or expansion depending on the system

requirements. An optical chopper or function generator needs to be added to

modulate the THz for lock-in detection because the signal is relatively weak, and if

a chopper is used it must be placed on this arm of the system. Between the emitter

and detector the THz signal is collected and refocused in free space; typically by

off-axis parabolics, it is here where a sample would be placed for interrogation.

• Detection pathway: Following the beam splitter, the probe beam passes through a

variable delay line, usually created by a retroreflector mounted on a linear transla-

tion stage. This introduces a time delay that allows the THz pulse to be mapped



Chapter 1. Introduction 4

at different pump-probe delay times. The whole THz time-dependent waveform is

traced out coherently as the translation stage changes the gating point on the THz

envelope by altering when the probe beam arrives. Detection can be performed

by an unbiased PCA connected to a lock-in amplifier, or optical rectification in a

crystal such as ZnTe using balanced photodiodes.

When measuring THz, usually by a lock-in connected to the detector, the current and

phase that are given directly relate to the electric field of the THz. It is important to

note that a convolution of the optical pulse and the THz wave is in fact what is detected.

However, since the laser pulse is on the order of femtoseconds and the THz pulse has

a width of ps, the optical pulse can be considered to be a delta function and what is

detected can be taken as the “true” THz signal. The THz time-domain data can be used

to glean the frequency content of the signal from the emitter or a sample via a Fourier

transform. In terms of emitters and detectors used for THz-TDS they can be roughly

grouped into those relying on ultrafast carrier dynamics, such as the PCA, or those that

use frequency generation in nonlinear materials. Of the latter category the two most

prolific use electro-optical rectification and the quantum cascade effect as in QCLs.

1.1.3 Photoconductive Antennas

Generation of THz pulses via electrodes on a photoconducting material that creates time-

varying Hertzian dipoles was first reported by Auston et al. in 1984 [7], then referred to

as an Auston switch, this was essentially the first PCA. The PCA has since become the

workhorse of free space THz-TDS and, along with optical rectification, has revolutionised

generation and detection of THz. Generally speaking, PCAs consist of two electrodes

(separated by a few µm to several mm) that are deposited on a semiconductor such as

low-temperature gallium arsenide (LT-GaAs) that allows for detection or emission of

THz radiation. Both schemes use photocurrents optically generated by a fs-pulsed laser,

and depending on whether the PCA is electrically unbiased or biased respectively will

result in detection or generation of THz. Due to the very low amplitude of the THz

pulse in comparison to the optical excitation pulse, lock-in detection is required.

Considering the general theory for an H-shape dipole antenna, generation of THz first

requires that a voltage bias is applied across the electrodes to establish a static electric

field, causing an acceleration of carriers along the direction of the field (see Figure. 1.3).

Therefore a high-mobility semiconductor with a large dark resistance is the preferred

base material for PCAs. When an optical pulse is incident on this area electrons and

holes are produced provided that the energy of the light is higher than the band gap of

the material. These electrons and holes are not pair correlated, meaning that they are

not Coulomb bound and the whole distribution of carriers can be treated as a plasma

(contrary the carriers that will later be considered in the polaritonic system). The total
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time-dependent carrier density can be expressed as, N(t) = Ne(t) +Nh(t), where Ne(t)

and Nh(t) are the time-varying number densities of electrons and holes respectively.

The scattering time of these carriers is determined by carrier-carrier and phonon-carrier

interactions, and the level of dopants within the material. The electrons and holes

diffuse in opposite directions due to their interaction with the electric field created by

the voltage bias and this causes a temporary dipole with a polarisation, ~P (t). This

Figure 1.3: A photoconductive antenna generates THz when excited by an
ultrafast optical pulse. Excitation is provided by a Ti:Sa, fs laser that is focused
tightly between the two electrodes of the antenna of width w, and separation
h. A voltage bias running across these electrodes creates a static electric field
between them due to acceleration of carriers between the electrodes. When the
laser is incident, electrons and holes are produced if the energy is greater than
the bandgap of the semiconductor upon which the electrodes are deposited. The
electrons and holes create a time dependent current density due to diffusion in
different directions along the static field; the rate of change of current density
generates a THz electric field.

polarisation is influenced by the charge distribution, and depends on the separation ~r(t)

of the electrons and holes as well as the number of carriers and their individual charge

e; hence ~P (t) = N(t)e~r(t). The direction of the polarisation is parallel to the bias field,

and perpendicular to the gaps between the electrodes and the time-dependent current

density, ~J(t), of the carriers is,

~J(t) = σ(t) ~E = N(t)e~ν(t) (1.1)

where σ(t) is the conductivity, equal to σ = N(t)eµ, ~ν(t) is the carrier velocity, µ is the

electron mobility, and ~E is the electric field bias across the electrodes. It is this variation

in current density, ~J(t), that generates the THz field. The time evolution of the created
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carrier density, N(t), is [91],

N(t) =

∫ t

0
G(τ)δ(τ)−N0exp

t

τc
(1.2)

where G(τ) is the optical carrier generation rate as determined by the excitation pulse,

τc is the carrier lifetime, δ(τ) is the Dirac delta function, and N0 is the total number of

carrier generated in a time t. Equations (1.1) and (1.2) highlight the main considera-

tions when selecting a semiconductor material for a PCA: carrier lifetime and mobility.

Inspecting Maxwell’s equation it is found that,

~ETHz(t) ∝
∂ ~J(t)

∂t
. (1.3)

Furthermore, in THz spectroscopy the electric field (rather than the intensity) is what

is directly measured. The intensity is then inferred using,

I(t) =
1

2

√
µ

ε
~Esig(t) · ~E∗sig(t). (1.4)

Here ε is the dielectric constant of the material, and Esig and E∗sig are the signal electric

field and its complex conjugate. Note that this signal that will be detected is in fact a

convolution of the optical field and THz electric used to excite the detector. Because

the spot size upon the PCA is typically a few microns in diameter, much smaller than

the THz wavelength generated, the pattern of radiation is that of a Hertzian dipole and

it will radiate as a point source.

Detection with PCAs works much the same as an optical pulse is used to generate

an electron-hole plasma that causes the conductivity to decrease in the gap between

the PCA electrodes given in Equation (1.1) as before. The antenna is connected to a

sensitive lock-in amplifier to measure the current through the antenna gap, ideally to

sub-pA resolution, using Ohm’s law: I(t) = V (t)/R(t), where the gap resistance, R(t),

is,

R(t) =
w

σ(t)A
. (1.5)

Here A is the cross-sectional area and w is the width of an individual electrode. The

magnitude of the voltage, V (t), is provided by the THz pulse, V (t) ≈ ETHz(t)h, where h

is the distance between the electrodes (note, not the width of the dipole gap) [46]. This

process is dissected in Figure. 1.4, where the THz detected is given as a function of probe

delay. If there is no THz electric field incident on the detector when the probe beam

arrives any carriers generated within the structure will diffuse randomly and present as

noise. At a later time, the gating peak of the THz beam is at a positive maximum when

the probe arrives and carriers in the detector can flow, producing a current proportional

to the amplitude of the THz electric field. Mapping through to later times Figure. 1.4

c depicts the negative THz field, which causes the current on the lock-in to also change
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sign. In both the emission and detection scheme, a silicon hemispherical lens is used to

collect the radiation and is aligned behind the electrode gap where the THz dipole is

created or detected.

Figure 1.4: The detected electric field of the THz pulse is a convolution of the
pump beam and the THz signal, where the pump (being on the fs scale) is taken
to be a delta function compared to the THz. The THz pulse envelope is mapped
in time depending on delay between the probe and THz field at the detector. At
point a, the probe (red diamond) arrives before the THz electric field (arrows)
reaches the detector, so no signal is detected. At a later time, b, the positive
THz field coincides with the probe field causing a spike in detection. Even later
still at point, c, the THz field has the opposite sign and so the detected envelope
is negative.

1.1.4 Electro-Optical Rectification

Broadly speaking, an electro-optic effect pertains to a change in the optical properties of

a material in response to an electric field. This section will focus on optical rectification

(OR), which describes the generation of a quasi-DC polarisation due to an intense optical

beam, and the Pockels’ effect or linear electro-optic effect (LOR), which also causes the

birefringence properties of a material to be modified by an optical beam [161, 205].

Both the OR and LOR describe a change in polarisation in the crystal due to an applied

electric field, but are subtly different in their mathematical description.

First reported in the early 1960s [12], optical rectification is a nonlinear effect that causes

THz production due to the second-order nonlinear susceptibility (χ(2)) of a material not

being equal to zero [122]. The polarisation of a material is expressed as the sum of an

infinite series,

~P = ε ~Eχ(1) + χ(2) ~E + χ(3) ~E ~E + ... = ~P (1) + ~P (2) + ~P (3) + ... (1.6)

where ε is the permittivity of the material, and the susceptibility χ( ~E) can be expressed

similarly by way of a Taylor expansion,

χ( ~E) = χ(1) + χ(2) ~E + χ(3) ~E ~E + .... (1.7)
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Here ~E is the incident radiation, χ(1) is the linear susceptibility, and χ(2) is the second-

order susceptibility responsible for effects such as second harmonic generation (SHG) —

discussed in Chapter 2 — optical rectification and the LOR. The description of the two

processes, OR and LOR, begins by investigating the second order nonlinear polarisation,

P (2)[59],

P (2) = χ(2)E2. (1.8)

Considering an electric field E = E0cos(ωt) incident on the material, the second order

polarisation takes the following form,

P2 = εχ(2)E2 = εχ(2)E
2
0

2
(1 + cos(2ωt)). (1.9)

Equation (1.9) consists of a DC polarisation component (χ(2)E
2
0
2 ) that results from rec-

tification of the incident optical electric field. The cos(2ωt) describes second harmonic

generation, which is discussed in Section 2.1.2. Now considering two electric fields with

the same amplitude but oscillating at a frequencies ω1 and ω2, the P (2) term is now

P (2) = εχ(2)E1E2 = εχ(2)E
2
0

2
[cos(ω1t− ω2t) + cos(ω1t+ ω2t)]. (1.10)

The right side of Equation (1.10) can be split into two terms pertaining to frequency

difference and frequency summation; discussed as P
(2)
ω1+ω2

and P
(2)
ω1−ω2

. It is the frequency

difference term that leads to OR and the Pockels’ effect. Such frequency-difference

generation of THz radiation pulses is possible due to the frequency mixing caused by

the bandwidth of the excitation laser: therefore, the bandwidth of the THz radiation

is determined by the bandwidth of the pulse creating it. The difference as to whether

the generation is due to OR or the Pockels’ effect comes from the full tensor definition

of the susceptibility within P
(2)
ω1−ω2

that can be found in Ref. [59]. THz emission from

nonlinear media in crystals such as CdTe [198], GaSe [84], GaAs [144], LiNbO3 [83],

ZnTe [145] and GaP [197] is now widely used within the community, with many more

organic [206] and inorganic crystals [196] seen to emit THz. Unlike PCAs, these crystals

do not require a voltage bias to accelerate carriers, which can cause material break-

down. The bandwidth and efficiency of a certain crystal is dictated by the thickness,

absorption, dispersion and orientation of the material [71].

As with PCAs, the nonlinear crystals can also be used as THz detectors by analysing the

change of the birefringence properties of the material when exposed to THz. In practise

this is done by analysing the polarisation using balanced detection on two photodiodes

that measure the S and P polarisation of the THz beam respectively (this method is

required to eliminate the signal from the excitation laser). When using electro-optic

crystals as the emitter in a THZ-TDS set-up an optical chopper must be added to the

pump beam to modulate the detection and the lock-in detection is performed at the
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frequency of the chopper. The lock-in amplifier subsequently detects the difference in

probe laser light intensities measured by the photodiodes.

1.1.5 Quantum Cascade Lasers

Following the ground-breaking work on superlattices (some 10 years after the advent of

optical rectification) by Kazarinov and Suris [107], the QCL was proposed by Faist et

al. [52] and modelled as a two-level system; a ground state and an upper state where

inversion of population is achieved. A functioning QCL was first demonstrated in the

IR region and later applied to THz region in 2001 [195], prior to these developments

photonic approaches to THz had been limited by the bandgaps of materials. Lasing in

QCL structures has now been demonstrated between 950 GHz and 5 THz [168] and,

like polaritonics, this sector was fuelled by the development of MBE to deposit multiple

quantum wells (QWs) for use as a gain medium. Unlike the polariton case described

in Chapter 3, the QWs are stacked adjacently and emission takes place due to intra-

well transitions; a simplified schematic of a QCL can be seen in Figure. 1.5. A QCL

Figure 1.5: In a QCL, adjacent quantum wells are grown with a unique asym-
metric profile forming a relaxation ladder and an electrical bias is put along the
length of the structure. In one quantum well, an electron is injected resonant
with an upper energy subband, and can be stimulated to decay to a lower sub-
band level, thereby emitting a photon. The lower-energy electron then tunnels
to the next quantum well and causes another intersubband transition and the
process continues along the ladder. The electrons causing the transitions de-
crease in energy along the ladder but the photon emission is designed to remain
the same since it is caused by the intersubband decay. In this way amplification
of emission is achieved.

comprises alternating layers of N assymetric QWs, and emission occurs when electrons,

which are injected into the structure by an applied voltage, tunnel through the QWs
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causing N identical photons to be emitted. The emission transitions that occur — one

per QW — are due to the growth of the structure, which creates band splitting and

gives rise to subbands as a result of the spatial confinement of the system. As with

conventional lasers, an inversion of population must first be produced within a QCL,

unlike a polariton laser (as discussed below), which does not require electric or optical

upper-mode injection. After an electron has produced a photon in the first QW within

the active region via a subband transition, the photon tunnels through to the next layer

stimulating another photon to be emitted and so forth. In this way a single photon

can begin the cascade that provides amplification and a high quantum efficiency. QCLs

offer the advantage of being able to tailor the THz emission during the growth process

instead of relying upon intrinsic carrier dynamics of the semiconductor, which cannot

be tuned.

QCLs can be disadvantageous, however, when considering that waveguide geometry is

required to harness the emission; unlike optical rectification or photoconductive methods

that do not require such extra engineering. They also operate at cryogenic temperature

[118] and have so far reached only a maximum of 77 K [195], implying that work is still

required to develop a QCL that could rival, say, a PCA at room temperature.

1.2 Exciton-Polaritons

1.2.1 Historical Perspective

Exciton-polaritons, formed when semiconductor excitations (excitons) and photons are

strongly coupled, were first predicted in 1958 [78, 79] but they were not realised until

nearly 40 years later by Weisbuch et al. [193]. This was due to the unavailability of

semiconductors capable of creating such a strong link between light and matter and in-

sufficient laser sources. However, following advances in material growing — particularly

MBE — microcavities of a sufficiently high Q-factor to confine photons (allowing them

to exchange energy with excitons) are now commonly fabricated; meaning that research

into these quasi-particles has been expanding rapidly for the past 20 years [165]. Po-

laritons have generated great interest for both their technological potential [101] and

for their ability to macroscopically create quantum phenomena such as a Bose-Einstein

condensate (BEC) at relatively high temperatures compared to atomic systems [99].

Polaritons are considered especially promising for creating novel optoelectronic THz de-

vices because of their characteristic ability to lase with a low-threshold of power: they

can lase without the intrinsic need for population inversion, and because the splitting

between the two polariton eigenmodes falls within the THz region, they continue to be

of intense interest to the THz community. However, a direct transition between the

two polariton eigenmodes is forbidden, and suggestions for circumventing this problem

by using the naturally tuneable polariton branchs’ splitting to create THz have been
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put forward. These including hybridising the upper polariton state [41, 106], assymetric

QWs [85] and use of intersubband polaritons [38–40]; but so far, regardless of practical

achievements towards this aim [65, 191], none of these methods have been experimentally

realised and THz radiation is yet to be confirmed.

1.2.2 Formation of Polaritons

Exciton-polaritons (henceforth simply called polaritons) are formed when an exciton (a

Coulomb-bound electron-hole pair) couples directly to a photon. In order to achieve this

non-dissipative energy exchange, a carefully designed quantum confined structure must

be created to sufficiently trap the photon and exciton wavefunctions in order to allow

good overlap. Measures must also be taken so that the lifetime of both the exciton and

photon is as long as possible to further facilitate the coupling between the two. In this

thesis, polaritons created in a planar microcavity within a QW based on GaAs will be

the main focus; the general theory for polariton formation within such a cavity is given

below.

1.2.3 The Planar Microcavity

Without optical confinement, polaritons cannot be stably produced as the coupling

between the exciton and photon is too weak and can be considered to be either negligible

or a weak perturbation. Therefore the first step in polariton creation is to grow an

appropriate semiconductor structure. The planar microcavity is an optical Fabry-Pèrot

resonator fabricated using MBE that consists of two high-quality end mirrors separated

by an active medium (in this thesis the active media are QWs) or a spacer, and with a

cavity length on the micron scale [103]. Our samples employ distributed Bragg reflectors

(DBRs) as mirrors, which are created by selecting a pair of semiconductor materials with

different refractive indices to one another and growing them one on top of the other

repeatedly (see Figure. 1.6). The length of each individual semiconductor is chosen

to be λ/4 long (in the growth direction), where λ is the central cavity mode. Light

reflected from each interface destructively interferes creating a stopband. The number

of repeating pairs and contrast in refractive index between the two materials actively sets

the reflectivity and finesse of the cavity overall, and therefore controls the Q-factor. The

placement of the QWs between the DBRs can increase the cavity mode coupling; the

strongest being achieved when square QWs are placed at antinodes of the field within

the cavity. The QWs provide z-direction confinement of photoexcited carriers and serve

to enhance the exciton binding strength. The basis for all samples used in this thesis is

GaAs, a direct bandgap semicondctor in which the conduction band and valence band

are separated by ∼1.5 eV (or about 300 THz) at low temperatures. As mentioned, the

emission from the system is also tuneable, which is achieved by creating differences in
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Figure 1.6: A distributed Bragg reflector (DBR) is created by stacking numer-
ous semiconductor pairs upon one another. The two semiconductors making
the pair need to have very different refractive indices to create the highest re-
flectance and the length of each individual semiconductor layer is λ/4 where λ
is the central cavity mode. Between the DBRs, for a microcavity planar sam-
ple, quantum wells can be placed as active media to generate polaritons. For
maximum coupling the quantum wells are placed at the antinodes of the central
cavity mode. In this scheme, the quantum wells create confinement in to the
xy-plane of the sample, preventing carriers moving in the z-direction.

the distance between the two DBRs, thereby changing the cavity length and so altering

the resonant wavelength. This can be done during the fabrication process simply by

increasing or decreasing the number of semiconductor pairs in the DBR as a function

of position on the microcavity, causing the central wavelength to change as a function

of spot position on the sample. The process of changing the cavity photon energy with

respect to the exciton energy is known as detuning.

1.2.4 Exciton Generation

Following the creation of an appropriate microcavity structure, carriers — excitons —

must then be excited. Excitons occur in the sample when it is optically stimulated by

photons of an energy that is bigger than the bandgap (Ebg) of the material, and only the

case where the electron is generated in the conduction band and the hole in the valence

band will be considered, neglecting the formation of subband excitons. In an inorganic

semiconductor Wannier-Mott (WM) type [174] excitons are generated, and the electron

and hole are weakly bound over tens of lattice constants, corresponding to an interaction

energy of a few meV.

To allow for the energy exchange required for polariton formation (see Figure. 1.7), the

excitonic binding energy and oscillator strength need to be as high as possible. This can

be achieved by use of a QW, increasing the radiative lifetime of excitons (in a GaAs-based
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QW) to around 10 ps; as a rule of thumb the more numerous the wells, the stronger the

binding energy and oscillator strength of the excitons [152, 166]. Considering the general

case of a square QW, the total energy of an exciton, Ex, is Ex = Ebg + Ebind, where

Ebind is the binding energy of the electron and hole. These generated excitons have

discrete transition frequencies and are the fundamental excitations above the ground

state. For WM excitons in a QW of width L that is much smaller than the exciton Bohr

radius the system can be treated as two-dimensional. The binding energy then becomes

4 times larger than the Rydberg energy of a 3D exciton in bulk. Excitons are able to

propagate through the semiconductor via dipole-dipole interactions and, when present

at the low temperature and low density limit, will act as ideal bosons (i.e. as a harmonic

oscillator). Since we are considering the case of excitons in QWs, the 2D confinement

also means that only the in-plane momentum, k|| of the exciton needs to match that of

the cavity photon. Note that this thesis will concern itself with two flavours of exciton,

Figure 1.7: Excitons are generated in a microcavity sample when the semicon-
ductor is excited by photons of energy greater than the bandgap, which creates
electron and hole pairs that are bound together over ten or more lattice con-
stants. These are generated within the quantum wells placed between the DBR
mirrors that form the outer layers of the sample. The DBRs, consisting of alter-
nate pair of semiconductors with different refractive indices (N1 and N2), work
to provide greater confinement and wavefunction overlap between the photons
and excitons within the cavity. If the energy exchange between a photon and an
exciton is greater than the damping between them a polariton will be formed.
Polaritons are confined to the xy plane of the system and can not propagate
in the z-direction, hence k|| of the polaritons is of the greatest interest as a
function of energy.

bright and dark [173], depending on whether the exciton is capable of being coupled

to the light field to form a polariton or not. As the density of excitons increases in a

material, exciton-exciton interaction (namely repulsion) causes the particles to deviate

from the ideal boson case; the magnitude of this interaction is inversely proportional to

the volume of particles and therefore regions of low to medium excitonic density will be

considered in the experimental data discussed later in this thesis.

When created in QWs, excitons are capable of being tailored by the length of the well

[174, 192]. If the well thickness L is grown to be much smaller than the exciton Bohr
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radius then the system is considered to be two-dimensional, and considering this restric-

tion to be applied in the z-direction (as is with our sample), the binding energy of the

nth exciton is,

EBn ∝
π2~2

2µmL2
(1.11)

where µm is the effective mass, which is smaller in a quantum well than for a bare

exciton. For the 1s exciton, a decrease in well width leads to an increase of binding

energy, and a similar character is observed for the 2px. In contrast, the 2pz exciton

which becomes unstable, hence we focus our interest on the 2px coupling in Chapter 2.

The 1s and 2px exciton separation is approximately 8 meV [30] in GaAs, and this can

be altered with microcavity detuning.

1.2.5 Polariton Eigenmodes

Having selected a suitably confined structure and optically excited excitons, polaritons

can now be created as a result of conservation of momentum between the light and

matter particles. As mentioned, the excitons considered are 2D confined (restricted to

the x- and y-plane, and unable to propagate along the axis of growth, z). This action can

alter the band structure of the semiconductor and affect the optical transition strength

and selection rules required for light and matter coupling to occur. Since the excitons

interact by dipole-dipole interaction, the selection rule between them and coupling to a

cavity photon pertains to the dipole operator alone; excitons with well-defined in-plane

k-vectors can couple to photons of the same in-plane momentum. The cavity itself

also serves to restrict the number of photon modes with which the excitons in the gain

medium can be coupled to, further strengthening the spectral overlap, which leads to

increased energy exchange. The excitons and photons couple on a one-to-one basis (a

condition enforced by exciton dipole selection rules that requires momentum translation

invariance), and if the scattering rate between a photon and exciton pair is less than

the rate at which they are exchanging energy they are said then to be strongly coupled.

By tuning the cavity mode to be resonant with the 1s exciton this can be achieved if

the coupling strength, g is bigger than the exciton and photon decay rates (γe and γp

respectively) such that,

g >

∣∣∣∣γe − γp2

∣∣∣∣ .
If the coupling strength is too small for strong coupling, the system is described as being

weakly coupled, damping rates dominate between the exciton and photon, and no new

eigenstate is formed (see Ref. [100]). In the strong coupling regime the system acquires

two new eigenmodes, namely the upper polariton (UP) and lower polariton (LP). The
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total normalised wavefunction of a polariton is,

ψP =
1√
2

[ψX ± ψC ] (1.12)

where ψX is the exciton wavefunction and ψC the cavity photon wavefunction; mathe-

matically a polariton is a linear superposition of an exciton and photon with the same

in-plane k vector. The energies of the polaritons are then [191],

ELP,UP (k||) =
1

2

[
Eex + Eph ±

√
4g20 + (Eex + Ep)2

]
. (1.13)

As a consequence of the momentum coupling between excitons and polaritons, they can

be treated as two coupled harmonic oscillators. If the cavity field and the emitter are

strongly coupled, a single photon and a single exciton undergo Vacuum Rabi oscillations,

whereby energy is exchanged between the two particles which is also known as normal-

mode coupling [110]. As well as having a significantly small effective mass, polaritons

have significantly different dispersion characteristics to that of the bare cavity field and

1s-exciton dispersions. The cavity itself also helps to increase the coupling by way of

the Purcell effect; by reducing the number of active states, the spontaneous emission

coupling increases as does the spectral overlap of the confined photonic and excitonic

wavefunctions. The polariton is a full admixture of the exciton and photon modes

within the anticrossing region at k = 0, and becomes more exciton-like or photon-like

at larger momenta on the lower and upper branches respectively. Hence the LP branch

at high k is known as an exciton-reservoir as seen in Fig. 1.8. The energy splitting

between the UP and LP branches can be tuned by changing the frequency of the cavity

mode, as previously stated in Section 1.2.3 this can be done by changing the excitation

spot position on the sample. By changing the cavity frequency, the Rabi splitting (i.e.

the energy between the UP and LP branches) will change, depending on whether it is

positively or negatively “detuned”; the detuning ∆ is,

∆ = Eph(k)− Eex(k) (1.14)

where Eex(k) is the 1s exciton and Eph(k) is the bare cavity photon. At the minimum

separation between the two, the energy difference is given by EUP − ELP = 2g0, which

is known as the vacuum Rabi splitting. This g0 is the exciton-photon dipole interaction

and is non-zero for modes with the same k|| only. This does not take into account the

finite lifetime of the polariton. Since the detuning, since it changes the dispersion of the

system, effects the lifetimes of the polaritons and the fraction of excitons and photons

in the LP branch. Deviation from an ideal bosonic polariton behaviour is induced by

exciton-exciton interaction and the magnitude of this reaction is inversely proportional

to the volume but linearly proportional to the oscillator strength, meaning a delicate

balance must be struck for optimum conditions of interaction strength.
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Figure 1.8: Polaritons have two eigenmodes — the upper (UP) and lower (LP)
polariton branches — separated by an energy ~ΩR known as the Vacuum Field
Rabi Splitting. By changing the dispersion of the cavity and 1s excitons, the
energy splitting between these two branches can also be changed; this is the
process of detuning. The branches can either have (a) positive detuning (b)
zero detuning or (c) negative detuning.

1.2.6 Polariton Lasers

Since polaritons exhibit bosonic statistics in a semiconductor when present at low densi-

ties, they were predicted to be capable of forming a BEC-like phase transition [27, 124],

conclusive proof of which was reported [99]. Whilst the idea of a polariton conden-

sate is appealing, since the effective mass of the quasi-particles is much lower than for
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an atomic system implying a higher formation temperature, the polariton BEC cannot

be considered a “true BEC”. By definition, Bose-Einstein condensation is a thermo-

dynamic phase transition for a well-defined critical temperature, Tc, which is inversely

proportional to the effective mass of the particles and can be detected by observing

spontaneous symmetry breaking in the system. This is followed by a spontaneous equi-

librium of the particles within the system, which is observed with polaritons; however,

the quasi-particles do not reach thermodynamic equilibrium with the host lattice.

The idea of a polariton laser was first theorised by Imamoglu et al. in 1996 [86] as a

by-product of the spontaneous coherence built up by polaritons when they collect in

a condensate. The implication of this is that an inversion of population is not needed

for a polariton laser to operate (as in the conventional scheme of lasing via stimulated

emission) meaning that the pump power required for the lasing threshold will be lower

than that of, for example, a VCSEL based on a weak coupling regime. Conventional

polariton lasing, formed in the LP branch, can be considered to occur in multiple stages:

• Excitation: following the optical pulse, polaritons are created with a range of

k-vectors;

• Relaxation: the higher momentum polaritons in the LP branch relax into lower

momentum states towards k=0;

• Condensation: at k=0 the polaritons become trapped and condense. Once the

occupation of the trap exceeds unity, a spontaneous coherent photon is emitted

after the polariton is ejected from the trap.

The relaxation of polaritons in the LP branch involves multiple distinct mechanisms. At

the highest momenta — an area known as the hot electron reservoir due to the highly

excitonic nature of the polaritons in this region — relaxation takes place preferably by

acoustic phonon interaction [159]. As the polaritons’ k vector decreases, particles begin

to lose energy via parametric scattering, in which the momentum for the overall process

is conserved. In this mechanism a polariton “signal” loses momentum from a collision

with an “idler” that gains momentum as in Figure. 1.9. Parametric pair scattering is a

spontaneous nonlinear effect where the scattering events take place due to fluctuations

in the vacuum field near the signal and idler modes and can be seen in the absence of

any additional external excitation, as described by Ciuti et al. [35].

As polaritons are bosonic, they exhibit bosonic stimulation; a phenomena unique to

bosons in which the presence of N particles in a given final state will enhance scattering

of nearby bosons into that state by a factor of N + 1. Whilst this is an important

mechanism for establishing a condensate — as the occupation of a particular state

increases the probability of other bosons scattering into that state increases and so forth

— there is a particular tendency for polaritons to accumulate along the dispersion if
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they are not able to scatter quickly enough. This process by which polaritons become

trapped and incapable of scattering into k=0 is known as the relaxation bottleneck

[135]. Fortunately, this effect was demonstrated to be mitigated by a process known

as stimulated scattering, as described by Savvidis et al. [167], facilitated by the short

lifetime of the polaritons. Stimulated scattering is created in a pump-probe scheme

where a weak probe is tuned to be resonant with the signal polariton mode to provide

additional gain to make the relaxation process at that k-vector more efficient. The gain

provided by the probe beam is also sensitive to input angle with respect to the cavity,

and leads to the biggest enhancement when striking at the so-called magic angle and

has been well observed in numerous microcavity samples since its discovery including at

high temperatures [164]. Since, in the absence of a pulse, pair scattering occurs into a

wider range of k states it is less efficient than if the amplification scenario is employed.

Finally polariton lasing can also be seen as having a double threshold: a first from strong

coupling and another later from weak, whereby the lasing now acts in the typical scheme

of inversion of population as seen in Ref. [26].

Figure 1.9: Parametric scattering is created by multiple pair scattering events
of polaritons at high k-vectors, whereby an “idler” polariton gains energy and
a “signal” polariton loses energy from the interaction, and the total energy be-
tween the two particles remains constant. Since k vectors must be conserved in
these interactions, the idler scatters to a higher momentum and the signal scat-
ters towards k = 0 with no net energy change. As mentioned, bosonic statistics
state that as the occupation of a particular state increases, the probability of
other bosons scattering into that state increases; there is a particular tendency
for polaritons to accumulate along the dispersion if they are not able to scatter
quickly enough, leading to a relaxation bottleneck[135] and scattering to the
lower states is prevented.

The polariton lasing described in this thesis occurs in GaAs, however, a room temper-

ature polariton laser [63, 64] was realised in 2007 [33] in GaN having been theorised in
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2002 [134]. GaN has a higher Ebind than GaAs, therefore there is scope to create a room

temperature THz polariton laser fabricated in GaN in the future.

1.2.7 Polariton Detection

The presence of BEC of polaritons and lasing is indicated by combining the following

tests [43] :

• Dispersion: Imaging the Fourier plane can reveal polaritons created in the LP

branch with a range of k-vectors. Following the advent of lasing, the emission is

seen to emanate from the k = 0 state, indicating spontaneous emission from the

condensate.

• PL: A blueshift is seen in the emission peak and the FWHM of this peak is

narrowed following the onset of lasing. The trend followed by the PL is also seen

to exceed linearity after lasing occurs, however, the degree to which this happens

depends on the lasing mechanism.

By examining the angle-resolved photoluminescence, most properties of microcavity po-

laritons can be detected. This is because the cavity photon component of the polariton

can decay out of the cavity conserving the in-plane momentum and energy it had when

coupled to an exciton, and because the luminescence process does not involve any trans-

port of excitation [165]. High-quality DBRs are useful here since they can restrict the

cone into which the PL can escape [99]. A blueshift in the PL is observed that increases

most rapidly when the condensate begins to lase. The repulsive exciton component in

the polaritons creates this energy shift that is most pronounced at the onset of lasing

simply due to the rapid increase in polariton number above the lasing threshold. The

condensate, in the higher density limit, experiences expansion until the system invariably

breaks down into weak coupling. Another characteristic of lasing from the condensate

is the narrowing, followed by broadening, of the emission peak. The initial narrowing

of PL as a function of power is caused by the spontaneous coherence of the polaritons

in the k = 0 condensate, and the broadening — similar to the blueshift — is caused

by repulsive reactions of the excitonic component and scattering effects as the polartion

population continues to increase with increasing excitation power creating decoherence

broadening. Finally, considering the dispersion relation of the cavity reveals the presence

of polaritons and their momentum profile. A hallmark trait of the polariton is anticross-

ing between the eigenmodes in comparison to the bare exciton and cavity photon; when

changing the detuning, and thereby the cavity photon energy, the cavity mode energy

and exciton energy will eventually coincide but the LP and UP energies will not [103].

As noted above, the photons ejected from the cavity give direct information about the
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polaritons within the semiconductor, therefore using a CCD and conventional lens ge-

ometry, the k-space profile of the polariton branches can be directly imaged revealing

energy-momentum information that forms a unique shape when polaritons are present.



Chapter 2

Two-Photon Absorption in a

GaAs Microcavity

2.1 Introduction

In a GaAs-based planar microcavity the typical Rabi splitting between the UP and

LP branches lies between 1 and 10 meV (where 1 THz is 4.1 meV), however, a direct

transition between these two eigenstates is forbidden due to optical dipole transition

rules. In this chapter, I explore the model put forward by Kavokin et al. [105] to

circumvent this difficulty by employing the relaxation between a 2px exciton state and

the lower polariton branch to produce THz, as this transition is accessible. Direct

excitation of the 2px exciton state is forbidden but can be accessed by two-photon

absorption (TPA) [96].

It was found that, following a PL investigation of a QW-embedded GaAs sample as a

conventional polariton laser and a THz transition excited via the aforementioned TPA

method, although an indication of THz emission from the sample has been glimpsed it

was not possible to conclusively prove that it was acting as a THz laser. The sample is

seen to lase by stimulated scattering, but does not display the nonlinear characteristics

of lasing produced by THz. This failure to realise a THz laser has been attributed to an

insufficient excitation pulse power to stably stimulate relaxation from the 2px exciton

state, and a lack of an external cavity to provide the necessary bosonic stimulation for

the THz transition to enhance the inefficient TPA regime [113].

2.1.1 Multi-Photon Excitation

In order to study the TPA transition scheme in a polariton cavity, we must first con-

sider the dynamics of excitation by multiple photons. Compared to the probability

21
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of excitation or relaxation by a single photon, multi-photon processes are inherently

(statistically) less favourable but remain widely used to probe processes where a single

photon is not allowed to bridge the transition due to the selection rules of the system. In

1965 both Keldysh [108] and Bruevich and Khodovŏi [18] submitted theoretical frame-

works to describe the multiple transitions caused by strong fields describing them using

tunnelling effects and perturbation theory respectively. The perturbative approach has

since been favoured and describes most systems to a good approximation. Using this

theory the time-dependent Hamiltonian describing a system transitioning from state m

to state n within a given time t via any number of intermediate k states is,

Ĥ = Ĥ0 + V̂ (t). (2.1)

The first term in the Hamiltonian, Ĥ0, gives the energy eigenvalues of the system and the

second describes the perturbative interaction of the system with the excitation. Since

the system considered in this chapter is excitonic, the interaction will be mediated by

an electromagnetic field described by the electric dipole operator. The potential energy

of such an operator is described as,

V̂ (t) = −~̂µ · ~E(t) (2.2)

where ~̂µ is the electric dipole operator for an oscillating Hertzian dipole and ~E(t) is the

incident electric field. The dipole operator is equal to qN~̂r where q is the charge, N the

number of charges being considered and ~̂r is the position unit vector[22].

Transitions in semiconductors facilitated by more than one photon are due to the non-

linearity of the polarisation of the medium. As previously mentioned the polarisation

and susceptibility can be expressed in full form as in Equations 1.11 and 1.7. χ(2)

is the second-order susceptibility responsible for SHG whereas χ(3) is the third-order

susceptibility responsible for processes such as TPA, both of which will be discussed in

the following sections. It is important to note that the selection rules for multi-photon

transitions differ from those of the same transition with a single photon; crucially for

dipole-enabled transitions, an even number of photons will allow a transition between

an initial and final state with the same parity, and an odd number of photons allows

a transition between states of different parity. The momentum from the multi-photon

transitions must be conserved, therefore the angular momentum quantum number, `

and the magnetic quantum m`, number selection rules easily indicate if a transition can

occur between states. Given that the dipole moment operator is an odd function the

parity needs to change in the transition from a state m to a neighbouring state n. Using

first-order perturbation theory, the probability of an individual electric dipole transition

is proportional to the matrix element, 〈ψn|V̂ (t)|ψm〉. The transition rate, Rmn(t) is

given by

Rmn =
2π

~

∣∣∣〈ψn|V̂ (t)|ψm〉
∣∣∣2 δ(ωnm − ω) (2.3)
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for a single transition. The last term, δ(ωnm − ω), is the density of final states, ωmn is

the frequency between m and n, and ω is the perturbation frequency.

2.1.2 Second-Harmonic Generation

The simplest case of multi-photon excitation (via two photons) caused by the second

term in Equation. 1.11 is not a new process and has been studied rigorously since the

1960s [58, 66, 95, 116, 132] following the advent of the laser [36]. The second order

polarisation, for an excitation field of ~E(t) is described in equation 1.10. The first term

on the righthand side leads to optical rectification in the crystal (as discussed in Section

1.1.4), and the second term leads to the generation of a second harmonic frequency,

via a process known as second harmonic generation (SHG). Looking at this quantum

mechanically, it can be explained by two photons of ω being destroyed and a single

photon of frequency 2ω being created simultaneously. SHG is a non-linear effect that

can directly compete with TPA; a clear identification of SHG from TPA can be made

by probing the polarization, ~P , of the radiation emitted from a sample [120]. This

is because although the processes appear to be similar TPA is due to the third-order

susceptibility rather than the second, and is considered to be an active process whereas

SHG is passive. Another difference is that TPA is a non-parametric process, unlike

SHG. Parametric processes can always be described by the real susceptibility, whereas

non-parametric are described by complex components; for instance TPA is due to the

imaginary part of the third-order susceptibility.

2.1.3 Two-Photon Absorption

TPA has been used extensively as a nonlinear spectroscopy tool, particularly in MQW

samples [147, 154], to probe electronic properties of solids due to different selection

rules and the ability to vary the polarisation and frequencies of the photons absorbed

with subband-subband transitions. The general theory of TPA was put forward in

1931 by M. Göppert-Mayer [67], but was not applied to band-to-band transitions in

semiconductors until 30 years later[23, 45, 131] in CdS [24] where it was described as

a second-order perturbation [18, 120, 121] between the valence and conduction band

via a virtual intermediate state. The length of time that the two photons are present

is dictated by the uncertainty principle; the second photon needs to appear within the

lifetime of the virtual state where the first photon is, meaning photons must be supplied

at a high enough intensity in order to raise the transition rate of this occurring to

a reasonable level. Braunstein theorised that for photons of energy below a material’s

bandgap at a sufficiently high-intensity TPA would be observed, whereas if the excitation

source was energetically above the bandgap single-photon absorption would dominate.
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In TPA, the two photons are not required to be the same frequency, nonetheless we

consider the degenerate case; the transition energy is the sum of the two input photons

~ωm + ~ωn = (Em − En) where Em and En are the initial and final energy states

respectively and the virtual level k is located somewhere between. As discussed in Section

1.2, the normal-mode coupling between an exciton and photon that results in a polariton

is due to momentum conservation and the two components are able to exchange energy

via the dipole-dipole interaction. A direct transition between the UP and LP, which lies

in the THz range for GaAs, is forbidden due to the polariton eigenmode branches both

being formed by 1s excitons and as such a parity change would not occur when relaxing

from one branch to the next[155]. The idea of using TPA to excite a polariton system

was first put forward in 1972 [17], but it was not until 2012 that Kavokin et al.[105]

proposed a scheme whereby the dark 2px (hereafter referred to as 2p for simplicity)

excitonic state is pumped and then relaxes directly into a 1s-polariton, emitting a THz

photon via this process. Extending from the theory presented in the previous section

to analyse this scheme, Equations 3.10 and 2.2 can be used to describe a perturbation

caused by the χ(3) term of Equation 1.11 that will give rise to TPA. Given that two

photons are required to make the transitions, second-order perturbation theory will be

required to calculate the matrix element,

〈ψn| ~̂H|ψm〉 =
1

~
e−iωmt

ωm − ωn

[
〈ψn| ~̂V (t)|ψm〉+

1

~
∑
k

〈ψn| ~̂V (t)|ψk〉 〈ψk| ~̂V (t)|ψm〉
ωm − ωk

]
(2.4)

Here the terms ωm, ωn, and ωk denote the frequency of the inital, final and intermediate

state respectively and terms ψm, ψn, and ψk are the wavefunctions for these states. The

two photons in this scheme are degenerate and are used to excite the 2p state. Each

photon has an energy ~ωp where ωp ≈ ω2p/2 and ω2p is the energy between the ground

state and the 2p excitonic state (see Figure. 2.1). After excitation, a single THz photon

will relax vertically directly into the LP condensate at k = 0. Note the “dark” nature

of the excitation photons is because they possess a forbidden interband dipole moment,

which is why they cannot be excited by one photon alone. Because the relaxation takes

place into the LP branch, it can also be tuned by altering the position of the excitation

spot; thereby changing the distance between the 2p state and the LP k = 0 state. The

theoretical focus has also leant towards GaAs, as this is the basis of the sample used.

In GaAs with embedded QWs many of the intraband transitions are in the THz range

and by controlling the length of the QW the exciton resonances can be tuned. Excitonic

transitions have been reported in GaAs by multiple photon excitation [4, 30, 177], as

has THz-driven transitions between the LP, 2p and UP states in InGaAs as part of a

three-level system [180].

In comparison to the PL emitted from a cavity via parametric relaxation, the TPA pro-

cess is considerably more inefficient. Using the second-order approximation, probability
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2p exciton

THz photon

Upper
polariton
branch

1s exciton

Lower polariton
branch

Figure 2.1: The 2p exciton is pumped using 2 photons in the TPA system. The
2p state relaxes to the 1s exciton state (that immediately forms a polariton) by
releasing one photon in the THz range. The frequency of the THz photon is
controlled by the growth of the cavity and the detuning between the cavity and
1s excitonic state.

of TPA occurring is given to be,

W2p =
2π

~
∑
mn

|Mmn|2 δ(ωn) (2.5)

where Mmn is the transition matrix element, and δ(ωn) is the final density of states.

Similarly the transition rate is calculated to be [22],

Rm→n =
2π

~4

∣∣∣∣∣∑
m

〈ψn|V̂ (t)|ψk〉 〈ψk|V̂ (t)|ψm〉
ωk − ωm − ω − iε

∣∣∣∣∣
2

δ(ωn→m − 2ω) (2.6)

ε describes the phase difference for the two excitation photons, which here is zero.

Rewriting now for the TPA transition relaxing into the LP branch, which in turn relaxes

to the ground state, |0〉,

R2p→0 =
2π

~4

∣∣∣∣∣〈ψ0|V̂ (t)|ψLP 〉 〈ψLP |V̂ (t)|ψ2p〉
ωLP − ω2p − ω

∣∣∣∣∣
2

δ(ω2p→0 − 2ω) (2.7)

The model assumes that the influence of the upper branch is negligible, with the 2p

state located well beneath it. Considering a lower branch polariton to consist of a 1s

exciton and a photon γ, the wavefunction can be written,

|LP 〉 = αLP |1s〉+ βLP |γ〉 (2.8)
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where the α and β terms give the amplitudes of each contribution. The frequency

of the laser photons, ωp as defined previously, and the distance ~r between the dipole

components allows the picture to be simplified semi-classically to

R2p→0 =
2π

~4

∣∣∣∣∣E2er2p→LPE
2erLP→0

ωp − ωLP

∣∣∣∣∣
2

δ(ω2p→0 − 2ωp)

=
2π

~4

∣∣∣∣∣α2
LP r2p→1sr1s→0

ωp − ωLP

∣∣∣∣∣
2

δ(ω2p→0 − 2ωp)E
4e2

(2.9)

Recalling the intensity of a laser, I is proportional to the amplitude of the electric field

squared, by inspection of Equation 2.9 it can be seen that the rate is proportional to the

intensity squared, therefore such a trend within the PL emitted from the sample would

suggest THz transitions are taking place. In contrast to conventional polariton lasing

where a bosonic condensate ejects coherent photons at the k minimum energy, the laser

threshold for TPA emission is expected to be higher. This can be tackled with bosonic

stimulation [96] where a weak laser resonant with the LP branch condensate k-vector is

used to increased the population in the final state thereby encouraging relaxation into

that state. Stimulated scattering will also occur into the trap for polaritons in the LP

branch of k ≈ 0, and ideally the process will yield on IR photon for each THz photon

emitted.

The efficiency, η of the photon generation process by TPA is defined as the rate of THz

photon generation by TPA, TTHz, over the absorption rate of the 2p excitons, A2p,

η =
TTHz
A2p

(2.10)

The TPA relaxation rate into a 1s-formed LP is T = W1N2p(N1s + 1) where W1 is the

strength of the radiative transition (and is directly proportional to the oscillator strength

squared G2), and the Ni terms give the population of each level. The excitation rate,

A2p can be expressed as A2p ∝ g2g(2)N2
L where g2 is the oscillator strength of the TPA

interaction, g(2) is the coherence length, and NL is the number of injected photons by

the laser. This leads a full expression of the efficiency as [175],

η =

(
G

g

)2 N2p(N1s + 1)

g(2)N2
L

(2.11)

Therefore the efficiency of the THz transition is controlled by the populations created,

i.e. the pumping power, and also the binding energy of the excitons. The compound

selection rules for equation 2.9 are ∆` = 0,±2 and ∆ml = ±2 because the excitation is

of the 2px state. The polarisation of the input beam is also expected to be preserved

by the emission as it is due to a direct transition, rather than emission due to many

scattering events. The efficiency of TPA has also been reported to be sensitive to the
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polarisation angle [90, 175], and the THz lasing can effectively be turned off by rotating

the polarisation angle.

Lastly, because of the direct nature of the transition from a 2p exciton in to a k=0

polariton, the angle of the pump beam will affect the dispersion as imaged on a CCD;

if the excitation pump is not normal to the sample the projected dispersion will be at

an angle. If TPA process is efficient enough, permitting THz lasing, the THz can then

freely escape, as the wavelength band is transparent to the DBRs, without the need of

waveguide geometry (offering an advantage over QCLs) and can be produced without

an external THz cavity (although one can be grown for amplification).

2.2 Sample and Experimental Set Up

A negatively detuned λ/2 planar GaAs sample, consisting of 12 QWs and possessing

a Q-factor of approximately 2000 was investigated. The QWs were grouped in three

sets of four placed at the three central cavity antinodes, and the DBR reflectors of the

sample were fabricated from Al0.2Ga0.8As and AlAs. The sample has a Rabi splitting

of approximately 14 meV, and has been the subject of previous polariton laser studies

[170].

The sample was mounted on a cryostat cold finger and data was taken in the range of

9 - 11 K. The microcavity photoluminescence was detected using the reflection of the

cavity signal (Figure. 2.2). The sample was excited using a pulsed Ti:Sapphire laser

with a 140 fs pulse width and an 80 MHz repetition rate and an Optical Parametric

Oscillator (OPO) with a typical pulse width of 200 fs and 80 MHz repetition rate when

locked to the pumping laser. The sample was excited non-resonantly with the laser

tuned to 730 nm for all measurements regarding conventional polariton lasing. For all

TPA measurements, the laser was combined with the Chameleon OPO and tuned to a

wavelength of 1547 nm, resonant with the 2p exciton, that was determined from wave-

length scans for optimum PL emission. For the PL detection, a microscope objective

was used to focus on the microcavity, yielding a spot sizes of 2 - 10 µm depending on

the excitation wavelength. The degree of polarisation between the pump beam and the

signal was measured by controlling the polarisation of the laser entering the cavity using

either a quarter-waveplate or half-waveplate and then using a polarising beamsplitter in

tandem with another quarter- or half-waveplate respectively after the cavity to analyse

the correlation between the laser and the cavity emission. The luminescence, polarisa-

tion, and dispersion characteristics of the sample were detected using a 550 mm focal

length spectrometer and detection was performed at an angle of approximately k = 0

(unless otherwise specified).
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Figure 2.2: The pulsed laser is focused onto the microcavity, which is mounted
on a translation stage, using a microscope objective. The polariton PL is re-
flected by the DBR attached to the cavity substrate and passes through the rest
of the set-up where it is focused on a spectrometer for spectral analysis. For
the polarisation measurements, a λ/2 or λ/4 waveplate was placed before the
laser enters the cavity and a second waveplate and a beam splitter was placed
after the cavity in order to alter the input polarisation and change the detected
polarisation respectively. Lastly for the k-space imaging, an additional lens was
used in the set-up.
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2.3 Results

2.3.1 Linewidth and Blueshift

In Figure. 2.3 the contrast between excitation behaviour of the 1s (a, c) and 2p state

(b, d) can clearly be seen. In Figure. 2.3(a) the sample is seen to reach a threshold

and then begin lasing. The onset of lasing here is signalled by a significant narrowing

of the emission linewidth, which occurs due to increased temporal coherence of the

emitted photons from the “polariton trap” at k|| = 0 and is seen around 1.5 mW. The

linewidth then increases again later as decoherence effects are introduced into the system,

due mainly to exciton-exciton scattering events in the exciton reservoir at higher k

values. These exciton-exciton repulsive interactions are also responsible for the constant

blueshift seen in Figure. 2.3(c), that increases more rapidly close to the onset of lasing due

to the increase in the density of polaritons that occurs before the lasing power threshold.

Since lasing from one photon absorption is a linear process, non-linear behaviour in the

emission spectrum is expected only after the onset of lasing; behaviour which can clearly

be seen in Figure. 2.3(a).

TPA, however, is an intrinsically non-linear process and therefore the pump power is

expected to be proportional to the square of the output intensity as in Figure. 2.3(b)

when lasing is not present due to the non-linear nature of the process. The onset of las-

ing via the TPA mechanism would therefore be signalled by the intensity as a function

of power increasing more than quadratically, accompanied by significant blueshifting of

the emission peak and a change in emission linewidth as described in Section. 1.2.6. Fig-

ure. 2.3(b) shows no notable change in linewidth, and a quadratic intensity dependence

with power indicating that the sample is not lasing over the range of pump powers. There

is also no significant blueshift seen in Figure. 2.3(d). However, it should be noted that

the linewidth in Figure. 2.3(b) is close to the homogeneous linewidth in Figure. 2.3(a) (≈
0.3 meV which is seen at the onset of lasing), implying that the emission is caused by a

direct transition as the presence of scattering events would cause the emission linewidth

to broaden. This is expected of the TPA mechanism, and to confirm further whether a

direct transition does occur, the dispersion of the one photon and TPA emission were

taken and compared, and the polarisation of the 2p state was detected.

2.3.2 Dispersion and Polarisation

In the one photon absorption scheme, polariton lasing is mediated by multiple pair

scattering events of polaritons at high k-vectors. Therefore, before the onset of lasing,

occupation of higher k-vectors is expected to be seen on the dispersion curve. Low

polarisation correlation between the pump and cavity emission is also expected since

lasing is due to multiple scattering events.
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Figure 2.3: The frequency, intensity and linewidth of the sample emission for
one photon (a, c) and two photon (b, d) were detected over a range of pumping
powers. It can clearly be seen that the one-photon case displays linewidth
narrowing and non-linear intensity characteristics (a), and a blueshift in peak
emission (c), which are both characteristics caused by lasing. By contrast, (b)
displays quadratic behaviour between the intensity and the pumping power,
which is indicative of the TPA process and does not signal lasing. A lack of
linewidth narrowing (b) and blueshift (d) further confirm that there is no lasing
taking place in the sample when operating in the TPA scheme.

Conversely, the 2p exciton (X2p) decays into a 1s excition (X1s), via a direct transition;

the 1s exciton can then form a polariton (P1s) by coupling to a photon of an appropriate

in-plane momentum. The relaxation process is accompanied by the emission of a THz

photon (γTHz), such that X2p → P1s + γTHz (Figure. 2.1). Since the THz photon is

created in this way, and is not affected by scattering events, the polarisation and k-

vector of the photon are expected to be unchanged from the initial values of the two

absorbed photons. Furthermore, in order for the TPA process to occur, the momentum

and polarisation selection rules dictate that the values of these quantities must be the

same for each of the contributing photons, implying that the polarisation and k-vector

of the excitation radiation will be the same as the polarisation and k-vector emitted by

the single photon during the X2p → P1s + γTHz transition.

As expected, in Figure. 2.4(a) a large occupation of k-vectors can be seen, in comparison

to Figure. 2.4(b) where only low k values are populated and no excition reservoir can

be seen. The presence of no exciton reservoir in Figure. 2.4(b) further indicates a direct
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Figure 2.4: The k-space images were detected for the (a) non-lasing one-photon
case, the (b) two-photon case at a detection angle of k = 0, and the two-photon
case at a detection angle k 6= 0 (c).

transition, since if the relaxation of X2p were facilitated by a phonon the X1s would

preferably populate higher wavevectors (which would also cause a loss in polarisation

correlation). The dispersion seen in Figure. 2.4(b) remained constant over a pumping

power range of 10 mW to 55 mW, further supporting the idea that lasing did not take

place, as the emission would blueshift and therefore so would the dispersion, as expected

from Figure. 2.3(d).

Given that the momentum of the TPA must be conserved, if the incoming pump beam

is incident at an angle k 6= 0 then the dispersion should also appear to be at an angle to

the energy axis. This is because no scattering events are involved in the TPA relaxation

process and therefore the input polarisation angle of the pump beam should be conserved

during the relaxation process. In Figure. 2.4(c) this is the case, and it can be measured

that the values of k excited are the same for both Figure. 2.4(b) and Figure. 2.4(c).
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Figure 2.5: The degree of polarisation correlation between the incoming pump
beam and cavity emission was detected for a range of pumping powers, and
clearly indicates a strong positive correlation.
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Lastly, the input polarisation was controlled using two waveplates as discussed in Fig-

ure. 2.2. The degree of polarisation, given the pump laser’s intrinsic linear polarisation,

was changed from entirely horizontal to entirely vertical and the degree of polarisation

was found by directly measuring the intensity after the λ/2 for each polarisation direc-

tion in both cases. Therefore the degree of either vertical polarisation Pv or horizontal

Ph as a function of the vertical and horizontal intensities (Iv,h) is given by

Pv,h =
Iv,h − Ih,v
Iv + Ih

(2.12)

The polarisation correlation between the TPA emission and the incoming laser excitation

in is Figure. 2.5, as expected, close to unity because the polarisation of the cavity

emission is strongly influenced by the incoming radiation polarisation: the two correlate

well, which is also indicative of a single coherent event.

2.4 Conclusion

From the results presented above it is not clear whether TPA has been unambiguously

seen. Work published by Schmutzler et al. [169] on different section of the same sample

released after these findings found no clear proof of TPA under nonresonant two-photon

excitation spectrscopy but the presence of SHG in the sample. Conversely Lemenager

et al. [123] published results taken with a pillar and planar microcavity and claim to

observe THz transitions having received results similar to those which are presented in

this chapter. Whilst — theoretically — distinction between the two processes (TPA and

SHG) can be easily made with the use of fs-resolved measurements the results obtained

in this chapter are less clear and do suggest weak emission of THz, therefore direct

detection of the THz radiation is required. Attempts were made with the use of a Golay

cell and a superconducting bolometer to characterise the emission from our sample, but

no THz could be measured given the peak response and sensitivity of these instruments

being inadequate for such a weakly emitting system that was predicted to emit in the

pW range.

We suggest then, that the absence of the 2p resonance observed by Schmutzler et al

is due to an inadequate exciton oscillator strength that could be enhanced; preferably

by a sample with a higher exciton-binding energy such as GaN [34] or ZnO to increase

the transition efficiency (see equation 2.11) or in a lower-dimension cavity to increase

polariton oscillator strength, such as a pillar cavity. It is concluded therefore that work

needs to be done to realise the THz TPA laser, particularly since it is the exciton binding

energy that is the main limiting factor for room-temperature operation [164] of such a

device, which is the end goal of this piece of work. The addition of an external THz

stimulation cavity, fabricated with a metal such as Au that reflects THz, would also be
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a useful addition as suggested in Ref. [97], as the presence of such a cavity would help

stimulate the 2p - 1s transition, stabilising the laser.





Chapter 3

Bosonic Cascade Laser

3.1 Introduction

The QCL described in Section 1.1.5 is a long-established device used to generate THz

radiation [16, 52, 201], and is capable of achieving amplified radiative emission due to

stimulated emission between electronic subbands that can relax down a cascade ladder

created in adjacent quantum wells. Owing to the excitonic levels in GaAs and other

III-V semiconductors being separated by a few THz, this mechanism was adapted by

Liew et al. [129] as a means of generating THz with a excitonic/polaritonic system.

A key difference is that the relaxation can take place in a single parabolic quantum

well (PQW), rather than requiring multiple wells, and it can use bosonic stimulation to

further amplify the cascade effect. The PQW themselves have also been the subject of

novel QW research [50, 62, 109, 156, 199, 203] due to the unique confinement properties

it can offer.

Using real data (taken by a collaborator at St Petersburg State University) from a PQW

structures, the time-dependent PL data has been analysed using a modifed theoretical

description initially given by Liew et al. [129] of the relaxation rate between different

energy levels within the cascade. In this chapter, I build upon these semiclassical Boltz-

mann equations, which describes the kinetics of boson relaxation in a QW [15, 42]. The

pump-power dependencies between a PQW sample and rectangular QW GaAs sample

were found to be very different and not capable of being described by the relaxation cas-

cade ladder alone and required the inclusion of all possible radiative transitions between

the excitonic levels, implying that the cascade ladder - the transition that generates

amplified THz radiation - is not the most efficient relaxation within the cavity. The the-

oretical model was unable to provide any conclusive proof as to whether THz is being

produced by the PQW sample in the data provided, as it is relaxation from the fifth

exciton level that dominates [182].

35
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3.1.1 Cascade Relaxation in Bosons

Research into coherent bosonic light sources (known as bosers, or bosonic lasers) has

been increasing in recent times [102], owing to the potential of low-threshold lasing in

these systems that can be amplified using bosonic stimulation of carriers into the final

energy state. Taking inspiration from the QCL, the bosonic cascade laser (BCL) uses

the idea of amplification via a cascade mechanism, but unlike the QCL where a set

of adjacent QWs [107] creates the relaxation ladder, the BCL cascade occurs between

equidistant excitonic levels. The BCL was first theorised by Kaliteevski et al. [96] and

Liew et al. [129] for a single parabolic QW [141, 187], and in contrast to conventional

lasers based solely on the phenomenon of stimulated emission, bosonic lasers are based

on final state stimulated relaxation of bosons and the possible formation of an exciton-

polariton condensate. Current proposed excitonic or polaritonic THz emitters have the

disadvantage that each relaxation event can only produce one THz photon per transition

(see Chapter 2), meaning the efficiency of the suggested process tends to be small. In a

parabolic potential well, acting in the cascade regime, multiple identical THz photons are

able to be emitted, which will be enhanced by bosonic stimulation in the PQW (which

has a higher exciton binding energy than a standard single rectangular well of the base

material [14, 163]). Further amplification is created in the presence of an external THz

cavity, which would increase the transition probability and THz lifetime and since such

a system has been seen to emit THz PL at room temperature already [64] when pumped

electrically, the prospect of adapting this to an optical system is encouraging.

Treating the general case of a system consisting of m equidistant excitonic levels, each

with the same lifetime τ , the rate change of the population for any level, k, is given to

be [42],

dNk

dt
= Pk − ΓkNk −Nk

∑
k′

Wk→k′(1 +Nk′) + (1 +Nk)
∑
k′

Wk′→kNk′ , (3.1)

where Pk is the optical pumping rate, Γk is the decay rate of the particles (equal to 1/τ)

and the W terms account for the total scattering between level k with population Nk and

another level k′ with population Nk′ . W itself is the probability of spontaneous emission

due to radiative transitions, and these coefficients can be calculated perturbatively using

the method described in Section 2.1.3.

Now considering the proposal by Ref. [129], for the case of a PQW [179] populated by

weakly coupled excitons and photons in which only the topmost level, m is pumped, the

rate equations are now,

dNm

dt
= Pm −

Nm

τ
−WNm(Nm−1 + 1) (3.2)

dNk

dt
= −Nk

τ
−W [Nk+1(Nk + 1)−Nk(Nk−1 + 1)] (3.3)
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dN1

dt
= −N1

τ
+WN2(N1 + 1) (3.4)

here level N1, the population of the ground state, and is of the most interest as this

is what was detected experimentally and the characteristics of the emission from the

ground state is what will later be fitted. This model only allows scattering to occur

between neighbouring levels of the system, and the population evolution with increas-

ing power within the dark excitonic cascade described can be found by solving these

coupled equations in the steady state. These equations are simplified to assume that

the lifetime of all equidistant excitonic levels within this cascade are the same, and that

these levels suffer no distortion caused by any strong coupling beetween the excitons and

photons (this would change the energy-dispersion characteristics of the energy levels, as

seen in Section 1.2.5). The assumption regarding strong coupling can be made because

the effects of this energy exchange will only be appreciable if the system provides ade-

quate overlap between the exciton and photonic wavefunctions in the cavity. At levels

increasingly further from the exciton ladder ground state, the wavefunction overlap be-

tween the exciton and photon will become increasingly weak, reducing the chance of

strong coupling, and since experimentally the excitation is taken to be resonant with

m = 9 it can be presumed that strong coupling will not take place. The model also

assumes that there is no external cavity enhancement, and that W can be approximated

to W = W1(ηTHz + 1), which accounts only for excitonic and phonon interactions for

relaxation. In the absence of this external THz cavity, the ηTHz term (THz mode occu-

pation) is put equal to zero implying that the cascade emits m−1 identical THz photons

in relaxing from the highest state into the ground state and these THz photons leave the

system immediately. Finally the energy of these THz photons is set by the cavity growth

and can therefore be tailored to specific device needs during the fabrication process (see

Section 1.2.3) .

The Hamiltonian for the described parabolic exciton system is given below where the

first two terms described the gradient of the electrons and holes, the next two describe

the potentional of the electron and holes, and the final term gives the Coulomb potential

between the particles [100].

Ĥ = − ~2

2me
∇2
e −

~2

2mh
∇2
h + Ve(ze) + Vh(zh)− e2

4πεε0|~re − ~rh|
(3.5)

Writing this in terms of of the centre-of-mass coordinates, ~R = me~re+mh~rh
me+mh

, and relative

coordinates ~ρ = ~ρe− ~ρh, using the effective mass approximation again for the large radius

Wannier-Mott excitons, yields

Ĥ = − ~2

2µ
∇2
~ρ −

~2

2M
∇2
~R

+ V (ze, zh)− e2

4πεε0~ρ
(3.6)

here M = me+mh and µ = memh/me+mh and V (ze, zh) = Aez
2
e +Ahz

2
h. Energetically,

the model assumes that transitions between the neighbouring excitonic levels are the
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most favourable. As seen in Section 2.1.1 the transition is controlled by the electric

dipole moment, implying that a change in parity must take place between initial and

final states. Therefore dipole transitions between next nearest neighbours are forbidden

but next-next-nearest is allowed and so on. Intraexcitonic THz transitions between

the 1s-exciton and higher momentum states have previously been studied [94] and the

transition for the third-order and above are increasingly weak, implying that the selection

rules are ` = ±1, ` = ±3 for next-next-nearest neighbour, and so forth with decreasing

efficiency between the exciton cascade levels satisfying the selection rule.

3.2 Fitting Data and Samples

3.2.1 Samples and Set Up

Two PQW samples were used to characterise the exciton dynamics within a PQW;

sample S1 does not have DBRs and S2 does. A final planar sample, S3, containing

conventional rectangular QWs was also interrogated to provide a comparison. The

growth and QW profile was achieved with MBE and, for each GaAs-based sample, is as

follows:

• S1: contains an InGaAs/GaAs PQW of width ≈ 50 nm at the top of the poten-

tial well, and the parabolic profile was achieved by altering the concentration of

indium. During the growth process the indium percentage increased from 2% at

the InGaAs/GaAs interface to 6% in the middle of QW (see inset in Figure. 3.1);

• S2: was fabricated similarly with an AlxGa1−xAs/Al0.15Ga0.85As quantum well of

≈ 50 nm width, where the parabolic profile was achieved by altering the concen-

tration of aluminium (x) along the z-axis of the sample from 5% in the middle of

the QW to 12% near the interface. The microcavity was formed with two DBRs,

each with 17 and 22 Al0.15Ga0.85As/AlAs paired layers. The Q-factor of the micro-

cavity is of about 2,000 and the PQW was placed in the middle of 3λ/2 intracavity

spacing;

• S3: a 5λ/2 planar GaAs cavity sample consisting of the DBRs with 32 and 35

Al0.15Ga0.85As/AlAs pairs and of the 12 rectangular QWs. The Q-factor of this

microcavity is approximately 16,000.

S2 has been the subject of a previous publication [185] where it was seen to exhibit

anticrossing between the ground state heavy-hole and light-hole excitons and the cavity

mode thereby forming polaritons. The sample is also capable of generating stimulated

emission in the weak coupling regime which is required for the cascade ladder proposed

in this chapter.
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The samples in this experiment were mounted in a closed-cycle cryostat set to reach

a temperature of ≈ 5 K. Samples S2 and S3 were excited non-resonantly above the

microcavity stop-band by femtosecond pulses from a Ti:Sa laser. The laser spot size

was approximately 30µm. S1 was excited with a CW laser resonantly tuned to the

exciton resonance in the barrier layers (above the 11th quantum confined excitonic state,

see Figure. 3.1). Such pump conditions allowed the creation of excitons rather than

electron-hole pairs. To study the exciton relaxation dynamics of S2 and S3 a pump-

pump technique was used, whereby two pump pulses separated by a variable delay

excite a sample non-resonantly. This process provides picosecond temporal resolution

and gives the time-integrated intensity of the PL as a function of the delay. All PL

spectra and k-space images were recorded by a 0.55 m imaging spectrometer equipped

with a CCD.

3.2.2 Reflectivity

Before the cascade could be probed, the presence of a ladder of equally spaced QWs

needed to be confirmed. Characterising S1 using sensitive λ-modulated reflection tecn-

hiques [28] and PL spectroscopy found 11 distinct excitonic states with a spacing of ap-

proximately 6 meV, or 1.45 THz between each exciton level after fitting the PL [89, 183]

(see Figure. 3.1).
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Figure 3.1: λ-modulated reflectivity spectrum of sample S1 containing parabolic
QW without microcavity (red curve) and modelled spectrum (black curve).
Vertical dashed lines mark equidistant quantum confined excitonic states in the
PQW. Inset: the potential profile for excitons (left axis) and distribution of
indium content across the QW layer (right axis) are shown.
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Figure 3.2: Pump power dependencies of integral PL from different quantum
confined excitonic states. The pump wavelength was tuned to the exciton reso-
nance in the barrier layer. The integral PL for each transition was obtained by
deconvolution of the PL spectra into a set of Lorentzians. The inset presents
the same curves plotted in logarithmic scale to show the low power region.

The peak integrated PL spectra of the sample S1 at different excitation powers was also

found (see Figure. 3.2). The PL was collected and deconvoluted into a set of Loretzian

resonances that corresponded to each transition, allowing the power depedence of each

exciton level to clear be studied. As power increases the population from the ground

state followed by the next highest and so forth. This behaviour is contrary to what is

predicted by the model in Ref. [129] where the highest level is seen to populate first,

and the lowest level establishing a population last.

3.2.3 Polariton Lasing Capability

The ability of S2 to act as a polariton laser [104, 191] in the strong coupling regime is

a non-trivial question, and would not only allow for dual lasing abilities of the sample,

but can also give insight into the confinement and dynamics of the carriers within the

system. Most polariton lasers contain active media with multiple thin (10 nm in width)

QWs, in comparison to the PQW in S2 where only one well of 50 nm wide is present. The

comparitvely large PQW gives strong exciton and photon wavefunction overlap required

to achieve strong coupling and subsequent polariton lasing [8, 26], whereas S3 requires

multiple wells to achieve such binding energy enhancement between the electron and

holes to increase the oscillator strength.
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Figure 3.3: The PL intensity measured as a function of the pulsed excitation
power for (a) PQW (sample S2) and (b) sample S3 with multiple rectangular
QWs in MC. The onset of lasing is marked by a sudden non-linear increase in
PL, and is seen to be sharper for a PQW than for a rectangular QW sample.
The threshold for lasing is also a factor of ten larger for the PQW compared to
the traditional rectangular sample.

Figure. 3.3 (a) shows the dependencies of polariton mode energies against laser spot po-

sition on S2. One can see that the detuning between the exciton and photon resonances

is dependent on the spot position. The anticrossing of polariton modes presents the

clear evidence of the strong coupling regime. In the anticrossing range the reflectivity

spectrum exhibits three distinct minima, these can be attributed to the coupling of the

heavy-hole and light-hole excitons to the cavity mode. The Rabi splitting of the relating
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polariton states is about 6 meV or 1.45 THz .
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Figure 3.4: (a) The energy position of features in the reflectivity spectra of sam-
ple S2 as a function of the laser spot position on the sample. The figure demon-
strates anti-crossing, a classic signature of the presence of exciton-polaritons.
(b) The PL linewidth dependence on the excitation power for sample S2 is seen
to narrow significantly at the lasing threshold due to increased coherence of the
exciton-polaritons within the sample’s polariton trap.

The pump-power dependence of PL intensities for samples S2 and S3 are shown in Figure.

3.4. For both samples the threshold-like increase of the intensity is clearly observed. For

the sample S3 the threshold manifests the polariton lasing regime. For the sample S2, the

identification of the threshold is questionable without additional experiments, however,

the PL characteristics is taken to be an indication that the stimulated relaxation occurs

in sample S2. Differences in the intensity threshold for lasing can clearly be seen between

planar and PQW as well as difference in intensity output by both cavities, suggesting
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the process in the PQW is more inefficient. This is due potentially to weaker coupling

between the photon and exciton within the cavity and the higher density of scattering

events required for a polariton to reach k = 0 than in the rectangular well.

3.2.4 THz Cascade Laser

The relaxation dynamics within S2 was studied in more detail using a pump-pump

method, to highlight behaviour that might be screened due to reflection from the sam-

ple’s DBRs [37], and was then compared to the relaxation present in S3. In the pump-

pump method one pulse creates an initial population at a time t = 0 and at a later time

tdelay a secondary pulse creates a subsequent population at the highest exciton level.

The relaxation of these excitons depends on the power ratio of the secondary pulse to

the initial pulse, and the population of the exciton levels below the pumped level. If

the population injected is adequately large, stimulated relaxation down the excitonic

cascade ladder is triggered and THz emission takes place. It is expected that the dy-

namics will depend on the delay time between the two pulses; no nonlinear PL increase

should occur at very large delays, where the excitons created by the first pulse relax and

recombine before the second pulse arrives.

Figure. 3.5 displays the pump-pump PL as a function of time delay between the two

pulses for S2 (a) and S3 (b). It can be seen immediately that S2 relaxes much faster than

S3, and additional minima can be seen in the PQW relaxation near zero delay. Both

samples do display, however, asymmetry in the PL relaxation kinetics. This is simply

caused by the difference in power between the first and second pulse; if the initial pulse

is small the subsequent bosonic stimulation when the second pulse arrives is also weak.

If the first pulse is more powerful, the the stimulated relaxation is stronger when the

second pulse coincides. Both samples also see a maxima at positive delay times that

is only present if the pumping power goes above the threshold required for polariton

lasing and is wider and at larger delays in S3 compared to S2. Because the relaxation

dynamics within S2 are much more rapid, the difference in appearance between the

additional maxima is understandable between the two sample and the cause of this

maxima is attributed to polariton lasing within the sample caused by the strong pulse.

To understand the second peak at the positive delays one should discuss the time de-

pendence of PL intensity. In Ref. [15], the PL kinetics has been studied at different

exciting powers as below as above the threshold of polariton lasing, Pth. It was found

that, when the power P < Pth, the PL intensity slowly rises and reaches its maximum at

t1 ≈ 100 ps. At later times PL intensity slowly decreases with characteristic decay time

t2 ≈ 400 ps. When the pump power exceeds the threshold, a strong pulse of polariton

laser emission appears at time t1 with the 10 - 20 ps pulse duration. Such temporal

behavior of PL intensity allows us to assume the following origin of second peak in the

pump dependencies shown in Figure. 3.5. When the sample is pumped by two pulses and
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a) b)

Figure 3.5: Photoluminescence intensity plotted as a function of a delay between
two fs pulses a) PQW (S2) and b) rectangular QW (S3).

the first pulse power is above 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 polariton lasing peak and of excitons created by the second pump pulse is sufficient

for the formation of the second peak of polariton laser emission. These effects with

polariton lasing appearing twice are expected to be present in the sample S2 with PQW

in MC as well as in the sample S3 with rectangular QW in MC. But the time delay and

the width of the second peak strongly depends on the relaxation dynamics. Thus in the

sample S2 the relaxation is faster than in the sample with a rectangular QW in MC.

3.3 Theoretical Modelling and Exciton Dynamics

Exciton relaxation and dynamics in GaAs MCs has been well-studied in conventional

QWs [19, 76, 110, 171], particularly for phonon-mediated relaxation. In order to analyse

the experimental data obtained for the PQW, I begin with the rate equations introduced
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by Liew et al. [129], and recreate the numerical solutions previously obtained for Equa-

tions (3.2) to (3.4) in the steady state in order to verify the suitability for the numerical

mechanism I will be using to fit the PL data in the section above. Having done this I

evolved the program to include exciton-exciton scattering, then all possible relaxation

channels to ground state, Gaussian pump excitation, multi-level pump excitation, and

different level lifetimes to achieve the pump-pump dynamics that were experimentally

obtained. The key features the model is trying to achieve based on the experimental

data are: a minimum at zero pulse delay in the PQW, a non-symmetrical intensity

profile and relaxation dynamics on the ps scale.

3.3.1 Steady State Cascade System

With the objective of recreating the population evolution the PQW seen in the above

section, I begin by solving the coupled Equations (3.2), (3.3), and (3.4), in a steady

state using the Newton-Raphson method. For a system in a steady state, the rate of

change of scattering is conserved i.e. dNm
dt = dNk

dt = dN1
dt = 0. This fact can be used to

solve Equations (3.2) - (3.4) iteratively and give the population number of each exciton

level in a PQW cascade as a function of increasing carrier injection. Arranging these

equations into a matrix, Fi, we have

Fi =



dNm

...

dNk

...

dN1


where again m signifies the highest level, k any exciton level in between, and 1 is the

ground state. The Newton-Raphson method for solving this requires a Jacobian matrix

to be created using all the derivatives of dNidt terms present in Fi. The individual elements
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are as follows. The individual elements are as follows,

dFm
dNm

= − 1

W1τ
−Nm−1 − 1

dFm
dNm−1

= −Nm

dFk
dNk−1

= −Nk

dFk
dNk

= − 1

W1τ
+Nk+1 −Nk−1 − 1

dFk
dNk+1

= Nk + 1

dF1

dN2
= N1 + 1

dF1

dN1
= − 1

W1τ
+N2

and a simplified Jacobian matrix Ji made of of these elements takes the form,

Ji =



dFm
dNm

dFm
dNm−1

. . . . . . . . . . . . 0

...
...

...
...

...
...

...

0 . . . dFk
dNk+1

dFk
dNk

dFk
dNk−1

. . . 0

...
...

...
...

...
...

...

0 . . . . . . . . . . . . dF1
dN2

dF1
dN1


Here W1 is the spontaneous emission rate, previously reported by Liew et al. [129] and

τ is the characteristic lifetime of the level once more. The two matrices are solved in the

following way using the identity Fi + dNiJi = 0, where dNi is a small change in every

element of the individual populations (dN1 to dNm) taken from the Fi matrix. For a

small enough change the following identity,

Fi(Nk+1) = Fi(Nk) = 0 (3.7)

is true when considering an error tolerance manually set within the program. Since

Nk+1 = Nk + dNk is the difference in population between a level and the one above can

be expressed as below,

Nk+1 = Nk − Ji(Nk)
−1Fi(Nk). (3.8)

Within the program, an initial guess of no energy level occupation for all levels at time

0 is given (i.e. P=0) as a starting point for the solution. When solving Fi iteratively

from one level to the next, the increment of population change is so small that Ni+1

will be roughly equal to Ni, and so to find a solution that will give the population value

for each iteration the righthand side of Equation (3.8) can become dNi = − Ji
Fi

. As

previously stated, the error tolerance specified in the program dictates the convergence
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of the program towards a solution where Ni = Ni+dNi and is 0.01 for a maximum 1000

iterations for the data presented below. Once this tolerance condition is satisfied, the

program moves on to the next pumping increment, and so forth allowing it to converge

towards a value for the population of the system for a certain input pumping rate. The

program will then run again for a new pumping rate and continue this way until stopped.

Computing up to m = 9, the population relaxation is plotted in Figure. 3.6. The model

Figure 3.6: The population relaxation depending on which level in the excitonic
cascade can be seen to vary periodically and is seen to establish a population
density from the highest level Nm, trickling down to finally the lowest level N1.
The cascade follows the behaviour predicted by Liew et al ; the upmost level
continues to increase in population indefinitely whilst the level below converges
to a certain value, the next level diverging, then converging and so on. This is in
fact caused by strong bosonic stimulation of the ground state of this QW, weak-
ening the bosonic stimulation of the level above. This behaviour repeats itself
until the final level, m causing alternating diverging and converging population
densities respectively.

assumes that W1τ = 8.3× 10−6, and is constant, and that the excitation is CW. Using

these parameters, the evolution of the population of each level is the same as seen in

Ref. [129]. The characteristic convergence/divergence trend in Figure. 3.6 is explained

by an alternating level effect, whereby every kth level experiences gain and loss with the

expection of the highest state and the ground state. The ground state cannot emit THz

radiation, and gives only PL characterised by the lifetime of that level. This bottom level

then has a strong occupation and that causes its population to diverge rather than level

out. The level immediately above this, N2, experiences strong bosonic stimulation from

N1 encouraging scattering to the that level, causing the population of N2 to converge;

conversely the level immediately before this experience very weak bosonic stimulation,

and therefore retains a higher population. This chain continues until the mth level that

is expected to diverge at high pumping rates but may not for lower pump rates if the
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rate of scattering to a lower level is stronger. Note that in the low excitation limit, the

convergence or divergence of the top level is set by the number of excitonic levels within

the sample. The behaviour in Figure. 3.6 is an early implication that the model currently

being used will need additional scattering or relaxation terms to describe what is taking

place within the parabolic sample since this behaviour is not glimpsed in Figure. 3.2,

where the population begins from the lowest level and fills upwards.

3.3.2 Time Dependent Cascade Population Relaxation

The same set of rate equations were solved in the time-dependent case to construct the

population dynamics as a fucntion of increasing time under CW excitation and check

that these too correspond to what was initially reported by the model by Liew. The

Euler method solves the set of equations iteratively (but differently to the Newton-

Raphson method) and requires that the derivatives from Equations. 3.2 - 3.4 be equal to

zero. In the general case, a time dependent function, y(t) is expanded about the point

using a Taylor series expansion to yield,

y(t) ≈ y(t0) + (t− t0)f(t0, y0) (3.9)

where f(t0, y0) = dy
dt |t0 , t0 is the initial time and y0 is the value of the function at

this time. This is computationally simple to solve for any function, y(t) provided the

time step is small enough to allow for accurate resolution of the time-dependent to be

resolved. The time dependent behaviour for the BCL is calculated over a time period of

10 ns, where the time step dt is given by tmax
resolution−1 = 10−9

29−1 . This time step is further

divided by a constant h = 28, to allow for a small resolution time step to ensure that

the program is converging to the correct solution.

Using the Euler method this time for matrix Fi,

Fi+1 =
i−1∑
0

Fi + Fi ×
dt

h
(3.10)

As in the paper by Liew et al. [129], the values of W1 = 1700 s−1 and τ = 500 ps,

and a constant pumping rate of P is used, that effectively generates 1 × 1017 excitons.

The relaxation dynamics vary rapidly and the behaviour seen in Figure. 3.7 is that

predicted by Liew et al. for a system with the pump assumed to still be located on the

mth level (and CW in nature). Figure. 3.8 a) and b) show the time dynamics of the

odd and even levels respectively to clarify the dynamics between neighbouring levels.

As supported by Figure. 3.6, there is a delay time between initial excitation and the

time when a population is established in the states below it, the longest delay being

the ground state which does not acquire a significant population until approximately

10 ns after the pump is switched on. In Figure. 3.8 a) the 9th level (mth level) is the
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Figure 3.7: The population dynamics of all the exciton in the levels of a PQW
for a system with 9 levels can be seen. The scattering rate (W1 = 1700 s−1),
pumping ( 1×1017) and decay time ( τ = 500 ps) are kept constant and observed
on the ns scale in order to accurately recreate behaviour previously seen by Ref.
[129].

first to establish a population, before decaying into level 8 after ≈ 500 ps (i.e. the

lifetime of the level). N8 then follows similar behaviour, relaxing into N7 and in this

way the cascade continues, receiving population injection at the mth level throughout.

With the continuous presence of carriers in N9, after a few ns have passed since initial

excitation, bosonic stimulation begins to set in as the exciton relaxation between levels

becomes less sharp caused by the levels interacting as described in the previous section.

After approximately 11 ns the system reaches an equilibrium state with the odd levels

possessing a higher level of excitons than the neighbouring counter parts.

3.3.3 Scattering and Relaxation Processes

Having recreated the cascade behaviour previously obtained theoretically by Liew et

al.,the initial relaxation picture with needed to be extended with the aim of recreating

the PL obtained in the Section 3.2. The rate equations provided to model the system

will continue to be semi-classical in nature as this can provide a good approximation

of what is to be expected in a system below the condensation threshold that is not

exhibiting macroscopic coherence interactions [103]. The inital model was unable to

produce the fast dynamics and minima at zero seen in Figure. 3.5 a) so it is necessary to

consider other relaxation mechanism and extend the model accordingly. Relaxation in

the PQW can take place via three distinct mechanisms [87]; radiative and non-radiative
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a)

b)

Figure 3.8: The individual populations for a PQW system with 9 levels where
the pumping occurs on the mth level for the odd (a) and even (b) levels can be
seen. Splitting the adjacent levels in this way allows for clearer resolution of
the interplay between nearest neighbour levels where a level with an established
exciton population can stimulate scattering. It also allows one to clearly see the
trickle down of population from the highest exciton state, m=9, to the ground
state that remains the last state to be populated.
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relaxation described by the τ terms, spontaneous emission (W terms), and exciton-

exciton scattering (α terms). Scattering due to defects and inelastic collisions will not

be considered individually.

• Radiative and non-radiative processes: these are quantified by the −N
τ term in the

rate equations; for k = 2, ...,m this includes phonon-relaxation, whereas it only

accounts for radiative recombination in the ground state. Phonon interaction in an

excitonic system provides important cooling and thermalisation, and is particularly

useful for reducing excess energy. Phonon-exciton scattering has been proven to be

an effective method of relaxation in a QW [149], and transitions between adjacent

levels in the THz BCL cascade can be caused here by emission of THz or by acoustic

phonon relaxation. The PQW data was obtained at cryogenic temperatures and

as such — due to the weak contribution of thermal LO phonons in this limit in a

QW [117] — acoustic phonons will be considered to cause the strongest relaxation

contribution. Furthermore, because of the cryogenic temperatures, the lifetime of

the excitonic levels will be relatively long compared to a room temperature system

i.e. on order of picoseconds rather than femtoseconds, with thermalisation provided

by cold acoustic phonons.

• Spontaneous emission: The matrix element W describes transitions from level k

to any other level k− i in the cascade. In terms of relaxation, bosonic stimulation

between exciton levels is assumed to play an important, which has already be

seen in the modelling done in the preceeding sections. For a degenerate system

where the number of particles in a state N is much larger than unity, stimulated

relaxation processes are expected to dominate over spontaneous ones by a factor

of 1 +N , and evidence of the strong influence this term will have over the system

has already been described by Liew.

• Free carrier interactions: in the initial model, free carrier and exciton-exciton

interactions are not considered at all, particularly the importance of the exciton

reservoir and the wealth of available states outside of the cascade ladder were

not factored into the theoretical description. The role of the reservoir within a

QW was explored by Ivanov et al. [88] and it was found that the reservoir level

became stable, and — at pumping rates below the threshold of lasing — radiative

transitions from the reservoir were unlikely. This supports what Liew’s model

sees in that bosons generated in the upper level with insufficient energy will be

incapable of cascading down towards the ground state of the BCL ladder; excitons

in the mth level with insufficient energy simply join the reservoir. Ivanov et. al

further noted that the energy levels in the sample existing outside the cascade

ladder greatly outnumbers the levels within it, suggesting that the probability of

a condensate being established in the cascade is small. This seems evident when

considering the overlap in the wavefunction between the cavity photon tuned to
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the mth level and the exciton wavefunction overlap. Conversely exciton-exciton

has been seen to be a fast and effective mechanism for relaxation in a bose gas

[42] therefore it is anticipated that it will be key in recreating the dynamics seen

in the PQW [171]. The effect of Coulomb interactions and bleaching, between any

free electrons and holes, or excitons, will be neglected in the coming theoretical

description since the system will be treated as a weakly interacting bose gas in

the low-density limit; at low temperatures, with these density constraints, exciton

screening has been seen to be relatively small supporting this assumption [53].

Experimentally, S2 has been reported to exhibit quantum beats between the 1st and

6th, 1st and 4th, and 2nd and 3rd levels corresponding to 4.5 THz, 2.9 THz and 0.9 THz

respectively [185]. The laser excitation in this work was tuned to be above the the

stopband of the sample. The excitonic states within the sample were theorised to have

a decay time due to inhomogeneous broadening on the order of a few picoseconds, and

the background PL is attributed to the excitonic reservoir which has a typical lifetime of

a several nanoseconds. Theoretically, the system has been explored as being capable of

displaying double bosonic stimulation; stimulation from the population of the excitonic

levels and the THz modes generated within the sample [96]. Considering the case of

strong coupling once more, the polariton population energies would not be energetically

distributed equidistantly like the excitonic levels if they were to be established, however,

the rate equations will be assumed to stay in the weak coupling regime and the energy

distortion of the excitonic levels will be assumed to be zero.

3.3.4 Pump-Pump Basic Program

The Euler program that was used to solve the level evolution with time for a constant

power was adapted to mimic the pump-pump dynamics of the real experimental data.

Whilst the numerical solving method remained the same, the excitation scheme needed

to be changed. In the experiment, the PQW microcavity was excited by two Gaussian

laser pulses, with a temporal delay added to the second pulse with respect to the first.

Therefore a function to control the pumping rate delivered by the two pulses was included

in the program to be called by the differential equation solver, and took the form

P = a1e
−(T−t0)

2

w2
1 + a2e

−(T−t0−τd)
2

w2
2 (3.11)

where t0 is the initial time, τd is the discrete variable time delay between the two pulses,

and T is the general time vector. The w2
1,2 terms allow for the individual control of the

FWHM (equal to
√

2ln2w1,2) of each pulse respectively, which experimentally is a few

hundred femtoseconds and the ai terms give control over the pulse amplitudes, as the

ratio between the two will be varied to best mimic the results in Figure. 3.5 for different
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pulse power amplitude ratios. This model assumes the following from the experimental

set up:

• Carriers are pumped to the top-most level;

• W1 and τ are similar in value to what was used in the program previously;

• The mixing between the two pulses is negligible;

• The FWHM of the pulse is a few hundred fs;

• Only scattering directly to the next level via the cascade mechanism will take

place.

The levels are still described by Equations (3.2), (3.3), and (3.4) and assumed to be

pumped at the highest level. However, working within these bounds, no minima can be

produced at zero delay which is a signature of the relaxation in a PQW (as in Figure.

3.5), and this was attributed to the relatively slow relaxation dynamics included in the

coupled equations. It was concluded therefore that other scattering processes, lifetimes

and interaction channels needed to be considered and these are detailed in the following

sections.

3.3.5 Influence of Exciton-Exciton Scattering

Since exciton-exciton scattering plays an important role in relaxation in square QWs,

it is likely that including these reactions will bring the model closer to the expected

behaviour. The assumption was made that scattering happens between pairs of excitons

only and involves the nearest neighbour levels. With this in mind, the rate equations

evolve to,

dNm

dt
= P − Nm

τ
−W1Nm(Nm−1 + 1)

+
α

2
N2
m−1(Nm + 1)(Nm−2 + 1)− α

2
NmNm−2(Nm−1 + 1) (3.12)

dNk

dt
= −Nk

τ
−W1[Nk+1(Nk + 1)−Nk(Nk−1 + 1)]

− αNk
2(Nk+1 + 1)(Nk−1 + 1) + αNk+1Nk−1(Nk + 1)2

+
α

2
N2
k+1(Nk + 1)(Nk+2 + 1)− α

2
(Nk+1 + 1)2NkNk+2

− α

2
N2
k−1(Nk + 1)(Nk−2 + 1) +

α

2
Nk−2N

2
k (Nk−1 + 1)2 (3.13)

dN1

dt
= −N1

τ
+W1N2(N1 + 1) +

α

2
N2

2 (N1 + 1)(N3 + 1)− α

2
N1N3(N2 + 1)2 (3.14)
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where α is the characteristic strength of this interaction. Including exciton scattering

now opens the door for scattering upwards as well as down, and theoretically could be

used to generate the minima at zero due to reuptake of carriers to higher levels from

the ground state due to stimulated scattering that is strengthened by opening up the

upward channel. However, assessing the efficacy of this term in the context of PQW

scattering lead to the conclusion that exciton-exciton upward scattering is a very weak

process in comparison to the downward scattering into the ground state. Altering the

model to change the pumped level to an intermediate k level as opposed to the top

level — thereby opening up multiple upward channels to be occupied by excitons —

can also not provide a minima at zero on the picosecond time scale viewed by the real

data. Hence in the rest of this chapter the discussion of exciton-exciton scattering will

be limited and more focus will be given to downward transitions and individual level

lifetimes and their spontaneous scattering rates [153].

3.3.6 Full Interaction Picture

Given the lack of success with just the cascade ladder and exciton-exciton scattering to

recreate the experimental data I expanded the model as broadly as possible in order to

try to recreate the PQW PL trend. The model incorporated the following features:

• Scattering from any level downwards is possible;

• The lifetimes of the exciton levels is not the same for each level;

• A kth level is pumped, not the top level;

• W1 applies only to the lowest level, every other level in the bosonic cascade will

have its own independent Wi value;

• Exciton-exciton scattering is minimal.

In the first instance, I considered the exciton lifetime τi of the cascade ladder to be

equal for all levels and the Wi to follow the same trend, physically though this is not

neccesarily the case (where i = 1 . . .m). For simplicity I will now assume three separate

lifetimes: τa, τb and τg. τa will be the lifetime of the states above the pumped level and

will be considered to be relatively small, this is because it has been demonstrated that

the level above that which is pumped experiences strong bosonic stimulation towards the

pumping level leaving a deficiency of carriers in the level above it. τb characterises the

(longer) lifetime for the pumped level and all those below except the ground state, and

τg denotes the lifetime of the ground state. τg will also be short due to the stimulated

scattering into the ground state from the cascade; the state has been demonstrated to

be lossy and can only scatter outwards whereas others above can decay down the ladder



Chapter 3. Bosonic Cascade Laser 55

or recombine. The Wi components for each level are assumed to be entirely variable,

and the rate equations now take the form,

dNm

dt
= −Nm

τa
−
m−1∑
i=1

WmNm(Nm−i + 1)

+
α

2
N2
m−1(Nm + 1)(Nm−2 + 1)− α

2
NmNm−2(Nm−1 + 1) (3.15)

where τa is the lifetime of this level and all other levels above that which is pumped.

Therefore dNk
dt is

dNk

dt
= −Nk

τ
+

m−k∑
i=1

Wi(Nk+i(Nk + 1))−
k−1∑
i=1

WiNk(Nk−i + 1)

− αNk
2(Nk+1 + 1)(Nk−1 + 1) + αNk+1Nk−1(Nk + 1)2

+
α

2
N2
k+1(Nk + 1)(Nk+2 + 1)− α

2
(Nk+1 + 1)2NkNk+2

− α

2
N2
k−1(Nk + 1)(Nk−2 + 1) +

α

2
Nk−2N

2
k (Nk−1 + 1)2

(3.16)

where τ = τa if k > p where Np is the pumped level, and τ = τb if k < p. The level

which is pumped takes the form,

dNp

dt
= P − Nk

τb

+

m−k∑
i=1

Wi(Nk+i(Nk + 1))−
k−1∑
i=1

WiNk(Nk−i + 1)

− αNk
2(Nk+1 + 1)(Nk−1 + 1) + αNk+1Nk−1(Nk + 1)2

+
α

2
N2
k+1(Nk + 1)(Nk+2 + 1)− α

2
(Nk+1 + 1)2NkNk+2

− α

2
N2
k−1(Nk + 1)(Nk−2 + 1) +

α

2
Nk−2N

2
k (Nk−1 + 1)2

(3.17)

Finally, the ground state is expressed as

dN1

dt
= −N1

τg
+

m−1∑
i=1

W1Ni+1(N1 + 1)

+
α

2
N2

2 (N1 + 1)(N3 + 1)− α

2
N1N3(N2 + 1)2

(3.18)

The pumping vector, P, is the same as described in Section 3.3.4 and with this model

the different scattering mechanisms can selectively be turned on or off. A crucial point

with so many extra terms now in the rate equations is that the strength of the pumping

rate required to establish a stable population in the ground state might now be wildly
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different. In order to provide an estimate of how many carriers need to be injected the

rate equations need to be solved in the steady state with increasing carrier injection

as was performed in Section 3.3.1 for the initial rate equations.In Equations (3.15) -

(3.18), the −Nk/τk for k = 2 . . .m describes both radiative and non-radiative decay rate

of excitons at each level. Phonon relaxation is taken into consideration in this term,

because the phonon emission gives rise to the exciton ejection out of the light cone in the

QW plane. The ejection is considered as the losses of excitons from the bosonic ladder,

because the ejected excitons can not contribute to the bosonic stimulated relaxation.

Equations (3.15) - (3.18) are used with Pth as the pumping threshold which is effectively

the number of carriers injected and is equal to 1× 108 per program iteration (2 ps). The

value of Pth is calculated by solving Equations (3.15) - (3.18) in the steady state using

the Newton-Raphson method described in Section 3.3.1. The pumping value for which a

population can be established in the ground state is then taken to roughly be Pth; note

that this value changes dramatically with the inclusion of extra Wi terms and varying

level relaxation times. The pumping power coefficients were set to be a1 = 0.6Pth and

a2 = 0.25Pth to try to recreate the PQW relaxation behaviour; the results are featured

in Figure. 3.9 . Note that the value of Pth is found by solving the, for increasing pumping

rates, the ground state population in the steady state and seeing what rate — Pth —

is required to establish a population in N1. It was found that the results were largely

independent of the additional Wi extra terms and their relative strengths. Increasing

the pulse strength of a1 leads to a more assymetric shape of the PL at positive delay

times, this is due to stimulated scattering from the sudden increase in carriers from the

pulses coinciding.

Figure 3.9: The PL of the N1 state for scattering values W1 = 1500 s−1, W2 =
500 s−1, W4 = 500 s−1, W5 = 1000 s−1 and W3,6,7,8 = 0 s−1. The threshold
pumping rate is Pth ≈ 1× 108 carriers injected per 2 ps and the ratio between
the two pulses is a1 = 0.6Pth and a2 = 0.25Pth. The lifetimes of the levels are
τa = 22ps, τb = 55ps and τg = 11ps.
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The interplay between the levels at different pulse delays can be seen in Figure. 3.10. At

zero delay, in Figure. 3.10 a), the cascade ladder dominates; the population is highest at

the pumped level (level 6), and quickly saturates and allows excitons to fall to the next

level, and so forth, reaching the ground state last. At a time 20 ps later, the stronger

pulse begins to move away from the weaker pulse as in Figure. 3.10 b) and the cascade

continues to dominate causing the ground level to receive few excitons in comparions to

the other levels. No minimum is generated at the centre in this scheme.

a)

b)

Figure 3.10: The relaxation of the each of the cascade levels for a delay time
of 0 ps (a) and 20 ps (b) for scattering values W1 = 1500 s−1, W2 = 500 s−1,
W3 = 100 s−1, W4 = 500 s−1, W5 = 2500 s−1 and W6,7,8 = 0 s−1 can be seen.
The threshold pumping rate used is Pth = 1 × 1021 carriers per 2 ps and the
ratio between the two pulses is a1 = 0.3Pth and a2 = 0.25Pth. The lifetimes of
the levels again are τa = 22 ps, τb = 55 ps and τg = 11 ps and the pulse widths
were both w1,2 ≈100 ps.



Chapter 3. Bosonic Cascade Laser 58

3.3.7 Multi-Level Excitation

Finally it was considered that although the pumping vector decays as a Gaussian in time

it may excite more than one level due to broadening. When programmed previously the

vector P was only place on one level, Np, but given The FWHM of laser is 150 fs, the

laser can feasibly excite the levels around it. With this in mind, I allot the pumped level
2
3 of the overall pumping rate and the level above and below receive 1

6 . Using this idea

the characterstic PL of the PQW was finally recreated as in Figure. 3.11.

a)

b)

Figure 3.11: The PL emitted from the ground state for a power amplitude
ratio of 0.3Pth and 0.25Pth (a) and 0.7Pth and 0.25Pth (b) can be seen, where
Pth = 4× 1021 and w1,2 = 100fs . In both figures a clear minima is present at
zero with a secondary feature at longer delays for the higher power ratio case.
This is consistent with the real data taken as displayed in Figure. 3.5.

In Figure. 3.11 the length of the pulses is assumed to be w1,2 ≈100 ps, the threshold

pumping rate, Pth = 4 × 1021 carriers per 2 ps. The two amplitudes of the individual
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pulses are 0.3Pth and 0.25Pth, and 0.7Pth and 0.25Pth in Figure. 3.11 a) and b) respec-

tively. The pumping is centred on level 6, with levels 5 and 7 receiving 1/6 of the total

power delivered by the vector P, the spontaneous emission terms are W1 = 1500 s−1,

W2 = W4 = 500 s−1, W3 = 100 s−1, W5 = 2500 s−1 and W6,7,8 = 0, and the lifetimes

are τa = 22ps, τb = 55ps and τg = 11ps. The minima at zero delay is now present as

in the real data. To explain this, the dynamics need to be looked at in closer detail,

namely the strength of the different Wi contributions and the population evolution as

a function of different delay times to see which is the most efficient relaxation channel

and what mechanism gives the PL its characteristic shape. The case of the 0.3Pth and

0.25Pth amplitude ratio combination is examined first.

In Figure. 3.12 the number of excitons for the most significant transitions into the ground

state is seen. Relaxation from N5, the k − 1 pumped level, contributes the highest

proportion of excitons to the ground state. This is followed by the pumped level, N6,

and then N7; the other contributions into the lowest level that contribute to the PL are

comparitively negligible. Note that these transitions are not part of the cascade ladder,

and will not contribute to the amplified THz radiation that the cascade could produce.

Figure 3.12: The number of excitons relaxing into the ground state for different
transitions can be seen. The largest contribution to the ground state PL comes
from the fifth level transition W4N5(N1+1), the k−1 pumped level. The second
largest contribution then comes from the pumped level transition W5N6(N1+1)
with a negligible contribution from the level above the ground state. If the
relaxation were to follow the THz cascade alone the greatest contribution would
come from the W1N2(N1 + 1) transitions.

Picking through the dynamics as a function of delay, we see that at 100 ps separation

the pulses are far away from each other and do not interact much (Figure. 3.13 a)).

The population of the non-pumped levels is very weak in comparison to those which

are pumped, that experience the following interplay: N6 instantaneously has the largest
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population compared to N5 and N7, but quickly loses excitons in the downward transi-

tions to N5 causing the population of this state to quickly increase and then gradually

funnel into N4. Without exciton scattering the populations of N8 and N9 remain at

zero, and will not be discussed in the rest of this section.

At - 5 ps delay Figure. 3.13 b) the pulses now interact and the minima present at zero

delay is beginning to take shape. Level N6 and N7 continue to feed into N5 via the

transitions W2N7(N5 + 1) and W1N6(N5 + 1) but these levels no lose excitons at a

slower rate since the increasing power on N6 is effecting the bosonic stimulation into N5.

The population of N5 continues to decay into N1 via W4N5(N1 + 1), with the ground

state receiving lesser contributions from N5, N6 and N4 (which receives excitons from

N5 after it reaches saturation). When the pulses are 2 ps from coinciding the population

evolves as Figure. 3.13 c). At this position the pulses coincide and the power delivered

on the pumped level increases quickly causing a sharp increase in population on N6 with

smaller increases seen on N5 and N7. When the pulses coincide the minimum reaches

its lowest as Figure. 3.14 a). The number of excitons decaying into level N1, is at it’s

lowest due to the enhanced bosonic stimulation of the upper levels choking the downward

scattering. Cascade behaviour prevails from N4 (the population trickling down into N1

via the THz transitions of the levels in between but the number of excitons received in

this way is much weaker and does not replenish the minima created by a decrease in

exciton donation from N5. After 0 ps the minima recovers, since N6 and N7 begin to

decay back into N5, and the PL reaches a maxima at 8 ps as in Figure 3.14 b). At delay

times longer than 8 ps, the influence of the second pulse on the first begins to weaken

and the exciton dynamics begin to return to those seen in Figure. 3.15 a) i.e. when

the pulses are far from each other. The position of the minima remains at zero with

changing pulse widths but, to some degree, the maxima on either side of the y-axis in

Figure. 3.11 a) can be altered by making the excitation pulse lengths longer or shorter,

thereby changing how long the two pulses can interact with one another.

The two significant changes that were required to recreate the real PQW data were the

following: relaxation from any level into the ground state, and three level pumping (the

effect of neglecting this was seen in Figure. 3.9). To verify that it is the combination of

multi-level excitation and additional transitions that has allowed the experimental data

to be replicated by the modelling, I examined the relaxation and intensity without the

extra W terms. For a three level pumping without the additional spontaneous relaxation

terms, the time dynamics of the system become what is seen in Figure. 3.15 and the

emission from each level is seen in Figure. 3.16. In both of these figures W1 = 1500 s−1

and all of the other Wi terms are zero, and the relaxation times, taua,b,g, of each level

do remain the same. The ratio of pumping between the two pulses (a1 = 0.3Pth and

a2 = 0.25Pth) is also the same but due to the removal of downward scattering from the

other Wi channels, the threshold for population establishment in the ground state is now

different. Pth was found to be 1 × 1022 carriers, with the pulse width as it was before
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a)

b)

c)

Figure 3.13: The dynamics of the PQW excitons as a function of delay for - 100
ps (a), - 5 ps (b), and - 2 ps (c) is seen. In a) the two Gaussian pulses are far
apart and do not interact. By - 5ps in delay the minimum in the intensity at
zero delay begins to form due to the influx of excitons from N7 and N6 into N5,
causing bosonic stimulation to that level and stunting the relaxation into the
ground state. By - 2ps the two pump beams are almost coinciding causing the
bosonic stimulation to level 5 to increase further.
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a)

b)

Figure 3.14: At zero delay (a) between the two excitation pulse, the ground
level intensity PL reaches a minimum due to the increased bosonic stimulation
taking place in the upper pumped levels. Between 0 ps and + 8 ps in delay, as
the pulses begin to move apart, scattering once again begins to take place into
the ground state due to the reduction in power at the pumped levels caused by
the pulses separating. In the intensity PL from the ground state of this system
the population in N1 reaches a maximum at 8 ps before slowly falling off again
due to pulse separation.
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a)

b)

Figure 3.15: The dynamics of the exciton cascade without an additional Wi

terms can be seen. Without additional spontaneous emission terms the cascade
mechanism is the only form of relaxation into the ground state. Therefore at
far delays such as - 50 ps (a) the population of the excitonic levels that are
pumped or next to a pumped level are high whereas little reaches the ground
state. When the two pulses coincide (b) at zero delay the power of the two
pulses combined is adequate to cause significant scattering to the ground state,
however, within a few ps of the pulses moving apart stimulated scattering to
the ground level halts.
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(w1,2 = 100fs). In Figure. 3.15 a) the pulses are far apart and a negligible amount of

excitons can decay into the ground state. At zero delay between the two pulses (Figure.

3.15 b)), N7,6,5 exhibit unqiue behaviour whereas the levels beneath relax in a way that

is characteristic of the THz excitonic ladder. At zero delay N7, the highest pumped

level, experiences sharp increase in population that is immediately stimulated into the

level beneath it — N6 where two-thirds of the pumping power is located — and quickly

after the level below that (N5). After approximately 5 ps this behaviour ceases and

the cascade ladder relaxation allows carriers to slowly trickle into the ground state. To

understand this better the intensity of each excitonic level was studies, the results of

which is presented in Figure. 3.16; the intensities from each excitonic level can be seen

for the system (where all Wi terms are still zero except for W1 = 1500 s−1).

Figure 3.16: The PL from each level in the exciton cascade with all Wi terms
set equal to zero except W1 = 1500 s−1 can be seen. For the ground state only
a very sharp peak at small delays can be seen which is when the two pulses
significantly overlap, causing stimulated scattering into the lowest level. At
large delays the power is not strong enough to cause such an effect. At zero
delay, where the peak in the ground state emission is seen, the other levels
experience either a loss or a gain of excitons. Examining the pumped levels N6

and N7 both lose excitons sharply at zero delay in N5, whereas N5 experiences
minimal losses into the levels below. Following N5, N4 and N3 experience a
minimal gain as does N2. It can be seen that the width of the intensity peak
gets narrower and the number of excitons becomes lower towards the ground
state.
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Figure 3.17: The intensity emitted from the ground state for increasing exciton-
exciton scattering strength can be seen. A strongly asymetric minima can be
seen for high values of exciton-exciton scattering when the W4N5(N1 + 1) tran-
sition is turned off, which has been seen to dominate the relaxation into the
ground state causing the characteristic minima at zero delay.

For the intensity emitted by the ground state on a sharp and narrow peak can be seen

at the point where the femtosecond pulses are close to one another or coinciding when

operating in the low density limit; no characteristic minima can be seen at zero delay,

irrespective of increasing pumping rate. Looking at the intensities of the other levels,

I5, I4, and I3 remain roughly constant over the entire delay period whereas I6 and I7

experience sharp losses at zero delay period, implying that stimulated scattering is taking

place out of these levels and into those below. Finally at zero delay I2 experiences a

minimal increase, and overall for any level experiencing gain at zero delay, the intensity

peak is narrower the closer towards ground state that level is. Increasing the pumping

rate broadens these gain peaks, due to increased carriers capable of reaching the ground

state, but a minima at zero delay — without extra Wi terms — cannot be achieved.

It was noted previously that exciton-exciton scattering alone is not capable of creating

the minima. The minima at zero is seen to strongly dependendent on scattering from

N5 via the W4N5(N1 + 1), W5N6(N1 + 1) and W3N4(N1 + 1) in order of contribution,

where downward scattering is the only direction relaxation can take from these levels

towards the ground state. Whilst under one level excitation it was seen that exciton-

exciton scattering did not greatly affect the modelled PL, for the sake of interest the

exciton-exciton scattering term was switched on with three level pumping in order to

observe the effect. When turning on only the terms W2 = 500 s−1 and W3 = 1000 to

2500 s−1, and allowing the scattering term α = 1× 10−13 - 1× 10−15 s−1, only a sharp

maxima at zero pulse delay can be achieved, independent of increasing pumping rate

P . However, if W4 is turned on, with or without the inclusion of any other scattering
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terms, a minima at zero can be seen as in Figure. 3.17 due to the upward and downward

scattering that the exciton-exciton term allows. Note that the shaped of the minima in

Figure. 3.17 is appreciably wider than that obtained in Figure. 3.11 a), suggesting that

exciton-exciton scattering is a slower method for relaxation in the PQW system than

the spontaneous transitions and, given the sharpness of the real PL data for a PQW,

negligibly responsible for the overall PL shape as a function of pulse delay.

Moving on to the trend seen in Figure. 3.11 b) a secondary feature can be seen that is

present in the initial experimental data. This maxima peaks at -46 ps and reaches a

minima at -34 ps. Observing the strength of the transitions contributing to the ground

state PL, Figure. 3.18, an interesting feature can be seen. The W4N5(N1 + 1) transition

and W1N2(N1 + 1) donate almost the same number of excitons into the ground state, in

comparison to the behaviour seen in the previous case (Figure. 3.11 a)) where the exci-

tons from the second level had little influence on the dynamics. In fact the contributions

Figure 3.18: The exciton population contributed to the ground state as a func-
tion of delay can be seen for different transitions. Significant contributions come
from W4N5(N1 + 1) and W1N2(N1 + 1) into the ground state implying that the
cascade and is equally important as the spontaneous decays from the pumping
level for a higher pump powered system.

in Figure. 3.18 all contribute a significant number of excitons to the ground state. To

understand this behaviour the Intensity of each excitonic level is presented in Figure.

3.19. Around the first minima the intensity of the different levels, Ii, is thus:
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Figure 3.19: The PL intensity for each level in the exciton cascade can been
seen as a function of delay for a1 = 0.7Pth and a2 = 0.25Pth. As with the lower
power case in Figure. 3.11 a), the N5 exciton level greatly controls the dynamics
of the ground state. However, for Figure. 3.11 a), the cascade - and, therefore,
the level immediately above - played a nominal part in shaping the PL trend
as a function of delay of the ground state. Now it can be seen that N2 does in
fact play a key role, implying that for higher excitation powers the influence of
the exciton cascade ladder becomes important.

• I7 experiences an increase in intensity as I1 reaches a maximum around −50 ps

delay. Following the minima in I1 soon after I7 begins to lose excitons;

• I6 experiences losses in population beginning around a delay of - 90 ps. Around

10 ps before the minima at −34 ps the population decreases rapidly, following this

minima the intensity of level 6 becomes more or less stable, and only begins to

increase once more after 0 delay;

• I5, I4 and I3 remain at a fairly steady level throughout but experience a slight

increase, decrease and increase respectively at −34 ps;

• I2 experiences increasing intensity, the rate slowing somewhat after the first min-

ima, until 0 delay, after which it decays.

This implies that the nearest levels are now interacting much more than in the previous

PL case, bosonic stimulation of the nearest neighbours at higher powers is therefore
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more effective. The dynamics around the first minima are presented in Figure. 3.20 for

delays of -46 ps, a), -40 ps, b), and -34 ps, c). Between -46 ps and -40 ps, N7 maintains

a fairly constant population level, whereas N6 begins to lose excitons into N5 which

later loses excitons directly into the ground state via the W4N5(N1 + 1) transition (see

Figure. 3.18). N1 also receives a significant number of excitons via the cascade ladder,

with a slight time delay due to the level lifetimes inbetween the levels receiving power

and the second bottom level. Note that the placing of this additional feature can be

tuned by altering the pulse length of the laser. Continuing to inspect Figure. 3.18, at

the minima the transition with the sharpest loss slope is W5N6(N1 + 1) implying that

the ground state is supplying strong bosonic stimulation. In Figure. 3.20 b) and c) the

decay of the ground state after receiving scattering into it is far quicker and therefore the

minima at -34 ps is less pronounced than the minima at zero delay. Between -34 ps and

0 ps the pulses are increasingly overlapping and at the this minima I7,6 decrease, as the

population of N5 increases before rapidly dropping off after 0 delay and therefore into

the ground state. At zero delay (Figure. 3.21 a)) both N4 and N3 possess small minima

however after zero delay only N3 rapidly loses excitons, the exciton drop off from level

4 is more gradual. Lastly at zero delay N2 experiences an increase in population before

dropping off and populating N1. At 8 ps after the pulses have coincided (Figure. 3.21

b)) the population of the ground state once again reaches a maximum before naturally

decaying off as the other pulse moves away. The decay is quicker in comparison to the

other case due to the higher pumping rate, which causes enhanced relaxation.

3.4 Conclusion

It was concluded that for the PQW, the cascade mechanism is not the pathway respon-

sible for the minima at zero delay between the two excitation pulses with the system

is excited below threshold. The cascade does play a part at higher powers to create

a secondary maxima, but again is not solely responsible for the feature. Instead it is

responsible for quickening the appearence and disappearance of this feature compared to

what is seen in a rectangular QW sample. It is seen that the transition that contributes

the greates population into the ground state, thereby creating a minima at zero at low

powers is W4N5(N1 +1), and whilst this transition is in the THz region it will not create

a BCL with THz amplification from emission of multiple identical ladder transitions.

The results also directly conflict with the cascade ladder creating a population in the

ladder’s ground state last, since experimentally this is what is seen but when modelled

theoretically no immediate population of the ground state can be established without

pumping due to the lifetime of intermediate levels and rate of spontaneous emission

requiring there to be a delay for particles to reach N1.

The experimental data demonstrates that the pump-pump spectroscopy method is a

powerful one for revealing fast relaxation dynamics that might otherwise be lost with
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a)

b)

c)

Figure 3.20: The exciton population dynamics for -46 ps (a), - 40 ps (b) and
-34 ps (c) can be seen. The rise in population viewed in Figure. 3.11 b) at
these delay times can be seen to be due to significant donation of carriers from
the N5 and N2 level into the ground state. This implies that both mechanism -
direct relaxation and the cascade ladder - are equally important at higher pump
powers.
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a)

b)

Figure 3.21: The exciton dynamics for a delay of 0 ps (a) and 8 ps (b) can
be seen for a system with a power coefficient distribution of a1 = 0.7Pth and
a2 = 0.25Pth for the two excitation pulses. At 0 ps, the PL emitted from the
system is at a minima and begins to recover by receiving carriers from N2 via
the exciton cascade and N5 via the W4N5(N1 + 1) transition. At 8 ps, the
population in N1 has reached a maximum and then begins to decay off slowly
as the pulses within the system move away and interact with each other less
and less.
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slower nonresonant techniques, and also sheds light on the characteristic processes within

a PQW. Coupled with the modelling it can be deduced that there are two different

pathways for relaxation in this system; the cascade transitions, and direct transitions

from a pumped level into the ground state. Although the system does not depend

entirely on the cascade, the PL attained experimentally for different pulse excitation

powers cannot be recreated with the second pathway alone. Overall, the model used to

describe the relaxation in the PQW is a general and robust description that can also

be used to detail the dynamics in S3, a square QW system, by selective turning off of

cascade specific transitions and altering the lifetimes of the levels in the system slightly.

And the work highlights the potentiality of microcavities with embedded PQW to be

used in the next generation of THz cascade lasers.





Chapter 4

Terahertz Beam Steering

4.1 Introduction

Whilst the need for creating new THz sources is of great concern to the semiconductor

community, so is the ability to direct and focus that emission once it has been generated.

In order to harness the power of THz for communications and medical technologies, THz-

TDS needs to make the transition from free-space propagation and detection towards

waveguides or wires capable of providing low attenuation of the THz modes. Current

free-space THz-TDS systems typically rely on cumbersome, difficult to align, parabolic

mirrors rather than using the selection of THz emitters that can be focused with the

conventional lenses used for the pump beam. Employing bias-free, lateral photo-Dember

(LPD) emitters as a source of THz radiation, it was found via simulation and exper-

imental data that the multiplexed LPD emitters can generate THz that takes on the

focusing characteristics of the optical beam due to a temporal shift created in the THz

generation process. I study the Gaussian beam waist of different THz frequencies that

are also different at the focal points (with lower frequencies possessing a wide beam

waist compared to high frequencies). The emitted THz radiation also undergoes a Gouy

phase shift when the emitter is placed after the focus of the pump beam, creating a

polarity flip in the emission, this supports the idea that the THz is being focused in the

same place as the optical pump. Our techniques can therefore be used for beam steering

or waveguide launching.

4.1.1 The Photo-Dember Effect

The photo-Dember (PD) effect creates THz via diffusion-initiated current of photoex-

cited carriers in a semiconductor [176]. An ultrafast laser, which is tuned to be above

the semiconductor bandgap, excites electrons and holes on the surface of the material

that diffuse at different rates (see Figure. 4.1). Holes travel slower than electrons and

73
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this difference in diffusion rates sets up a transient dipole that has lifetime of a few

picoseconds. The recombination of these carriers creates THz radiation that is oriented

perpendicular to the direction of the optical excitation.

Figure 4.1: Photo-Dember emission occurs when a semiconductor is excited
with energy above the bandgap of the material generating electrons and holes.
The holes and electrons diffuse at different rates and create a dipole, and the
recombination of this dipole generates THz. Without any external mechanisms
to control the dipole, the THz radiates as a Hertzian dipole parallel to the
surface of semiconductor making the radiation difficult to outwardly couple.

The semiconductor’s carrier mobility largely controls the dipole strength, and therefore

the time-dependent current generated, implying that careful selection of materials is

required to achieve THz by the PD effect; for instance, narrower gap semiconductors

have a larger disparity between hole and electron mobilities compared to their wider

bandgap counter parts [5] making generation of broader band THz more efficient. The

THz emission, as mentioned, created by the recombination of the dipole carriers causes

the THz radiation lobes to emit parallel to the surface making outward coupling difficult.

Efforts to circumvent this include a π/4 laser excitation angle to the surface as the THz

will remain perpendicular to the excitation [93, 130], but such reorientation causes loss

of output power by total internal reflection by the sample’s surface. THz can be created

using the PD effect by use of a metal mask, known as the lateral photo-Dember (LPD)

effect which causes the emission to radiate co-linearly with the optical excitation, which

will be discussed in more detail in Section 4.1.3.
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4.1.2 Schottky Barriers and Surface Effects

The electronic properties of solids on the surface of the material, when compared to the

bulk, can be drastically different due to the abrupt termination of the crystal lattice.

This creates dangling bonds that can give rise to states existing near the surface other

than the Bloch states that exist throughout the bulk of the material. At the interface

between a metal and a semiconductor, the band structure of the semiconductor will

alter itself near the interface (a process known as band bending) in order to equalise

the chemical potentials of both materials and ensure the Fermi levels match in the

absence of an electric field at the point of contact. This can either lead to an Ohmic

or blocking (Schottky) contact between the two materials depending on whether the

magnitude of the work function (the difference between the Fermi level and the vacuum

energy level) of the semiconductor φs is greater than that of the metal φm or lower.

The degree to which the semiconductor band bends is dictated by the difference in the

Fermi levels of the two materials. For an n-type semiconductor if φs > φm then the

contact is Ohmic and if φs < φm it is a Schottky barrier (the situation is reversed for

a p-type semiconductor); this thesis will be concerned with only the Schottky barrier.

In Figure. 4.2 the n-type semiconductor forms a Schottky barrier when the Fermi level

in the semiconductor lowers in response to the metal and causes electrons to flow from

the semiconductor into the metal, thereby creating the internal electric field due to the

charge separation. The positive region in the semiconductor where there is a deficiency

of electrons is known as the depletion region. Conversely in the p-type semiconductor

the Fermi energy is raised in the semiconductor over the band bending region, although

it should be noted that far away from the surface the band bending in the semiconductor

is zero. For an ideal Schottky barrier with an n-type semiconductor, an energy barrier

EB,n exists between the Fermi energy of the metal and the conduction band energy,

equal to EB,n = φM − χs where χs is the electron affinity of the semiconductor. The

barrier height can be expressed in terms of the work function as φD = φm−φs, however,

experimentally the energy barrier and metal work function are found to be weaker than

expected and this is due to interface states [114] (see Figure. 4.2). Interface states

exist in the forbidden energy gap of the semiconductor and these are different from

semiconductor’s bulk states that are described by Bloch theorem. The Fermi level of the

semiconductor is pinned within these states, and causes the vacuum energy of both the

metal and the semiconductor to change giving the interface state a slanted top profile (as

seen later in Figure. 4.5). This slant is caused by the decay of Bloch wavefunction from

the metal into the semiconductor and the Fermi pinning as a result of the high density

of states within the interface region. When the carriers at the metal/semiconductor

interface are excited they can cause weak currents close to the interface between the

metal and the semiconductor:

• Metal to semiconductor: current flows due to Fermi level pinning, which causes

diffusion into the semiconductor. Free carrier absorption also takes place, causing
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Figure 4.2: In the n-type semiconductor electrons flow from the semiconductor
to the metal leaving the depletion region positively charged; the band bending is
a response to the internal electric field set up by this charge distribution and in
the p-case the band bends in the opposite direction. Interface states are located
in the dashed space and are required to fully explain the energy barrier height
that is created when the metal and semiconductor are brought into contact.

carriers to gather in the depletion region.

• Semiconductor to metal: electrons that have accumulated can tunnel out of the

depletion region back into the metal.

The area of intrinsic field at the Schottky barrier caused by the Fermi level pinning can

be optically excited and emit THz and the photocarrier-induced field dynamics of such

a system has been well studied [70, 127, 160]. To produce a net photocurrent (lateral to

the metal boundary) to flow there needs to be a difference in energy barrier height and

the current that flows under uniform illumination will be proportional to that barrier

height difference. Incidentally the barrier height is mostly dependant on surface quality

and mostly independent of work function [9]. For low powers, the current contribution

flowing into the substrate from the metal dominates, but with increasing fluence this

changes and the polarity of the emission flips.

This chapter considers only SI-GaAs as the semiconductor substrate; the emission from

optically generated THz between various metals and GaAs interfaces has been studied

in depth by Ref. [92], however, the emitter used in this work only looks at the Schot-

tky barrier formed between Au and GaAs and also Pb and GaAs [188], which will be

discussed in more detail below.

4.1.3 The Lateral Photo-Dember Effect

First reported by Klatt et al. in 2010 [115], THz was detected via the LPD effect after

investigating single strip emitters fabricated with chromium (5 nm) under gold (80 nm),

and a multiplexed sample of these strips at a periodicity of 10 mm. As described in

Section 1.1.3, the PCA has been used for many years by the THz community, but is
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far from the ideal emitter. PCAs suffer electrical breakdown due to the bias required

to generate THz in the sample, this same bias creates screening of carriers at high

excitation densities and leads to high dark currents [29, 111]. Previously thought not

capable of rivalling PCAs, Klatt et al. demonstrated that LPD emitters are able to

operate without an external bias, achieve an equally efficient SNR, and can give broader

bandwidth emission of THz in comparison to PCAs. LPD emission is generated when

Figure 4.3: When a metal mask is applied to a semiconductor surface the emis-
sion generated by the photo-Dember effect can be harnessed. Optical excitation
above the bandgap creates carriers which diffuse at different rates as featured
in the traditional photo-Dember effect and create a dipole. However, the dipole
under the metal suffers from suppression due to reflection within the sample
that creates a π phase shift in the reflected radiation compared to the incoming
radiation. The other dipole does not experience this and it is this anisotropy
that creates a lateral dipole, parallel to the semiconductor surface. Since the
THz lobes are perpendicular to this, it can now radiate out of the sample and
easily be used in a set up.

an ultrafast laser, tuned above the excitation material bandgap, is focused half-on and

half-off a deposited metal mask on a base material such as GaAs [13]. The metal

causes carriers to be generated asymmetrically near the semiconductor-metal interface

and it was believed by Klatt that THz emission came from the net diffusion current

generated by the asymmetry in carrier generation. Klatt et al. detected THz when the

edge of the single gold stripe was illuminated but did not detect emission when just

the semiconductor base was illuminated, and, depending on the side of the stripe that

was emitted, the THz pulse was seen to possess opposite parity compared to the other

side. At that time, the THz generation was attributed to the diffusion current gradient

created between the metal and semiconductor interface; induced by partially masking the

excitation area causing the dipole polarisation to be parallel to the surface (see Figure.

4.3). This mechanism of radiation was supported by multiplexing the emitter stripes on

to a larger area sample. Each individual stripe was grown to be wedge-shaped so as to
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create a stronger carrier gradient at the thicker metal edge and a weaker gradient at the

thinner edge of the wedge (a flat repeating pattern would cause cancelling out of the

lateral dipoles formed by each stripe). Although this explanation seemingly explained

LPD emission — the Schottky effect having been effectively ruled out by Klatt placing

a thick insulating layer beneath the LPD emitters used in Ref. [115] — it was later seen

by Barnes et al. to not be the full picture [11]. The interpretation that the carrier

concentration is between the metal-semiconductor interface will lead to a net diffusion

of current was found to not be plausible; the population starts at zero before excitation

and ends on zero after recombination, so there must be no net diffusion current at all

times if it is an unrestricted plane. It was demonstrated by Barnes, using Monte Carlo

simulations for drift, diffusion and recombination of carriers, that this hypothesis was

correct and that no net current from diffusion was yielded.

Klatt et al. believed that the dipole underneath the gold mask of the LPD emitter was

emitting, but it was found by Barnes through simulations that the emission of the LPD

emitter was quadrupolar without a mask, and that emission beneath the metal mask

was not capable of emitting due to dipole quenching caused by reflection of the THz by

the metal surface, as explained in Figure. 4.4. The reflected waves experience a π phase

shift causing destructive interference, and giving the required symmetry breaking that

allows the a dipole to form laterally to the metal and emit THz normal to the surface.

Barnes et al confirmed their theory further by observing the expected polarity flip when

illuminating the opposite side of the gold mask, causing the dipole to orientate itself with

respect to the placement of the gold [10] and found the saturation fluence depended on

the spot size illuminated with larger spot sizes saturating at higher peak-to-peak current

values [137]. This indicates another potential advantage of the LPD emitter over the

PCA; the THz emission in LPD emitters scales with the length on the sample that

is illuminated. Multiplexing LPD emitters and producing amplified THz emission has

been demonstrated with use of a micro-lens array [68], however, it is more convenient

to uniformly illuminate the sample rather than use specialist lenses to create a net THz

dipole. In the traditional geometry, LPD emitters do not rely on surface field effects

to contribute to the amplitude of the THz radiation but they are affected by them.

At low fluences the Schottky effect competes with LPD mechanism, but when paired

with a LPD mask material of different work function and skin depth, the effect gives

enhanced THz emission. By partially layering another mask on top of the repeating gold

array, slightly offset, and selecting a low-skin depth second metal, the dipole suppression

strength on one side of the repeating array can be reduced by reducing the reflectivity

of the sample and therefore reducing the destructive interference under that metal [138].

The second metal is ideally opaque in the IR region (for optical excitation) and fully

transmits THz.

In Figure. 4.4, the two distinct dipole regions can be seen; the left-hand side of dipole

A and right-hand side of dipole B oppose each other and can only produce emission
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Figure 4.4: Double-metal emitters work by creating opposing dipoles due to
metals with different work functions and skin depths in THz. The dipole formed
on the left hand side of the gold and the right hand side of the lead directly
oppose each other and cannot generate THz. However, THz can be generated
by the dipoles under the gold and the lead. Beneath the gold the dipole is fully
suppressed by reflection off the GaAS, but is not entirely suppressed under the
lead. This yields a net diffusion of carriers that can create THz normal to the
sample.

by quadrupole that gives no net THz emission. The opposite side of dipole A is fully

suppressed, being located under the gold mask, but the opposite dipole in B is not. Since

lead is less reflective the THz wave doesn’t suffer destructive interference as strongly and

creates the required anisotropy in carrier distribution that will lead to the LPD effect.

These emitters require no focusing Si lens, as with traditional PCAs, and no special lens

arrays, making them more simple to align and operate. Fabrication of these multiplexed

emitters is also straight forward as no new pattern needs to be created; the lead pattern

is identical to the gold but simply offset. In order to test whether the Schottky effect

could be used, McBryde et al. [138] created an emitter with the above Au/Pb geometry

and another of the same structure but grown on insulating SiO2. Probing the fluence

and response of these emitters, it was found that the non-SiO2 emitters produced 2

times more THz peak-to-peak emission compared to those grown on the insulating layer

that would suppress the Schottky effect.

Furthermore, testing the two mechanisms as a function of temperature concluded that

at room temperature the majority of the THz power is from the Schottky band bending

contribution (see Figure. 4.5), whereas at low temperatures the LPD effect is more

pronounced due to increased electron mobility (between 50 and 80 K). McBryde noted

possibility of improving emission by changing the metal pairing making up the LPD

strips, and this was explored in Ref. [69] finding that pairing Cu/Cr, in comparison to

Au/Pb and Au/Al in fact gives the highest peak-to-peak THz emission as a function of

temperature, with the emission peaking at 140 to 180 K for the Cu/Cr emitter. The

Au/Pb was seen to rely more on the LPD effect rather than Cu/Cr emitters, and the

emitters were able to produce ≈ 3 THz bandwidth and ≈ 56 dB SNR, making either

a strong rival for the PCA. As previously reported, due to the lack of dark current
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Figure 4.5: A band diagram for one repetition of the multiplex emitter used in
[138] is seen above. At both the Au- and Pb-GaAs band bending takes place
and a Schottky contact is formed, with the Fermi level being pinned due to
the interface states between the metal-semiconductor interface which alters the
vacuum energy. The two metals have different work functions, φa and φp, which
create different Schottky barrier heights with the GaAs. The currents created by
the gold, ja and lead, jp, oppose each other, however, under optical excitation
a net current can flow since the interfaces have different barrier heights i.e.
φb ∝ j. The current flows parallel to the surface of the emitter allowing the
THz emission to form normal to the surface.

limitations, the LPD emitters are able to scale their output when increasing the area

illuminated.

4.1.4 Gaussian Beam Characteristics

In the far-field approximation the THz beam from an LPD emitter is approximately

Gaussian in distribution, i.e. possessing small divergence and describable by the paraxial

approximation. This Chapter will be explore the focusing characteristics of a LPD

THz beam, paying particular focus to the beam waist evolution and phase shift of the

radiation. A Gaussian beam with a beam waist, w(z), angular frequency ω, propagating

along the z-axis, and radiating radially, perpendicularly to the beam axis (r), has an

electric field described by [75],

E(ω, r, z) = E0
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The variable zR is the Rayleigh range, expressed in terms of the minimum beam waist

w0 as,

zR =
πw2

0

λ
(4.2)

where λ is the wavelength. The beam waist, w, present in equation (4.1) can be calcu-

lated as a function of distance, z using the following,

w = w0

√
1 +

(
z − z0
zR

)2

(4.3)

for a Gaussian beam waist that reaches its minimum at z = z0, the point at which the

diameter of the beam is 2w0. Equation (4.1), also contains the following expression,

φR = −tan−1
(

z

zR(ω)

)
(4.4)

that describes the shift in phase, φR, that is acquired by a Gaussian beam as it passes

through the focus of a lens [20, 112, 148]. This phase anomaly is known as the Gouy

shift, φR and is discussed in more detail in the next section. Furthermore, the radius of

curvature of the wavefronts of the Gaussian beam, R(Z) imparted a lens is given by,

R(z) = z

[
1 +

(
πw2

0

λz

)2
]
. (4.5)

Therefore in the wavefronts are planar in form at z = ±∞ and at the minima of the

beam waist.

4.1.5 Gouy Shift

First observed in 1890 and initially described using Huygen’s principle, the Gouy phase

shift has been a subject of debate regarding its interpretation for various optical wave-

forms for more than 100 years [184]. Generally speaking, the Gouy phase shift describes

the effect in which an electromagnetic wave propagating through a focus experiences an

additional phase shift with respect to a plane wave of the same frequency propagating

in the same direction. Equation (4.4) gives the standard result for a Gaussian beam

[44], and describes how a Gaussian beam propagating will acquire an axial phase shift

of pi for a point focus. This shift in Gaussian beams can be explained intuitively using

the geometrical properties of the beam distribution [21], originating from the transverse

spatial confinement that, via the uncertainty principle, introduces a spread in the trans-

verse momenta of the beam [55, 178]. In general, a laser will experience a change from

+π/2 before the focus, to 0 at the focus and −π/2 after it [1] due to the nonvanishing

transverse wave vectors kx and ky induced by a focusing lens.
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The importance, and use of the Gouy shift has been reported in the field of THz imag-

ing [32, 54, 56, 73, 98, 139, 200, 204]. The Gouy shift has important implications for

THz pump-probe spectroscopy and requires exact knowledge of sample placements with

respect to the pump beam [1]. Furthermore, because in THz-TDS the electric field is

detected, the Gouy shift will initiate a polarity flip in the THz detected wavefront if

the emitter is placed after the focus of the lens [162]. Characterisation of the Gouy

shift in THz has been thoroughly studied by Wang et. al [190] using three-dimensional

holographic technqiues to probe the transverse and longitudinal distributions of the ra-

diation, as well the influence of the focal length of the lens causing the shift on the φR.

The THz pulse also comprises of a spread of wavelengths, implying that the Rayleigh

range and beam waist is not a single value for a THz pulse. It was seen by Wang et

al. that the THz higher frequencies have a shorter Rayleigh range and larger transverse

wave vectors around the focal point causing the Gouy phase evolution to be faster, tend-

ing to π more quickly. Lastly Wang et al. reported that THz polarisation is negligibly

influenced by the Gouy shift; an important factor for THz launching on to wires or

waveguides.

4.1.6 THz Beam Steering

Broadly speaking, the term beam steering refers to altering the direction of an elec-

tromagnetic signal by changing the direction of its radiation pattern. The process is

used widely in microwave and radio systems for technological applications such as radar

and wireless communications, and is therefore a valuable tool for military and commer-

cial communications [126]. Wireless technology in particular is also experiencing rapid

growth, leading to the increased demand for higher and higher data transfer rates [157]

and research is being directed towards THz to accommodate these technological de-

mands. Directing and focusing THz radiation is not a trivial accomplishment, in order

to adapt THz imaging and TDS to systems to those that can work over long distances

or in situ., a waveguiding system needs to be implemented, implying the THz must be

launched upon a wire [189] or waveguide [142]. This is essential since free-space THz

could easily be perturbed or attenuated by people blocking the transmission path [119],

or absorption in the atmosphere [157]. Furthermore if the system were mobile or easily

directed it could replace slow raster-scan imaging techniques for THz imaging used in

real world applications such as industrial inspection [82].

Dynamic directional beam control of the THz range has so far been achieved with

either a mechanical scanning stage and by phase modulators [128]. The spatial phase

modulators are similar to the phased arrays used in microwave technologies [146]. Phase

altering methods that have been used in the THz regime include the use of programmable

grating structures using cantilever arrays [143], optically gated semiconductors [25],

frequency difference generators in phased arrays [133], translatable mirror elements [119],
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diffraction and optical hybrid set ups [74, 150], nonlinear materials [194], photomixing

and changing the incident excitation angle to change the phase distribution [51], optical

pulse interference [186] on a linear array of antennas.

PCAs were first steered electrically, analogously to electrical steering used in traditional

antenna arrays [61]. Froberg et al created an array of PCAs where the amplitude instead

of phase can be controlled, but required forming a parallel pattern of electrodes on Si

GaAS, essentially creating a multiplex antenna array [60, 61, 81]. Each element is excited

by the same broadband pulse and the strength of an individual emitter is controlled by

the bias across a particular set of electrodes, in this way the THz beam can be steered (by

creating amplitudes that vary sinusoidally across the array as a function of position in

the array). However this involves altering the design of a traditional PCA significantly,

and is therefore not suited to the LPD which I wished to test. Optical beam steering

with PCA was later achieved [80] with standard PCA geometry where the electric field

emitted from the THz followed the path expected of the optical field. This was possible

due to the fact that the timing of the surface intensity distribution is determined by

the incident optical pulse and this varies across the aperture, i.e. it follows the Fresnel

reflection law, and was not dependent on the phase of the signal but the timing of the

envelope function.

The suitability of various THz sources have been assessed for their capability to be

implemented in a phase-delay array [157], but in-depth studies of a scheme using LPD

emitters had yet to be tested. Therefore I used a LPD that acquires a phase delay

due to focusing of the optical emission by a simple lens placed before the emitter. The

THz beam is expected to take on the phase properties of the optical excitation beam

and therefore focus at the same point. Such a system is easily reconfigurable [146], all

that is required is a different lens to alter the focal point and offers a broad level of

optical control. Steering with phase control can be operated in either the transmission

or reception regime, however, this Chapter is concerned with transmission phase delay

so this will be the focus.

4.2 Sample and Set Up

All data was taken with a standard THz-TDS set up that was modified so that the fo-

cusing and detection parabolic mirror section is replaced by the configuration in Figure.

4.6. Excitation was performed using a RegA 9000 amplifier pumped with a Ti:Sa emit-

ting at 800 nm, giving the RegA ≈160 fs pulses a repetition rate of 250 KHz and peak

pulse energy of approximately 5 µJ. Examining the emitter arm, the beam was optical

chopped at 1780 kHz, and then brought to the emitter on the rail array pictured on the

left-hand side of Figure. 4.6. The beam was expanded using an f = 13 mm objective,

collected with a 5cm diameter and f = 10 cm lens, and then refocused across the emitter
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Figure 4.6: A schematic of the set up can be seen. The emitter arm consists
of a chopper wheel to optically modulate the pump beam for lock-in detection
and passed through an objective lens. This lens expanded the beam to fit a
2 inch collimator lens and the beam was then focused upon an LPD emitter.
Following the emitter, two THz Tsurapica lenses collected the THz radiation
and brought it to focus on a Si lens aligned behind a PCA dipole emitter. On
the delay arm, the probe beam is guided towards the detector via an optical
delay introduced using a mechanical delay stage. Inset: The focusing qualities
of the optical beam acquired from the focusing lens is expected to be transfered
to the THz beam. Due to Gaussian beam theory the higher THz frequencies
are expected to achieve a tighter focal spot than the lower frequencies.

space with an f = 7 cm lens that can be translated a total distance of 8.3 cm from the

lens along the rail. THz was generated using a 2 cm x 2 cm multiplexed LPD emitter

fabricated with a pattern of alternating Au/Pb strips each with a thickness of 60 nm

(and a 5 nm deposition layer of chromium to adhere the Au), with widths of 7 µm strips,

at a periodicity of 20 µm. After the emitter two THz Tsurupica lenses of f = 6 cm were

used to collect all of the emitted radiation, and then focus it upon the silicon lens aligned

to behind the dipole of the detection emitter. Detection was performed using a LT-GaAs

commercial antenna (MENLO Tera T8) and a lock in amplifier (with a response time

of 100 ms) measured the current changes at the detector. For a perfect Gaussian beam,

spot sizes of 2.36 cm in diameter will be generated near the lens illuminating roughly 870

strip emitters, and at the focus the diameter is approximately 1.8 mm covering under

90 emitters. Knife edge measurements were taken with the emitter at a fixed position

of 4.2 cm behind the back of the focusing lens, at intervals between the emitter and the

first Tsurupica lens. At each position along the z-axis, a knife edge was used to occlude

the beam and gradually reveal it by moving the knife in the x-direction, see Figure. 4.7.
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Figure 4.7: Knife edge measurements were performed with a sharp metallic
blade that was translated in the z-direction, away from the LPD emitter. At
each z position, the knife was extended in the x-direction until the entire beam
was occluded. The beam was then gradually reveal by moving the knife 0.5 or
1 mm in the x-direction and a FFT was taken at each x increment to provide
the frequency content as a function of beam waist.

For each increment in the x-direction a time-domain scan was taken and then Fourier

transformed to reveal the frequency content of the THz beam at that point. Conversely

for measurements of the phase of the emission, the emitter was not fixed and instead

was moved along the z − axis, providing frequency and phase information about the

THz generated as a function of the focusing optical beam.

4.3 Results and Discussion

4.3.1 Simulation Using the Huygen’s Principle

If the LPD emitter is considered to be a linear array of N coherent point oscillators

which are identical (or radiating antennas) and have no intrinsic phase difference then

electric field can be easily modelled. The waves emitted from each oscillator can be

taken as spherical, and they will eventually converge at some far point P .

At this point, if the extent of the array of oscillators is much smaller than the distance

to P , the amplitude of the electric fields from each oscillator will be the same, i.e.

E0(r1) = E0(r2) = ... = E0(rN ) = E0(r). The sum of the THz electric field at point P

will be given by summing the contributions from each oscillator [75].

E = E0(r1)e
i(kr1−ωt) = E0(r2)e

i(kr2−ωt) = ... = E0(rN )ei(krN−ωt) (4.6)
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The electric field series can be simplified to

E = E0(r)e
−i(ωt)ei(kr1)

[
1 + eik(r2−r1) + ....+ eik(rN−r1)

]
(4.7)

The THz electric field at a point will then be given by the sum of the real parts of

Equation (4.7). The THz waves generated from an LPD emitter are predicted to come

to a focus at the same point as the optical beam, in order to verify this I used a simulation

of Huygen’s principle on an array of N oscillators as described above and tested the beam

waist characteristics for multiple THz wavelengths. The array of discrete point sources

were modelled to be distributed along the y-axis and were set to be a distance of 15 µm

apart, providing ≈ 2000 point sources along the length of the y-axis at x = 0, creating

an ideal multiplexed LPD emitter. A meshgrid of the x and y vectors were used to

create a space over which the electric field generated would be investigated, a 15 cm by

3 cm plane. Having used the program to create the analytical space, the initial condition

of the system must then be computed. It is assumed that each point source produces

spherical wavefronts as described by

E = E0e
ik.r (4.8)

where the radial vector r is evaluated over the specified xy plane, and kTHz is the

wavevector that is chosen between 0.25 THz and 2 THz, E0 is the amplitude and E

is the electric field. The time contribution seen in Equations (4.6) and (4.7) is not

considered as the model gives the instantaneous electric field distribution. The emitters

are focused by a lens with a focal length of 7.5 cm, and this lens causes the electric fields

from the emitters to experience a phase transformation, tf (x, y) as,

tf (x, y) = exp

[
−ik0
2f

(x2 + y2)

]
(4.9)

where f is the focal length of the lens. Finally it is assumed that the excitation is

Gaussian, and that the complex electric field over the xy grid can be calculated using

Etot(R) =
∑
i

Ei =
∑
i

eikTHzRie−
(loc(i)−y0)

2

w2 e
− (ikTHz(loc(ii)−y0))

2

2f . (4.10)

The program begins with the initial guess given in equation (4.8) as the first term in the

summation, before iterating the electric field contribution of each discrete emitter along

the y axis located and summing up the contribution from these terms as it works down

the emitters located along x = 0. The first term in equation (4.10), eikTHzRi , is the un-

perturbed electric field from a point source located at Ri =
√

(x− x0)2 + (y − loc(ii))2

where loc(i) is the location of the ith emitter. The second term e−
(loc(i)−y0)

2

w2 is a Gaus-

sian amplitude term for the point source transformation, located at a distance loc(ii)

away from the initial y value (y0) and w is gives the beam waist. And lastly the phase

transformation term for the emitters located on the y-axis radiating into the grid is
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given to be e
− (ikTHz(loc(ii)−y0))

2

2f , which causes the beam to focus. The computed electric

field is then superimposed on to the previous define meshgrid to map out the real part

of the electric field component in free space. Equation (4.3) describes the beam waist

a)

b)

c)

Figure 4.8: The real part of the electric field overlayed on a real space xy-plane
can be seen for a) 0.25 THz, b) 0.75 THz, and c) 2THz. The theoretical LPD
emitter is arranged vertically at x = 0 and an increasingly smaller Rayleigh
range can be seen with increasing wavelength.

in terms of the Rayleigh range which is given for a discrete wavelength value, however,

as mentioned the THz pulse consists of a range of wavelengths therefore the waists of

the individual THz frequencies when focused are expected to be different. By inspection

of Equation (4.5), a larger wavelength will yield a tighter spot. The Rayleigh range

can along be used to calculate the Gouy shift of the individual THz wavelength when
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passing through the lens, which is expected to be sharper for higher frequencies. Figure.

4.8 presents the real part of the electric field distribution for 0.25 THz (a), 0.75 THz

(b) and 2 THz (c) using the Huygen’s model. It can be seen that the THz beam does

reach a focus at the same position as the optical beam, 7.5 cm, and that at this focus

0.25 THz has the largest beam waist, followed by 0.75 THz, and leaving 2 THz with

the tightest beam waist at the focus. At the focal point, the envelope of the electric

field can be extracted from the xy grid for each frequency and this envelope can be

fitted to a Gaussian function to give a more clear picture of beam waist as a function of

frequency (Figure. 4.9 a)). Following what would be expected of a typically THz FFT,

the ampltiude of the lower frerquencies is higher, which the case for standard PCA or

LPD emitters.

Using Equations (4.2) and (4.3) the theoretical Rayleigh ranges and therefore beam

waists for 0.25, 0.5, and 0.75 THz as a function of distance can be extracted and is

plotted in Figure. 4.9 b). In this figure it is clear to see that the waist of the 0.25 THz

beam continues to be wider that the other wavelengths at the focal point but interestingly

is smaller that the 0.75 THz waist close to the emitter and far from it. Finally using

equations equations (4.2) and (4.4) the theoretical Gouy shift of the individual THz

wavelengths can also be plotted as a function of distance from the focus (Figure. 4.9 c)).

These figures demonstrate the expected behaviour that will later be extracted from the

knife edge and phase measurements of the multiplexed LPD emitter undergoing focusing

by a lens.

4.3.2 Knife Edge

The spot size and frequency content of the THz beam created by the sample was de-

termined using the knife-edge method. A sharp, metallic blade was moved in the away

from the emitter starting at 42 mm from the back of the LPD emitter (the z = 0 point

being the back plane of the emitter). At each point along the z-axis (see Figure. 4.7) a

series of FFTs were taken moving the knife in the x-direction to partially obscure the

beam as described in Section 4.2. For a single z-position a set of FFTs as a function of x

(position of knife along the beam) were taken. The expected behaviour of the intensity

of the THz beam against x position — assuming a Gaussian distribution — is expected

to take the form of an error function. An error function of intensity, I against position

x takes the following form [47],

I(x) =
Io
2

[
1 + erf

(
x− x0
d

)]
(4.11)

where x0 is the position of the centre of the distribution, d is the waist of the beam,

I0 is the full beam intensity when unobscured and x = 0 when the beam is completely

covered by the knife. A selection of beam waist profiles, separated by frequency content
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Figure 4.9: The theoretical characteristics of the THz radiation for different
discrete wavelengths as created by the model phase shift model can be seen. In
a) the beam waist at the focus of the THz beam against intensity can be seen
and in b) the beam waist as a function of distance can be seen. Both calculations
demonstrate that lower frequencies carry a larger focal point beam waist. In
a) it is seen that the lower frequency components have a higher intensity at
the focus and b) demonstrates that the 0.5 THz and 0.75 THz waists are closer
together than the wider 0.25 THz waist, as expected experimentally. Finally in
c) the Gouy shift of different THz wavelengths can be seen. The progression
of 0.25 THz near the focus is more gentle than the slope experienced than the
higher frequencies.
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is displayed in Figure. 4.10. The frequency data for each individual wavelength was

extracted from the whole FFT of that point as part of the post-production. The band-

width provided by the LPD emitter, when considering the data taken for all z-positions,

was insufficient to provide reliable analysis of individual wavelengths for above 0.75 THz.

This is attributed to noise within the system caused by the relatively slow repetition rate

of the laser (kHz instead of MHz which is usually what is used in THz-TDS) limiting

the overall emitter bandwidth. In Figure. 4.10 the real data (points) and trend of these

THz wavelengths can be seen. The trend line was generated by fitting Equation. (4.3.2)

to the normalised FFT data to extract the beam waist of the different wavelengths to

demonstrated that there is indeed focusing and that the lower wavelengths reach a wider

focus. The figures each display the waist size of the 0.25 THz, 0.5 THz and 0.75 THz

content of the beam, and the real data are given as points. The trend lines used were

generated with Equation. (4.3.2) and the waists (as a function of z) can be seen to nar-

row and expand past the focus as expected if the THz beam is following the behaviour

of the optical beam passing through a focusing lens. Using the fit given by Equation.

Figure 4.10: The progression of the THz beam waist for different knife edge
positions along the z-axis can be seen for distances of a) 10 mm b) 20 mm c)
30 mm d) 39 mm from the back of the LPD emitter. The normalised real data
is given as square points and the trend line is created using Equation. (4.3.2).

(4.3.2), the waist as a function of distance can be extracted in order to generate an

experimental plot of the data seen in Figure. 4.9 b) and subsequently give the Rayleigh

range for each THz wavelength. The waist and the confidence of fit error bars can be
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seen in Figure. 4.11. Whilst there is progressive narrowing of the waist as the frequency

increases, it is clear that the trend of a single minima that is expected at the focus of

a Gaussian beam is not produced (Figure. 4.12) and the average R2 value for each of

the fits was 0.7. The trend of beam waist against distance does not follow the trend

as expected in Figure. 4.9 b) because Equation. (4.3) is strictly for a perfect Gaussian

beam. It was found that the RegA 9000 used in the experiment actually emits an astig-

matic beam that is not truly Gaussian in distribution and this implies that the Rayleigh

range (Eq. (4.2)) and waist will not be described properly by the Gaussian equations

and the focusing behaviour will be eccentric [31]. The effect of the astigmatism is to

create irregular wavefront curvature and different focusing characteristics when passing

through a lens [72]. Modelling and numerical analysis of non-Gaussian beams is not

trivial, but for a simple astigmatism the following approximations can be used.

One treatment of such irregular beams is to use an effective area approximation since

usual benchmarks for discussing a beam like the full-width half maximum (FWHM) will

no longer be meaningful. The fluence F of a beam with peak a fluence F0(z) and the

irregular spatial profile (f(x, y, z)) about this peak is,

F (x, y, z) = F0(z)f(x, y, z). (4.12)

This equation can be used to describe any laser propagating in the z-direction. The pulse

energy can now be expressed as the following when considering the spatial distribution

function f(x, y, z),

Ep = F0(z)

∫ ∫
f(x, y, z)dxdy = F0(z)Aeff (z) (4.13)

The effective area then is a generalised term describing the beam spot area at 1/e2 of

the peak fluence. For a circular beam, f(x, y, z) = exp(−(x2 +y2)/ρ2(z)) and Aeff (z) =

πρ(z)2 as expected where ρ(z) is the beam radius.

A more substantial method of describing an irregular beam shape is to try to describe

the spot shape as two independent non-astigmatic Gaussian beams (one for each plane

of symmetry in the TEM mode) [3, 6]. For a Gaussian beam, a circular spot shape

and spherical wavefronts at every point along the optical path are assumed. However,

fundamental TEM00 modes can exist that are astigmatic — like that which is emitted

from the RegA — that have elliptical spots and therefore ellipsoidal waveforms. If

the beam is treated as two separate contributions there will now be two waists and

two Rayleigh ranges, the waveforms will be paraboloids and there will be two planes

of symmetry. If the beam has two principal directions, then there are two hyperbolic

expressions,

wx = wox

√√√√[1 +

(
z

zrx

)2
]

(4.14)
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Figure 4.11: The beam waist for a) 0.25 THz, b) 0.5 THz and c) 0.75 THz taken
from the error function fit of the FFTs at each z position is seen. The error
bars are taken from the fitting program used to extract the beam waist from
the error function plots seen in Figure. 4.10.
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Figure 4.12: The Gaussian beam waist fit for a) 0.25 THz, b) 0.5 THz and c)
0.75 THz can be seen. Owing to the astimagtic Gaussian shape of the beam
used to excite the system the Gaussian beam waist fit does not follow the data
well. Note that in c) the 20 cm data point has been omitted because the noise
on the raw data used to extract the beam waist value as reflected in the error
bars in Figure. 4.11.

wy = woy

√√√√[1 +

(
z

zry

)2
]

(4.15)

where wx,y is the waist in either direction, wox,oy the minimum waist sizes, and zrx,ry

the respective Rayleigh ranges in x and y. Inspecting Figure. 4.11, at a distance of ≈ 15

mm and ≈ 30 mm each wavelength appears to experience Rayleigh range-like narrowing

suggesting this approximation could be valid. However, given the limited number of

points around these values fitting two separate waists becomes difficult and unreliable.

Furthermore, taking the waist of the FFT data for all THz frequencies (to increase the
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SNR) and fitting with a dual mimina to get a Gaussian waist progression yields little

improvement.

For proof of concept, data taken previously measured within the THz group for the

same emitter in a lower power setup can be seen in Figure. 4.13. The data spans all

THz frequencies and uses the 1/e2 spot size approximation for THz generated by a

Gaussian-shaped Ti:Sa laser. As expected, a single Rayleigh range can be seen, but it

should be noted that this laser was not used to provide the knife-edge data because it

is incapable of generating the large fluences required for the bigger spot sizes on the

emitter with good SNR.

Figure 4.13: The spot size against emitter distance of the LPD emitter in a
similar set up as described in Section 4.2 can be seen. The emitter was excited
with Gaussian beam and therefore produces a single Rayleigh range.

4.3.3 Gouy Shift

The Gouy shift for the LPD emitter was determined by taking FFTs as a function of

emitter position on the z axis (see Figure. 4.6 again), beginning with the emitter close

to the focusing lens (z = 0) and gradually moving towards the Tsurupica lenses. The

Gouy shift was calculated for each position with respect to a reference waveform, which

is defined as the complex FFT obtained when the emitter is 4.2 cm from the back of

the focusing lens and the phase unwrapping to derive the relative phase was performed

from the FFT data after being numerically smoothed. It should be noted that the

phase of the lock-in amplifier was not changed through out the data taking. The raw

time domain data can be seen in Figure. 4.14 a), and examining closely a polarity flip

in the THz emission can be seen after the emitter is translated through the focus of

the optical radiation. Examining Figure. 4.14 a) further, the modulus of the signal is
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Figure 4.14: The time domain data for each z position can be seen in a) including
the etalon effect that is later smoothed. After the emitter translates through
the focus of the optical beam the THz waveform undergoes a polarity switch
as highlighted between b) and c) (where the emitter is at 42 mm and 82.5 mm
behind the focusing lens respectively).

maximum when the emitter is closest to the lens (giving the trace in Figure. 4.14 b)) for

the upright polarity and when the emitter has passed the focal point for the opposite

polarity (Figure. 4.14 c)), between these two point the signal decreases until reaching

the focus and then once again begins to increase after this point is passed. This effect

is due to the phase shift imparted by the lens and it is visible due to the nature of the

detection in the TDS set-up; both the electric field and phase are detected. Note that

the Gouy shift affects the different wavelengths in the THz pulse and causes a slight lag

between them. It is expected that the Gouy shift of the individually resolved frequencies

will be slightly different, as previously explained in Section 4.1.5.

On either side of the THz envelope peak in Figure. 4.14 a) for each z position fluctuations

in the signal can be seen, due to etalon effects and other reflections taking place within

the set-up. Such fluctuations cause aliasing of the data obtained in the main THz pulse

and it is therefore desirable to reduce these as this will increase the accuracy of the

subsequent phase unwrapping. Numerically this can be done by applying a window

function to the raw data that gradually reduces the signal to zero on either side of

the main THz peak (smoothing over a window is preferable as a sharp drop to zero
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time domain signal will cause errors in the later phase unwrapping). The smoothing is

performed by first finding the maximum, mi, in the time domain data and its index, ki.

This is done for each time domain data scan for the different z positions. The time, td

over which the signal decays to zero is then specified and was taken to be 80 ps for the

data presented in this section. The smoothing function, Fs(i) is then,

Fs =
1

1 + exp
(
ki−(mi±td)

A

) . (4.16)

The term within the exponential is positive for smoothing past the maximum and neg-

ative for before the maximum. The original signal is then multiplied by the smoothing

vectors resulting in the final time domain data that is processed to find the Gouy shift.

The time domain data and FFT data with smoothing can be seen in Figure. 4.15 fol-

lowing the smoothing algorithm. With the smoothed FFT data obtained (which causes

Figure 4.15: The data presented in Figure. 4.14 has been smoothed using Equa-
tion. (4.16) in the time domain (a) and then used to construct the FFT (b).

the reference point to be at zero radians), the phase shift was extracted by taking the

FFT at 42 mm as the reference point and subtracting all the subsequent FFTs from that
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point (normalising the data to begin at 0 rad) to obtain the relative shift in the data as

a function of distance from the focusing lens. The phase angle was obtained using the

preset phase unwrapping algorithm in MATLAB and the results can be seen in Figure.

4.16 as a function of THz wavelength, which was extracted at discrete point from the

phase angle data of each position to give a frequency profile to the shifting.

Figure 4.16: The phase data for 0.25, 0.5 and 0.75 THz can be seen as a function
of distance following manual phase extraction of time domain TDS data.

Since the excitation beam is astigmatic, it is necessary to consider the implications on

the Gouy shift when trying to fit the data. The Gouy phase shift for an astigmatic beam

may be different to a stigmatic beam due to the different treatment of the Rayleigh range

in Equation. (4.16), but the overall change in phase must still occur and be continuous.

Once again considering the beam as simple astigmatic, the beam can be expressed as

two ellipses of constant intensity and phase the beam widths in the x and y direction

[2, 158] leading to two Rayleigh ranges. This implies that the shift will be expressed as

the average value of the phase changes in each direction [6],

φz(z) =
1

2

[
tan−1

(
z − z0x
zRx

)
+ tan−1

(
z − z0y
zRy

)]
(4.17)

where z0i is the location of the minimum beam width for each transverse component

and zRi is the corresponding Rayleigh ranges in the x and y directions. The divergence

of a stigmatic Gaussian beam is expressed as

θ0 ≈
λ

πw0
(4.18)
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where λ is the wavelength and w0 is the Rayleigh range for a simple Gaussian beam.

Unlike the case with the Gaussian beam waist fit represented in Figure. 4.12, the phase

difference is a relative measurement and the divergence of the beam over the measure-

ment axis (approximately 50 mm) in the x and y directions is small. Therefore if the

optical beam is assumed to be characterised by two axes that are very similar in spatial

variation with a small angular divergence, Equation (4.17) is approximately equal to

Equation (4.4). For simplicity then the Gouy shift was fitted with Equation (4.4) as

seen in Figure. 4.17 The Gouy phase shifts are indeed capable of being fit with Equation.

Figure 4.17: The Gouy shift for 0.25, 0.5 and 0.75 THz can be seen along
with the trend lines using Equation (4.4) for the fit. Good agreement is found
between the data and the trend lines and R2 values of ≈ 1 were obtained for
each fit.

(4.4) to good accuracy, and as predicted by Ref. [190] there are slightly different slopes

for each frequency. This is because the Gouy shift is a consequence of transverse wave

vector confinement and the axial phase distribution for higher frequencies (they have

shorter Rayleigh ranges) is steeper and hence lower frequencies tend towards the phase

shift more slowly.

4.4 Conclusion

The THz emitted from the LPD multiplexed strip emitters was focused using the same

lens used to focus the Ti:Sa excitation pulse on to the emitter. The data provided by the

knife edge measurements and supported by the theoretical modelling proves that the THz
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wavefronts take on the characteristics of the optical pulse and can be used for frequency

selection given the different beam waists for different THz wavelengths. The THz beam

will also experience a Gouy shift, which not only provides evidence of focusing but can be

used to generate a selective polarity flip of the THz radiation is experimentally required

by simply moving the emitter. As part of this investigation, THz LPD emitters were also

fabricated, using the same mechanism to generate THz but instead of a strip pattern the

multiplexed pattern is annular and would therefore create THz with radially symmetric

polarisation, which is required for launching THz on to a coaxial wire guide. The next

step with this work would be to place these emitters into the set up described in the

section and attempt such THz guiding, followed by characterisation of the attenuation of

the THz within a wire as a function of distance. After this is achieved the next frontier is

self-focusing emitters - LPD multiplexed emitters with a gold concentric circular pattern

on the back, that could be used as a plasmonic lens and provide focusing of the emission

with no extra optics.





Chapter 5

Conclusion and Future Work

5.1 Conclusion

The aim of this thesis was two-fold; to use nonlinear phenomena to develop a new source

of THz emission in a semiconductor QW system and to explore novel methods of THz

beam steering in order to better develop current THz technologies. The work presented

regarding THz microcavity lasers here paves the way for a low-power THz emission

source, that will also give an interesting insight into the exciton dynamics of innovative

QW structures. It was first seen that using TPA within a conventional polariton system

can facilitate a transition from a 2px exciton into a lower branch polariton, which are

separated by a few THz; similar results to that obtained in this thesis were published

Lemenager et al. the same year supporting what was glimpsed within Chapter 2. This

was followed by the release of work from Schmutler et al. on different section of the same

sample used in Chapter 2 that saw no 2p exciton resonance within the cavity [169]. It

was concluded that, given the failure of measuring THz directly from our sample section,

unambiguous presence of THz lasing could not be claimed but given the PL, polarisation

and k-space images taken the data suggests that the transition is weakly present and

with a higher excitation power and an external THz cavity to stimulate the transition

via the Purcell effect, a THz laser could be realised.

The suitability of a GaAs-based PQW sample was then assessed and its suitability as a

cascade laser was tested, inspired by the successful fermionic counter-part the QCL that

has been hugely influential in the THz field. It was found that the cascade ladder present

in our PQW sample is not responsible for the fast dynamics seen in the experimental

PL data taken that the modelling was based upon. The characterstic feature of the

PQW PL - the minima at zero - was largely from a direct transition into the ground

state by a higher, weakly pumped exciton level (rather than the level directly above

the ground state as expected by relaxation solely from the cascade ladder). However,

reflectivity measurements confirm that 11 distinct excitonic states are present in the

101
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cavity and features seen in the experimental PL taken display features at higher powers

that are affected by the cascade mechanism. It was also demonstrated that the PQW

can potentially act as a traditional polariton laser, a great achievement of the growth

profile given that it was seen with a single PQW in GaAs which is typically too low in

exciton binding energy to glimpse polariton lasing with a single square QW. Critically the

population filling dynamics recorded experimentally in the BCL cannot be recreated by

the theoretical model given that the population of the exciton ground state is established

last in this model (even when the parameters used are those that successfully recreate

successfully the experimental data in the pump-pump regime). When considering the

theoretical model, the fact that the ground state does not have a significant population as

soon as the power is switched on is sensible, the carriers are only injected into the upper

levels and a single exciton can traverse the intermediate levels or decay spontaneously

into this state which takes time. This hints that there may be a subquent relaxation

channel at work, or that the influence of the exciton reservoir within the sample is more

significant than previously thought. Overall, the data presented for both the TPA and

BCL mechanisms suggests that BCL offers the greatest potential for a new generation of

THz polariton laser given that it offers the potential of multiple, identical exciton level

amplification.

This work finallly concludes that simple lens geometry can be used to focus THz emission

generated by LPD emitters by use of the phase change introduced by the lens to the

optical beam. This result paves the way for use of LPD emitters, that can generate

THz with a peak-to-peak power and SNR to rival the PCA, preferentially in freespace

TDS set ups. This work will not only offer the LPD emitter the opportunity to be used

more widely but also allows the removal of difficult to align parabolic mirrors that are

typically used to focus upon samples. Depending on the lens used to focus the optical

beam, and subsequently the THz, the focus of the THz can be much tighter than with

a parabolic mirror and given the difference of the beam waists for different wavelengths,

can give discrete frequency selection.

5.2 Future Work

5.2.1 Polariton THz Lasers

In order to increase the oscillator strength between the cavity photon and the exciton,

both the QW TPA structure and PQW structure would benefit from growth in a higher

exciton binding energy crystal such as GaN or ZnO. This would act to increase the tran-

sition efficiency and push the system towards room temperature operation. Modelling

on both of these THz systems by Kaliteevski et al [97] also concluded that without the

fabrication of an external THz stimulation cavity, built around the microcavity itself,

lasing will not take place in either of these systems. Therefore research would need to be
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continued to find the most appropriate THz material and what thickness and aperture

size produces the best stimulated enhancement of THz radiation within both of these

cavities. The rate equations used for the PQW would also need to be partially trans-

formed as previous ηTHz described in Chapter 3 was set to zero; the PL and population

filling dynamics would need to be modelled once again but now for a value of ηTHz 6= 0.

Following the growth of the new microcavity, layered with the optimal THz cavity, direct

measurement of THz via a Golay cell or bolometer could be attempted again.

5.2.2 THz Waveguiding

Currently THz systems predominately use free-space propagation, but in order to achieve

better guidance and confinement of THz radiation other methods of propagating THz

must be constructed. Given the success of focusing THz radiation via conventional op-

tics using a LPD emitter, the next logical step is focusing the THz emission on to a

waveguide. The current waveguiding techniques available for the neighbouring parts of

the electromagnetic spectrum such as microwave and infrared are not ideal for THz ra-

diation and are particularly not capable of carrying THz over long distances. Plasmonic

waveguides are being increasingly used in THz systems [49, 202], particularly THz time

domain spectroscopy [125, 151] and are a promising basis for further research into guid-

ing THz radiation. The easiest to fabricate, and most useful for in vitro THz diagnostics

would be using a simple wire guide [136, 189]. In order to achieve the pattern of the

LPD emitter would need to be changed from a set of strips into a concentric annular

pattern to achieve the radial polarisation required to launch the THz on to the wire. We

have already fabricated two Au/Pb ring emitters for this purpose that have been seen

to generate THz in a standard TDS set up, therefore the next step would be to find a

suitable metal wire to confine the radiation. Using the bare wire approach (a promising

conduit for guiding THz that has seen little dispersion and attentuation over the THz

range), a range of wires of varying thicknesses and lengths could be fabricated and then

characterised to assess the most efficient way of guiding THz. During the characteri-

sation, modelling of the surface modes of the wires will also need to be performed, in

software such as COMSOL or numerically in MATLAB.
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