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Abstract

This thesis reports the generation of tuneable THz radiation (0.2-6 THz) through
second order nonlinear effects in the excitation of excitons in GaAs/AlAs multi-
quantum wells (MQWs). A MQW GaAs/AlAs sample was designed to have
excitonic resonances at a wavelength accessible by commercially available lasers
(850 nm, 300 mW), and have EIHH1-E1LHI1 splitting of 9.1 meV. The sample was
grown by MBE on a heavily n-doped GaAs substrate to allow biasing of future
devices. Following growth, an optical access mesa-diode structure was fabricated to
assess the structure through photocurrent (PC) spectroscopy. The sample was then
prepared prior to the preliminary THz measurements, with the substrate and cap
layer being removed. The sample was then capillary bonded to a diamond heat
spreader.

Two collimated lasers were used to excite the excitonic resonances. Both lasers were
normally incident to the sample surface. A clear THz signal was observed in the case
of collinear excitation, which scaled with the density of states of the excitons. Power
dependence measurements confirm this as a second order non-linear effect. Hence
the THz wave is realized by difference frequency generation, utilizing an
enhancement to i’ obtained via resonant excitation of III-V semiconductor quantum
well excitons. The symmetry of the quantum wells is broken by utilizing the built-in
electric field across a p—i—n junction to produce effective y* processes, derived from
the high y’. This %> media shows an onset of non-linear processes at ~ 4W/cm?,
allowing area (and hence power) scaling of the THz emitter. Phase matching was
achieved laterally through excitation akin to two-colour interference.

Using a simple interferometer, and fitting the measured power with the expected
transmission of a Fabry-Perot etalon, frequency measurements confirm the ability to
tune the THz radiation from 0.75-3 THz, with linewidths of ~20 GHz and
efficiencies of ~2x10 allowing ~ pW power levels to be demonstrated. This was
achieved without the use of plasmonic effects, nor any kind of an antenna, nor an
applied E-field to the structure. Tuneable THz emission from 0.2-6 THz is assumed
from the width of the excitonic transitions.

This THz wave source is then used successfully to demonstrate transmission
spectroscopy of atmospheric features at 750 GHz. This work opens prospects for
new future swept-wavelength THz spectroscopy systems in the THz region.
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Chapter One

Introduction

1.1 Introduction

This chapter includes a brief overview of the THz radiation gap. Then, some of
the most attractive applications of THz radiation are briefly explored, paying special
attention to the applications of THz in spectroscopy. The motivation for this work is

highlighted and the outline of the thesis is detailed.



1.2 THz Radiation ‘gap’

Terahertz is the term used to denote the spectrum of frequencies ranging from
0.3-10 THz [1]. This band of frequencies lying between the microwave and infrared
regions is in between the regions of the electro-magnetic spectrum usually associated
with electronics and photonics, as shown in Fig.1.1. Traditionally, this region of the
spectrum has been ill-served in terms of the availability of suitable sources.

THz wave research received particular attention at the beginning of 1990s, and
although some applications have been established for THz waves, a lot of research
still needs to be done on the supporting the research of THz applications, as well as
in producing efficient emitters and detectors. Until recently, therefore, this area in
the electromagnetic spectrum was referred to as the “THz gap’ [2], and applications
in the THz region were much less extensively investigated and developed than those

for microwave and infrared light.

Electronics

30 GHz 300 GHz 30 THz 300 THz
1cm I mm 10 um I ym

Figure 1.1 The terahertz gap in the frequency range between 300 GHz (0.3 THz) and 10 THz



1.3 THz Main Applications

THz radiation has unique properties, which potentially open the way to an
extensive range of applications, especially for imaging microscopic objects and in

spectroscopic application. The following outlines some of these applications:

*  Quality Control

In contrast to the microwave range, THz waves have a shorter wavelength and
higher energy, enable them to penetrate deeper and provide a higher resolution and
sharper images. Furthermore, compared to the optical wavelengths, THz can
penetrate through non-polar, non-metallic and dry materials such as plastic, paper
and clothes, meanwhile metal is opaque to the THz frequency range, thereby
providing the required contrast for imaging. Since THz is non-ionizing radiation, this
combination of properties means that it is very attractive for use instead of x-rays for
non-destructive scanning in order to investigate the contents of sealed packages.
Furthermore, chemical composition can be determined non-destructively throughout
manufacture [3—5]. Since THz radiation is very sensitive to water, it can also be used

to precisely detect the water content in moisture sensitive goods [6].

* Biology and Biomedical
The sensitivity of THz to moisture means that it could be used to measure the
water contents in some plants, for example measuring the leaf water grade for a

transpiring plant [7] .

THz is also very attractive for use in biomedical applications [8], as it has low
photon energy and therefore is not ionizing. This, in combination with its sensitivity
to water, means that THz can be used to examine hydration in contexts such as the

investigation of burn depth and severity, examining the tissues near to the surface



(since it will not penetrate deeply due to water absorption) and for determining the
normality of the biological system such as the detection of skin [9, 10], breast [11],

and some other kinds of cancer [12, 13] (see Fig. 1.2).

Since the proportional of water is different in cancer cells as compared to healthy
cells, also it could be used for tooth imaging [14], and some other biological tissues

[15, 16].

Visible Image THz Image

Figure 1.2 Biomedical terahertz imaging (Diagnosis of basal cell carcinoma) Images courtesy of
TeraView Ltd. [17]

* Security Checks

Since plastics, polymers and paper are all transparent to THz radiation, it has
many potential security applications, being able to detect hidden objects (as shown in
Fig. 1.3) [18, 19], and hidden explosives [18, 20]. It is therefore now used in airport

security checking.



Figure 1.3 Terahertz image of a man with a hidden knife, adapted from [19]

* Material Characterization

THz also has an interesting application in the characterization of different kinds
of materials, such as semiconductors, polymer films and lightweight molecules. THz
radiation can be used to measure the carrier concentration and to investigate the
parameters of superconducting materials. Specifically, THz spectroscopy is already
being used to evaluate various properties of semiconductor wafers, such as their

mobility, carrier density and plasma oscillation [21, 22].

Moreover, THz has been used to inspect foam insulation and detect defects caused

by air bubbles in materials like the external foam coating the space shuttle [23].

They are many other applications for THz radiation as it has been used widely in
wireless communications since it has the benefit of a high data rate performance
[24], especially for communication in rural areas and for communicating between
buildings during a disaster. Another application is to monitor the environment of the

earth, such as in the NASA Aura satellite, which monitors chemical species of



different gases, clouds and ice in the atmosphere, as well as measuring the

temperature [25].

1.4 THz Detector

THz detection methods are classified into two main categories: direct and
indirect.
Direct detection mechanisms include detector types that are directly affected by an
incident THz beam, such as where the beam initiates a change in temperature. Some
examples of direct detectors include bolometers cooled to cryogenic temperatures
[26], pyroelectric detectors that exploit the properties of a pyroelectrical material,
where a change in temperature is induced by a spontaneous electric field [27, 28],
Goly cells, where a chamber is filled with a small volume of gas that is very
sensitive to the absorbed heat that is introduced by the THz radiation [28], and
photoconductive switches that are sensitive to the current induced by the beam [29].
This kind of detector is able to respond to THz radiation throughout a wide range of
frequencies, but this response is relatively slower than with indirect detectors.
Indirect detection mechanisms are based on the concept that THz waves generated
by light can be converted and detected as an optical light. These methods are
dependent on Electro-Optical (EO) techniques [28, 30, 31], in which a non-linear
crystal and photodiode sensor is used to observe the indirect changes of the THz
beam on a probing laser beam. This detection technique is noise sensitive and there
is a trade-off between the frequency response and the noise sensitivity related to the

choice of crystal and its thickness [32].



1.5 Motivation and Objectives of The Research Work

The spectroscopic potential of THz radiation has been described above, with a
wide range of present and possible industrial, biological, medical and security
applications. Current THz spectroscopic solutions are bulky and expensive, and there
is therefore a need to develop a THz spectrometer system that is low cost, compact
and portable, while being widely tuneable across the THz spectrum and able to
operate at room temperature. As part of this endeavour, my PhD was focused on
developing THz sources for use in such a system that can be operated efficiently
using commercial semiconductor laser systems at room temperature.

To this end, a novel sample was designed to explore quantum beating when
illuminated by two CW lasers as an optical excitation source. The thesis describes
the design rules for the sample structure, its optical/electronic characterization, and
the resulting THz measurements. Initial experimental results led us to select different
approaches tailored to producing widely tuneable THz emissions at room
temperature and based on different frequencies.

To achieve the above overall aim, the research work was divided into five specific
objectives, each with its own work stage.

The first stage was to develop the sample design. First, the transition energy in the
structure was calculated to ensure that the sample was designed to emit
electromagnetic waves within the THz frequency range. Next, the opto-electronic
properties of the sample structure were studied using a mesa diode developed for this
task. Specifically, photoluminescence and photocurrent were studied to ensure that
the structural qualities matched those necessary for the design.

In the second stage the sample was prepared to ensure that it was able to absorb the

maximum amount of energy from the laser, while minimizing the extent of THz



absorption (i.e. so that THz was emitted efficiently rather than being absorbed). This
was achieved by using techniques such as wet etching and polishing to remove the
cap layer and substrate, and in order to support the sample during the etching
process, it was attached to diamond/glass by means of capillary bonding [33]. A
copper disc with a hole in the centre were designed and used to hold the sample
suspended on the diamond wafer.

Preliminary THz measurements were carried out in the third stage and it was
accordingly confirmed that the sample was able to emit radiation in the THz range
through the difference frequency generation method.

The fourth stage focused on more in-depth measurements to confirm that the device
could be adjusted to tune the THz emissions, with the THz wavelength being
measured using an etalon interferometer.

In the final stage the practical application of the novel THz source was assessed. A
continuous wave spectrometer was realized to study the attenuation of the emitted
THz radiation in the atmosphere. To this end, a spectrometer system was set up and
tests performed at room temperature. This enabled us to propose the development of
a complete THz spectrometer system based on the novel device created in this

research.

1.6 Organization of Thesis

This thesis includes eight chapters explaining the work undertaken.

* Chapter 1
Presents a brief background of the THz gap, and highlights the wide range of

applications for THz radiation, along with the techniques to detect THz radiation, the



gaps in current knowledge, and thus the motivation for the contributions presented in

this thesis.

* Chapter 2
Sets out the detail of the present methods for THz generation, classified into

three categories according to how they operate.

* Chapter 3
Explains the design rules and characterizes the opto-electronic properties of the
sample design, demonstrating that the quality of the growth sample by MBE

matched the initial design.

* Chapter 4
Describes the steps followed to develop the sample, and to prepare it for THz

measurements.

* Chapter 5

Shows the proposed setup of the THz emission system, along with the
characterization of the lasers. It also investigates the absorption through the sample
after the preparation processes, and presents preliminary results for the THz

emissions.

* Chapter 6
Describes the updated setup consisting of the etalon interferometer, and more
detailed THz measurement results. Three different wavelength measurements are

produced and the origin of THz generation is explained and the results discussed.



* Chapter 7
Demonstrates the potential application of the THz generated by the sample in
spectroscopy by calculating the attenuation of THz radiation through the atmosphere

as well as measuring this experimentally in our laboratory.

* Chapter 8
Concludes the project by summarizing its major findings and achievements and

discussing future work that might build on this research.

10
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Chapter Two

Overview of Terahertz Radiation Sources

2.1 Introduction

This chapter includes an overview of the main techniques for THz generation,
classified into three main categories according to their mode of operation. The
advantages and disadvantages of each technique are explored and highlighted.
Through discussing these features the chapter concludes that laser-driven THz
emission sources are the most attractive for generating tuneable THz waves at room

temperature.
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2.2 THz Emission Sources

THz emission sources are generally divided into three main categories based on
the physics of their methods of THz generation; namely, electronic, laser and
optically driven sources, as illustrated in Fig. 2.1. This section will give a brief
general description of some of these techniques for generating THz emissions,
focusing on the laser-driven techniques, since the device proposed in this thesis can

be classified as a laser-driven THz generation technique.

THz sources

; Laser driven
Electronic THz

e N / N\ / \
BWO ‘ RTD QCL FEL QB l PCA
Frequency mixin
Gun-Diode th?oughy()(z) 3
/ N\
OR DFG

Figure 2.1 Flow diagram of the main mechanisms for THz generation

2.2.1 Electronic Devices
Backward-Wave Oscillator (BWO)

This is an electron vacuum diode that is able to produce CW, narrow band,
tuneable and high power (up to tens of mW) THz radiation [1, 2]. Fig. 2.2 shows the
schematic diagram of the BWO device, the electron is emitted from the heated

cathode, and by applying DC electric field the electron is accelerated towards the
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anode. The device is positioned in a permanent magnet to collimate the electron
beam. The electrons deliver above a comb-like fine metallic structure, in which the
electrons velocity are modulated and also grouped in bunches with the presences of
charges and electric field. Because of this acceleration, the electrons excite and
sustain an electromagnetic wave (travelling in opposite direction to the electron
beam direction), then this radiation exits the source via an oversized waveguide
coupled to the cavity. The velocity of the electrons determine the frequency of the
radiation, therefore the frequency could be tuned with adjusting the bias voltage [3,

41.

BWO is one of the THz sources that have been used for spectroscopic measurements
[5, 6], covering a frequency range of 0.3 to 1.3 THz [7]. This THz radiation source,
however, has only limited tuneabilty, meaning that many BWOs have to be applied
in order to generate a wide range of THz emissions.

1 THz wave

| —

— wave guide

au X
. <_T anO(E: ]

|
cathode
electron beam

Figure 2.2 Schematic diagram of backward wave oscillator, adapted from [3]
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It is also heavy and expensive, and needs a strong magnetic field in addition to a

vacuum system.

Gunn Diode

Gunn diodes are two-terminal negative differential resistance (NDR) electronic
devices; generate electromagnetic wave when it is coupled to an appropriately tuned
AC resonator. The typical device structure of a Gunn diode involves a uniform
doped n-type layer of III-V material (such as GaAs, InP) inserted between heavily
doped regions at each terminal. Fig. 2.3 shows the band structure of the GaAs, the
lowest conduction band has distinct valleys in certain orientations, as they labelled I
and L. If the electrons exist in the lower I'- valley, then they display a small effective
mass and also high mobility, while the electrons have a large effective mass and low

mobility in the L-valley. A very small energy gap separated the two valleys (AE) [8].

Conduction
L-satellite band
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Figure 2.3 GaAs band structure, adapted from [8]
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The external bias is applied across the diode; when the bias reaches a certain
threshold value, the electrons gain adequate energy to transfer to the L-valley, where
their mobility decreases as a result of an increase of their effective mass, because of
that, the conduction current through the Gunn diode decreases as appeared, the curve
in the region 2 (area in blue) shown in Fig. 2.4, and the diode exhibits a region of
NDR (region spanning from peak point to valley point) in the V-I characteristic
curve. This effect is called transferred electron effect and thus the Gunn diodes are

also called transferred electron devices [8].
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Figure 2.4 V-I characterization of Gunn diode, adapted from [8]

When the diode is connected to a cavity or resonant circuit, the resistance of the
resonator is cancelled by the negative resistance, this cancellation of resistance result

in circuit oscillates without attenuation and emits electromagnetic radiation.
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The average output power in the THz frequency = several tens of uW [9]. The

power; however, decreases rapidly as the THz frequency increases [10].

Resonant Tunnelling Diode (RTD)

RTDs are a resonant-tunnelling structure where electrons can tunnel through
some resonant states at certain energy levels. Fig. 2.5 illustrates the structure of an
RTD, which is made up of two hetero barriers (large band gap material) and a
quantum well. An emitter region works as a source of electrons and a collector
region collects the electron tunnelling across the hetero barriers [11]. Resonant
tunnelling happens at specific resonant energy levels consistent to the doping levels

and width of the quantum well.

The current—voltage (I-V) curve includes peaks at which the resonance level in the
quantum well is nearby to the conduction band edge of the device. A bias voltage is
required and increasing the applied voltage leads to a rapid drop in the current. As a
result, the resonance level falls below the emitter conduction band edge and the
current-voltage (I-V) curve of the diode exhibits a negative differential conductance

region [12, 13].

Double Barrier
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Space-Charge E
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Figure 2.5 RTD structure with applied forward bias, adapted from [11]
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Although it has low power, as well as limited frequency up to 2 THz at low level
powers, compared to the others emitters [14, 15], it is still attractive for use in

communication applications.

2.2.2 Laser Sources

Free-Electron Laser (FEL)

FEL feature high intensity electron and is a high power THz emitter = several
watts [12]. The gain medium in the free-electron laser consists of an electron beam
that moves spontaneously through a periodic magnetic structure (wiggler period),
this modulated the electron periodically, the electron shows a harmonic oscillation
around the cavity and this oscillation emit electromagnetic wave. It has the widest
tuneable wavelength range (0.12- 4.75 THz) [7], which covers the spectrum from
microwaves to X-rays. The drawback of this emitter, however, is its complexity of
operation and its huge dimensions. It is therefore only available in some large

universities and academic research institutes [16] .

Quantum Cascade Lasers (QCL)

Quantum cascade lasers (QCLs) are made up of coupled quantum wells. The
term ‘cascading’ refers to the repetitive nature of the multiple intersubband
transitions that are required in order to achieve electromagnetic emissions, either in
the mid-infrared or THz frequency range. The first QCL was developed in 1994,
with frequency lasing in the mid-infrared region of about 70 THz [17].

As shown in Fig. 2.6, the cascaded structure of each period is made up of an

undoped active region and an n-doped relaxation/injection region.
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By 2002, frequency lasing at 4.4 THz had been demonstrated [18]. The
disadvantages of QCLs are that the device needs to be cooled to no more than 199.5

K in pulsed mode [19], and the THz spectra cannot be tuned.

I’\ﬂ one period

(b) HiZ

2 T
T32>Ty 4 y—zf > | '
—

Active region Relaxation/Injection

Figure 2.6 (a) Schematic diagram of the conduction band of a quantum cascade laser. Two periods are
shown in the diagram, with each period of the cascade structure containing an active region and a
relaxation/injection region, (b) Schematic diagram of a single period in the structure, showing how the
active region is a three-level unipolar system, and how the lifetime of the 3 — 2 transition should be
longer than the lifetime of level 2 if population inversion is to be obtained. Adapted from [20] The
blue arrows represent the incident laser and wavy red arrows the electron flow

To overcome these challenges, however, an alternative mechanism can exploit the
advances in high power mixing of two colour mid-infrared QCLs at room
temperature to provide intracavity THz by difference frequency generation [21, 22].
This methodology is not powerful compared to THz QCL, however, and there

remain some limitations [7].
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2.2.3 Laser Driven THz Sources

Photoconductive Switches and Photomixing

Photoconductive antennae (PCA) can be used to generate and detect THz waves.
These are constructed from a semiconductor substrate with DC biased metal
electrodes located on top of the surface that can be incorporated into the generation
of pulsed and continuous wave THz.

Fig. 2.7 shows a schematic diagram of the PCA and the photomixer. In both cases, a
photoconductor is used, but the physical mechanism that underlies THz pulse
generation in PCA is initiated by means of an ultrafast laser pulse at a photon energy
(hv) larger than energy gap [23], while two CW laser are used in the photomixing
techniques [24]. The photon energy can be determined in accordance with the
properties of a semiconductor material, which is used as an emitter that changes the
material’s conductivity and generates electron—hole pairs in the photoconductor.
Applying a DC biased voltage accelerates the carrier, causing electrons and holes to
flow in a certain direction. This process produces a transient current. Since short-
period pulse laser energy rapidly changes, this also rapidly changes the number of
electron and holes, thereby causing the current intensity to vary. This generates a
time-varying electric field with an associated electromagnetic spectrum.

In the CW mode, meanwhile, two tuneable laser beams that produce different
frequencies in the THz range are combined into an optical fibre or in space, then

mixed in a photo-absorbing medium (photomixer) [25].
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Figure 2.7 Schematic diagram side view of (a) PCA, (b) photomixer in which two lasers with slightly
difference laser wavelengths illuminate the surface of the photoconductor

These methods lack long-term stability and scalability, however, and also have low
conversion efficiencies from the optical to the THz regime [20]. Furthermore, they
have a fundamental limitation of being relatively low power due to thermal failure of
the device when high power lasers are applied [26]. Nonetheless, they have been

widely used in spectroscopic applications [27, 28].
Quantum Beat (QB)

In a quantum well, the quantum beat can be defined by excitonic polarization
interference produced by light hole (LH) and heavy hole (HH) excited states [29]. In
a semiconductor quantum well, meanwhile, the confinement energy in the growth
direction lifts the degeneracy between the heavy hole and light hole due to their
different effective masses. Thus the quantum beat is achieved by applying a coherent
excitation of HH and LH with a pulse width wide enough to cover both transition
energies, causing oscillation in the optical response which leads to charge oscillation
at the HH-LH splitting frequency, producing polarization in the system,

Furthermore, for these two-level systems, the polarization interference can be
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oscillated in a period corresponding to the inverse of the energy transitions (i.e. in
the THz range) [29]. Tuneable THz 1.4-2.6 at 10 K, THz was achieved by increasing

the applied electric field [30].
Nonlinear Frequency Mixing Through x*

Laser interaction with nonlinear optical materials leads to nonlinear responses in
properties like frequency, polarization, phase or path of the incident light. These
nonlinear interaction processes cause a host of optical phenomena that can be
exploited for THz generation [10]. The most common phenomena used for THz
generation in non-centrosymmetric materials, are optical rectification and different
frequency generation. In contrast to photoconduction, the output THz wave power is
related to the second-order nonlinear coefficient of the material, meaning that it does
not have the upper limit voltage characteristics, and the output power is not limited

by the optical damage threshold of the material [26].
» Optical Rectification (OR)

This kind of the THz generation method requires excitation with an ultrafast
laser. It is a non-linear optical process (i.e. a second order nonlinear phenomenon) in
which an intense laser pulse with a broad-spectrum and different frequency
components, interacts with an electro-optic nonlinear crystal producing DC
polarization [31]. When a laser beam consisting of ultra-short pulses passes via a
non-linear electro-optic crystal, the driving electric field leads the atom to produce
an oscillating dipole moment, resulting in electromagnetic wave radiation. This
phenomena can be exploited to generate a broadband electromagnetic wave in the
THz frequency range [32]. The power efficiency of the THz radiation generated

using this method relies on the second order nonlinear coefficient and the condition
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of the phase matching [33]. This method has, however, been used in combination

with E-O sampling to demonstrate a THz spectroscopy system [34].
> Difference Frequency Generation

Difference frequency generation (DFG) is a second-order nonlinear optical

process in which two optical beams, at ® and ©,, interact simultaneously with a

nonlinear crystal, causing a narrowband electromagnetic wave to be generated along

with a new photon at a frequency of ®, (v, = ®, — ®,), as shown in Fig 2.8 (a). This

process can give rise to intense coherent radiation in the infrared range. The
fundamental of the DFG can be seen from the energy level in Fig. 2.8 (b), since the
DFG production is accompanied by the amplification of one of input fields at the
expense of the other. For this reason, DFG is often referred to as optical parametric

amplification; furthermore, the process works at room temperature.

w
1 —
e . U)3 = wl - wz @) Amplified
a) X — > Y
2, R

Figure 2.8 (a) Schematic illustration of the difference-frequency generation process, (b) Energy-level
diagram of difference-frequency generation
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Using DFG to generate THz is attracting increasing attention because of the lack of
efficient, CW, tuneable and powerful THz sources working at room temperature [8].
Different nonlinear crystals have therefore been examined and used to generate THz;
among them, GaSe, GaAs, quartz, LiNbO;, GaP and DAST (4-dimethylamino-N-
methyl-4-sibazolium-tosylate) [35-38], among all of these, the GaSe and GaAs were
found to be the most promising materials for demonstrating THz emission through
DFG, as they have large second-order nonlinear coefficients x? (d=54 pm/V, and 47
pm/V for GaSe and GaAs, respectively). Phase matching is achievable between the
optical pump at the range of the infrared wavelength [3], and a widely tuneable THz
can be produced. Furthermore, it has a low linear absorption coefficient in the THz
frequency range [39, 40], as illustrated in Fig. 2.9. Furthermore, the spectral feature
(such as a line width) of THz generation by DFG is in respect to the feature of the

pump lasers these are used for the excitation.
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Figure 2.9 Absorption coefficients for different materials within the THz radiation range, re-printed
from [3]
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The following parameters are therefore advantageous for laser beams [33] .

* Narrow laser beam linewidths and a single longitudinal mode, since the DFG
emission linewidth is equal to the convolution of the pump laser linewidths
under Gaussian beam profile fitting.

* A wide range of wavelength tuneability since this produces a widely tuneable
THz range.

* A high power laser is required in order to generate significant levels of THz
since the THz wave power is quadratically dependent on the laser power.

Table 2.1 summarise the performance of source technologies and the drawbacks of

each technique [3, 7, 41, 42].

Electronic Sources

Devices Mode Operation | Max. Power THz Tuneability Drawbacks
BWO Narrow CW Tens of mW (up 1.45 THz) 0.3to 1.3 THz Bulky
Magnetic field is required
for operation
RTD CwW 0.3 mW at (0.712 THz) Limited frequency Operated at low
up to 2 THz temperature
Limited tuneability
Gunn diode | CW FEW microwatt>1.9THz Operated at low
temperature
Laser Sources
Devices Mode operation Max. Power THz Tuneability Drawbacks
FEL Ccw Several hundred watts 0.12-4.75 THz Complexity of operation
Bulky
QCL CW/PULSE 139 mW (CW) at 10K / 248 1-5 THz Operated at low
mW (pulsed) at 77K temperature
Laser driven THz Sources
Devices Mode Operation | Optical to THz Conversion THz Tuneability Drawbacks
Efficiency
QB CwW 14-2.6 THz at Operated at low
10K temperature
PCA/PM Pulse/CW ~10°-10° 0.05 - 6 THz Very low Power as it is
limited to the thermal
damage of the emitter
OR Pulse <10* Wide range of Relatively low power
tuneability
DFG ‘Narrow CW <10° Wide range of Relatively low power
tuneability

Table 2.1 THz sources performance and their drawbacks
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2.3 The THz Spectroscopy System

Due to the advantages of THz radiation (as described in detail in section 1.3)
THz-time domain spectroscopy (THz-TDS) has many advantages over the other
wavelengths of light used for spectroscopic applications, and is also able to provide
better spectral resolution than other spectroscopy systems like Fourier transform
spectroscopy (FTS).

Terahertz spectroscopy is attractive for material characterization in both industry and
medical sectors. Different types of spectroscopy are classified based on the
mechanism of THz generation, detection, THz spectral features, and the method that
is used to characterize the sample, and some of these systems, are explained in this

section.

2.3.1 THz Time Domain Spectroscopy THz-TDS

Time domain spectroscopy is based on using an ultra-short pulse laser, <100 fs,
in order to generate short pulses of broadband THz. Usually, the same kind of
devices are used for generating and detecting the THz radiation, and either PCA or
optical rectification combined with (electro-optic) EO crystal are used [34, 43]. Fig.
2.10 illustrates a typical TH-TDS system, here using an ultra-fast laser pulse which
is then split by means of beam splitter into a pump and probe beam. The pump beam

is then incident onto the THz emitter in order to emit THz pulses.
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Figure 2.10 Schematic diagram of THz -TDS

Since the generated THz is expected to be divergent (not well directed), parabolic
mirrors are used to collimate and focus the THz radiation onto the detector.
Additionally the probe beam is used to gate the detector and measure the THz
electric field. Moreover, a delay stage is used to offset the two beams (probe and
pump), permitting the THz temporal profile to be iteratively sampled.

Since this technique was first established in 1980, the THz-TDS approach has been
widely used in different aspects of materials characterization and imaging systems,
such as, medicine, cancer diagnosing, and biology and biomedical applications.

These THz-TDS systems have three major drawbacks, however [7, 42].

1. High cost (several thousand pounds) since femtosecond pulse lasers
are needed, which are expensive.

2. The mechanical delay stages (an essential part in the system) are slow
at long travel distances, therefore it this kind of system is not appropriate to measure
thick material layers at high sampling rates.

3. The spectral resolution is not high =~ 1 GHz [44] .
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2.3.2 Continuous Wave THz Spectroscopy

Continuous wave THz systems consist of narrowband continuous tuneable THz
sources. Different detectors can be used in the system. In addition, although most of
the narrowband tuneable THz sources can be used in this system, the laser-driven
THz sources are preferable to the electronic sources since the latter have low
frequency tuning ranges, making it difficult to measure thin layers (= 1 pm) [42].
Continuous wave THz systems have the advantage of a high signal-to-noise ratio
(SNR), high spectral resolution [45], fast scanning rate, and are also considered more
affordable that the THz-TDS since the CW laser sources (excitation sources) are
commercially available at a low price. Taken together, this means that CW THz
systems are more attractive for use in imaging systems, and also, due to their
resolution and tuneability, very attractive for the spectroscopy of gases [44]. The
photomixer has been widely used as a detector and emitter for this system [45] and,
among the other THz wave generation methods, DFG is considered very attractive
for continuous wave THz spectroscopy, since with this method, a single frequency,
widely tuneable THz range can be generated, and it provides a higher signal to noise

ratio (SNR) and spectral resolution [42].
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Chapter Three

Sample Design, Manufacture, and Characterization

3.1 Introduction

This chapter includes the following: an introduction to the design of the sample,
highlighting the main points in its structure and design rules; an introduction to the
molecular beam epitaxy (MBE) as the technique used to grow the sample; a
discussion of the optical prosperities of the sample, as measured by
photoluminescence spectroscopy (PL); the fabrication process for the mesa diode;
and the experimental setup for photocurrent measurements. Then the results are

discussed in detail.
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3.2 Design Rules for Sample Structure

The sample was designed to investigate the possibility of THz emissions
resulting from quantum beats in electronic states in semiconductor quantum well
structures under coherent optical excitation [1-3].

GaAs/AlAs was chosen for this task because it is a suitable material to realise a
multiple quantum well structure (MQW). If the GaAs in the well is thicker than = 3.5
nm, both the electrons and holes in the GaAs have lower energies than in the AlAs,
which is defined as a "Type " system [4].

Unlike in the bulk GaAs, the valence band of quantum wells is often split due to the
different confinement energies of the light hole and heavy hole states [4—6].
Furthermore, in the quantum well, the exciton resonances are clearly observed at
room temperature, since, for relatively thin layered quantum wells, and suitable well
depths, the binding energy is increased as the electron-hole separation is reduced [7—
9]. In addition, the energy of the optical transitions in the system can be tailored
according to the geometry of the wells in the THz range, and commercially available
lasers can achieve coherent excitation of the carriers.

AlAs can be grown directly on the GaAs, since their lattice constants are almost
identical, as shown in Fig. 3.1 [10]. High quality GaAs/AlAs structure can be
routinely manufactured either by molecular beam epitaxy (MBE) or metal-organic
vapor phase epitaxy (MOVPE) [11-13]. As the MQW is made of barrier, high
quality samples can be prepared, with only width fluctuations of the quantum well

contributing to broadening of the optical transition.
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Figure 3.1 Energy gap and wavelength as a function of lattice constant for common III-V material
[10]

Furthermore, the multiple quantum well structure of GaAs/AlAs has wide
transparency at the THz range, a high damage threshold, and large optical

nonlinearity at room temperature [7, 14].

Moreover the alloy concentration of Al is chosen to be 40% as the doped regions are
transparent to the pump beams and the 40% Al layer has the largest direct band-gap
of any AlGaAs alloy [15, 16]. The film quality and resilience to oxidization is
expected to be good. As the material is direct band-gap, mobility is still high should

the structure require efficient current flow in future [17].

In this work, the GaAs/AlAs quantum well structure is designed to utilize the heavy
hole and light hole energy states. To produce a coherent excitation of EI-HH1 and
E1-LHlexcitons in the three level system of the quantum well, two continuous wave
commercially available lasers at energies corresponding to the EI-HH1 and E1-LH1

transitions were used.

39



Table 3.1 presents a sample structure of the layers, which comprises a MQW
structure consisting of 30 periods of 11.9 nm GaAs wells and 7.1 nm AlAs barriers.
The 30 layers of GaAs are sufficient to achieve adequate optical absorption = 45% of

the laser sources according to the GaAs absorption coefficient at 850 nm [18].

Repeats Thickness Material

1 200 nm p-GaAs

1 1500 nm p-Alp4GapsAs
1 7.1 nm AlAs

30 11.9 nm GaAs

30 7.1 nm AlAs

1 1500 nm n-Alp4Gag 6As
1 200 nm n-GaAs

n- GaAs Substrate

Table 3.1 Sample structure layers

During the sample design, MQWs are required and not a superlattice, therefore
Nextnano was used to model the energy level of two quantum wells and to
investigate the requirements on barrier thickness needed to separate the wells and
avoid significant carrier tunnelling through the barrier. The simulation of the double
quantum well shows that a 7.1 nm layer of AlAs is sufficiently thick and, since the

potential barriers are high, the transition energies are almost the same in both wells,
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as shown in Fig. 3.2. Since there is no wave-function penetration from one GaAs
quantum well to another (given that both wells have the same energy level) the
structure is defined as an MQW.

The physics of an MQW structure is the same as for a set of separate wells, therefore
the simulation of a single quantum well was considered in order to calculate the

transition energies.
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Figure 3.2 Transition diagram of the three level system of the GaAs/ALAs double quantum well with
similar E1-HH1, E1-LH1 in both wells, calculated by Nextnano [16]

Fig. 3.3 shows the band structure of the three level system of a GaAs/AlAs single
quantum well with EI-HH1, E1-LHI at E = zero, calculated using Nextnano [19].

Moreover the 30 repeats of the intrinsic GaAs/AlAs multiple quantum structure were
sandwiched between 1500 nm of p-n-doped Alp4GagsAs layers in order to bias the
sample and apply a perpendicular external electric field, which resulted in a quantum

confined Stark effect [20, 21].
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Figure 3.3 Transition diagram of three level system of the GaAs/AlAs quantum well with E1-HHI,
El- LHI, as calculated by Nextnano

Fig. 3.4 illustrates the quantum confined Stark effect in quantum wells; showing how
electron and hole wave functions are affected by the electric field, E. This causes a

red shift in the transition energy.
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45 50 55 60 65

Distance(nm)

Figure 3.4 Transition diagram illustrating quantum confined Stark effect in quantum wells

42



Since the shift in the transition energies is not the same, this phenomenon can be

employed to tune the THz frequency (as displayed in table 3.2).

Electric field E1-HH1 (eV) E1-LH1 (eV) Frequency
(kV/cm) (THz)

0 1.4558 1.4711 3.675
25.992 1.453 1.4697 4.03
43.32 1.4485 1.4674 4.57
60.648 1.4427 1.464 5.15
77.97 1.436 1.4598 5.75

Table 3.2 Calculated transition energy versus applied electric field using Nextnano, also shows
theexpected wave frequency in THz

Furthermore, an increased electric field can be expected to increase the electron-hole
. . . 2 .

wave-function separation and hence increase y~. However, an increased E-field,

decrease electron-hole wave-function overlap and meanwhile lead to reduce the

absorption, that results in reducing the THz power.

3.3 Molecular Beam Epitaxy (MBE)

Molecular beam epitaxy (MBE) is a process of growing thin, high purity
epitaxial layers of different materials; it has been used widely for growing compound
semiconductors since the early 1970s [22]. Because of the high degree of thickness,
doping and composition control, and the ability to produce a uniform layer, it is a
common growth technique used in industry for the development of optoelectronic

and electric devices [23, 24].
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The MBE growth technique takes place in an ultra-high vacuum system (=10™"° torr).
One or more evaporated atoms or molecular beams are indicated upon a single
crystal surface, which makes it capable of depositing high-quality thin epitaxial
layers with very sharp interface layers [25].

MBE systems include three main chambers: a growth chamber, a buffer, which is
known as a preparation chamber, and a transfer chamber, which is used to move the
sample into and out of the vacuum system [23, 26]. Fig. 3.5 provides a schematic
diagram of the MBE growth chambers.

The semiconductor substrate is placed on a rotating stage using a magnetically
coupled transfer rod; the stage is then rotated at a fixed speed in order to produce a
uniform deposition thickness over the whole of the substrate.

The atomic beams are formed in effusion cells, heated independently using a
succession of heat shields. In the MBE system, the cells are located in front of the
substrate holder, and at the front of each effusion cell there is a computer-controlled
shutter, which is responsible for controlling the supply of material.

Although the UHV environment ensures very high quality films, the defect
concentration in the substrate must be relatively low, as these affect the
optoelectronic properties of the device. Two techniques can be used to ensure wafer
cleanliness in the preparation chamber; Auger electron spectroscopy [27, 28],
although this is not widely used because it needs more elaborate arrangements; and
“epi-ready” wafers. These are a combination of pre-cleaned and oxidized thin films
that form a protective layer that could be removed in the growth chamber. Epi-ready

wafers are the most widely used technique at present.
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Figure 3.5 Schematic diagram of typical MBE growth chamber

The UHV environment of the system is also suitable for various in-situ
characterization tools, like RHEED (reflection high energy electron diffraction),
which is a very important analytical instrument used for investigations of epitaxial
growth in MBE. The emitted electrons from the RHEED gun hit the sample surface
at a very low angle (~1-3°) [29]. Fig. 3.5 shows how the RHEED is located on the
top-side of the growth chamber, opposite a fluorescent screen. This screen creates a
series of electron reflection and diffraction patterns that give detailed information

about the surface crystallography.

The epitaxial layers of our structure consisted of a 200 nm n-doped GaAs (1x10'®
cm™) buffer layer deposited on an n-doped GaAs substrate, followed by 1500 nm
n-doped Aly4GaosAs (5x10'" cm™). This was followed by the deposition of the
MQW, which was made up of 30 repeats of 11.9 nm un-doped GaAs quantum wells
separated by 7.1 nm undoped AlAs barriers. A 1500 nm p-doped Aly4GagsAs

(5x10"" cm™) was subsequently grown. The epitaxial layer ended by growing 200 nm
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p-doped GaAs (1x10" cm™). Fig. 3.6 shows the layered structure of the device,

schematically, along with an SEM image of the device.

p-GaAs
p-Aly ,Gag gAs

MQw
n-Aly 4Gag gAs
n-GaAs

Figure 3.6 Schematic of the layered structure of the sample, and an SEM image of the MQW part of
the device

3.4 Photoluminescence Spectroscopy (PL)

PL is a contactless non-destructive technique that is used widely to investigate
the optoelectronic properties of semiconductor materials.
Fig. 3.7 shows (a) the light incident perpendicular to the sample surface; and (b) a
schematic diagram of the PL processes. The excitation source, whose photon energy
is equal to or higher than the energy gap on the material, is directed to the sample,
where it is absorbed, leading to the injection of electrons in elevated states of the
conduction and holes in the valence band. These rapidly relax, sinking to the bottom
of the state and losing their energy by emitting phonons with a correct energy and
momentum in order to satisfy the conservation laws.
After this the electron and holes can recombine radiatively, by emitting photons, or

non-radiatively [30].
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Figure 3.7 (a) Illumination of sample, (b) Absorption and recombination process during PL
measurement

The photoluminescence spectra can be recorded and utilized to study the optical
processes and to evaluate the quality of the surface and interface, as well as the
impurity levels.

In particular, photoluminescence allows us to investigate the wafer growth
conditions, and a wide variety of defects that are common in semiconductor
materials. This is because the PL intensity is related to the radiative and non-
radiative recombination rate, due to the fact that the impurities within the material,
and the roughness between the multi-layered structure, leads to faster non-radiative
recombination rate (lower PL intensity). Furthermore, a broadening of the
luminescence linewidth in the spectrum could be an indication of a fluctuation in the
alloy concentration across the materials [31], or a fluctuation in the well width
within the excitation spot on the wafers of the quantum well structure [32, 33]. PL
spectra are also widely used to study the excitonic effects in 2D structures such as

QWs [34, 35].

47



In this research, the PL spectra were recorded at room temperature using a BIO-
RAD RPM 2000 PL mapper. Fig. 3.8 shows the PL spectra of the GaAs/AlAs MQW
structure, revealing a strong PL band peak at 1.455 eV, corresponding to the
recombination between electrons in the first level in the conduction sub-band and
holes in the heavy hole valance sub-band. Moreover, a weaker feature observed on
the higher energy side of the main PL peak, near 1.467 eV, was produced by the
recombination of ground state electrons and light holes.

In order to evaluate the uniformity of the structure for the entire epitaxial wafer of
the PL spectra, measurements were carried out at different points along the radius of
the wafer. A high spectral similarity between the measured signals is indicated away
from the edge (C, D), that specify the band gap of the substrate (GaAs), in Fig. 3.8: a

close match can be seen between the PL spectra peaks at points A, B.

PL (a. u.)

1.35 1.40 1.45 1.50 1.55
Photon Energy (eV)

Figure 3.8 Room temperature PL spectra for the GaAs/AlAs MQW structure at different points on the
wafer
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Fig. 3.9 plots energy peaks of PL along different points of the wafers and inset is the
schematic of the scanned area in the wafer, the results shows only a slight change in
the energy peaks position of the PL spectra at all points of the wafer in the different

areas examined.

1.460

1.455

1.450

1.445

Photon Energy (eV)

1.440
2 4 6 8 10

Position (mm)

Figure 3.9 Distribution of PL spectra across a 2-inch piece of epitaxial wafer, inset is schematic of the
scanned area of the wafer

This is clear evidence for a structure that is relatively highly homogenous in its
optical response over the entire investigated area. This applies both to the well width
and the purity of the semiconductor materials. Smaller transition peak energy values
were measured at the edges of the wafer, however (points C and D in Fig 3.8),
illustrating poor crystal quality near the wafer edges. Hence, none of these parts were

used in any of the measurements.
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3.5 Mesa Diode Fabrication

A mesa diodes were fabricated in order to observe the electrical characterization
of the materials. The fabrication process used in this study was based on standard
recipes.

Wafer with a diameter of 2” is scribed at the edge with a diamond tip scriber, then
the piece which is required to be used for fabrication of mesa diodes is cleaned using
the three step solvent cleaning process to ensure all the dust and debris are removed,
Fig. 3.10 shows the piece of epitaxial structure of the wafer grown by MBE that is

cleaned to be used for the mesa diode fabrication.

Figure 3.10 Epitaxial structure of the wafer grown by MBE

The first step of the cleaning is to put the sample into a beaker of n butyls acetate
and boil it for approximately 30 seconds, after which the sample is taken out of the
solvent and cleaned with cotton buds, and put into the warm acetone, then the
sample is removed from the acetone to be immersed in warm isopropyl alcohol for a

few seconds.

The sample is removed from the isopropyl alcohol and dried with nitrogen gas.
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A microscope is used to inspect the cleanliness of the sample surface; if the sample
is still not clean, then all the cleaning processes should be repeated until the sample

is free of any dirt.

Once the surface has been cleaned, the sample is placed on a small piece of blue
tacky paper in order to protect the backside of the sample, and it is put onto the
vacuum chuck of a spinner, a photoresist named BPRS100 is dropped on the sample
and then the sample is spun at 4000 rpm for 30 seconds. The next step is to put the
sample on the hotplate for 1-minute to bake the photoresist. The thickness of the
photoresist is non-uniform around the edge of the sample, for that reason about 1.5-2
mm must be removed. Removing the edge is carried out by masking the sample and
then exposing the edge to UV for 30 seconds using aligner UV300, after which the
sample is developed in 3:1 H,O: PLSI for 1 minute, followed by rinsing in DI water
and blow drying with a nitrogen gun. Fig. 3.11 shows the cleaned sample with a thin

layer of photoresist on the top.

. Photoresist

Figure 3.11 The cleaned sample with a thin layer of photoresist on the top
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Then, the sample is placed on the mask aligner stage and the mask is positioned on
the sample. The sample is then exposed using UV light and developed in 3:1 H20:
PLSI for 1 minute to define a pattern on the resist, and then rinsed in DI water and

dried with N,.

Fig. 3.12 shows the sample with the mesa pattern on the top, all the photolithography
processes are carried out in the yellow room to ensure that the only area exposed to

the UV radiation from the mask aligner is the one that has been modified.

The pattern is checked under the microscope and the sample is put in the Asher for 1
minute to make sure all the photoresist is removed in the patterned area prior to

metallization.

. Photoresist

. GaAs

Figure 3.12 Sample after patterning on the photoresist

For the top metallization stage, a thermal evaporator is used to deposit an Au/Zn/Au
metallic contact onto the front side of the device. A tungsten coil/heating element
and a tungsten coil/heating basket are placed at a position of 6 cm above the crystal
thickness monitor in the thermal evaporator. The tungsten coil/heating element

basket is filled with ~10 mg of zinc and then gold wire is folded and cleaned with 3
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stage solvents, and placed in the tungsten coil/heating element. The sample is placed
in1:19 Analar Ammonia: H,O solution for 30 seconds and dried in order to remove
the surface oxide, then the sample is placed into the evaporator near to the crystal
thickness monitor and just below the coils. Next the chamber is closed and a vacuum
of ~10° mbar is applied. First, a thin layer of gold ~20 nm is deposited onto the
sample surface to improve the adhesion of the ~10 nm zinc which is deposited after
the Au layer. Finally, another ~200 nm gold layer is deposited. The thickness of each
metal is measured using the crystal thickness monitor. As soon as the deposition
process is finished, the sample is allowed to cool down for 10 minutes, and then
taken out of the evaporator. The sample is then placed into a beaker of acetone, for
the lift off processes, which dissolve the photoresist and remove any gold in
unwanted areas. This is followed by inspection of the sample under the microscope.
Next the sample is placed in the Asher for 2 minutes in order to remove any
remaining resist; Fig. 3.13 shows the sample after the metallization, lift-off
processes. Once the sample has been cleaned, it is placed in the rapid thermal
annealing (RTA) system and annealed at 360°C for 30 seconds in order to provide a

low resistance electrical contact.

Figure 3.13 Sample after metallization, lift-off and thermal annealing procedure
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Then, the sample is prepared for a wet etch step by spinning the SPR350 photoresist
on top of the sample and then baking it for 1 minute. The edge bead is removed from
the sample. Then, the sample is fixed and positioned on the aligner, the pattern on
the surface is aligned with that of the mesa etch pattern on the mask as shown in Fig.
3.14, then the sample is exposed. Next the sample is placed in MF26A for 1 minute
in order to develop the resist and to produce the required pattern on the sample, then

the sample is rinsed in DI water and blown dry.

. Photoresist

Figure 3. 14 Photolithograph on the sample prepared to be etched by 1:1:1 wet etch

A mixture of well-known 1:1:1 chemical etchants (acetic acid, hydrobromic acid and
potassium dichromate) are used to etch the mesa through the active region; then the
devices are rinsed in DI water and blown dry, the device after the wet etching

prosess is shown in Fig. 3.15.

54



. Photoresist

Figure 3.15 Device after the mesa wet etching process

Next the sample is placed in a beaker of acetone in order to dissolve and remove the
photoresist on top of the gold. After the photoresist has been removed, the sample is
exposed to O, plasma ash for 30 seconds in order to remove any residual photoresist,

Fig. 3.16 shows the device after the mesa wet etching and lift off process.

1 AlGaAs

B vaw

Figure 3.16 Device after the lift off process

Fig. 3.17 shows the backside metal contact is deposited on the sample by using a
thermal evaporator. The evaporator is set up again by placing a tungsten coil/heating
element and a tungsten coil/heating element basket at 6 cm. The tungsten

coil/heating element basket is filled with ~10 mg of indium, and ~10 mg of
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germanium, also a two 2 cm length of folded gold wire is placed in the tungsten
coil/heating element. The sample is rinsed in 19:1 Analar Ammonia solution for 30
seconds to remove the surface oxide, rinsed in DI water and blown dried. It is placed
inside the thermal evaporator, then the chamber is pumped down to a pressure of
~10° mbar, 20 nm of indium/germanium alloy is first deposited onto the surface,
with 400 nm gold deposited as the last layer. After the deposition process is
complete the sample is allowed to cool down, and then the sample is annealed in the
RTA for 30 seconds at 340 °C in order to produce a low resistance n-type contact on

the backside of the sample.

Figure 3.17 Metallization on rear side of the device

Finally, the devices are cleaved and mounted onto a gold ceramic tile using indium
epoxy at 120 °C, the devices are then wire bonded in readiness for different kinds of

characterization. Fig 3.18 shows the cleaved mesa device attached to the tile.
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Figure 3.18 Cleaved devices mounted onto gold tile

3.6 Photocurrent Spectroscopy (PC)

Photocurrent spectroscopy is one a type of spectroscopy widely used to study
the electronic and optical properties of semiconductor low dimensional structures,
like quantum well structures. PC is complimentary to PL as it provides absorption
related information, and is also appropriate for experimental conditions where the
temperature is high or the application of an electric field is required [36]. PC
spectroscopy has three main steps: photo-absorption, which generates carriers,
carrier transport, and recombination. Fig. 3.19 shows the schematic diagram of the
experimental apparatus used to measure the PC spectra of the sample.

Light from a tungsten lamp source is modulated by the optical chopper and filtered
by a monochromator, then focused on the p-type surface of optical p-i-n mesa diodes
(400 pm), described previously in section 3.5. Once the mesa is optically excited, the
absorbed photons in the intrinsic region generate electron-hole pairs, which drift
towards the contacts due to the applied E-field. This relies on the carriers being able
to escape before they recombine, either by tunnelling through the barrier or by

thermionic emission directly over the potential barrier [37]. Signal:noise is improved
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by the use of lock-in amplifier. The PC spectrum is recorded using the LabView

program.

DC bias can be applied perpendicularly to the mesa diode by using a Keithley
voltage source.

The photocurrent spectra is related to the absorption spectra and is very powerful,
both for describing sub-band structures in the MQW structure and for investigating

all the lower and higher lying intersub-band transitions.

Ref.
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Focusing System
W 4
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Single Monochromator ‘

Keithley Voltage Source

Figure 3.19 Schematic diagram of the photocurrent experimental setup

It is also valuable for studying the exciton binding energy and normally forbidden
transition, where a different reverse bias is applied to the sample [38, 39].

In this thesis the photocurrent spectra for the MQW intrinsic region of the p-i-n
sample was measured at room temperature, at zero bias and as a function of a
different applied reverse bias.

Appling the reverse bias to the sample produces a strong DC electric field along the
growth direction, the magnitude of which can be calculated by [30].

Wi-V,
E=| bi 0|
I
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where
Vyi: built in voltage = 1.5 V [40]
Vo: applied bias

l;: intrinsic region

The total thickness of the intrinsic quantum well region in the sample is 577.1 nm,

and the built-in electric field is = 25.993 (kV/cm).

Fig. 3.20 plots the PC spectrum where no external bias is applied to the sample. The
transition energies between valence sub-bands and conduction sub-bands, calculated
using Nextnano, are also plotted. The energy states of 3 electron, 3HH and 3LH are
all considered. Excellent agreement is observed between simulation and experiment
results over a wide range of transitions.

The highest exciton peaks were observed at 1.452 eV and 1.465 eV, corresponding

to the transition between the lowest quantized levels in the conduction band (E1) and

HHI1, LH1 in the valence band.

Photocurrent (a.u.)

144 1.50
Photon Energy (eV)

E1-LH1 E%
E2-HH1

HHZ

E2—LH2

E2-HH3

1.56

i

—= Gaussian Fitting HH
—= Gaussian Fitting LH

1.62

|

1.68

E3-HH
E3-LH1
E3-HH1

1.74

Figure 3.20 Measured PC spectrum. Transitions are identified from their expected
transition energies from simulation; also Gaussian fits to E1-HH and E1-LH]1 are shown
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In a low electric field, the PC spectrum shows exciton peaks for the allowed
transition in relation to the selection rules. When the electric field is increased,
however, more exciton peaks appear in the PC spectra as a result of the associated
deformation of the well potential, warping the electron and holes wave function and
moving them in a different direction, thus making the overlap integral between the
electron and hole wave-function no longer equal to zero for forbidden transitions.

Another obvious effect of increasing the electric field on the PC spectra is the shift
of the interband transition exciton energy to the lower energy as a result of the
quantum confined Stark effect (QCSE) [20]. Fig. 3.21 shows a series of spectra for
the sample as a function of the applied electric field. The dotted line is used to
highlight the shift in the exciton peaks for the E1-HH1 and E1-LH1 transitions as a

function of the applied electric field.

E=25.992 kV/cm
E=43.320 kV/cm Optical excitation E=
E=60.6480 kV/cm ==
E=77.97 kV/cm

E=95.304 kV/cm
E=112.632 kV/cm

Photocurrent (a.u.)

140 142 144 146 148 1.50
Photon Energy (eV)

Figure 3.21 Photocurrent spectra at room temperature of the GaAs/AlAs MQW diode as function of
the applied electric field

When the applied electric field was low this showed some agreement with the

calculated values, as shown in Fig. 3.22 below. With stronger electric fields,
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however, there was less agreement, due to the broadening of the PC spectra, which

makes it difficult to determine the exact values of the peaks.

1.50 g e I —
% - e Measured E1-HH1§
1.48 1 = Measured E1-LH1 3
> .
o ; ]
) ] E
C = i E
LIJ1'46 . I E
= .
B 1.44 ! : ;
_CC) ) A Calculated E1-HH1 3
o i v Calculated E1-LH1

142 e

30 45 60 75
Electric field (kV/cm)

Figure 3.22 Measured and calculated transition energies between states E1-HH1 and E1LH1
according to the applied electric field

To summarise the design of the sample was highlighting and the main points in its
structure design rules was discussed in detail, an introduction of MBE was given as
it was the techniques used to grow the sample. Different sample characterization
techniques were explained and the results discussed. A good agreement between the

sample design and the manufactured sample was reported.

3.7 Future Work

A thorough study of the optimal growth techniques for realising good structures
and hence narrow excitonic transitions has not been made. Using photoluminescence

excitation (PLE) and photoluminescence (PL), an optimisation of the growth process

61



could be carried out. This would be best at low temperatures as this would help to
determine the transition linewidths, free of thermal broadening. Using different
growth processes in MBE such as migration-enhanced epitaxy (MEE) [41] may be a
route to enhanced excitonic transitions. Furthermore, MOVPE could be considered if
any phosphorous alloy such as InGaP is added to the sample structure as a stop layer
[42], (proposed for new structure in next chapter). Applying an external bias to
realize the QCSE in QWs is explained in section 3.6 and this allows tuning the
transition energy of both E1-HH1 and E1-LH1 and result in tuning the emitted THz.
Therefore considering the fabricating of a contact in the sample is required which
will enable connecting the sample to the external voltage source and allow us to

apply an electric field.
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Chapter Four

Sample Preparation Processes

4.1 Introduction

This chapter describes the sample preparation processes and explains in detail
how the sample was processed in order to maximize the incident pump power
available for absorption in the QWs and minimize the THz signal power absorbed
through the heavily doped n-GaAs sample substrate. Since the pump power
absorption calculation, made using the p-GaAs absorption coefficient [1] at a
pumped laser wavelength ~ 850 nm, indicated that 20% of the total laser pump
power was absorbed in the p-GaAs cap layer, it was clear that the cap layer should
be totally removed. In addition, the absorption coefficients [2] indicate losses in
excess of 6 dB/um for this material at the THz wavelength, therefore, given a n-
GaAs substrate any thickness >~ 1 pm, most, if not all the THz radiation generated
by the device would be absorbed in the substrate. Hence, the complete removal of
the substrate was required. One method that has been widely investigated and is
applied here for removing the p-GaAs cap layer and n-GaAs substrate and for

preparing the sample for measurement is wet etching.
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4.2 The Wet Etching Process

Wet etching is a material removal process in which special chemical liquids,

known as etchants, are employed to remove unwanted material from the area of the
structure, and is widely used in the manufacturing of semiconductor devices [3, 4].
Wet etching is carried out in three stages: the first involves dispersion of the etchant
to the area from which unwanted material is to be removed; in the second stage, a
reaction occurs between the liquid etchant and the material being removed, causing
oxidation of the material. This leads to the third stage, in which the oxidized material
is dissolved. Finally, the products of the reaction are diffused from the reacted
surface.
The chemical etchant usually contains two components: oxidizing and dissolving
agents. In the etchant system used in the work carried out for this thesis, H,O (30%)
was always the oxidizer and citric acid and ammonia H3;PO4 were used as dissolvers.
A well-behaved chemical etching composition can selectively remove a particular
part of the structure or specific material (S) without damaging the rest of the
structure.

The selectivity coefficient S of the solutions can be defined as below:

_ R
Rz

S 4.1)

where

R;: etch rate for the material to be removed

Ry: etch rate for the stop layer

Thus, the optimal solution has a higher R, and lower R; for high selectivity. The etch
rates are determined by dividing the etched depth by the time taken for the etching

process to be completed.

68



In this experiment, the samples were prepared for wet etching by cleaving the wafer
into small pieces (8x8 mm), then cleaning the samples by immersing them in
acetone and isopropyl alcohol, for 5 min. each. The samples were checked under the
microscope and, once clean, attached to a microscope slide after a thin layer of wax
had been applied to the glass. They were then heated on a hotplate and left at room

temperature for 30 minutes to cool down, as shown in Fig. 4.1.

Glass Glass Glass
‘l’ \l, Wax \ll Sample

-_—

t1e

Heat

Figure 4.1 Sample prepared for wet etching

While cooling was taking place, the etchant was mixed and prepared, and the
samples were then submerged in the chemical solution for the necessary period.
Neither agitation nor jet streams were used during the etching process. The samples
were then removed from the etchant, washed in DI water and blow-dried with N,
before the etching depths were measured with a mechanical stylus profile meter
(Dektak). Different chemical etchants were investigated in terms of their ability to
remove the GaAs with respect to AlGaAs; specifically, NH4OH+H,0,,
CeHzO7+H,0,, H3PO4+ H,0,+H>0, as shown in table 4.1. All the etching tests were
carried out at room temperature. The chemical etchants were chosen based on the

fastest etching rate and highest selectivity, as illustrated in [5-11].
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Etchants GaAs Aly4GaggAs Selectivity

NH,OH+H,0, 4.5 pm/min. 0.4 um/min. 11.2
(1 : 1)

NH,OH+H,0, 1 pm/min. 0.015 pm/min. 66.6
(1 : 50)

H;PO4+H,0,+H,0 0.3 um/min. 0.01pm/min. 30

(3 :1 : 25)

NH,OH+H,0, 0.2 pm/min. 0.010 pm/min. 20
(1:225)

Citric acid +H,0, 0.34 pm/min. 0.00347 pm/min. 102
(4 : 1)

Table 4.1 Etch rate and selectivity for different chemical etchants at different concentrations

Unlike the ammonia-based etchant, the citric acid + hydrogen peroxide etchant has a
low etch rate. Moreover, since the etch rate was linearly proportional to the etch
time, the etch mechanisms for citric acid + hydrogen peroxide were investigated
using a range of solution concentrations. The highest selectivity was achieved with a
ratio of 4:1, as is shown in Fig. 4.2. The citric acid was prepared by mixing citric

acid powder with H,O, with ratio of 1:1.
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Figure 4.2 Etch rates of the GaAs and Aly4Gag¢As versus volume ratio of citric acid + H,O, at room
temperature

The selectivity at this composition was 102, with a smooth etching profile, as shown

in Fig. 4.3.

Figure 4.3 AFM images taken from the surface of the GaAs etched by a solution of citric acid + H,0,
with ratio of 4:1
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It was observed that the NH4OH+H,O, etchant with a ratio (1:1) had the highest etch
rate but a rough etching profile, as shown in Fig. 4.4. As a result, this substance was

used when fast, non-selective etching was required.

Figure 4.4 AFM image for the surface of the GaAs etched by a solution of NH,OH+H,0, with a ratio
of 1:1

4.3 Capillary Bonding

Capillary bonding is a mechanism of surface tension used widely to pull the
different semiconductor wafers to very close contact and strong bonding [12, 13].
The wafer surfaces should be polished and carefully well cleaned, the cleaning
processes includes lightly etched of the sample surface, and then the sample and the
glass rinsed in a liquid with a relatively strong adhesive forces, usually methanol is
used [14], and then the sample and the glass were removed from the methanol,
gradually the liquid with the strong adhesive forces evaporate across the edges of the
wafers, and come to be thinner and finally pulled the wafers to the atomic contact.
This process usually monitored with observing the interference fringes of the liquid

thin film via the top surface of a transparent wafer glass, diamond or sapphire, at the
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beginning the some fringes are appeared and then gradually disappear (the fringeless
surface specify a wafer separation less than quarter of the visible wavelength), within
several hours the remaining thin layer of liquid is completely escape and the best

atomic contact between wafers are achieved [12].

4.4 Sample Preparation Process Steps

A wafer with a diameter of 2” was scribed at the edge with a diamond tip scriber,
then the piece to be used in the process was cleaned using the three-step solvent
process so as to ensure that all dust and debris were removed. In order to do this, the
sample was decanted into a beaker of n-Butyl acetate and boiled for approximately
30 seconds, after which the sample was removed, cleaned with cotton buds, and put
into warm acetone; then the sample was removed from the acetone and immersed in
warm isopropyl alcohol for a few seconds; and finally the sample was removed from

the isopropyl alcohol and dried with nitrogen gas.

* A p-GaAs cap layer etched using a citric acid to water ratio of 1:1, and ratio of

this solution to hydrogen peroxide of 4.

* Since the substrate-free structure is very fragile, the sample is attached to
diamond or glass by capillary bonding (explained in section 4.3), in order to
support it prior to substrate removal. In this case, a diamond wafer was used
because it has better thermal conductivity (2000 W.m".K™") [15] than glass (1
W.m" K" [16], and also has good transparency =~ 70% in the range of the

excitation wavelength [15].
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The diamond wafer and the sample without the cap layer were cleaned using the
three solvents technique, in order to ensure capillary bonding [14], the cleaning
involving the following process; first, the sample and the diamond wafer were
put into a beaker of n-Butyl acetate and boiled for approximately 30 seconds;
then they were removed from the solvent and immersed in warm acetone; after
this, the sample and diamond were removed from the acetone and placed in
warm isopropyl alcohol for a few seconds, before being removed and dried with

a nitrogen gas.

Both the sample and the diamond were examined under a microscope to check
their surface cleanliness; if any of them were still not completely clean then the
entire cleaning processes was repeated until they were dirt-free.

The sample and the diamond were then processed by plasma ashing (a process
of removing photo-resist which become ash (carbon) during reacting with O5),
for 4 minutes, and finally rinsed in NH4OH:H,O (1:19) in order to remove the
native oxide and make the surface hydrophilic, in order for it to achieve high
quality capillary bonding. The contact angle of water on the surface can be
measured in order to assess the hydrophobicity of the surfaces, as shown in Fig.
4.5. Observations confirmed that the angle was less than 90°, and thus the

surface was hydrophilic [17].

6 N0

Figure 4.5 Hydrophobic surface and hydrophilic surfaces
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* Finally, the treated sample and diamond wafer were immersed in methanol for
several minutes and put into contact with each other. After removal, the sample

was found to have attached to the diamond wafer.

It was found if the wet etching took place immediately after removing the sample
and the diamond from the methanol the sample delaminated from the diamond,
but leaving them in an open place for few hours allowed the sample and the
diamond to develop a strong enough bonding to resist the wet etching processes

for many hours, thereby allowing the whole substrate to be removed.

For small samples < (4x4) mm, where a lapping machine may be unsuitable for
thinning the substrate, a combination of non-selective and selective etching can be
used. The first 200 um was etched using NH4OH+H,O; (1:1), which has a high etch
rate, but a rough etch profile and low selectivity, as shown in Fig. 4.4 this was
followed by etching with citric acid and H,O,, generating a slower, selective etch. In
this case, the etch stopped once the substrate was entirely removed, as depicted in

Fig. 4.6.

NH,OH+H,0,

200

Citric acid+H,0, ]
100 E

n-GaAs thickness(um)

0 100 200 300 400 500
Time of etching (min)

Figure 4.6 Sample thicknesses (measured by Dektak) as a function of etching time using the two-
stages wet etching process
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Alternatively, for comparatively large samples, once the selective etching of the p-
GaAs cap has been completed, the n-GaAs substrate may be lapped to a thickness of
~150 pm, capillary bonded, and selectively etched using citric acid and H,O». Surface
profiling indicated that, in this case, the finished sample thickness was = 3.68 um,
which was confirmed by cross-sectional SEM, as shown in Fig. 4.7. This is in a good
agreement with the thickness of the epitaxial layer (= 3.6 um), suggesting that all of

the cap layer and substrate were removed.

Figure 4.7 SEM image indicating the thickness of the prepared sample

In summary, this chapter has reported a method to remove the cap layer from p-doped
GaAs and the substrate from n-doped GaAs from the sample. The described process
satisfies the objective of reducing pump laser absorption in the cap and THz

absorption in the substrate.

Two approaches to complete substrate removal have thus been examined: first,
considering the sample size before attaching the sample to a diamond wafer to
provide support and encourage heat extraction; and second, preparing the sample

prior to the THz measurement.
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Both these approaches successfully achieved substrate removal. A combination of
non-selective and selective etching can be used with a comparatively small sample,
while larger samples can initially be thinned with a lapping machine before selective

etching.

4.5 Future Work

Different material such as InGaP which has a good lattice match to the GaAs [18,
19], could be used in between the AlGaAs and the n-GaAs substrate layers during
the sample growth, this provides an easier way to remove the substrate, since a high
selectivity rate of the GaAs over InGaP or InGaP over GaAs is achievable with using
plasma dry etching [20, 21]. In both cases the sample could be release from the
substrate. Moreover since the high resistivity Si has a good transparency to THz
[22], therefore it is a very attractive to be used (bound to the backside of the sample)
instead of the diamond (bound to the front side of the sample) to support the thin

sample and in meanwhile provide a good waveguide platform for the THz wave.
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Chapter Five

Laser Characterization, Absorption Measurements,
and Preliminary THz Measurements

5.1 Introduction

This chapter describes the experimental setup that was assembled and used to
measure the THz signal generation through DFG and to confirm the second order
nonlinear phenomena. It provides information about the operating characterization of
the two CW lasers, as well as a detailed account of the different optical elements
used to collimate and overlap the laser beams, the imaging and THz detection
system. The chapter also explains the setup of the absorption measurement process,
and gives a comparison of the absorption at high excitation of the sample (as
prepared in chapter 4) to the PC spectrum obtained from a mesa-diode structure
(described in chapter 3). Preliminary results are presented of the generation of THz
radiation using this new method, and the THz power dependence upon laser power is
measured. Finally, the chapter discusses some of the interesting findings arising from

this work.
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5.2 Experimental Setup System for THz Generation and Detection

Fig. 5.1 shows a 3D schematic image of the THz generation and detection setup
system and the optical beams (produced by SolidWorks). The system consists of the

following main parts:

Figure 5.1 3D image of the THz generation and detection system

5.2.1 Laser System

The system includes two CW commercial single mode diode lasers, specifically
Fabry-Perot (FP) and distributed feedback (DFB) lasers operating at slightly
different wavelengths corresponding to the HH and LH exciton energy in the MQW
structure (described in chapter 3). This is compact and more economical (a few
hundred pounds) than other kinds of laser systems, such as Ti:Sapphire lasers (20-40
thousand pounds). The Ti:Sapphire laser, however, has a narrower linewidth with
single mode operation (free of mode hop) and can therefore produce a higher power

than the semiconductor diode laser.
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Standard laser diodes are made of the active region of the laser diode in the intrinsic
region, and the carriers (electrons and holes) are pumped into that region from the n-
and p-regions respectively. Although the first generation of diode lasers was
demonstrated on simple p-n diodes, all modern lasers have a double-heterostructure
or QW structure, since this structure allows the carriers and the photons to be
confined, thereby maximizing the probabilities of recombination and then light
generation. In addition, laser diodes need a mechanism to provide optical feedback
in order to generate the optical wave (e.g. pair of mirrors on the facet in FP lasers or

grating in DFB lasers).

» Fabry-Perot (FP) Laser

With FP the optical feedback (produced by a pair of mirrors on the faces)
generates standing wave patterns, thus allowing only an integer number of resonant
frequencies or longitudinal modes to exist. The output wavelength also changes with
temperature since the variation of the medium band gap with temperature produces a
shift in the wavelength of the order of 0.5 nm/°C. Furthermore, a slight change in
the temperature causes a shift in the wavelength, resulting from the variation of the
index of refraction, as well as changes in cavity length due to thermal expansion,
since the wavelengths occur at longitudinal modes of the cavity, and these modes
depend on the cavity length [1].
In this work, a commercial Fabry-Perot laser diode from Thorlabs (L852P150) was
used after being connected to a laser driver and temperature controller. Fig 5.2 shows
the tuneability range of the FP laser wavelength (842.3 - 865 nm) as a function of the
chip temperature at a constant power (130 mW). The current required to achieve this

power is also plotted.
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Figure 5.2 FP laser wavelength tuneability, with corresponding current and temperature

The laser tuning range is 22.7 nm and the dA/dT = 0.36 nm/°C, which is in line with
the Varshni equation for GaAs [2].

Whilst lasing predominantly from a single mode it was found that the lasing
wavelength could alter suddenly (mode-hop) at certain temperatures. Fig. 5.3 plots
the wavelengths of peaks observed in the emission spectrum of the F-P laser at 25° C
as a function of drives current. At this particular temperature, two modes might
compete for the available power, and the laser may switch backwards and forwards
between them. This mode hopping [3], was avoided while the laser wavelength was
tuned by careful adjustment of temperature and current to achieve a particular A. Fig.

5.3 also shows the separation between the modes =~ 0.45 nm.
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Figure 5.3 FP mode separation of the wavelength as a function of current

» Distributed Feedback (DFB) Laser

In contrast to the FP laser, the DFB does not use two discrete mirrors to form
the optical cavity. Instead, it has a layer with a periodic variation in refractive index,
or diffraction grating realised internally, close to the active region. This grating
works as a distributed filter, which introduces a frequency that is selective of the
optical losses [4], allowing only one of the longitudinal modes to propagate back
and forth. The wavelength of DFB lasers can be tuned, since the wavelength shifts in
line with temperature changes in the active region. This is possible to achieve by
changing the temperature of the chip or the injected current. A commercial DFB
laser from eagleyard (EYP-DFB-0852-00150) was used in this work and the
temperature coefficient of the emission wavelength is expected to be 0.06 nm/°C
based on its specification. Therefore the DFB laser’s wavelength is tuneable within a
limited range of 3.5 nm (as shown in Fig. 5.4) and the dA/dT = 0.05 nm/°C, so has

the ability to excite the HH.
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Figure 5.4 DFB laser wavelength tuneability, with corresponding to the current and temperature

The DFB laser has a narrower-spectral-width than the FP laser and is expected to
give a linewidth of 2 MHz according to its specification, but in our measurements
and resolution is limited to 0.1 nm, as it is attributed to the filter function of the
measurement system optical spectrum analyser (OSA), it is also free mode hop and
single longitudinal-mode laser [5], as shown in Fig. 5.5 (a). The figure also shows a
wider measured linewidth for the FP laser compared to the DFB laser linewidth (Fig.

5.5 (b)).

The FP can operate in multimode, where the emission is made up of multiple
longitudinal modes, and in this case the convolution of these modes can be several
nanometres wide. While if it is operated in single mode, the laser linewidth is
expected to be much narrower (~MHz) [6], but still not as narrow as is expected for

the DFB laser linewidth (~ <MHz) [7].
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Figure 5.5 (a) DFB laser spectrum in red, and the dashed blue line is the Gaussian fitting, (b) FP laser
spectrum in green and the blue dashed line is the Gaussian fitting

However, the linewidth of the FP is measured to be 0.142 nm as shown in Fig. 5.5
(b) the broadening in its linewidth is not because of the mode hop as the separation
of the laser modes is about 0.45 nm as shown in Fig. 5.3. This broadening is
unexpected, and could be originated from external optical feedback into the laser [8],
or undesirable free-carrier/thermal effects within the laser cavity.

To summarize, two lasers were used, each of which has a narrow linewidth, although
one was slightly broader than expected. The HH can be excited with the DFB laser,
and there is sufficient tuneability to target absorption by this resonance peak

correctly, while the FP laser can be tuned over the excitonic bands.

5.2.2 Laser Optics System

Fig. 5.6 illustrates the setup schematically. Many lenses and reflectors (mirror
and beam splitters) were used to collect, collimate, direct and overlap the laser
beams on the sample.
The laser was collimated using an aspheric lens (f=4.6 mm), then reflected by using

gold mirrors with reflectivity > 96%, in order to get a very close distance between
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the axes of the two laser beams, a broadband dielectric D-shaped mirror was used to
reflect the FP laser beam at 90° to be co-axial with the DFB laser beam, at a distance
of less than 2 mm. Since the lasers beams are invisible, a detection card was used to
determine the distance between the two lasers beams. Then the lasers beams were
passed through the pellicle beam splitter, uncoated for 8:92 (R:T) which introduces

LED illumination of the sample (for imaging purpose).

Lock in amplifier

Laser 1

_L Q}?— —|— Laser 2

I ND Filter
BS
N [ E | , THz
N 7777 E | 7 Z Detector

Camera -----__-____Z\&

Figure 5.6 Schematic diagram of the THz generation and detection setup

The transmitted light goes through another pellicle beam splitter, uncoated for 8:92
(R:T), allowing the camera to image the sample, while the reflected light was
focused on the light collimator, which was coupled and delivered the laser beams to
the OSA with multi-mode fibre-optics. The OSA was used in order to monitor the
single mode laser and the wavelength of the lasers. The transmitted light was passed
through a 1 mm hole in the copper disk and was then incident onto the sample. The

laser beams were aligned parallel to the optical bench. Several pinholes at various
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points and at the same height from the base of the optical bench were used to ensure

beam alignment.

An imaging system with a CCD camera and an LED light were used to check the
overlap of the two laser beams onto the sample surface. Another method was used to
monitor the overlap of the laser beams involving checking the overlapping beam
spots of the two lasers at specific points from the sample holder (10-500 mm). Since
the intention was to measure the non-linear optics effect, the part of the laser beams
transmitted through the sample was measured in order to achieve the best laser
alignments and deliver the highest laser power to the sample. A digital power meter
with a slim Si sensor was used for this purpose. For safety purposes, an attenuator

was used to minimize the laser radiation power during alignment of the system.

During testing, it was found that the system alignment was sensitive and there was a
deviation of the FP beam spot upon variation of the laser temperature, so the system
was re-aligned and the overlap of the laser beams was checked after every single

measurement.

In this work, an HP 71452B OSA [9], was used to monitor the lasers’ emission

spectrum while each THz measurement was being carried out.

5.2.3 Detection System
Fig. 5.7 illustrates the detection system schematically, consisting of the

following main parts:
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Figure 5.7 Detection part of the experiment measurement setup

» THz Optics
Since the THz radiation may be divergent, a specific lens should be used in
order to collect and deliver the THz radiation to the detector. To this end, a hyper-
hemispherical Si lens made of high permittivity silicon (gg; = 11.7) from TYDEX
was used in this work, since the refractive index of the material matches well with
that of GaAs (thus improving the THz coupling through the sample), and because it
has a very low absorption at THz frequencies [10]. The Si lens also sharpens the

THz radiation pattern and improves the directivity.
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Figure 5.8 Hyper-hemispherical silicon lens combined with the sample
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A ray diagram of the lens system is shown schematically in Fig. 5.8. The distance

between the virtual focus point behind the lens and the tip of the lens (L), the
distance (L), and the emission angle (0), were calculated to be ~ 60 mm, 73°,

respectively, for a hyper-hemispherical lens with a diameter of 25.4 mm. Although a
thin layer of glue between the lens and substrate can be used to enhance the
coupling, in this experiment the lens was attached to the back of the sample gently
without using any glue, since it was necessary to remove the lens when the laser

beam alignments were investigated in advance of the THz measurements.

» THz Radiation Detector

A GENTEC room temperature pyroelectric detector, model THZ 21-BL-BNC,
was used to detect the THz radiation. This has an active area of 4 mm?, with a
sensitivity of 140 kV/W, and a noise equivalent power (NEP) of 4x10™"° W/(Hz)"?
[11]. Also the predicted absorption efficiency is ~10% [12].
Since this kind of detector is very sensitive to wide range of the electromagnetic
radiation; A TPX (Rexolite) filter was placed carefully in the front of the active area
of the detector in order to block any unwanted near infrared light impinging upon the
detector. Fig. 5.9 shows the TPX window for spectra ranging between 20-2000 pm,

with > 80% transmission when operated between 80-2000 pm.
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Figure 5.9 TPX (Rexolite) has a window covering spectra ranging from 20 to 2000 pm
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A lock-in amplifier was used to process the signal, since the THZ21-BL-BNC
integrates an analogue module that enables users to plug the head directly into the
amplifier [12]. Since the instantaneous polarization of the pyroelectric detector
changes in respect to the temperature change rate [10], an optical chopper set was
applied to the path of the FP laser beam at 2 Hz, in order to provide the required
source of modulation to heat and cool down the detector. Furthermore, tuning the
laser and switching to different frequencies interrupted the system alignments. A
careful alignment procedure was therefore employed until the maximum signal was
recorded for each THz radiation frequency measurement. It was also found that the
detector was very sensitive to any vibration around the laboratory, so most of the
data was taken during out-of-hours periods so as to enhance the accuracy of the

measurements.

5.3 Absorption, Reflection and Transmission through the QB
Structure

When a light beam is incident on the surface of an optical medium, part of it is
reflected and the remainder propagates to then be absorbed or transmitted through

the medium. Fig. 5.10 illustrates this schematically [13] .

I
lmdem ™ ”
d

hery :
“thght medlum

Figure 5.10 Schematic of the reflected and the propagated light at the normal incident angle to the
optical medium
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For a multilayer optical medium with different refractive indices, such as our sample
structure attached to glass or diamond, some of the incident light beam is reflected at
each interface between the two surfaces and the remainder is either absorbed or
transmitted to the next layer.

Fig. 5.11 shows a schematic diagram of the prepared sample structure and how the
normal incident light to the surface is reflected and propagates through each layer
with a different refractive index at the wavelength 848 nm. The refractive index of

the GaAs is 3.65 at 848 nm [14].

Incident light Reflected light
Optical medium Refractive index Interfaces layers
material N .
n Air 1 Air/Glass
- Glass 1.5
! i Glass/QB(GaAs)
= 3.65
y GaAs/Air
o ' 1
Air

Transmitted light

Figure 5.11 Schematic of prepared sample structure layers with their different refractive indices

The reflection coefficients at each interface can be calculated by [15]:

2
ni-n;
(n1+n2) (5'1)

-~
I

where
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n, : refractive index of the first optical material,
n,: refractive index of the second optical medium.
The conservation of energy can be represented by [13].
R+T+A=1 (5.2)

Assuming that the air and glass are totally transmissive to the incident light beam,
the absorption A = 0, and the transmission coefficients of the incident light beam are

therefore calculated by:
T=1R (5.3)

The transmission coefficient can be defined as the ratio of the output signal power to
the input signal power [13].
(5.4)

. Poutput

Pinput

Using equations 5.1, 5.3 and 5.4, the fraction of the output power to the incident

power can be found by:

Pout = B [1- (w)z] (5.5)

ni+n;

Based on the above equation, table 5.1 shows the calculated output of the light signal

to the input for the system described in 5.2.
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Optical medium Incident Output power Absorption

power
Air Po No absorption
Glass Py P,=P(x0.96 No absorption
First layer of the P; P,=P;x0.825 A=1-T
sample *

A=1-(P2 /Pz)

Last layer of the|P, P;=P, x0.68
sample
Air Ps No absorption

Table 5.1 Output power to incident power fraction in each layer, and possible absorption in the layers

The assumption was made that the air and glass are totally transparent to the light
beam, and the light beam was absorbed only in the sample structure. The power of
the initial incident input signal, Py, and of the transmitted light beam through the
sample to the air, P3, were measured experimentally using the apparatus illustrated

schematically in Fig. 5.12.

Optical Chopper

Controller
Collimating and
Focusing System
@
___________ H - »‘—
_________ _— g
Lght « | dR | | /Z\. | [ 777~ 7]
Source® Sample -

— 0
Single Monochromator —

Figure 5.12 Schematic diagram of the setup used for light signal measurementss
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A Tungsten lamp source with a wide wavelength range was used as an optical
source. The light from the Tungsten source was passed through a monochromator to
select a narrow wavelength band; a Bentham 300M was used in this setup. Lenses
were used to focus the light to a circular diameter of less than 1 mm, so as to make
sure all the light passed through the copper disk with a 1 mm hole in the centre.

A silicon photodiode detector SMOSPD1A from Thorlabs was used to detect and
measure the light signal; a lock-in amplifier and mechanical chopper were used to
process the detected signal, and Labview was installed on the PC and used to record
the signal data, specifically, the photodiode measured a signal current, and then this
signal current was converted to a signal power, corresponding to the diode
responsivity.

The diode responsivity is defined as the ratio of the photocurrent I to the optical
power P, and is given by:

Responsivity= I, /P

The measurements were completed by measuring the light signal passing through the
copper disk when the sample was not attached, followed by attaching the sample to
the copper disk and measuring the signal of the light transmitted through it.

A schematic diagram of the prepared sample attached to the copper disk is shown in
Fig. 5.13.

Both measurements were made at the same resolution (0.1 nm) for the

monochromator and also for the same wavelength range, 835-870 nm.
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Sample structure

Figure 5.13 Schematic diagram of the sample and copper disk

Only the absorbed power in the sample structure actually contributes to the process
of producing the THz signal. By substituting the measured Py and P; signal in
column 3, table 5.1, the coefficient of absorption of the propagating optical power in
the sample structure was obtained (column 4, table 5.1). For simplicity the slight
change in the refractive index was ignored, and only one value at 848 nm was used
in all the calculations. In addition, it was assumed that the sample structure was
comprised of only one layer of GaAs. Fig. 5.14 shows the absorption spectrum of the
propagated light beam into the device structure together with the photocurrent

spectrum, which was produced in section 3.6.

Two main peaks are present in the absorption spectrum, at 1.453 eV and 1.462 eV,
associated with excitonic transition between the first quantized levels in the

conduction and valence sub-bands, E1-HH1 and E1-LH1, respectively.

The figures also shows a slight difference in the excitonic transition peaks of the
absorption spectrum compared to the photocurrent spectrum, for E1-HHI transition a

1.3 meV blue shift, whilst for the E1-LH]1 transition a 2.7 meV red shift occurs
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Figure 5.14 Absorption spectrum for propagated light through the sample (blue line), and the
photocurrent spectrum (red line), both measured at room temperature

This shift cannot be adequately described by a variation in the QW width, since both
transitions would shift in the same sense. Similarly, a reduction in the E-field caused
by the removal of p-doped and n-doped materials cannot explain these changes in
energy. It is noteworthy that the electric field would be expected to be unchanged as
thick (1.5 pm) highly doped Aly4Gag¢As layers (1x10'%cm™) remain.

The change in energies is therefore tentatively explained as follows. With the
substrate, intact GaAs layers are unstrained, whilst AlGaAs cladding layers and
AlAs barriers are under compressive Bi-axial (in plane) strain since the AlAs lattice
constant is 1.4% larger than that of GaAs. Upon removal of the GaAs substrate and
cap layer, however, the ‘substrate’ material can be considered to be the Aly4GagsAs
cladding layers. In this case, since the GaAs quantum well has a smaller lattice
constant it will be under tensile strain and this, it is suggested, results in the band
structures of GaAs being modified with a reduction in the conduction band energy
and an increase in both valence band energies [16]. The valence band degeneracy is

accordingly lifted, since a light hole has a higher energy. These changes in band-
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structures qualitatively explain the small change in the absorption spectra once the
substrate is removed.

Additionally, in-situ absorption measurements of the sample were carried out while
260 mW of laser power was applied to the sample. Fig. 5.15 shows these absorption
measurements (circles) plotted with the transmission spectrum obtained previously.
A digital power meter was used to record the laser-transmitted power through the
1 mm hole (copper disk), both with the sample at P3, and without the sample at P at
each photon energy. The same calculation procedure as used previously was applied
to calculate the absorption through the sample structure. The results agreed quite
well with the absorption spectra.

Since there is no shift in the excitonic transition energies of the two absorption
spectra, no change occurred to the band energy of the sample material.

It is therefore clear that the sample temperature was not significantly affected by the

laser beam, even when the power of the laser was reasonably high.

Absorption
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Figure 5.15 Absorption spectrum for propagated light through the sample (blue line). Closed circles
are the in-situ absorption measurement results. Both were measured at room temperature
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Additionally, the excitons peaks are not bleached, indicating that the carrier density
is sufficiently low to allow the excitonic effect to be observed.

Direct thermal imaging of the sample was undertaken in order to investigate any
change in the temperature of the sample, in addition to seeking evidence for the shift
in the absorption spectra. Fig. 5.16 shows the thermal image of the back of the
sample (a) before and (b) after directing the laser to the sample (laser applied for 15
minutes and photo taken instantly after switching the laser off).

The temperature change in the sample was 0.6 °C, which would result in a 0.25 nm

change in band gap. This is insignificant, and in line with the results in Fig. 5.15.

Figure 5.16 Thermal image of the sample (a) before the laser was applied (b) after the laser was
applied, (c) photograph of the sample attached to the copper disk
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5.4 THz Preliminary Measurements Results

Fig. 5.17 (a) plots the spectrally resolved absorption spectrum of the sample, and
the emission spectra of the two lasers, collected by the OSA in the experimental
setup. The two-semiconductor lasers wave operated at a total power of 260 mW (130
mW each), incident normal to the sample surface. The green and red arrows indicate
the tuneability of the two lasers. With the lasers resonant with E1-HH1 and E1-LHI,
a clear THz emission signal with power =~ 1 uW was detected on the opposite side of
the sample to the laser excitation using the pyroelectric detector and only 0.4 pW

background noise was recorder (explained in the experimental setup in section 5.2).
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Figure 5.17 (a) absorption spectrum of the sample, and A1 and A2 resonance with E1-HH1 and E-LH1
transitions, (b) shows the THz wave power obtained through the excitation of the sample with respect
to the lasers polarization

101



Fig. 5.17 (b) plots the measured THz power obtained in our system with both pump
lasers operating at 260 mW as a function of the energy of the frequency tuneable
laser (FP) with the other laser (DFB) resonant with the electron-heavy hole exciton.
The THz power is measured for the lasers in collinear and crossed polarization. A
clear signal is observed for collinear polarized pump sources that follow the
envelope of the exciton resonances. The difference with the case for crossed
polarization is marked, with the much smaller signal in this case being attributed to
background black-body radiation.

To investigate this further, the power dependency of this signal was measured. Fig.
5.18 plots the power dependence of the THz power as a function of the total laser
power absorbed in the sample (n. b. this is = 27% of the incident power as
determined by the transmission measurements) excitation was at 850 nm DFB. A
graded ND filter was placed in the path of the laser beams in order to attenuate the
total excitation power. A quadratic variation of the THz power indicates that second

order non-linear effects are responsible for the THz generation process.

04 . "'I'""'"'I"'"""I'""'"'I"'"""I""'""I""""'I""""'-
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Figure 5.18 THz-Laser power dependence measurements and the quadratic fitting (dashed line) of the
data
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Fig. 5.19 shows the measured THz signal versus the estimated THz radiation based
on the QB (i.e. E1-LH1). It is clear that the THz signal does not follow the LH
absorption alone (which would be the case if the THz emission signal was due to the

Quantum Beating (QB) with all excitation absorption resulting in THz generation).
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Figure 5.19 Illustrates the measured THz signal and the estimated THz signal emitted based on QB

A maximal conversion efficiency of 1.2x10” was obtained through second order
non-linear excitonic effects at room temperature, using readily available CW laser
diodes and a simple structure. We note that this was without the use of plasmonic
effects or any kind of antenna, and without applying an E-field to the structure. And
this efficiency could be improved by using a higher laser power or focussed lasers,
since saturation was not observed. Further details about these findings will be

discussed in the next chapter.
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5.5 Conclusion

A tuneable THz signal was observed using readily available CW laser diodes and
a simple experimental structure. THz signal generation based on a second order non-
linear x? was confirmed, and therefore the THz signal is not due to the QB as would

have been expected, and could be tuned more widely than the QB estimated signal.

A maximal conversion efficiency of 1.2x107 was achieved, which could be

improved by using lasers with a higher power or focussed optics.

5.6 Future Work

In the following chapter more detailed investigations of the THz generation process

are performed.
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Chapter Six

THz Frequency and Power Dependence
Measurements

6.1 Introduction

To summarise the previous chapter, THz emission was generated using an
optical nonlinear process and at quite an efficient conversion efficiency. The
radiation wavelength was not confirmed. Although, according to the filter
specification, most of the radiation at a wavelength of > 20 um would pass through
it, it remains important to investigate the THz emission wavelength through
measurements.

This chapter presents and discusses the results of THz emission wavelength
measurements, as well as confirmation of the second order nonlinear coefficient by
measuring the THz wave power as a function of the excitation lasers’ power within a
wide range of emission wavelengths. Furthermore the origin of the THz signal is

discussed.
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6.2 Tuneable THz Measurements

As described in the previous chapter, a compact THz setup was used to measure
the emission power from the device, which was designed to be in the THz range (this
range was found to correspond to the difference between the two lasers’
wavelengths).

Fig. 6.1 shows the absorption spectrum of the device structure as described in section
5.3. This is made up of a step - like 2D density of state (D.O.S) function and two
pronounced peaks that result from electron-heavy hole and electron-light hole
quantum well exciton. The figure also shows the THz signal power generated for the
collinear polarization lasers, following the exciton absorption spectrum for a certain
range of emission wavelengths. The maximum terahertz power of 1.1 uW being
recorded when the two lasers had a resonance close to that of the heavy hole
excitons. The figure also illustrates a particular phenomenon for which there is
currently no explanation, namely a significant fall in power in the range 1.456-1.462
eV, followed by an increase, before following the expected downward curve from
1.462 eV onwards. The nonlinear process has therefore been confirmed for the case
of E-HH and E-LH excitation. However the wavelength of the radiation has not been
confirmed, and the 2™ order process has not been confirmed spectrally.

As in previous measurements a THz signal was measured on the opposite side of the

sample to the laser excitation using a pyroelectric detector.
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Figure 6.1 Absorption spectrum of the sample (in blue) and the THz wave power obtained through the
excitation of the sample (in red)

The total power of the two lasers was fixed at 260 mW (130 mW for each laser
beam). A continuously tuneable THz-wave in the range 0.2 — 6.7 THz was generated
at room temperature, based on second order nonlinear excitonic effects in the

GaAs/AlAs Multi-Quantum Well (MQW).

6.3 Experimental Setup for THz Frequency Measurements

In order to measure the THz frequency, the experimental setup that had been
used for the THz emission measurements (described in the previous chapter), was
modified by adding a Fabry-Perot interferometer (FPI). Fig. 6.2 illustrates the

experiment’s setup with this addition.
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Fig. 6.2 Experimental setup including the Fabry-Perot Interferometer (FPI)

A simple FPI consists of a pair of partially reflective flat mirrors spaced
micrometres-to-centimetres apart, with their reflective surfaces facing each other [1,
2].

In our experiments, two identical thin (525 um) thick, 4" semi-insulator Si wafers,
single side polished, were aligned as parallel as possible to form an FPI, as shown in
Fig. 6.2. The Si wafer was chosen as it is readily available, and also because Si has a
low imaginary part of the refractive index/lower absorption at the THz frequencies
of interest [3].

One wafer was fixed on a mount and the other was mounted on a micrometer
translation stage in order to be able to alter the cavity length, which is defined as the
separation between the two partially reflecting surfaces between both reflectors. The

schematic of the FPI is shown in Fig. 6.3.
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Figure 6.3 Fabry-Perot interferometer, the THz wave radiation incident on the interferometer and
undergoes multiple internal reflection

The transmittance function of the Fabry-Perot interferometer is given by Eq. 6.1.

1
T=———F
1+F sinz(g)

6.1)
where
T: is the transmittance

F: the finesse

And 9 the phase difference between each successive transmitted pair (i.e. Toand T),

d is given by Eq. 6.2.

8 = = 2nl cos(¢) (6.2)
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where

c : speed of light in a vacuum

¢: incident angle at which the light travels through the interferometer

] : thickness of the interferometer

n: refractive index of the material between the two reflecting surfaces (n).

The coefficient of finesse of the interferometer is calculated by Eq. 6.3.

4R
~ (1-R)?

(6.3)

The constructive and destructive interference effects between the two reflecting
surfaces originate the transmission function of the interferometer. Maximum
transmission happens when the optical path length difference between the incident

and reflected waves is an integer multiple of half the wavelength.

The reflectance coefficient, is yielded by Eq. 6.4 [4].

R = (ﬂ)2 (6.4)

nq+n,
where
n;: refractive index of silicon,
n,: refractive index of air

By combining all of the equations above, the transmittance coefficient T is

2
T = 1/[(1 +( 4[(n1-n2)/(n21+n2)] 41.[1/)\'2 ] (65)
[1-[(n1_n2)/(n1+n2)] "] xsin(—,= )?
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And by substituting the relevant values in Eq. 6.5, it is possible to calculate the
fraction of transmitted radiation. This is done later when fitting the measurement

results.

The refractive index of the Si = 3.41 [5], and the reflectance is calculated to be 29%

at a normal incident.

6.4 THz Frequency Results Measurements

Fig. 6.4 shows the signals measured for the THz emitter as the FP laser
wavelength was tuned across the absorption spectrum. The laser excitation system
was set at the maximum power of 260 mW at a series of different frequency
separations, which produced a measurable THz signal. According to previous
measurements it should be possible to tune the emitted high single THz wave across
a range of 0.2-6.7 THz, hence, here, it was attempted to measure the frequency of the
electromagnetic wave to confirm both that they were emitted through different
frequency generations, along with the second order nonlinear optical coefficient

x? of the device.

The emission wavelength measurements were carried out by following the steps

below:

* As the emission from the device was predicted to be due to difference
frequency generation (DFG), three different points (A, B, C) were
determined on the absorption spectrum, taking into the account the tuneable
THz signal that had been measured previously. The FP laser was then set to

offer resonance with each point, while the DFB laser wavelength was fixed,
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to be in resonance with the heavy hole band. The difference in the photon
energy results from the different frequency generation (DFG) were

calculated, as shown in Fig. 6.4.
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Figure 6.4 Absorption spectrum of the sample in blue, showing the DFB laser to be resonant with
E1HH]1, and the FP laser to be resonant with three different areas in the absorption spectrum A -
1.456 eV, B-1.462 eV, and C-1.456 eV. The figure also shows the THz wave power obtained through
the excitation of the sample

* The emission wavelength generated for the three cases A, B, C was measured
and found to match well with the predicted emission wavelength (based on
DFG). This was measured by using the FPI (described in section 6.3). The

flatness of the wafers and the space between then were investigated by
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contacting the wafers to each other and shining light at their edge; if they
were well aligned and attached to each other along the diameter, the light
should not be able to pass through them. Fig. 6.5 illustrates the measurement
setup, including the FPI. The two lasers were linearly polarized and a
pyroelectric detector was used to measure the transmitted THz power. The
collected THz wave illuminated the surface of the FPI at a normal incident

angle.
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Figure 6.5 Schematic diagram of the THz measurements setup

The THz output wavelengths were measured by scanning the Si-based
interferometer. Fig. (6.6-A, B, C) shows the signals detected for the three excitation
cases, A, B and C, respectively, corresponding to the translation stage position. Fits
were made using MATLAB which are solutions to Eq. 6.5.

Fig. 6.6-(A) shows the signal detected, together with the fit to the data, where A is

the fit parameter transmission peaks observed for A with repeats of ~ 387 um as the
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mirror displacement was changed, confirming emissions at ~ 0.77 THz, according to

the oscillation of the Fabry-Perot. Whilst a fit at 0.75 THz is acceptable, this fit at
0.77 was considered optimal. This is in agreement with the broadening of the THz
wave =~ 25 GHz (due to one of the lasers having a broader linewidth than expected
emission spectrum).

According to Fig. 6.6-B, the output wavelength was 126 pm, which is close to
136 um, calculated from the two pump wavelengths, confirming emission at ~ 2.3
THz. Hence, there is a degree of concordance between the experimental data and the
theory.

Fig. 6.6-C shows the transmission peaks observed for C with repeats of ~ 102 pm,
with respect to the mirror displacement, which agreed well with the calculated data
99 um (3.04 THz), and confirming emission at ~ 3.1 THz.

Whilst quite close, the experimental data is not in perfect agreement with the
theoretical values. This is attributed the THz wave was not collimated and the
finesse of the interferometer is quite poor.

Additionally, I note that the line width of the THz emitter could not be measured

accurately since the interferometer had a low finesse.
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Fig. 6.6 THz power being transmitted through a Si interferometer as a function of the displacement
between two Si wafers. The solid line is the theoretical fitting to the data at three different

frequencies. A- 0.77 THz, B-2.4 THz, C- 3THz

117



Subsequently, the THz power dependence was measured at each of these three THz
wavelengths. In order to control the lasers’ power, a graded ND filter (from
Thorlabs) was added to the path of the laser beams to adjust the lasers’ power. The
system was aligned prior to each measurement. The results are plotted in Fig. 6.7. In
addition, the data points were fitted using a quadratic dependence, which
corresponds to the dashed curve in Fig. 6.7. The data measured for all the cases A, B,
and C clearly displays the quadratic dependence that is the typical characteristic of
DFG [6], and which demonstrates the second order nonlinear process at all three
frequencies. Also, based on the data presented in Fig. 6.7, it is evident that the device
can emit efficient THz wave power, which indeed will be used for spectroscopic
applications in the next chapter; its efficiency could be increased. Since bleaching
was not observed in any of the absorbed power levels in the sample the efficiency

could be increased by increasing the lasers’ power density.
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Figure 6.7 THz power as a function of the total power from the lasers absorbed by the sample
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6.5 Discussion of Origins of THz Signal and Summary

Since the power dependence measurements confirmed the THz generation
through second order nonlinear effect in GaAs/AlAs QWs.
This section describes the possible origin of the CW monochromatic, tuneable THz
wave generation that has been observed in this work. Quantum well (QW) excitons
are a 2D coherent elementary excitation, giving rise to a macroscopic transition
dipole moment, that have been predicted to exhibit high y’ optical nonlinearities due
to the combination of this macroscopic transition dipole moment and the rapid
radiative and non-radiative decay of the excitons [7]. Fig. 6.8 (a) shows the
dispersion of excitons and electron-hole pairs. Upon resonant excitation, the exciton
may recombine radiatively (~2-3 ps) [8], or be thermally ionized through phonon
scattering (~ 0.3 ps) [9]. The rapid radiative decay and thermal ionization of the
excitons acts to push the exciton away from behaving as an ideal Boson, enhancing
v’. A further macroscopic enhancement of %’ by a factor (L/ag)® for near-resonant
excitation (L= coherently excited QW area, ag exciton radius), is possible as long as
spatial coherency of the pump light and exciton is maintained [7]. As this effect
utilizes the imaginary part of ’, corresponding to absorption saturation/state filling
effects, Coulomb enhancement of %’ effects may also occur due to screening, band-
gap renormalization, and Coulomb interactions [10].
Symmetry breaking is known to result in effective y* processes being realised from
high 5’ materials. This can be achieved by the application of an electric field, such as
those found at a semiconductor surface [10], or within a p-n junction [11]. The third-
order nonlinear susceptibility y° is converted to > as the dipole moments orient
themselves in the direction of the applied field, enabling many important second-

order non-linear processes [12]. Electric-field-induced second harmonic generation
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(SHG) was initially used for the extraction of semiconductor material parameters
from semiconductors [13], and field measurements of silicon metal-oxide—
semiconductor (MOS) transistor interfaces. Here we utilize this conversion process
for the conversion of y° to % in a resonantly excited exciton system.

Fig. 6.8 (b) shows a schematic of the multi-quantum well structure to convert y° to y°
processes, designed so as to have EIHHI and EILH1 resonances accessible by
commercially available semiconductor lasers operating at ~ 850 nm. Additionally,
overlapping excitonic transitions allow a contiguously broad tuning range for
difference frequency generation. The built-in E-field due to the unbiased p-n
junction (26 kVem™) is sufficient to provide electron and hole wave-function
separation of 7 nm, which is comparable to the QW width. For this proof-of-concept
work, a detailed study of the optimal QW E-field, and QW number has not yet been

conducted.
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Figure 6.8 Schematic showing the concept for our broad spectral band-width THz emitter. High "’
is obtained (a) via resonant excitation of excitons in a semiconductor quantum well. Phase-matching
is achieved in-plane, through excitation in normal incidence (b), and this yields high y® processes
through the application of an internal electric-field (c).
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To summarize tuneable THz-wave generation was demonstrated in an MQW
structure based on DFG using two CW lasers with slightly different wavelengths.
The frequency of the THz wave was tuned in the 0.77 to 3.2 THz range by varying
the FP laser in respect to the absorption spectrum of the device. The maximum
power was obtained at 0.77 THz when the FP laser frequency was in resonance close
to the HH exciton. Three different frequency measurements were presented here and
the power dependence measurements confirmed the quadratic dependence of the
THz emission power with regards to the absorbed power from the lasers. Fig. 6.9
plots the possible THz power levels at each THz frequency knowing the two pump
frequencies. I note that a strong THz signal is observed when both pump lasers are
resonant with E-HH exciton. This confirms that the generation process is not via a
quantum beat (QB). Possible generation processes have been discussed. This device
proved to be a source for generating single frequency waves, widely tuneable

between 0.2-6.7 THz.
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Figure 6.9 Continuously tuneable THz-wave emitted from the experimental device in the range 0.2—
6.7 THz
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It became clear that this tuneable THz-wave system, that consisted of a DFG-based
THz-wave source with a pyroelectric detector, would be beneficial in practical THz-
imaging, THz-sensing and spectroscopic applications. Subsequent experiments were

therefore carried out using this system, as described in the next chapter.

6.6 Future Work

Fourier transform infrared (FTIR) spectroscopy can be used for measuring the
linewidth of the THz signal and also identified the frequency for different THz
signals more accurately and within a short time and less effort.

Since it is believed that the electric field play a big role in generating the THz signal
it is worthy of further investigation. An increased electric field can be expected to
increase the electron-hole wave-function separation and hence increase .
However, an increased E-field, and electron-hole wave-function overlap will also
reduce absorption, which will act to reduce the THz power generated. Investigation
of the trade-offs would allow an optimal sample design to be realized.

There are two possible routes to make an E-Field study. Creating a sample with
contacts to allow a bias to be applied would allow a wide range of E-Fields to be
studied, but creating such a device poses significant challenges. Since the metal
tracks patterning on glass/diamond is required, and also n and p contacts on sample
(these would have to be gold plated to increase the height of contacts and soldered.
An alternative route is to have a series of samples grown where the intrinsic region
width is changed to vary the built in electric field. This would be simple to
implement within the existing system, as new samples could be readily fabricated as
laid out in chapter 3. However, new epitaxial growths may require additional

funds/time, and each sample allows only one E-field to be investigated. There would
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be some additional uncertainty as different samples are used. Careful
characterisation of the materials would be required to ensure that their quality was
comparable in each growth run. Such variations would be minimised by growing all
samples using the same QW recipes in sequential runs in the same epitaxy campaign.
Fig. 6.7 shows that higher excitation densities should be explored to enhance the
THz conversion efficiency. It is expected that the quadratic response will be lost as
high excitation densities lead to free carrier effects resulting in excitonic behaviour
being lost as the Mott density is approached. This measurement can be achieved in
two ways.

Using lasers with higher powers is a simple option but this would require a move
away from semiconductor lasers to say two Ti:sapphire sources. Another route
would be to use a Galilean telescope [14], to decrease the collimated laser beam

diameter, resulting in an increase in the laser power density.
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Chapter Seven

THz Absorption Spectrometer

7.1 Introduction

This chapter demonstrates the use of my tuneable continuous-wave THz
emitter source for spectroscopic applications. The chapter explores the atmospheric
attenuation of the THz emission at the frequency of 0.75 THz and describes the
modified experimental setup used to measure the different attenuation peaks in the
frequency range 0.65-0.85 THz. It is also investigates, both theoretically and
experimentally, the demonstration of a transmission spectrometer indicating on
absorption peaks of water vapour in the 0.65-0.85 THz wave frequency range.
Furthermore, it highlights the spectral investigation of the emission linewidths of
both laser beams at two specific regimes and studies their consequences for the
generation of terahertz radiation and the broadening of the laser beams spectral

linewidth.
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7.2 The Absorption Lines at 0.75 THz

The electromagnetic wave attenuation through the atmosphere is dominated by
absorption by molecular water vapour [1], These are polar molecules with well-
studied spectral lines in the range of THz frequencies [2—6]. For this reason, it was
decided to measure the attenuation caused by the absorption peaks of water vapour at
the frequency of 0.75 THz in order to demonstrate the capability of the studied THz
system for the identification of transition lines for a given element,

The same THz setup as described in 5.2 was used to measure the beam shape and
atmospheric attenuation. Fig. 7.1 is a schematic diagram of the detector translation in
the L and X direction and how the THz signal was convoluted by the size of the
detector’s active area. Since the detector’s active area is only 4 mm” it is unable to

collect the entire THz signal that is coupled with the Si lens to free space.

X P 2mm

o>

____F_______
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v

Figure 7.1 Detector movements in the L and X direction, and the limitation posed by the active area in
respect to collecting the THz spectra

The attenuation measurements were carried out by setting the FP and DFB laser
wavelengths to the wavelength that emits THz waves at a frequency 0.75 THz. The
detector position was changed from 1 mm to 6 mm in the L direction and from

-3 mm to +3 mm in the X direction, the negative / positive sign refer to the left and
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right side of the centre point of the active area of the detector. Fig. 7.2 shows the

transmitted THz wave pattern as recorded at different points of X or L for emission

at 0.75 THz.
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Figure 7.2 Measured radiation patterns as a function of X, at four different L as indicated in the
legend on the figure, at 0.75 THz

The results indicate that the coupled THz wave is divergent with an angle of = < 10°.
Also, the emission signal measurements in the X direction clearly show a significant
decline in power and more uncertainty in the measurements at X > £1.5 mm, due to
the detector size limitation, which could not capture the whole THz beam, the THz
beam shape is convoluted with respect to the active area size. This meant that the
measurement / calculation of the attenuation was undertaken in the L direction only,
since the detector could be aligned to detect the central part of the spectrum when the
signal power was maximum, thus ensuring that the reduction in the THz signal
power at different path lengths was due to the attenuation resulting from the

absorption of molecular water vapour in the atmosphere.
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Fig. 7.3 shows the signal for 0.75 THz in the L direction as a function of the wave
path up to 10 mm. The results confirm that the THz signal at a frequency of 0.75
THz decreases as a function of the THz wave path length increasing.

The attenuation was calculated for a path length of 9 mm using Eq. 7.1 [7].

P

out
Pin

) (7.1)

Attenuation(dB) = -1—LO Xlogqo(

where
L: is the THz path
Pyut: THz signal output power

P.,: THz signal input power

The signal at 1 mm was considered as the input signal and the signal at 10 mm as the
output signal, and the attenuation was found to be (= 4.5x10% dB/km). The

experiment was carried out at room temperature (19 °C) and a humidity of 49%.
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Figure 7.3 THz signal as a function of electromagnetic path length at 0.75 THz
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The experimental results clearly show relatively higher attenuation (absorption)
compared to the results of ~ 2x10* dB/km in [2, 5] and ~1-2x10* dB/km according to
[8].

It is suggested that this apparent overestimation was because the detector was over
filled by the beam, due to the THz beam divergence, with this overfilling increasing
as L increases.

A MATLAB code, using the database in [9], was used to model the signals that
propagate through atmospheric gases to calculate the atmospheric attenuation in a
similar state to our experimental environment of 19 °C and 49% humidity, together
with T= 24 °C and 60% humidity for a frequency range of 0.6-0.9 THz. The results
are plotted in Fig. 7.4.

It is clear that the attenuation is sensitive to the ratio of the humidity and also to the

temperature, as shown in Fig. 7.4 and also justified in [8, 10-12].
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Frequency (THz)

Figure 7.4 Simulated atmospheric attenuation for 0.6-0.9 THz at 19 °C, relative humidity 49% and
T=24 °C, RH=60%, clearly showing the attenuation at 0.75 THz
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7.3 The Modified Experimental Setup

A 3D image of the modified THz system using the CW THz source for a gas

spectrometer application is shown in Fig. 7.5.

Figure 7.5 Experimental setup. Two parabolic mirrors were added to the collection system in order to
collect and focus the THz beam on the active area of the detector, figure produced by SolidWorks

The THz measurement setup described in section 5.2 was modified by adding two
parabolic mirrors to the THz wave collection. One of the mirrors was fixed on a
mount and the other was installed on a translation stage in order to be able to change
the terahertz beam path lengths, as shown in Fig. 7.6.

For each THz wave frequency the radiation was collimated by the first parabolic
mirror, with a focal length of 152.4 mm, and then the collimated beam was incident
on the second mirror surface, which was aligned and positioned at its focal length (as

shown in Fig. 7.6).
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Figure 7.6 Schematic diagram of the THz set up with the parabolic mirrors, also showing the possible
change in the THz wave path length

The measurements were performed at room temperature and the following steps
were performed:

e The THz wave frequency was assumed to be equal to the frequency
difference between the two laser sources, and then the specific FP laser
wavelength was identified and tuned by changing the current and
temperature.

* The collection system was aligned, and the mirrors set at a distance of 50 mm
from each other. The signal was amplified by a lock-in amplifier and then
recorded by the detector.

* In order to change the THz radiation path, the second mirror was moved
away from the first mirror in order to increase the THz wave path length to
150 mm, and the detector was again re-aligned, followed by the THz signal

recording.
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The above steps were repeated for each THz frequency.

The attenuation was calculated by using Eq. 7.1, with the signal recorded at a 50 mm
mirror distance being set as the input signal, and the signal that was measured at 150
mm being set as the output single.

All the THz signals were measured at room temperature (19 °C) and a humidity of
49%. Fig. 7.7 shows the calculated attenuation using the THz setup when adding the

parabolic mirrors to collect the transmitted THz signal.
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Figure 7.7 Transmission at 0.65, 0.7, 0.75, 0.8 and 0.85 THz, calculated for the measured THz signal
using the modified setup

The parabolic mirrors improved the collection system and focused the THz beam to
the active area of the detector, thus enabling the whole signal power to be extracted,

amplified and recorded by the lock-in amplifier.
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7.4 Results and Discussions

Fig. 7.8 plots the attenuation coefficient of the THz signal through air between
650 and 850 GHz, spanning a water absorption line at 750 GHz. Experimental points
are plotted in addition to the expected atmospheric absorption computed by a
summation of individual absorption lines that is valid for this frequency range.

Since the bandwidth of the CW THz spectra is directly related to the lasers’
linewidth, and their stability, and considering both the broadening of the linewidth in
the laser beams (as shown in Fig. 5.5), and the OSA resolution of 0.1 nm, it can be
seen (green line) that the absorption spectrum convoluted with a Gaussian function
with a standard deviation equal to this broadening in the FP line shape (21 GHz). An
excellent agreement fit between the measured and simulated results data is therefore
observed, demonstrating the utility of this tuneable THz source for performing
absorption spectroscopy.

It is noted that DFB lasers should provide ~<MHz linewidth [13] and with external
cavity lasers can have <kHz linewidth [14]. Future optimized systems should have
resolution similar to these values.

The main experimental problem lay in maintaining the stability of the entire system,

including the stability of the laser beams’ linewidth and power.
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Figure 7.8 Transmission at THz range 0.65-0.85THz, theoretically calculated in (dark blue); the solid
triangles are the measured data, and the dashed green line is the Gaussian Fitting, with respect to the
broadening of the laser beams

The laser power was monitored along their paths, and in order to ensure the stability
of the laser beams’ line shape, the two laser beams were investigated six different
times (A-F), 15-30 minutes apart, when set to produce THz waves at a specific
frequency (0.85 THz).

Fig. 7.9 (a) plots the laser’s spectra on these six occasions (A-F). In order to more
carefully investigate the long-term stability of the THz source, this data is re-plotted
with expanded scales for the F-P (Fig. 7.9 (b)), and the DFB (Fig. 7.9 (¢)). Gaussian
fittings were used to determine the peak wavelengths for each spectrum and the
FWHM for both lasers’ emission peaks in each spectrum. The uncertainty in peak
wavelength was +£0.006 nm, resulting in a frequency uncertainty of + 2.5 GHz for the
THz signal. Whilst in future, this stability may need to be improved for
spectroscopic applications, at the moment the broad spectral linewidth of the FP

laser is the critical limiter to spectral resolution.
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Figure 7.9 (a) Laser spectra at six different points 15-30 minutes apart. Gaussian fittings were used to
determine the peaks for each spectrum and the FWHM for both lasers’ emission peaks in each
spectrum, (b) FP Laser spectra (c) DFB laser spectra

7.5 Conclusion

This study has successfully demonstrated a THz system to identify an absorption
line of water vapour in a radiation frequency range of 0.65-0.85 THz.
Since the attenuation is very sensitive to both temperature and relative humidity, a
model was re-produced to simulate the attenuation in the laboratory environment
(T=19 °C and relative humidity 49%), and the calculated data was then used to
investigate the reliability of the proposed system, and the accuracy of the
measurement results.
The results indicated a good agreement between the calculated data and the
measured data, and therefore the proposed system is considered an attractive source

for a wide range of spectroscopy applications.
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7.6 Future Work

Since the bandwidth of the CW THz spectra is directly related to the lasers’
linewidth, and their stability. Laser sources that have a narrower linewidth such as
DFB laser or an external cavity F-P is preferable and could be used to improve the
CW THz spectra (get a narrower THz spectra bandwidth). The external cavity may

also improve the stability of the laser beams.
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Chapter Eight

Conclusion and Future Work

8.1 Conclusion

The aim of the research discussed throughout this thesis was to produce an
efficient emitter for THz generation that was low cost, compact and portable, while
being widely tuneable across the THz spectrum and able to operate at room
temperature.

A theoretical model of the MQW was developed to provide the detail about the
width of the wells and the barriers, for which excitation of of E1-HH1, E1-LH1
excitons could be achieved through the use of cheap, widely commercially available
continuous wave lasers.

The model was also used successfully to investigate the sufficient barrier thickness
that could separate the wells properly to minimise carrier tunneling between QWs.
The sample was grown by MBE, and opto-electronic characterization of the
fabricated mesa diode was carried out using different experimental setups.
According to the sample characterization results, the transition energy matched the
modelled results well, suggesting that the sample was matched to the design.

Prior to the THz measurements, the sample was processed by using different
techniques to achieve maximum excitation power absorption and to minimize the

THz absorption within the sample. Having been supported with diamond or glass, a
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THz absorption spectrum of the sample was measured in order to find out the exact
energies of the transitions peaks. A specially made experimental setup was built to
measure the THz, and the commercial lasers used were characterized. In situ
absorption spectra measurements showed no saturation of the excitonic transitions
within the QWs at the ecitation powers used.

The preliminary measurements of THz indicated emission of tunable CW THz at
room temperature through second order nonlinear processes, as demonstrated by the
power dependence of the THz power. Moreover the possible origin of the THz signal
was explored. Initially the wavelength was not accurately identified but an etalon
interferometer allowed three different THz radiation wavelengths to be measured. A
comparatively efficient, tunable THz wave generated at room temperature was
confirmed. This was then exploited for spectrometer applications, with the
attenuation through the atmosphere due to the absorption of water vapor being
measured. When this was compared to database values, a good match was recorded,
despite some broadening due to unexpected pump instability of one of the laser

linewidths.

8.2 Future Work

Although I have realised an efficient tunable THz source working at room
temperature and these results are highly competitive with the current state-of-the-art
for THz sources, it is possible to improve the efficiency of the device by considering
the following suggested methods.

* A comprehensive study of the optimal growth techniques for realising perfect

structures and hence narrow excitonic transitions are required.
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Using different growth processes in MBE such as migration-enhanced
epitaxy (MEE) need to be considered as it might enhance excitonic
transitions. Also, MOVPE could be considered when different material such
as InGaP which has a good lattice match to the GaAs could be used in
between the AlGaAs and the n-GaAs substrate layers during the sample
growth (in order to provide an easier way to remove the substrate), since a
high selectivity rate of the GaAs over InGaP or InGaP over GaAs is
achievable with using plasma dry etching and also wet etch can be used
efficiently to etch the GaAs, in all cases the sample could be release from the
substrate. Furthermore. The high resistivity Si has a good transparency to
THz, therefore it could be used (bound to the backside of the sample) instead
of the diamond (bound to the front side of the sample) to support the thin
sample and in meanwhile provide a good waveguide platform for the THz
wave.

Photoluminescence excitation (PLE) and photoluminescence (PL) could be
used in order to determine the transition linewidths, free of thermal
broadening (at low temperature).

Raman spectroscopy could be used to investigate the possible change in
strain in the sample after the preparation process (removing the cap layer and
the substrate).

Fourier transform infrared (FTIR) spectroscopy is highly recommended for
identifying the frequency for different THz signals more accurately and also
measuring the line width of the THz signal and within a short time and less

effort.
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Since the electric field is expected to be playing a key role in generating the
THz signal it is worthy of further investigation. An increased electric field
can be expected to increase the electron-hole wave-function separation and
hence increase y°. However, an increased E-field, increase electron-hole
wave-function overlap and meanwhile lead to reduce the absorption, that
results in reducing the THz power. There are two possible routes to vary the
E-Field applied to the device. Either creating a sample with contacts to allow
a bias to be applied would allow a wide range of E-Fields to be studied, but
creating such a device poses significant challenges. Metal tracks would need
to be patterned on glass/diamond is required, and also n and p contacts would
need to be on only one side of the sample (these would have to be gold plated
to increase the height of contacts and soldered).

An alternative route is varying the built in electric field by growing a series
of samples grown where the intrinsic region width is changed. This would be
simple to implement within the existing system, as new samples could be
readily fabricated as laid out in chapter 3. Yet, new epitaxial growths may
require additional funds/time, and each sample allows only one E-field to be
investigated. Since there would be some additional uncertainty as different
samples are used. Careful characterisation of the materials would be required
to ensure that their quality was comparable in each growth run. Such
variations would be minimised by growing all samples using the same QW
recipes in sequential runs in the same epitaxy campaign.

Since the THz output power depends on the excitation laser’s power, an
increase in the density of the applied laser power lead to an increase in the

emitted THz power. Furthermore Fig. 6.7 shows that higher excitation
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densities should be explored to enhance the THz conversion efficiency. It is
expected that the quadratic response will be lost as high excitation densities
lead to free carrier effects resulting in excitonic behaviour being lost as the
Mott density is approached. This measurement can be achieved in two ways.
During the growth process, it would be possible to add Distributed Bragg
reflector (DBR) layers to the sample structure below the active layers in
order to reflect back to the active layers the light that had passed through the
device without being absorbed and this would result in an increase in the THz
power.

Using lasers with higher powers is a simple option but this would require a
move away from semiconductor lasers to say two Ti:sapphire sources.
Another route would be to use a Galilean telescope to decrease the collimated
laser beam diameter, resulting in an increase in the laser power density.
Furthermore, ensuring both pump lasers have narrow line widths (in range of
MHz) would improve the THz spectra, as it is clear that the THz emission
linewidth is directly related to the laser linewidths.

Moreover, in order to provide a compact THz source, fibre coupled lasers,
fibre-optic couplers, suitable optics to realise the correct beam size and a
simple sample mount should be used. More compact THz detectors are also
available.

Finally a combination of all the above techniques will further improve the
already efficient performance of the THz emitters and its application for
spectroscopic application. In time, this will bring the prospect of an
affordable, portable and highly efficient THz imaging system even closer to

reality.
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