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ABSTRACT

Nowadays terahertz spectroscopy is fast becoming a method of choice both in 
industrial and security applications. This spectroscopic method requires a device that 
produces broadband THz radiation. Currently one of the techniques used to generate 
this radiation is by using a heterogeneous AlGaAs/GaAs terahertz quantum cascade 
laser (THz QCL). Typically the device combines a few independent designs of active 
region that needs to be fabricated using very special, costly instruments and tested 
several times to improve its performance. A simulation model is critically needed 
to study the electronic transport properties of the individual designs and the optical 
performance of the waveguide used to support the broadband operation. Therefore the 
aim of this work is to establish a new model to study the electronic transport properties 
of four (4) experimentally established designs using the density matrix (DM) method 
and the optical characteristics of a narrow double metal waveguide using the finite 
element (FE) method. From these calculations several critical characteristics of THz 
QCL such as the threshold current densities, the average gain, the gain spectra, the 
optical mode confinement factor and the figure of merit (F.O.M) can be determined and 
their dependence on relevant design parameters can be studied. The results from the 
DM calculations show that the threshold current densities for these individual designs 
are in the range of 350 to 600 A cm-2 with the average gain of about 20 cm-1 and 
100 cm-1, without and with the stimulated emission respectively. The calculated gain 
spectra exhibit Lorentzian pattern over a frequency range of 1 to 5 THz. The gain 
spectrum of the whole system based on a combination of each individual gain spectra 
leads to a bandwidth of around 3 THz which is bigger than the reported bandwidth from 
previous experimental broadband QCL designs. Meanwhile, the result from FE method 
for the calculated confinement factor value obtained for the waveguide increases from 
90 % to 100 % in frequency range of 2 to 4 THz. The combined effects of all the 
design parameters lead to a figure of merit (F.O.M) that decreases with the increase of 
the operating frequency. As a conclusion, a reliable prediction tool based on the DM 
method and FE method has been demonstrated whereby it can be used not only as a 
guide for broadband QCL design but also to simulate its performance before the actual 
design is to be fabricated.
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ABSTRAK

Kini spektroskopi terahertz menjadi kaedah pilihan dalam aplikasi industri 
dan keselamatan. Kaedah spektroskopi ini memerlukan peranti yang menghasilkan 
sinaran THz berjalur lebar. Pada masa ini salah satu teknik yang digunakan 
untuk menghasilkan sinaran ini adalah menggunakan laser kuantum melata terahertz 
AlGaAs/GaAs heterogen (THz QCL). Biasanya peranti ini menggabungkan beberapa 
reka bentuk bebas kawasan aktif yang perlu difabrikasi menggunakan instrumen yang 
sangat istimewa, mahal dan diuji beberapa kali untuk meningkatkan prestasinya. Model 
simulasi sangat diperlukan untuk mengkaji sifat pengangkutan elektronik sesuatu reka 
bentuk dan prestasi optik pandu gelombang yang digunakan untuk menyokong operasi 
jalur lebar. Oleh yang demikian, tujuan kerja ini adalah untuk mewujudkan model 
baru untuk mengkaji sifat pengangkutan elektronik empat (4) reka bentuk yang dibuat 
secara eksperimen menggunakan kaedah matriks ketumpatan (DM) dan ciri optik pandu 
gelombang dua logam sempit menggunakan kaedah unsur terhingga (FE). Daripada 
pengiraan ini beberapa ciri kritikal THz QCL seperti ketumpatan arus ambang, gandaan 
purata, spektrum gandaan, faktor pengurungan mod optik dan angka merit (FOM) dapat 
ditentukan dan kebergantungannya pada parameter reka bentuk yang relevan dapat 
dikaji. Hasil daripada pengiraan DM menunjukkan bahawa ketumpatan arus ambang 
bagi reka bentuk individu ini adalah berada dalam julat 350 hingga 600 A cm-2 dengan 
gandaan purata kira-kira 20 cm-1 dan 100 cm-1, masing-masing tanpa dan dengan 
pancaran rangsangan. Pengiraan spektrum gandaan menunjukkan corak Lorentzan 
dalam julat frekuensi 1 hingga 5 THz. Spektrum gandaan bagi keseluruhan sistem 
berdasarkan gabungan setiap spektrum gandaan individu membawa kepada lebar jalur 
sekitar 3 THz yang lebih besar daripada lebar jalur yang dilaporkan sebelum ini bagi 
reka bentuk QCL jalur lebar. Sementara itu, hasil kaedah FE untuk nilai kiraan 
faktor pengurungan yang diperolehi untuk pandu gelombang meningkat daripada 90 % 
kepada 100 % dalam julat frekuensi 2 hingga 4 THz. Kesan gabungan semua parameter 
reka bentuk membawa kepada angka merit (F.O.M) yang menurun dengan peningkatan 
frekuensi operasi. Sebagai kesimpulan, alat ramalan yang boleh dipercayai berdasarkan 
kaedah DM dan kaedah FE telah dapat ditunjukkan di mana ianya boleh digunakan 
bukan hanya sebagai panduan untuk reka bentuk QCL jalur lebar tetapi juga untuk 
mensimulasikan prestasinya sebelum reka bentuk sebenar dibuat.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Terahertz (THz) region of the electromagnetic spectrum (frequency f  ~ 300 
GHz -  10 THz; wavelength A ~1000 -  30 ^m; energy ~ 1 -  40 meV) opens up a 
new triumph in spectroscopy and imaging field because of its abilities or behaviors 
which are different from other electromagnetic sources. THz radiation located between 
the microwave and far-infrared regions in electromagnetic spectrum (Figure 1.1). 
Historically it is the least explored region and the last to be discovered because there 
is a gap between the electronic transitions (microwave) and optical transitions, making 
it difficult to develop suitable and reliable radiation sources. Terahertz is virtually 
unused portion of light spectrum nestled between photonics and electronics. It can 
"see" more color than humans can as they reflect different colors of light in various 
patterns, textures and signatures. Terahertz radiation is safe because it is a non-ionizing 
form of electromagnetic radiation and can penetrate many solids but not to water or 
metals.

Figure 1.1 Electromagnetic Spectrum (http://lts.fzu.cz/en/intro.htm).
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These characteristics make it very suitable to be used in many applications such 
as security, medical and biological imaging, communications and quality assurance. 
Currently, there are many types of commercially available THz generation techniques 
such as gas laser, time domain technique (THz-TDS), heterodyne technique, quantum 
cascade laser (QCL) and others to name a few [1]. One of the significant source is a 
THz quantum cascade laser (QCL) which is the subject of this research work. This 
semiconductor device (THz QCL) have been reported to generate monochromatic, 
coherent, high and stable optical power THz radiation within a reduced compact 
package [2, 3, 4]. Also, it can be operated in both pulse and CW (continuous) mode 
operations.

THz QCL is a unipolar solid state device, consisting of a layered semiconductor 
superlattice structure. The operation of THz QCL is based on the processes whereby 
electrons are injected into the structure and transported (cascaded) through a series 
of repeated injector-active regions emitting photons as they pass through each active 
region. Figure 1.2 shown typical bandstructure of QCL structure. In this figure the 
square like shape is a superlattice of barrier and well sandwich one to the others. In 
this research, the barrier is AlGaAs and the well is GaAs. Furthermore the wave shape 
is a envelope wavefunction of the energy state in the well. The envelope wavefunction 
show the probability density of the electron consists in the state.

Until now, many laboratories are reported to grow superlattice structures for 
the QCLs using compounds from chemical elements in the III-V group, namely the 
GaAs, InAs, InP based superlattice, and from elements of group IV such as the Si 
based superlattice. Also, there are several widely used THz QCL designs such as the 
bound-to-continuum, the chirped superlattice and resonant phonon [5]. Each THz QCL 
design has its own mechanism of operation. The infamous THz QCL design because of 
the temperature and lasing output that become a standard is based on resonant phonon 
(RP) design was publish by Kumar et al. [6]. The THz radiation produced by THz QCL 
device can be engineered by designing the behaviour of an electron transport inside the 
active regions. It can be done through a change of the barrier height and layer thickness 
(width) to produce population inversion and laser emission at certain wavelength. This
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Figure 1.2 Bandstructure of Quantum Cascade Laser.

is why the frequency or wavelength of generated radiation can be tuned by injection of 
electrons and bias applied to the device.

1.2 Background of the Study

Over the past decade there has been significant development of THz QCL- 
based spectroscopy and imaging systems, driven by the opportunities presented by the 
unique properties of THz radiation. Unlike millimetre-waves, THz radiation excites 
vibrational modes in many organic and inorganic materials, enabling samples to be 
discriminated chemically as well as providing sensitivity to differences in crystalline 
structure [7, 8, 9]. The THz radiation is non-ionizing and able to penetrate dry non
polar materials such as paper and plastic packaging providing significant advantages in 
investigation of concealed samples. These properties make THz radiation particularly 
suitable for a wide range of applications including non-destructive inspection, security 
screening, and biomedicine, as well as atmospheric science and astronomy [10, 1]. 
Examples of THz QCL-based systems include compact imaging and displacement
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sensing schemes utilizing the self-mixing effect in QCLs [11,12], diffuse reflection [13, 
14] and transmission imaging systems for spectroscopic sample analysis [15], imaging 
systems for biomedical applications [16] and non-destructive evaluation [17], as well 
as heterodyne mixing schemes [18, 19] for applications including high-resolution gas 
spectroscopy [20].

Although THz QCL has the ability to produce high optical power and to tune the 
wavelength it produces, some specialized applications such as tomography critically 
need source with broadband emission. In such applications, the need for a source 
with a broad range of optical emissions becomes crucial especially for studying the 
absorption of the THz radiation by certain materials in the form of solid, liquid, gas 
or plasma [21, 22, 11, 23, 24, 15]. The fundamental mechanism behind the laser 
action leads, in general, only to a narrowband or single-wavelength emission. Several 
approaches for achieving spectrally broadband laser action have been put forward, 
such as enhancing the optical feedback in the wings of the gain spectrum [25, 26], 
multi-peaked gain spectra [27], and the most favourable technique at present, the 
ultrashort pulse excitation [28, 29]. Each of these approaches has a drawback, such as 
a complex external laser cavity configuration, a non-flat optical gain envelope function, 
and inability to operate in continuous mode respectively.

Common QCLs are homogeneous which means that the active region of the 
QCL is embedded in the optical waveguide and composed of a repetition of periods 
based on a single active region structure or design. These homogeneous QCLs are 
characterized by homogeneous line-width broadening which means that the system 
suffers from gain narrowing due to mode-competition and the envelope of the emitted 
spectrum is modulated by a Lorentzian function. Hence, in order to obtain a flat gain 
medium, a simple design optimization is not enough [30].

This issue has been introduced by Gmachl et al., [31] for mid-IR QCL where 
a number of dissimilar intersubband optical transitions are made to cooperate in order 
to give a broadband optical emission from 5 to 8 ^m wavelength. The same concept 
has also been used by Turcinkova et al., [30] to have a laser system that consists of 
many independent segments whose transition line shapes are designed separately. The
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final gain spectrum of such a system would be the sum of the contributing transitions. 
This is achieved by stacking different active-region designs into a common waveguide, 
obtaining a so-called heterogeneous QCL (HQCL). Although, the concept to improve 
gain by using HQCL has been extensively studied in the mid-infrared range but it has 
not been fully developed in the far infra-red or THz region.

Equally critical, the performance of laser is also strongly dependent on the 
waveguide design. In QCL there are commonly two types of waveguides namely the 
surface plasmon waveguide and double metal waveguide. Double metal waveguide is 
well known to support broadband emission [32, 33]. Previous studies on THz QCL 
using double metal waveguide have been done experimentally by Kumar et. al. [34] 
and Fathololoumi [35]. Both studies focus on the performance of THz QCLs at 
high temperature but these lasers do not produce broadband emission. Currently, no 
experimental work on the device is able to cover the spectral range from 1 to 4 THz 
simultaneously. The widest spectral coverage has been demonstrated and achieved by 
Rosch et al. (2014) [36]. This device employs four active region segments or called 
designs to produce optical emission from 1.64 to 3.35 THz. The detailed study on 
optical waveguide for broadband THz QCL is still therefore insufficient compared to 
that of the broadband mid-IR QCL [31, 37, 38, 39].

Even though double metal waveguides can support broadband emission, but 
future applications especially in THz spectroscopy and imaging require devices to 
become more compact with narrow waveguides. Thus a new design with a trade-off 
between the capability to support the required optical modes and to operate without 
exceeding losses is needed. The common width of a THz QCL waveguide is usually 
more than 100 ^m [40]. A narrow waveguide is suspected to be more advantages to the 
performance of a THz QCL due to the fact that it requires less injection current to start 
lasing. Furthermore it also makes the THz QCL more compact and portable for on-site 
spectroscopy [41].
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1.3 Statement of Problem

The important of the broadband THz mainly used as an amplifier in THz 
TDS systems, as the gain medium in a tunable cavity or in modelocking [42] and 
astrophysics/atmospheric sensing as explained in Dana Turchinkova thesis [43] to name 
a few. Despite the abilities of broadband THz QCL as mentioned before, the growth, 
processing and testing of the device is an expensive processes. Furthermore, the basic 
principle of the performances to design a broadband THz QCL is still lacking, even 
though some experimental studies on a broad range of THz QCLs have been conducted 
by [44, 45, 46, 36, 30]. The bandwidth of the upstanding work is 1.71 THz [36] 
produce optical emission from 1.64 to 3.35 THz surpass the work of [30] that produce 
bandwidth 1 THz (laser emission from 2.2 to 3.2 THz). Both of this researcher used the 
same QCL design as shown in Appendix C. This is due to the drawback of experimental 
studies where the manipulation of microscopic mechanism is limited such as the the 
efficiency of injection and extraction to the device and the population density of the 
laser state that eventually lead to the voltage-current density (V-J) and gain spectra. The 
lacking in understanding of this basic principle before doing an experiment will lead 
to the inefficient research. In addition, most of the experimental works for broadband 
THz use the bound-to-continuum (BTC) design. Although usually the spectrum of 
BTC is rather broad compared to the resonant phonon design, but the resonant phonon 
gives the highest optical performance. This is due to the advantages of resonant phonon 
design which it has a higher operating temperature and can achieve higher optical power 
usually over 100 mW [5].

To overcome the issue, the need of computational studies on the performance 
of the broadband resonant phonon THz QCL is highly demanding on the development 
of THz HQCL field or known as broadband THz QCL. This is due to the importance 
of minimizing the cost of the fabrication and testing of the unoperated devices. The 
strategy is to calculate the performance that can generate and support the broadband 
emission for this THz QCL. The generation of broadband emission can be understood 
by the study of electronic transport mechanism in the four active regions used in 
broadband THz QCL. The density matrix method was chosen because its can handle a 
mix quantum states to model QCL. Other methods such as the non equilibrium Green’s
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function, for example, is known capable to study full quantum system but it is rather 
too complicated and time consuming to calculate the problem.

For studying the waveguide whether or not it can support the broadband 
emission, the finite element method (FEM) calculation was used to study the optical 
modes of the waveguide. This well known technique is essential to establish the initial 
broadband profile of the broadband THz QCL.

1.4 Research Objectives

The aim of this research is to study the parameters involved in the performance of 
broadband THz QCL. The codes obtained from Laboratoire Materiaux et Phenomenes 
Quantiques, Universite Paris Diderot VII by personal communication are used as a 
starting point of this research. One of the original code calculates envelope function 
to study the bandstructure of a QCL only. The improvements have been made to 
include parameters necessary to calculate the electron transport such as improving the 
density matrix model itself for the purpose to study the performance of the device. 
Also, addition has been made to the code making it capable to do a full automation to 
calculate parameters such as couplings of the state, population density of the state and 
current density over the range of bias. Lastly, the gain over frequency relation is added 
to make the studies of broadband THz QCL feasible. Another code is the finite element 
method (FEM) code to solve electromagnetic problem. This can be done by achieving 
the following objectives:

• To improve the code obtained from Laboratoire Materiaux et Phenomenes
Quantiques, Universite Paris Diderot VII from calculation of bandstructure only 
to calculation of density matrix to solve transport in THzQCL resonant phonon 
design. The calculation of time of relaxation and density of state every level are 
coded. Plotting coupling of state, population density and current density of the 
THz QCL structure. Four different active regions from experimental designs by 
Dean 1 and 2 [47], Fathololoumi [48] and Belkin [49] will be used as a template 
for study the broadband THz QCL.
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To incorporated rotating wave approximation model to density matrix for 
calculation of gain spectra target from 1 to 5 THz region. The validation of 
the modified code was implemented by running the four different active regions 
above to obtained gain spectrum of the active regions. This is an indication 
of responsive of the active regions to produce optical spectrum in the region it 
produce.
To calculate full optical spectrum of the active region structure with different 
bias. Because every electrical bias the characteristics of optical spectrum 
different. This is depend on the alignment of state inside the active region. 
Obtained a 3D graph of bias-gain-frequency.
To compute using matlab program to study optical mode of the THz QCL 
narrow waveguide. The optical mode characteristics is important to observed 
the behaviour of each waveguide with narrow waveguide design and metal-metal 
waveguide for range of THz region 1 to 5 THz. Obtaining the result of 2D optical 
mode distribution at the facet of laser and plotting other parameter such as 
effective refractive index, absorption loss, group refractive index, confinement 
factor and figure of merit.

1.5 Significance of the Study

The motivation of this research is to figure out the mechanisms contributing 
to the broadband emission of QCL. By understanding the transport properties inside 
this device one is able to fundamentally manipulate or engineer the bandstructure 
to systematically improve its optical gain. This will lead to capability that gives 
a broadband THz emission and eventually opens up new applications in THz 
spectroscopy. The demanding applications in THz spectroscopy need a stable optical 
source that can achieve a super-continuum for THz radiation. A super-continuum is a 
phenomenon where the power over a broad frequency range is almost constant. This 
capability is very useful for simultaneous scanning over broad frequency of the sample 
rather than taking time to tune over a wide range of frequency.
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Also, the aim for this research is to help lowering the production cost of 
broadband THz QCL because the techniques to grow such a nano structure device 
are limited to molecular beam epitaxy (MBE) [50] and metal organic chemical vapour 
deposition (MOCVD) [51, 52, 53]. These techniques are very costly and normally 
lead to trial-and-error production processes. The production of QCL will become 
more efficient in term of time and financial by incorporating theoretical and simulation 
work to predict the performance of the device in advance. Furthermore, the designer 
can improve the output performance of the device to meet the application needed for 
customer demand.

1.6 Scope of Study

The work on this research emphasize on the simulation of electrical and optical 
performance of the resonant phonon THz QCL to achieve a broad range emission 
between 1 to 5 THz. Resonant phonon design is chosen rather than bound-to- 
continuum design because of its excellent performances in producing the highest single 
THz emission, even though the bound-to-continuum produces more broad emission 
than resonant phonon. This THz QCL consists of combination of four individual 
active regions and double metal waveguide to produce broad range emission. The 
materials of this THz QCL are based on established compound semiconductors namely 
Al0.15Ga0.85As and GaAs.

The developed codes were compiled using Gnu C Compiler or GCC version
4.2.2 in Ubuntu 14.12 linux distribution. In this work, the electrical and optical 
performances are achieved through the calculation of voltage-current density (V-J) 
characteristics and gain spectrum profile respectively. In this calculation the effect of 
temperature is neglected and the temperature is assumed to be in cryogenic temperature 
of 4 Kelvin.

Furthermore, this work also focuses on the study of THz QCL waveguide. 
The double metal waveguide is chosen to support the broadband frequency of the THz 
emission produced by the active regions of this study. The optical mode characteristic of
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this waveguide is calculated using finite element method (FEM). In this calculation, the 
calculation of the mode is based on 2D mode calculation with neglecting the resonator 
effect of laser ridge. The optical mode that have been studied through the parameters 
such as the effective refractive index, losses of optical mode, the overlap of the mode, 
group refractive index and figure of merit.

1.7 Thesis Plan

This thesis comprises five chapters. The first chapter discusses the introduction 
to THz QCL and its basic operations as well as the needs for broadband THz QCL and 
the problems faced to achieve the best design. This will be solved by developing an 
electronic transport calculation for THz QCL. The objectives for this study will also be 
explained along with the scope of the research and the potential applications.

The second chapter deals with the literature review on the previous studies 
done by researchers all over the world on experimental performance of the device and 
theoretical efforts to improve the device performance. This chapter will briefly describe 
the basics of THz QCL including its operations and continue to discuss heterogeneous 
QCL and its operations. The transport and scattering inside of the THz QCL will also be 
discussed here. The chapter will focus on theoretical calculation to solve the transport 
of THz QCL using density matrix method. Also, a basic theory on electromagnetic 
of transmission line with the focus on waveguide for QCL device. At the end of the 
chapter some basic theory on terahertz QCL will be discussed.

The third chapter describes the methodology adopted in this research. Initially 
the chapter starts with the development of a quantum system by using density matrix 
method (DMM). The theoretical framework is utilized to 4-level QCL system and 
compared to experimental structure. Next, further improvement on the method to 
establish the density matrix method to solve 4-level system is discussed. The DMM 
is considered excellent when it can explain the performance and electronic transport 
of the existing single design THz QCL. Parameters describing the performance of the 
device are the voltage-current density (V-J) and gain. Detail explanation on transport
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parameters such as the population density of the level and the time of relaxation will also 
be discussed. Also the waveguide of THz QCL will be discussed in the methodology 
and focused on the flow chart of the optical mode calculations. This will give the 
insight on the optical mode related parameters such as waveguide loss, confinement 
factor, effective refractive index and figure of merit.

The fourth chapter deals with the analysis on the results of each process 
explained in chapter three. The analysis is done to improve the theoretical formalism of 
the density matrix method and also to improve the transport parameters by identifying 
certain physical parameters on the device. The outputs of these processes are used to 
predict the performance, study the transport and improve the design of broadband THz 
QCL. Finally, the result on optical waveguide and mode are used to design a suitable 
waveguide for broadband THz QCL. Without the calculation of optical waveguide, the 
laser will not be able to produce a broadband emission because the optical mode will 
be dispersed even though the active region is designed to achieve broadband emission.

The final chapter summarizes the findings and comments on results and 
findings of the research work to develop calculation tools to analyse and explain the 
electronic transport in broadband THz QCL or known as heterogeneous THz QCL. A 
recommendation is also given at the end of this thesis for potential further study.
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