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Abstract

The terahertz (THz) region of the electromagnetic spectrum remains relatively underdevel-

oped and unexploited. This is due to the lack of compact and high-power sources which are

able to output radiation between 100 GHz and 10 THz. In this thesis two separate methods

of generating THz radiation are considered; the quantum cascade laser (QCL) and the photo-

conductive (PC) emitter. THz-QCLs generate radiation through the intersubband transition

of electrons within quantum wells. Electrons are then transported into the adjacent quantum

well, where they are recycled. Alternatively, PC emitters generate THz radiation through the

excitation, acceleration and recombination of electron-hole pairs in semiconducting material,

leading to the emission of short pulse THz radiation.

In this work, the gain dynamics of two di�erent designs of THz-QCL are investigated

using well-established time domain spectroscopy (TDS) techniques. The gain recovery time

of a bound-to-continuum (BTC) device, a property known to be responsible for the prevention

of mode-locking in the laser, is recovered through use of THz-pump-THz-probe TDS. This

was performed multiple times, both with and without anti-re�ective coating applied to the

QCL facets. This coating prevents the QCL from lasing. Furthermore, this approach was then

used to investigate the carrier dynamics of a hybrid active region device, which yielded some

interesting preliminary results.

To facilitate these measurements, a new form of quartz-mounted PC device was designed

and fabricated. This entails removing the LT-GaAs active layer from its SI-GaAs growth

substrate and bonding it directly to a layer of z-cut quartz. In emission, this device has been

shown to produce signi�cantly higher THz output �elds, when compared to the previously
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used PC devices. In addition to this, the use of an optically transparent substrate provides the

ability to perform back-side illumination, which is shown to improve the output characteristics

of the device. Furthermore, when used in detection, the newly fabricated devices have shown

signi�cantly increased sensitivity, when compared to other methods of detection.
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Chapter 1

Introduction

The terahertz (THz) frequency region of the electromagnetic spectrum is commonly de�ned

as being between 300 GHz and 10 THz, situated between lower frequency microwaves and

infrared (IR) radiation. This is graphically indicated in Figure 1.1. This frequency range has

also been referred to as T-rays, far-infrared (FIR), sub milli-meter waves and the THz-gap,

owing to the historic lack of sources and detection methods that operate at these frequencies.

However, relevantly recent interest in this frequency region has lead to rapid development in

this area and its application in a range of industrial sectors.

Radio 
Waves

Microwaves Terahertz Infrared UV X-Rays

Electronics Photonics

910 1010 1110 1210
1310

1410 1510 1610
(30 cm)

f(Hz) 
  (λ) (3 cm) (3 mm) (300 μm)(300 μm) (30 μm) (3 μm) (300 nm) (30 nm)

Figure 1.1: The electromagnetic spectrum highlighting the THz region in green. The ‘rainbow’ region
of the spectrum represents visible light. This image is adapted from reference [1].

For example, the ability of THz radiation to pass through a range of nonpolar materials

including fabrics, cardboard, plastics and paper packaging make it an ideal candidate for non-

invasive inspection applications, for example in airport and postal security services [2]. It has

been demonstrated as an e�ective technique for the non-destructive detection of concealed

weapons, drugs and explosives [3,4]. This is aided by the fact that many polycrystalline mate-
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rials, including drugs-of-abuse and explosive chemicals, exhibit characteristic spectral features

in the THz region, owing to the excitation of both inter- and intra-molecular modes [5, 6].

THz radiation has also been used to probe electronic transitions of quantum dots [7, 8] and

to manipulate quantum bits for computing applications [9]. Unlike X-rays, THz radiation is

also non-ionising due to its smaller photon energy. This attribute, combined with its high

absorption in water, make it an attractive prospect for use in medical applications, such as

the detection of skin-cancer on human tissue [10]. This technique relies on the di�erence in

water content between the e�ected and non-e�ected skin samples and has been demonstrated

for both in vivo and ex vivo imaging at THz frequencies [11]. Furthermore, this has been used

to detect the presence of breast [12] and colon cancer [13].

THz radiation has also proved of great interest to astronomers and meteorologists, as

interstellar dust clouds also exhibit spectral artefacts in this region [14]. This data can reveal

information about the composition of these clouds, as well as provide an incite into star

formation within our galaxy [15,16]. Similar techniques have also been used to study variation

in the earth’s atmosphere and ozone layer over time, leading to climate change [17,18]. Other

applications for THz radiation include high-frequency wireless communication [19, 20], the

diagnosis of tooth decay through dental cavity imaging [21] and the non-destructive evaluation

of paintings [22]. For a more detailed review on THz applications in a wide range of �elds see

references [14, 23–25].

1.1 Terahertz sources

The industrial impact of THz radiation has been limited by the lack of compact, high power

sources operating in this frequency range. To attempt to bridge the ’THz-gap’ the majority

of techniques developed to date, broadly speaking, originate from the extension of two estab-

lished areas. The �rst approach involves the up-conversion in frequency of signals generated

through electronic means, such as gunn oscillators, Schottky diode multipliers and resonant

tunnelling diodes (RTD). One example of these is a gallium arsenide (GaAs)-based planar

Schottky diode that when cooled to 120 K has been demonstrated producing ∼15 µW of out-

put power at 1.7 THz [26]. Furthermore, the negative di�erential resistance (NDR) associated
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with RTDs have been used to generate 23 µW at 342 GHz [27]. Unfortunately, these devices

are limited to relatively low frequencies as capacitance and transit-time limitations result in

high frequency roll-o� [28]. Other sources which have shown much promise below 500 GHz

include gyrotrons [29], backward wave oscillators (BWO) [30, 31] and free electron lasers

(FEL) [32]. These all generate THz radiation by modulating, spinning or accelerating a beam

of electrons inside an magnetic �eld. While these can provide a high-powered and tunable

source of radiation, they do require a magnetic �eld in the order of 10s of Tesla to operate.

This makes them impracticable for many of the applications discussed above.

The second approach is to down-convert higher-frequency and optical signals, normally

generated through photonics or semiconductor-based lasers. Traditionally however, the lowest

output frequency is limited by the semiconductor bandgap energy. Furthermore, the photon

energy at these frequencies (4-40 meV) is similar to phonon resonances in many semicon-

ducting materials, making it di�cult to maintain a population inversion. This was overcome

in 2002 with the invention of the �rst THz-quantum cascade laser (QCL) [33]. Since then,

research dedicated to this device and advances in bandstructure engineering have lead to

output powers >1 W [34], operating temperatures as high as 129 K [35] in continuous wave

(CW) operation, and output frequencies ranging from 0.83 to 5 THz [36,37]. However, despite

this development these devices are still limited to cryogenic temperatures. These devices are

discussed in detail in chapter 2. Another approach to down-converting optical signals is the

generation of broadband THz radiation through photoconductive (PC) emission [38]. This

involves the excitation of a semiconducting material, traditionally GaAs, with an ultra-short

optical laser pulse. Research into di�erent materials and electrode geometries has lead to

IR-to-THz conversion e�ciencies as high as 2.5x10−4 [39] and output powers ranging from

280 µW [40] upto 1.9 mW [41]. This is discussed in detail in chapter 3. Another means of

generating THz radiation is through ’photomixing’, where two CW optical signals at di�erent

frequencies are focused onto the surface of a semiconductor. The conductance of the material

is modulated at the beating frequency of the two laser beams, generating coherent THz radia-

tion at the di�erence frequency [42]. This method has been shown to produce output powers

as high as 0.8 mW [43].
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The recent development in ampli�ed femtosecond lasers has brought about great interest in

the generation of high-�eld THz radiation through optical recti�cation in non-linear crystals.

These high-�elds allow the coherent control of electronic, spin and ionic degrees of freedom

in molecules and solid-state systems [44]. Optical recti�cation has been demonstrated to work

with GaSe [45], LiNbO3 [46,47] and quasi-phase-matched GaAs [48]. However, one limitation

to this technique is that phase-matching is required between the incident optical pulse and the

THz radiation generated inside the crystal. One way of overcoming this issue is by tilting the

crystal, such that the two pulses travel at the same speed through the crystal [46]. Alterna-

tively, periodically-poled LiNbO3 crystals can be used, where the phase of the THz-radiation

is �ipped every half cycle to avoid ‘walk-o�’ between the two pulses [49]. The generation of

high energy pulses of THz radiation (5 µJ) has also been demonstrating using a gas-laser [50].

This method involves optically pumping a gas contained within a cavity, with the gas itself

determining the output frequency. For instance, methanol is known to generate radiation at

∼2.5 THz [51]. However, an issue with all of these techniques is that very expensive and bulky

ampli�ed femtosecond lasers are required, making them largely impractical for applications

outside of academic research.

1.2 Terahertz detection methods

Generally speaking, all distinguished methods of THz detection can be divided into two cat-

egories: incoherent, where only the average power of the incident radiation is determined,

and coherent, where both the magnitude and phase of the radiation �eld are resolved. Con-

ventional methods of incoherent detection include the pyroelectric IR sensor [52], the Golay

cell [53] and the more sensitive bolometer [54, 55]. These can all be described as thermal de-

tectors, as they are sensitive to a change in temperature caused by the incident THz radiation.

The latter of these, the bolometer, is typically cooled through liquid helium to reduce thermal

background noise, and employs a wheatstone bridge circuit with either silicon, germanium or

InSb as a variable resistor [56]. As this detection scheme relies on heating and cooling of the

sample, this limits the rate at which the detector can react and requires the THz radiation to

be modulated prior to detection.
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Methods of electrically detecting THz radiation include superconductor-insulator-superconductor

(SIS) junctions [57, 58] and a single photon detector using a single-electron transistor, con-

sisting of a quantum dot in a magnetic �eld [59]. For situations which require high frequency

resolution such as space applications, heterodyne techniques using a planar Schottky-diode

and a local oscillator have been demonstrated [18].

Two well-established optically-driven techniques for the coherent detection of THz radia-

tion are PC [60] and electro-optic (EO)-sampling, the latter of which can be performed with a

variety of non-linear crystals including LiTaO3, LiNbO3, ZnTe and GaP [61,62]. A comparison

between these two methods concluded that PC detection provided greater sensitivity and a

higher signal-to-noise ratio (SNR) between 0.1 and 3 THz [63]. However, this is dependent on

many factors, including the materials used in both cases, the modulation frequency and the

laser pulse parameters. This topic is discussed in detail in chapter 3.

1.3 Project motivation and thesis structure

While QCLs currently provide the best opportunity for a compact, high power and tunable

source of THz radiation, the requirement for cryogenic temperatures and di�culties in mode-

locking the device, discussed in chapters 2 and 4, mean that their is still much work to be

done. This begins with a deeper understanding of the devices dynamic properties. In working

towards this, new PC sources for time-domain spectroscopy (TDS) systems are required to

generate higher �elds and probe the carrier dynamics within the QCL.

This thesis begins in chapter 2 with a detailed introduction to THz-QCLs. Basic laser

theory is introduced, along with an historic overview leading to the realisation of the �rst

THz-QCL. Furthermore, an incite into the advantages and disadvantages of various active

regions designs is provided.

The thesis continues in chapter 3 with a review of THz-TDS, discussing in detail the pos-

sible experimental arrangements and the various methods of THz emission and detection.

Particular attention is given to the current limitations of the setup and improvements are

proposed. Following that, a newly designed quartz-mounted PC device is introduced and
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demonstrated as both an emitter and a detector. The improvements in output power, break-

down voltage and sensitivity, when used in detection, over the standard device and other

techniques, is clear to see from the collected data. This is explained and understood.

In chapter 4 the gain recovery time (GRT) of a THz-QCL based on a bound-to-continuum

(BTC) active region is measured using an adaptation of the THz-TDS setup, which is introduced

in chapter 3. This parameter is of signi�cant interest as it is thought to be heavily involved

in the prevention of mode-locking in QCLs. To this end, a THz-pump-THz-probe technique

is developed and used to study the dynamic properties of the device, with and without anti-

re�ective coating (ARC) applied to the facets of the device.

In the �nal experimental chapter (5), a THz-QCL incorporating a hybrid active region is

investigated. By performing TDS on this ambipolar device, interesting incites into its gain

dynamics below threshold are obtained. Furthermore, these �ndings have been reinforced

through bandstructure simulations. Finally, the THz-pump-THz-probe technique is repeated

on the hybrid device and reveals interesting �ndings regarding the carrier dynamics during

the recovery process. Concluding remarks and possible future work are discussed in chapter 6.
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Chapter 2

Terahertz Quantum Cascade Lasers

This chapter provides an overview of the historic groundwork leading up to the invention

of the �rst THz-QCL. Section 2.1 discusses the general principles of the laser and the theory

behind photon emission. Following that, various active regions and waveguide designs which

have been developed to work at THz frequencies are introduced and explained in detail in

section 2.3. The �nal section discusses the various means of carrier transport within the QCL.

2.1 Introduction to laser theory

For a simple two level system, the emission of a photon is caused by the transition of an elec-

tron from a higher energy state to lower energy state. The frequency of the emitted photon is

equal to E12/h, where E12 represents the energy di�erence between two discrete energy levels

1 and 2 and h is Planck’s constant. A diagram of the two level system is shown in Figure 2.1,

where (a) depicts the spontaneous emission of a photon which occurs in a random direction

and phase, and at a random time. If an electron is populating the upper state (E2) when a

photon of equal energy (E12) passes, the electron may be stimulated to fall to level 1 and emit a

second photon of equal frequency, phase and in the same direction as the stimulating photon.

This mechanism for photon ampli�cation is known as stimulated emission and is depicted in

Figure 2.1 (b). However, for there to be net gain a higher number of electrons must reside in

the upper lasing level than in the lower energy level, known as a population inversion. The

greater the population inversion, the higher the net gain available from this two level system.

If this is not the case and more electrons reside in the lower energy level (E1), (c) shows that
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the incoming photon will be absorbed, promoting an electron from E1 to the higher energy

state, E2.

a)
E2

E1

b)
E2

E1

c)
E2

E1

Figure 2.1: Schematic diagram of the three possible interactions between a photon and electron, within
a two level system. (a) demonstrates spontaneous emission when an electron drops from E2 to E1 at
any time and emits a photon of energy E = E2 − E1. (b) shows stimulated emission with an electron
prompted to fall by an incoming photon of equal energy. (c) shows absorption of the photon providing
the electron with enough energy to ‘jump’ up to E2, having originally resided in E1.

The simple but important concept of a population inversion resulted in the invention of the

�rst laser by Theodore Maiman in 1960 [64]. This device generated radiation at wavelength of

649.3 nm from an optically pumped ruby crystal gain medium. A highly simpli�ed illustration

showing the operating principles of this device is given in Figure 2.2 a). Soon after, in 1962 the

�rst semiconductor lasers were demonstrated simultaneously by two groups [65, 66]. These

early devices only operated at cryogenic temperatures, through use of a GaAs p-n junction.

The optical transition and electron-hole recombination occurred between edge states in the

conduction and valence bands (Figure 2.2 b)). The concept and subsequent demonstration of a

heterostructure laser, employing two di�erent materials, was achieved by Kroemer and Alferov

et al. between 1963 and 1969 [67]. Shortly after this JP Van der Ziel et al. presented the �rst

example of an intersubband quantum well (QW) laser. This emits radiation through carrier

recombination between individual energy states, which are con�ned within the QWs. This

new design of laser, displayed in Figure 2.2 c), was shown to output radiation at 822 nm [68]

using a GaAs-AlGaAs heterostructure.

The principle mechanism of a solid-state laser is very similar to a gas-based laser [69]

and both can be simpli�ed to diagram (2.2 a). They incorporate a gain medium possessing

two or more discrete energy levels. The energy di�erence between these states relates to a

desired output frequency and a population inversion is achieved through optical pumping

with an external source. To drive electrons into the upper lasing level, it is important that
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the energy of the optical pump be greater than the energy di�erence between the states. In a

semiconductor laser (2.2 b), the minimum frequency of the emitted photon is determined by

the material bandgap (EBG ), as electrons are stimulated from the edge of the conduction band

(EC ) to the edge of the valence band (EV ), where they recombine with a hole. Either electrical

or optical pumping can be used here. Finally, QW heterostructure lasers (2.2 c) are fabricated

from alternating layers of two semiconducting materials with di�erent bandgap energies. A

narrow bandgap material is grown between two layers of a wider bandgap material, creating

a QW with partially con�ned energy states known as subbands [70]. The energies of the

subbands are dependent on the thickness of the QW and is governed very approximately by

expression 2.1 [71], where n is an integer, m∗ is the e�ective mass of the carrier (electron or

hole) and L is the width of the QW. In this form of laser a photon is emitted when an electron

falls from a con�ned state in the conduction band to a state the valence band. While the

energy of the photon emitted from a heterostructure laser can be tuned by varying the layer

thickness and thus the QW width, the lowest output frequency is still limited by the bandgap

of the semiconductor used. It is noted here that all devices discussed so far can be described

as ‘bipolar’, as the lasing mechanism includes electrons and holes.

a)
E2

E1

EC

b)

EV

EBG

Ec1

c)

Ev1

EBG

Ecn

Evn

Well width

Ec1

d)

EBG

Ec2

Well width

Quantum well barriers 

Figure 2.2: Schematic diagram of four di�erent laser designs. (a) is a solid state/gas laser emission
where electrons are optically pumped up to higher states, before falling and emitting a photon at
energy E = E2 − E1. (b) is an interband laser where optical transitions occur between the conduction
band EC edge and the valence band EV . In this case E = EBG . (c) represent intersubband lasers where
the optical transition occurs between subbands in the EC and EV , therefore E > EBG . Finally (d) is
an intersubband laser with electrons falling from Ec2 to Ec1 within the conduction band, therefore
producing a photon of energy E < EBG .



2.2. Introduction to quantum cascade lasers 10

EC1

EC2

Quantum well barriers 

Quantum wells 

Figure 2.3: Simpli�ed schematic diagram showing a lasing transitions in a QCL. The blue arrow shows
the movement of the electrons over time as they drop from energy level EC2 to EC1 emitting a photon
in each QW (curved red line). They proceed to tunnel through the QW barrier (labelled) and into the
next QW.

En =
h2n2

8m∗L2
(2.1)

2.2 Introduction to quantum cascade lasers

Shortly after the QW heterostructure laser was �rst demonstrated, in 1971 it was conceived

by Kazarinov and Suris [72] that a population inversion could be generated between separate

subbands of a QW periodic structure. This removes the use of holes from the lasing process

and provided the possibility of light ampli�cation through intersubband transitions within the

conduction band of a heterostructure. It also means that energy and frequency of the emitted

photon can be signi�cantly reduced, compared with the earlier QW heterostructure laser (2.2

c), as it is no longer limited by the semiconductor bandgap. An illustration of this mechanism is

shown in Figure 2.2 d). This concept formed the basis for the invention of the QCL, which was

�rst demonstrated by Faist et al. [73] in 1994, after being suggested by Capasso et al. [74] and

Liu [75] in 1986 and 1988 respectively. This unique device was formed from a AlInAs/GaInAs

heterostructure, grown on an InP substrate. When cooled to cryogenic temperatures it had a

maximum output power of 8 mW at a frequency of 71 THz (4.2 µm).

A simpli�ed diagram of the QCL active region is displayed in Figure 2.3. While many vari-
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ations of this design have been published, the basic principle of the QCL remains the same.

By combining many QWs together into a chain or ‘superlattice’, the electronic wavefunctions

penetrate through the barriers, formed from the wide bandgap semiconductor, and overlap

multiple wells producing ‘minibands’ with other states. By applying a �eld across the device,

the bandstructure bends and the electrons cascade ‘downstream’, emitting a photon in each

QW by falling from energy level EC2 to EC1. With this technique, a single electron can produce

many photons, making it potentially more e�cient than the other forms of laser displayed in

�gure 2.2. These photons are con�ned within a waveguide, between two partially re�ective

mirrors or facets. In practice each lasing module consists of several QWs, incorporating an

‘injector’ and ‘extractor’ region. This is to help couple electrons into and out of the QWs where

the optical transition occurs. The barrier immediately ‘upstream’ from this QW is known as

the injection barrier and is partly responsible for the rate at which electrons are transported

into the upper lasing level (EC2).

The �rst QCL [73] su�ered from several issues which limited its operation to cryogenic

temperatures. Two key issues are thermal back�lling and thermally activated phonon scat-

tering. Thermal back�lling is when electrons are thermally activated into the lower-lasing

level (EC1), after having previously been transported ‘downstream’ into adjacent states. This

decreases the population inversion between the two lasing states and therefore reduces the

gain. Thermally activated phonon scattering is when electrons emit a longitudinal optic (LO)

phonon, rather than a photon, as they fall from EC2 to EC1. This again reduces the population

inversion and decreases the overall gain. The gain of any laser, д, is related to its current

density threshold, Jth , through expression 2.2 [73], in which Γ represents the overlap of the

optical �eld with the active region, αm is the combined mirror loss at each end of the cavity

and β indicates the quality of the waveguide per unit length. αw are the waveguide losses,

which is dominated by free carrier absorption owing to the n+ doped semiconductor layers.

For a QCL to lase, the gain must equal the total losses of the system (αw+αm). After threshold

the gain is clamped to these losses. If its losses are too high or its gain is too low, the threshold

current density (Jth) will not be reached and device will therefore not lase. It is noted here

that in equation 2.2, it is assumed that the gain coe�cient, д, is constant with a variation in

current density. In reality this is not the case for QCLs.
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Jth =
αw + αm

дΓ
=

1
дβ

(2.2)

Despite these issues and complexities, by 2002 the �rst mid-infrared (MIR)-QCL work-

ing in CW operation [76] and at room-temperature [77] had been demonstrated. Since 2002,

MIR-QCLs have been reported which combine Watt-level output powers with CW operation

at room-temperature [78].

2.3 Terahertz quantum cascade lasers

After the invention of the MIR-QCL, there were many attempts to re-engineer the device for

the THz frequency range. It was important for the device to operate below the Reststrahlen

band, a region of high re�ectivity present in lll-V semiconductors ranging from 6 to 10 THz.

However, there were several issues that needed to be overcome. Firstly, the intersubband lasing

transition, EC2 - EC1, required to generate frequencies in the region of 1 to 5 THz is between ∼4

and 25 meV. This is signi�cantly smaller than in MIR-QCLs and makes it di�cult to selectively

depopulate the lower-lasing level without inadvertently depopulating the upper-lasing level

and increasing the parasitic current that does not contribute to the gain. Secondly, owing to

the relatively small energy spacing between energy levels electron-electron, electron-impurity

and interface-roughness scattering all become more signi�cant and in�uence carrier transport

within the device [79,80]. Furthermore, the small energy spacing makes it more susceptible to

the e�ects of heating, discussed in section 2.2. Lastly, the waveguide used for MIR-QCLs had

to be re-engineered to work at THz frequencies, as the free-carrier losses of the waveguide

is known to be proportional to the wavelength of the propagating radiation. Despite these

issues, the �rst THz-QCL was demonstrated by Kohler et al. [33] in 2002. It consisted of a

GaAs/AlGaAs heterostructure con�ned within a single plasmon waveguide (see section 2.3.2).

It emitted a single frequency at 4.4 THz, had a output power of 2 mW and worked up to a

maximum operational temperature of 50 K in pulsed mode.

Since then the development of various active region and waveguide designs, discussed
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in sections 2.3.1 and 2.3.2 respectively, have led to a wealth of progress with devices being

reported lasing at 3.5 THz [81], 2.1 THz [82], 1.9 THz [83] and as low as 0.83 THz [36] in the

presence of a magnetic �eld. This is known to reduce the non-radiative scattering processes

due to Landau-quantization [84], which results in a decrease in the threshold current of the

device. This also helped to achieve the maximum operational temperature of 225 K [85]. With

no external magnetic �eld applied, this record currently stands at ∼200 K [86] and 129 K [35]

for pulsed and CW operation respectively. The maximum output power achieved to date is

∼1 W [34] for pulsed mode and 138 mW in CW [87].

2.3.1 Active-region designs

Figure 2.4 displays diagrammatic representations of the four main active region designs pub-

lished to date. The �rst THz-QCL [33] used a chirped superlattice (CSL) (a) active region

adapted from MIR-QCLs [88]. In a CSL design, the lasing transition occurs between two mini-

bands, speci�cally between a lower energy state of the upper miniband and the highest energy

state of a lower miniband. A population inversion is maintained owing to the ultra-fast elastic

scattering of electrons out of the lower lasing level, through the lower miniband. However, this

does result in greater thermal back�lling and non-radiative scatting between the upper and

lower lasing levels, which limits its capabilities at higher temperatures. The second diagram

shown in Figure 2.4 (b) is the BTC design. This design combines the extractor miniband from

the CSL, with a diagonal lasing transition between a single upper-lasing level with a closely

coupled injector state, and the miniband below in an adjacent QW. The spatial separation

between the lasing levels is key to suppressing the undesirable transition between the injector

state and lower lasing level. This technique ensures a high injection e�ciency into the upper

lasing level, while typically reducing the dipole matrix element between the upper and lower

lasing levels. This concept was adapted from a three QW MIR-QCL design [89, 90], before

being applied in a THz-QCL by Barbieri et al. [91] which lased at 2.9 THz. It was later varied to

operate at lower frequencies [92]. Owing to reducing thermal back�lling a higher operational

temperature and output power has been achieved with this active region, compared with CSL.

The third diagram, (c) in Figure 2.4, represents the resonant LO-phonon design. This was
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Figure 2.4: Simpli�ed diagrams of four main types active region region. (a) is the CSL, (b) is the BTC,
(c) is resonant phonon (RP) and (d) is the hybrid device, combining attributes from both b and c. The
shaded area in each �gure represents a miniband or tightly coupled region of states. This �gure was
originally taken from reference [37] and adapted for use in reference [1].

�rst developed by Williams et al. [93] in 2003. The key di�erence between this design and

those previously discussed is the implementation of an LO-phonon (lattice vibration) assisted

extraction technique, resulting in ultrafast depopulation of the lower lasing level. The ex-

tractor miniband has been removed and replaced with an additional energy state ∼36 meV

below the lower lasing level, in an adjacent QW to the now vertical lasing transition. The

gap matches the energy of an LO-phonon in GaAs, therefore providing very fast resonant

scattering. This assists in two respects: it creates a potential barrier against thermal back�ll-

ing and helps the lower lasing state to maintain a short lifetime, relative to the upper state.

This is owing to the fact that as the temperature rises the LO-phonon population increases,

stimulating more carriers to fall from the lower state. The disadvantage to engineering such

an energy gap is that greater external voltage is typically required to initiate lasing. This

results in increased leakage current, more heating and a poor CW performance. Since 2003,

several adaptations of the original design have been demonstrated including a double phonon-

depopulation scheme [94] and improved injection into the lasing module using an LO-phonon

design [95]. In 2012, this design was used to achieve the highest operating temperature for a
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THz-QCL [86].

The �nal diagram in Figure 2.4 (d) represents the interlaced design. This is more com-

monly known as a hybrid device, as it originates from the amalgamation of the LO-phonon

and BTC designs with the intention of providing better high temperature performance. To

achieve this the diagonal optical transition into a lower miniband was retained from the BTC

design. An energy gap of∼36 meV is then engineered between the bottom of the miniband and

the extraction state, providing LO-phonon de-population assistance out of the miniband. This

approach was �rst demonstrated in 2005 by Scalari et al. [96], where a maximum operating

temperature of 116 K was achieved in pulsed mode. Since then lower frequency hybrid designs

have been reported [97], which are discussed in detail in chapter 5.

Other than the active region design, another important parameter to consider when grow-

ing a THz-QCL using molecular beam epitaxy (MBE) is what material to use, of which several

options have been reported including InGaAs/InAlAs [73], InAs/AlSb [98] and AlGaAs/GaAs.

This �nal combination was �rst demonstrated in a MIR-QCL in 1998 [99] but has since become

the most commonly used material for THz-QCL, owing to its high carrier mobility, as well as

AlAs and GaAs possessing almost identical lattice constants. This means that the concentra-

tion of aluminium can be used as an independent variable to change the height of the QW,

without su�ering from lattice dislocations. This is a very important factor to ensure good

quality growth of the laser [100]. The level and pro�le of dopant atoms added in the growing

process also has a signi�cant e�ect on the performance of the device. Enough dopant atoms

must be added to each lasing module to avoid carrier depletion and space-charge formation.

However, at the same time the dopant concentration must be limited to reduce free-carrier

absorption.

2.3.2 Waveguides

In order to achieve gain within the active region via optical feedback and direct radiation out

of the laser, the propagating photons are con�ded within a waveguide between two partially

re�ective mirrors. The two principle types of waveguide used in THz-QCLs are the semi-
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Figure 2.5: The two �gures on the left show schematic diagrams of THz-QCLs con�ded within (a) a
SI-SP waveguide and (b) a DM waveguide. The �gures on the right depict side-on two-dimensional
mode intensity patterns. This �gure was originally taken from [37] and adapted for use in [1].

insulating surface plasmon (SI-SP) and the metal-metal or double metal (DM) waveguide.

These are depicted in Figure 2.5 (a) and (b) respectively. In a SI-SP waveguide, the optical

mode is con�ded between a metal contact, typically gold, fabricated on top of the device and

highly doped (n+) layer of GaAs below. At the upper metal/active region interface the surface

plasmon is fully bound and con�ded to the active region. A surface plasmon is an electromag-

netic oscillation which exists at the boundary between two media with dielectric constants

of opposite signs. At the lower GaAs/active region interface, a quasi-plasmon exists meaning

that only ∼30 % of the optical mode is con�ned within the active region, as the majority leaks

into the substrate below. This overlap reduces even further with increased wavelength. This

waveguide was developed on the early THz-QCL designs [33], and was advantageous owing

to its low loss of ∼5 cm−1, resulting in a relatively low threshold current density.

The alternative waveguide is the DM design which was �rst developed in 2005 by Hu et

al. [101]. As the name suggests, the heavily doped GaAs layer is removed and replaced with

a second layer of metal, fully con�ning the optical mode to the active region. Furthermore,

the second metallic layer acts as a heat sink reducing the e�ects of heating within the device

and allowing higher operating temperatures to be achieved [86]. However, this technique

does result in losses as high as ∼20 cm−1. Furthermore, owing to the sub-wavelength con-

�nement of the mode, the output radiation is extremely divergent relative to when using the

SI-SP design. This signi�cantly reduces the output power collected when using a DM waveg-
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uide. Since the realisation of both types of waveguide, multiple variations of these have been

demonstrated. These include waveguides formed from di�erent materials [102] and those

incorporating �rst-order and second-order distributed feedback gratings [103, 104] for single

mode, tunable emission. However, these designs do typically add more complexity to the

fabrication process.

2.4 Carrier transport and gain

When a THz-QCL is biased the carriers are forced in the direction of the applied electric �eld,

perpendicular to the material layers. The key mechanisms for carrier transport both within

and between the QWs have been investigated in detail in MIR-QCLs [79, 105, 106] and THz-

QCLs [107, 108]. While intra-QW transport is dominated by carrier-carrier and LO-phonon

scattering, the movement of carriers between QWs is believed to occur via resonant tun-

nelling [108]. Two distinct forms of this mechanism have been identi�ed: a Fabry-Perot type

coherent process and incoherent sequential tunnelling [74, 109]. The extent to which both of

these contribute to carrier transport has been investigated in detail, with several reports sug-

gesting that non-coherent sequential resonant tunnelling is the denominate process [110,111]

in MIR-QCLs. This is owing to dephasing mechanisms such as coulomb scattering [112],

impurity scattering, as well as LO-phonon and acoustic phonon scattering [113]. It has been

hypothesised that these e�ects are even more in�uential in THz-QCLs, owing to the smaller

anti-crossing energy [108].

Figure 2.6 depicts a simpli�ed bandstructure showing coherent tunnelling between two

adjacent QWs, in which the lower laser level, E1′ , of QW1 is separated from the upper lasing

level, E2, of QW2 by ∆1′2. The blue arrows indicate the carrier direction of travel and suggest

a coherent oscillation of the wave packet across the barrier. This is known to occur at a Rabi

oscillation frequency (Ω) equal to ∆1′2/~ [108]. This phenomenon has been explored in MIR-

QCLs through use of pump-probe experiments [79, 105], a subject that will be discussed in

detail in chapter 4. It has also been mathematically modelled in THz-QCLs [114, 115]. In the

context of THz-QCLs, coherent carrier transport is important as it ensures very fast electron
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Figure 2.6: Depicts the coherent transport of carriers moving from left to right between two states
(E1′ and E2) in adjacent QWs. This occurs at the Rabi frequency (Ω). This �gure was adapted from a
diagram in reference [108].

injection into the upper lasing level. Carrier scattering injection also assists in this process.

Although the means of carrier transport are very complex and di�ers with active region

design, a basic understanding of the operating principles of a QCL can be obtained from a

2-level rate equation model. A diagram of this is provided in Figure 2.7, where the coloured

arrows indicate carrier direction of travel. In this �gure (N2 − N1)W21 represents the stim-

ulated emission rate, proportional the cavity photon density, and τ21 is the non-stimulated

Pin(2)

Ʈesc

Ʈ21

Pin(1)

W21

2

1 Ʈex

Figure 2.7: A simpli�ed diagram of a two-level active region. This diagram is adapted from refer-
ence [116]. The unlabelled states at the top and bottom represent energy levels in the adjacent QWs.
Lasing occurs been state 2 and 1.
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emission lifetime (i.e. through spontaneous emission and scattering). Pin (2) and Pin (1) is the

carrier transport rate directly into the upper and lower lasing level, while τ2 and τex are the

lifetimes of the upper and lower lasing levels respectively. τesc is the lifetime for the non-

radiative escape from the upper lasing level. The equivalent rate equations that govern the

carrier population, N2 and N1, of the upper and lower lasing states, are given in 2.3 and 2.4

respectively [116]. When designing an active region it is important that Pin (1) is kept as low

as possible when the bandstructure is fully aligned, i.e. the majority of carrier are coupled

directly into the upper lasing level. This helps to maintain high gain and reduces the threshold

current density.

dN2

dt
= Pin (2) −

N2

τ2
− (N2 − N1)W21 (2.3)

dN1

dt
= Pin (1) −

N1

τex
+
N2

τ21
+ (N2 − N1)W21 (2.4)

By solving these two equations for the laser in equilibrium, i.e where dN
dt = 0, expres-

sions 2.5 and 2.6 can be extracted in terms of the population inversion above (∆N ) and below

(∆N0) threshold, whereW21 = 0.

∆N = N2 − N1 =

(
1 − τex

τ21

)
Pin (2)τ2 − Pin (1)τex

1 +W21
(
τ2 + τex −

τex τ2
τ21

) (2.5)

∆N0 =

(
1 −

τex
τ21

)
Pin (2)τ2 − Pin (1)τex (2.6)

where Pin (2) and Pin (1) can loosely be de�ned in term of, J , the current density, η, the

injection e�ciency and q, carrier charge. However, it is important to note that for QCLs, many

parameters vary with current density therefore making this relationship non-linear.
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Pin (1) =
Jη1
q

(2.7)

Pin (2) =
Jη2
q

(2.8)

In chapter 4 and 5 of this thesis, a pump-probe experiment is used to determine the gain

recovery time of the THz-QCL. In relation to this simpli�ed two-level system, a high-power

pump pulse (W21 → ∞) resonant with the energy gap (E2 − E1) is used to deplete the upper

lasing (2) level, causing a sudden decrease in the population inversion (N2 − N1). To restore

the gain to equilibrium the pump rate into the upper lasing level, Pin (2) , experiences a sud-

den increase. The amount of time taken for the gain to fully restore is measured through a

low-power probe pulse. An expression for the peak material gain between the two lasing

levels [117] is given in 2.9, where ε0, Lp and λ are the vacuum permittivity, the width of single

QCL period and the transition wavelength respectively. 2γ12 represents the full-width-half-

maximum (FWHM) of the optical transition and z21 is the dipole matrix element between

the upper and lower lasing states. This is de�ned in 2.10 and is a measure of the interaction

strength between the two wavefunctions,ψ1 andψ2. The gain coe�cient, д, is equal to Gp/J .

Gp =
4πq2

ε0nλ

z221
2γ12Lp

∆N (2.9)

z12 =
〈
ψ1 |z |ψ2

〉
=

∫
ψ ∗1 (z) zψ2 (z) dz (2.10)

2.4.1 Characteristic properties

A deeper understanding of the carrier transport mechanisms within the THz-QCL can been

extracted from the light-current-voltage (LIV) characteristics of the device [114]. Other device-

dependent properties which can be obtained from this data includes the maximum output

power (Pmax ), the current density threshold (Jth ), the maximum operating temperature (Tmax )

and the current at which lasing ceases. An example current-voltage (I-V) curve taken using a

hybrid active region is plotted in black in Figure 2.8 a), with the corresponding light-current
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(L-I) curve shown below (b) using the same X-axis scale1. A detailed description of the data

acquisition process, together with the spectral output of a THz-QCL, is given in section 4.2

and the biasing conditions for this measurement are provided in the caption of Figure 2.8.

The important aspects of the LIV plots have been labelled with vertical dashed lines. The

point at which the device begins to lase, Ith , corresponds to a slight kink in the I-V curve and

a reduction in di�erential resistance. In terms of bandstructure alignment and with reference

to Figure 2.6, this indicates that the extractor state in QW1 (E1′) and the injector/upper lasing

(E2) in QW2 have began to align. Prior to this, much of the leakage current is �owing directly

into the lower lasing level. Lasing commences when the increased gain, brought about by a

rise in coupling e�ciency, is equal to the losses in the system. A full description of Jth is given

by equation 2.11. This combines the various properties of the active region and the waveguide

design by combining equation 2.2 with 2.6, 2.9 and that for the gain coe�cient.

Jth =
1

eta2τ2
(
1 − τex

τ21

)
− η1τex

(
ε0λnLpγ21

4πqβz221

)
(2.11)

After the maximum gain is reached and the power begins to rapidly reduce, a region

of strong NDR is experienced. In the I-V curve (a), this equates to a reduction in current

with rise in voltage. This is owing to the misalignment of states E1′ and E2 in adjacent QWs

and is thought to be a direct consequence of the suppression of resonant tunnelling between

states [106, 114]. It is also due to the loss of photo-induced current in the device as lasing

ceases. A sharp drop in current can also be seen in the L-I curve (b). In many cases, the I-V

characteristic of a device can reveal the existence of local �eld domains, or regions of uneven

electric �eld distribution across the device [118]. This is typically caused by weakly coupled

superlattice formation [119] and results in a jagged I-V plot, as di�erent lasing periods align

at di�erent voltages. More information on this is given in section 5.2.
1This device was fabricated by Dr. Julie Zhu
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Figure 2.8: a) I-V and b) L-I curves taken with a 2.5-mm-long device lasing at 2.92 THz. It possessed a
hybrid active region con�ded within an SI-SP waveguide. The data was taken using the experimental
setup shown in Figure 4.2. The device was cooled to 10 K and electrically biased in pulsed mode, 10 kHz
modulation frequency with a 2 % duty cycle. At this temperature Pmax is equal to 35 mW and Jth is ∼
194 A cm−2.
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2.5 Conclusion

This chapter began with an introduction into laser theory, discussing concepts such as a

population inversion, waveguide design and gain dynamics, the understanding of which are

a prerequisite for the remainder of this thesis. A variety of di�erent waveguides and active

region designs were then introduced in section 2.2. Finally, the means of which THz-QCLs

are typically characterised is discussed in section 2.4.1.
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Chapter 3

Quartz-Mounted Free-Space

Photoconductive Emitters and

Detectors

This chapter focuses on the principles of THz-TDS, with emphasis on the various methods

of emission and detection of THz radiation, as well as discussing its industrial and academic

applications. In particular, PC emission using pulsed laser systems is examined. In the follow-

ing sections, unique quartz-mounted PC devices for free-space THz emission and detection

are introduced, explained and tested. The fabrication process required for these devices is

explained before introducing experimental data and elaborating on the advantages of using

such devices. Finally, the use of quartz-mounted devices is demonstrated in experimental

applications.

3.1 Terahertz Time Domain Spectroscopy

THz-TDS [120–122] is a well established technique for the generation and time-resolved de-

tection of free-space THz radiation. Using the unique properties of THz radiation, this can

provide interesting information regarding a sample positioned within the beam. These prop-

erties, which have been brie�y discussed in chapter 1, include the ability to transmit through

cardboard, plastics and clothing and excite inter- and intra-molecular modes within many ex-

plosive substances and drugs-of-abuse [6]. This can provide a characteristic spectral signature
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which is unique to the sample in question [5]. As well as security applications, these techniques

have also proved successful in measuring the concentration of active ingredients in pharma-

ceutical products [123, 124] and for non-invasive identi�cation of biochemicals [125, 126],

such as DNA [127] and various crystalline and non-crystalline structured materials [128,129].

Despite THz radiation being heavily absorbed in water, THz-TDS has also been used to inves-

tigate liquids including sugar, salt and protein solutions [130–132], and various alcohols [133].

One advantage THz-TDS has over other techniques, such as FIR spectroscopy [134], is that

a relatively high SNR can be achieved without the need for a cryogenically cooled detection

system [135]. Furthermore, it has been established that when imaging objects of a low refrac-

tive index, THz radiation provides a clearly image than X-rays [135]. Other advantages have

been discussed in chapter 1.

Many of the studies referenced above use experimental arrangements similar to those

discussed in this report. Diagrammatic representation of two types of setup are shown in Fig-

ure 3.1, illustrating both (a) a transmission and (b) a re�ective arrangement. Throughout this

project several variations on these have been used, employing di�erent optical laser sources

and detection methods. Each THz-TDS system was sourced by a mode-locked Ti:sapphire

laser, generating pulses at a wavelength of 800 nm and a repetition rate of 80 MHz. However,

the width of the optical pulse was system dependent but, generally speaking, was between

20 to 100 fs. Details regarding the di�erent laser sources are provided with the corresponding

data. The generated optical beam was split into two parts (9:1), the more powerful of which

(the ‘pump’) was re�ected o� several optical mirrors before being focused down to a circular

spot on the surface of a biased PC emitter. The diameter of the spot is limited by the wave-

length of the radiation, but is also dependent on the width of the beam prior to being focused

and the focal length of the convex lens.

A closer inspection of the two possible collection geometries is given in Figure 3.2. In

re�ection geometry the THz radiation generated by the emitter is collected from the laser

excited surface, eliminating losses and dispersion from the substrate and resulting in higher

bandwidths [136]. In this geometry, the incident optical beam must be focused through an

o�-axis parabolic mirror before reaching the emitter. This is then used to collect and collimate
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Figure 3.1: Schematic of TDS experimental setup in which both transmission (a) and re�ective (b)
collection arrangements are shown. The red and green beams represent the path of the optical and THz
pulses respectively. The o�-axis parabolic mirrors are labelled PM1 to PM4 on both setups. Both setups
would typically be situated within a purge box (dashed line), to remove the e�ects of water vapour,
present in the air.
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the THz radiation. In Figure 3.1 b), this function is preformed by the �rst parabolic mirror

(PM1). In transmission geometry, however, radiation is collected from the substrate side of the

PC device using a di�erent set of o�-axis parabolic mirrors. As shown in Figure 3.2, this means

that the optical excitation and THz collection occur on opposite sides of the device. Due to the

large refractive index di�erence between the active material, in this instance low-temperature

grown (LT)-GaAs, and air, more of the power tends to radiate directly into the substrate.

This is governed by the Fresnel equations for re�ection and transmission coe�cient [137],

and results in a more powerful signal when collecting in the transmission geometry, than in

re�ection [138].

With the optical pulse incident on the surface of the emitter, a limited amount of THz

radiation is typically generated through the photo-Dember e�ect [139]. In order to ampli�er

this signal the emitters need to be electrically biased. This can be done by using a direct

current (DC) voltage and employing an optical chopper to modulate the signal or using a

quasi-DC signal at a desired frequency. Electrical modulation typically results in a higher

SNR, as it is more stable and higher modulation frequencies can be used, decreasing 1/f noise.

Independent of the collection geometry, once the THz radiation is collected and collimated

using the �rst o�-axis parabolic mirror (PM1), the second parabolic mirror (PM2) focuses the

radiation through the sample. In Figure 3.1 this is represented by a purple box. Brie�y, by

comparing the THz signal with and without the sample in place, one may obtain the complex

index and dispersion of the sample [135]. Another set of o�-axis parabolic mirrors (PM3 and

PM4) can then been used to collect, collimate and refocus the radiation onto the detector.

The sampling beam, which was spilt from the more powerful pump beam using a 9:1

(transmission:re�ection) beam splitter, is used in the detection of the THz signal. For this to

occur the beam is �rst directed towards a motorised delay stage using optical mirrors. This

allows the arrival time between the THz pulse and sampling pulse on the detector to be varied,

the reason for which is discussed in detail in section 3.1.4. Fixed to the delay stage is either a

set of optical mirrors or a retro-re�ector, which are used to re�ect the beam in the opposite

direction such that it is parallel to the incoming beam. After the sampling pulse leaves the

delay stage, it is focused through the �nal o�-axis parabolic mirror (PM4) and used in detec-
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tion. Two separate coherent detection schemes were used in this project, the �rst being EO

sampling [140] using an EO crystal paired with balanced photodiodes. The second method is

PC detection, employing a similar device as used for emission. Both techniques are discussed

in detail in sections 3.1.3 and 3.1.2, respectively. The signals are recorded using a lock-in

ampli�er, which is referenced to either the emitter bias-modulation frequency when the PC

emitter is biased with a quasi-DC signal, or the optical chopper frequency when DC bias is used.

3.1.1 Photoconductive Emission

Gold 
Contact

Host 
Substrate

LT-GaAs

Transmitted Terahertz 
Emission

Reflected Terahertz 
Emission

NIR

a) b)

Transmitted Terahertz 
Emission
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Emission+V +V

Host 
Substrate

Figure 3.2: (a) Schematic diagram and (b) side-on diagram of a PC emitter indicating the angle of optical
excitation (red) and the two possible collection geometries for the generated THz radiation (Green),
transitive and re�ective. Shown as an example, in this instance the active material is LT-GaAs, grown
on a host substrate.

PC switches [141], triggered by femtosecond lasers are widely used for the generation of

free-space THz radiation [60, 142]. PC emission is initiated when a femtosecond optical laser

pulse, with energy greater than the semiconductor bandgap, is focused onto the PC mate-

rial between a pair of biased electrodes. The bandstructure of an illuminated semiconductor

is shown in Figure 3.3a). This generates electron-hole pairs and excites electrons into the

conduction band. Due to an electric �eld being applied between the biased electrodes [38],

depicted by the tilted bandstructure in Figure 3.3b), the negatively charged electrons and

positively charged holes are accelerated in opposite directions. This transient current gives

rise to a single cycle electromagnetic pulse, with a spectrum typically covering the 0.1–5 THz

range [137]. The generated THz signal is proportional to the derivative of the transient photo-
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current, which is expressed in equation 3.1. In this expression ETHz is the magnitude of the

THz electric �eld far from the emitter, typically quoted in volts per centimetre, and IPC is the

generated photocurrent in the gap.

ETHz ∝
dIPC (t )

dt
(3.1)

ETHz (t ) =
µ0ω0

4π
sinϕ

r

d

dtr
[IPC (tr )]ϕ (3.2)

ETHz (z, t ) = −
µ0A

4πz
d Js (tr )

dtr
(3.3)

However, this is a simpli�ed expression and has been expanded in equation 3.2 [25] to take

into account the magnetic permeability of free space µ0. In many bulk semiconductors used

for PC emission, electrons are believed to be the dominate carrier involved, as they are known

to exhibit a higher mobility compared with holes [143, 144]. Other variables in this equation

include the spot size of the optical beam ω0, the far-�eld range from the device r and the angle

perpendicular to the surface of the device ϕ. This expression uses a dipole approximation, as

it assumes the active region is signi�cantly smaller than the THz wavelength. For large areas

emitters equation 3.3 [25] can be applied, where A represents the optically excited area, z is

the distance from the emitter in meters and Js is the idealized surface current density.

Examples of free-space THz pulses having been coupled from the surface of a PC emit-

ter are illustrated in Figure 3.2 a) and b). When collecting in the far-�eld, the full cycle of

the electric �eld exhibits both positive and negative peaks [145]. The magnitude of the �rst

half-cycle is almost entirely dependent on the width of the incident optical pulse, whilst the

size of the second peak is determined by the recapture time of the carriers within the mate-

rial [146]. The THz power, SNR and bandwidth available from a PC material are dependent on

a few fundamental parameters: the carrier lifetime, mobility, dark resistivity and breakdown

voltage. A well-suited material will have a short carrier lifetime to ensure that the transient
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photo-current is brief yielding a high bandwidth [60], a high mobility to ensure a large photo-

current, a high dark resistivity to minimise excess heating from the applied bias, and a large

breakdown voltage so that a high bias can be applied to maximise photo-current [147].

Conduction 
Band

Valence 
Band

electron

hole

Energy

hf > Eg

Bandgap

a)
b)

Applied electric field

Figure 3.3: Bandstructure of a semiconductor as used in PC emission (a) Unbiased with incident optical
photon (b) tilted bandstructure to indicate that an electric �eld is applied. Eд represents the bandgap
energy of the semiconductor, situated between the conduction and valence bands. The red arrow
represents the incident optical pulse.

When exciting at 800 nm, the best performing material for PC emission is LT-GaAs which

incorporates excess arsenic trapping sites to ensure a very short carrier lifetime, (∼300 fs) [148,

149]. It also exhibits very high breakdown �elds (500 kV cm−1) [150] and high dark resis-

tance, compared with semi-insulating (SI)-GaAs (10 - 100 kV cm−1) or silicon-on-sapphire

(SOS) [142, 151]. In LT-GaAs, both of these properties are strongly dependent on the tem-

perature of the post-grown annealing process [152]. Carrier mobility has been reported

as high as 8000 cm2 V−1 s−1 [153] in SI-GaAs, signi�cantly larger than in LT-GaAs (100 -

300 cm2 V−1 s−1) [149]. While carrier mobility is generally thought to be proportional to gen-

eration e�ciency [135], when combined with low resistivity in SI-GaAs it can be seen as a

drawback. This is because the higher photocurrent, owing to residual free-carriers, results in

excess heating and thus causes an overall reduction in the generation e�ciency [154]. This

is especially the case when using powerful optical �uencies. LT-GaAs is typically fabricated

by single crystal growth, either directly on a SI-GaAs wafer or separated by a thin insulating

layer of AlAs or AlGaAs [152]. Electrodes are then fabricated directly on the LT-GaAs surface

to form an LT-GaAs device on an SI-GaAs substrate.
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Figure 3.4: Six di�erent designs of PC emitter. Each has been labelled and contains a red spot indicating
the point of optical excitation.

Another important parameter dictating the behaviour of a PC emitter is the electrode

design, as both the gap width and the general antenna shape in�uence the e�ciency of the

device [155]. To date many di�erent designs have been reported, each with their own merit,

including bow-tie, Hertzian dipole [156] and strip-line antennas [150, 157], as well as large-

gap, sometimes referred to as parallel plate [158] and log spiral designs [41, 159]. Many of

these are illustrated in Figure 3.4. It has been demonstrated that for a constant bias voltage

and optical excitation power, the e�ciency of the device is inversely proportional to the width

of the electrode gap [135]. However, reducing the gap width tends to lower the breakdown

voltage of the device, as well as increase the risk of saturation [154]. For large-gaps (>1 mm),

the design of the electrodes makes very little di�erence to the e�ciency of the device. How-

ever, the position of the optical excitation beam within the gap and its focal spot size have

been shown to e�ect the output �eld and bandwidth of the device, owing to a near-anode

enhancement [143, 160]. The key advantage to using large-gap devices is that signi�cantly

higher bias voltages and optical powers can be applied, compared with smaller gaps, allowing

the generation of higher THz �elds without damaging the device [146, 154]. Furthermore, the

alignment procedure for large gap devices within a THz-TDS setup is relatively simple, as the

generated photocurrent is less sensitive to movement of the PC emitter. It is for these reasons

that a semi-large area electrode design, encorporating either a 100 or 200-µm-wide gap, was
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used to collect the majority of the data shown in this report.

For small aperture devices (<100 µm) the design and shape of the electrodes can have a

signi�cant e�ect on the output spectrum of the device. A study conducted by Stone et al. [154]

suggested that smaller PC gaps favoured higher frequency emission and that a broader fre-

quency spectrum could be obtained by using pointed electrodes. Other research groups have

found that the use of electrodes with sharp edges, such as the bow-tie design in Figure 3.4,

can increase the e�ciency of the device [150,161]. An explanation for this is that by changing

the shape of the electrodes and reducing the gap width, this alters the bias �eld experienced

by the carriers and therefore their acceleration, recapture times and transient currents. If the

electrode gap-width is signi�cantly smaller than the THz wavelength the outputted radiation

can be highly divergent, meaning a high proportion of it is not collected by the �rst parabolic

mirror (PM1). A silicon lens attached to the back of the substrate can solve this problem, as it is

well index matched to the substrate and can collimate the radiation. The most commonly used

type of silicon lens is the hyper-hemispherical [25]. This is only applicable when collecting

the radiation in transmission, as opposed to re�ective geometry. For a larger gap device, the

radiation is not as divergent as it leaves the PC gap, so the advantages of using a silicon lens

is not necessary as apparent.

Another factor which limits the e�ciency of PC emitters is that they tend to saturate at

high optical �uencies. In small gap emitters this is owing to the screening of the external

electric �eld by an induced local �eld, created by the separation of carriers [162]. However, in

large-aperture PC devices saturation is believed to be caused by the boundary conditions on the

electric and magnetic �elds on the surface of the device [138]. Both forms of saturation have

become more common with owing to developments in ampli�ed femtosecond lasers [163,164].

To overcome this problem, large-area microstructure array emitters have been devel-

oped [165, 166]. These consist of interdigitated �nger electrodes, with the excitation beam

defocused and spread over the entire surface of the emitter. This decreases the optical intensity

at each electrode and reduces the chance of saturation [151,167]. A schematic of this geometry

is shown in Figure 3.4, where each electrode spacing represents an individual strip-line design
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with a small gap width (∼5 µm). To avoid deconstructive interference of the generated THz

radiation, either every other electrode gap is required to be optical opaque [165], or more

e�ciently, a microlens array can be employed to selectively illuminate the desired gaps [166].

Both these techniques have been shown to produce signi�cantly higher THz �elds than con-

ventional emitters, in the region of 80 kV cm−1 [167]. There has also been much interest in the

use of plasmonic contact gratings, where the spacing between the individual electrodes is in

the order of several nanometers [168]. By illuminating just the anode this excites a surface

plasmon allowing a large portion of the pump pulse through the grating. This e�ect, combined

with very short carrier path length, has provided output powers as high as 1.9 mW [41].

3.1.2 Photoconductive Detection

Figure 3.5 depicts the experimental arrangement required for the PC detection of THz radi-

ation. The fundamental mechanisms are similar to PC emission, described in section 3.1.1,

and the types of device used are almost identical to those pictured in Figure 3.4. The setup

on the left of the �gure shows the probe branch of the same optical beam used to generate

THz radiation, being focused onto a semiconducting material between two metal contacts.

In PC detection no external bias is required. Instead the electron-hole pairs are generated by

the incoming sampling pulse and are accelerated by the THz �eld, focused onto the surface,

before the carriers are then recaptured. To detect the induced photocurrent, the PC detector

is normally connected directly to a transimpedance ampli�er with a tunable gain, which con-

verts this into an equivalent voltage. This is typically then detected using a lock-in ampli�er,

which is referenced to either the optical chopping frequency or the electrical bias modulation

frequency of the PC emitter. To map out the shape of the THz pulse, the path length of the

sampling delay beam is varied, which alters the arrival time between the THz signal and the

sampling pulse on the PC detector. As the optical pulse is signi�cantly shorter than the THz

pulse, which is proportional the induced photocurrent, the full THz pulse can be traced using

this technique. As such, the magnitude and phase of the THz signal can be determined. This

technique is discussed in more detail in section 3.1.4.

When using material with sub-picosecond carrier lifetimes such as LT-GaAs, the induced

measurable photocurrent J (t ), is proportional to the THz �eld incident upon it ETHz , while



3.1. Terahertz Time Domain Spectroscopy 34

PC detector

Mirror

Optical 
sampling 
beam

Focussed
terahertz
beamParabolic mirror 

(PM )4

Figure 3.5: Experimental arrangement for PC detection. The optical and THz pulses are shown in red
and green respectively. The parabolic mirror labelled PM4 indicates its position in the THz-TDS setup
in Figure 3.1, a) and b).

also being related to the transient surface conductivity σs , through equation 3.4 [25]. This

suggests that the induced photocurrent is the convolution of the two parameters and that the

photocurrent is also related to the carrier lifetime through the time-dependent conductivity.

As such, for detection a good material will possess a very short carrier lifetime and high mo-

bility to not limit the bandwidth of the system, as well as high dark resistivity as dark current

is a source of noise [146].

J (t ) =

∫ t

−∞

σs (t − t
′) ETHz (t

′) dt ′ (3.4)

To date, PC detection of THz radiation has been shown to work using several di�erent

materials including radiation-damaged SOS [120], LT-GaAs [142], SI-GaAs [169] and InP [170].

It has been established that LT-GaAs presents the best option for PC detection, as it possesses

the shortest carrier lifetime and high dark resistance. While it has a signi�cantly lower carrier

mobility than SI-GaAs, this has been shown to cause SI-GaAs to saturate at low sampling

optical powers [170]. In regards to the antenna design of the detector, a study performed by

Jepsen et al. [171] reveals that the electrode gap width is inversely proportional to the detection

sensitive. This is attributed to the fact that as the gap width reduces, this increases the laser

intensity and thus the number of photogenerated carriers. Interestingly, the spectral shape

of detected signal is dependent on the length of the electrodes. Designs with longer contacts,

such as the strip-line design shown in Figure 3.4, tend to be more sensitive to lower frequencies.
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3.1.3 Electro-optic Sampling

EO sampling [140] is a method of THz detection that utilises the Pockels e�ect [172]. Bire-

fringence is induced in a non-linear crystal by a time-varying or constant electric �eld, which

in this instance is the THz electric �eld. The induced birefringence is proportional to the THz

�eld strength. The experimental arrangement shown in Figure 3.6 is used to probe this instan-

taneous change in birefringence and thus extract a relative value for the THz �eld incident on

the crystal. Similar to PC detection described in section 3.1.2, the sampling beam is split from

the pulse used to generate the THz signal. It is then focused onto the same point on the EO

crystal as the THz radiation. The position of the delay stage can be varied to ensure that the

optical and THz pulses arrive at the crystal simultaneously. The change in birefringence of the

crystal, induced by the THz pulse, causes the linearly polarised optical beam to become slightly

elliptical. The beam is then directed through a λ/4 plate, which, if it was still linearly polarised

would cause it to become circularly polarised in the same orientation. However, as it is now

elliptical in shape, the beam is split into its uneven orthogonal X and Y components, which are

then divided using a Wollaston prism. The di�erence in intensity between the two orthogonal

components is detected using balanced photodiodes, the linear output of which is connected to

a lock-in ampli�er. The incident THz �eld can be calculated from this signal using equation 3.5,

where Iy and Ix are the optical intensities on each diode and Is is the di�erence between them.

I0 represents the beam intensity with no THz signal, ω is the angular frequency and n0 is

the refractive index of the crystal at 800 nm. L is the length of the EO crystal, r41 is the EO

coe�cient and c is the speed of light in a vacuum. The full evolution of the polarisation of the

optical sampling beam is shown in Figure 3.6, with and without the presence of THz radiation.

To map out of the pro�le of the THz �eld the same technique described in section 3.1.2 in used.

Is = Iy − Ix =
I0ωL

c
nO

3r41ETHz (3.5)
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Figure 3.6: First row illustrates a close-up of the experimental setup for EO detection (original shown
in Figure 3.1. Bottom and middle rows display the polarisation of the incident optical pulse, with and
without THz radiation present respectively.

A disadvantage of using this detection method is that as the two pulses propagate through

the EO crystal at di�erent velocities, eventually the pulses destructively interfere with each

other. As such, this creates a frequency dependent coherence length de�ned by equation 3.6 [161],

where LC is the coherence length, nef f is the e�ective refractive index of the crystal at THz,

ωTHz , and optical, ωopt , frequencies. From the equation it can be shown that the coherence

length is shorter for higher frequencies and therefore a thin crystal will allow the detection

of higher frequencies as the interaction time between the pulses is reduced [173]. However, a

thin EO crystal will decrease detection sensitivity and so there is a compromise to be made

between bandwidth and sensitivity. Another disadvantage of using thin EO crystals for this

purpose is the close proximity of re�ections in the time-domain, which will be discussed in

detail in section 3.1.5. This technique has been shown to work with various EO crystals in-

cluding ZnTe [174, 175], GaP [176], GaSe [177] and LiNbO3 [61]. ZnTe is a popular option as

it is well velocity-matched at 800 nm and has a large EO coe�cient, (3.9 pm V−1) compared

with GaP (1 pm V−1) [25]. However, the transverse optical (TO) phonon absorption in ZnTe at

5.3 THz limits its usefulness for high frequency spectroscopy of materials.
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LC (ωTHz ) =
c

ωTHz
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ωopt
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− nef f (ωTHz )

���
(3.6)

3.1.4 Time-domain Sampling and spectra acquisition
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Figure 3.7: THz pulse sampling using the translation of the optical pulse with movement of the me-
chanical delay stage. The red curve represents the sampling optical pulse and the green dotting curve
is the THz pulse. Random sampled points on the THz pulse are represented by purple, yellow and blue
spots.

A signi�cant advantage to using PC detection or EO sampling is that they enable the

coherent measurement of the THz pulse, meaning both the phase and the magnitude of the

detectable signal is recoverable. This is in contrast to incoherent methods of THz detection,

such as a liquid helium cooled bolometer or pyro-electric detectors, which only sense a time

averaged THz power. To achieve this the mechanical delay line, which in this example is

placed in the sampling beam path and enabled using a motion controller, is systematically

moved altering the optical path length of the sampling beam. This, therefore, varies the arrival
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time between optical and THz pulses on the detector. It is noted here that the same e�ect

can be achieved by placing the mechanical delay line in the pump beam path and �xing the

length of the sampling beam. Figure 3.7 shows how the full pro�le of the time-domain THz

pulse can be formed by systematically stepping the delay line, allowing a relative value for

THz signal to be extracted for each point in time as the two pulses overlap. This is made

possible by the fact that the ultrashort optical pulse, typically between 20 to 100-fs-long, is

used to sample the THz pulse which is in the order of several picoseconds. The resolution in

the time-domain is controlled by the predetermined step size of the scan and each data point is

averaged within the lockin-ampli�er to improve the SNR. All data is accumulated and plotted

using LabView software, either point-by-point as the scan is performed or at the end of the

scan. This requires storing the data in either the motion controller or the lockin-ampli�er. A

fast Fourier transform (FFT) is performed on the time-domain data to establish the frequency

components present. The resolution in the frequency-domain is dependent on the length of

scan in the time-domain.

3.1.5 System constraints

For THz-TDS, driven by PC switches, to be a viable option in many of the applications dis-

cussed in section 3.1, two potential problems have to be overcome. Firstly, as a pulse of THz

radiation is transmitted through a sample it tends to disperse and attenuate, contributing to a

loss in signal. The dispersion of the THz pulse is owing to di�erent frequencies propagating

through the medium at di�erent speeds [25]. This is made worse by the fact that thicker

samples tend to yield better results, as they are more sensitive to interactions with the pass-

ing radiation. Consequently, high SNRs, using powerful PC emitters and sensitive detection

schemes are both vitally important to penetrate and measure a range of samples. However,

when generating free-space broadband THz radiation using LT-GaAs-on-SI-GaAs (LoG) PC

emitters, the risk of over-biasing or exciting it with too high an optical pump power is likely,

and can result in permanent damage to the emitter. This limits the output power available

from the device. A picture of an LoG emitter having sustained damage due to over-biasing is

shown in Figure 3.8. This typically results in an instantaneous drop in resistive across the gap

and a loss in output power from the device. The reasons why this occurs are discussed in the

following sections.
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Figure 3.8: PC emitter with a parallel plate electrode design incorporating a 200-µm-wide gap. This
device is fabricated using LT-GaAs-on-SI-GaAs and has been over-biased, resulting in a shorting over
the gap.

Secondly, when an electromagnetic wave propagates through a material, each interface it

encounters causes a certain percentage of it to be re�ected. The re�ectivity of the boundary

is governed by the Fresnel equations [25], but for a situation when a propagating pulse is per-

pendicular to the interface, the re�ectivity is proportional to the ratio of the refractive indexes

of the two materials. The diagram shown in Figure 3.9 illustrates a THz pulse passing through

a sample. Due to the partial containment of the pulse inside the sample, the initial attenuated

output pulse is followed by echoes of the original incident pulse. The time, t , between the

re�ections is related to the refractive index and thickness of the sample, n and L, through

equation 3.7.

t =
2nL
c

(3.7)

In a THz-TDS arrangement, such as those illustrated in Figure 3.1, these re�ections occur

from any sample being placed in the THz beam, including the substrate of the PC emitter

and detector, and the EO crystal. As the frequency resolution of the spectrum, obtained from
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Figure 3.9: The production of system re�ections as the THz pulse passes through a medium.

performing an FFT, is proportional to the length of scan in the time-domain this creates

a problem, as to include these time-domain re�ections in time windowed FFT would cause

oscillations to appear in the frequency domain [178]. This is owing to the collection of spectral

information from di�erent sized THz pulses. This could potentially hide narrow spectral

artefacts and make the data misleading. While truncating the data before the �rst re�ection

would prevent these oscillations, using a thin EO crystal to ensure a high bandwidth will result

in low frequency resolution, which could make distinguishing narrow linewidth absorptions

di�cult. There have been several attempts to remove these re�ections by adding a thin layer

of ARC to the EO crystal, such as chromium to GaP [178–180]. However, this typically results

in a signi�cant reduction in the overall detected signal, due to absorption of the incident THz

pulse [155]. Despite the emergence of post-measurement mathematical techniques to help

remove re�ections [181–183], they ultimately still remain an issue and limit the frequency

resolution of the system.

3.2 Introduction to quartz-mounted photoconductive emitters

and detectors

The use of LT-GaAs epitaxially transferred onto quartz substrates for high power broadband

free-space emission and sensitive detection of THz radiation was inspired by its successful

application in on-chip THz waveguide guides [184,185] and originated as a concept for use in

the experiments shown in chapters 4 and 5. In these chapters, high powered PC emitters are

required to couple as high a THz �eld as possible into the facet of THz-QCL [37,186]. However,
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the previously used devices, fabricated directly onto their SI-GaAs growth substrate, were not

able to generate the output �eld required for this measurement and were very susceptible to

lasting damage by being over-biased. The devices presented here have helped to overcome

these issues. Furthermore, owing to the success of these devices, they have since been used in

numerous applications discussed in section 3.10. To date, four examples of free-space THz ra-

diation emission have been demonstrated using LT-GaAs bonded with sapphire [151,187–189].

However, these did not provide a comprehensive comparison between lift-o�-transfer (LOT)

devices and devices fabricated ’as-grown’ on the SI-GaAs substrate, the latter of which are

very widely used. In this work, z-cut quartz has been chosen as a substrate as it possesses

a signi�cantly higher electrical resistivity [190], when compared with SI-GaAs [147]. It also

exhibits low-losses in the THz region [191], and is transparent to 800 nm light. This provides

the option to perform through-substrate illumination of the PC switch. Its low refractive index

in the THz region of approximately 1.9 [192], compared to 3.8 in SI-GaAs [122], can also be a

useful attribute in THz-TDS systems. Reasons for this are discussed in section 3.4.

3.3 Fabrication

This section begins by discussing the initial fabrication procedure at the start of the project,

which was used to construct PC devices using LT-GaAs on its SI-GaAs growth substrate. This

process was later adapted to incorporate an epitaxial lift-o� step, removing the LT-GaAs active

layer from its original substrate and replacing it with quartz. As such, this is employing a

technique commonly used in on-chip THz waveguide design. A detailed description of this

process is also provided, along with any improvements made, either to save time, material or

increase yield. Furthermore, any revisions made to the process required for devices made on

thick substrates are also discussed.

3.3.1 Fabrication process on an SI-GaAs substrate

In the initial stages of the project, the PC devices used consisted of a 2-µm-thick layer of

LT-GaAs grown at 210 ◦C, using molecular beam epitaxy, on a 100-nm-thick sacri�cial AlAs

layer, itself grown on a 500-µm-thick SI-GaAs wafer. As metal contacts were attached directly
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Figure 3.10: Shows the detailed steps used to fabricate a LT-GaAs PC device on the SI-GaAs substrate
(LoG devices), which the LT-GaAs is originally grown on.

to the surface of the LT-GaAs, this type of device is referred to as LoG (LT-GaAs-on-SI-GaAs).

To achieve this the fabrication procedure shown in Figure 3.10 was followed, beginning with

the scribing and cutting of a 50-mm-diameter wafer. The wafer was cut into 5 mm2 pieces,

placed in a beaker containing acetone and positioned in an ultrasonic bath for 5 minutes on

10 % power to avoid damaging them. This process was then repeated using isopropyl alcohol

(IPA) to remove any inorganic contaminants left on the surface. The �nal step of the clean-

ing process involved placing the sample onto a hot plate at 200 ◦C for 5 minutes, to remove

any excess moisture. The sample was then placed in a rapid thermal annealer for 15 minutes

at 575 ◦C, to increase resistivity [193]. This length of time and temperature was chosen as it

provided a good compromised between the carrier lifetime and resistivity in LT-GaAs [194].

Once removed from the annealer, positive photoresist (S1813) was added to the top of the

wafer using a pipette, before being placed on a spinner at 4000 rpm for 30 seconds. The sample
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was then baked on a hotplate at 115 ◦C for 4 minutes. It was then placed in a mask-aligner (Karl

Suss MJB3) where it underwent contact photolithography and was exposed to ultraviolet (UV)-

light (wavelength of 310 nm) through a dark�eld optical mask. The exposure time depends on

the intensity of light but is typically between 2 to 4 seconds. Each sample was then developed

in photo-developer (MF319) for approximately 1 minute, which removes any photoresist that

has been exposed to UV-light. A 30 second-long dip in chlorobenzene is often used prior to

development to harden the surface of the photoresist. This slows the development process

of the surface layer, relative to the photoresist underneath, ensuring a substantial undercut

which is vitally important for lift-o� at the end of the fabrication process. The sample was then

rinsed in DI-water, dried using a nitrogen gun and inspected under a microscope. Assuming

all the desired photoresist has been removed, the sample could be positioned up-side-down

in a thermal evaporator, where, in a low vacuum environment (< 1.9x10−6mbar), ∼10 nm of

adhesive titanium and 150 nm of gold were evaporated onto the surface of the LT-GaAs. Once

completed and cooled, the unexposed photoresist and the unwanted gold were removed by

placing the sample back in a beaker of acetone for 5 minutes, in an ultrasonic bath. An example

of a fully fabricated LoG device is shown in Figure 3.11. The remaining metal acts as electrical

contacts, allowing bias to be applied across the PC gap. Bulk SI-GaAs has also traditionally

been used as a material for PC emission and detection. To obtain typically resistance values

for this material and to determine its sensitivity to 800 nm light, a bulk SI-GaAs device was

also required. The fabrication procedure was very similar to that described above, the one

notable di�erence being the absence of the annealing step as no LT-GaAs or AlAs layers are

present.

3.3.2 Fabrication Process on an quartz Substrate

As the project progressed the need for a more reliable, durable and high-powered PC emitter

and sensitive detection scheme brought about the realisation of an LoQ device. The fabrica-

tion procedure for a typical LoQ device is shown in Figure 3.12. The starting wafer (LT-GaAs

grown on an SI-GaAs substrate) is precisely the same as that used in the fabrication of LoG

devices. However, due to reasons described later in the section, the wafer can be scribed and

diced into signi�cantly smaller pieces, ∼2.5 mm2. After the cleaning and annealing process de-

scribed in section 3.3.1, the fabrication procedure is similar to that described in reference [185].
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Figure 3.11: LoG PC device with 400-µm-wide semi-large-area slot electrode design. This picture was
taken using an optical microscope.

The 2-µm-thick LT-GaAs layer on the top of the wafer undergoes epitaxial lift-o� where it

is removed from its growth SI-GaAs substrate. In order to achieve this, protective wax (Wax

W, Apiezon) was melted (∼100 ◦C) onto the surface of the LT-GaAs, before a swab dipped in

trichloroethylene was used to carefully remove any wax near the edge of the sample, as this

could cause complications in the proceeding lift-o�. The sample was then placed in a sulphuric

etch solution (H2SO4:H2O2:H2O, 1:40:80 by volume) for 5 minutes, to expose the AlAs layer.

Each sample was then placed in a dilute HF solution (HF:H2O, 1:9 by volume) for 24 hours

at 4 ◦C, to remove the AlAs layer. Once released, the 2-µm-thick LT-GaAs layer, supported

by the wax, was transferred onto a clean double-side polished z-cut-quartz substrate and left

for ∼1 week for the excess moisture between the layers to evaporate and van der Waals [195]

bonds to form. The wax was then removed using trichloroethylene and the samples were

placed in a vacuum oven (20 mbar) for 15 hours at 250 ◦C, to remove any excess moisture and

aid further adhesion.

To perform photo-lithography on the sample, a bi-layer resist process is utilised. This is

done for two reasons: �rstly to ensure an e�ective undercut vital for the lift-o� process and

secondly, as S1813 has proven to have bad adhesion with the quartz substrate. Initially a primer

layer (HMDS) is spun onto the surface of sample at 2000 rpm for 30 seconds, covering both
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Figure 3.12: Shows the steps required to fabricate an PC device, incorporating an LT-GaAs active region
and mounted onto a z-cut quartz substrate. The process is based on the work shown in reference [191]
and [185]. The LT-GaAs-on-quartz (LoQ) device is used throughout this project.

the LT-GaAs and the surrounding quartz substrate. It is then baked at 200 ◦C for 1 minute.

The primer layer acts to improve the adhesion between the photoresist and the substrate.

To remove excess primer and clean the sample, a rinse in IPA and a further bake at 200 ◦C

for 1 minute is advised. Next, the �rst layer of resist (LOR-3A) is spun on at 2000 rpm for

30 seconds (thickness of ∼0.4 µm), which is once again baked at 200 ◦C, this time for 3 minutes.

Once cooled, a second layer of photoresist (S1813) is spun onto the surface. For samples

fabricated using thin quartz substrates (500 µm), this spin occurs at 4000 rpm for 30 seconds

(thickness of ∼1.4 µm), followed by 4 minute bake at 115 ◦C. However, for samples fabricated
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using a larger thickness of quartz (2-5 mm), 3000 rpm is used (thickness of ∼1.5 µm). Owing to

the weight of the thicker substrates, rotating the sample any faster than this would cause the

samples to fall o� the chuck. As well as this, it is important to decrease the ramp setting when

spinning photoresist onto thick samples, as a sudden change in speed will cause the sample

to become unstable. Another important consideration when using thick samples is to incor-

porate a 3 minute rest period after every bake to allow for heat dissipation within the substrate.

To expose a thin quartz substrate sample to UV light, the same mask-aligner described

in section 3.3.1 is used. The exposure time is typically shorter than when fabricating a LoG

device, as unlike in SI-GaAs, the excess radiation is not absorbed in the substrate but is instead

re�ected back to the photoresist. Once again, the exposure time is determined by the intensity

of the light, which is dependent on lifetime of the bulb. Unfortunately, it was infeasible to use

the original mask aligner (Karl Suss MJB3) to expose a 5-mm-thick quartz sample, as there

was not the clearance required between the sample holder and the optical mask. As a result an

alternative mask aligner (EVG 610) was used, with an exposure time of approximately 8 sec-

onds. Each sample, independent of its thickness, was then developed in MF319 for 1 minute,

before being rinsed in water and dried using a nitrogen gun. To ensure an undercut in the

photoresist, the sample undergoes a bake at 180 ◦C to crosslink the top layer (S1813), followed

by a further 30 seconds in MF319. The de�nition of metal electrodes on the surface of the

device is the same process as described in section 3.3.1. However, the lift-o� process to remove

excess metal around the contacts is achieved using cyclopentanone, as LOR-3A resist does

not dissolve in acetone. This process can be sped up by heating the cyclopentane to 50 ◦C.

Any remaining LOR-3A residue can be removed using MF319 developer, but it is not suited

for lift-o� as it reacts with GaAs.

It is noted here that for the LoQ device, the gold contacts overlay the LT-GaAs and the

quartz, therefore the initial sample size used for fabrication is limited only by the desired

gap width of the antenna. However, this is not the case for the LoG device, described in sec-

tion 3.3.1, as the LT-GaAs layer is supported by the SI-GaAs substrate. Consequently, the

sample size of the LoG device is limited by the size of the electrical contacts and the device

mounting technique used in the experimental setup. The fabrication process for an LoQ device
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Figure 3.13: Shows a fully fabricated LoQ device taken using a) a scanning electron microscope and b)
an optical microscope using a 20x objective lens. The di�erent materials are clearly labelled and the
PC gap is present in the middle of both devices.

proves to be signi�cantly more e�cient in its use of LT-GaAs and therefore more cost e�ective.

Figure 3.13 shows pictures of fully fabricated LoQ devices, taken using (a) a scanning electron

microscope and (b) an optical microscope respectively. For the latter a 20x objective lens was

used. The presence of LT-GaAs underneath of the gold contacts is visible in both pictures.

Improvements to the fabrication process

Throughout the duration of this project e�orts were made to improve this process, in order to

decrease fabrication time and increase yield. Firstly, by not placing an excess amount of wax

on the surface of the sample prior to epitaxial lift-o�, this can prevent the wax from �owing

over the sides and avoid having to use trichloroethylene to remove it from the edges. This

process can take several hours, depending on how many samples are required. In the original

process described in section 3.3.2, the samples were left for ∼1 week for van der Waals [195]

bonding to occur. While the yield of the devices fabricated using this method was very high, it

doubled the fabrication time. Furthermore, the stress it created on the lifted o� LT-GaAs layer

could result in substantial micro-cracking, an example of which is shown in Figure 3.14 a).

An alternative technique is to �rst bake the samples on a hot place at 80 ◦C for ∼ 30 minutes,

immediately after the LT-GaAs (with wax still on top) has been transferred to the quartz

substrate and excess moisture removed. This is hot enough to initiate the bonding process

but not too hot such that the wax melts away from the LT-GaAs. Immediately afterwards the

samples are placed in a vacuum-oven at a pressure of 30 mbar and 80 ◦C for 15 hours. Heating
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the devices is believed to have two e�ects: �rstly it removes excess water much quicker than at

room temperature and improves the bond between the LT-GaAs and the substrate. Secondly,

heating the wax on top of the device makes it more malleable, allowing the transferred LT-

GaAs to bend without breaking. An example of a sample bonded using this method is shown

in Figure 3.14 b)1.

a)

200 µm

b)

Figure 3.14: a) Shows LT-GaAs wafer epitaxially transferred onto a quartz substrate. Transfer process
was performed using the longer method, leaving it for 1 week at room temperature. Micro-cracking in
the wafer is shown in the middle of the �gure. b) shows a piece of LT-GaAs attached to quartz using
the faster heating method, with no visible micro-cracking.

3.4 Large-area emitters on z-cut quartz substrates

To help demonstrate the advantages of using z-cut quartz as a substrate, the experimental data

presented here has been obtained using both transmission and re�ective collection techniques

(see Figure 3.1). The initial data was collected in THz transmission geometry, in which optical

excitation and THz collection occur on opposite sides of the device; in this geometry the

advantage of a low refractive index substrate is that a smaller percentage of the THz pulse is

re�ected back into the substrate at the substrate-air interface, than when using SI-GaAs. As

previously discussed, the use of z-cut quartz in transmission also allows for through-substrate

illumination, potentially removing any attenuation or dispersion in�icted on the THz pulse.

In re�ection geometry excitation and collection occur on the same side of the device. In this

orientation, a higher percentage of the generated signal will be emitted from the excited side,

when compared with a device mounted on SI-GaAs. Another bene�t of fabricating PC devices

on z-cut quartz is that the substrate thickness can be chosen for a speci�c TDS system. A thick
1Many of these improvements were developed with the help of Nicolas Peters [University of Leeds]
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substrate can be chosen with the intention of delaying the substrate re�ections in time and

improving frequency resolution. This is in contrast to using as-grown LoG devices, where

the growth procedure of the LT-GaAs wafer has been engineered and re�ned over time to

provide the most desirable properties, beginning with a commercially determined thickness

of the SI-GaAs substrate.

3.4.1 I-V characteristics

To determine the I-V characteristic response of both types of device, the LoQ and LoG devices

were mounted onto a pre-designed printed circuit board (PCB) using conductive silver paint.

The LoQ device chosen for this study consisted of a 2-µm-thick piece of LT-GaAs transferred

onto a 500-µm-thick piece of z-cut quartz. The antenna used was a semi-large-area slot elec-

trode design with a 200-µm-wide and 4-mm-long gap. An image of the design is shown in

Figure 3.13. An equivalent LoG device was also fabricated to act as a reference, using the

method described in section 3.3.1. These devices were placed one at a time into the THz-TDS

transmission setup shown in Figure 3.1 a), which was sourced by a mode-locked Ti:sapphire

laser, providing 100-fs-wide pulses at 80 MHz repetition rate. The experiment was conducted

in two conditions, in the dark with no optical illumination and in the light with a prede-

termined optical power, in this case 200 mW, focused onto the active region. A knife edge

measurement performed at the focal point of the convex lens (35 mm) found a spot size of

∼10 µm2 incident on the active region. Each device in turn was connected to a DC power

supply (Keithley 2400). A sweep was then performed, where a range of voltages were applied

to the device and the measured current values were recorded and plotted.

Figure 3.15 a) and b) show the I-V curves for both devices, in dark and light conditions

respectively. In this and all subsequent �gures, the black and red curves represent the response

from the LoQ and LoG devices, respectively. For clarity, both plots use di�erent Y-axis scales

for each device. It is apparent from Figure 3.15 a) that the LoQ device draws a signi�cantly

lower current than the LoG device with the same electrode geometry. The low dark current

and hence high dark resistance seen from the LoQ device, relative to the LoG device, is at-

tributed to the absence of an additional current path through the SI-GaAs substrate and the

reduced area of LT-GaAs used in fabrication. Values for dark resistance have been calculated
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Figure 3.15: I-V curves taken a) in dark conditions with no optical power focused on the devices and b)
in light conditions with 200 mW of optical power focused onto each device. In both cases, the response
of the LoQ device (quartz substrate) is in black and corresponds to the right-hand Y-axis and that of
the LoG device (SI-GaAs substrate) is in red and corresponds Y-axis to the left-hand side. Arrows have
been drawn to help indicate this.

Device TypeCondition LT-GaAs-on-SI-GaAs (LoG) LT-GaAs-on-quartz (LoQ) Bulk SI-GaAs
Dark 2 MΩ 126 GΩ 31.0 MΩ

Table 3.1: Typical values of resistance for the three types of devices (LoQ, LoG and bulk SI-GaAs). The
values have been extracted from linear �ttings of the I-V curves for each device.

from a linear �t of the I-V curves and summarised in Table 3.1 below. As well as the LoG and

LoQ devices, the dark resistance of a device made on bulk-SI-GaAs, incorporating the same

electrode design, has also been shown as a reference. The large resistance seen for the LoQ

device, compared with that from the LoG and the bulk-SI-GaAs devices, con�rms that the

SI-GaAs substrates acts as a parasitic current channel. For THz emission, the principal bene�t

of a high resistance is that current induced heating in the device is reduced; heating is known

to have a detrimental e�ect on both the carrier mobility and the e�ciency of SI-GaAs PC

emitters [196]. A high dark resistance allows higher bias to be applied and therefore greater

output �elds can be generated [188].

An inspection of the light I-V curves plotted in Figure 3.15 b), suggests there is still a

signi�cant di�erence in the generated photocurrent when under illumination, with the LoG

device drawing considerably more. This can be accounted for by considering transmission

of the excitation beam through the LT-GaAs layer. For 2-µm-thick LT-GaAs used here, it has

been calculated using Lambert-Beer’s law (equation 3.8) that ∼5 % of the incident optical beam

was transmitted into the SI-GaAs substrate. For this calculation, I0 represents the incident

optical intensity and L is the thickness of the LT-GaAs. An absorption coe�cient, α , at 800 nm
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of 1.3 µm−1 [197] was assumed, and the interface re�ections were taken into account using

the Fresnel equations. The thin layer of AlAs was deemed to have a negligible e�ect on the

transmission of the optical beam, since it possesses a large bandgap of 2.13 eV relative to the

LT-GaAs [198]. Despite only 5 % of the incident optical beam generating electron-hole pairs in

the SI-GaAs substrate, this clearly has a signi�cant in�uence on the overall resistive properties

of the LoG device. This is understandable when considering that when only 20 mW of optical

power was focused onto the bulk SI-GaAs device, a value for resistance of 8.5 kΩ was obtained.

When the optical power was increased higher than this, the current became unstable and the

device began to show signs of overheating.

I = I0e
−αL (3.8)

To gain a full understanding of the resistive properties of each device, an I-V sweep was

completed for a range of optical pump powers. A linear �t was then performed on each curve

and the resulting resistances have been plotted in Figure 3.16, as a function of optical power.

The values for resistances have been plotted on a logarithmic scale. The di�erence between

the two curves is immediately apparent, with the LoQ device again exhibiting higher values

for resistance for all optical powers.

3.4.2 Lifetime measurements

To demonstrate another e�ect the SI-GaAs substrate has on the properties of a LoG device, car-

rier lifetime measurements have been performed. In LT-GaAs, this lifetime is approximately

300 fs and is dependent on its annealing temperature and its growth conditions [152,199]. In SI-

GaAs, however, the carriers exist for several hundreds of picoseconds after excitation [154,194].

In quartz, no free carriers will be generated. In order to draw a comparison, approximate values

for the overall lifetime of the devices were required. To obtain this a pump-probe experimental

setup was used, similar to that shown in Figure 4.6. However, contrary to in chapters 4 and

5, where a THz-pump-THz-probe experiment is performed on the THz-QCL, in this instance
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Figure 3.16: Resistance values for both types of device, plotted as a function of incident optical power.
The resistances have been extracted from the I-V curves by using the gradient of a linear �t. The
response of the LoQ device (quartz substrate) is in black and that of the LoG device (SI-GaAs substrate)
is in red.

each PC device undergoes an optical-pump-optical-probe experiment. A powerful pump pulse

is �rst used to generate electron-hole pairs, while the capture and recombination times of the

carriers is measured with the arrival of a second probe pulse. If the optical probe pulse arrives

within a carrier lifetime of the earlier pump pulse, fewer carriers are available for the gener-

ation of the THz probe pulse and the amplitude of the resulting THz signal will be reduced.

To determine this inherent lifetime, the peak-to-peak amplitude of the THz probe pulse is

measured as function pump-probe delay (PPD), i.e. the arrival time between the optical pump

and probe pulses on the device.

Unfortunately, owing to the dynamic nature of the project, this experiment was not per-

formed on the two devices consecutively. While the main elements of the experimental setup

remained consistent throughout, the optical pump and probe powers were varied, with 282

and 50 mW respectively used to collect the LoG device data, and 225 and 100 mW used on

LoQ device. As well as this, for the LoG device the electrode gap was kept the same as that

previously presented, while a LoQ device with a 100-µm-wide gap was used. Neither of these

alterations are deemed to have a signi�cant e�ect on the measured carrier lifetime. The results

have been normalised and plotted in Figure 3.17. Exponential �ttings have been performed
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Figure 3.17: Carrier lifetime measurements performed using a optical-pump-optical-probe arrangement.
The response of the LoQ device is in black and that of the LoG device is in red. A exponential �tting
has been performed on both sets of data (dashed line)

on both sets of data, the time constants for which are taken to be the lifetime of the carriers.

For a time >0 ps the optical probe pulse arrives at the emitter prior to the pump pulse. This

results in a sudden increase in the amplitude of the recorded THz probe pulse, which can be

seen in Figure 3.17.

For the LoQ device a lifetime of 1 ps was measured, which agrees reasonably well with

that stated above. For the data from the LoG device, a more accurate �tting was performed

using a double exponential curve, with time constants of ∼2 and 100 ps. This indicates that the

�rst few pico-seconds after the arrival of the optical pulse are dominated by the carriers in the

LT-GaAs. After this period, the recovery of the device is dominated by the longer-lifetime car-

riers excited within the SI-GaAs substrate. One consequence of this is that the average current

in the device is signi�cantly higher as there is a shorter cooling period between the arrival of

the optical pulses. This is detrimental to the e�ciency of the LoG device. Furthermore, the

THz pulse emitted from the LoG device could be the superposition of pulses generated from

both materials. As such, the device’s overall characteristics are dictated by the properties of

both semiconductor layers. As LT-GaAs has proved to be superior in this respect, this could

have a negative in�uence of the overall output pulse, especially the size of second peak which

is related to the carrier recombined time.
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3.5 THz Emission in Transmission geometry

After the initial resistance measurements, the devices were fully characterised for their emis-

sion properties, in the transmission setup. As discussed previously, this involves focussing the

optical beam directly onto the LT-GaAs and collecting the THz radiation from the opposite

(substrate) side of the antenna. Unless otherwise stated, all data shown here was collected

using the same devices as for the I-V measurements and discussed at the beginning of sec-

tion 3.4, employing a 200-µm-wide electrode gap and fabricated on a 500-µm-thick substrate.

This thickness of substrate was chosen to limit the dispersive e�ects of the THz pulses. In

this instance, no silicon lens is used to collimate the emitted THz radiation from the back of

the device, as at this stage it could complicate a comparison between the two devices. For

detection a 2-mm-thick ZnTe crystal was used for EO-sampling. Time-domain pulses from

both devices are shown in Figure 3.18 a), with the corresponding FFT data plotted in b). In this

case, the time-domain data was zero padded to smooth the FFT response. These were collected

using an average optical power of 300 mW and an applied bias �eld of 10 kV cm−1, which was

electrically chopped at 7 kHz. The di�erence in response from the two devices is apparent,

with the THz pulse from the LoQ emitter possessing a peak-to-peak signal in time-domain

1.6 times higher than that of the LoG emitter. This is re�ected in the frequency-domain. The

response from the LoG device also appears to be slightly broader, and have a larger trailing

oscillation, compared with that of the LoQ emitter. This indicates higher dispersion with

the SI-GaAs substrate and could be one of the reasons for the di�erence in responses. This

data was collected in a nitrogen purged environment to remove the e�ect of water-vapour

absorption. Unless otherwise stated, this can be assumed for each of the following measure-

ments discussed. In this instance, the bandwidth in the frequency domain is limited by the

2-mm-thick ZnTe crystal to ∼2.5 THz. This creates a low-pass �ltering e�ect that results in

oscillations in the time-domain trailing the main THz pulse.
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Figure 3.18: Examples of THz pulses in the time-domain (a) and frequency-domain (b). In both instances
the the response of the LoQ device (quartz substrate) is in black and that of the LoG device (SI-GaAs
substrate) is in red. To obtain these measurements an average optical power of 300 mW and at an
applied �eld of 10 kV cm−1 has been used. The time-domain data a) is zero-padded to smooth the FFT
response b).

3.5.1 THz emission as a function of applied bias and optical excitationpower

Figure 3.19 shows the peak-to-peak THz �eld, extracted from time-domain pulses, plotted as

a function of applied bias. This measurement was also performed using an average optical

power of 300 mW. The di�erence in the response of the two emitters at high applied �elds

(& 6 kV cm−1) is attributed to the detrimental e�ects of heating in the LoG device, originating

from parasitic current in the SI-GaAs substrate, causing a reduction in the emitted power at a

given bias and optical �uence. In bulk SI-GaAs, a reduction in carrier mobility and thermal

conductivity with increased temperature is well documented [196, 200], and is attributed to

the increased probability of carriers occupying low mobility valleys higher in the conduction

band [201]. Additionally, a higher phonon density results in increased scattering. It is noted

here, however, that despite LT-GaAs being a commonly used material for THz emission, a

detailed analysis of its high temperature (>300 K) photoconductive emission performance is

lacking. However, there is no reason to suggest that these heating e�ects are not a common

characteristic and reduce the THz generation e�ciency in LT-GaAs.

The response at lower applied �elds may be due to higher THz dispersion in the SI-GaAs

substrate reducing the peak-to-peak �eld. Any emission directly from the SI-GaAs substrate

may also have a detrimental e�ect on the overall THz pulse shape and magnitude, and could

be a contributing factor. The LoG device exhibits a distinctive point of saturation at an ap-

plied bias �eld of ∼6 kV cm−1, which agrees well with the breakdown �eld of SI-GaAs [193].
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Figure 3.19: Shows peak-to-peak of the measured time-domain pulses as a function of bias �eld across
the device, for both the LoQ (black) and the LoG (red) emitter. An optical power of 300 mW was used.

This response could also be related to the carrier saturation velocity in SI-GaAs [202]. It has

calculated that overall the lower refractive index of quartz has an insigni�cant e�ect on the

strength of the emitted THz pulse in the transmission geometry. While slightly less of the

original pulse propagates into the substrate, owing to the larger di�erence in refractive index

between LT-GaAs and quartz, compared with LT-GaAs and SI-GaAs, less of that pulse will

be re�ected at the interface between quartz and air. Therefore, there is expected to be no

net gain from this e�ect. A similar comparison can be made between the devices as function

of optical power, which is plotted in Figure 3.20. However, unlike in Figure 3.19 where the

response of the LoG device parallels that of the LoQ emitter at low applied �elds, here, the

response of the two devices appear divergent even at relatively low excitation powers. This

di�erence in response from the two devices is owing to the reasons discussed above and in

section 3.4.2, and originates from the increased number of carriers generated in the SI-GaAs

substrate. At the highest optical power, this results in almost three times the peak-to-peak

signal emitted from the LoQ emitter, compared with the LoG device. This data was obtained

with both emitters bias at 6 kV cm−1.
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Figure 3.20: Shows peak-to-peak of the measured time-domain pulses as a function of optical power
incident on the device, for both the LoQ (black) and the LoG (red) emitter. A constant bias �eld of
6 kV cm−1 was used.

3.5.2 Backside illumination of quartz-mounted devices

One advantage to the use of z-cut quartz as a substrate in photoconductive emission, is that

it is optically transparent, providing the ability to perform backside-illumination (BSI) of the

active region. In this orientation the optical pulse is transmitted through the substrate and

excites the biased LT-GaAs on the opposite side. The generated THz pulse, when collecting

in transmission geometry, does not su�er any of the attenuating or dispersive e�ects that

arise from it passing through the substrate. Another advantage of this technique is that it

allows the illumination of LT-GaAs fabricated underneath the metal contacts. This is obvi-

ously not possible in a LoG device, as the optical beam will be completely absorbed in the

SI-GaAs substrate. Once again, this is a technique developed for use in on-chip THz waveguide.

Front-side-illumination (FSI) and BSI are illustrated in Figure 3.21 and are labelled accordingly.

Figure 3.22 shows two THz time-domain pulses taken using the same LoQ PC emitter.

Both traces have been shifted in time to align at 0 ps. The device in question consisted of a

large-area slot electrode design as previously demonstrated, fabricated with a 100-µm-wide

PC gap. However, in this instance, the LT-GaAs was removed from its growth substrate and

transferred onto a 350-µm-thick piece of z-cut quartz. In Figure 3.22 the black trace is taken

using conventional FSI geometry, where the pump beam is incident on the surface on the
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Figure 3.21: Shows two separate PC emission techniques with illustrating the conventional FSI method
and showing BSI, where the optical pulse �rst propagates through the transparent quartz substrate of
the LoQ device before illuminating the LT-GaAs. The resulting THz radiation is collected without it
passing back through the quartz substrate.

LT-GaAs and the THz pulse is detected after passing through the substrate. The response of

the emitter in BSI is shown in the red trace. Both devices were tested with an average optical

power of 225 mW and a bias of 5 kV cm−1. BSI is shown to provide the more powerful of the

two signals. One reason for this is evident when the two pulses are normalised in Figure 3.23

a), as the THz pulse generated using FSI experiences broadening, relative to the BSI pulse.

This results in a slightly broader frequency response when using BSI, which is evident from

the FFTs of the pulses displayed in Figure 3.23 b). In this spectra, the sudden increase in am-

plitude at low frequency is owing to a DC-o�set in the time-domain. These dispersive e�ects,

combined with the avoidance of the THz pulse with the attenuating quartz substrate, explains

the di�erence in response of the two geometries.

From a comparison of the two traces plotted in Figure 3.22, it is evident that the re�ected

pulse from the substrate-air interface, which arrives ∼5 ps after the main pulse, undergoes a

180° phase change. This re�ection has been highlighted in the dashed box. The reason for

this is that when using the conventional FSI geometry, this second pulse travels three lengths

of the quartz substrate prior to detection, compared with just two lengths when using BSI.

This is illustrated in Figure 3.24, where the propagating pulses are labelled as either 1, 2 or

3. It is thought that the single extra re�ection experienced by the pulse in FSI contributes

to this phase change. As well as this, the extra distance travelled inside the quartz substrate

causes the re�ected pulse to become misshapen due to dispersion. One traditional advantage



3.5. THz Emission in Transmission geometry 59

0 2 4 6 8

- 2 0

- 1 5

- 1 0

- 5

0

5

1 0

TH
z F

ield
 (V

/cm
)

T I m e  ( p s )

 F r o n t - s i d e  i l l u m i n a t i o n
 B a c k - s i d e  i l l u m i n a t i o n

Figure 3.22: Time-domain pulses taken using the same LoQ PC emitter, fabricated on a 350-µm-thick
quartz substrate. The black trace shows the pulse emitted in FSI, while the red pulse is taken using
BSI. An average optical power of 225 mW and a bias �eld of 5 kV cm−1 was used in both cases. The
�rst re�ection from the substrate-air interface is highlighted inside the dashed box.

of collecting the emitted THz radiation in the transmission geometry is that a silicon lens

can be attached to collimate the output beam and increase signal. Unfortunately without

further fabrication techniques, this is not possible when using BSI as the lens would damage

the LT-GaAs active region. For now this provides a limitation to the technique for practical

purposes but has interesting potential for the future.

3.5.3 Substrate thickness tests on quartz-based devices

It has already been demonstrated that LoQ devices can be fabricated on di�erent thicknesses

of z-cut quartz. In transmission geometry, a thin substrate is traditionally desirable as it limits

any attentuation and dispersion of the THz pulse passing through it. However, there are some

drawbacks. Firstly, as discussed in section 3.1.5, the re�ections produced at the substrate-air

interface will arrive closer in time to the original pulse, limiting the potential frequency res-

olution of the system. Secondly, the substrate acts to dissipate the heat generated from the

optical pulse being absorbed in the LT-GaAs and therefore a thinner substrate will do this less

e�ectively. When working in transmission, it is important to consider both of these aspects

and to tailor the system accordingly.
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Figure 3.23: a) is an enlarged picture of the main time-domain pulses shown in �gure 3.22, close to
0 ps. The black trace shows the pulse emitted in FSI, while the red pulse is taken using BSI. b) is the
FFT of both pulses shown in a), which has been truncated before the �rst re�ection.

To overcome these issues, two potential solutions have been investigated. The �rst option

is to fabricate the emitter on a thick substrate. This is bene�cial as it increases the optical

path of the �rst substrate re�ection and thus the time-delay between it and the original THz

pulse. Furthermore, it provides good thermal conduction for heat away from the active region.

However in a conventional system, with the optical pulse incident on the active region, the

THz pulse collected from the opposite/substrate side of device would signi�cantly broaden,

decreasing the bandwidth and usable THz output �eld. Therefore, this method can only be

applied when used in BSI, introduced in section 3.5.2. Another option is to use a thin substrate,

as re�ections can be prevented if the substrate is thinner than the wavelength of the emitted

radiation. While this fails to provide as good thermal protection for the device, it is a useful

means of dealing with re�ections. Another drawback to this approach is that it is practically

di�cult to handle thinner devices, as they are more easily damaged. It should be noted here

that neither of these options allow for the use of a silicon lens, as BSI is required for a thicker

substrate device and any contact with a device fabricated on a thinner substrate could danger

it. As mentioned earlier, these developments are not feasible when using a LoG device, as this

would require one to signi�cantly alter the wafer growth conditions. Therefore, this are only

feasible when using a LoQ device.

The main graph in Figure 3.25 shows normalised time-domain scans taken using three

di�erent devices, with the equivalent FFT data shown in the inset. For each LoQ device a
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Figure 3.24: Shows the output pulse train when using FSI and BSI illumination geometries. Each pass
of the �rst re�ection from the quartz substrate-air interface is labelled as 1, 2 or 3. The incident optical
pulse is in red and the output THz pulses are shown in green.

200-µm-wide slot electrode design was used but was fabricated on a di�erent thickness of

quartz substrate. For this experiment the bias conditions were kept consistent throughout,

applying an average optical power of 200 mW and a bias �eld of 5 kV cm−1 to each device. For

comparisons sake, each time-domain trace has been normalised to its second peak. All traces

were truncated at the same point in time to provide a comparable resolution in the frequency

domain. The �rst trace, shown in red is taken using a device fabricated on a 500-µm-thick

quartz substrate, very similar to the devices presented earlier. The time-domain scan shows

the re�ection from the substrate-air interface appearing ∼7.5 ps after the original pulse. The

corresponding FFT data shows oscillations as a result of this re�ection.

Following that, the next device to be tested possessed a ∼40-µm-thick quartz substrate.

Fabricating the device directly onto this thin a substrate would be di�cult as it is very fragile.

Therefore, the simpler option was to fabricate a device on a thicker substrate, in this instance

500 µm, and systematically thin it to desired thickness. The backside of the substrate could then



3.5. THz Emission in Transmission geometry 62

0 1 2 3 4
1 0 - 5

1 0 - 4

1 0 - 3

1 0 - 2

0 5 1 0 1 5 2 0 2 5 3 0
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

FF
T A

mp
litu

de
 (a

.u.
)

F r e q u e n c y  ( T H z )

No
rm

alis
ed

 sig
na

l (a
.u.

)

T i m e  ( p s )

 ~ 4 0 µm - t h i c k  s u b s t r a t e
 5 0 0 µm - t h i c k  s u b s t r a t e
 5 m m - t h i c k  s u b s t r a t e  ( B S I )

Figure 3.25: Main: Time-domain pulses normalised to their second peak. Inset: the equivalent FFT data
from three di�erent sources. In both the main and inset, the red curve shows a reference pulse from a
LoQ device fabricated on a 500-µm-thick quartz substrate. The black and blue curves have been taken
using devices fabricated on 40-µm-thick and 5-mm-thick quartz substrates respectively. The blue curve
was taken using BSI. Each trace was taken using 200 mW of optical power and a applied bias �eld of
5 kV cm−1.

be polished to improve the coupling e�ciency of the THz pulse into free-space. To achieve

this a layer of photoresist (S1813) was spun onto the LT-GaAs/contact side of the device. This

was performed at 1000 rpm for 30 seconds and created a protective layer for the active region,

∼2.2 µm-thick. It then underwent a 4 minute bake at 115 ◦C. In order to mechanically lap

the device, it was stuck active region face-down to a glass block, using a layer of adhesive

wax. It was then mounted into the logitech PM5 precision lapping and polishing system.

Once lapped to as thin as possible without damaging the device, the thickness of the substrate

was measured in situ, using a non-contact gauge 2. The adhesive wax adds uncertainty to

this measurement, as it needs to be taken into account. This was achieved by measuring the

thickness of the wax before adding the device and subtracting this value afterwards.

The black line in Figure 3.25 represents data taken using this PC emitter. It is clear that

the re�ection present in the red trace has been removed and thus the corresponding FFT

data appears smoother. However, in the black curve there does appear to be a low frequency

oscillation extending for ∼7 ps after the main THz pulse, which is also apparent in the FFT.

It is unclear where this originates from as it is not present in the other traces. However, it
2This work was completed by Matthew Swithenbank [University of Leeds]
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could be a result of the substrate re�ections now overlapping the original THz pulse. Fur-

thermore, in the frequency domain there appears to be an absorption-like dip at ∼3.3 THz,

not present in the other traces. While this could potentially just be noise as it is higher then

the usable bandwidth of the system, it might also be λ/2 resonance of the pulse inside the

substrate, as the wavelength, λ ,(90 µm) agrees reasonably well with the thickness of the quartz.

The �nal pulse shown in blue in Figure 3.25 is the response of a device made with a 5-mm-

thick quartz substrate. The extracted time-domain trace is shown to have no echoes present,

which equates to a smooth frequency response. In this instance, the substrate is so thick that

the re�ected pulse is fully absorbed and does not appear anywhere in the time-domain. To fab-

ricate a device on this size substrate, extra steps are required that are discussed in section 3.3.2.

As previously mentioned this scan can only be taken using BSI. For the 100-fs-wide optically

pulse used here, the dispersive e�ects of passing through 5 mm of quartz before exciting the

LT-GaAs, were deemed insigni�cant [203, 204]. However, when using a shorter optical pulse

this would cause it to broaden and would limit the outputted THz signal. The attenuation of

the optical pulse inside the quartz was also deemed negligible, after an experiment with and

without a di�erent 5-mm-thick quartz sample in the optical beam path, resulted in a loss of

power of <1 %.

3.5.4 Power measurements

To measure the output power from a LoQ device, the experimental setup shown in Figure 3.26

was used. Similar to the previous THz-TDS arrangment, this is sourced by mode-locked

Ti:sapphire laser providing 100 fs-wide pulses at a wavelength of 800 nm and a repetition

rate of 80 MHz. However, in this instance no sampling beam is required as the detection is

performed using either a liquid helium cooled bolometer or a room temperature VDI Erickson

PM5 power-meter, with a WR10 input horn. As such, despite generating pulsed radiation, the

detection schemes are incoherent and thus only measure an average power as they can not

detect the phase of the pulse. Prior to being focussed on the active region of the device, the

beam is steered through an optical chopper rotating at 167 Hz. This modulates the beam at a

frequency slow enough such that the emitted THz radiation can be detected using the bolome-



3.5. THz Emission in Transmission geometry 64

ter. The reason for this are discussed in chapter 1. This frequency also acts as a reference for

the lock-in ampli�er.

Pump beam 

fs laser

Photo-
conductive 
emitter

Mirror

Parabolic 
mirror

Bolometer

Optical chopper
Power-
meter

8.20 W

Figure 3.26: Shows a schematic of the experimental setup used to measure the output power of average
output power of a PC emitter. Two methods of detection can be observed, a helium cooled bolometer
and a power-meter VDI Erickson PM5, employing a WR10 input horn. The optical beam is shown in
red and the THz radiation is in green.

The LoQ emitter used in this study consisted of a 100-µm-wide slot electrode design and

was again fabricated on a 500-µm-thick quartz substrate. To increase the coupling e�ciency

of the emitted THz radiation, a 5-mm-diameter silicon lens was attached to the back of the

quartz substrate. An X-Y mount was used to align the position of the silicon lens relative to

the emitter. A set of o�-axis parabolic mirrors were used to collect, collimate and focus the

radiation onto the detector. The full setup is shown in Figure 3.26, with the liquid-cooled

bolometer aligned for detection. The power-meter, illustrated below this, has an integration

time of approximately 30 seconds and built-in lock-in ampli�er. This slow response time, rela-

tive to the bolometer, means that this device is well suited to obtain a single accurate value for

THz power, rather than a quickly varying signal. However, the response time of the bolometer

is signi�cantly quicker as it is limited by the time-constant of the lock-in ampli�er, which in

this instance was set to 50 ms.

Figure 3.27 shows the average THz output power as a function of electrical �eld across

the device, measured using an optical power of 200 mW. For applied �elds between 0 and

10 kV cm−1 the emitter appears to have a quadratic response. This is expected as output power
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Figure 3.27: Output power as a function electrical �eld across the device for a LoQ device with a 100-
µm-wide gap. This measurement was performed with an average optical pump power of 200 mW and
electrically chopped at a 50 % duty cycle.

is the square of the applied �eld. Increasing the bias further results in a linear relationship,

which could indicate the beginning of saturation. The highest output power measured using

this device was ∼90 µW. This data was �rst taken with the bolometer, which outputs a voltage

that is proportional to the incident THz power. The bolometer was then replaced with the

power-meter, indicated by the arrow in Figure 3.26, and the voltage applied to the device was

manually varied to obtain accurate values for output power. The rest of the curve could then

be scaled accordingly. The power was also multiplied by 2 to account for the 50 % duty-cycle

of the bias applied to the emitter.

3.6 Small-gap bow-tie emitter designs on a quartz substrate

In section 3.4 the LoQ device has been presented and demonstrated with several di�erent

thicknesses of quartz substrate. These newly fabricated LoQ devices were compared with

the traditionally used LoG devices and proved to have superior performance based on their

emission properties. The only antenna design discussed so far consists of a large-area parallel

plate geometry, separated by either a 100 or 200-µm-wide gap. In this section, a new design

of LoQ emitter is introduced, incorporating a small-gap bow-tie antenna geometry. This is a
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Figure 3.28: (a) shows a fully fabricated and labelled LoQ bowtie device, possessing a 10x10 µm active
region. This was taken using a Carl Zeiss Axio-Imager A1m microscope with a x 5 objective lens. (b)
Shows the device enclosed within the recess of a chip package. The device is stuck to the package
using clear nail varnish and the bonded to the contact pads using a wedge bonder. The chip package
was approximately 10 x 10 mm and was used for measurements performed at TeraView Ltd.

very commonly used electrode design for PC devices, as it allows high bias �elds to be applied

and is believed to be more e�cient than using larger gaps [135]. With this being a popular

choice of electrode design, this work was conducted in collaboration with Delft University of

Technology and TeraView Ltd. The fabrication process for small-gap emitters was very similar

to that discussed in section 3.3. The electrode design, shown in Figure 3.28 a), was a bow-tie

arrangement with a 10 µm2 active region. Owing to the smaller gap width, compared with the

design discussed previously, the LoQ device required the transfer of less LT-GaAs. This was

then overlaid with a metal bow-tie design acting as electrical contacts. The LoQ devices were

fabricated on a 350-µm-thick double-side polished z-cut quartz substrate, while the reference

LoG device remained on its 500-µm-thick SI-GaAs growth substrate. A fully fabricated LoQ

device is shown in Figure 3.28 b), enclosed within a chip package. The quartz substrate was

cut to the precise dimensions of the package recess (6 x 6 mm) using a wafer saw (Microace

66) and the gold contacts are electrically connected to the package using 25-µm-diameter gold

bond wires, performed with a wedge-bonder. Electrical bias was applied to the device via

soldered connections on the underside of the chip package.

To determine the emission characteristics of the small-gap bow-tie designed antennas,

two experimental setups were used, the �rst within the IMP at the University of Leeds and

the second at TeraView Ltd in Cambridge. The �rst setup was similar to the transmission
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arrangement presented in Figure 3.1 a), combining the same speci�cation of Ti:sapphire laser

discussed in section 3.5.4 with four o�-axis parabolic mirror arrangement. As discussed in

section 3.4, the devices were mounted in the system on a specially designed PCB. The spot

size of the focused beam, which measured to be ∼10 µm2 in section 3.4.1, is now comparable to

the electrode gap width. For detection a 1-mm-thick ZnTe crystal was used for EO-sampling.

Data from this setup is shown in Figures 3.29, 3.32 and 3.33.

In collaboration with TeraView Ltd, the devices were also tested on a second experimental

setup in Cambridge. This is shown in Figure 3.30 and there was several key di�erences to be

noted. The laser used in this instant was a C-Fiber 780 Femtosecond Erbium Laser, providing

85 fs-wide pulses at a wavelength of 780 nm and a repetition rate of 80 MHz. The convex lens

used to focus the beam onto the PC emitter had a focal length of 10 mm, providing a tighter

spot than before, ∼3 to 5µm-wide. To record the THz pulse PC detection was used, utilising

another bow-tie antenna with 10-µm-wide gap, fabricated on bulk SI-GaAs at TeraView 3. The

divergence of the THz signal is much greater when using a small gap emitter, owing to greater

con�nement of the pulse [25]. To compensate for this and increase the detectable signal, two

10-mm-wide silicon lenses were aligned onto the emitter and the detector. A schematic dia-

gram of the active region is shown in Figure 3.30. The emitter mounting technique used here

is shown in Figure 3.28 b). The four parabolic mirrors were replaced by 2 ellipsoidal mirrors

to ease the alignment process. Data taken using this setup is shown in Figure 3.31.

3.6.1 I-V characteristics

The I-V traces for these devices were taken using the same techniques as discussed in sec-

tion 3.4.1. For the light condition an average optical power of 5 mW was used, similar to that

used in other studies of small-gap designs [150]. The results of the dark and light measure-

ments are shown in Figure 3.29 a) and b) respectively. As before the device fabricated on

the quartz substrate exhibits the lower dark current for a given bias, and therefore a higher

resistance. However, the contrast in current between the LoG and LoQ devices presented

here is signi�cantly smaller than for the large-area devices. This is understandable as the
3This was fabricated by Mike Evans [TeraView]
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gap-width is now only 5 times the thickness of the transferred LT-GaAs layer. As such, the

electric �eld between the contacts does not penetrate as far into the SI-GaAs substrate and

thus the parasitic current channel has a diminished e�ect on the device characteristics.
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Figure 3.29: I-V measurements performed on the bow-tie design antennas in the dark (a) and the
light (b)(5 mW). The response of the LoQ device is shown in black and the LoG device in red. These
measurements were performed on the �rst experimental arrangement discussed above, at the University
of Leeds.

Further analysis of the I-V traces reveals that the bow-tie device exhibits a reduced dark

current, when compared to the previous slot design, despite the width between the electrodes

becoming 10 to 20 times smaller. This is especially the case for the LoG device, that now

boasts 3 orders-of-magnitude higher dark resistance. This is believed to show one of the key

advantages of using a bow-tie design, as even though the sharp points of the contacts are close

to one and other, the active area is signi�cantly smaller then before. The result of this is that

signi�cantly higher �elds can be applied to the device without damaging it. Furthermore, this

is assisted by Paschen’s law, which shows that the breakdown �eld of air is inversely propor-

tional to the width of the PC gap [205]. The light I-V measurements, plotted in Figure 3.29 b),

show very similar results for both devices at a low voltage. However, the response of the two

devices diverge as the bias is increased, with the LoG drawing more current. This implies that

the carriers excited within the SI-GaAs substrate of the LoG device are still having an e�ect

on the overall current.
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Figure 3.30: THz-TDS experimental setup to test small-gap bow-tie PC emitters at TeraView Ltd. PC
detection is shown, employing another small-gap device fabricated on bulk SI-GaAs. Bottom left corner
shows a schematic diagram on the bow-tie design under investigation. The optical beam is shown in
red and the THz radiation in green.

3.6.2 Teraview Experiments

Figure 3.31 shows time-domain pulses for both devices, obtained on the experimental setup

shown in Figure 3.30, at TeraView. For these measurements an applied bias �eld of 75 kV cm−1

was used, with an optical pump power of 10 mW. For detection the power of the sampling

beam was kept constant at 4 mW. For these conditions, the LoQ device produces a peak-to-

peak signal of approximately 3 times that of the LoG emitter. It is clear by looking at the

corresponding frequency domain data that the majority of the additional power is due to an

enhancement at low frequencies (≤1 THz). As this is unexpected and is the only time it is

observed, it could be due to the misalignment of the silicon lens on the LoQ device. This would

also explain the slightly misshapen THz pulse in the time-domain. Despite this though, the

bene�t of using a LoQ device is clear to see. This measurement was not performed in a dry

air or nitrogen purged environment, as can be seen from multiple water vapour lines in the

FFT data. As this typically has more of an e�ect at higher frequencies, it might also help to

explain the di�erence in results between the systems.
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Figure 3.31: THz time-domain pulses (left) and their equivalent FFT (right) measured at TeraView in
Cambridge. The Response of LoQ is shown in black and the LoG emitter response is in red. Both
devices were measured at an applied �eld of 75 kV cm−1 and an optical pump and sampling power of
10 mW and 4 mW respectively. Both scans were performed in a non-purged environment.

3.6.3 Response as a function of applied �eld and optical excitation

A comparison of the emission properties of the two devices are shown in Figure 3.32 and 3.33.

These measurements were performed on the initial setup which is illustrated in Figure 3.1

a) and discussed in section 3.6. Firstly, the outputted THz �eld has been plotted as a func-

tion of applied �eld. The values for THz �eld were extracted from the peak-to-peak signal

of time-domain traces. This measurement was performed with an average optical power of

5 mW. Once again, the response of the LoQ emitter is shown to be superior, with a maximum

output more than twice that of the LoG device. This agrees well with the data plotted in

Figure 3.31. The di�erence in the response of the two devices is understandable when con-

sidering the higher breakdown �eld in LT-GaAs (500 kV cm−1), compared with SI-GaAs (10 -

100 kV cm−1) [151]. However, contrary to data taken with the large-gap emitters plotted in

Figure 3.19, in this instance the output �eld from the LoQ emitter appears to saturate at high

bias conditions. This could be owing to the carrier saturation velocity of the LT-GaAs, which

has been shown to occur at ∼100 kV cm−1 [206].

Figure 3.33 shows the peak-to-peak THz �eld plotted as a function of optical power. Com-

pared with the equivalent results taken using large-area devices (Figure 3.20), fewer carriers

appear to be generated in the SI-GaAs substrate and therefore the e�ects of heating might

not be as severe. This explains why for large-area devices, the peak THz �eld from the LoQ

emitter is ∼3 times that from the LoG device, when using the highest measured optical power
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Figure 3.32: THz output �eld (peak-to-peak of time-domain pulses) plotted as a function of applied
�eld. The response of the LoQ is shown in black and the LoG emitter response is in red. Measurements
taken at the IMP, University of Leeds.

(600 mW). This reduces to only ∼1/3 higher, when using the small-gap designs. At high optical

powers, the response from both the LoQ and LoG small-gap devices appear to exhibit clear

signs of saturation, which was not as evident when examining the large-area devices. This

could be owing to localised �eld saturation, which is discussed in detail in section 3.1.1 and is

known to have a signi�cant e�ect on small-gap devices.

3.7 THz emission in re�ection geometry

Up until this point, each PC device has been characterised based on its emission properties in

transmission orientation. However, the bene�ts of using quartz-mounted emitters for free-

space THz generation should prove just as e�ective if placed in a re�ection system. In this

arrangement, the emitted radiation is collected from the same side of the device as is focused

onto by the optical pump beam. Illustrations of this are shown in Figures 3.1 b) and 3.2. In

this geometry, the di�erence in refractive index between LT-GaAs and z-cut quartz should

result in more of the power being emitted away from the quartz, compared with the use of

LoG. This arrangement is typically used in a system which requires a broadband frequency

response, as any dispersive e�ects of the THz pulse passing through the substrate are avoided.
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Figure 3.33: THz output �eld (peak-to-peak of time-domain pulses) plotted as a function of optical
power on the emitter. The response of the LoQ is shown in black and the LoG emitter response is in
red. Measurements taken at the IMP, University of Leeds.

However, there are several components in the system that also in�uence its bandwidth. Firstly,

a shorter optical pulse width causes a decrease in the generation time of carriers, exciting

higher frequencies. The second factor limiting the bandwidth is the detection technique. As

previously described in section 3.1.3, each EO-crystal has a frequency-dependent coherence

length associated with it, limiting the detectable bandwidth of the signal. The thinner the

EO crystal used, the higher the frequency components that can be detected, at the cost of

sensitivity. Taking these aspects into account, the following measurements were performed

on a system driven by a 800 nm wavelength mode-locked Ti:sapphire laser (Vitara, Coherent)

providing pulses with a width of 20 fs at an 80 MHz repetition rate. For detection, a 150-µm-

thick GaP crystal was used in EO sampling. GaP was preferred to ZnTe in this instance owing

to the absorption at 5.3 THz in ZnTe [136].

To demonstrate the bene�ts of using a LoQ emitter in this setup, the LT-GaAs was trans-

ferred onto a 2-mm-thick quartz substrate. Unlike in transmission measurements, other than

a di�culty in mounting techniques, there are no apparent disadvantages to using a thick

substrate, as it provides good heat dissipation. It also increases the optical path length of the

substrate-air re�ection. The device design was the same 200-µm-wide slot pattern used in

section 3.5. The LoG device acting as a reference, is the same electrode design fabricated on
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Figure 3.34: Time-domain pulses (left) from the LoQ (Black) and the LoG (Red) emitter. Corresponding
FFT data shown on the right. Measurements taken at an applied �eld of 12.5 kV cm−1 and an optical
power of 500 mW and the pulses are collected in re�ection geometry.

a 500-µm-thick substrate. The time-domain pulses and the equivalent FFT data from the two

types of emitter are shown in Figure 3.34, on the left and right respectively. For this scan the

bias �eld was set to 12.5 kV cm−1 and an average optical power of 500 mW was used. Under

these conditions, the peak THz �eld measured from the quartz device was approximately 2.6

times that of the as-grown LT-GaAs device.

3.7.1 Response as a function of applied �eld and optical excitation

The dependence of the peak-to-peak THz �eld on applied bias for both emitters is plotted in

Figure 3.35. At bias �elds below 5 kV cm−1, the response of the emitters is almost identical.

This implies that in this geometry, no signi�cant advantage is gained from the lower refractive

index of the z-cut quartz. As the bias �eld across the emitter is increased, the output signal

from the LoQ device rises linearly to a maximum THz �eld of ∼1 kV cm−1, achieved at an

operating bias �eld of 40 kV cm−1. This working range is limited by the breakdown �eld of

the nitrogen purged atmosphere (35 kV cm−1) [207]. As previously mentioned, this value is

dependent on the separation between the electrodes, as well as the pressure inside purging

box [208]. The response of the LoG emitter however, was sub-linear until the device su�ered

catastrophic failure at 13 kV cm−1. This maximum bias point agrees well with the breakdown

�eld in SI-GaAs [193], suggesting that the �eld that can be applied across a given electrode

gap is limited by its substrate properties. At the maximum operating voltage for each device,

the LoQ device emitted approximately eight times higher peak THz �eld than the equivalent
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Figure 3.35: THz output �eld as function of applied bias �eld, collected in re�ection geometry. Mea-
surement performed with an optical power of 500 mW. Response of the LoQ device plotted in black
and LoG device in red.

LoG emitter. The higher output �elds, compared with transmission data shown in Figure 3.19,

is owing to the higher peak optical power available from the Ti:sapphire (Vitara, Coherent)

laser used here. This measurement was performed with an average optical power of 500 mW.

Figure 3.36 shows the outputted THz �eld as a function of optical power, for an applied

bias �eld of 5 kV cm−1. Due to the damage incurred to the LoG device in the previous measure-

ment, an identical device fabricated in the same batch was used. Again, saturation behaviour

is observed in the LoG device, while the LoQ device remains almost linear. This measurement

was performed using PC detection, employing a LoQ device with the same active region design

used for emission. This is discussed in detail in section 3.8. The output signal was ampli�ed

using a transimpedance ampli�er with a gain of 1 × 108 Ω. The reasons for the di�erence in

responses of the two devices have been discussed in detail in section 3.5, and can mainly be

attributed to the parasitic current channels in the SI-GaAs substrate. This is known to cause

heating in the device and reduce e�ciency. It has also been shown that an elevated temper-

ature reduces the breakdown �eld in LT-GaAs [193], which might have contributed to the

failure of the LoG device. The use of the 2-mm-thick substrate for the LoQ emitter provided

good heat dissipation and prevented damage to the device.
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Figure 3.36: THz output �eld as function of optical excitation power, collected in re�ection geometry.
Measurement performed at an applied bias �eld of 5 kV cm−1. The response of the LoQ device is plotted
in black and the LoG device is in red.

3.8 Terahertz detection

In addition to PC emission, these devices were also characterised as PC detectors. To achieve

this, the pulsed excitation laser and general experimental arrangement used for the re�ective

THz emission measurements (section 3.7) was again used. To generate the THz pulse a single

LoQ emitter with a 200-µm-wide slot pattern, fabricated on a 2-mm-thick quartz substrate

was used. Unless otherwise stated, it was biased at 5 kV cm−1 and illuminated with an average

optical power of 500 mW. The LoG detector used in this comparison was identical to the

emitter described above; the 200 µm gap is larger than would typically be used for PC detec-

tion [209] and the device geometries have not been optimised for this purpose. For reasons

discussed in section‘3.1.2, PC detectors typically use smaller gaps than this. The comparative

LoG detector was the same as that used in section 3.7. Both devices were fully characterised

with the arrangement shown in Figure 3.5, such that the THz pulse and the optical beam were

incident on the surface of the LT-GaAs. The generated photocurrent, proportional to the �eld

of the THz pulse, was ampli�ed using a transimpedance ampli�er with a gain of 1 × 108 Ω.

This was then connected to a lock-in ampli�er, referenced at the emitter modulation frequency.

Figure 3.37 shows a) the peak-to-peak signal as a function of incident optical power fo-
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Figure 3.37: a) shows the peak-to-peak signal as a function of incident optical power focused onto the
detector. (b) peak-to-peak signal as a function of bias applied to the emitter, with a �xed applied �eld
of 5 kV cm−1. In both cases the response of the LoQ detector is plotted in black and the LoG detector is
in red.
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Figure 3.38: a) Two time-domain THz pulses measured using PC detection. In both cases the optical
power of the sampling beam is set at 120 mW and a transimpedance gain of 1 × 108 Ω has been used.
The bias conditions for the LoQ emitter are maintained constant. b) Simulation results of time-domain
traces for both detectors. The blue curve shows the contribution from the SI-GaAs substrate. In both
plots the response of the LoQ and LoG detectors are plotted as black and red lines respectively.

cused onto the detector, and b) peak-to-peak signal as a function of bias applied to the emitter,

proportional to the incident THz �eld. In both instances, the peak measured �eld from the

LoQ device was more than twice that measured from the LoG detector. Figure 3.38 a) shows

the THz time-domain pulses, detected from both devices. The quartz detector shows a signif-

icantly larger second (negative) peak, when compared with the trace from LoG detector. This

feature suggests that the SI-GaAs in the LoG device has a detrimental e�ect on its detection

sensitivity. For these measurements the optical power of the sampling beam was maintained

at 120 mW. Figure 3.38 b) shows the numerical simulations of the corresponding signals, cal-

culated by solving the set of coupled di�erential equations given in Reference [171] for the

free-carrier density, carrier velocity, and space-charge separation. These equations have been

extended to account for two layers (LT-GaAs and SI-GaAs in this case): where the subscripts
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Parameter Value Description
ϵr 13.1 Relative permittivity of GaAs
m∗ 0.067me E�ective electron mass
η 3 Geometric factor
τr1 1 ns Recombination time, LT-GaAs
τc1 0.4 ps Carrier lifetime, LT-GaAs
τs1 30 fs Momentum scattering time, LT-GaAs
τr2 1 ns Recombination time, SI-GaAs
τc2 400 ps Carrier lifetime, SI-GaAs
τs2 325 fs Momentum scattering time, SI-GaAs
α 0.97 Optical pulse fraction absorbed

Table 3.2: Parameter values used to simulate the measured signal.

‘1’ and ‘2’ denote the LT-GaAs top layer and SI-GaAs/quartz substrate respectively. Here, Psc

is the space-charge, v is the carrier velocity, nf is the free-carrier density, G (t ) is the carrier

generation function from the optical pulse, α is the fraction of the optical pulse absorbed in

the top layer, and Ebias (t ) is the bias applied by the THz pulse. In this implementation, the

space-charge e�ects in each layer are summed to �nd the reduction in e�ective bias across

both layers; this assumption is valid since the layer thicknesses are signi�cantly less than the

antenna gap width. The parameters used in the calculation are given in Table 3.2. 4

dPsc1
dt

= −
Psc1
τr1
+ nf1ev1 (3.9)

dv1
dt

= −
v1
τs1
+

e

m∗

(
Ebias (t ) −

Psc1 + Psc2
ηϵ0ϵr

)
(3.10)

dnf 1

dt
= −

nf 1

τc1
+ αG (t ) (3.11)

dPsc2
dt

= −
Psc2
τr2
+ nf 2ev2 (3.12)

dv2
dt

= −
v2
τs2
+

e

m∗

(
Ebias (t ) −

Psc1 + Psc2
ηϵ0ϵr

)
(3.13)

dnf 2

dt
= −

nf 2

τc2
+ (1 − α )G (t ) (3.14)

.

The generation function, G (t ), is given by a Gaussian pulse shape, assuming a FWHM of

20 fs, and corresponding to a power of 120 mW, G2 (t ) is set to zero for a quartz substrate. The
4These simulations were performed by Dr Joshua Freeman
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applied bias is parametrised using the function:

Ebias = ETHz sin(ωP (t − t0))sech
(
1.76(t − t0)

tp

)
(3.15)

Where the parameter values ETHz = 0.2 kV cm−1, ωP
2π = 1 THz and tp = 0.1 ps were deter-

mined by comparison to the pulse measured in Figure 3.34.

The simulation then proceeds by integrating the net transient current �owing in the PC

detector at each delay, t0, to �nd the expected measured current, shown in Figure 3.38 b). From

the simulation we determine that the reduction in detected current measured for the LoG device

relative to the LoQ device is due to space-charge e�ects in the SI-GaAs substrate. Because

of the longer momentum scattering time (higher mobility) in the SI-GaAs, the space-charge

builds up more quickly in this layer, despite the smaller optical intensity. This amounts to

screening of the THz pulse, particularly the second peak, in the SI-GaAs substrate that leads to

a current acting in the opposite direction to the photo-current in the LT-GaAs layer, reducing

the overall measured current. Using the same parameters, these simulations also allow the

light resistance values to be accurately recovered for the two LT-GaAs-based-devices, given

in Table 3.1. The spot size used in the simulation was adjusted to maximise signal, or photo-

current, as in the experiments. Furthermore, simulations were also performed to determine

the e�ect that carrier screening has on THz emission. However, due to the unidirectional

acceleration of carriers, the contribution is minimal.

3.9 Substrate thickness tests on quartz-based devices in re�ec-

tion geometry

To further compare the emitters and detectors under investigation in this chapter with a more

conventional system, normalised time-domain traces have been plotted in Figure 3.39. The

red curve shows the response of the conventional TDS arrangement, with a LoG emitter (THz

collection from the laser excited surface) and EO sampling for detection. This response shows

four separate system re�ections; as labelled, those occurring at 5, 10 and 17.5 ps originate

from the 150-µm-thick EO crystal, while the largest system re�ection, arriving at 12.5 ps is
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Figure 3.39: Normalised time-domain trace using LoG emitter with 150-µm-thick GaP electro-optic
detection crystal (red line) and LT-GaAs on a 2-mm-thick quartz substrate as emitter and detector
(black line). In both instances a 5 kV cm−1 bias and 500 mW average optical power were applied to the
emitter.

from the 500-µm-thick SI-GaAs emitter substrate. The black trace shows the response when

both emitter and detector are replaced with LoQ devices (2-mm-thick quartz substrates). In

this case the �rst system re�ection arrives 30 ps after the original pulse, originating from the

interface between the air and the 2-mm-thick z-cut quartz substrate. Owing to smaller contrast

in refractive index between quartz and air, than SI-GaAs and air, this re�ection appears signif-

icantly smaller in the LoQ system. This reduction in system re�ections increases the available

frequency resolution of the system without the need for post-processing techniques [181–183].

Plotted in Figure 3.40 displays the corresponding FFTs, normalised to the noise in each

case. The FFTs have been calculated with a time window of 35 ps. In addition to the signi�-

cantly greater SNR from the LoQ devices, the smoother frequency domain response caused by

the reduction in system re�ections, is also evident. In this instance, we are able to perform a

scan six-times longer before the �rst re�ection is recorded, resulting in a six-fold improvement

in frequency resolution. However, in principle, there is no limit to the thickness of quartz

substrate that can be fabricated on, and used in re�ective orientated emission and THz detec-

tion. The use of an emitter boasting a 5-mm-thick quartz substrate has been demonstrated

in section 3.5.2. While these measurements were performed in transmission using BSI, this

device could just as easily be used in a re�ective system. It should also be noted that here both
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Figure 3.40: FFT of the same data, normalised to the noise level and calculated with a time window of
35 ps, i.e. truncated before the quartz substrate re�ection

emitters have been biased with the same �eld/bias of 5 kV cm−1/100 V. The bias of the LoQ

emitter can be increased further by approximately 8 times.

3.10 Applications ofQuartz-based devices in time-domain spec-

troscopy systems

Since the initial realisation of quartz-based PC devices and the demonstration of the advan-

tages they can provide over LoG devices, there has been a considerable interest for their use

in spectroscopy applications. The �rst example uses the enhanced emission properties to

transmit a THz pulse through temperature controlled liquid �owcell (Specac), which has been

placed in the sample-space of a time-domain spectroscopy transmission setup. By systemi-

cally �lling the �owcell with a series of alcohols and comparing the transmitted data with a

reference scan, the frequency dependent refractive index and absorption coe�cient for each

substrate can be obtained. Example data of the THz pulse having passed through di�erent

samples is shown in Figure 3.41. The greater power available from the LoQ device means that

thicker liquid channels can be used, making the system more sensitive to the variation to the

properties of the liquids, owing to an increase in the interaction length 5.
5This work was completed in collaboration with Matthew Swithenbank
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Figure 3.41: Time-domain THz pulses having passed through a �owcell, containing a series of temper-
ature controlled alcohols. A reference sample ’air’ has also be taken through an empty �owcell.

Another application of LoQ devices is for the development of tunable single frequency

THz sources. In this work an ampli�ed Ti:Sapphire laser, producing 1 mJ pulses at a repetition

rate of 5 kHz, sources a TDS transmission setup. In this system LoQ devices are used as both

an emitter and a detector. Before exciting the emitter the optical pump pulse is passed through

a Fabry-Perot cavity with semi-re�ecting mirrors on the front and back. This generates a

pulse train in which the frequency of the pulses is governed by the cavity length. Figure 3.42

show three time-domain pulses generated with varied FP cavity lengths, each with oscillations
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Figure 3.42: (left) Time-domain data taken with a Fabry-Perot cavity in the optical pump path, set to
three di�erent round-trip times. (right) FFTs of the data plotted to the left, revealing the fundamental
mode set by the round-trip frequency and the �rst harmonic.
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trailing the initial THz pulse. When converted to the frequency-domain, which is shown on

the right, peaks relating to the round-trip frequency of the Fabry-Perot cavity are present,

together with the �rst harmonic of the fundamental mode. While this method has been used

before [210, 211], it normally involves non-linear optical crystals, such as lithium niobate, as

ampli�ed lasers tend to saturate and damage PC devices. The LoQ devices are bene�cial to

this experiment as they allow the generation and detection of THz pulses with an ampli�ed

laser without being damaged through overheating. This is owing to the low current being

drawn by the device, compared with that on SI-GaAs. This work was conducted by Dr Nick

Hunter in collaboration with the University of Nottingham.

3.11 Conclusion

In conclusion, epitaxial lift-o� and van der Waals bonding techniques have been used to trans-

fer LT-GaAs active layers onto quartz substrates, realising an alternative layered material

combination for large-area THz PC emitters and detectors. It has been shown that these de-

vices have three signi�cant advantages over more widely used PC emitters and detectors.

The reduction in dark current and parasitic photo-current in quartz-based devices leads to

reduced heating and increased breakdown voltages. In the most signi�cant comparison this

has resulted in THz �eld amplitudes approximately eight-times larger than equivalent LoG

devices. This technique has been shown to work with several di�erent active region designs

and electrode geometries. When used for PC detection the absence of an SI-GaAs substrate

eliminates the long-lifetime carriers and increases the measured signal.

The ability to choose a thicker substrate allows system re�ections to be delayed in time and

their amplitude to be reduced without a loss of bandwidth, thereby increasing the available

frequency resolution. To demonstrate this, data from devices with quartz substrates ranging

from 40 µm to 5-mm-thick has been presented. Lastly, two examples of applications in which

LoQ devices have already been used are presented, with the advantages they possess over the

previously used LoG devices made clear.
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Chapter 4

Measuring the Gain Recovery Time

of a Bound-to-Continuum Terahertz

Quantum Cascade Laser

This chapter is divided into two parts. Section 4.2 begins with the full characterisation of

a THz-QCL with a BTC active region design. This device is then applied in section 4.4.2,

where the GRT of the QCL is experimentally determined. This is accomplished using a THz-

pump-THz-probe technique, employing an experimental setup derived from the THz-TDS

arrangement described in chapter 3. The motivation behind this work is discussed in detail,

before the experimental setup and the alignment procedure are introduced. The data collected

from these measurements is then discussed and conclusions are drawn. It has been found

that the measured GRT reduces to a value of ∼17 ps as the QCL is brought closer to threshold.

However, owing to instabilities in the signal as the QCL is driven above threshold, brought

about by a sudden increase in the photon density, the SNR of the measurement was found to

decrease dramatically.

To avoid these issues, the same device was subsequently prevented from lasing by apply-

ing ARC to the facets, causing an increase in both the overall mirror loss and the threshold

current density. The experiment was then repeated on the coated device with the intention of

measuring the GRT response at high QCL bias conditions. In fact, with the addition of a high
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powered LoQ PC emitter in the setup, and the resulting increase of the coupling e�ciency into

the cavity, the greater injected pump pulse was found to provide an interesting incite into the

time-resolved carrier dynamics and gain properties of the laser. Furthermore, measurements

conducted before and after the ARC was applied to the device, revealed that the GRT of this

laser increased at high bias conditions above the previous threshold current. This experiment

and �ndings are discussed in section 4.5.

4.1 Introduction

There has been signi�cant interest in understanding the dynamics of emission from QCLs,

and the generation of pulses on ultrafast timescales. The integration of THz-QCLs with

TDS [186, 212, 213] techniques has allowed the measurement of the electric �eld of the laser

emission with an extremely high time resolution. This has revealed a complex time-domain

pulse structure, even when the QCL is operated at a �xed current [214]. At the same time

active modelocking has also been developed. Coherent measurements have been reported

using both an frequency stabilization technique [215] and a time-domain technique based on

THz pulse injection seeding of a QCL [216]. This research has highlighted the instabilities

present in QCL emission [217] and the di�culty of forming stable modelocked pulses from this

type of device owing to the interplay of the inherent characteristic lifetimes. In fact, there are

several lifetimes that are important in determining the characteristics of the laser emission,

including the dephasing time of the laser transition, the photon lifetime, the cavity round

trip time, and the GRT. In many lasing systems these lifetimes will be signi�cantly di�erent,

leading to predictable dynamics. In QCLs however, they are expected to have similar values,

in the range of 1-50 ps, with the value of the GRT being least well established. Crucially, it is

the ratio between the GRT and the round-trip time of the laser cavity that is important for

achieving modelocking; if the GRT is short compared with the round trip time, then the gain

will recover before a pulse circulating in the cavity returns to the same point, enabling several

pulses to propagate simultaneously and thus preventing the onset of modelocking.

There has been one experimental measurement of the GRT in THz-QCLs to date [218].
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This work did not, however, measure gain directly, but rather the recovery of photo-current

as a function of time delay between two high-power THz pulses injected into the QCL, gen-

erated by a free-electron laser. A value of 50 ps for the GRT was found, which is signi�cantly

longer than the 2-3 ps measured for mid-IR frequency QCLs [219,220] using an IR pump-probe

technique. The GRT has also been inferred indirectly from simulations of pulse-seeding in

THz-QCLs; this enabled an estimate of ∼15 ps to be made for the GRT [221], which agrees well

with the value for the upper state lifetime of 12 ps found by Scalari et al. [107]. In the �rst half

of this chapter, the measurement of the GRT of a BTC THz-QCL, similar to the device used

in reference [218], is described. For this experiment the THz-QCL was seeded by broadband

THz pulses generated from a PC emitter [150]. This experiment provided a value for GRT of

∼17 ps [222], measured just below the threshold current of the device. However, this experi-

ment did not allow measurements of the GRT above threshold, without the addition of excess

noise. In the second part of the chapter, ARC [223] is applied on the same device to prevent it

from lasing, allowing the measurement to be repeated at higher QCL bias conditions without

incurring excess noise. This also allows one to investigate the gain dynamics of the laser in

more depth. The BTC active region was chosen as much of the theoretical background work

has been achieved using a similar design and thus a comparison could be made. Furthermore,

THz-QCLs based on LO-phonon extraction (rather than the miniband extraction design mea-

sured here) are expected to exhibit faster dynamics [93, 212]. As such, it was believed that

BTC active region would provide a better opportunity of measuring GRT.

4.1.1 Terahertz Quantum Cascade Laser

The THz-QCL used in this study was based on BTC active region design [90], contained within

a SI-SP waveguide [33]. The active region itself is based on a published BTC design lasing at

2 THz [92], that was later revised to demonstrate an improved wall-plug e�ciency [224]. The

initial heterostructure compromising of alternating GaAs/AlGaAs layers was grown directly

onto an SI-GaAs substrate using MBE. This was performed by Dr. Lianhe Li in the MBE

machine at The University of Leeds. It was then processed in the Wolfson nanotechnology

cleanroom by Dr. Reshma A. Mohandas. A detailed description of the fabrication procedure

used can be found in reference [225]. The ridge was scribed and divided to form a device
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Figure 4.1: Picture of THz-QCL mounted onto a copper block using a thin layer of indium. The two
gold contacts on the device are gold wire bonded to the ceramic contact pads.

4.4-mm-long and 200-µm-wide. A long cavity device was necessary for this work, compared

with those used in previous studies [92, 224], as it means that the THz pump pulse remains in

the cavity for a longer time period. It therefore experiences higher ampli�cation resulting in

a greater reduction in the population inversion, and a better opportunity to measure the GRT

of the device.

To position the device in a cryostat and apply a bias to it, the QCL was mounted onto a

copper block with dimensions 20 mmx7 mmx2 mm. Prior to this, the copper block had been

polished to remove any non-uniformities from its surface and thereby improve the thermal

contact between the device, the block and cold �nger of the cyrostat. Two gold coated ceramic

pads were glued at the two ends of the copper block using GE varnish. These act as electrical

contacts when mounted in the cyrostat and were gold wire bonded to the device. To mount the

QCL in between the two contact pads, the copper block was positioned onto the hotplate of a

ball bonder and heated to 145 ◦C. An indium sheet was placed between the two contact pads

and as it melted it was spread uniformly into a thin layer using a �at-end blade. The melting

point of indium is 142 ◦C. The temperature of the hotplate was then reduced to 100 ◦C, as the

device was placed on top of the solid layer of indium. The hotplate was once again increased

to 145 ◦C as the device was forced downwards onto the copper block using two metal needles.

The melted indium solders the device to the copper block. The hotplate temperature was again

reduced to 100 ◦C before the top and bottom contacts of the device were bonded to the ceramic

pads using gold wire bonds. An example of a fully mounted QCL is shown in Figure 4.1 [225].
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4.2 LIV Characterization of THz-QCLs

It was necessary to optically and electrically characterise the device. For this the QCL was

mounted onto the cold-�nger of a continuous �ow liquid helium Janis cryostat (ST-100). A

thin-layer of thermal grease was applied between the device and the cold �nger to ensure a

good thermal contact. Two copper pins were used to �x the device in place and apply voltage.

A heat shield and outer casing was attached around the outside of the cold �nger. The outer

casing has 4 windows, 2 made from quartz and 2 from polytetra�uoroethylene (PTFE). The

output radiation was coupled through the PTFE windows, as this material has low absorption

in the THz region, while the optically transparent quartz windows are used to accurately

position the laser, relative to the rest of the experimental setup. The alignment was performed

by clamping the cryostat to a speci�cally designed mount, positioned on XYZ translation

stages. The cyrostat chamber was pumped down to a pressure as low as 4 × 10−6 mbar. It

is then cooled to ∼15 K using liquid helium (L:He). The following experiments presented

in this chapter only require the laser to be driven in pulsed mode and therefore the device

is tested as such. The experimental setup used to obtained LIV curves is presented in Figure 4.2.

A 10 kHz pulse train with a 2 % duty cycle was used to bias the QCL. This was sourced from

a pulse generator (Agilent 8114A), which was electrically gated at 167 Hz to allow the signal

to be detected using a L:He cooled bolometer. The output signal from the bolometer, which is

proportional to the detected THz power, was connected to a lock-in ampli�er also referenced

at 167 Hz. To measure the voltage across the device a separate set of copper pins in the cyrostat

was connected to channel 1 of an oscilloscope (Keysight 2002A), which itself was connected to

an operational computer. An inductive loop probe was used to measure the current through

the laser and was connected to the channel 2 of the oscilloscope. A LabView program was

used to control the instruments, setting the bias voltage of the device and measuring values

for the current and detected THz power, from the oscilloscope and the lock-in ampli�er, re-

spectively. LIV curves taken using the device discussed in section 4.1.1, have been plotted

in Figure 4.3. The threshold current density for this device was found to be∼124 A cm−2 at 15 K.

To obtain the spectra of the radiation output from the device, a FTIR was positioned be-
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Figure 4.2: Experimental setup used to acquire LIV data. The QCL is mounted in a pressurised cryostat
and cooled to ∼15 K. The detection of emitted THz radiation is performed using a helium cooled
bolometer.
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Figure 4.3: LIV data for a 4.4-mm-long QCL, with a BTC active region. It is was fabricated with a SI-SP
waveguide. This QCL was biased with 10 kHz modulation frequency and a duty cycle of 2 %.
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Figure 4.4: Experimental setup incorporating a Fourier transform infrared spectroscopy (FTIR) to obtain
the spectral output of the QCL. Within the FTIR, a Michelson interferometer is illustrated. The heatsink
temperature was kept at 15 K using a constant �ow of L:He and as much of the setup is purged to remove
the e�ect of water absorption from the air.

tween the device and the bolometer. The means of electrically biasing the device remains

the same, with the QCL still cooled to ∼15 K. The experimental setup is illustrated in Fig-

ure 4.4, where a Michelson interferometer is shown within the FTIR. This is a well-established

technique for measuring the frequency components present in the output signal. The output

radiation from the QCL is collimated using three o�-axis parabolic mirrors, before passing

into the FTIR, where it is split along two optical paths. Both paths contain mirrors that re�ect

the radiation back towards the beam splitter and onto a detector. By varying one of the path

lengths using a translation stage, relative to the other, an interference pattern (‘interferogram’)

between the two signals is detected using the bolometer. The spectrum of the QCL output

signal can then be obtained by performing an FFT on the interferogram.

This measurement was performed for a range of QCL bias conditions and the resulting

spectra are plotted with an o�set in Figure 4.5. As the bias is increased the spectral output of

the QCL tends to decrease in frequency, reducing from 1.99 to 1.97 THz across the lasing dy-

namic range. This apparent red shift with a rise in bias has also been observed in similar active

region designs [92, 224]. One explanation for this is due to mode-hopping, which is discussed
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Figure 4.5: Spectra obtained using the FTIR setup shown in Figure 4.4, at four di�erent bias conditions
that are o�set on the Y-axis. The frequency of the maximum peak is shown in decrease as function of
bias after the device (red shift).

in section 4.5.2. THz-QCLs in general produce a blue shift, owing to the separation of electron

states in the active region with a rise in bias, which is known as the Stark e�ect [226, 227].

The relatively low frequency emission of this laser was important as it is within the spectral

region of the THz pulses generated through PC emission on a TDS transmission setup (see

section 3.5). Previous measurements performed by Dr Reshma A. Mohandas revealed that

this device had a maximum operating temperature of ∼55 K.

4.3 Experimental Setup

After LIV characterisation of the device was complete, the next stage was to con�gure a means

of e�ectively coupling a broadband THz pulse into the QCL cavity. To achieve this, the cyro-

stat still containing the device, was positioned in the experimental setup shown in Figure 4.6,

which was adapted from the TDS setup discussed in chapter 3. The system is based on a

femtosecond laser, centred at 800 nm, providing 100 fs pulses at an 80 MHz repetition rate

and 2 W average power. The beam was �rst split, and the more powerful (90 %) component

was further divided into the ’pump’ and the ’probe’ beams. The pump beam, with an aver-

age power of ∼1 W, passed through a delay stage, allowing independent variation in arrival

times of the pump and probe signals at the QCL. The probe beam, with an average power of
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100 mW, passed through a half-wave plate and an optical chopper, to discriminate between

the pump and probe signals. The half-wave plate was set to ensure the pump and probe beams

had orthogonal polarization; this reduced any interference e�ects between the near-IR pulses

incident on the emitter. The probe beam was then recombined with the pump beam after a

delay stage, and focused onto a single PC emitter. For large-area PC emitters used here the

dependence of the THz power on the polarization of the incident near-IR pulses is weak, and

the resulting linear THz polarisation depends only on the electrode geometry.

The type of PC emitter used here varied throughout the project. For the initial measure-

ments an LoG device was used, consisting of a 2-µm-thick layer of LT-GaAs grown onto a

500-µm-thick SI-GaAs substrate, with a 100-nm-thick sacri�cial AlAs layer grown in between.

A large-area slot electrode antenna with a 100-µm-wide gap was fabricated directly onto the

LT-GaAs surface. For the second set of measurements the LoG device was replaced by a

LoQ [228] emitter, which was deliberately fabricated with the same electrode geometry. To

gain the highest possible output signal from the device the radiation was collected in trans-

mission geometry (Figure 3.2), where the emitter is optically excited from the opposite side of

the wafer as the collected THz radiation. As such a hyper-hemispherical silicon lens could be

attached to the back of the emitter to increase the detected far-�eld signal, as well as to limit

surface re�ections. A four o�-axis parabolic mirror setup was used, where the �rst 2 mirrors

collected, collimated and focused radiation through the sample-space. The radiation was then

collected using the third parabolic mirror and focussed onto a detector with the fourth. A

weaker 20 mW ‘sampling’ beam formed at the �rst beam splitter was steered through a second

variable delay-stage before being used for electro-optic signal detection using a 2 mm thick

ZnTe crystal. An optical scan-delay or ‘shaker’ (scanDelay USB - A.P.E) was also positioned

within the sampling beam to enable real-time observation of the THz pulse. This was mainly

used to assist in the alignment of the parabolic mirrors and silicon lens, as these are known

to e�ect the optical path length of the generated THz pulse, relative to the optical sampling

beam. The 4-parabolic mirror setup was constructed inside a plastic purge box, and purged

with dry air to reduce the absorption of THz radiation by atmospheric water vapour.

With the QCL still mounted inside the cyrostat, it was positioned within the sample-space
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Figure 4.6: Experimental layout designed for THz-pump-THz-probe on the THz-QCL, derived from
a THz-TDS transmission arrangement. Optical beam (pump, probe (dashed), samplng) shown in red.
The relative average power in the optical beam is related to the width of that beam, with the pump-
beam being the most powerful and therefore thickest. The THz-pulse is shown in green and is focused
through the waveguide of THz-QCL before being detected using EO sampling. The bottom of the
cryostat, housing the THz-QCL is enlarged above the main diagram.
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Figure 4.7: Pulsed electrical signals biasing the THz-QCL and the PC emitter. The emitter voltage is in
blue (7.6 kHz), the QCL voltage is in yellow (3.8 kHz) and the QCL current is in green. The emitter is
being driven at twice the frequency and duty cycle as the QCL.

in Figure 4.6. The broadband THz pulses generated from the PC emitter were coupled into

the QCL facet using the �rst set of o�-axis parabolic mirrors. During the mounting process it

was ensured that the polarization of the THz radiation was parallel to the growth direction of

laser. To perform the THz-pump-THz-probe experiment on the laser, it was engineered that

the THz ‘pump beam’ would arrive �rst at the QCL’s input facet, causing stimulated emission

of the population inversion within the active region and thereby depleting the available gain.

At a later time the THz probe pulse was coupled into the cavity and experiences ampli�cation

proportional to the population inversion in the active region. The probe pulse is then collected

and measured through EO sampling. To electrically bias the QCL and the PC emitter the pulse

train shown in Figure 4.7 was used. In this diagram the voltage and current applied to the QCL

are represented by the yellow and green traces respectively. The QCL was driven by a square

wave with frequency 3.8 kHz and 20 % duty cycle (52.6 µs pulse width). The emitter bias, which

is shown in blue, was synchronized to the second harmonic of this signal at 7.6 kHz, also with

a 52.6 µs pulse width (40 % duty cycle). A lock-in ampli�er referenced to the QCL bias was

used to monitor the signal from the balanced photodiodes such that it measured the di�erence

signal between the QCL on and o� states, thereby removing spurious signals, such as those

arising from pulses not travelling through the QCL. By locking into the 1st or 2nd harmonic

of the reference frequency, signals produced by the QCL and the PC emitter respectively can

be retrieved.
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4.3.1 Alignment Procedure

To perform this experiment e�ectively and observe any e�ect caused by the pump pulse,

enough of the THz pump and probe pulses was required to be successfully coupled into the

facet. The more photons that are injected into the cavity and are resonant with the QCLs

lasing frequency, the greater number of carriers relax to the lower lasing level. As such, the

e�ect of the THz pulse on the population inversion is related to its coupling e�ciency. It is

vital for this measurement, therefore, that the coupling e�ciency of the THz pump pulse be

high enough to have a measurable in�uence on the active region. To overcome this problem,

two potential solutions were proposed. The �rst involved increasing the coupling e�ciency

by attaching a hyper-hemispherical silicon lens to the input facet of the QCL. This technique

has proved successful in decreasing the divergence of a THz beam coupled out from a double-

metal waveguide [229, 230]. However, this situation is less sensitive to alignment compared

with coupling into the waveguide, due to the fact that as long as the radiation is coupled into

the silicon lens from the output facet, it should be e�ectively collected by an o�-axis parabolic

mirror. For coupling into the device, however, the lens is required to be aligned such that the

radiation is focussed onto the facet.

To achieve this the QCL was attached to the cold �nger and posited in the sample-space of

the setup shown in Figure 4.6, with neither the cyrostat outer-casing or heat shield attached.

The THz pulse generated from the biased PC emitter was coupled through the device and de-

tected using EO sampling. A 5-mm-diameter hyper-hemispherical silicon lens was mounted in

a circular plastic holder and positioned adjacent to the input facet of the QCL. In this geometry

the THz pulse propagated through the silicon lens before reaching the device. An IR-camera

with a 10x magnifying lens was positioned in the setup to help with the alignment of the

silicon lens on the front of the laser. Labelled pictures taken using this camera are shown in

Figure 4.8 (a - c). Using the shaker together with specially designed LabView software1, the

real-time THz pulse was displayed on a computer screen and refreshed at the scanning delay

frequency (5 Hz). Using XYZ translation stages, the position of the silicon lens was aligned
1This software was written by Dr Joshua Freeman
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a) b)

c)

Mounting circle

THz-QCL Silicon lens

Contact
pad

UV-curing
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Contact
pad

Figure 4.8: Shows a hyper-hemispherical silicon lens being incrementally stuck to the input facet of
THz-QCL, mounted at the edge of a copper block. The adhesive used, which is added in b), was UV-
curing glue and a plastic mounting ring was used to hold the silicon lens steady. This was performed
with the shaker on, allowing the silicon lens to be alignment to maximize the time-domain signal in
real-time.

relative to the facet of QCL, in order to maximise the signal in time delay (a). As the lens was

moved in close proximity to the facet and positioned to maximise the peak-to-peak signal,

UV-curing glue was applied to the silicon lens and the device and set with a 30 s exposure (b).

The plastic mounting ring was then retracted leaving the silicon lens attached to the facet (c).

Unfortunately, despite the careful alignment it was found that having a silicon lens at-

tached to the device did not have a signi�cant e�ect on the coupling e�ciency. Furthermore,

the process used to attach the lens presents a substantial risk to the QCL, as any damage sus-

tained by the facet will stop the QCL from lasing. Another means of increasing the coupling

e�ciency of the THz pulse involves a thorough and repeatable alignment process, undertaken

before each experiment. This began by con�rming that the optical pump and probe beams

were collinear prior to the PC emitter, ensuring that both generated THz pulses were focused
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at the same position in the sample-space. For this purpose, two irises were positioned in the

optical beam path between the �nal optical mirror of the setup and the PC emitter. Each beam

was independently aligned to the irises using 2 di�erent sets of optical mirrors. This was

achieved by mounting an optical power meter directly behind the second iris (closest to the

PC emitter) and aligning to maximise the signal.

Pump beam Glass
diffuser

PM2

Optical Attenuator

Optical Camera

Computer

PM1

Parabolic 
mirror

Figure 4.9: Alignment process for the �rst set of o�-axis parabolic mirrors (PM1 and PM2), using a
neutral density (ND) �lter to limit the optical power of the pump-pulse to less than 5 µW, such that it
does not saturate the IR camera in the sample-space.

a) b)

Figure 4.10: shows the IR spot incident on the camera which is positioned in the sample-space a) before
the alignment process and b) after the alignment process.

The next step was to align the o�-axis parabolic mirrors to ensure the tightest focus of

the THz beam in the sample-space. For this the probe beam was blocked and the PC emitter

was replaced by a ground glass di�user. A variable metallic ND �lter wheel was used to set

the optical pump power to be as low as 5 µW. This was to prevent damage or saturation of an

IR camera as it was positioned in the sample-space (Figure 4.9). The pump beam was focused
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onto the di�user where it scatters, and is collected and collimated by the �rst o�-axis parabolic

mirror (PM1). It is then focused onto the IR camera using the second o�-axis parabolic mirror

(PM2). This was connected to a computer via USB, allowing the IR spot incident on the surface

of the camera to be displayed on the computer screen. By careful alignment of the lens, the dif-

fuser, the camera and the set of parabolic mirrors, the IR spot was con�gured to be as small as

possible on the camera. Pictures of the IR spot incident on the camera are given in Figure 4.10,

where a) is taken prior to alignment and b) after alignment. This process was then repeated

after repositioning the IR camera into the EO-crystal position, adjacent to the fourth o�-axis

parabolic mirror (PM4). This new arrangement is illustrated in Figure 4.11. The optical power

of the sampling beam is again limited to less than 5 µW using an ND wheel �lter. The third

and fourth parabolic mirrors (PM3 and PM4) could then by con�gured to obtain the smallest

feasible focused spot with the incoming pump beam. It was also important to ensure that the

optical spots from the pump and sampling beams overlap on the camera. As the directionality

of the generated THz beam is dictated by its incident excitation beam, this process insures

that the THz and sampling pulses overlap on the EO-crystal, and thus a THz signal will be

detected. The di�user and IR camera are then removed and replaced by the PC emitter and

detection crystal.

Pump beam 
Diffuser

Parabolic 
mirror

Optical Attenuator
Optical Camera

Computer

Sampling beam 

Optical 
Attenuator

PM1

PM2 PM3

PM4

Figure 4.11: Alignment process for the second set of o�-axis parabolic mirrors (PM3 and PM4). However,
all 4 parabolic mirrors (PM1 to PM4) are shown in the image. An ND �lter is placed in both beam paths
to limit the overall IR power incident on the camera.

With a THz pulse detected, the next step was to mount a 1-mm-wide pinhole iris onto

an X-Y-Z translation stage, and position it in the sample-space between the second and third

o�-axis parabolic mirrors (PM2 and PM3). The signal passing through the iris was then max-

imised by aligning the position of the PC emitter, the EO-crystal and the iris itself, together
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Figure 4.12: (left) THz time-domain pulses being focused through a series of irises with decreasing
diameter, ranging from 1 mm to 300 µm. Also plotted is the time-domain trace taken with no iris in
the sample-space. The corresponding FFT data is shown on the right, with the colour coding kept
consistent between the two �gures. The emitter was biased at 5 kV cm−1 and with an optical power of
225 mW. This measurement was taken at room temperature, with the QCL unbiased.

with the position of the silicon lens relative to the emitter. Once the signal saturates, the

diameter of the iris was reduced and the process was repeated. The diameter of pinhole was

reduced from 1 mm to 800 µm, then again to 500 and 300 µm, each time aligning for the highest

signal and thereby reducing the overall spot-size of the focused THz beam. Examples of the

recorded THz pulses after having passed through the di�erent diameter pinholes are plotted

in Figure 4.12. It is clear from the equivalent FFT data, displayed on the right of the �gure,

that as the diameter of the hole is reduced the iris acts as a high-pass spatial �lter, preventing

the transmission of the lower frequency components of the signal. When the iris is removed

(trace shown in red) the extent of this �ltering e�ect is apparent.

Once complete the iris mounting was removed from the setup, the QCL was mounted in the

cyrostat and positioned at the focal point of the THz pump beam. As mentioned in section 4.2

the cryostat contains 2 windows made from PTFE, allowing the incoming and outputted THz

pulses to pass through them with relatively low absorption. Figure 4.13 displays a THz time-

domain trace containing 2 pulses. The more powerful pulse at −40 ps has passed through the

cryostat without being coupled into the QCL, whereas the smaller pulse at ∼−7 ps has propa-

gated through the QCL. The time delay between the two pulses is dependent on the re�ective

index and the cavity length of the laser. By comparing the second pulse shown here with

the a scan taken with no QCL present, the coupling e�ciency of this alignment method was

calculated to be ∼5 %. For this scan the QCL was not biased and remained at room temperature.
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Figure 4.13: THz time-domain scan taken with the QCL (contained within a cryostat) in the sample-
space, as shown in �gure 4.6. The origin of the two pulses are labelled. The PC emitter is biased at
5 kV cm−1 and with an optical power of 225 mW.

4.4 THz-QCL Spectroscopy measurements

Before the GRT of the QCL could be determined, it was important to establish whether the

injected THz pump-pulse could have a measurable e�ect on the population inversion in the

active region, and to what extend the gain could be saturated. This was achieved by measuring

the energy of pulses output from the QCL as a function of the injected input pulse energy. For

these measurements only the pump beam of the setup was required, so the probe beam was

blocked.

4.4.1 QCL Saturation through pulsed transmission

Figure 4.14 shows two time-domain signals obtained by focusing the THz pump beam through

the QCL. For these measurements the QCL was cooled to 15 K inside the cryostat. The bias

condition of the PC emitter was kept consistent, with a bias �eld of 8 kV cm−1 and an average

optical pump power of 900 mW. For comparisons sake, both traces have been normalised

to their highest peaks. The trace shown in red was taken with the QCL unbiased and the

lock-in ampli�er referenced to the modulation frequency of the PC emitter (7.6 kHz). The
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Figure 4.14: Normalised time-domain traces showing a broadband THz pulse having propagated
through a THz-QCL. In one trace the QCL was biased below threshold at 114 A cm−2, while in the
other trace the laser is turned o�. The PC emitter was biased at 8 kV cm−1 and an optical pump power
of 900 mW was used.

small oscillation trailing the main pulse is due to the low-pass �ltering e�ect caused by the

con�nement of the pulse in the cavity. The second trace shown in black was obtained with

the QCL biased below threshold at a current density of 114 A cm−2. In this instance the lock-in

ampli�er was referenced to the QCL modulation frequency (3.8 kHz) and the oscillations in

the pump pulse correspond to relative ampli�cation in the QCL cavity. This is con�rmed by

the FFT of the data, which is plotted in Figure 4.15. With the QCL biased the FFT shows a

peak in amplitude at its lasing frequency. This is not present when it is not biased as there is

no population inverse and therefore no ampli�cation at the QCL’s lasing frequency. However,

due to the o� state scan being referenced at the PC emitter modulation frequency, the overall

detected signal is signi�cantly higher in this case.

Using the two spectra plotted in Figure 4.15, it is possible to determine the frequency

dependent gain of the device using equation 4.1 [231]. In this expression γ is the gain, L

represented the cavity length and S (ω) and R (ω) represent the frequency dependent ampli�ed

signal (QCL on - QCL o�) and the reference signal (QCL o�) respectively. As S (ω) is measured

directly from the lock-in ampli�er which is performing a di�erence frequency measurement,

the output signal S (ω) is either equal to R (ω) −QCL(ω) or QCL(ω) − R (ω). As this was not
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Figure 4.15: Non-normalised FFT plots of data taken from Figure 4.14. The data taken with the QCL o�
(Red) was referenced to the PC emitter modulation frequency. The data taken with the QCL on (Black)
was taken was referenced at the QCL modulation frequency.

known prior to this calculation, it was performed for each scenario (±) and the least plausible

response was discarded. The main plot in Figure 4.16 shows the spectral gain distribution

calculated in this way for various biases applied to PC emitter, thus varying the pump pulse

energy. The inset shows the peak gain plotted as function of �eld applied, along with an linear

�t. Interestingly, the �gure reveals that for the high energy THz seed pulse used here, the

peak gain of the THz-QCL is inversely proportional to the bias applied to the PC emitter (and

hence the THz pump pulse energy). This is an indication that the population inversion in the

active region is becoming saturated, as the ampli�cation factor starts to reduce relative to the

magnitude of the injected pump pulse.

γ =
2
L
ln

(
|R (ω) ± S (ω) |

|R (ω) |

)
(4.1)

The data presented in Figure 4.16 indicates that the pump-pulse has a signi�cant e�ect on

the active region. However, using the information plotted in Figure 4.15 it was also possible

to quantify the level of saturation, as well as calculate the saturation energy of the laser.

To achieve this, the bias applied to the PC emitter was again systematically increased to

determine how the ampli�cation factor varies with input THz power. From Figure 4.16, the

measurement taken with the QCL ’on’ (black) represented the output signal from the QCL,
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Figure 4.16: Main: Gain spectra for di�erent PC bias conditions, varying the applied bias but main-
taining the optical pump power at 900 mW. The current density of the QCL was kept constant at
114 A cm−2. Inset: The extracted peak gain as function of the �eld applied to the PC emitter (black
scatter) with a line of best �t plotted (red).

while that taken with the QCL unbiased (red) was used as the input signal. In both cases

the pulse energy was estimated from the signal FFT at 2 THz. Figure 4.17 shows the QCL

gain (Eout/Ein) plotted as a function input energy (Ein), normalised to the QCL’s saturation

energy (Esat). The experimental data has been plotted on a black scatter graph and has been

�tted to the Frantz-Nodvik equation 4.2 [232], which describes the growth of the pulse as it

propagates through a amplifying medium, in this case a QCL. In this expression ET is the total

energy available from the ampli�er (QCL). The quality of the �t was improved by �xing the

small-signal net gain equal to the loss from one mirror (2.7 cm−1), which was a fair assumption

as the laser was below threshold. Esat was the single free �tting parameter.

Eout = Esat ln
[
e

ET
Esat

(
e
Ein
Esat − 1

)
+ 1

]
, (4.2)

This �tting suggests that the maximum pump pulse energy injected into the cavity cor-

responds to Ein = 0.22Esat and the total energy, ET = 1.22Esat. Using this information it was

possible to estimate the saturation energy, Esat, by estimating Ein. The pump power before the

QCL was measured to be 23 µW using a L:He cooled bolometer. This was then multiplied by

several factors including the spectral overlap of the injected PC pulse with the lasing transition

of the QCL (0.14), the con�nement of the mode within the active region (see section 2.3.2)
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Figure 4.17: Shows the relationship between QCL gain (Eout/Ein) and injected pulse power (black
squares). Eout and Ein have been measured from the FFT power at 2 THz and a �t based on the Frantz-
Nodvik equation has also been plotted (red line). The x-axis has been scaled by the saturation energy,
Esat. This is graph was plotted by Dr. Joshua Freeman.

(0.3), and the facet transmission of the pulse (0.7). It was then divided by the laser repetition

rate (80 MHz) to estimate a pump pulse energy of ∼8.5 fJ coupled into the QCL. Using the

relation found above, this gives Esat =∼ 38 fJ.2

4.4.2 Gain Recovery time of THz-QCL

Having determined that the injected pump pulse can have a signi�cant e�ect on the popula-

tion inversion, the focus of the project was then to use a THz-pump-THz-probe experiment to

determine the GRT of the QCL and thereby investigate how long it takes for the population

inversion to restore to its steady state condition. However, prior to this it was important

to determine the carrier lifetime of the materials used to fabricate the LoG emitter. For this

the probe beam was unblocked and the QCL was completely removed from the setup. The

amplitude of THz probe pulse was then measured as a function of PPD. Owing to the deple-

tion of carriers due to the initial pump pulse, the THz probe signal was found to reduce for

small PPDs [233]. The recovery of the emitter was found to be accurately described using two

exponential components, and this is plotted in Figure 3.17. The initial shorter recovery, lasting

∼2 ps can be assigned to recombination time of carriers in the LT-GaAs layer, whereas the

longer component, lasting ∼100 ps, can be assigned to the inadvertent excitation of carriers in
2This �tting was performed by Dr Joshua Freeman
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the SI-GaAs substrate. In section 3.4.1, it was calculated that ∼5 % of the optical beam is not

absorption in the LT-GaAs layer and propagates through to the substrate. The recombination

time of the carriers in the LT-GaAs was not expected to a�ect the following experiments since

the smallest PPD used in this work was 2.5 ps. To account for the longer lifetime carriers in

the SI-GaAs, the FFT data has been normalized to a low frequency peak.

To determine the GRT of the QCL, the laser was positioned back in the sample-space with

both THz beams focused through the sample. With the QCL again cooled to 15 K inside the

cryostat, the probe pulse was measured for di�erent time-delays, with respect to the earlier

pump pulse. To retrieve only the probe signal, the output from the �rst lock-in ampli�er

(referenced to the QCL) was connected to a second lock-in ampli�er, which was referenced

to an optical chopper positioned in the probe beam (shown in Figure 4.6) operating at 30 Hz.

The modulation frequency for the second lock-in ampli�er was limited by the need to be

slow with respect to the time-constant of the �rst lock-in ampli�er (which was set to 1 ms).

In this way the second lock-in ampli�er was used to discriminate between the THz pump

and THz probe signals so that only signals from the THz probe were measured. For these

measurements the QCL was again operated below threshold at 121 A cm−2, while PC emitter

was biased at 11 kV cm−1 and 900 mW pump power. These emitter bias conditions were a com-

promise between being able to generate a high enough seed energy to observe gain recovery,

without damaging the device. The PC emitter was maintained at these bias conditions, unless

otherwise stated. Figure 4.18 illustrates the probe signal for various PPD times, normalized

to the peak of the incident THz probe pulse. As the PPD reduces, so does the relative gain

at 2 THz, since the gain has less time to recover after the passage of the pump pulse. In the

time-domain, this is indicated by the reduction in oscillation time and amplitude, while the

spectra (Figure 4.19) reveal a reduced peak at 2 THz. To smooth the calculated FFT response

shown here and reduce noise, the time-domain pulse were zero-padded. This is the case for

the majority of spectra shown in this chapter and is clearly stated if not.

Figure 4.20 shows the peak spectral power at 2 THz as a function of PPD. This has been

plotted for four separate bias conditions below threshold. It is clear from this graph that the

closer the QCL is to its current threshold, the greater the gain and the higher the peak at 2 THz
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Figure 4.18: Time-domain plots of the THz probe pulse at various PPD positions. The trailing oscilla-
tions indicate the pulse has undergone relative ampli�cation at the QCL’s lasing frequency. The QCL
was biased below threshold at a current density of 121 A cm−2. Each pulse has been normalised to its
original low frequency pulse at −1 ps. The seed pulse was generated by a PC LoG emitter, biased at
11 kV cm−1 and average pump power of 900 mW.
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Figure 4.19: FFT data of the THz probe pulses plotted in Figure 4.18. Each spectra has been normalised
to the same low frequency. Figures shows the evolution of the peak at 2 THz caused by the recovery
of the gain, with at di�erent PPD positions.
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after its recovery. Exponential �ts have been used to determine the recovery time for these

values of current density and these are plotted together with the light-current-voltage char-

acteristics for this device in �gure 4.21. Errors bars extracted from the �tting have also been

plotted. For cases where the probe pulse is weaker than the pump pulse, calculations based on

the Frantz-Nodvik equation [232] show that the use of a long ampli�er for these measurements

can lead to a slight over-estimation of the GRT. This e�ect is partially o�set, however, when

the re�ection of the pump pulse from the end facet of the cavity is taken into account, which

acts to reduce the measured value of the GRT. For the present case (pump-probe power ratio

of approximately �ve, and facet re�ectivity of 0.3) it was determined that this measurement

underestimates the underlying GRT by approximately 10 % when both of these e�ects are

considered. This was calculated by dividing the cavity into sections and integrating along the

length of the device, determining the e�ect of the re�ected pump pulse on the measured probe

pulse in each section. This underestimation is possibly due to further depletion of the gain by

the re�ected pump pulse. This estimated correction factor has been applied to the following

results.

The data plotted in �gure 4.21 reveals a signi�cant decrease in the GRT from 27 ps to 17 ps

as the laser approaches threshold. The reduction in error bars as the QCL is brought closer to

threshold is caused by the increased gain (and therefore signal) as the structure becomes more

aligned. The mechanisms for gain recovery in this case can be divided into two sources, carrier

transport out of the lower laser level through the extractor mini-band and carrier transport

into the upper laser, through the ’injection barrier’ of the QCL (the thickest barrier in the active

region period, immediately up-stream from the upper laser level). A labelled bandstructure

for this device is given in section 4.5.2. Miniband extraction is known to be dominated by

rapid electron-electron scattering [234] on sub-ps time-scales that we are not able to resolve

in this experiment. It is therefore expected that the observed recovery time is dominated by

carrier transport from the injector into the upper-lasing state. While quantitative calculations

on carrier transfer rates have not been performed, simple bandstructure calculations, based

on a Poisson-Schrodinger model, show that the injector-upper laser level coupling increases

as the design is brought closer to full alignment.
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Figure 4.20: Peak power at 2 THz, extracted from the normalised spectra shown in �gure 4.19, plotted
as a function of PPD. This is been performed for four di�erent bias values below lasing threshold.

As the QCL current is increased above threshold the mechanisms involved in gain recovery

become more complex. The rise in the cavity photon density adds an additional mechanism

for depopulation of the upper lasing level through stimulated emission. This mechanism is

in�uenced by mirror losses, spectral hole burning and the precise photon distribution in the

cavity. As such, an apparent decrease in the upper-lasing state lifetime is typically measured

in pump-probe experiments above threshold [219]. Nevertheless for the purposes of rate equa-

tion calculations and modelocking considerations, only the ‘bare cavity’, purely electronic,

recovery time is relevant. Here, when operating the QCL above threshold, an increased noise

level and an increase in the extracted GRT values are observed. These have also been plotted

in Figure 4.21. This additional noise above threshold may be due to spatial and temporal

variations of the THz laser �eld inside the cavity, which are known to form coherent instabil-

ities [217]. While the spatial averaged gain of the device is clamped, the cavity gain will not

be temporally stable nor spatially uniform, and these variations would be sampled using our

technique leading to increased noise in our measurements. One method to overcome these

issues and obtain reliable measurements for the gain recovery time when the laser is biased

for peak gain, is to apply ARC to the facets of the laser. By increasing the facet loses this works

to suppress lasing and move the threshold to higher current density [223]. The advantages of

using this technique are discussed in detail in section 4.5.
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Figure 4.21: The extracted GRT + error bars (including the 10 % factor) plotted as a function of current
density through the QCL. Also plotted (black) is the output power above threshold as a function of
current density.

4.5 Anti-re�ective coated QCL

For the measurements discussed in this section, two alterations have been made to the setup,

which was originally discussed in section 4.3. Firstly a quartz-based PC emitter (LoQ emitter)

was added to generate the broadband THz pulse used to deplete the gain in THz-QCL. The

emitter was fabricated on a 350-µm-thick quartz substrate and was based on a slot electrode

design with a 100-µm-wide gap patterned on top of the LT-GaAs. These emitters are presented

in chapter 3 and are capable of signi�cantly higher output �elds compared to the previous LoG

device, mainly owing to the higher dark resistance exhibited by the substrate. This increases

the maximum bias �eld that can be applied to the PC emitter, from ∼11 kV cm−1 with the LoG

device to ∼35 kV cm−1 when using the LoQ emitter. Another advantage of using this type of

emitter is that the average carrier lifetime of the device is reduced to ∼1 ps, as the SI-GaAs

substrate with its longer carrier lifetime has been removed and replaced with z-cut quartz (see

Figure 3.17). This allows the THz-pump-THz-probe technique to be used for smaller values of

PPD. The second change to the setup is that the facets of the THz-QCL were both coated with

an ARC. This has been shown to increase the facet losses of the cavity and push the threshold

to a higher current density. This enables the pump-probe measurements to be performed at
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higher bias conditions, giving excess to greater gain without the complications previously

encountered. It also allows a higher proportion of the THz pulse to be coupled into the cavity,

as less will be re�ected at the laser facet. The laser facets were coated with parylene C (poly-

monochoro-para-xylene), a material typically used in silicon passive optics [235, 236], as it

possesses good thermal conductivity as well as having low absorption at THz frequencies. The

QCL in question, which was the same device as previously used, was coated through chemical

evaporation deposition which was performed by an external company (Curtiss-Wright). With

this coating applied, the re�ectivity of the QCL’s facets can be reduced to zero if the following

conditions are satis�ed for narc , the refractive index of parylene C and d , its thickness;

narc =
√
n (4.3)

d =
mλ

4narc
(4.4)

In these expressions, n is the refractive index of the QCL, ∼3.6, λ is the emission wave-

length (∼150 µm) andm is an odd integer. As the refractive index of parylene C is 1.62 [235]

at THz frequencies and cannot be varied, it stands that the thickness of the coating is the

main variable dictating the re�ectivity of the facet. For the 2 THz laser used here, the coating

thickness required was calculated to be 25.5 µm. Using this coating technique it has been

shown that the re�ectivity of each facet can be reduced from 0.32 [237] to <0.05 [235]. The

LIV characteristics of the coated device are shown in Figure 4.22. For comparisons sake, the

output power from the coated device has been scaled (x100) so that it is comparable to output

signal from the uncoated device. To perform this measurement on the device, the cryostat

was again cooled to 15 K using L:He and placed in the experimental setup shown in Figure 4.2.

Unless otherwise stated, all of the following experiments were performed at this temperature.

As the small detected power is a result of heating in the device, this con�rms that coating the

facets of the laser have prevented it from lasing.
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Figure 4.22: LIV plots taken with QCL after applying ARC to the both facets. The full blue line is the
scaled power from the device with ARC (x100), while the dashed blue line shows the power from the
QCL without coating, acting as a reference. For both scans the QCL was cooled to 15 K and driven in
pulsed mode (2 % duty cycle).

4.5.1 Preliminary measurements on ARC THz-QCL

The transmissive properties of the coated device were measured using the setup shown in

Figure 4.6 at a temperature of 15 K. Once again the THz pump and THz probe pulses were

aligned to maximise their signal through the device. The QCL and the PC emitter were biased

using the same synchronised pulse scheme as described in section 4.3. Initially the optical

probe beam was blocked and the average optical power of the pump pulse was set to 500 mW.

With the QCL current density set to 108 A cm−2, the THz pump pulse was measured with

the lock-in ampli�er referenced at the QCL’s modulation frequency. The black traces plotted

Figure 4.23 represent the THz pulse, generated using the LoQ emitter, after having passed

through the anti-re�ective coated device. For comparison a THz pulse recorded with the un-

coated device and a LoG PC emitter has also been plotted in red. For both these measurements

the PC emitter was biased at its maximum applied �eld stated above. The data clearly shows

that the signi�cantly larger THz pulse injected into the ARC-QCL, which one would expect

to result in a rise in stimulated emission at the lasing frequency. This is due to the increased

THz power from the LoQ device together with the increased coupling e�ciency of the THz

pulses into and out of the cavity. To calculate the injected pump power and compare it with

the uncoated device discussed in section 4.4.1, the pulse power from the LoQ emitter measured

in front of the facet, as determined in section 3.5.4, was used. This measured value was again
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Figure 4.23: Inset: Time-domain traces of the THz-pump pulse after undergoing relative ampli�cation
within the cavity of the THz-QCL, biased at 108 A cm−2, below threshold. The scan taken with the
uncoated device and with a LoG emitter generating the seed pulse (900 mW/11 kV cm−1) is shown in
red, while the trace using the ARC device and using a LoQ emitter (500 mW/35 kV cm−1) is shown in
black. Main �gure illustrates the corresponding FFT data.

multiplied by factors for the spectral overlap (0.14) and mode-matching (0.3), and divided by

the laser repetition rate (80 MHz). For the coated device the facet transmission was assumed to

be ∼1 and so the pump pulse energy coupled into the QCL was estimated to be ∼35 fJ, almost

four times higher than for the uncoated device and LoG emitter.

Comparing the two spectra shown in Figure 4.23 reveals the interesting development of a

second peak at ∼2.3 THz, which is signi�cantly more pronounced than in data obtained with

the uncoated device. At 1.5 THz the detected signal in the black trace also appears to show

a dip, where it drops below the previous measurement. This could only be an e�ect brought

about by the ARC and its variation in transmission properties with frequency.

4.5.2 Measuring the gain recovery time of a ARC THz-QCL

To gather further insight into the gain dynamics at higher QCL bias conditions, the THz-

pump-THz-probe experiment was repeated using the ARC device. Prior to this, however, it

was important to investigate the spectral and dynamic properties of the THz probe pulse for

an unperturbed system, i.e. in the absence of the THz pump-pulse. For this measurement the
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Figure 4.24: (left) Time-domain traces of the probe pulse (100 mW) taken at three QCL current densities,
97 (black), 121 (red) and 145 A cm−2 (blue). The pump pulse has been blocked and the LoQ PC emitter
biased at 35 kV cm−1. The corresponding FFT data are shown on the right and have been plotted on a
logarithmic scale.

optical pump beam was blocked and the probe beam was unblocked and set to its maximum

power of 100 mW. The PC emitter bias conditions were maintained from the previous data

shown. With the lock-in ampli�er referenced to the QCL modulation frequency, the THz

probe pulse was measured over the full operating range of the coated device. The results are

shown in Figure 4.24, with the time-domain data shown on the left and the corresponding

spectra plotted on a logarithmic scale on the right. These time-domain pulse have been nor-

malised to the incident THz pulse at 0 ps. As the bias across the QCL is increased the outputted

time-domain trace can be seen to exhibit a trailing oscillation with increasing amplitude. This

is assigned to a better alignment of states in the active region at higher bias, which produces

a higher population inversion and gain. This increase in gain is exhibited as a greater peak

at 2 THz in the FFT. Also apparent from the spectra is the red shift in the peak frequency as

function of QCL bias. To investigate this further and gain a greater understanding of how the

bandstructure varies with bias, the frequency spectrum of the probe pulse has been calculated

for a range of QCL current densities and plotted on a linear scale in Figure 4.25. Each trace

has been normalised to its gain peak at ∼2 THz.

A closer look at the spectra reveals that there are three distinct peaks at ∼1.96, 2.08 and

2.3 THz, the amplitude ratio between which is dependent on the bias applied to the laser.

As this bias increases the spectral gain envelope shifts to lower frequencies and the size of

the peak at 2.3 THz reduces. A bias sweep revealed that the peak output frequency shifts by

∼120 GHz across the full operating range of the laser. For the time-domain trace taken at
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Figure 4.25: FFT’s of probe pulses for a range of QCL bias conditions. Each trace has been normalised
to its peak frequency and have been taken in the absence of the pump pulse. The �eld applied to the
PC emitter was set to be 35 kV cm−1 and 100 mW optical power was used for the probe beam.

97 A cm−2 and plotted in black in Figure 4.24, the trailing oscillation of the pulse, which is

due to the gain of the laser, appears to experience amplitude modulation. This is possibly the

result of beating between the two frequencies (2.08 and 2.3 THz) within the active region. This

conclusion is supported by the fact that the modulation e�ect appears to weaken as the bias

across the QCL is increased, owing to a reduction in amplitude of the peak at 2.3 THz. The

origin of these peaks are investigated in section 4.5.2. The advantage of using a broadband

pump-probe technique in this respect is that the depletion and subsequent recovery of these

individual gain peaks can be tracked over time. This provides a unique and interesting insight

into the gain dynamics within the structure.

With the pump pulse unblocked and its optical power set to 500 mW, as used in sec-

tion 4.5.1, the THz pump-probe measurements were repeated on the ARC-QCL. Figure 4.26 il-

lustrates the THz probe pulse for various PPDs, with the laser current density set to 157 A cm−2.

This is greater than the threshold of the uncoated device. Once again, the THz pump pulse

arrives �rst, depleting the gain in the system and the recovery is then measured using the

later probe pulse. In the time-domain the depletion of gain within the system manifests itself

as a reduction in the amplitude of the trailing oscillation. For small values of PPD, a com-

parison with the data taken with the uncoated device and plotted in Figure 4.18, suggests a
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signi�cantly reduced population inversion, relative to the gain when it is fully recovered. This

suggests that the increased energy in the THz pump pulse, made possible from the changes to

the setup, has resulted in enhanced depletion of carriers from the upper lasing levels. Com-

pared to the probe pulses shown in Figure 4.18 taken at a lower current density, the elongated

shape of the extracted time-domain pulses is assigned to the alignment of the injector state

and upper-lasing state in the active region [238]. In the frequency domain (Figure 4.27) this

corresponds to a narrowing of the gain spectrum, compared with equivalent data taken with

the uncoated device and plotted in Figure 4.19.

To help show the recovery of the gain after the arrival of the pump pulse the spectra

in Figure 4.27 have been normalised to a low frequency peak. Plotted on a linear scale, the

transformation of the shape of the spectra clearly demonstrates the regeneration of the pop-

ulation inversion, on a time scale from 1 to 10 ps. Preliminary data in Figure 4.25 indicated

a single mode at 1.96 THz for this current density (157 A cm−2). However, the probe spectra

measured 1 to 3 ps after the arrival of the pump pulse suggests the brief transient recovery of

a second higher frequency transition at 2.08 THz. This peak has been shown to be prominent

at lower bias conditions. After this short time period the high frequency peak appears to

reduce, relative to the mode at 1.96 THz. For the PPD of 1 ps, the data plotted in both the time

and frequency domain show that the oscillations and spectral peaks have almost completely

disappeared. This is further evidence that this new arrangement, incorporating a LoQ PC

emitter and ARC, has had a signi�cant e�ect on the gain in the QCL.

As with data collected with the uncoated device in section 4.4.2, the spectral peaks from

the FFT’s have been extracted and plotted as a function of PPD, for a range of current den-

sities. For the ARC sample these are plotted in Figure 4.28, where for clarity they have been

normalised and o�set based on their bias condition. From this �gure it is apparent, even before

performing an exponential �t on the data, that low bias conditions result in a shorter gain

recovery time. This is implied from the gradient of the gain recovery. An interesting aspect

of the data is the apparent oscillation in the recovery process, which is most prominent in the

scans taken at 97 and 121 A cm−2. The coherency of the oscillations suggests this is not noise

but rather a modulation of the gain inside the cavity and could be an indication of coherent
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Figure 4.26: THz probe pulses plotted in the time-domain for multiple PPD, ranging from 1 to 10 ps. The
QCL, which is cooled to 15 K, has been biased at 157 A cm−2 previously corresponding its maximum
power. 500 and 100 mW used in the pump and probe optical beams respectively and the PC emitter
was biased at 35 kV cm−1.
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Figure 4.27: FFT of data plotted in �gure 4.26. Each trace has been normalised to a low frequency point.
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Figure 4.28: Peaks of the QCL gain spectra (�gure 4.27) are plotted as a function of PPD. This has been
plotted for four di�erent QCL bias conditions. Each trace has been normalised and o�set in the �gure.
The measurements were performed with the PC emitter bias at its maximum point.

resonant tunnelling between states in adjacent quantum wells [114]. Using expressions given

in reference [111], for an anticrossing energy splitting of 1.6 meV [92], it has been calculated

that τcoh , the time period of coherent oscillation, should be ∼2.5 ps. This agrees well with

the oscillations seen at 121 A cm−2. This hypothesis is reinforced by the apparent variation in

dephasing time with QCL bias, i.e. how long the oscillations take to settle. The damping of

these oscillations is believed to be heavily in�uenced by electron-phonon [239] and election-

electron scattering, both of which are known to increase with bias [240]. Electron-impurity

interactions and interface roughness are also thought to contribute to decoherence [241].

This phenomenon has been experimentally observed in MIR-QCLs [105], as well as in

THz-QCLs [218]. The concept of coherent transport due to Rabi �opping has also been theo-

rised as an important property for the gain recovery of THz-QCLs [108,115]. However, unlike

in the experiments performed on MIR-QCLs, where the current induced di�erential transmis-

sion of the optical pulse were measured as a function of PPD, here a time-resolved pulse from

the output of the laser has been measured. To obtain the highest feasible frequency resolution,

the FFT of each probe pulse for a given PPD is performed over a long time window, creating

a rolling average of the time-domain data. As a result, it is possible that any oscillations oc-

curring over a longer time-scale could undergo a �ltering e�ect and be reduced or completed
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Figure 4.29: The �rst time-constant taken from exponential �ttings performed on the traces in �g-
ure 4.28 are plotted against QCL current density. The error bars represent errors in the �tting.

removed from the spectral peaks. This limits the accuracy of any dephasing time extracted

from the traces plotted in �gure 4.28.

Values obtained for GRT have been plotted as a function of current density in Figure 4.29,

along with error bars indicating the accuracy of the exponential �t. The increase in extracted

GRT as a function of QCL bias agrees with the data found for the uncoated device, as well

as that found by Green et al [218]. An inspection of the data suggests that it can be divided

into two separate regimes. With the laser driven at low bias typical values of ∼1 ps have

been found. There appears a steep rise in the measured GRT as the laser is driven at higher

current densities, with values of ∼5 ps obtained. These values agree well with that found for

MIR-QCLs [105]. One possible explanation for this rise could be due to the dephasing of the

coherent carrier transport, induced by increasing scattering rates. This could also be a�ected

by the separation of the upper lasing and injector states at higher bias.

It is also noted here that the values measured for the GRT and the error bars are both

signi�cantly smaller compared with the data obtained from the previous uncoated device. The

more accurate curve �ttings are most probably due to the increased SNR, owing to superior

properties of the LoQ emitter. It is possible that the shorter GRT found here is related to the
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oscillations shown in Figure 4.28. It has been proven that the loss of coherence in the resonant

tunnelling process has a signi�cant e�ect on the electron transport across the barriers [108]. If

the dephasing time of the resonant tunnelling is very short, either due to high carrier scattering

or other external in�uences, this could account for the lack of coherent oscillations in the data

obtained from the uncoated device in section 4.4.2 [111]. This would also result in a longer

GRT owing to the absence of resonant tunnelling-assisted transport across barriers [108,242].

An equally plausible explanation for the short GRT found here could be that the high-

power broadband pump-pulse is inadvertently exciting electrons into higher energy states,

as well as depleting the gain of the lasing transition. As such, the recovery process would

depend on the lifetime of these states, together with the tunnelling and scattering times of

carriers drifting from adjacent lasing regions. If true, this suggests a limitation to using this

broadband pump technique. To investigate this in more depth the GRT was measured as a

function of injected pump power and the QCL operating temperature, and these results are

discussed in section 4.5.3. Furthermore, to account for the frequency shift seen in Figure 4.25,

simulations of the bandstructure of the device used here have been performed.

Investigation into the gain dynamics of a THz-QCL

The bandstucture shown here were simulated using a software package provided with Quan-

tum Wells, Wires and Dots (QWWAD) [71]. As the THz-QCL used in this work was a regrowth

of device presented in reference [224], the growth layer composition taken here acted as the

input to the simulation. This simulation precedes by solving Poisson’s equation to determine

the e�ect of the external �eld on the structure, before solving Schroedinger equation to �nd the

electron energy states contained within the quantum wells. As this structure was originally

based on the device presented in reference [92], the operational properties are very similar. As

such, the simulation results shown in Figure 4.30 were performed at a bias �eld of 1.5 kV cm−1,

close to the optimal bias conditions for this structure. This is in good agreement with the

�eld calculated across the device, multiplying the voltage drop per period, 22 meV [92], by

the number of periods in the structure, 110. This is then divided by the sample thickness,

14.8 µm, to obtain the electric �eld. The value in brackets indicated a number assigned to each
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Figure 4.30: Bandstructure diagram of the 2 THz BTC THz-QCL used in this chapter. This was per-
formed at an electric �eld of 1.5 kV cm−1. The red and green states present the upper (9) and lower (7)
lasing levels respectively. The blue wavefunction is the injector level (8) and the pink wavefunction is
the second state in the miniband (6), which also has strong coupling with the upper lasing levels. The
full growth procedure of the structure can be found in reference [224].

state, with the lowest energy state valued at 1 and the highest at 10. Several of these states

are labelled in Figure 4.30, along with the injector barrier. The red and blue states represent

the upper lasing (9) and the injector (8) levels respectively, while the green and pink states

represent the lower lasing levels (7 and 6).

With data obtained from the simulated bandstructures it has been possible to calculate

the transition frequency and dipole moment between di�erent energy states. The three most

important transitions involved in the lasing process have been identi�ed and are plotted in

Figure 4.31, with the transition frequency plotted on the left and the dipole moment on the

right, both plotted as a function of �eld across the device. The transitions can be identi�ed

based on the values assigned in brackets to each state above. In regards to Figure 4.25 it is

suggested that the peak at ∼2.08 THz which is dominant at low current densities, 97 A cm−2, is

due to the strong dipole moment between states 8 and 6 (injector and miniband states). This

is represented by the black curve in Figure 4.31. As the transition does not involve the upper

lasing level (9), it is feasible that the recovery of this state occurs on a very short time-scale,

which might account for the very short GRT (<1 ps) plotted in Figure 4.29. In this scenario the
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Figure 4.31: The di�erence frequency (left) and dipole moment (right) of three seperate lasing transitions
are plotted as a function of electric �eld across the active region. The transitions occur between four
separate wavefunctions. The upper and lower lasing levels are represented by 9 and 7 respectively.
while 8 and 6 are the injector state and the second state in the extractor miniband.

recovery process may be limited by the time taken to tunnel through the thinner barrier, adja-

cent to the injector barrier, as well as being dependent on the alignment of the bandstructure.

As previously mentioned, this process might also be facilitated by the excitation of electrons

to high-energy states via the initial broadband THz pump-pulse. The smaller peak at 2.3 THz

is accounted for by a higher frequency transition between states 9 and 6 (upper lasing and

miniband states, shown in the blue curve).

As the �eld across the device is increased, the dipole moment between the upper and

lower lasing level (9-7), plotted in red, rises until it exceeds that of state 8 and 6 (black) at ∼

1.5 kV cm−1. Furthermore, the dipole moment between states 9 and 6 (blue) decreases, reduc-

ing the size of the peak at 2.3 THz. This leads to the frequency spectrum shown in Figure 4.25

for higher current densities (145 A cm−2), where the main gain peak has shifted to a lower

frequency transition at 1.96 THz (red).

These simulations also help to explain the change in the spectral shape of the probe over

time, shown in Figure 4.27. With the arrival of the broad frequency pump pulse, both energy

states 8 and 9, the injector and upper lasing levels, are partially depleted of carriers. As the

population inversion is restored, carriers �rst repopulate the injector level (8) accounting for

the peak at ∼2.08 THz. Over time this reduces, relative to the main peak at 1.96 THz, as the

carriers tunnel through the injector barrier (labelled) to the upper lasing level (9), eventu-

ally restoring the population inversion between the state 9 and 7. It should be noted that a
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self-consistent solver was not used for these simulations, which could have an e�ect on the

accuracy of the data.

4.5.3 Gain recovery time as a function of pump power andQCL temperature

To acquire a greater understanding of the GRT, two properties of the experimental setup were

independently investigated. Firstly, with the THz-QCL bias kept constant at 145 A cm−2 and its

temperature maintained at 25 K, the GRT was measured for a range of optical pump powers.

The main trace in Figure 4.32 illustrates the spectral peak at ∼2 THz as a function of PPD,

taken using optical pump powers of 400 mW (black), 600 mW (red) and 800 mW (blue). These

have been o�set to help interpret the di�erences in the response of the device. The trace taken

at 800 mW shows an overshoot of the recovering gain, peaking at ∼10 ps before settling at a

later PPD. This implies that for the 800 mW scan, the pump power injected into the cavity

is powerful enough to stimulate so many carriers from the upper lasing level that it results

in a surge of excess carriers through the injector barrier into the adjacent well. The steady

state population inversion is then restored soon after. This overshoot is not observed in the

data collected at 400 or 600 mW, as less powerful THz pulses are injected into the cavity and

fewer carriers stimulated from the upper lasing levels. The GRT taken from the exponential �t

performed on each data set has been plotted in the inset as a function of optical pump power.

The data indicates that the extracted GRT is inversely proportional to the optical power used

to generate the THz pump pulse. An explanation for this observed trend remains unclear,

although these �ndings could provide an explanation of the reduced GRT found for the data

taken with the ARC device.

Next the GRT was measured as a function of QCL operating temperature. For this the

QCL current density was kept constant at 133 A cm−2 and the optical pump power was set

to 800 mW. Once again, the power of the spectral peak at 2 THz has been plotted against

PPD in the main trace in Figure 4.33, with the time-constants of the exponential �t plotted

as a function of QCL operating temperature in the inset. Error bars have again been used

to indicate the quality of the �t. These results indicate that a rise in temperature causes an

increase in the measured GRT. As previously mentioned, the decoherence of resonant tun-
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nelling is a�ected by carrier-carrier and carrier-phonon scattering, both of which are known

to increase with temperature and could therefore have an e�ect on the measured GRT. The

increase in the uncertainty of the exponential �t with temperature is due to the decreased gain

at high temperatures, caused by thermal back�lling. The reduced carrier mobility at higher
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temperatures, due to increased phonon scattering, could also be a factor [243].

4.6 Conclusion

The GRT of a THz-QCL with a BTC active region has been measured with and without ARC

applied its the facets, using a THz-pump-THz-probe technique. Both scenarios have shown

that the measured value is a function of bias applied across the device and increases as the

QCL is driven at high bias conditions. The values measured range between 18 ps for the

uncoated device to 5 ps for the coated device. It has been suggested that the discrepancy

between these values is due to a variation in the resonant tunneling mechanisms, controlling

the carrier transport rates between quantum wells. Furthermore, the GRT has been shown to

be a function of the THz pump power and the QCL operating temperature. The use of a LoQ

emitter in these experiments has provided the ability to probe speci�c features of the spectral

output of the laser, and together with bandstructure simulations, have provided an interesting

incite into its gain dynamics. However, the data presented in this chapter represents a small

proportion of the interesting measurements that can be conducted using the THz-pump-THz-

probe technique on QCLs.
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Chapter 5

Investigation into the Gain

Dynamics of a Terahertz Quantum

Cascade Laser with Hybrid

Active-Region

In this chapter THz-TDS is used to investigate a THz-QCL incorporating an ambipolar hybrid

active-region design. After the device was fully characterising in both forward and reverse

bias conditions, it was positioned in the sample-space of a THz-TDS transmission setup.

Despite the device possessing a lasing frequency greater than the bandwidth of the TDS-setup

used here, these tests revealed the existence of various other transitions. A THz-pump-THz-

probe measurement was then performed on the device, and combined with bandstructure

simulations, yielded interesting results that provides a unique insight into the carrier dynamics

in this device.

5.1 Introduction

In chapter 4 it was demonstrated that the THz-pump-THz-probe technique can provide a

unique incite into the gain recovery of the THz-QCL. Furthermore, by performing THz-TDS

on the sample, multiple lasing modes have been distinguished and identi�ed through band-
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structure simulations. A BTC active region lasing at ∼2 THz was used for that work, as it

was predicted to have a relatively slow GRT compared with other designs and had a lasing

transition within the frequency spectrum of the THz-TDS setup. However, theoretically the

THz-pump-THz-probe technique could be used on any active region design, to help deter-

mine energy state lifetimes as well as the GRT. In this chapter a hydrid active region [96, 97]

is investigated, employing a diagonal lasing transition exploited in BTC designs [92, 244],

together with a resonant phonon extraction method [93]. This design combines the key ad-

vantages of two mechanisms discussed above. The reduced spatial overlap between the lasing

states in the BTC design helps to maintain a population inversion and large gain [91], while

a higher maximum operational temperature is achievable using a RP design [94, 245]. This is

accomplished by engineering the spacing between the extraction energy states to be equal

to the optical phonon energy (36 meV), which provides a signi�cant energy barrier against

thermal back�lling, as well as resulting in a short lower state lifetime [37]. The hybrid design

also has the key advantage of reducing the parasitic current between the upper lasing level

and the extracted state, as they are physically separated by the length of the lasing module [97].

To date, there has been several publications regarding the use of THz-TDS for the frequency-

resolved detection of gain and loss in THz-QCL’s [246]. Similar measurements have been per-

formed on RP active regions [212] and BTC designs [247], both of which present an incite into

the gain dynamics of the laser and consider improvements to the device. This could provide

important feedback for the design and growth procedure. In this chapter the spectroscopy

and pump-probe techniques that were introduced in chapter 4 are used on a THz-QCL with a

hybrid active region device. As shown from the LIV curves presented in section 5.2, the device

in question is ambipolar [248, 249], meaning it lases with both positive and negative voltage

applied. Within this section a full characterisation of the device is performed in forward and

reverse bias operation, before it is placed in a THz-TDS setup which is discussed in detail

in section 4.3 and has been adapted for THz-pump-THz-probe measurements. Firstly, the

gain and loss within the active region is investigated through the use of THz-TDS, before a

pump-probe measurement is performed on the device and the results are discussed. These

�ndings reveal the GRT of certain states involving in the lasing process and are validated

through bandstructure simulations.
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Figure 5.1: Diagram showing the electrical connections to the THz-QCL in forward and reverse bias.
Left �gure shows the device attached to the cold �nger, while the right diagram shows how the output
frequency is dependent on the electrical con�guration.

5.2 THz-QCL Characterisation

The THz-QCL used in this investigation is based on the hybrid device discussed in refer-

ence [97], where each lasing module consists of four quantum wells formed from alternative

layers of GaAs (wells) and AlGaAs (barriers). As with other hybrid designs [83], it possesses

a diagonal lasing transition, as well as a separate quantum well to allow LO-phonon assisted

extraction of carriers from the module. However, the design di�ers from that demonstrated

by Amanti et al. [97], as it has been scaled to lase at lower frequencies, reducing from 2.9 THz

to ∼2.7 THz. This provided a better opportunity to observe the lasing transition through THz-

TDS and was accomplished by strategically varying the width of the several of the quantum

wells within the heterostructure. To realise this device, the original wafer was grown by Dr.

Lianhe Li using MBE at The University of Leeds. The fabrication was performed by Dr. Iman

Kundu who followed the same procedure as discussed in reference [225]. The lasing ridge

was fabricated to be 150-µm-wide, 15-µm-high and was cleaved to be 3.5-mm-long. It was

contained within a SI-SP waveguide [33]. Similar to that discussed in section 4.1.1, the device

was indium soldered to a polished copper block. As before, two gold coated ceramic pads were

glued at the two ends of the copper block to act as electrical contacts when mounted into the

cyrostat. There were gold wire bonded to the device.

The device has been characterised using the experimental procedure discussed in sec-

tion 4.2. For this the device was attached to the copper block which was mounted onto the
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cold-�nger of a continuous �ow liquid helium Janis cryostat (ST-100). A thin-layer of thermal

grease was applied between the device and the cold �nger to ensure a good thermal contact.

Two copper pins, labelled in Figure 5.1, were used to �x the device in place and apply voltage.

With the heating shield and outer casing of the cyrostat attached, a vacuum pump was used

to evacuate the chamber down to a pressure of 4 × 10−6 mbar. It is then cooled to ∼10 K using

L:He. To characterise the device �rstly LIV measurements were performed by applying a

known voltage across the sample and measuring the current drawn from the power supply,

along with the outputted THz power collected. Following this, the output frequency spectrum

was determined using an FTIR experimental setup. As this device was known to be ambipolar,

each step of characterisation process was performed twice, as voltage was applied in both

directions. A schematic diagram of the di�erent con�gurations is shown in Figure 5.1. The left

diagram shows the THz-QCL indium soldered to the copper block and attached to the cold �n-

ger. The image on the right depicts the laser from the side-on and shows that the direction the

current �ows through the device has an e�ect on its output frequency. To avoid confusion the

bias direction used to obtain each piece of data has been highlighted in the caption of the �gure.

5.2.1 LIV characteristics

An experimental setup similar to that shown in Figure 4.2 was used to determine the LIV

characteristics of the device. The electrical connections required to perform this measurement

have been extensively discussed in section 4.2. However there were several variations from

the original setup. Firstly, for the LIV measurements a 3 kHz electrical pulse train was used

to bias the THz-QCL, each pulse with a 20 % duty cycle. This was done as it echoes the QCL

bias condition used in experiments discussed in section 5.4. Secondly, THz detection was

achieved using a pyroelectric sensor. To allow lock-in detection of the pyroelectric output

signal, the 3 kHz pulse train was electrical modulated with a 200 Hz signal. This is important

as the sensor has a relatively slow response time.

The response of the laser has been plotted in Figure 5.2 and 5.3, for forward and reverse

bias respectively. In both scenarios the device was tested and data plotted at three di�erent

operational temperatures, namely 10, 25 and 40 K. As output power and applied voltage have
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Figure 5.2: LIV data for a 3.5-mm-long THz-QCL with a hybrid active region. The device is forward
bias with a duty cycle of 20 % and at an electrical modulation frequency of 3 kHz. Power (right) and
voltage (left) have both been plotted against current (bottom) and current density (top). Data is shown
for operational temperatures of 10, 25 and 40 K and are shown in black, red and blue respectively.

both been plotted as a function of current and current density, arrows are used to indicate

the corresponding Y-axis. From this data, threshold current densities of ∼400 A cm−2(2.1 A)

and 230 A cm−2(1.2 A) have been found for forward and reverse bias respectively, at 10 K. The

threshold increases as a function of QCL temperature, which is due to a reduction in gain

and is attributed to increased carrier-phonon scattering rates and thermal back�lling at high

temperatures [250]. These e�ects also contribute to the noticeable decrease in the measured

output power with temperature, seen in reverse bias. As the bandstructure was not speci�cally

designed to allow lasing in reverse bias, it is understandable that its overall output power is

lower for a given temperature and is signi�cantly a�ected at higher temperatures, compared

with its forward bias operation. The I-V curves taken in reverse bias also show a sudden

sharp rise in the voltage just below threshold, in which the current begins to oscillate. This is

known to be caused by domain formation in the active region, where groups of lasing modules

‘jump’ to a higher bias to maintain a constant current through the device [93]. The maximum

operating temperatures of this device were found to be 113 and 60 K for forward and reverse

bias respectively. It was also found not to work in CW operation.
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Figure 5.3: The corresponding data as that shown in Figure 5.2, for the reverse bias condition. This was
again performed at multiple QCL operational temperatures and the colour coding remains consistent.

5.2.2 Spectra

To measure the frequency spectrum of the THz radiation outputted from the laser, the ex-

perimental setup shown in Figure 4.4 was used. This involved the use of an FTIR, previously

described in section 4.2. The THz-QCL was electrically biased with a 10 kHz pulse train, each

pulse with a 2 % duty cycle. To allow for the detection of the radiation using a liquid helium

cooled bolometer, the pulse train was modulated by a 167 Hz gated signal, which acted as the

reference for the lock-in ampli�er. The spectra obtained for di�erent driving currents has

been plotted in Figure 5.4 for the device in forward bias and Figure 5.5 for reverse bias. Each

spectra has been normalised to its maximum peak and been o�set for clarify.

In forward bias (Figure 5.4) the data taken just above threshold (2.1 A) shows a single spec-

tral peak at ∼2.64 THz. An increase in current sees the emergence of other higher frequency

peaks in the spectra. The di�erence in frequency between the modes is signi�cantly greater

than the longitudinal mode-spacing for this cavity, which was calculated to be ∼11.9 GHz for

a 3.5-mm-long device. It is feasible that these originate for di�erent transitions in the active

region, however further investigated is required to con�rm this. The overall blue shift in

the frequency spectrum observed with increased bias is most probably owing to the stark ef-

fect [227]. For the entire dynamic range of the device in forward bias, the emission frequency
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Figure 5.4: Frequency spectrum of the output of the laser for multiple driving currents. Each spectra
is normalised to its highest peak and o�set on the Y-axis. The laser is forward bias, with a 2 % duty
cycle and was cooled to 10 K. These spectral measurements were performed by Dr. Iman Kundu.

is between 2.64 and 2.84 THz. However, in reverse bias the spectra plotted in Figure 5.5 re-

veal that the emission frequency span is broader then this, ranging from 3.38 THz just above

threshold, to 3.77 THz at the maximum current density before lasing ceases. The broader

spectrum could be an indication that multiple states are involved in the lasing process. This

is investigated in section 5.3.3.

5.3 Spectroscopy of a hybrid device

THz-TDS has been proven to be a powerful technique for the inspection of THz-QCL’s, as it can

be used to determine the spectral gain pro�le of the laser [186,231]. As such both RP [212,246]

and BTC active region designs [247] have been investigated to date. However, this technique

has yet to be demonstrated with either a hybrid or an ambipolar active region. In this section,

the hybrid device which was characterised in section 5.2, is placed in the sample-space of

THz-pump-THz-probe setup shown in Figure 4.6. Broadband THz pulses generated by PC

emission are coupled into the active region through the front facet of the laser. Having under-

gone relative ampli�cation at the QCL’s lasing frequency and left the cavity via the back facet,

the amplitude and phase of the pulses are detected using EO-sampling with a 1-mm-thick

ZnTe crystal. This was thinner than the crystal used in the initial measurements discussed in
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Figure 5.5: Frequency spectrum of the output of the laser for multiple driving currents. Each spectra is
normalised to its highest peak and o�set on the Y-axis. The laser is reverse bias, with a 2 % duty cycle
and was cooled to 10 K. These spectral measurements were performed by Dr. Iman Kundu.

chapter 4, as the higher frequency output of the hybrid device meant that the system required

a larger bandwidth. For more details regarding the experimental setup and the alignment

procedure see sections 4.3 and 4.3.1 respectively. To perform spectroscopy on the laser the

less powerful optical beam was blocked (the probe) while the pump beam was set at 500 mW

and focused onto a LoQ PC emitter. This type of emitter was introduced in chapter 3. For this

experiment a large-area slot electrode antenna with a 100-µm-wide gap was chosen and the

device was fabricated on a 350-µm-thick z-cut quartz substrate. A hyper-hemispherical silicon

lens was attached to the back of the emitter to increase the far-�eld signal and reduce the risk

of substrate re�ections.

5.3.1 Unbiased QCL

For this measurement the PC emitter was biased at 35 kV cm−1, while the THz-QCL was left

unbiased and cooled to 25 K inside the cyrostat. This meant that the THz pulse was coupled

into and out of the cavity through the two PTFE windows. Both the PC emitter bias �eld and

QCL temperature was maintained at these values, unless stated otherwise. To measure and

record the THz pulse the lockin ampli�er was connected to a computer and was referenced at

the electrical modulation frequency of PC emitter (7 kHz). The main trace in Figure 5.6 depicts
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Figure 5.6: Main: Time-domain trace of the broadband seed pulse from the PC emitter having made
a single pass through the unbiased cavity of the laser. The quartz-based PC emitter was bias at
35 kV cm−1 at with an electrical modulation frequency of 7 kHz and a duty cycle of 40 %. An optical
pump power of 500 mW is used. Inset: FFT of the time-domain trace over a time window of 12 ps.

the broadband THz pulse after having passed through the cavity of the hybrid device. The FFT

of the trace is shown in the inset. The oscillations trailing the main incident pulse are caused

by the �ltering and absorption of the pulse inside the cavity [186, 246]. A closer inspection of

the time-domain trace reveals a second smaller pulse which arrives ∼5 ps after the main pulse.

Using equation 3.7 it has been calculated that the second pulse is owing to a re�ection at the

substrate-air interface. The addition of the trailing oscillation after this smaller pulse, which

is only present when the QCL is biased, suggests that this also propagates through the cavity.

The corresponding FFT data shows strong absorption between 2 and 2.5 THz. A comparison

with other devices fabricated with SI-SP waveguides [247] suggests that the waveguide is not

responsible for the spectral absorptions seen here.

To investigate the absorption in the pulse transmitted through the cavity, bandstructure

simulations of the hybrid device have been performed. As with simulations on the BTC design

discussed in section 4.5.2, all bandstructures shown here were calculated using the QWWAD

software package [71]. The layer growth composition of the laser, taken from the active re-

gion design and is given in the caption in Figure 5.7, where the values in bold represent the

AlGaAs barriers and the underlined value represents the doped layer. For more information
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regarding the operation of the simulation package see section 4.5.2. This �gure depicts the

bandstructure simulated at 0 kV cm−1 (unbiased). This comprises of two lasing modules, each

with four separate quantum wells. The wider right-hand well in each module labelled as

‘LO-phonon’, has been designed for phonon-assisted extracted of carriers. Each state in the

diagram has been labelled from 1 to 10, with 1 having the lowest energy. It is expected that

in the unbiased regime, the majority of carriers will reside in the lowest energy state of the

quantum well at low temperatures. By calculating the dipole element between each state in

the structure as a function of transitional frequency, it has been possible to identify 4 states

(2 transitions) with a strong oscillation strength of 7 nm at frequencies between 2 to 2.5 THz.

These correspond to the frequency of the absorption shown in the inset in Figure 5.6 and

therefore may be responsible for this spectral features. The transitions are labelled as A and

B in the bandstructure and are indicated with arrows to be between levels 3 and 5 (A) and 4

and 6 (B). Both have transitional frequencies of ∼2 THz.
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Figure 5.7: Simulated bandstructure of the hybrid active region with no external electrical �eld applied
(unbiased). Electron states have been labelled from 1 to 10 with 10 being the highest energy. Tran-
sitions A and B represent relatively strong dipole moments (7 nm) calculated between levels 3-5 (A)
and 4-6 (B). Transitions 1-3 (C) and 2-4 (D) are also labelled and could be responsible for the spectral
features. The layer sequence of one period of structure, in nanometers, right to left as seen in the �gure
and starting from the LO-phonon well is 4.2/9.4/3.8/11.3/1.8/11.3/5.5/18.4 where the Al0.15Ga0.85As
barrier layers are in bold, and the doped layer of GaAs (3.5 x 1016 cm3) is underlined.

It is predicted that as the broadband THz pulse passes through the unbiased QCL cavity,

electrons residing in states 3 and 4 are optically pumped to levels 5 and 6. A value of 6 %
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has been calculated for the thermal population of electrons in states 3 and 4 at 25 K, relative

to the lowest energy levels (1 and 2). The frequency/dipole moment will vary slightly with

the experimental data, as the bandstructure simulations are not self-consistent. Owing to the

addition of dopants in the ‘LO-phonon’ quantum well and the low temperature of the experi-

ment, the majority of carriers will reside in states 1 and 2. It is feasible that a self-consistent

solution would show an increased dipole element between states 1 to 3, and states 2 to 4. These

transitions are labelled as C and D respectively in Figure 5.7. These transitions correspond to

a frequency of 1.5 THz and could account for the absorption seen in Figure 5.6.

5.3.2 Forward bias

In the section 4.4.1, THz-TDS is preformed on a BTC device, where the pulse train biasing

the PC emitter is set to twice the frequency of that of the QCL. By referencing the lockin

ampli�er at the QCL’s electrical modulation frequency, the ampli�er is calculating and out-

putting the di�erence between the QCL on and the QCL o�. However, in this instance the

spectral absorption in the zero-bias pulse shown in the inset of Figure 5.6 prevents the use of

this method, as the shape of the PC pulse varies between the QCL on and o� conditions. This

also prevents one from being able to accurately calculate the spectral gain of the laser, as the

THz pulse passing through the unbiased QCL cavity can not be used as a reference.

To avoid these issues, in this instance the pulse train biasing the PC emitter and QCL are

in phase and set to the same frequency (10 kHz) and duty cycle (20 %). The lock-in ampli�er is

referenced at this frequency and therefore receives information from both the THz-QCL and

PC emitter (QCL on + PC emitter on). This measurement was conducted for three di�erent

forward bias conditions below threshold and the results are plotted in Figure 5.8. The pulses

shown in the time-domain exhibit signi�cantly larger oscillations than when unbiased, relative

to the incident THz pulse at 0 ps. This is owing to the fact that the pulse is now undergoing rel-

ative ampli�cation, or experiencing reduced attenuation inside the QCL cavity. The amplitude

of the oscillations increase with rising driving current, as the alignment of states in the active

region results in a higher population inversion. Judging from the L-I curve plotted in Fig-

ure 5.2, for the trace taken at 2.3 A the laser is believed to be above threshold, implying that the
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Figure 5.8: Plotted in the time-domain are multiple THz pump pulses after a single pass through the
lasing cavity. The QCL is driven at 1.8 (black) and 2 A (red) below threshold and 2.3 A (black) above
threshold. The laser is forward bias with a electrical modulation frequency of 10 kHz, applied with
a 20 % duty cycle. The heatsink temperature was 25 K. The originally seed pulse is generated from a
quartz-based PC emitter bias at 30 kV cm−1 at 10 kHz and 20 %. An optical pump power of 500 mW is
used.

gain is clamped to the cavity losses. The equivalent Fourier transforms of the traces are plotted

in Figure 5.9 and reveal an interesting property of the laser. Despite the FTIR measurements

identifying a lasing transition at ∼2.7 THz above threshold, the spectra shown here exhibits

a broad peak centred at ∼2.5 THz. The oscillations in the frequency domain are believed

to be owing to a re�ection in the time-domain and are not due to intersubband transitions.

This is con�rmed by the fact that the distinct peaks do not appear to vary in frequency with

QCL bias. Furthermore, they can be seen throughout the frequency spectrum. The lack of an

individual peak at 2.65 THz is most probably owing to the limited bandwidth of the TDS-setup.

To help understand the origin of the spectral peak displayed in Figure 5.9, bandstructure

simulations were performed with the laser in forward bias. The calculated bandstructure is

displayed in Figure 5.10, with an electric �eld of 6.45 kV cm−1 applied across the QCL. This

is just below the anti-crossing energy of the injector state and the upper lasing level for this

structure. As with the simulations shown for unbiased laser two lasing modules are displayed.

These comprise of 10 separate energy states, labelled from the lowest energy state (1) to the

highest energy state (10). Also labelled in this diagram is the diagonal lasing transition re-



5.3. Spectroscopy of a hybrid device 136

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0 3 . 5 4 . 0
0 . 0

0 . 5

1 . 0

FF
T A

mp
litu

de
 (a

.u.
)

F r e q u e n c y  ( T H z )

 1 . 8 A
 2 A
 2 . 3 A

Figure 5.9: The FFT of the data plotted in Figure 5.8. The colour coding is kept consistent with the
previous graph. This was performed over a 12 ps time window.

sponsible for the mode at 2.65 THz (A) and the transition at the LO-phonon energy (B). Dipole

moment calculations have been used to determine that the lasing transition (A) occurs be-

tween the upper lasing level (9) and the second state in the miniband (6). The calculations

also have revealed strong dipole moments between the upper lasing state (9) and the upper

state in the miniband (7), as well as between the injector state (8) and the lower miniband

level (6). While both transitions have been labelled collectively as C on the bandstructure, it is

important to make a distinction between them. As such, the 9-7 transition is described as C-1

and 8-6 known as C-2. The calculated dipole moment and frequencies for these three possible

transitions (A, C-1 and C-2) have been plotted against THz-QCL bias �eld in �gure 5.11, in

which the black curve represents the lasing transition (A).

From this data it can be suggested that the spectral peak in Figure 5.9, at∼2.5 THz, is owing

to a combination of population inversions between the upper lasing/injector states (9-8) and

the miniband states (7-6). The emergence of this feature as the QCL is biased close to thresh-

old, together with the rise in dipole element of C-2, suggests that this transition is most likely

responsible for the peak or reduced attenuation at ∼2.5 THz. The relatively high oscillation

strength found between the upper lasing state (9) and the second state of the miniband (6) is

the reason for the device lasing at ∼2.65 THz.
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Figure 5.10: Simulated bandstructure of the hybrid active region used in these experiments, performed
at 6.45 kV cm−1 in forward bias. Two lasing modules have been simulated and the states are labelled
from 1 to 10, 1 being the lowest energy. State 9 and 8 represent the upper lasing and injector levels
respectively, while states 7, 6 and 5 made up the miniband. The lasing transition at 2.65 THz is found
to occur between states 9 and 6.

5.3.3 Reverse bias

The hybrid device under investigation is ambipolar and lases when in reverse bias, despite

not being speci�cally designed with this property. Performing THz-TDS on the device in the

reverse bias could therefore help to achieve a greater understanding of carrier dynamics in the

laser. Furthermore, it could help to identify which states are responsible for the lasing transi-

tion. For this measurement the position of the THz-QCL and cryostat in the setup remained

the same as in the forward bias, as does the means of biasing the QCL and PC emitter, with a

synchronised pulse train at 10 kHz/20 % duty cycle. However, in this instance the current is

driven the opposite direction through the QCL, as demonstrated in Figure 5.1. The resulting

signals taken in reverse bias are plotted in the time domain in Figure 5.12, with the equivalent

FFT data plotted in Figure 5.13.

As with the forward bias measurements, the scans have been performed for a range of

reverse driving currents below threshold. Also plotted is data taken at 0 A, i.e. with the QCL

o�, which is the same as the information displayed in Figure 5.6 for the unbiased regime but

on a linear scale on the Y-axis. In the time-domain, the incident THz pulse at 0 ps originates
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Figure 5.11: The calculated dipole elements (left) and transitional frequencies (right) for three possi-
ble transitions. There have both been plotted against the electic �eld applied to the THz-QCL. The
transition used when the QCL is lasing is plotted in black (9-6).

from the PC emitter and does not vary with QCL bias. The spectra in Figure 5.13 shows several

interesting properties. Despite being shown to lase in reverse bias between 3.38 to 3.77 THz

(see Figure 5.5), the trace taken at the lowest reverse current, 0.1 A, displays a peak centred at

2.33 THz, together with an absorption at 1.89 THz. The progression of the spectra as a function

of reverse bias brings about a decrease in magnitude of the peak as it moves to higher frequen-

cies. The absorption also exhibits a blue shift as the reverse driving current is increased. This

supports the argument that the absorption seen in unbiased spectra in �gure 5.6 is due to the

intersubband absorption. As the QCL is driven close to threshold (1.2 A) both the peak and

absorption are not present in the spectra. The equivalent time-domain data exhibits a phase

change in its trailing oscillation, relative to the other traces. This is an property typically

associated with a shift from gain to strong absorption in the spectra [186, 212]. However, this

could also be attributed to the change in spectral shape.

To determine which states in the active region are responsible for the spectral features

seen in Figure 5.13, bandstructure simulations have been performed in reverse bias. The I-V

response of the device in reverse bias, discussed in section 5.2, shows a sharp rise in the bias

�eld just below threshold. It is therefore appropriate to consider the bandstructure in both a

low bias (below threshold) and high bias (above threshold) regime.
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Figure 5.12: Spectroscopy performed with the THz-QCL reverse bias. An electrical modulation fre-
quency of 10 kHz and duty cycle of 20 % was used for both the QCL and the PC emitter. Data plotted is
collective information from the THz-QCL and the PC emitter (QCL-on + Emitter-on). The data taken at
0 A reveals just the information from just the emitter as it has passed through an unbiased cavity. The
heatsink temperature was maintained at 25 K. The PC emitter was bias at 35 kV cm−1 and an optical
pump power of 500 mW is used.
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Figure 5.13: The FFT of the time-domain data plotted in Figure 5.12. The colour coding scheme is kept
consistent for the two �gures.
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Figure 5.14: Simulated bandstructure of the hybrid active region used in these experiments, performed
at 3 kV cm−1 in reverse bias. This is signi�cantly lower than the lasing threshold. Two lasing modules
have been simulated and the states are labelled from 1 to 10, 1 being the lowest energy. Strong dipole
moments (∼6.3 nm) have been found between states 8-7(A), and 4-2(B). Both of these have represented
by black arrows.

Low QCL bias simulations

Firstly, a low bias scenario is considered, where the QCL bandstructure is simulated with a

reverse applied �eld of 3 kV cm−1. This lower �eld was chosen as the magnitude of the peaks

in Figure 5.13 are inversely proportional to QCL bias. It is therefore logical that this would

provide the best opportunity to identity the key states involved. The low �eld bandstructure

is shown in Figure 5.14. Similar to before, the energy states have been labelled from 1 to 10,

with 10 possessing the greatest energy. From this simulation dipole matrix elements have

been calculated between all states. This has been plotted as a function of transition frequency

on a scatter graph in Figure 5.15. Each symbol on the scatter graph represents a di�erent en-

ergy level. Where two symbols overlap indicates the transition frequency and dipole element

between the two corresponding states. The inset shows a small section of the main �gure,

enlarging the part of the frequency spectrum containing the spectral features in Figure 5.13.

Shown in the inset are 5 possible transitions which have been identi�ed between 7 di�erent

energy levels, based on their transitional frequency and strong dipole moments.

The strongest dipole moments are between energy levels 8 and 7, and 4 and 2. On the
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Figure 5.15: Main: A scatter graph showing the oscillation strength as a function transition frequency
for all states in the bandstructure shown in Figure 5.14. Inset: A zoomed in section of the main
�gure presenting the transitions thought to be responsible for the spectral peaks seen in spectroscopy
measurements.

bandstructure these have been represented by vertical black arrows labelled as A and B respec-

tively. Based on the dipole moment graph in Figure 5.15 and the position of lower lasing levels

of these transition (7 and 2) relative to the thick injector barrier (labelled), it is proposed that

the lifetimes of the lower lasing states are longer than that of the upper states (8 and 4). The

incident THz pulse optically pumps the electrons to the higher lasing levels, resulting in the

spectral absorption seen in Figure 5.13 at 1.89 THz for 100 mA. This absorption undergoes a

blue shift with a rise in reverse bias, owing to the separation of these states, otherwise known

as the Stark e�ect. It is feasible that the peak at 2.33 THz is owing to reduced absorption at this

frequency, as the magnitude of the peak is inversely proportional to the reverse QCL current

and reduces with the increase in frequency of the previously mentioned absorption. However,

further analysis would have to be completed to con�rm this.

High QCL-bias simulations

To help understand how this bandstructure allows the device to lase at frequencies greater

than 3.3 THz, the simulation have been repeated at a reverse bias �eld of 10 kV cm−1. This

�eld was chosen based on the reverse bias I-V response in Figure 5.3 above threshold and

the resulting bandstructure is presents in Figure 5.16. Once again, the states are ordered and
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Figure 5.16: Main: Bandstructure diagram simulated in reverse bias at 10 kV cm−1. The black arrows
(C) indicates the probable lasing transitions at between 3.3 and 3.8 THz. Inset: Shows dipole elements
against transitional frequency for multiple energy states in the active region. The 4-3 transition (bottom
left) occurs at 3.25 THz, while the 4-2 transition (top right) is at 3.75 THz.

labelled on the diagram. The result of dipole calculations are shown in the inset and indicate

two dipole moments between energy levels 4 and 3 at ∼3.25 THz, and between 4 and 2 at

∼3.75 THz. These have a strong oscillation strength, relative to other transitions on the scatter

graph (not shown). These transitions are represented by black vertical arrows drawn on the

band diagram (C) and are believed to be responsible for the lasing of the device in reverse bias,

as they agree well with the spectra presented in Figure 5.5. The smaller dipole moment seen

here, compared with when lasing in forward bias (Figure 5.11), could be partially responsible

for the lower output power found in the reverse bias regime. However, other factors could

also contribute to this, such as a reduced population inversion owing to increased parasitic

current. The di�erence in energy between levels 2 and 1 could also be a contributing factor,

as it is less than the 36 meV required for LO-phonon assisted carrier extraction [37]. This will

also cause a reduction in output power at higher temperatures.
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5.4 PreliminaryTHz-Pump-THz-probemeasurements on ahy-

brid active region

To attempt to understand the mechanisms governing electron movement between lasing mod-

ules in more depth, the THz-pump-THz-probe technique discussed in section 4.4.2 was re-

peated using the hybrid device. The experimental setup was precisely the same as shown in

Figure 4.6, which is discussed in detail in section 4.3. It was also very similar to the setup used

for the spectroscopy measurements discussed in section 5.3 with minor alterations. Firstly,

the optical probe arm was unblocked and used to excite the same PC emitter, generating a

second THz pulse with optical power of 100 mW. Secondly, di�erence frequency and two

lock-in ampli�er detection techniques were reintroduced, having been originally discussed in

section 4.3. The pulse train biasing the PC emitter was set to twice the frequency (7/3.5 kHz)

and duty cycle (40/20 %) of that of the QCL. By referencing the �rst lock-in ampli�er at the

QCL’s electrical modulation frequency, this subtracts data taken with the QCL o� (i.e from the

PC emitter), thereby becoming more sensitive to changes in the QCL output. The position and

temperature of the cryostat with the THz-QCL inside were kept consistent with the previous

experiment, as was the �eld applied to the PC emitter and the optical power used in the pump

beam.

With the system aligned to maximise the THz pump and THz probe pulses through the

QCL cavity, the pump pulse was initially con�gured to arrive at the QCL’s facet 30 ps after

the probe pulse. This was achieved using a second motorised delay stage on the pump arm.

An optical chopper positioned in the probe beam was used as the reference frequency (30 Hz)

for the second of the two lock-in ampli�ers. These combined techniques allowed for the in-

dependent detection of the THz probe pulse having passed through the unperturbed laser

cavity. This is plotted in the time and frequency-domain in Figure 5.17, for two di�erent QCL

driving currents in the forward bias regime below threshold. The general change in shape of

the THz time-domain pulse, compared with previous measurements taken in forward bias in

Figure 5.8, can be explained by the considering that in this instance a di�erence frequency

measurement was performed and therefore the original PC pulse, shown in Figure 5.6, was

removed. This partly explains the diminished oscillations trailing the incident pulse in the
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Figure 5.17: Left: Time-domain THz probe pulses having been ampli�ed by the hybrid device in
forward bias, at 1.9 and 2.1 A, both below threshold. The optical probe pulse is set to 100 mW and
the pump pulse (500 mW) arrives 30 ps after the probe probe. The lock-in ampli�er is referenced
to the frequency of the electrical modulation of the THz-QCL (3.5 kHz), twice that of the PC emitter
modulation frequency. Right: The equivalent FFT of the time-domain data shown on the left, normalised
to a low frequency peak.

time-domain, and the smaller peak in the FFT data, relative to Figure 5.9. Furthermore, the

use of an optical chopper in the probe beam results in a decrease in SNR and a reduction

in the measured bandwidth. This means that the higher frequency transitions, identi�ed in

section 5.3.2, have less in�uence on the shape of the detected THz pulse. The FFTs in Fig-

ure 5.17 have been normalised to a lower frequency point to help illustrate the di�erence with

increased QCL bias. The oscillations in the spectra are most probably owing to a re�ection in

the time-domain, outside the time window. These have also been previously observed in the

data shown in Figure 5.9.

To perform the pump-probe experiment on the hybrid device, the THz pump pulse was

repositioned to arrive prior to the probe pulse at QCL’s facet. As the pump pulse arrives �rst

in the laser cavity it stimulates carriers from the upper-lasing levels and the injector state into

the miniband below. While the lasing transition itself is most probably una�ected as it occurs

at 2.64 THz, greater than the bandwidth of the pump pulse, the population of the upper-lasing

level may vary owing to strong dipole elements between it and other miniband states. By

scanning the later arriving probe pulse at various PPD, the movement of carriers can be traced

as a function of time, as the device works to restore the initial population inversion. The

THz probe pulse has been measured for PPD’s ranging from 1 to 5 ps. This was considerably

shorter than when using the BTC device in section 4.4.2, as it was predicted that the recov-

ery process of the upper-lasing/injector states would occur much faster in the hybrid device.
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Figure 5.18: Main:FFT’s of multiple THz-probe pulses at di�erent pump-probe delays. The optical
powers used for the pump/probe beams are 500 and 100 mW respectively, while the LoQ PC emitter
was biased at 30 kV cm−1 at electrical modulation frequency of 7 kHz and 40 % duty cycle. The THz-QCL
was in the forward bias regime at 2.1 A (3.5 kHz/20 %). The inset shows the peak at ∼ 2.33 THz as a
function of pump-probe delay (black scatter). Fit with a damped sine curve (red line).

This is owing to the LO-phonon assisted extraction of carrier from the miniband, as well as

fewer quantum wells in each lasing module decreasing carrier transit time. For this measure-

ment the QCL current was set to 2.1 A in forward bias. The zero-padded FFT’s of the probe

pulse for each PPD has been plotted in Figure 5.18. As the LT-GaAs in the LoQ PC emitter has

a known carrier recombination time of∼1 ps, this presents a lower limit to the measurable PPD.

The trace taken at a pump-probe separation of 1 ps possesses two spectral artefacts, a dip

at 2 THz and a peak at ∼2.33 THz. An increase in PPD brings about a noticeable rise in this

dip and a reduction in the peak. At a PPD of 2.5 ps the data reveals that the dip at 2 THz has

been completely restored, as the spectral shape resembles that of the unperturbed system in

Figure 5.17. In regards to the peak at 2.3 THz, the amplitude appears to reduce to almost zero,

before settling at a steady state value after 4 ps and again resembling the unperturbed probe

shape. The amplitude of the peak at 2.3 THz has been plotted as a function of PPD in the inset

of Figure 5.18. This data is represented by black squares and has been plotted with a �tting

performed using a damped sine function.

Bandstructure simulations and calculations discussed in section 5.3.2 have already estab-
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Figure 5.19: Simulated Bandstructure of hybrid device in forward bias at 6.2 kV cm−1. A zoomed
illustration of that shown in Figure 5.10. Transition A is responsible for the main lasing mode (9-6).
C-1 (9-7) and C-2 (8-7) are also shown and are responsible for the spectral features shown in Figure 5.9.
The injector barrier for the lasing module is labelled.

lished that the spectral features in forward bias (Figure 5.9) originates from two transitions, a

lower frequency transition between the upper-lasing level (9) and an upper miniband state (7),

named C-1, and a higher frequency transition from the injector state (8) to a lower miniband

state (6), referred to as C-2. Figure 5.19 depicts a bandstructure simulated at 6.2 kV cm−1 in

forward bias, on which both transitions are labelled. The lasing transition has also been la-

belled as A. This �eld is slightly lower than that used in �gure 5.10 and was chosen simply as

there is clear distinction between the injector and the upper-lasing level (8 and 9). This makes

it easier to indicate the di�erent transitions discussed in the text and would be more di�cult

at higher bias as the states begin to hybridise. Judging from the graph on the right-hand-side

of the Figure 5.11, the transition frequency of C-1 is in good agreement with the spectral dip

in Figure 5.18. This is also the case for C-2 and the spectral peak at ∼2.3 THz. As both of these

spectral artefacts have been tracked over time, this provides insight into the carrier dynamics

and the relative population of states.

With the passage of the THz pump pulse at 0 ps, carriers are stimulated out of the upper

lasing and injector states and drop into the miniband, where electron-electron scattering is

the dominate transport mechanism. This process, combined with the LO-phonon assisted
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extraction from the bottom of the miniband, are known to occur on a sub-picosecond time-

scale [101, 234]. Therefore, by the time the �rst measurement is performed at a PPD of 1 ps,

carriers have already reoccupied the injector state (8) resulting in a prominent peak from C-2

at ∼2.3 THz. The spectral dip at 2 THz is owing to the depletion of carrier from the upper

lasing state. As the laser works to restore the initial population of states 9 and 8, electrons

tunnel through the injection barrier (labelled in diagram 5.19) and repopulate the upper lasing

level (9). The population inversion of transition C-1 and thus the carrier concentration of

the upper lasing level is shown to be completely restored after <3 ps. The means by which

this occurs however is disputable. It has been suggested that for an anti-crossing energy gap

of <1 meV, as seen here, the strong dephasing caused by the various scattering mechanisms

results in the incoherent transport across barriers [83,106]. However, here the peak at 2.3 THz

exhibits an oscillatory shape prior to it settling, implying that there is a coherent aspect to the

carrier transport.

Both the recovery time of the upper lasing level and the coherent nature of the recovery

process are similar to that demonstrated in MIR-QCLs [105, 219, 220]. Furthermore, by �tting

the data in the inset of Figure 5.18 with a damped sine function (red line), an oscillation fre-

quency of 590 GHz was obtained. This is in good agreement with calculated rabi-oscillation

frequency (Fr ) of 457 GHz calculated using expression Fr = E89/~ [108], where Eab represents

the anti-crossing energy between the injector and upper-lasing state. This was determined

from the bandstructure simulations to be ∼0.3 meV at threshold. As it has been suggested that

resonant tunnelling is a function of barrier width [106], this might begin to explain why it

is not as prominent in the data taken with the BTC active region, as the injector barrier for

that device is 4.8-nm-thick, compared with 4.2-nm-thick in the hybrid device. Furthermore,

it has been determined from bandstructure simulations in chapter 4, that the BTC device has

an anti-crossing energy of ∼0.18 meV, signi�cantly lower than that of the hybrid device. The

coherence of carrier transport across barriers is known to be a�ected by the anti-crossing

energy gap, as dephasing mechanisms such as carrier-carrier and carrier-phonon scattering

have a more signi�cant e�ect with smaller gaps [108, 114]. It has been suggested that this is

one reason why coherent tunnelling is not as dominate a transport mechanism in THz-QCL,

relative to MIR-QCLs [108]. The QW barriers in MIR-QCLs are typically thinner, resulting
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in anti-crossing energies in the region of 10 meV [105, 106]. Furthermore, this is possibly a

reason for it not being fully investigated in THz-QCL.

5.5 Conclusion

THz-TDS has been performed on a THz-QCL fabricated with an ambipolar hybrid active region

design. These results reveal that despite the device lasing in the forward bias at 2.7 THz and in

reverse bias at 3.3 THz, interesting spectral features are present at lower frequencies, within

the bandwidth of the TDS system. Furthermore it is revealed that the device behaves as a

THz-bandstop �lter when unbiased. To help answer some of these questions, bandstructure

simulations and dipole moment calculations have been performed in the unbias, forward

and reverse bias conditions. Conclusions have drawn based on these simulations. Lastly,

THz-pump-THz-probe measurements have been performed on the device in forward bias

which revealed some interesting results regarding the coherent transport of carriers across

the injection barrier of each lasing module.
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Chapter 6

Conclusions and further work

In chapter 1 a short introduction to THz radiation is provided. This discusses the various es-

tablished techniques for the emission and detection of THz radiation, along with its industrial

and academic applications. Following that, the motivation behind this project and the layout

of the thesis are discussed. Chapter 2 contains a full literature review of THz-QCLs, beginning

with basic laser theory and the background which led up to its invention to 2002. Carrier

transport in THz-QCLs is also discussed, along with the advantages and disadvantages of the

various active regions and waveguide designs.

In chapter 3 a new design of PC antenna is introduced, which uses epitaxial lift-o� and van

der Waals bonding techniques to transfer LT-GaAs active layers onto quartz substrates. This

is shown to have three signi�cant advantages over widely used PC emitters and detectors,

which are fabricated directly onto an SI-GaAs growth substrate (LoG). Firstly, the reduction in

dark current and parasitic photo-current in quartz-based devices leads to reduced heating and

increased breakdown voltages. In the most signi�cant comparison this has resulted in THz

�eld amplitudes approximately eight-times larger than equivalent LoG devices. While these

advantages have been demonstrated for several di�erent electrode geometries, the bene�ts

are most pronounced when using a large-area design. Secondly, when used in PC detection,

the absence of an SI-GaAs substrate eliminates the long-lifetime carriers and increases the

measured signal. Lastly, the ability to choose a thicker substrate allows system re�ections to

be delayed in time and their amplitude to be reduced without a loss of bandwidth, thereby

increasing the available frequency resolution. To demonstrate this, data taken using devices
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with quartz substrates ranging from 40 µm to 5-mm-thick has been presented. The addi-

tion of an optically transparent substrate also provides the option of performing back-side

illumination, thus removing the attenuating e�ects of the substrate on the THz output pulse.

Two examples of applications where LoQ devices have been used are presented in section 3.10.

In chapter 4 the GRT of a THz-QCL with a BTC active region has been measured with and

without ARC applied its the facets, using a THz-pump-THz-probe technique. To collect the

uncoated data a LoG emitter is used, while for the coated device, a signi�cantly more powerful

LoQ emitter is employed. Both scenarios have shown that the measured value is a function

of bias applied across the device and increases as the QCL is driven at high bias conditions.

Experimental evidence, combined with bandstructure simulations, suggest that this is due to

the misalignment of the bandstructure and a shift in the lasing transition, brought about by

a variation in dipole moment with bias. The values measured range between 18 ps for the

uncoated device to 5 ps for the coated device. It has been suggested that the discrepancy be-

tween these values is owing to variation in the tunnelling mechanisms, controlling the carrier

transport rates between quantum wells. Furthermore, the GRT measured here is shown to be

a function of the THz pump power and the QCL operating temperature.

In chapter 5 THz-TDS has been used to investigate a THz-QCL, fabricated with an ambipo-

lar hybrid active region. The results of these measurements reveal that despite the device lasing

in the forward bias at 2.7 THz and in reverse bias at 3.3 THz, there appears to be interesting

spectral features at lower frequencies within the bandwidth of the TDS system. Furthermore,

these features appear to vary in both magnitude and frequency as a function laser bias. Based

on these observations and combined with bandstructure simulations and dipole moment cal-

culations for this device, it is possible to predict the relative population of states. This provides

an interesting insight into the carrier dynamics of the device below threshold. Spectroscopy

performed on the unbiased device revealed that it behaves as a THz bandstop �lter, reducing

the spectral amplitude between 2 to 2.5 THz. Lastly, THz-pump-THz-probe measurements

performed with this device in forward bias have revealed some interesting preliminary results

regarding the coherent transport of carriers across the injection barrier of each lasing module.
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6.1 Further work

The invention of the LoQ device and its ability to withstand the high peak powers of ampli�ed

laser systems has opened up an interesting avenue for future research. Ampli�ed femtosecond

lasers are typically combined with non-linear crystals to generate THz �elds in the order of

several MV cm−1. However, it is believed that with the use of a LoQ emitter, or a series of

emitters fabricated into an array geometry, similar �elds spread over a wider bandwidth can

be reached. This would need to be designed with a microlens attached to focus the beam onto

the individual emitters. A BSI technique could also be applied to increase the performance of

the device. However, to attach a microlens without damaging the device, a protective layer of

material would be required. A good option for this would be BCB, as it is transparent to THz

radiation, provides good thermal and electrical insulation and can be spun into the surface of

the device in micrometer-thick �lms. A powerful design of emitter would have many poten-

tial applications including the spectroscopy of highly absorbent materials such as biological

samples, as well as helping to develop self-induced transparency in THz-QCLs.

It has been demonstrated in chapters 4 and 5 that the THz-pump-THz-probe technique

is a very powerful tool for the investigation of carrier dynamics in THz-QCLs. However,

section 5.4 only reveals preliminary results which require further investigation. It would be

interesting to determine the dependence of coherent carrier transport on QCL temperature,

bias conditions and the ratio between the pump and probe pulse power. It would also be

interesting to use this technique on another hybrid/LO-phonon design QCL, preferable with

the lasing transition within the bandwidth the TDS system.
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