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Introduction

The generation of ultrafast and intense light miisa mode-locking [1] is an underpinning
technology throughout the electromagnetic specenabling the study of fundamental light-
matter interactions [2], as well as industrial @gaition in a plethora of applications across the
physical, chemical and biological sciences [3][B]] There have been impressive
developments in mode-locked semiconductor-baseideiefor pulse generation in the optical
range [6] [7] [8]. These benefit from low systenstoand are an enabling technology in new
application domains including high speed commuidcat[9] and the potential to replace
Ti:Sapphire [10] systems.

In the terahertz (THz) [11] frequency range (~0.5Hiz), with its proven applications in
areas such as imaging, metrology and non-desteutdsting [12] [13], a semiconductor based
technology platform for intense and ultrashort pudeneration has yet to be realised. This is
in contrast to the optical and near-infrared domalivere ultrashort pulse generation exists
from devices such as external cavity VECSELS [14][16]. Ultrafast excitation of
photoconductive switches [17] or nonlinear crysfa offer only low THz powers (~uW),
low frequency modulation and broadband emissioh littte control of the spectral bandwidth.
The latter is a particular disadvantage for meggp)dundamental material excitations or THz
communications where select frequency bands areregty An alternative approach is based
on free electron lasers [19] or large table-topoaptultrafast laser systems. While ultrashort
and intense pulses with controlled frequenciestican be realised, the size and costs involved
inhibit commercial uptakes, and often render imfidestheir use for many applications.

THz quantum cascade lasers (QCLSs) [20] [21] aruadational semiconductor device for
laser action in the THz range. These devices,raised in 2002, are one of the only practical
semiconductor systems that offers gain in the Tdtige, hence making them suitable medium
for pulse generation. The ‘band structure-by-desigture of QCLs allows the frequency, and
bandwidth to be entirely engineered. However, THg@generation via passive mode-locking
of these devices is difficult. This is a resultloé QCL'’s ultrafast gain recovery time being up
to an order of magnitude shorter than the photandetrip time [22] [23], which inhibits stable
pulse generation. Current solutions to generateegufom THz QCLs, based on active mode-
locking with microwave frequencies [24] [25], hakeen limited to large pulse widths no
matter the gain bandwidth. To date, the generatfdrHz pulses from QCLs has been limited
to ~10 - 20 ps despite several years of reseafalt §26] [27]. The first devices that could be
mode-locked had low spectral bandwidths. Althouditz TQCLs with extremely large gain
bandwidths have been realized for frequency comergion, this has not translated directly
into the formation of stable short pulses in thezTainge [28] [29].

In this thesis, | will show how this bottleneck @CL technology can be overcome and
demonstrate a novel method to realize ultra-shaldgs in the THz range from this compact
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semiconductor device. This is based on a coupledycscheme that permits THz pulses that
are considerably shorter than the state-of-thelastll further show the potential roles of
dispersion compensation and hybrid mode-locking wiode-locked THz QCL using a Gires-
Tournois interferometer (GTI) and an air-gap losslolator, respectively. The GTI and air-
gap are monolithically integrated with the QCL gr&tmits stable pulse generation with pulse
widths as short d34 ps. This flexible approach of on-chip passiveloiation and dispersion
compensation opens up a direct route to the geoem@tsub-picosecond pulses in the terahertz
range from a semiconductor source. Furthermomagliort THz pulses from QCLs will permit
THz frequency comb spectroscopy that are engineanedcontrolled by microwave signal
generators.

Towards this final objective and realization of thgsis, | will also show several milestones
that permitted our goal of short pulses from QQlbé achieved. Starting off from the current
state-of-the-art, using narrow spectral bandwid@L®in single-plasmon waveguides, | will
demonstrate ~20 ps long THz pulses at low temperati+10K). This is followed by, for the
first time, mode-locking of broad spectral bandWwidQCLs in sub-wavelength metal-metal
waveguides at ‘high’ temperatures (77K). As a resug will show ~ 11 ps that are limited by
the electrical modulation and the index dispersind, importantly, not limited by the inherent
spectral bandwidth. This will then bring us to fesahese limitations and generate ultrashort
pulses (~4 ps) with the potential to go considerélnither to the single-cycle regime.

This manuscript consists of 7 chapters that canliteled into 2 parts. The first part,
chapters 1, 2 & 3, consists of the background kadgé and the foundations for this thesis.
The THz QCL (chapter 1), the ultrafast detectiamesge employed for the time resolved QCL
emission (chapter 2), and the principle of modédlog (chapter 3) will be presented,
respectively. The second part, chapters 4, 5, 6 @é&sent the experimental results taken over
the thesis period. The first three of these (chrapteb and 6) are the dedicated to mode-locking
demonstrations and present the reduction of the dulize width, step by step, from20 ps
down tod4 ps through the advances detailed above. Firdibpter 7 is an independent study
of the far-field of metal-metal QCLs and how thendoe simply engineered for high power
output while conserving a broad spectra responsidll Igive a brief introduction to each
chapter separately below.

Chapter 1 — THz QCLsrhis chapter will give a brief introduction to TH2CLs. The THz
range will be introduced (section 1.1) and intdsksand transitions in quantum wells will be
discussed and how they can be engineered for esargihe THz range (section 1.2). In section
1.3, the working principle, the active regions, Wha&veguides and geometries of THz QCLs
will be presented in detail. At the end of this otest (section 1.4), the active layer growth
technologies and ridge processing steps will beflgrdiscussed.

Chapter 2 — Ultrafast detection of THz QCL emissiba demonstrate mode-locking of THz
QCLs and investigate their ultrafast propertiestmfemtosecondsd) scale, ultrahigh-speed
THz detectors are needed. However, there is clyranck of such THz detectors. In order
to solve this problem, | will describe a time-rag injection seedingystem, developed in
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our group, that allows us to coherently detectQi&t’s electric field in the time domain with
a femtosecondesolution. | will detail this coherent detectitethnique, based around time
domain spectroscopy (TDS) for the generation artdatien of phase resolved THz pulses
using femtosecond lasers. These pulses are injatiedhe QCL waveguide, permitting to
lock the QCL emission to the femtosecond laser, lzantte detect the emission in the time
domain. Finally, as an example, the time-resolvaiksion of a QCL will be experimentally
demonstrated.

Chapter 3 - Principles of mode-lockin@his chapter will be used to discuss the prinsigé
mode-locking in the time and frequency domains. fidte of the ultrafast gain recovery time
of QCLs will be presented and why passive mode#urks difficult. Mode-locking will be
briefly presented (section 3.1) followed by a mamedepth discussion (section 3.2) by
introducing the susceptibility of an active mediamd the resulting dispersion in the Fabry-
Pérot cavity. Finally, in section 3.3, the applicatof passive and hybrid mode-locking to
generate ultrafast laser pulses from violet to +iefaared ranges will be mentioned.

Chapter 4 - Active Mode-locking of Narrowband senglasmon THz QCLsActive mode-
locking of narrow spectral bandwidth QCL will beogim with the resulting demonstration of
[P0 ps THz pulses at 10 K. The QCL active regiosgdaon bound-to-continuum design that
results in narrow spectrum, will be described. Tikiplaced in a single plasmon waveguide
where the overlap of THz mode with the active ragglow. | will further show the possibility
to continuously tune the mode spacing (longitudimaldes) of the QCL emission beyond a
range of ~2 GHz by varying the active modulaticeqgfrency from 12 GHz to 14 GHz. This
tuning effect will be employed in gas spectrosctipgharacterize their absorption properties.

Chapter 5 - Active Mode-Locking of Broadband metakal THz QCLsActive mode-locking

of broadband QCLs will be shown with an aim to imafew picosecond long THz pulses at
high temperatures (77 K). The QCL active regioreharLO phonon depopulation design that
inherently possesses a large spectrum at a ceatprency of 2.7 THz, will be described. The
active region is placed in a metal-metal wavegwteh strongly confines the THz modes, as
well as acting as a cavity for the active (gigahlemodulation. Prior to active mode-locking,
the coherent detection of a ‘free running’ QCL.(he active microwave modulation) will be
presented to show the mode spacing and the broddipsattrum. | will also show how this
permits access to the ultrafast gain recovery tiative mode-locking of these structures will
then then demonstrated with the generated THz guisgted to ~11 ps, much wider than
expected (sub 5ps). From these results | will pretee mode-locking mechanism and the key
limitation for generating ultrashort THz pulsesrfrehese QCLs. Finally, | will carry out the
active mode-locking experiments on a differentagédiroadband QCLs operating at 2.45 THz
with similar results to further confirm our hypo#ie

Chapter 6 — Ultrashort THz pulse generation fromdexocked THz QCLdn the previous

chapter, ultrashort THz pulses were not observeshite very large spectral bandwidth QCLs.
In order to break this strong limitation of actinede-locking, the main aim of this thesis, |
will introduce a new scheme based around a cougaeity approach that drastically shortens
the THz pulses from a mode-locked THz QCLs dowhdimw 5 ps. The key geometry of our
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device will be described, which employs a metalah@CL monolithically divided into a large
laser cavity (~3 mm long) and a short cavity (~tefimicrons long) that are separated by a
small air gap (~2um air gap). The QCL active region will be briefligdussed, and is identical
to the 2.45 THz broadband design of chapter 4. Modeing will then be presented for a
passive geometry (and compared to a standard Q@Wisg sub 5ps pulses. Correspondingly
the spectrum is enlarged considerably to ~350 Gidt width). To further prove the
applicability of this concept (air gap and coupteity), | will describe its use in a second
QCL with operation at 3.25 THz that also showsadltort pulse generation. Finally, | will
present the exact role of the short cavity and dfregap which introduces dispersion
compensation and a sharp passive modulation.

Chapter 7 - Far-field Engineering of metal-metal weguide THz QCLsAn important
advantage of metal-metal waveguide THz is that 8w high temperature operation (up to
~200K). However, their far-field patterns are higtiffracted and output powers are weakly
coupled out, owing to impedance mismatching betwkerstrongly confined cavity mode and
the free-space radiative mode. These shortcominggept many important applications of
THz QCLs at temperatures above 77K, where conveaimhcost effective cryocoolers can be
used. The aim of this chapter is to show that grdiéld emission profile of THz QCLs in
metal-metal waveguides can be controlled in dioeetiity and form through planar horn-type
shape structures, whilst conserving a broad speesponse for eventual ultrafast THz pulse
generation. These structures produce a graduabehianthe high modal confinement of the
waveguides and permit an improved far-field emisgmofile and resulting in a four-fold
increase in the emitted output power. The two-disi@mal far-field patterns are measured at
77 K and are in agreement with 3D modal simulatidiee influence of parasitic high order
transverse modes is shown to be controlled by eeging the horn structure (ridge and horn
widths), allowing only the fundamental mode to beed out.




Terahertz Quantum Cascade Lasers

erahertz quantum cascade lasers (THz QCLSs) atévedarecent THz sources based on
T inter-subband transitions in semiconductor quaniuetis (i.e. GaAs/AlGaAs). This
compact quantum device was experimentally demaestia 2002 and now is one of the most
promising sources for the THz range. The lasersttiam takes place between two artificial
subband energy levels as a result of quantum cemimt of the electrons in a set of quantum
wells. Their emission frequencies can thereforeedily engineered by simply varying the
width of the quantum wells, permitting to cover nokthe THz spectrum without introducing
any other new materials. This is in contrast tovemtional semiconductor lasers (i.e. laser
diodes) where the emission frequencies are contpldétermined by the band gap between
the conduction and valence band of the material.

The aim of this chapter is to give a brief introtloie to THz QCLs. The THz range will be
firstly introduced in section 1.1 and in sectio iter-sub-band transitions in quantum wells
will be discussed. In section 1.3, the working pifte, the range of active regions, different
waveguides and geometrical shape of THz QCLs wilptesented in detail. At the end of this
chapter, in section 1.4, the active layer growthi®logies and ridge processing steps will be
briefly discussed.
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1.1 Introduction

Electronic devices 8 Optics devices

\ 4
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Fig 1.1 | Electromagnetic spectrum from radio-femey toy-rays. The terahertz range lies at
the interface of microwaves and mid-infrared.

Terahertz (THz) is a unit of frequency and 1 THEO® Hz, corresponding to a wavelength
of 300 um and a single photon energy of ~4.1 mel.[The THz range is located at the
interface of electronic (microwaves) and opticaidiimfrared) waves as illustrated in Fig 1.1.
This special location in the electromagnetic spauotresults in unique properties (i.e. strong
gas absorptions, non-destructive penetration irdaterials etc.) that can be widely employed
to study fundamental physics and develop cuttingeddchnologies [12].

However, the THz range (loosely defined as 0.5 FH¥0 THz) is the least developed
electromagnetic range owing to the lack of prongissources and detectors. As presented in
Fig 1.1, for frequencies below the THz range, etatt devices [30] are commonly utilized as
sources and for those above the THz range, lagephatonics devices are widely used.
However, THz frequencies are too high for electodévices to reach and, for photonic
devices, there is currently no practical materiabge band gap is as low as a few meV for
THz transitions.

In 1994, the first quantum cascade laser (QCL),[@dth emission in the mid-infrared%
um, 2340 cm), was realized at Bell Laboratory ByFaistet al, over 20 years after the initial
theoretical proposition. This unipolar semiconductievice was based on inter-subband
transitions in quantum wells [31], instead of iAb@nd transitions between conduction and
valence bands of standard laser diodes [32] [88frhission frequencies and bandwidth could
be therefore easily engineered by changing thewatithe quantum wells, instead of changing
the semiconductor materials. This breakthroughaaree the ‘bandgap slavery’ limitation of
the wavelength (or frequency) emission of semicatmuasers. Since 1994, there have been
considerable achievements in the performance of¥3Lshown in Fig 1.2 below, including
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significant increases in output power [34], maxragiag temperature [35] [36] and emission
wavelength range [37].

Kazarinov & Souris (loffe) Capasso (Bell Labs)

1970 1980 1990 2000
|.1971 | | 1994 | 2002 .
! 1 ! " 1 " g time
Theory First MIR-QCL First THz-QCL

R s o4

lllll

450

. :
\;-‘ E 1 - (T\\‘v “" ( 1/\\
S 300 | ¥ - @ pulsed [ 7
2 7L |ee a1
= o Peltier 4
8 = — sty
g . - =
= = [ 4
g 150 s
5] - : a
o E
§ [ W =' ™1 ":?
o L
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Wavelength (um) Source: Alpes Lasers

Fig 1.2 | Maximum working temperature of QCLs dsrection of wavelength. The THz
range corresponds to wavelengths longer that tisg&tden band (~ > 50um).

In 2002, the concept was extended to the THz ranile the first compact THz
semiconductor laser —the THz QCL [20]. This wageasinentally demonstrated Bohler et
al at Scuola Normale Superiore of Pisa about 8syatier the first QCL. This promising THz
source is compact, powerful and coherent, perrgittirplethora of possible applications. In
this chapter, | will focus on THz QCLs, introduciitg working principle, the type of active
region, different waveguides, geometric charadiessand presenting its fabrication
technologies.
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1.2 Inter-sub-band transitions

—————————————————————————

'Intersubband transitions
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(a) Interband transitions (b) Inter-sub-band transitions

Fig 1.3 | Schematic of laser transitions in sendemtor materials. (a) Inter-band transitions betwee
the valence band (VB) and conduction band (CB)Ir{&r-subband transitions between 2 artificial
energy levels in a set of quantum wells.

Classical semiconductor lasers (‘laser diodes’pased on inter-band transitions [32]. The
recombination of an electron in the conduction b@B) and a hole in the valence band (VB)
will result in the emission of a photon whose freqey (or energy) is completely determined
by the band gap of the semiconductor materialslsnsatically demonstrated in Fig 1.3 (a).
If we wish to change the emitted frequency of aisenductor laser, materials with different
band gap are required (“bandgap slavery”). Gengtthié band gap of semiconductor materials
ranges from ~0.3 eV to a few eV in nature. By emiplg different semiconductor materials
such as GaN/AlInGaN, InP/GalnAsP, laser emissionbzavaried in a broad frequency range
from the ultraviolet to the mid-infrared [33]. Howex, the far-infrared/THz frequency range
cannot currently be reached with such a concepu@wad no practical material that possesses
a band gap as small as ~ meV for THz emission.

Although it is difficult for semiconductor laserased on inter-band transitions to emit THz
waves, inter-sub-band transitions in quantum wéiittade of semiconductor materials
GaAs/AlGaAs or InGaAs/InAlAs) are a promising sadat as illustrated in Fig 1.3 (b). In a
guantum well, the electronic energy levels arerdigcowing to quantum confinement at the
nanoscale, which can be described by the waveitumscin Schrodinger equation:

2
Ho () :(;_m)*v“ )Jw(r )= Bt ) (1.1)

wherep is the momentumy is its mass)/(r)is the potentialE is the energy of electron and
{(r) is its wave function. By applying Eqg. (1.1) ontythe confinement directianas shown
in Fig 1.3, the vector equation can be further rfiedito a scalar equation for simplicity:
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-h? 92 _
[WEW(Z)}%( 2=E.¢.2 (1.2)

where 7 is the reduced Planck constamt, (m'=0.067 for GaAs material) is the effective
electron mass in the quantum wél},, is the eigen-energy of tié' order sub-band level and
n is the quantum numbdfor a given quantum well with a width bf(z=L) and an infinite
potential, the eigen-energy of electrons in thengua well can be expressed as:

(1.3)

From Eg. (1.3), we can see that by choosing anogpiate width of the quantum well
(generally a fewnmfor the GaAs/AlGaAs material system), we can eagirthe inter-subband
gap betweelk; andE, (AE= E;- E;) to be a few meV as shown in Fig 1.3 (b). Themfdne
electronic transition between these 2 energy lewélsesult in a THz photon. This process is
called“intra-band transitions™ or * inter-subband transitions’.

This is the largest advantage of using inter-subls@miconductor lasers where by varying
the width of quantum wells, the photon energy eéfeemission can be easily varied in a wide
frequency range without changing the constitutimgnisonductor materials. Using this
principle, the first THz semiconductor laser wascassfully demonstrated in 2002 and we will
discuss how it works in detail in the next sectdithis chapter.

10
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1.3 Quantum cascade lasers

1.3.1 Cascade schema

vO ‘1> ‘1> v

Fig 1.4 | Population inversion in a quantum wedl) (nter-subband transitions in a single
guantum well for THz emission. (b) Schematic diagi electron lifetimes for subbands levels

Inter-subband transition can be easily engineereditrespond to THz frequency emission
by choosing a suitable quantum well widffinn) as presented in section 1.2. However, to
observe laser action in such a structure, two ¢mmdi should be satisfied:

1. The population inversion between these 2 aidifiater-sub-levels has to be realized

2. The gain gt Of the material needs to compensate the total fogse.

The above need special consideration as, for ;itbband transitions, there are considerable
and efficient scattering non-radiative processashsas optical phonon emission, electron-
electron scattering, ionized-impurity scatteringl aacoustic-phonon emission [38] [39]. All
these scattering processes result in extremely tetimes (1L - 10 ps) [22] [23] of the excited
state|2), 12, and very low electron-photon quantum efficierttattis directly related to the gain
of laser. These very short subband lifetimes areomirast to those of interband transitions
(Chanoseconds tamicroseconds).

In order to achieve population inversion, the ectilevel|2) lifetime 12 (1/t2=1/t21+1/2s
whereTtysis corresponds to other electron escape routes thtéwe through levdll)) should be
longer than the fundamental level lifetimei.e. 12>1; as schematically illustrated in Fig 1.4.
This can be realized by makingshorter by using the non-radiative mechanisms, agchini-
band scattering [40] and longitudinal optical (4@onon depopulation [41], which can pump
away immediately these electrons away from the domehtal level on the sub-picosecond
scale. This is detailed below in the active regiescription.

On the second condition, to achieve a higher gainti-periods (generalliN=100-200
periods for THz QCLS) of each quantum well systeenused. This is able to directly multiply
by N times the gain. This is the ‘cascade’ concept iwitQCLs. Below, | describe how
electrons are injected into through a quantum syetem and the cascade structure.

11
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(a) No Electric field (b) \ Electric field

Fig 1.5 | Cascade schema of two periods of a QQhowt (a) and with (b) an electric field
applied across the coupled quantum wells

In reality, a QCL is constructed with thousandsqafintum wells (e.g. GaAs) that are
separated by barriers (e.g. AlGaAs), which ard gl periods, as illustrated in Fig 1.5 (two
periods for simplicity). When the QCL is not biasesishown in Fig 1.5 (a), electrons cannot
be injected into the excited states and populatie@rsion cannot be achieved. However, when
a bias is applied, the potential of quantum wells ve linearly tilted. By appropriate design
of the structure, an appropriate external stagictek field can align the fundamental leyel
of the one period with the excited ley&) of the following period as presented in Fig 1.p (b
After an electronic transition?) - 1)) in the first period of the quantum well systehecérons
will be transported [{) - |2')) to the excited leve2’) of the following period via resonat
tunneling. This process is repeated over many @ggripermitting one electron to enk
photons when passing throutyhperiods, which can greatly increase the gain efrtfaterial
and result in laser action. This is the reasoméone ‘Guantum cascade lasérThe emission
is transverse magnetic (TM) polarized due to therisubband selection rules [42] [43].
Therefore, only photons with the electric field qument parallel to the growth direction are
emitted. This is important for the type of plasmmased waveguides [44] that are employed
for photon confinement.

1.3.2 Active region design of quantum cascade lasers

Fig 1.5 is a schematic diagram of cascade strustshewing the principle of cascade
amplification of QCLs. However, in the actual ca®ee band structure of a THz QCL is
considerably more complicated [45]. Here we wikdliss the three main families of THz
QCLs that will be involved in this thesis with thband structures calculated using Schrédinger
equations: 1. “bound-to-continuum” QCLs; 2. “L@honon depopulation” QCLs; 3. “hybrid
phonon and bound-to-continuum” QCLs. All the THZLF in this thesis are based on
GaAs/AlGaAs system (GaAs quantum wells and AlGaasibrs).

12
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Bound-to-continuum design
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Fig 1.6 | Band structure of a bound-to-continuunzT®CL. Emission zone (orange zone): where
laser transitions take place; mini-bands (blue xomhere electrons are transported from the
previous period to the following one; Injector wélireen zone): a quantum well that collects
electrons from the mini-band and injects them @nxtcited level.

Fig 1.6 shows the band structure of a bound-toisontn THz QCL centered at 2 THz
under a bias of 1.5 KV/cm [46]. In this figure, @rfwds of band structure are illustrated and
each period consists of typically 8 quantum weltaAs) and barriers (AlGaAs.g. The
horizontal axis presents the growth direction (fi@s) of the quantum wells and barriers and
the vertical one presents the energy potentidi@subbands. The curves with different colors
(blue, red and green) are the squared electronievftanctions of the quantum wells calculated
using the Schrodinger equation, showing the prdipakif the electron distributions in the
guantum wells.

In Fig 1.6, the light blue zones are called minivbs, which serve as an electronic transport
link between any 2 neighboring periods. After thger transition in one period (orange zone),
the electrons will be transported from the fundatadievel to the mini-band, though electron-
electron scattering and resonant tunneling, whesg will be transported from the end of one
period to the beginning of the following one. Tight green zones are called injector wells.
They collect electrons from the bottom of the nbainds and resonantly inject them onto the
excited levels of the electronic transitions. Tijector well is next to the quantum well where
the excited level is localized. The two wave fuoes overlap strongly to guarantee efficient
resonant tunneling. The orange zones are the emias¢a where the laser transition take place.
The inter-subband energy gap here is around ~9 coedsponding to a frequency ~ 2.1 THz.
The THz QCLs based on bound-to-continuum desigmipgifow operating voltages owing to
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the small applied fields. However, the design tgfpicresults in relatively low temperature

operation and narrow gain bandwidth owing to thaibgind depopulation of the lower state
that results in a relatively long lifetime [47]. &marrow bandwidth of these structures limits
their use for short pulse generation.

LO phonon depopulation design

emission zone emission zone
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Fig 1.7 | Band structure of THz QCLs based on L®@nam depopulation scheme.
Emission zone: where laser transition take plangctor well: a quantum well that
collects electrons from fundamental levels of thevipus period and injects them into
excited level of the following period.

In contrast to bound-to-continuum designs, whicls halarge mini-band, LO phonon
depopulation schemes have a reduced number of aralsypically consist of an injector well
and a transition zone [41]. In this design, aftexser transition in one period, electrons will be
directly transported from the fundamental levathe injector level of the following period via
a “LO depopulation” (36meV transition) as shownHig 1.7. The structure here is for an
emission frequency centered at 2.4 THz under adfi8KV/cm. In one period, there are just
3 quantum wells. The green wavefunction represhitinjector level, the blue represents the
excited level and the red represents the fundamkswal of the laser transition. The energy
difference between the fundamental level of onéogesind the injector level of the following
period is roughlyf36 meV corresponding to the transition energy &afs LO phonon as
illustrated in Fig 1.7. This allows for resonanpdpulation of the lower laser state, resulting
in a very short lifetimel{0.2 ps) ensuring population inversion. In additithns short lifetime
results in a broad spectral gain bandwidth, makirggn ideal candidates for ultra-short THz
pulse. This short lifetime also permits the higheshperature operation of a QCLRQ0
K) [48]. However, the large applied field results & large power dissipation, normally
preventing high duty cycle and CW operation at heghperatures. We will further discuss and
compare these 2 types of QCLs in the following ¢&ep

14
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Hybrid LO phonon- bound to continuum design
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Fig 1.8 | Band structure of a THz QCLs based onitdydepopulation that combines LO
phonon and bound-to-continuum schemes. Emission: aghere laser transitions take
place; Injector well: a quantum well that colleetsctrons from fundamental levels of the
previous period and injects them into excited lefehe following period.

The band structure of this hybrid design is presirt Fig 1.8, emission frequency centered
at [83.2 THz under a bias of 9 KV/cm and can be consiiler combination of a bound-to-
continuum and a LO phonon structure [49]. As with £ O phonon design discussed above,
the injector level (green) collects electrons fribra previous fundamental level by resonant
tunneling and injects them into the excited lebdli¢). The laser transition takes place between
the single excited band level (blue) and the funslaiad continuum levels (red). After the
transition, the electrons will be transported tlylowhis small miniband (red states) and then
be depopulated to the injector level (green swité)e next period by LO phonon interaction.
This hybrid depopulation scheme results in an sdadifetime of the fundamental level being
slightly longer than that of pure LO phonon desighis directly results in a gain bandwidth
that lies between pure LO phonon QCLs and bounzbtainuum active region designs.
However, it has an advantage in requiring a smalplied field than LO phonon based
devices.

1.3.3 Waveguide of THz quantum cascade lasers

For THz QCLs, a ‘special’ waveguide is requireg¢emfine the THz waves within a cavity.
Dielectric confinement used for conventional semductor lasers are technically difficult
owing to large wavelengths involved that would riegwery thick dielectric claddings. Instead
using the TM polarized photons generated by intdband transitions, surface plasmon based
waveguides can be used that have distinctive ptiegdor the THz photon confinement [20].
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In this section, | will introduce the single-plasmand metal-metal waveguides that are used
in QCLs for THz modal confinement [44].

Single-plasmon waveguide

(a) (b)
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Fig 1.9 | () Schematic diagram of a typical singlssmon THz QCL (b) Cross section of the single-
plasmon QCL. Inset: THz wave intensity distributiara typical single-plasmon waveguide.

Single-plasmon waveguide THz QCLs are currentlyniost used THz QCLSs in scientific
applications due to their directional far-field gshs [50] and strong out coupling powers [51].
The quantum well active medium is sandwiched betvweeenetal and a lower doped layer as
illustrated in Fig 1.9 which shows (a) a 45°-viemddb) a cross-section-view. The metal layer
(typically Ti/Au (10nm/200nm)) and the bottom dogdagler (~700nm thick) results in a TM
mode — a surface plasmon mode — that can confen€thpolarized THz emission in the laser
cavity. The active region, GaAs/AlGaAs quantum wgl ~10um thick (the dark grey zone in
Fig 1.9 (a) and trapezoidal zone in Fig 1.9 (b})ich is the gain medium for the THz emission.
The generated single-plasmon mode is illustrated itiset in Fig 1.9 (b) calculated by
COMSOL Multiphysics. It loosely restricts the THode to the laser cavity, with the majority
of the optical mode penetrating into the subst(@&aAs substrate, bottom thick light grey
layer).

We can define a confinement facfof39] to describe the modal overlap of the mode within
the active region as:

I = -[activedXdyE ( X’y) (14)

[, o AXAYE® (X,Y

wherex, y are respectively the horizontal and vertical dicet of QCL’s cross-section as
shown in Fig 1.9. For a single-plasmon QCLs, th&fioement factor™ typically lies between
0.1 - 0.5 [44].
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If we suppose the mirror and waveguide lossesiaranday, respectively, the gain required
for lasing action in a QCL can be defined as [32]{

:am+aw

O Ia (1.5)

From Eq. (1.5), this weak confinement of the THzle@n single-plasmon QCLs will leads to
a requirement of higher gain to reach thresholgh kasing current threshold, and consequently
results in low operating temperatures, comparaddtal-metal QCLs (see below). It needs to
be mentioned that the ridge width of a single-plasi®CLs is generally larger thah50 pum.

If it is too narrow, for example less thah00 pum, the THz waves will be pushed further into
the substrate and be less confined to the actgimes increasing further the threshold current.

Nonetheless the low THz mode confinement of sipigesmon waveguides allows strong
out coupling powers which allows the QCL to be lgaapplied to applications such as
spectroscopy or imaging [53]. Further the low coefment permits high coupling efficiencies
of external radiation. This allows to easily injd@¢iz waves into QCLs that will be important
for time resolved coherent detection (see chagténss).

Metal-metal waveguide
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Fig 1.10I (a) Schematic diagram of a typical metal-metal @gaide THz QCL (b) cross section of
the metal-metal waveguide QCL (inset: THz wavennity distribution in a typical metal-metal
waveguide).

Rather than having a lower doped layer, metal-mid) THz QCLs are structured from
top to bottom ametal layer - active region - metal lay#4]. This is illustrated in Fig 1.10 for
(a) a 45°-view and (b) a cross-section-view. The neetal layer is typically ~300 nm thick.
Below active region, the metal layer is ~ 600 nra.the active region is sandwiched between
two metal layers, the THz mode is confined in ttiéve region and the confinement factor can
be as high as ~1, as illustrated in the inset @flFFLO (b) that presents the intensity distribution
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of THz wave in metal-metal waveguide cavity. As tomfinement is large, the threshold is
typically less than that of single-plasmon layerd permits the highest temperature operation
up to 200 K [48]. The ridge width of THz QCLs basedd MM waveguide can be much
narrower (< 40 um) than that of single-plasmon Q®lsng to the strong confinement.
However, a consequence of the strongly confined emoeksults in a huge impedance
mismatching with free space radiated modes. Thiddao highly diffracted far-field patterns,
poorly out-coupled powers and low injection couglifficiencies, which will be discussed in
detail in chapter 7.

As will be discussed in chapter 5 and 6, we wik tisese MM QCLs to carry out active
mode-locking experiments at nitrogen cooling terapges at 77 K, whereas previous
experiments have all been performed on single-mas@CLs at low temperatures (10K). In
addition, this type of waveguide also permits aficament of the microwave modulation used
in active mode-locking.

1.3.4 Geometry and dimension

/top metal waveguide

w‘m
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cavity mirror

cavity mirror
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Fig 1.11 | Schematic diagram of the geometry antkdsions of a typical THz QCL

Fig 1.11 shows the schematic diagram of the gegnaetd dimensions of a typical metal-
metal waveguide THz QCL ridge. The active regior1®-um high, the ridge width is ~ 10-
250 pm wide and the length of the cavity is tydicalfew millimeters long. (In this thesis we
use 3 mm lengths for active mode-locking aroundst& [54]). The 2 parallel facets act as
end mirrors realizing a Fabry-Pérot cavity, whistone of the key elements (active medium,
pumping, cavity, mirror) for laser action. Once @EL is electrically pumped and laser action
is realized, THz emission will be radiated fromib&icets.

Fig 1.12 illustrates several photos of THz QCLswiarious resolutions from millimeters
to nanometers: (a) is the optical photo, taken hgranal camera, of a QCL wafer placed on a
coin of one eurocent, showing the compactnesss @canning Electron Microscope (SEM)
photo of a QCL wafer. In this picture, the laseiges (the red rectangle, for example), GaAs
substrate and bonded wires can be clearly obselfwed.continue to zoom into active region
of the QCL ridge in (b) using transmission electroitroscope (TEM), many periodically
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arranged layers corresponding to the multiple pisrican be seen, corresponding to the QCL
active region period. The blue arrows in Fig 1.dPshow the flow direction of electrons from
top to bottom, traversing quantum wells and basrighile the yellow arrows illustrate the
electronic laser transitions.

Fig 1.12 | The photo of THz QCLs. (a) Optical phofa QCL wafer placed on a coin of one
eurocent. (b) Scanning Electron Microscope (SEM)tplof a QCL wafer. (c) Transmission
electron microscope (TEM) photo of the active regida QCL.

1.3.5 The state-of-the-art

The material system mainly used for THz QCLs isbasaAs/AlGaAs [55]. However, the
material system InGaAs/AlInAs/InP has also beenduse successfully demonstrate THz
QCLs [56]. The maximum temperature operation of T§I2Ls is now[R200 K [48], using
metal-metal waveguide and a LO phonon depopulatbeme. The max output power of THz
QCLs can already readilW [51] and its gain bandwidth can be ovéir THz by stacking
together three active layers with different cengatission frequencies [29]. Besides, the
waveguides of THz QCLs can be also engineeredphaonic crystal geometry for surface
emitting and improvements of the far-field [57] [58ontinuous-wave THz QCLs have also
been employed to realtime imaging [59][53], gasensing [60][61]and THz
spectroscopy [62] [63], recently.
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1.4 Technology

1.4.1 Molecular beam epitaxy

eated Substrate |
older |

Effusion Cell

Fig 1.13 | Schematic diagram of the deposition dfexnof a Molecular Beam Epitaxy
(MBE) system. RHEED: Reflection High-Energy Electmiffraction. [Picture source:
http://www. dualsignal.com.tw/20998233762646330%280mbe.html].

Molecular beam epitaxy (MBE) is a thin-film depdsit technique allowing fabrications of
exceptional crystalline quality materials [64]. $hechnique is commonly used for the growth
of high-quality QCLs. The schematic diagram of aB®8ystem is illustrated in Fig 1.13. In
this figure, the large chamber is pumped to uligirlvacuum (around 10 mbar), and is the
main environment for sample growth. The quantuml \wedwth is performed on a GaAs
substrate which is fixed on the heated holder aad lbe manipulated by the external
manipulator. To fabricate QCLs, we need to altexiyadnd periodically grow thin films of
GaAs (quantum wells) and AlGaAs (barriers) on thiestrate with a layer accuracy of about
0.1 nm for individual quantum wells and barrierbeTeffusion cells, filled by Al, Ga, As, are
heated to become a molecular gas and directedtibatsubstrate. For example, to grow a 5-
nm thick GaAs quantum well, the effusion cells @, @s need to be opened and directed on
the substrate. They will be bond together to bec@aés via a chemical reaction and be
deposited on the GaAs substrate. (Similarly for &4 barriers, where we require the Al, Ga,
As cells). The thickness of quantum wells and basrare precisely determined by switching
off-on the mechanical shutters of effusion cellthva transition time below 100 ms and also
by controlling the flux of materials with an accoyaf 1% or better. In the figure the RHEED
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gun and screen are the reflection high-energyrelediffraction system, which is employed
for the surface sensitive characterization of tlmvgh layers. In a MBE chamber, the epitaxial
rate is generally about 0.5-1 um per hour. To elyticomplete the growth of a QCL wafer, it
generally takes about 10-14 hours or longer.

1.4.2 Processing

- . _
active layer growth gold layer deposition new substrate stick
gold layer
/@00\«
previous substrate remove gold layer deposition active layer etching

Fig 1.14 | Simplified processing steps for theifsdifon of metal-metal waveguide quantum cascade
lasers.

Although the work performed in this thesis is noedtly implicated in growth and post-
growth processing of THz QCLs, | will give a brigfintroduction as it is important to
understand the fabrication of QCLs. Fig 1.14 shdvessimplified processing steps for THz
QCLs based on MM waveguides. (a) is the 10-um heigtive layer (thousands of quantum
wells and barriers) growth on the GaAs substradbzed in a MBE chamber, which has been
presented in section 1.4.1. Then it is followedtbg deposition of a Ti/Au layer with a
thickness of ~300 nm on the active layer as ilatstl in (b). In (c) a host GaAs substrate (also
with a deposited layer of Ti/Au) is wafer bondedhe Ti/Au layer on the QCL substrate. Then
in (d) the original GaAs substrate is removed ughgsical thinning and selective etching.
This is followed by a deposition a ~300-nm Ti/Awéa for the exposed active region as
demonstrated in (e). In (f), the wafer is etchdte(oical or dry etching) around the top metal
to realise the QCL ridge.

1.4.3 Cleaving and device mounting

After the sophisticated active layer growth andahetetal waveguide processing, the ends
of the processed wafers are cleaved by a diamoimd joorealize the end cavity mirrors. This
allows a high-quality Fabry-Pérot cavity before midng the device on a Cu or Au mounting
block. Figure 1.15(a) and (b) shows the end fabefsre and after cleaving. Fig 1.15 (c)
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presents the bird eye view of the whole cleavedogeshowing clearly a number of laser
ridges with different ridge sizes.

Fig 1.15 | Scanning electron microscope (SEM) phaiba THZ-QCL wafer (a) before
cleaving (b) after cleaving and (c) bird view oétiwhole wafer after cleaving.

indium  coplanar waveguide

normal connection pad high speed SMP connector

Fig 1.16 | (a) Photo of the wafer taken by nornyatical camera after cleaving. (b) Gilded
mounting block for THz QCLs. (c) THz QCLs mounted @ copper block with high-speed
coplanar transmission line waveguide and integr&®tP connector. (d) SEM photo of the
mounted QCLs with a micro-wire bonded on the ridge.
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Fig 1.16 from (a) to (d) briefly shows the mountipigpcess of QCLs. (a) is the photo of
QCL wafer after cleaving. Fig 1.16 (b) is the gddmounting block where we solder the QCL
wafer onto using a layer of indium foil heated ®01C° - 200 C°. Besides serving as an
adhesive, the indium is also utilized to conducithiem the wafer to the Au or Cu block. Fig
1.16 (c) is the photo of a completely mounted Qfam which we can clearly observe the
QCLs (gold color) and indium layer (silver coloBlbw it. The left side connection pad, on
which wires can be bonded, is generally employdude the QCL at low speed (less than 100
MHz). The right-angle connecter at the right sidemmunting block is a high-speed SMP
connecter with integrated coplanar transmissioa Waveguide. This allows fast electrical
signals to pass through it for electrical modulatioup to ~ 26 GHz for mode-locking. The
electrical connections between the QCLs and coonéot waveguide) are realized through
micro wire bonding as shown in Fig 1.16 (d), whammicro wire is bonded on a QCL ridge
and linked with the central line of the coplanarnveguide. The QCL is completely prepared
and can be directly mounted on a continuous flowckestat for characterization.
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1.5 Conclusion

In this chapter, | have given a brief introductimnTHz QCLSs, the active regions, the
waveguides and the fabrication technologies. At bleginning in section 1.1, the THz
frequency was introduced and it position in theiren¢électromagnetic spectrum was also
briefly discussed. As there is no promising semilaor material whose band gap is as small
as a few meV, artificially engineered energy lewelguantum wells were presented in section
1.2 for THz emission through inter-subband traossi In section 1.3, the working principle
and geometrical shape as well as dimensions ofQElzs were discussed in detail. At the end
in section 1.4, the active layer growth technolegénd the ridge processing steps were
schematically demonstrated.
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Ultrafast Detection of Terahertz Quantum
Cascade Laser emission

o0 demonstrate mode-locking of THz QCLs and investigheir ultrafast properties on

the femtosecond scale, high-speed THz detectodetarction systems are needed to
characterize their THz emission in the time domBliowever, there is currently a lack of such
THz detectors. In order to solve this problem,\& jears ago, we developed a time-resolved
injection seeding system that allows us to cohé&reietect the QCL's electric field in the time
domain with afemtosecond (fshesolution, based around THz time domain spectmsco
(TDS). The main principle of this system is to oij@ phase-resolved THz pulse, generated
from afs optical pulse excitation of a photoconductive ante into the cavity of a QCL to
initiate laser action before it is initiated by itdherent spontaneous emission, where the phase
of the latter is random. In this way, the phasdahaf QCL can be completely seeded and
synchronized to the THz emitter as thus toftheptical excitation pulse. The electric field of
the phase-controlled QCL radiation can be then ety detected and precisely measured in
time domain with standard sampling techniques.

In this chapter, we will first introduce the workiprinciple of THz-TDS, wherés optical
pulses are simultaneously used to generate andtdatase resolved THz pulses through
photoconductive switches and electro-optic sampliagpectively. Then, we will present the
injection seeding technique and show how it is usadktect the electric field of the THz QCL
emission in the time domain. And finally, the résuf THz QCL emission measured from O
ps to 2000 ps, from amplification to the steadyestaill be experimentally demonstrated and
analyzed.
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2.1. Ultrafast terahertz detection

The THz range covering the frequencies from 0.5 T340 THz is the least developed in
the electromagnetic spectrum as there is a lagkarhising THz sources and detectors. The
demonstration of the first coherent compact andgriw THz source — the THz QCL in 2002
is a milestone in the THz source development histince then, there have been considerable
achievements in the performance of this sourcdudiig significant increases in output
powers up to 1 W and operating temperatures up@d< However, the commonly used THz
detectors [65] [13]such as pyroelectric detectard @olay cells can only respond to a very
slow modulation frequency of less than 50 Hz thatitremely far-away from our requirements
(12 GHz). Other THz detectors, for example hot etecbolometers, are able to work at
response frequencies from a few KHz to a few GH,dm not normally attain frequencies
above 10 GHz [66].

To further investigate the ultrafast propertiesTéfz QCLs, such as their dynamics and
short pulse generation, high-speed detectors ectieh systems of a response frequency at >
10 GHz are required. In order to solve this prohlem have developed a coherent detection
technique called injection seeding [67], based on THz-TDS [68] [69], allowing us tetect
the time-resolved emission of THz QCLs with a higholution of less than Z8. The aim of
this chapter is to introduce this phase-resolv@tiion seeding system, which will be widely
utilized in the following chapters for mode-lockimyestigations.

As is in all laser systems, laser action in QCL#niSated by its inherent spontaneous
emission, where the phase is completely randomthar words, every time a laser is switched
on, its phase will be totally different. This untailed lasing action will prohibit the coherent
detection of the electric field of the QCL usingrgding techniques (see section 2.2.3). The
main idea of our technique is to inject a broadb@#dTHz bandwidth) THz pulse generated
by a photoconductive antenna [70], excited by a&Sapphirds-laser pulse, into the cavity of
QCLs to start the laser action and replace the @Spbntaneous emission. In this way, the
phase can be fixed by the injected THz pulse. @neemission phase is controlled, we can
coherently detect the electric field of the QCL ssion, using standard electro-optic
sampling [71] described later in this chapter.

In this chapter, GaAs photoconductive antenna fiz §eneration will be introduced at the
beginning. Then electro-optic sampling system tadlpresented and be employed to measure
the electric field of THz pulses radiated by a pleonductive antenna. And finally, the time-
resolved injection seeding system will be discusssdi be applied to detect the electric field
of a metal-metal waveguide THz QCL.
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2.2 Terahertz Time domain spectroscopy
2.2.1 Introduction

THz-TDS is a technique that allows us to coheredditect the time-resolved electric field
of THz pulses emitted by synchronized THz sourcéhl @& fs resolution [72]. It typically
includes 3 parts: 1). A femtosecond optical/nefnaned laser 2). THz generation system and
3). THz detection system. A commonly used genanasigstem in THz-TDS is based on
photoconductive antennas and the detection systenypically based on electro-optic
sampling [71].

Using this technigue, we can directly measure tHe &bsorption and THz transitions of
specific materials and nanostructures in the timealn to further study their electrical and
optical properties. Using THz TDS, the THz QCLs &sion can be synchronized to the
femtosecond laser permitting the QCLs time resolvelectric field to be directly
measured [67]. Therefore, prior to introducing atign seeding system, it is necessary to
present the THz-TDS system.

2.2.2 THz generation - photoconductive antenna

There is a wide range of techniques to generate pithses with femtosecond lasers, such
as frequency mixing in nonlinear crystals, plasnemegation in air, and photoconductive
antennas [11] [73] [74]. Here, we use the photoaatide antenna as THz generator as it easy
to implement realized and can be modulated at Higlquencies to reduce noise. A
photoconductive antenna is a device that is abfgetwerate broadband THz pulses covering
the frequency range from 0.1 — 4 THz [70]. It ceiwsiof 2 metal electrodes deposited on a
GaAs semi-insulating substrate as illustrated ig Bil in its simplest form. When a
femtosecond infrared laser pulse, typically froifi:gaapphire lase\(~ 800nm), with a photon
energy is larger than the band-gap of the matesiadites the GaAs substrate between the
positive and negative contacts, electrons in vadrand will be excited to the conduction band
and become free carriers. With the antenna biagetlansient photocurrertc will be
generated between the electrodes. The time-depepHetocurrent, which is proportional to
the applied static electric field and the tempom@ptical pulse profile can be expressed as the
convolution of the optical pulse envelope and thpllse response of the photocurrents [11]:

loc(t) = [T ot =)@ TA(E) (1) [0t T By O (Y (2.1)
wherelpcis the intensity profile of the optical pulsegs the electron charga(t) is the carrier
density,u(t) is the average electron velocityydHs the static electric field applied between the

two metal electrodes an€(t) is a time-dependent function to describe th&egated
photocurrent respongec.
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@ L

optical pulse

+ .

~100fs, ,=810ns

]
photoconductive antenna

Fig 2.1 | Schematic diagram of a photoconductivierara for THz pulse generation under femto-
second optical pulse excitation.

Appling Hertzian dipole antenna model to the radiabf a photoconductive antenna, we
can get its time-dependent emission expressioresdpace [11]:

HoWo sinf d

B (0)= 471 r dt
T

[1ectt o0 et (2.2)

wheretgis vacuum permeabilityyis the gap distance between the negative and y®siti
electrodesy and 0 are, respectively, the distance and angle of mooiductive antenna
radiation,t. =t-r/c.

We can see from the Eq. (2.2) that the temporabcieristics of the radiated electric fields
strongly depend on the time differential of the folcoirrent. If an ultrafast, for examptd00
fs, laser pulse is employed to create the transtestiqgurrent, the generated electric fields will
also last a few hundred femtoseconds (the exagévaldependent on the dynamics of substrate
materials), which corresponds exactly to the THfiency range. Generally, the produced
THz pulses are centered-&t-1.5 THz with a broad bandwidth 68-4 THz and a maximum
radiation power of~10-200uW. For different applications, differentattede geometries and
different fabrication processes can be utilizedetgineer the central radiation frequency,
emission bandwidth, maximum emission power and mari excitation power as shown in
Fig 2.2 from (a) parallel line photoconductive amta to (f) large area interdigitated
photoconductive antenna (iPA). Each antenna isrithestin the figure caption. In this thesis,
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| used the large area interdigital photocondudéinenna owning to its high average radiative
power of tens of uW under an infrared excitatiowen of (bOOMW and a modulation
frequency of a few tens of kilohertz, for exampl20 KHz. For a given photoconductive
antenna, its output electric field is proportiot@ithe bias voltage and the optical excitation
power (unless the response saturates at high yalues

Fig 2.2 | Photoconductive antenna with differendrgetries. (a) Parallel line antenna - broadband
emitter antenna. (b) Bow-tie emitter antenna. @ydrithmic spiral antenna - broadband emitter. (d)
Finger gap antenna - emitter at low optical eximtapower. (e) Butterfly antenna - highly sensitioa
frequency antenna. (f) large area interdigital phohductive antenna - high power THz transmitter.
Most of the above designs can also be used a deteith the appropriate material (i.e. LT-GaAs).
[From http://www.batop.de/products/terahertz/photatuctive-antenna/photoconductive-antenna-106
onm.html].
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2.2.3 THz detection - electro-optic sampling

Balanced
photodiode
Wollaston
prism
E ! _
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Fig 2.3 | Schematic diagram of electro-optic sangpBystem for THz electric field detection.
ZnTe: nonlinear crystal for Pockels effekt4 wave plate: change polarization fefoptical
pulses. Wollaston prism: separate horizontallyeertically polarized components fsfoptical
pulses after quarter-wave-plate. Balance photodidét¢ect respectively the horizontal and
vertical components d§ optical pulses and their difference is determiaad sent to a Lock-in
amplifier for coherent detection.

There is also a range of techniques to detect THwew using ultrafast lasers
(photoconductive switches [75], plasma based aitqtics [76], nonlinear crystals [77]). Here
were employ electro-optic crystals as it permiteelatively high spectral bandwidth when
compared to photoconductive devices. Electro-offf©) sampling permits to measure the
actual electric field of THz waves using a secondiep nonlinear effect Pockels effecin
nonlinear EO crystals. It is used in a variety ofestific and technical applications, for
example, switching between no optical rotation haf polarization and 90° rotation of the
polarization creates a fast shutter with a resptingein nanoseconds. The same technique can
be also used to carry information by modulatingriftation between 0° and 90°. The second-
order nonlinear polarization for Pockels effeagiigen by [11]:

R? =23 £ X2 (@ w0) [ (&) (0)= Y& X (@)E (@) (2:3)
ik J

where Xigz)(w)zzzgo)(ij(kz)(w;w,o)[Ek(o)is the static electric field induced susceptibility
k

tensor. From Eq. (2.3), we can see that the subdépttensor is proportional to the static
electric field amplitudé, (0), which will induce birefringence in a nonlinear E@stal. By
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measuring the birefringence of the nonlinear EGtaly the static electric field applied on it
can be quantitatively determined.

EO sampling to measure the electric field of THisps works exactly in this way. The
schematic diagram of electro-optic sampling sysfiem THz electric field detection is
illustrated in Fig 2.3. Firstly, let's suppose tkia¢ infrareds pulse (red) (the same as the used
for THz generation defined above) is linearly pied in the vertical direction. If no THz wave
(green) passes through the EO crystal ZnTe wittistbetical pulse, there will be no induced
birefringence and the polarization 3f pulse will remain vertically polarized. When thg
pulse passes through the quarter-wave plate &igeZmTe crystal, it will become circularly
polarized. Using a balance photodiode to detecptveer difference between the vertical and
horizontal components of the optical pulse, whiehseparated by a Wollaston prism, the result
will be zero. On the contrary, if a THz wave trasgirough the EO crystal together with the
optical pulse, the refractive indexnpandn; directions, as is shown in Fig 2.3, will be diffat
owning to Pockels effect (i.e. induced birefringendassing through the nonlinear EO crystal
of a thickness ot., a phase retardation will be introduced between litearly polarized
components ofi; andn, axis, which is given by [11]:

Ap= (nl_nz)%—_rﬁ S (2.4)

wheren, is the refractive index at the optical frequeneglia, is the EO coefficient. Therefore,
the fs optical pulse will become elliptically polarizedtex the quarter-wave plate. The
horizontalx and verticaly components can be then written as:

l, = IE"(l sing)=-2 o (1—A(p) (2.5)
l IEo(l + sm(p)~— 1+Ap; (2.6)

wherelg is the incidenfs pulse intensity. Separating the horizontal andies@rcomponents by
the Wollaston prism and injecting them into theabak photodiode, the final detected signal
on the balance photodiode is given by:

[ ool
ls=1y =1 =l 0A¢=0Tn§§ ek i IE 1 (2.7)

Eq. (2.7) indicates that the output signals oftthlance photodiode is proportional to the THz
electric field corresponding to the point thatnsphase with thés optical pulse (the yellow
point in Fig 2.3 for example and assuming a dalta:fion for the optical pulse). Therefore,
we can obtain the exact value of THz electric fiatdhis point by reading the photodiode
output signals. If the arrival time between optioalse and THz wave is continuously changed
by a mechanical delay-line, we can totally recargtthe electric field (both amplitude and
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phase) of the THz pulse as we shall see in detagction 2.2.4. A lock-in amplifier is used to
detect the signal from the balance photodiodes thithmodulation frequency of the antenna
as a reference.

Generally, the ZnTe [77] and GaP [78] are the masimmonly used EO crystals for EO
sampling as the group velocity of the near-inframptical pulse is roughly equal to the phase
velocity of the THz pulse. This phase-matching d¢tiowl permits to maximize the nonlinear
Pockels effect and allows us to treat the varyibtz Waves as static electric field. However,
for different THz frequencies, their phase velastiare slightly different, resulting in an
optimal thickness of the crystal (~ nonlinear cemee length) to detect a broad range of THz
frequencies. For example, a 200 um thick ZnTe atystused to detect THz frequencies from
a few 100 GHz to greater than 3 THz. Thicker cigstaill give a larger signal but at the
expense of a smaller detection bandwidth.
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2.2.4 Time domain spectroscopy setup

Delay line
M2, 13
M: Mi
laser Ti:Sa ¢ j irrors
100fs—810nm BS: Bean Spliter

=76MHz 4' PM: Parabolic Mirrors
M4

Antenna
supply 10KHz

Balanced photodiode
Lock-in

amplifier s

Wollaston A/4

Fig 2.4 | Time domain spectroscopy setup for THxteic field generation and detection.
Coherent Mira:fs laser generating ~10f$ optical pulse at ~810 nm with a repetition
frequency of ~76 MHz and average output power 025WV. Delay line: 2 mirrors installed
on a motorized movable stage to change the ogtithl(delay) ofs pulses. Logk-in detector:
to coherently detect and amplify thée0 KHz signals (the modulation frequency of the
photoconductive antenna) after the balance phodedi®C: computer to record time-
resolved data from lock-in amplifier. Red puls@€): fs optical pulse (path). Green pulses:
THz waves. Yellow zones: THz wave path. Black lireectrical connections. The
photoconductive antenna, 4 parabolic mirrors andlinear crystal ZnTe are placed in a
closed glass box and purged by compressed dry air.

Fig 2.4 shows the complete setup of the THz timmala spectroscopy system, bringing
together the generation and detection schemedatktsparately above. A Ti:sapphire laser
whose wavelength is centered at ~810 nm is emplayggnerated optical pulses of ~180
with a repetition rate of ~76 MHz. THe optical pulses are divided into 2 parts by a 50/50
beam splitter as is illustrated in Fig 2BS) One part passes through a delay line that caensist
of a motorized movable plate and 4 dielectric msfd1l — M4 and then to the EO crystal
(using mirrorav5 andM6 and a small hole on the last parabolic mi?dt4). The second part
of the fs laser is focused onto the THz emitter @@nna) by the mirrdvl9. A THz pulse
will be generated once an optical pulse is incidgenintroduced in section 2.2. Therefore, the
THz pulse trains are always in phase with fiheptical pulse trains. (Typically, a 10 KHz
square signal withR V voltages and 50% duty cycle is applied on fleeteodes of antenna).
Then 4 parabolic mirror?M1 — PM4 are used to focus the THz waves onto a nonlie€ar
crystal ZnTe with a thickness of 200um or 500um.ewthe THz and the first optical pulse
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overlap and travel through the ZnTe crystal, tleeteic field of THz waves can be measured
by the EO sampling system (section 2.2.3). If wetiomously move the mirrors on the delay
line to change the optical paths length (delay)f®fulse, we can, as a consequence,
continuously change the relative positions and @hatations between the THz and optical
pulses. Therefore, the actual THz electric field ba reconstructed in time domain step by
step as presented in Fig 2.5 (a) and (b) that dlmatime positions of the delay line of the
optical pulse to sample different time positionghd THz spectrum. Here, it is important to
mention that, as THz pulse is locked in phase édgipulse, the final result at a given phase
delay is the average of thousands of measurememstifions) at exactly the same conditions,
which will greatly reduce noise and improve signalse ratio as is shown in Fig 2.5 for five
pulses separated L3 ns.
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Fig 2.5 | Processes of electric field tracing by Tirhe domain spectroscopy and electro-optic sargpli
The THz pulses are trig iy optical pulses with a repetition rate of 76 MHzoWhg the delay line from
(a) to (b), the electric field at different timeancbe measured and finally to reconstruct thetiiolé
profile of the THz pulse.
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Fig 2.6 | THz generation from a GaAs photocondectmtenna in the (a) time domain (b)
frequency domain.

Fig 2.6 (a) shows a typical time domain scan offtHe pulse from a GaAs photoconductive
antenna under a ~13®8 optical pulse excitation with an average power400mW and a
central wavelength at ~810 nm. A ZnTe crystal wsesdufor electro-optic sampling. Fig 2.6
(b) is the spectrum of the photoconductive anteamission obtained by fast Fourier transform
(FFT) of the temporal signals in (a). For this glumnductive antenna, the duration of the THz
pulse is about ~1 ps and frequency response iereehat ~1.2 THz, covering the range from
0.1 THz to 3.8 THz. The grey zone in Fig 2.6 (b)he spectral components between 2 to 3
THz, corresponding to the QCL frequencies that bélinvestigated in the latter chapters. This
photoconductive antenna is the external THz sotlvaewill be employed to inject THz pulse
into QCLs. This will control the emission phaseléiz QCLs for detection of the ultrashort
THz pulse generated by mode-locking in this thesis.
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2.3 Injection phase seeding of THz QCLs

Delay line
M. 3 M: Mirror
laser Ti:Sa
100fs—810nm BS: Beam Spliter
182 BS1 o
f M1 M4 PM: Parabolic Mirror

___________________________________________

1
1
1
1
1
1
1
1
1
1
]
1
1
1
1
1
]
1
. J
1
:
1
1 Balanced photodiode
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

N

I

=

R INL
Wollaston M4

Q

e Antenna ffef QCL Supplyl L

S ' |suppiyaokHz [ 20kHz || Wk

L supply 40KHz cT

)

<

,,,,,,,,,,,,,,,,,,

Pulse | l ¥

mmmmmm - >  generator Lock-in
76MHz amplifier

Fig 2.7 | Injection seeding setup for time-resoldetection of THz QCL emissions. QCL supply 20
KHz: a quasi-DC supply of 20-KHz frequency and 5width to hold a QCL slightly below its lasing
threshold. Pulse generator 76 MHz: electrical putsgged byfs optical pulse to bring a QCL above its
threshold at a repetition frequency of 76 MHz (53. ntenna supply 40 KHz: supply to switch on a
photoconductive antenna with a width of 5 pus arficequency of 40 KHz. Red pulse (lind}.optical
pulse (paths). Green pulses: THz waves emittechbyogonductive antenna and QCLs. Yellow zones:
THz pulse path. Black line: electrical connections.

Using THz time domain spectroscopy, we have shdwrability to coherently detect the
actual electric field emitted by photoconductivaesumas in the time domain as introduced
above. We will now show how such a system can bd tsdetect the time-resolved emission
of a THz QCLs, with an aim of to understand itsaflist properties and short pulse generation
that will be demonstrated in the following chapters

37



Chapiter 2. Ultrafast Detection of Terahertz QuantCiascade Laser Emission

A natural proposal for this is to simply replace aC antenna in Fig 2.4 by a THz QCL.
The QCL is then electrically synchronized to théaser by using a fast photodiode to trig its
electrical supply. However, although the QCL careleetrically synchronized to thelaser,
the QCLs phase is random as the laser actiontiatad by its spontaneous emission. If there
is no fixed phase relation between the emissiohHty QCL andfs optical pulses, thousands
of times averages of the measurements will resuftero. Therefore, the electric cannot be
resolved using this method and we therefore requireethod to fix the phase of the QCL.

Fig 2.7 shows the injection seeding setup for the+tesolved detection of THz QCL.
Based on THz-TDS, a QCL is placed at the focustmdithe parabolic mirrorBM2 andPM3.
The principle is to inject a phase-resolved “séddiz pulse emitted by photoconductive
antenna into the QCL cavity to initiate its laseti@an through the phase-resolved external THz
source, instead of QCL’s random spontaneous emi$sl] [67]. In this way, the phase of the
QCL emission can be fixed and synchronized to thiez Pulses from the photoconductive
antenna, and therefore also fiseoptical pulses. Once its emission phase is cdattpits
electric field of QCL emission in time domain céen be detected using EO sampling.

Asisillustrated in Fig 2.7, the system is simt@athat described in Fig 2.4. Here the antenna
is biased by square signals with an amplitude 6f & frequency of 40 KHz and a duty cycle
of 20%.The THz pulses generated by the photoconductivenaat are collected by ttigl
gold parabolic mirroPM1 and then injected into the THz QCL by t# parabolic mirror
PM2 as is shown in Fig 2.7. The QCL is held belowtigshold by a square electrical signal
with a frequency of 20 KHz and a duty cycle of 108tmultaneously, when the THz pulse
(seed pulse) is coupled into the QCL, the QCL mught above laser threshold by a radio-
frequency (RF) electrical pulse, trigged by fsdaser pulses via a high-speed photodiode
within the Ti:Sapphire laser as shown in Fig 2.8e RF pulses are short electric pulses with a
width of 6 ns at the same repetition rdiféq MHz) as thdslaser. They are employed to switch
the QCL off and on alternately for coherent sangpldetween each fs pulse. In this case, the
injected THz pulse will be amplified until the lasaction of QCL will be initiated by the
injected THz pulses, and therefore its phase caoimpletely controlled. In other words, every
time the QCL is switched on, its emission has atafixed phase determined by fheptical
pulses. This is shown in Fig 2.8 where Bg; in green is the emission of the QCL - as the
phase is the same between each THz pulse (13rs3)dbtric field of the THz is sampled at
the same time. Averaging at a fixed position wllertefore permit the electric field to be
obtained with a high-signal-noise-ratio as presgnby the yellow point in Fig 2.8.
Continuously varying the delay between the QCL smisand thds optical pulses, permits
its time-resolved electric field be determined watkhigh time resolution (typically ~28) as
described above for the THz antenna. Further ttieeadynamic of the QCL can be determined
from the amplification range (generally for QCL indps to[ 600 ps) to the saturated range
(stable emission range, aft@800 ps). This ultrafast technique with a bandwimfttp to1.00
THz (corresponding taIL0 fs resolution) not only permits us to demonstrate rogdking of
THz QCLs but also allows us to access to the @stadynamics of QCLSs.
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Fig 2.8 | Schematic diagram for electro-optic sangpbf QCLs waves synchronizedfsoptical
pulses. RF switch: Electrical pulses to switch Q@ibsand off alternately with a repetition
frequency of 76 MHz trigged by tligoptical pulsesErw,: Electric field of QCL emission in the
time domain. Seed pulse: the THz radiation emittgghhotoconductive antenna to be coupled
into QCL cavity for phase controlfs intensity: 100fs optical pulses generated by the Ti:
Sapphire laser. Right: measured electric field éying the delay betwedaoptical pulses and
THz QCL emission.

Fig 2.9 shows the typical time-resolved emissidre single-plasmon bound-to-continuum
THz QCL with emission frequency centeredt15 THz, which is measured by this injection
phase seeding technique. (a) is the electric fietde QCL recorded from 0 ps to 1500 ps. The
THz seed pulse radiated by antenna is injectedti@d@CL at around -30 ps from one of its
facet mirrors. Propagating along the laser cavfitwill be amplified. When it arrives at the
opposite facet, part of the THz pulse is coupleidama detected by our system as shown in Fig
2.9 (a) at around 0 ps (propagation timé&®% ps corresponding to a single pass through a 2-
mm long QCL). The remaining part is reflected baado the cavity and continues to be
amplified. After one round-trip, after reflectiom e opposite facet, it will again be partly
coupled out and this becomes the second pass figtlte at{b0 ps and so on. This results in
a quasi-pulsed type behavior with each pulse bainglified and separated by the round-trip
time.

After each round-trip inside the Fabry-Pérot cavitye pulse is broadened in time (and
therefore sharpened in frequency), owing to thédidhgain spectral bandwidth, until the THz
wave completely fills the laser cavity. We can seéa) that the dynamic range of the QCL
starts from 0 ps until t&B600 ps, where the electric field is broadened anglified. After
60O ps, the QCL emission becomes stable wheredimeaj QCL is saturated (clamped to
losses) and there is no further amplification.iglthe amplification efficiency of the QCL as a
function of time, which is calculated by comparthg pulse with its previous one. Befaig00
ps, the amplification is not clamped to the totalskes and thus is above 1. Affi®00 ps, the
gain is clamped to the losses and therefore glskto 1 (c) is a zoom of the measured electric
field in (a) from 1164 ps to 1172 ps. Oscillatiari®lectric field with a time period 6f500 ps
corresponding to a frequency 62 THz can be clearly withessed. (d) shows the specof
QCL emissions centered at 2.14 THz, which is oleiby fast Fourier transform of (a).
Importantly, to verify that the QCL is seeded bg thput pulse, (e) is the amplitude of electric
field of QCL radiation at about 1000 ps as a fumtf the photoconductive antenna voltages

39



Chapiter 2. Ultrafast Detection of Terahertz QuantCiascade Laser Emission

5
&
o
Q
('
Q
R
o r . stable range
f = 1,5 \(b) ‘\‘A\\ T ~ T -
(=} N
= _~ -
3 ‘/‘ ‘\‘\ N
510 N\* e —t—————¢ * . -
§ amplification _ et gain saturated |
T 1o T T .
0 __.---"77300 60 900 1200 ~_ 1500
T time (ps)
= (C)q period 500fs<.—- 2THz ' . - o . -
esor ] AL f\ A ‘ I'". RNan N/ f‘-
3 00 Y f Voo \. \ f el e . I. ] & .I | \ ® I o\ 1 I.
L‘L—’;‘\l\\rl&,,jkf \.I,' \1.3-1 RYRY,
5 LY e/ . s % d S e
g0y W M ; ¥ Y VUV YV VY VoV
1 |
1164 1166 1168 1170 1172
Time (ps)
1,2 T T 8 T T T
s @ s le©
% 08 i % 6 - /.,: *
=] 3 .
.‘3 g 4r / el a
2 04 B g— /0 % saturated
E < 2- /‘ % phase controlled =
0,0 —e N 0 Jad 3 L 1 1
19 20 21 22 23 24 0 1 4

Frequency (THz)

2 3
Antenna voltages (V)

Fig 2.9 | Time-resolved emission of a THz QCL meeduby injection phase seeding
technique. (a) Electric field of QCL emissions fréhps to 1500 ps. (b) The amplification
efficiency of the QCL as a function of time (c) Znimg of the electric field of QCL emission
from 1164 ps to 1172 ps. (c) Spectrum of QCL enissiobtained by fast Fourier transform
of its measured electric field. (d) Amplitude ofetric field of the QCL emission as a function
of the THz seed power (antenna voltage) injectagtime QCL. [FromQOustinov et al. “Phase
seeding of a terahertz quantum cascade laser”. Batnmun.1:69(2010).

(which is proportional to the electric field amplite of the THz pulse sent into cavity). If
injected power is too weak (from 0 V to 1.0 V),dasction of QCL will be partly launched by
the injected THz waves and partly started by thensmeous emission. In this detection
scheme, only the phase controlled emission caretecd, while the emission initiated by
spontaneous emissions cannot be detected (seeysesgction). If the injected THz power is
strong enough (> 1.5V), laser action will be dorteaby the seed pulse and laser action from
the spontaneous emission will be inhibited. In twadition, the injected pulse initiates laser
action and, as the gain is clamped, increasingrjeeted THz power will not lead to an
increase of the electric field. Therefore, in ortiecharacterize the QCL emission properties,
we need to inject enough THz power into the laagitg to totally seed its emission phase and
carry out measurements in the saturated region slowhe purple zone of Fig 2.9 (e). This
technique is now well established. It is able tbrety characterize the THz emission of QCLs
in the time domain from dynamic amplification ung&in clamping in the stable range.
Therefore, this time-resolved technique is our ntail to study free-running emission and
mode-locking of THz QCL on the femtosecond timdessas will be presented in the following
chapters.
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2.4 Conclusions

In conclusion, injection seeding technique based’dm time domain spectroscopy was
introduced in this chapter. This technique allovgsta coherently detect the time-resolved
electric field of THz QCLs emission and to furtlstudy its dynamic and radiation properties.
In this thesis, the phase seeding technique isdia experimental set-up employed to study

QCLs. The technique will be utilized in all the eximental chapters for mode-locking and to
investigate ultrafast THz pulse generation from THZLs.
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Principle of mode-locking

ode-locking [80] [81] is a widely used techniquegenerate ultra-short and intense
M pulses from lasers. The development of mode-lodksdrs has permitted many
interesting applications, such as exotic nonlireféects [82], high precision metrology and
investigations into fundamental physics.

Passive mode-lockin@3] is extensively used and widespread in théblsand near-
infrared for short pulse generation, and is typychhsed on a saturable absorber element
within the laser cavity. However, passive mode-ingkis extremely difficult for THz
QCLs owing to its ultrashort gain recovery tinié (- 20 ps) [22] [47] when compared to
the cavity round-trip timel{LOO ps for a few mm cavity) of the laser. Convsrsitle gain
recovery time can be used as an advantagadive mode-lockingwhere the laser is
electrically modulated at the cavity round-trip maicrowave frequencies. This is the
technique that has been used to show that THz @lLgenerate THz pulses, albeit that
the pulses are relatively long (~10 to 20 ps) [25] [27] [26].

This chapter will be used to discuss the princgdlenode-locking in time and in frequency
domains. At the beginning in section 3.1, mode-logkvill be briefly presented and then in
section 3.2, its principle will be discussed in-tepy introducing the susceptibility of active
medium and dispersion in Fabry-Pérot cavity. Fipaith section 3.3, | will introduce the
passive mode-locking principle used to generatafalst laser pulses from violet to near-
infrared ranges.
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3.1. Introduction of mode-locking

Mode-locking is a widely used technique to genetdtie-short and intense pulses from
lasers [1]. Generally, when a laser is in operatibare is more than one resonant frequency
that can be amplified and propagate in its cavdtgehematically illustrated in Fig 3.1 (green
waves). These frequencies are calmthitudinal mode®f a laser, which are determined by
the cavity length and the active medium of therd$all the modes are in phase and the mode
spacing between these modes is identical, therigldigld of all these modes will interfere
constructively in a small region in time. This widlsult in an ultra-short and intense pulse (red
in Fig 3.1 below) in the laser cavity. It will pragate back and forth within the cavity and then
be partially coupled out from the out-couplers {gawmirrors) at every round-trip time.
Temporally, a train of pluses separated by therlageity round-trip time will be obtained.
This is the so callethode-lockingTo put all the longitudinal modes in phase @gual mode
spacingAw and time-independent phagg is the key factor for mode-locking.

Longitudinal modes in FP cavity

AT A
S AARAL AN ARA

mirror THz pulse mirror

Fig 3.1 | Schematic diagram of mode-locking in tonepace domain in a Fabry-Pérot cavity

The development of mode-locked lasers has pernétiadiderable scientific and industrial
applications since its first demonstration in 19#0sm fundamental physics to high precision
metrology. Generation of short pulses, through rodking of THz QCLs, is especially
attractive owing to the unique properties of thezTreinge such as strong gas absorptions and
small photon energy, which respectively allows kéginsitive gas sensing and non-destructive
detecting in different fields such as biology, clieny, security and military [11] [44]. In fact,
using optical excited photoconductive antennas, ptige can be generated and satisfy many
applications. However, the THz power is relativialyited, the spectrum is difficult to control
and femtosecond Ti:Sapphire lasers are required.prbhibits the wide use of THz pulses in
the domains mentioned above, especially in indestivhere compact devices and cost
effective are required. Since the first THz QCL veaperimentally demonstrated in 2002,
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many leading research groups have been pursuingeaheration of ultra-short pulses from
these devices. Recently, this has been first mlizy S. Barbieri et al [24] [84] at University
of Paris-7 (2011) followed by our group [25] [22H] at Ecole Normale Supérieure (2013),
about 10 years after the realization of the firslzTQCL and 40 years after the first mode-
locked laser [81]. S. Barbieri et al demonstratesldctive mode-locking of a 2.7-THz QCL,
referenced ta mode-locked erbium-doped fiber lagsr sampling the electric field amplitude
of the QCL and analyzing mode-locking in the fregmedomain. Our work demonstrated
mode-locking by directly measuring the THz pulseghie time domain using the injection
seeding technigue (Chapter 2). However, in bothatestnations, the generated THz pulses are
large (greater or equal to 10 ps) resulting in mava spectrum and undermining their use for
applications.

This thesis will address this problem directly astibrten the THz pulses and realize
broadband frequency combs [28] [29] [85]. Beforegenting the experiments and showing the
results, we will provide an introduction to thermiple of mode-locking. In this chapter, we
will discuss, respectively in the time domain arefjiency domain, what mode-locking is and
methods to realize mode-locking.
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3.2. Active mode-locking principle
3.2.1. Susceptibility of active medium in a 2-level atomystem [86]

When mode-locking is presented, dispersion compiemsg87] [88] and phase locking
have to be unavoidably mentioned. Both of thesmetas are key factors for mode-locking
and directly linked with the refractive index okthctive medium. Furthermore, the refractive
index of a medium is connected to the susceptilbljtthe relation: n = (%2 Therefore, to
reveal how mode-locking operates, the susceptibiliand its related parameters need to be
understood. Therefore, before presenting mode#hggkhe susceptibility of an active medium
will be introduced and discussed.

The interaction between an atomic system and intilight will be used to describe the
susceptibility. Here a 2-level system is considdmedsimplicity, interacting with an incident
light beam as shown in Fig 3.2. The levels, l¢ljeind level2), possess respectively energies
Ei, E2. The resonant frequency between them is givemby{E.-E;1)/4. The incident electric
field with an angular frequency of is characterized by the equati@Ae'“+c.c. WhereA
is the amplitude and.c represents the conjugate part of the electrid fiel

@

E

1

Fig 3.2 | Schematic diagram for light-matter intdi@n within a 2-level atom system

Light-matter interaction in this system can be déscl by the Von Neumann’s equation:

i —_[ﬁ,b] (3.1)

P P2

b1 P2

Applying the 2% 2 density matrixp :( Jon Eq. (3.1), the differential equations for

P, Prand O, can be obtained:

. . i . -
:011:_:022:5(0)19 “ +W1Dém YO 2—P1) (3.2)
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P = ia)op12+|—2(a)§_i‘d "'C‘)lIj m)(p 2P 1) (3.3)

wherep,; and p,, are respectively the population of quantum $tasnd staté2) . o,and
£,1, conjugated to each other, represent the coheadioese 2 levelsw =2dA7 is the Rabi
angular frequency [89] and = d,, = d;, = (1] Zj|2> is the electric dipole of this interacting

system. Removing the high oscillation parts bydbasi-resonant approximation, this set of
equations can be further simplified to:

. . i | _I

:011:_:02225(5‘)502{3&1'5‘)10123 “) (3.4)
L i i

P = Ia)op12+%(p22—,0 e (3.5)

If 0,andd,, are introduced to replagg, andp,;:
T,y(t) = pyy(t)E (3.6)

op,(t) = ,Olz(t)e_iaI (3.7)

Then the Bloch equations for 2-level system candiarally obtained:

0 .

a(pzz = pPy) =i (wlmazl'wpﬂz) (3.8)
0 . .

aazlzm_azl_'% 2P 1) (3.9)

If relaxation and pumping processes are take intmant in the Bloch equations above, Eq
(3.8) and Eq (3.9) can be modified as:

0 i

Eﬂzz :/\2—y2,022—5(a)1['021—wg52) (3.10)
apll_/\l_y]pll-'-ApZZ-l—E(wla AW ) (3.11)
0 _ . n)
Eazl—_(r —|5)021—I7(,022-,013) (3.12)
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Where/\;, A\, are the pumping rates for levié) and leve|2) ; J; and y, are relaxation rates
for level [1)and leve|2); A and I are respectively the associated decay rate indoged

spontaneous emission and decay rate of cohergfges

Fig 3.3 | Real and imaginary part of susceptib#isya function of frequency centered at
transition frequencycy for a 2-level atom systemy (@) and X (&) represent
respectively the real and imaginary part of thecepsbility at (W= @) .

The steady state solutions of Eq. (3.10), Eq. (3abtl Eq. (3.12) can be easily obtained by

setting them IO%,Ou:%pzz:%le:O. Together with the steady state solutions, by

comparing macroscopic polarizatiof, = N{ p>= NTr{,oAc} = 2Nd Rp@,,, and the matrix

polarization,P =& YE+ c.c, the real and imaginary part of susceptibility gieen by:

N \[s G 1 )
= - 3.13
X p (02 :011)1+ | T2+02 ( )
lsat(9)

. Nd* o, 1 r
- - 3.14
80h (,022 p11)1+ I rz +52 ( )

Isat(o—)
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WhereN is the atomic density&,is vacuum dielectric constant, is the reduced Planck
constant,0 = w— ¢y is the detuning from resonant frequeridg, light intensity) s« is saturated
light intensity andp2,, p? are respectively the initial population of lefieand Ieve|2>.
Therefore,x / x («) and x' / x (a,) can be plotted as shown in Fig 3.3. The black gurve
representing the real part of susceptibijity x (), is a central-symmetric odd function at
(ay, 0), while the red curve, representing the imagimart y / x («) , is an even function
atw=aj.

The refractive index of medium can therefore becdleed by the following equation:

n=yl+x +iy --no(1+%+iL) (3.15)

2n?
0

Where 1, is the refractive index a=aJ). Therefore, we can see that the refractive index o
active medium is not a constant as a functionexfdency. Its real and imaginary parts have a
similar shape as the real and imaginary part afeqigbility, respectively, as presented in Fig
3.3. It means that under free running conditiohs, free spectral range of a laser (i.e. the
separation between Fabry-Perot mode$)= Q)/ZnLis not identical over the whole spectral
range. This is one of the reasons why the freeingnemission of lasers is continuous instead
of being pulsed. (The role of the phase of eachemgdliscussed in section 3.2.3). If we wish
to generate shorter pulses from a laser with bspadtral bandwidth, it will be difficult due to
the greater differences in the mode spacing.

losses: a,

—
e
e

L

Fig 3.4 | Schematic diagram of a laser cavity

To obtain the exact expression of mode spacingidetonsider a laser cavity as shown in
Fig 3.4, of length., reflectivity R, andR;, and total losg;. In the steady state, a wave travelling
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through the cavity should give us the same wavl bophase and amplitude after a round-
trip, which can be expressed as:

JRR(1-a)) & =1 (3.16)

Using Eq. (3.15) to replace the refractive indée, wave vectok can be written as:

@ X L @Y
k=—"22(1+2)+i=4- 17
(122 *i n (3.17)

G G
Injecting Eq. (3.17) into Eqg. (3.16):

20O oy 208

JRR(aye® 2% gevm =1 (3.18)

2wy

The real (amplitude) pa.gfﬁj R(1-a)) et ™ , Which is responsible for laser gain, should be
unitary while the phase part has to satisfy thegat 2t condition:
20D 14 Xy = 27m @)1
G 2ry
From Eqg. (3.19), we can then get the expressionssoihant modes,, and their mode spacing
of":

ST E— (3.20)
X
2n, L(1
LS )

of =f -f=— ® (3.21)

X
2 L(+2
rb(+2r€)

From these equations, how the mode spacing vami&gquency can be clearly withessed and
discussed below.
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3.2.2. Free running emissions of lasers

A laser consists of an active medium, a pumpinghaeism and a Fabry-Pérot cavity. The
active medium is employed to amplify a wave tramgilthrough it and pumping is used to
realize a population inversion in the active meditilre Fabry-Pérot cavity serves as a resonant
filter as well as an energy container to chooseiqudar resonant frequencies (longitudinal
modes) that are brought to threshold as illustratéelg 3.5 below.

ow | Sw

m—-1 m m+1 ---

Fig 3.5 | Longitudinal modes of a laser in coldigav

At first, let us consider a cold cavity, meaningttthe refractive index, does not depend
on frequency. The resonant frequencies that catintmusly exist in the cavity are given by:

w Co

="m — 3.22
" 2m 2nL 22)
wheremis an integerg, is the light velocity in vacuuny, is refractive index of medium in
the cold cavity,L is cavity length. Therefore, the free spectragem(FSR) can be written as:

_f =W_ G (3.23)

In a cold cavityno is a constant, sof is fixed for a given laser. However, in the reage, as

described previously, under free running conditiboth resonant modes and their mode
spacing are variables of frequency as presentéd.irf3.20), Eq. (3.21) and illustrated in Fig
3.3. Compare Eq. (3.20) with Eq. (3.22), the respmaode shifting between cold cavity and
“hot” cavity can be calculated as:

SY NS RS NS Y S S P S
X 2n L X

2n, L(1+X ) 1+ X

2rg 21
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As shown in Eq. (3.24), the" resonant modef,, in a hot cavity is slightly shifted from
cold cavity modef,, by an amount of ¥ fm/2r§. If 0=w-ay >0, Eq (3.13) will give us

X >0. Consequently, the shift will be negative. In othwrd, for any frequencw higher

than central frequenaey, the resonant modes will be slightly pulled tovgtite central mode

ay. On the other hand, b =w—ay <0, then ¥ <0 and the shift will be positive. This means
that for frequencyw lower than the central frequengy, the modes will also be slightly pulled
towards the central modg. Therefore, all the free running modés in hot cavity will be

shifted towards the central frequengy compared with equal-spaced cold cavity mokless
illustrated in Fig 3.6. This is thaulling effect of free running lasers.

o | dw

m-1 m m+1 ...

Fig 3.6 | Pulling effect of free running laserseTdolid lines represent equal-spaced cold
cavity modes and the dashed lines represent nariégdémodes in hot cavity.

Comparing with the cold cavity mode spacing in 83), the hot cavity mode spacing in
Eq. (3.21) can be re-written as the sum of thetidahcold cavity mode spacing and a hot
cavity induced frequency-dependent term:

5t = % = 91 5t +naf(w) (3.25)

X X
2n, L(1+2— 1+2
n L( 2r§)

215

Where the cold cavity mode spacidf is a constant, but the frequency-dependent term

Af (w) will result in non-identical mode spacing, whictepents the formation of ultra-short
pulses as discussed below.

The electric field of one mode, for example th& one, isE,_(t)= A &) 1+ cc.

Adding electric fields of all these resonant motlgether will give us the laser emission in
the time domain:
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E(t)= i E ()= Zm: A, &7+ 1 ¢ o
1 1

Anei[ZH( fo+mid f +AT, Y+ +cc

(3.26)
ei[Zn( fotmid f )i+ g+ 27f (1] c.C

> P

ei[Zn( fo+md f )t+d, (1)

SNgE H[\“43 SNgE

+ C.C

WhereAn, f,, andg,, are respectively the amplitude, frequency and-imdependent phase
of them™ mode.sw andAw,, are respectively the cold cavity mode spacingthadrequency-
dependant mode shifting induced by hot cawity. = 2rAf,,t + ¢, is the time-dependent
phase of then" mode andp,,, is the time-independent phase of thitmode.

We will now consider how these parameters effeettdmporal behavior of the electric
field in Fig 3.7 and Fig 3.8. The time-dependenagehvaries between modes and is always
changing with time. This will bring aandom (unfixed) phase-relatibbetween the modes at
any time and will result in continuous (non-per@divave emission in time. This is shown in
the time resolved electric field and intensity (fig 3.7(a) and (b)) for a 3mm-londf£13 GHz)
broadband (bandwidth ~ 500GHz) laser with emis§iequency centered at 3 THz At is
randomly varied and assuming that= 0 (see next section). Fig 3.7 shows a time window
from 200ps to 1000ps with the electric filed cadtal from equation 3.26. We can see that the
emission is not periodic, owing to non-equal mapiEceng bringing a time-dependent floating
phase. This is why even a broadband laser doegivetus stable pulse emission under free
running condition. Now iAf, = 0 (the spacing between these modes is consbani, varies
for all modes (Fig 3.8), laser emission will becopegiodic with pulses being oberseved, but
the pulse shape will be heavily deformed.

The key mission of mode-locking is to remove artfie time dependent phase term and
make mode spacing and mode phase identical vizeeasissive/hybrid techniques Generally,
when a laser is mode-locked and periodic pulses gamerated,5f and ¢,, will be
automatically fixed owning to the “phase-matchegibdulation imposed on these modes, as
described in the next section.
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Fig. 3.7 | (a) Calculated electric field of laserigsion from 200ps to 1000ps with a femtosecone tim
resolution with a time dependent phase épd0. (b) Intensity of laser emission correspondim¢g).
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Fig. 3.8 | Calculated lasers emission wih~=0 but phasep, of each modes is different. (a) Electric
field from 200 ps to 1000 ps and (b) Intensity esponding to (a).
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3.2.3. Active mode-locking

If nis independent of frequency, the mode spading co/2nL will be identical over the
whole spectral range. Therefore, we can simplify B26), the electric field of th&" mode

in time domain, toE, (t)= A d“™)"+ ¢cc by assumingg=0. Adding all these modes
together, the emissions of laser in time domainkeagiven by:

E(t)=zm:Em(t)=Zm: A &ML ¢ (3.27)

(@)

1
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Time (ps)
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=07 l
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aln | | |
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Time (ps)

Fig 3.9 | (a) Electric field of a mode-locked lasatrission as a function of time. (b) Intensity esponds
to the electric field above.

Here we will take the same example as previouslith va 3mm-long QCL &
=da/21=13GHz) with 500GHz bandwidth centered at 3THz hoMv considered\w,,, and
¢mare zero. Its temporal emission (electric field andnsity) are plotted as Fig 3.9 using Eq.
(3.27). Ultra-short stable pulses, as short as dgsproduced. This is called mode-locking.
However, in reality, as discussed in section 3.4ether the free spectral range of ladéis
constant nor are their phasgsidentical, leading to continuous waves or headiyormed
pulses being generated. Therefore, mode-lockitguse active or passive techniques to force
the mode spacingf and their phaseg, to be constant over the entire emission spectrum.
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How can we fix the spectral rangkeof a laser and keeping the modes in phase? There a
many ways that can be used to achieve this, inofudctive mode-locking, passive mode-
locking and hybrid mode-locking. Each type of mdoeking can be also realized by many
different detailed techniques, such as direct atrrenodulation [90], acoustic-optic
modulation [91] [92], saturable absorption [93]nhoear Kerr effect [94] etc. In this chapter,
all these three types of mode-locking will be byiefescribed as this is the main subject of the
thesis.

m-1 O m-1 m+1 m-1

do B | e e e e e

(@) (b) (©)

Fig 3.10 | Schematic diagram of active mode-lockinfyjequency domain (a) Spectrum of free running
emission. (b) Modulation is applied on a laser.ldskr is mode-locked.

How is active mode-locking realized ? Generally,emeploy an electrical modulatiamy,
which is monochromatic and very close to the mquieisigda) to directly modulate a laser
(i.e. modulation at the round trip of the cavitlyirstly, let's consider the modulation effect on
the frequencyun, as is illustrated in Fig 3.10 (a). Before modwatis applied, the free running
emission mode spacings are not identdeal # daun1. When modulation is applied, the central
frequencya, will transfer a part of its energies to its modeathsidebands, + cm, an— )
and are close in frequency to the 2 free runningeaduwn1, awn1) of the cavity. If modulation
power is strong enough, it will force the free rimgfrequenciesdini, awn+1) to move towards
the sidebands frequencies positions @t ¢ am, wn — am) until they totally overlapped
Whni=Whi— W, Wn=whta. Finally, the mode spacing will be locked to thedulation
frequencyWan=dwn1=am as presented in Fig 3.10 (b).

Above we have analyzed the modulation effect omythe central frequencg,. We can
also use the same way to analyze the other fregeseng,: to getown 1= dawh=m, w2 to get
Oln2= Ol 1=CM1, @3 tO0 get dwns=dwnm=cm.... At the end, we havedwn=own
== On1= Otuns2= [ ciy, i.€. the mode spacing over the whole spectrualager emission
will be fixed to the modulation frequency as shawrrig 3.10 (c). Simultaneously, the time-
independent phasm, will also be identical among all the modes, owiaghe synchronization
of the modes through the active modulation. As meed above in Fig 3.9, once the mode
spacing is locked and their phases are identigallaser emission in the time domain will be
pulsed and active mode-locking will be realized.
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3.2.4. Beatnote

GHz source

bias — diplexer coupler
low in high in + connectors

out
GHz

spectrum
analyzer

QCL

Fig 3.11 | Experimental setup for beatnote frequaegsurement in a THz QCL
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Fig 3.12 | Pulling effect of modulation in activeode-locking. (a) Moving modulation frequency
towards beatnote with a fixed microwave power. I{fltreasing modulation power to extend locking
range by increasing microwave power.

The electrical beatnote is a technique that cansed to illustrate how the modes behave
when the laser is active mode-locked. It correspdadhe beating of the multiple fabry-perot
modes of a laser cavity and is therefore is ancatdin of the mode spacing/round-trip
frequency. For example, a 3mm long cavity will héalery perot modes separated by ~13 GHz
and therefore give a beatnote at this frequenapelfmode spacing is not identical across the
whole spectrum, the beatnote frequency will be widie the contrast, if the mode spacing is
identical, the beatnote will be narrow. (This teicjue has been used extensively to study
frequency combs in QCLS). Now let us directly laikhe beatnote and active mode-locking
processes from the external induced “pulling” ekpent in a THz QCL (the “pulling effect”
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presented in section 3.2.2 is the intrinsic pullefect owing to the dispersion of active

medium and here the pulling of fabry-perot modeésdsiced by external modulation frequency
and power). The device, wafer number V453 growthatUniversity of Cambridge, was a 3-

mm long with an 80-um wide ridge in a MM geometmth an emission frequency centered
at 2.1 THz. As shown in Fig 3.11, in the beatnatpegiment, the bias is employed to

electrically supply the QCL and the diplexer (11 8Z - 6000 /T 18000-O/Q)) is used to

combine the low frequency bias and the high frequemodulation produced by the GHz

generator (KEYSIGHT PSG E8251A) to actively modeklthe QCL. We used a broadband
high-speed spectral analyzer (Agilent N9344C 20GHectrum Analyzer) to directly display

the beatnote of the QCL and GHz modulation freqiesrapplied on the QCL at the same time.
As illustrated in Fig 3.12 (a), the broad peak l& teft side is the beatnote frequency,
representing the mode spacing of the laser andxtia-fine line at the right side is the GHz
modulation frequency applied on the laser. Bef@mahstrating the pulling effect, we define
the locking range [95] as Eq. (3.28) below:

% [P
AfIocking :60 mJePCtlon 3.28)
0

Where thefp is the free-running oscillation frequendSiecion aNdPo are the injected power
and the free-running oscillator power respectivahd Q is the oscillator Q-factor. The locking
range indicates the frequency range in which the funning oscillator can be locked to the
injected power. This is an indication of mode-loakin our experiment where the beatnote
frequency is fixed to the microwave modulationtHé injection power is high, the locking
range will be wide. This means we can vary the rfatthn frequency in a wide range to mode-
locked a laser. It needs to be mentioned that thauhation power required for actively mode-
locking a laser depends on the optical intensisjdi@ its cavity and its Q-factor of cavity. If
we wish to actively mode-locking a laser with diffat stored energy or different fabry-perot
cavity, generally different modulation power is uaed.

The pulling effect can be described as followsfiist, as shown in Fig 3.12 (a), we fix the
microwave power at 0 dBm and we tune the moduldtequency towards the QCL beatnote
peak. This causes the beatnote to move moves tewhedmodulation frequency while its
broad band nature does not change. Finallfgoif= freamorethe beatnote and the modulation
frequency become a single narrow peak when théyntal the locking range. This indicates
that the free running mode spacing is locked tantbdulation frequency. Even though pulses
are not directly demonstrated, this is an indicathmt active mode-locking has been achieved.
From Eg. (3.28), we know that active mode-lockimm @lso be realized by increasing the
power of modulation, keeping the modulation frequyeconstant. This is demonstrated in Fig
3.12 (b) atfmed = 13.13 GHz. The modulation power is increasedthfrd0 dBm to 0 dBm,
forcing the broadband beatnote to move toward tleelubation frequency. When the
modulation power is strong enough, the locking eawgl also be extended such that beatnote
locks to the modulation frequency.
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3.3. Passive mode-locking

Active mode-locking is relatively easy to achiewvedahas been shown to be stable.
However, the sinusoidal electrical modulation Ignibe pulse width that can be reached by
active mode-locking. In order to obtain ultrashmrises, passive [83] [94] or hybrid techniques
should be used. But for THz QCL, its gain recovinye is very short[(b ps) owing to a
plethora of ultrafast scattering processes in iberisubbands structures. This makes passive
mode-locking extremely difficult to be realizedTifiz QCLs. However, passive mode-locking
is indispensable for generating ultrafast pulsdghbf in all kinds of and therefore | will briefly
introduce the technique.

losses

(a)

___________________________________________________

threshold

—~
O
~

Active modulation

4

Round-trip time

Optical pulse }

i losses—_
A ~~

(d)
7
Optical pulse

Fig 3.13 | Schematic diagram for active and passigdulation. (a) The losses of a laser as a
function of time under the sinusoidal electrical dulation for active mode-locking. (b) The
optical pulse train generated by active mode-logk{c) The losses of a laser as a function of
time under the sharp modulation of passive elerf@rnpassive mode-locking. (d) The optical
pulse train generated by passive mode-locking.

Passive modulation

Fig 3.13 schematically shows the difference betvaaive and passive mode-locking [96].
As discussed in section 3.2, for active mode-logkian external electrical modulation at
exactly the round-trip frequency is needed to bgliag on the laser. The monochromatic
frequency gives us a sinusoidal modulation in tdoenain as illustrate in Fig 3.13 (a). As a
consequence, the generated optical pulses aréevebjdiarge. However, if we modulate the
losses of a laser sharply using a passive elermenséturable absorber, nonlinear effect etc.)
as schemed in Fig 3.13 (c), the produced optidaksuwvill be much shorter as in Fig 3.13 (d).
This sharp passive modulation can be achieved $srting a saturable absorber inside the
resonant cavity as shown in Fig 3.14. When opti@ales with weak intensity pass through the
saturable absorber, the optical power will be tgtabsorbed and strong losses will be
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introduced. When an optical pulse with high enoingénsity builds up in the cavity, its opens

a small time window in the absorption and the sdiler absorber will absorb the front and tail

of the pulse as their intensities are relativelykvel he high intensity of the central part of the
pulse will pass through the absorber without sufteany loss by saturating the absorber to
make it transparent. In this way, the ultrashotiogp pulse can be generated.

mirror saturable mirror
absorber y

= .

4 , ‘

Fig 3.14 | Experimental setup for passive modeittarhky inserting a saturable absorber inside therla
cavity.

injection currents injection currents

inverse bias . RF modulation
saturable RF modulation saturable
absorber Fl ) ) absorber
N gain section N ; gain section ‘
[

: \ \ \

[ J \ |
(a) (b)

Fig 3.15 | Hybrid mode-locking configuration in e@mtional semiconductor lasers. (a) Inversely ldase
saturable absorber with RF modulated gain sect@rRF modulated saturable absorber with DC gain
section.

As discussed above, active mode-locking permitslestaulse generation using relatively
simple modulation techniques, but it is not ableroduce ultrafast pulses. On the other side,
passive mode-locking allows ultrafast pulse gemmmatbut it is difficult to be realized in a
laser with ultrashort gain recovery time, for exéenpHz QCL. Hybrid mode-locking is to
combine the active and passive techniques in dessgmiconductor laser to overcome the
bottleneck of active and passive mode-locking,vahg to generate ultrafast stable optical
pulse in a laser. Hybrid mode-locking can be foimdonventional semiconductor lasers in
visible/near infrared ranges using the same serdigcinr materials as a saturable absorber for
passive modulation and using microwave/RF for actmodulation as shown in Fig
3.15[97] [98] [99] [100]. Hybrid mode-locking isbke to shorten the pulse of light from
conventional semiconductor lasers down to a fewsasconds. However, for THz QCLs, as
well the limitations of the fast gain recovery timentioned above, inter-subband transitions
are difficult to saturate prohibiting the use &f @ctive medium as a THz saturable absorber.
Therefore, conventional hybrid mode-locking canbet used in THz QCLs unless novel
schemes are implemented.
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3.4. Conclusion

To conclude, in this chapter we have focused omptimeiple of mode-locking as a basis of
pulse generation and pulse shortening of THz QQltsthe beginning of this chapter, |
presented the principles of mode-locking its impoce for THz QCLs. As is known, the
susceptibility of active medium is the fundamentdson for gain and its refractive index
dispersion, which intrinsically prohibits the pradion of ultrafast pulses from lasers. The
susceptibility of an active medium was then introetiifor a 2-level system. By analyzing the
expressions of susceptibility, we showed that treguency-dependent refractive index
between the longitudinal modes of lasers resultmequal mode spacing for a free running
device. Based on this, the unequal mode-spacingéwa frequency-dependent phase for each
mode, which dephases the relations of modes and tesacontinuous wave emissions. Mode-
locking a laser permits to fix the spacing and phiastween modes and permits short pulse
generation and this was explained in the time aaduency domain. Finally, passive and
hybrid mode-locking was also briefly introduced.
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Active Mode-locking of Narrowband Single-plasmon
THz Quantum Cascade Lasers

n previous chapters, | have introduced THz QCLs,tiime-resolved detection technique
for QCL emission and the principle of mode-lockii&jarting from this chapter, | will
concentrate on the experimental setups and resfulidlz QCL mode-locking.

This chapter will be based on the demonstratioactive mode-locking a single-plasmon
THz QCL at ~10 K by directly sampling its electfield via injection phase seeding. | will
further show the possibility to continuously tunitigg mode spacing (longitudinal modes) of
QCL emission beyond a range of ~2 GHz by varyimgattive modulation frequency from 12
GHz to 14 GHz. This mode spacing tuning effecthient employed to characterize the
absorptions in gas spectroscopy that will be intoadl inAppendix B
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4.1 Active mode-locking of a single-plasmon THz QCL
4.1.1 The state of the art

Active mode-locking of THz QCLs based on singlespt@n waveguide and a bound-to-
continuum design have been demonstrated at 10tKeitime and frequency domains a few
years ago [24] [25] [27] [54]. The generated TH#sps, however, are limited in the range of
10 ps — 20 ps, owing to the bottleneck of the gidal modulation, dispersion and the
bandwidth of QCLs (see following chapters). In &iddi, the pulses from these actively mode-
locked THz QCLs have not been manipulated for adfiedtionalities. Here, | will
demonstrate active mode-locking and the spectmnaingu of THz QCLs by varying the
modulation frequency. Then this spectral tuneabiltyich is generally extremely challenging
for THz QCLs, will be employed in gas spectrosctpydentify the absorption lines of,8
and CHOH.

4.1.2 Experimental setup

Delay line
M2 M3 M: mirror
laser Ti:Sa BS: beam splitter
100fs—810nm . .
£ =76MHz Bs1 PM_: parabolic mirror
M1 M4 M5 :
modelocking part
--------------------------------------------
1
1
L *m N ZnTe:
; N | ~ ' aM7
BS2 e YAYIIV] |
STIVAGLE
o 1
H 1
i — |
1Jrep :
: 1
‘ PM3 '
1
_______________________ 1
Photodiode (_
o ARtahna f“’f acLsupply| [ L Balanced photodiode
SEREl supply 40KHz 20KHz UUUJC L H n
T |_| M8
_____________ ]_c,_ef Wollaston /4
Spectral 9 E
Microwave =
YIG filt S !
analy_zgr — ~13IG:zr — Amplifiers M\—I% '
~13GHz GHz filterled 75
S
I Pulse I | '
L. TN—— generator H
76MHz v
Lock-in
amplifier

Fig.4.1 | Experimental setup for the demonstratibactive mode-locking of THz QCLs using time-
resolved coherent detection. (This is exactly tiraes as the injection seeding setup in chapter epéxc
for the part highlighted in grey for the microwawedulation).
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To demonstrate pulse generation via active modergcof THz QCLs, the injection
seeding technique defined in chapter 2 or in 63f] ill be adapted here to show time-resolved
electric field. Fig 4.1 shows the experimental pefor active mode-locking of the single-
plasmon QCLs used in this chapter. The red linab puises represent the near-infrared
femtosecond laser optical path and all the blaskslistand for the electrical connections
(dashed black line is the trig reference for thtiiA@ pulse generator). The green pulses
represent the THz pulses from the photoconductiteraa or the THz QCL and the yellow
zones represent the THz waves path. The photoctwduantenna, parabolic mirrors,
nonlinear crystal ZnTe and QCL are placed in aedoglass box (dashed rectangular region)
and purged with a compressed dry air system. Theragrental setup presented above is the
same as injection seeding setup discussed in e¢hapt®cept for the high-speed electrical
modulation system for active mode-locking at theLQ@und-trip frequency. This includes a
fast infrared photodiode, a coupler, a spectruntyaesg, a YIG filter and microwave amplifiers
as highlighted by grey background in Fig 4.1.

To electrically modulate the QCL at the round tappick off mirror 8S2in Fig 4.1) is
utilized to separate the laser power into 2 pagtpectively 98% (~500mW) and 2% (~10mW)
from femtosecond pulse trains as illustrated inrégabove. The ~10mW infrared laser beam
is focused into an ultra-fast photodiode (30ps @asp time for both rising and falling edges
while keeping a low dark current less than L00pAMAMATSU GaAs MSM Photodetector
G4176-03)). The optical pulses will then be transf@ into short electrical pulses. Using a
high speed spectrum analyzer (Agilent N9344C 206kiadheld Spectrum Analyzer), we can
observe a comb of electrical signals from aroundH spreading to 20 GHz with a mode
separation of 76.69MHz, exact the same as the &otmd pulse repetition rate. A frequency-
tunable Yttrium-iron-garnet filter (Micro lambdargless MLFP-1593PD) is then used to pick
out, for example, the 18%armonic frequency (or some other integer harméneiguency
close to this one) from the electrical comb (76M#9z x 169=12.961 GHz) and to reject all
the other frequency components. In this way, wegemerate a GHz frequency at or close to
the round-trip frequency of a 3mm-long QCL. As goaver at 13 GHz directly after the YIG
filter is low (-50dBm), microwave power amplifierfQuinstar QPJ-06183846-B0) are
employed to amplify the signals up to ~30dBm. Tiigh power modulation is combined with
the 20 KHz DC-bias and the 76 MHz RF pulses usisgspended substrate diplexer (11 SZ
10 - 6000 /T 18000-0O/0) and injected into the QGtrhode-locking as shown in Fig 4.1.

Why do we use a YIG oscillation filter to choose 69" harmonic frequency instead of
using an external GHz wave generator (for exam®& 8IGHT PSG E8251A), which is able
to generate signals covering 250 KHz to 20 GHz wiphto 20 dBm powers with sub-hertz
resolutions? This is because our coherent detestistem requires the GHz modulations to be
synchronized with the 76 MHz RF pulses (or, equrty, to the infrared femtosecond laser
pulses). If an external unsynchronized generatagnmployed, the QCL emission will be
sampled at different times for each round-trip @e@rias illustrated in Fig 4.2 (a). This will
result in “zero” after thousands of averages bydhk-in amplifier. In contrary, when the 169
harmonic frequency of the RF pulses is used, thed®$es and GHz modulations have a fixed
phase relationship every time the QCL is switchethpthe RF pulses as shown in Fig 4.2 (b).
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This completely unchanged phase between RF putsb&Hz modulations allows to sample
the time resolved emission of the mode-locked T4 Q

(a) unsychronized 1/f,,,, ~ 76ps

GHz modulation 13GHz ! /fge = 13ns

=<

fs pulse repetition “\ H
76.69MHz I I

time

b)sychronized
( ) 4 1/fy,, = 76ps

GHz modulation 13GHz : Vfee =13ns ; P

RF 76.69MHz [ § : (

quasi-DC 20KHz

fs pulse repetition H H
76.69MHz I L

time

Fig 4.2 | Schematic diagram of electrical signalswitch on QCL (a) with an unsynchronized
external microwave generator (b) with a synchrashi¥érium-iron-garnet oscillation filter.

The electrical signals guided onto the QCL incluakementioned above, the 20 KHz quasi-
DC supply to bias the QCL just below laser thredhdb MHz RF pulses to switch on and off
the QCL periodically and the 13 GHz microwave matioh to initiate mode-locking as
illustrated in Fig 4.1. These complicated signahponents cover an extremely wide frequency
range varying from kilohertz to gigahertz. Low speables cannot therefore be used, as the
RF signals will be heavily deformed and high motlatafrequency will not reach the QCL
for mode-locking. Therefore, in our experimentatupe Mini-circuits high speed cables
covering DC — 18GHz are utilized, limiting the Iesd distortion. Just before the QCL chip,
a customized high speed coplanar line microwaveegiaide is employed, as drawn in Fig 4.3
(a), where wire bonding is used to connect to tld (Finally, right-angled SMP female &
male connectors are used to connect the microwaveguide and high speed cables as shown
in Fig 4.3 (a). Fig 4.3 (b) show photos of the SKRale & male connectors and cables.
Although this configuration cannot totally avoics®s and deformation at the wire bonding
points, it can greatly minimize them and allow higbquency signals to reach the QCL.
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(@)

SMP male

copper mount

coplanar line microwave waveguide

SMP male %@/J

Fig 4.3 | (a) Diagram of a single Plasmon QCL medrmn a copper mount with a microwave waveguide
and a SMP connector (b) Photos of right-angled $bthectors and high speed mini-circuits cables.

Here we have presented only the high speed modnlptirt (light grey background part)
of the experimental setup in Fig 4.1. The time-hesbcoherent detection of the QCL emission
has been discussed in detail in chapter 2.

4.1.3 Sample V455

The sample used in the chapter is from wafed55 and was fabricated (growth and
processing) at the University of Cambridge, U.KDoy J. R. Freeman. It is a single-plasmon
(see section 1.3.3 in the chapter 1) THz QCL basethe bound-to-continuum design (see
section 1.3.2 for more details) with emission frexgey centered at 1.95 THz [101]. In this
design, GaAs/AliGa sAs quantum wells were employed. The thicknesseguahtum wells
and barriers of the active region starting fromeatpr are:4.§11.974.2/11.43/11.782.9
12.542.514.532.313.82 0.99 11.541/15.03nm Barriers are shown in bolds and quantum
wells are shown in italics. Underlined quantum w&lere doped at the level of B0 cm3,
The band structure of this design is presentedgrti, with the laser transition between the
excited level (blue) and fundamental level (redje Energy gap between the blue line and red
line in Fig 4.4 is ~ 8 meV, corresponding to an 9ian frequency centered at around 1.95
THz. The wafer was processed into a 3-mm-long gaawiid 250-um-wide ridge at the first
step. Then it was cut into two sections by focusadeam etching. The long section, roughly
3 mm, will be biased for lasing and the short seGtil50 um, will be employed to investigate
whether there are any influences or not on the-tieselved emission of this single-plasmon
waveguide bound-to-continuum QCL under free-runniemgd mode-locked conditions,
respectively. Generally, the full bandwidth at hatiximum (FWHM) of this kind of QCLs is
expected to be very narrow (less thd&® GHz) and their lasing threshold is relativelw]o
which permits low electrical power consumption.
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Fig 4.4 | Band structure of the 1.95 THz bounddotmuum THz QCL. Green line:
injector level, blue line: excited level of lasartsitions, red line: fundamental level
of laser transitions, black lines: mini-band fogatton transports.

4.1.4 Coherent detection of QCL emission: seeding and meedocking
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Fig | 4.5 Light-current-voltage (LIV) curves of tReCL with (red) and without (black) the 76.69
MHz RF pulses. Inset: experimental setup for LIVasigements.
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Before investigating mode-locking, the time-resdledectric field of the free-running QCL
emission will be shown using injection seeding.rErere 2 reasons for this: 1. From the time-
resolved profile of the QCL, the spectrum (modecspg of a QCL can be obtained, which
allows us to roughly extract the modulation frequerfor active mode-locking. 2. A
comparison with the mode-locked emission of the @&@h be performed. Fig 4.5 shows the
light-current-voltage (LIV) characteristics of tCL at 10 K with (red) and without (black)
MHz RF pulses. The QCL was operated in pulsed muthe5-js-long electrical pulses at a
repetition frequency of 20 kHz. A 25 Hz electriesivelope modulation was used to enable
lock-in detection of the output power using a pyeotric detector. A #f/2 parabolic mirror was
used to collect the output radiation from the Q@M a #f/1 parabolic mirror used to focus it
into the pyroelectric detector as illustrated theet in Fig 4.5. Without RF pulses, laser action
starts at-700 mA and ceases-af70 mA with a narrow dynamic range-6f0 mA. The effect
of applying the RF pulse for injection seeding barseen in Fig. 4.5 where ~200-mW-power
6.2-ns-wide RF pulses trigged from the femtosedardr (76 MHz) are applied to the QCL.
It should be noted in the Fig 4.5, that the cugamt the LIV curves are only the contributions
of the 20 KHz quasi-DC bias and not the RF pulsem@aring the 2 LIV curves, we can see
that the RF drops the threshold of QCL from 700 dofvn to 490 mA, implying that the RF
pulse provides about 200 mA of current to pushQI above its real thresholed{00 mA).
We can also observe from that the peak emissiorepoithe QCL with RF is only about half
of that without RF. This is a result of the ~ 5y cycle of the RF pulses — the RF pulse in
on for 6.2-ns and off for 6.8ns (13ns - 6.2ns)@EL.

In the injection seeding experiment, as previouslg, QCL was operated in pulsed mode
with 5-us-long electrical pulses at a repetitioagirency of 20 kHz. The electric currents
injected in by this quasi-DC bias are 500 mA atizid mA below the lasing threshold. The
same RF conditions as detailed above were usecel&caro-optic sampling, a 500-um ZnTe
nonlinear crystal is used to match the 1.9 THzuesgy emission of the QCL.

Fig 4.6 shows the results of injection seeded eanss the QCL. (a) is the electric field of
the QCL emission from 100 ps to 3000 ps with d&sg@solution. In this figure, the THz ‘seed’
pulse from photoconductive antenna is injected @&L cavity at~78 ps from one facet and
after a single cavity trip, is partly coupled oubrh the other facet at the opposite side and
becomes the first pass at 115 ps. The part thmattisoupled out is reflected back in the cavity
and amplified as it propagates in active mediune gilse propagates back and forth, resulting
in the second pass, third pass and so on, anchtientitted pulse recorded by the EO sampling
system. From the recorded data in Fig 4.6 (a), avesee that the dynamic range starts from
the beginning until 500 ps. After 500 ps, the QGlsaturated and falls into the steady state.
(The amplitude of the QCL slightly decreases withet in the stable region owing to the
imperfectly flat electrical RF pulse). Fig 4.6 (is) the zoom of the electric field of QCL
emission from 1094.5 ps to 1100.5 ps. We can gledrserve the oscillations of electric field
with a period of ~0.5 ps, corresponding to an eimisfrequency of ~2 THz. (c) is the fast
Fourier transform of the electric field in (a) repenting emission spectrum of the QCL and
showing Fabry Perot modes separated by ~13GHzs (tie amplitude of the QCL emission
at 1538 ps as a function of THz power injected thlaser cavity (proportional the voltage
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applied to the photoconductive antenna). Whenrtjeeted THz pulse power is too weak (light
grey region from 0 V to 1.5 V), the emission of Q@lll be partly launched by the THz pulse
and partly by the QCL’s spontaneous emission. @myphase-controlled emission can be
coherently recorded by our system while the emmsiiom the spontaneous emissions cannot
be captured. Therefore, in this case, the detesledric field cannot totally characterize the
emission properties of the QCL. However, after 1lib\the purple region, the amplitude of
QCL emission saturates, meaning that the QCL eamnigsientirely fixed by the injected THz
pulse and the detected electric field is the @@L emission. The measurements in figure 4.6
(a) are carried out with a voltage of 3 V on photwtuctive antenna and therefore fully
demonstrates the emission properties of this QGleuffree-running’ condition.
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Fig 4.6 | (a) Phase-resolved electric field of @@L emission from 100 ps to 3000 ps. (b) Zoom ef th
electric field of QCL emission from 1094.5 ps td015 ps. (c) Fast Fourier transform of electriddfie
in (a). (d) Electric field of the QCL emission &3B ps as a function of injected THz power (voltage
on photoconductive antenna) into laser cavity faission phase control.
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Fig 4.7 | (a) Phase-resolved electric field of @@L emissions under mode-locking conditions (13 GHz
microwave modulation) measured from 100 ps to 280Qb) Zoom of the 4pulse in (a) from 1060
ps to 1140 ps. (c) Fast Fourier transform of thasueed electric field in (a). (d) Intensity of Q€L
emissions from 1130 ps to 1600 ps.

An interesting point of fig 4.6 (a) is that we aready clearly see a pulse behavior although
they are very wide. This is contrast to the refeeesample presented in chapter 2, Fig. 2.9.
Why are pulses already generated without any activdulations? This is because the 150-
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pm-long coupled cavity integrated into this sanguéomatically introduces a modulation at
the round-trip frequency and forces the pulsegdd seing generated. The modulation is a
result of the short 150 pm section is held at 28as and where there is an inter-subband
absorption of the QCL. If there is no coupled cavihe emission of QCL will be quasi
continuous mode as shown in Fig 2.9 in chapter 2noref [67]. We will discuss this
phenomenon in detail later in chapter 6 for ulsafBHz pulse generation.

For active mode-locking, a ~30 dBm electrical matioh at 13 GHz is applied on the QCL
under the exact condition as for injection seegirggented above (see the highlighted by grey
background in Fig 4.1). The results are presemtédg 4.7. In this figure, (a) shows the phase-
resolved electric field of QCL emission under GHadulation measured from 100 ps to 2000
ps. We can see a very different behavior is obskeceenpared to free-running case. Here very
distinct pulses are produced with a round-trip s&g@n of 76 ps. The dynamic region starts
from the first pass pulse to 700 ps and shows hewptilses are established from the first pass
to the steady state. (b) is the zoom of th& pdise from 1060 ps to 1140 ps and the black
diamonds shows the real sampling points of the oreaents. (c) is the resulting spectrum
obtained by fast Fourier transform of (a). Compgnvith the spectrum of seeding in Fig 4.6
(c), we can observe that there are 2 more modesasipg in the mode-locked spectrum,
although they are weak. The mode-locked spectrem lahs a more Gaussian-distribution,
meaning the QCL power is well balanced among itgikndinal modes by active modulation.
From Fourier transform theory, we know that the fiaruransform of a Gaussian function in
time domain gives us also a Gaussian functioneigufency domain and vice versa. Therefore,
the Gaussian-distributed spectrum gives us Gaustsarbuted temporal pulses as is observed
in (@) and (b). Indeed, the Gaussian-distributedilerboth in time and frequency domains is
the unique stable state for mode-locking which heda both the spectrum and pulse profiles.
(d) shows the intensity of the QCL emission fron8Q s to 1600 ps and we can see the
FWHM pulse width is relatively long ~20 ps, whichlimited by the narrow gain bandwidth
(less than intensity FWHM ~50 GHz) of this bouneetmtinuum design.

4.1.5 Frequency comb tuning in mode-locked THz QCLs

There is always a locking range [95] [102], defimedEq. (3.28), for a mode-locked laser.
If a modulation frequency with enough power fatitoithe locking range of QCLSs, lasers will
be mode-locked and periodic pulse trains will beegated. Otherwise, lasers will operate on
continuous mode or on shallowly (sinusoidal) motkdamode. In the section 4.1.3, mode-
locking of the QCL at only one single modulatioaduency at 13 GHz was presented. What
could happen, if we vary the modulation frequensiep by step away from 13 GHz? There
are 2 cases: 1. If the locking range is narroweéqdiency, for example below 76.69 MHz (the
step size of GHz modulation in our configuratiche QCL will be turned from mode-locking
mode into a shallow modulation or a continuous mdlstinct stable pulses cannot then be
produced as in Fig 4.7. 2. However, if its lockirmmge is wide enough, for example a few
GHz, periodic stable pulses can still be obtainezheéhough modulation frequency is shifted
far-away from 13 GHz. In the second case, the umifmode spacings of the QCL can be
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continuously tuned within its locking range by slgnpontinuously varying the modulation
frequency. (On-chip frequency tuning is a majorlleimge for THz QCLs as the refractive
index varies little at low temperatures [103] [104s is widely known, THz frequencies
correspond to the vibration and rotation energglewf many molecules. Therefore, we can
apply the mode-locked THz pulses and its corresipgrfdequency combs to gas spectroscopy
to temporally and spectrally investigate their apton properties. When the emission
frequencies of QCL are continuously tuned, the whaddsorption spectrum of some special
molecular can be potentially be traced by analyzhrey precise absorption frequencies and
absorption percentages.

Under the same operating conditions of mode-lockisgd in section 4.1.4 and also
presented in table 1 below, we will mode-lock thel(at different modulation frequencies by
varying the modulation frequency from 12 GHz to@HMz (Lower than 12 GHz or higher than
14 GHz is not permitted in our system owing tolthetation of a 2 GHz band-pass electrical
filter used to reduce the amplified noise as shawfig 4.1). The results are illustrated in Fig
4.8. (a) shows the time-resolved electric fieldtted QCL emission at different modulation
frequencies from bottom 12 GHz (red) to top 14 Géark blue). We can see that Gaussian-
distributed THz pulses are produced within the wdIGHz modulation range, meaning the
locking range of the QCL is broader than 2 GHz essdt at around 13 GHz. The THz pulses
have been artificially aligned with different modtibn frequencies in time atl240 ps as
shown the vertical cyan line in Fig 4.8 (a). Asdigoes on, these pulses are not in phase any
more at around 1400ps, which means the continuouwséd microwave modulation frequency
continuously changes the round-trip time of the Tdises in the same Fabry-Pérot cavity by
changing its refractive index. This multi-modesitgneffect (with a tunability extending to
070 GHz on the whole spectrum) is achieved for its fime in THz QCLS, which allows us
to sweep the emission frequency across a wide rtanget the information of molecular in gas
spectroscopy. Fig 4.8 (b) is the spectra correspgrtd the electric field of the QCL emission
in (a) obtained by fast Fourier transform. It isviglis that the mode spacing of the mode-
locked QCL follows exactly the modulation frequesgcapplied on it, proving again that mode
locking process is to lock the mode spacing (omgitinal modes) to the modulation
frequency (or sidebands of central frequency)hisway, we are able to continuously tune the
emission frequency comb of actively mode-locked TBIZL by varying the modulation
frequency beyond2 GHz. We have also employed this frequency comimtueffect to gas
(water and CHOH) spectroscopy experiments in collaboration i G. Mouret et al from
the University of Dunkerque, France. The results detailed at the end of this thesis in
Appendix B
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Table 1 — Operating parameters of the QCLs used ithis chapter

Quasi-DC bias RF Nonlinear crystgl ~Modulation
frequency

Currents: 500 mA

Frequency: 76 MHz Varying between:

Frequency: 20 KHz ) ZnTe: 500 pm
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Fig 4.8 | (a) Time-resolved electric field of th€Qemissions from 600 ps to 2000 ps with different

modulation frequencies varied from bottom 12 GHad)rto 14 GHz top (dark blue). (b) Spectra
corresponding to the electric field in (a) obtaitgdfast Fourier transform.
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4.2 Conclusion

To summarize, in the chapter 4, | presented theraxgntal setup for active mode-locking
as well as the bound-to-continuum QCLs design#zatl here. This QCL was active mode-
locked and the time resolved electric field wasdetd using injection seeding. This permited
20 ps THz pulses with emission frequency centerdé®d THz to perfectly generated with the
full electric field profile resolved. From the metieking and the large locking range, we
showed that the mode-spacing and emission fregeetiQCL can be controlled by tuning
the modulation frequency by 2 GHz from 12 GHz to@Hz. Based on this, the frequency-
comb tunable mode-locked THz QCL has been empldgedas spectroscopy (detailed in
appendix B)However, we observed very long pulses and narpegtsum, and the following
chapters will investigate methods to generate shpulses with a broader spectrum.
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Active Mode-Locking of Broadband THz
Quantum Cascade Lasers at 77 K

ode-locking of a single-plasmon THz QCL based onnsto-continuum design has

been experimentally demonstrated at 10 K in chapteowever, the extremely narrow
gain bandwidth (FWHM: ~50 GHz) of this bound-to-ttanum QCL strongly limits the pulse
width to ~20 ps. In order to generate shorter Thizgs, QCLs with large spectral bandwidths
are needed. In addition, this design combined with single-plasmon waveguide does not
permit QCLs working at higher temperature, reducthgir potential for scientific and
industrial applications. This chapter investigateseffect of a large gain bandwidth on mode-
locking. Further MM waveguides are used to readhér temperatures as well permitting a
waveguide for the microwave modulation.

In this chapter, | will to attempt to generate sbopulses at a higher temperature of 77 K from
two broadband (full bandwidth ~500GHz) THz QCLshwienter frequencies of 2.7 THz and
2.45 THz, respectively. Both are in metal-metal eguide geometry. The broadband nature
of this QCL will be shown using injection seedingldo extract the mode spacing. | will show
that these samples can be mode-locked with oparattoliquid nitrogen temperatures.
However, | will show that a broadband width doestrenslate into shorter pulses and that the
modulation frequency required to generate pulseadially different compared to the free
running mode spacing of the QCL. | will discussstheesults and the mode-locking mechanism
in THz QCLs and the key limitation for generatirigashort THz pulses from QCLs.
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5.1 Introduction

In chapter 4, active mode-locking of a single-plasmHz QCL at 10 K was demonstrated.
The generated THz pulses are ~20 ps, which ishwet enough for broadband frequency comb
metrology and other applications. The key limitatfor generating shorter THz pulses from
this QCL is its extremely narrow (FWMH: ~50 GHz)igdgandwidth due to the bound-to-
continuum design of the active region. In additibHz pulses have never been generated from
QCLs above 10 K, limiting their wider use in applions.

In this chapter, with the purpose to greatly shotte THz pulses down to below 5 ps and
above liquid nitrogen cooling temperature, a meiatal waveguide THz QCL with a
longitudinal optical phonon (LO Phonon) depopulatactive region will be utilized. This
active region possesses an extremely broad bartgwédger than ~500 GHz (full), a center
frequency of 2.7 THz and high operating temperatgréo 150 K, in a metal-metal geometry.
This QCL is able to potentially drop the THz pulgdth down to ~ few picoseconds. However,
the time-resolved emission of metal-metal QCL bds®dohonon depopulation scheme has
never been previously attempted owing to the laliffeculty of coupling the external THz
pulse into this high confinement subwavelength wgande to seed the QCL emission. Here,
for the first time, | will injection seed this QQb detect the time resolved electric field and
generate THz pulses at 77 K via active mode-locking

I will further show that although a broadband LGpbn QCL is employed, the generated
THz pulses are limited to ~11 ps, equivalent to stete-of-the-art from narrow bandwidth
QCLs and considerably longer than expected. Weshitiw that this limitation is a result of
the sinusoidal modulation of the microwave appledthe QCL. This mechanism will be
discussed in detail through this chapter. We wabahow similar behavior from a second
broadband sample, centered at 2.45 THz showingffaet is not limited to a single sample.

The chapter will be divided as follows. | will bfiig introduce the 2.7 THz LO phonon
depopulation active region of the QCL and the metetal waveguide used. Laser emission
under injection seeding and mode-locking conditisisthen be compared at 77 K and the
active mode-locking mechanism will be discussedaly, | will present the active mode-
locking of a second broadband sample operatingnar@uw5 THz at 20 K.
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5.2 Active mode-locking of L1074

5.2.1 Sample L1074
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Fig 5.11 Band structure of the THz QCL based on LO phorepogulation scheme. Green line: injector
level, blue line: excited level of laser transiomed line: fundamental level of laser transitidolack
lines: high order energy levels of quantum wells.

A QCL (wafer number £1074’) with a LO phonon depopulation scheme is usethis
chapter, based on a 3.1 THz QCL, which has beewrsho operate up to ~200 8] and
presented in detail in chapter 1. The design wadifiad to operate at lower frequencies (~2.7
THz) by increasing the well and barrier widths,réi®y improving the spectral overlap with
the THz seed pulse [670r injection seeding. Starting from the injectioarrier, the well and
barrier widths ard.6/9.8/2.6/9.004.4/17.6nm (barriers in bolds and quantum wells in itglics
The 17.6-nm-wide underlined wells aregloped at a level of 5 x 10cn™ over a length of 5
nm. The detailed growth sheet is attached at thieoérithe thesis irAppendix A Its band
structure is schematically shown in Fig 5.1 andilamo that presented in chapter 1. The
energy gap between the blue line and red lineuighity ~11 meV corresponding to an emission
frequency centered at 2.7 THz, while the gap betviie red line and the bottom green line is
~36 meV corresponding to the LO phonon energy iA$5200 periods of the active region
were grown. The very short lifetime of electronsiigicosecond) in the lower laser transition
results in a broad emission band extending to €56 (full bandwidth), considerably wider
than the gain bandwidth of bound-to-continuum sahemcussed in chapter 4.

The growth was performed by MBE in the group offPkinfield and Prof. Davies at the
University of Leeds, UK. The wafer was then proeéessto a metal-metal geometry using
standard photolithography in the group of Dr. Cdbedli at the University Paris-South, France.
This type of waveguide, coupled with the LO phora@population active region design,
provides state-of-the-art THz QCL temperature penémce. Ridge widths of 60m were
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selected to suppress higher lateral modes suclthadtindamental mode is able to dominate
the laser action [105] [106], important for actimede-locking to avoid multiple pulses within
the laser cavity. (A point to note is that MM wauétes, unlike single plasmon waveguides,
permit considerably smaller ridge widths and themefeduce the absolute current required for
laser action). The processed wafer was cleavedrinm3ong laser ridges. The QCL was
coupled with a high-speed mount for GHz frequenogufation and placed in a continuous-
flow cryostat as presented in Fig 4.3 in chaptekt47/7 K, the laser threshold is observed at
around 722 A/crhand lasing ceases at around 998 A/with a duty cycle of 6%. Fig 5.2
shows the LIV characteristics of this QCL, usingwoelectric detector. Laser action is
observed up t@ll30 K with a duty cycle of 6%. The electrical chaeaistics are typical for
this type of active region. The inset of Fig Slbws the calculated mode profiles, using the
RF module of COMSOL Multiphysics in 3D, in facetdasurface views confirming that only
one lateral mode is present in the metal-metaltgavi
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Fig 5.2! Light—current—voltage characteristics of the 2z Tmetal-metal waveguide QCL based on an
LO phonon depopulation active region at 25 K (maajery7 K (violet), and 130 K (cyan). Top inset:
transverseXY) and longitudinal X2) mode simulations of the THz mode profile insibde metal-metal
waveguide QCL. Bottom inset: schematic diagram shgihe QCL coordinate systexyZ
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5.2.2 Injection seeding

Prior to carrying out the mode locking experiméimg, technique based on ultrafast injection
seeding was again employed to measure the timévegselectric field emitted by the QCL
(as described in chapter 2 and 4), which allowsouglentify the bandwidth and the mode
spacing for active modulation, and compare withrtiaele-locked emission. THz frequency
pulses, of bandwidth ~3 THz centered at 1.2 THzewgenerated using a photoconductive
antenna (the emission properties detailed in ch@)texcited by ~100 fs near-infrared pulses
(centered at ~810 nm) from the Ti:sapphire laséesE free-space THz pulses were then
injected into the metal-metal QCL cavities usingigh-numerical-aperture parabolic mirrors
(f/1, f/2), enabling injection seeding of the QChdapermitting the coherent detection of its
emission. The THz pulse injection is synchronizeéthwhe electrical RF pulse that switches
on the QCL, triggered by the same 100 fs neardiafraulses. This allows the THz input pulses
to be amplified and eventually seed the QCL emigsiather than the emission being initiated
by the QCL's inherent spontaneous emission. Elempta sampling was then used to measure
the amplitude and phase of the QCL emission. Fudéils of the technique can be found in
Ref. [67] or in chapter 2. (The time-resolved oatpiensity of an unseeded QCL can be
measured using a cross-polarizer technique [54],i9wrders of magnitude less sensitive
compared with that using the seeded technique tliuis not suited to the low output power of
metal-metal QCLs.)

Fig 5.3 (a) shows the measured electric field fametion of time for the QCL injected with
an ultrafast THz seed pulse, at 77 K. Comparetidcemission of the single-plasmon QCLs
based on bound-to-continuum designs in chapterd2chiapter 4, the time profile is very
different as a result of the ultrashort gain recg¥iene of this LO phonon depopulation design,
which will be discussed in detail later in this ptex (section 5.2.3). The QCL was held below
the threshold with a quasi-DC current of 609 Afemith a 3.6 ns electrical switching pulse
used to bring the QCL above the threshold, thedaynchronized with the THz seed pulse.
The seeding THz pulse is injected into the QCL dlgtoone of its facets at= 64 ps and is
amplified as it propagates along the laser cavtythe output facet, part of the pulse is
transmitted and detected coherently, whereas tinaingler is reflected back into the cavity
and continues to be amplified. The pulse is ageiflected at the input facet. This results in
successive pulses exiting the QCL output facetchvimicrease in field amplitude, separated
by the cavity round-trip time of 76 ps correspondito a refractive index of 3.665.
Subsequently (>300 ps), complex behavior emergtsweaaker emission observed between
the round-trip pulses, similar to bound-to-contimudevices [67] [107]. This is a result of a
number of longitudinal modes present in a longtyg@i3] and the ultrafast gain recovery time.
Furthermore, owing to the finite gain bandwidtttoé QCL, the input THz pulse is broadened
in time with the number of round-trips, resulting the output pulses becoming less
distinguishable at later times (> 400 ps). A magdifview of the output emission around 430
ps is highlighted in Fig. 5.3 (b), which clearlyosts the time-resolved form of the electric field
with a resolution of 30 fs. (The inter-round-triplges can be inhibited when using active mode
locking as detailed below.)

82



Chapiter 5. Active Mode-locking of Broadband Metadtal THz QCLs at 77 K

N
o

Electric Field (a.u)

100 200 _.300------""" 400 500 700----..__800 900
[P Time (ps)
20 =y | | T T | T | T =
SN —
< 10 —
3 |
[}
i 0 '
Q I 1
5 -10 —
Q i
w 5o ! | | ! \ ! | ! | !
545 550 555 560 565 570 575
Time (ps)
20 — —— F |
L (c) unsaturated Saturai? 1x10° - (d) 1
3 IS 5 S i El g ]
c 18 . c 78
B/ S 'g': © 1x10" ~
3 ¥ 8 °
2 S 8 : E
= 16 // B % 7 g_ \ L
E L[ e S o Z 1x10
< 7 “E t{) n
7 (e} 3
14 o jo -
! | 2 el | 1x10° = L [
0 2 3 2.4 2.5 2.6 2.7 2.8 2.9
Antenna power (V) Frequency (THz)
A2,9 N T T T T T T T T T T T T T .|. T ]
N28 - (e) e g=E N
E27 ..I.ll' .
g L - ]
Q26 [ ...-l' N
[} B .—I". u .
g_ 2,5 N =B = = ]
Lo4f gmuu® .
2’3 L | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 ]
0 5 10 15 20 25 30 35 40
No. of mode

Fig 5.3! Injection seeding of the MM waveguide QCL at 77(&). Emitted electric field from
the QCL as a function of time with a bias of 3 Vthe seed antenna. (b) Expanded view of the
emitted QCL electric field between 545 and 575psQCL output field amplitude at 431 ps as
a function of the voltage applied on the THz photauctive antenna. (d) FFT of the QCL output
electric field. QCL output field amplitude at 4B4& as a function of the voltage applied on the
THz photoconductive antenna. (e) The frequencyofienode as a function of the mode number
from 2.3 THz to 2.9 THz.

After ~400 ps, corresponding to six round-trips, theraasfurther amplification of the
output electric field. (The small reduction in aityrde after 700 ps is a result of the electrical
switching pulse not being perfectly flat.) Althoutite stabilization of the field is an indication
that the QCL is entirely synchronized with the ihpulse, the variation of the output field was
investigated as a function of the input THz fieddconfirm this. Fig 5.3 (c) shows the QCL
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output field at a time of 431 ps as a function oftage on the THz antenna, with similar
behavior observed for later times. (The electetdfiemitted by the antenna is proportional to
the applied voltage [67].) For applied fields gezdhan~2 V, the QCL output field saturates,
implying that the QCL gain is clamped by the THpuh pulses, with the latter therefore
initiating (i.e., seeding) the laser action, repigcentirely the inherently random spontaneous
emission of the QCL. (A small unsynchronized pédrthe electric field may still be present,
but this will be considerably smaller than the $yonized field [107] and, in the case of mode
locking, will have a similar time profile [54].).df antenna voltages < 2 V, however, the
measured QCL output field depends on the input ptige amplitude. This implies that only
amplification of the input THz pulse is detectedhwgontributions to the QCL output from the
seed and spontaneous emission [107].
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Fig 5.41 Beatnote of the 3-mm-long 60-um-wide QCL (L1074)aafunction of the operating
currents at 77 K.

Fig 5.3 (d) shows the FFT of the measured time-diorsignal in Fig. 5.3 (a), permitting
access to the QCL output spectrum. The spectraamiered at 2.6 THz with a full bandwidth
greater than 500 GHz, considerably larger than ithagrevious demonstrations (full width:
~100 GHz, FWHM: ~50 GHz), owing to the large spaictrain of LO phonon depopulation
active region designs. The mode spacing is 13.2 &Hzxpected for a 3-mm long waveguide.
Furthermore, the frequency of each Fabry—Perot noéierear with mode number as shown
in Fig 5.3 (e), demonstrating that the QCL is opegaon only one lateral mode and there are
no higher-order modes present. The microwave hmatwas also measured at 77 K (Fig. 5.4),
which showed a narrow linewidth at only one frequyeat the round trip just above the laser
threshold, which gradually became wider with insieg current as illustrated in Fig 5.4.
Similar behavior of the beat note has been dematestipreviously in, for example, Ref. [29].
The beatnote in Fig 5.4 is around ~13 GHz, sligtifierent from the measured mode spacing
from the FFT of the measured electric field, pdgstwing to small floating of the sampling
step in the measured electric field.
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5.2.3 Gain recovery time

Before presenting mode-locking of this sample,ll riesent the effect of the band structure
on the time profile and its relation to the gainaeery time. Comparing Fig 5.3 with Fig 2.9,
we can observe that the time profile of the LO pitodepopulation based QCL is very different
to that of bound-to-continuum QCL. This is a dinexgult of their different gain recovery times
T, and dephasing timek of the inter-subband transition. Conversely, if kv®w the time
resolved electric field profile of a QCL, its gaiecoveryT: can in principle be determined
using Maxwell-Bloch finite-difference time-domaifr@TD) simulations [108], [109]. The
principle of the simulations is as follows: we assuthe active medium of the QCL is an open
2-level system with an upper leyg} and a lower levell) with the latter always empty. Its
characteristics are mainly described by the gainowery timeT, and the dephasing tinie in
Maxwell-Bloch equations. The gain medium is withanlaser cavity of length.. The
propagating broadband THz pulse in the cavity mutated using the predictor-corrector
method proposed by Ref. [108]. The simulation pssde exactly the same as the injection
seeding experiment and therefore the time-resobmiksion profile of the QCL can be
computed. By changing the gain recoverihg (critical to the emission profile) in the
simulations to approximately match the measuredsion profile, we can obtain an estimate
of the gain recovery tim&; of the QCL.

In our case, the Maxwell Bloch equations can bét@nrias [23]:

1 0E,
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Wherez is the cavity length directior is the number of identical two-level systems. The
polarization of the medium B = —2NMp,, M=e(2|x|1) is the dipole matrix element aigd is
the electric field. 212 = pa— jon, Wherepi2 is the coherence between the Idiehlnd level2).

w = p2 — p1 represents the population inversion between tleedtates andv is the initial
population inversionp: andp; are the populations of the stdte and statd2), respectively.
The energy of the laser transitiomisi2. T1 is the gain recovery time afd is the dephasing
time. The termE, is the loss introduced by the waveguide.
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Fig. 5.51 Calculated time domain profiles of QCL output esios over one round-trip period for gain
recovery times of 1ps (black), 5ps (red) and 1Qpse( curve). The magenta curve corresponds to
experimental data. [Calculated by Dr. Joshua RerAem].

Table 2. Parameters used in the Maxwell-Bloch FDTBimulations

Symbol Name Value
& Relative permittivity 12.9
T1 Gain recovery time 1-10 ps
T2 Dephasing time 0.6 ps
Vg Equilibrium population inversion 1
N Number of oscillators 3.74en3
M/e Dipole matrix element 6 nm
12 Transition frequency 2x2.7 THz
I Waveguide loss 12 cn
L Cavity length 3 mm

The gain recovery tima@1l of the 2.7 THz LO phonon depopulation QCL “L1074as
calculated using Eg. (5.1) — Eq. (5.5) above byHdeeman at the University of Leeds with the
FDTD predictor-corrector method. The proceduresimiled in-depth in ref. [23], [108]. Here
we have used a dephasing time of 0.6 ps from tievidth half-maximum of the gain and a
total waveguide loss of 12 chirom the first pass gain measurements [110] of.tBghonon
depopulation based QCL. All the other parametezsshown in table 2 above. Fig 5.5 shows
the calculated time response of the output elefield with different gain recovery times,
compared to the experimental data over one roudpgbériod (magenta curve). The data shows
multiple pulses between a round-trip period. Fbre 1 ps, the calculated time profile shows a
guasi-CW behavior while fofl = 10 ps shows a more modulated behavior with th@-in
round trip peaks having a much lower field when pared to the main peaks. A time data with
a gain recovery time of ~ 5 ps shows the bestffith the data. This is considerably faster than
for bound-to-continuum devices, which have gainovecy times of~15 ps, and is
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considerably shorter than the round-trip time (26 (Note that the gain recovery time for mid-
infrared QCLs is of the order 6fl ps [111], [112].). The shorter gain recovery timalso
indicated in the time-resolved electric field [Fg3 (b)], which shows multiple “pulses”
between cavity round-trips separated between ¥ g This is a result of the faster dynamics
of the LO phonon depopulation designs and owinthéoabsence of a mini-band for inter-
period transport.

T T T T T T ' 1 i T T T i T
— Bound-to-continuum — Hybrid design — LO phonon design

7ps

N
o
o

Electric Field (a.u)

510 540 570 600 630 660 690 720 750 780
Time (ps)

Fig 5.61 Measured time domain profiles of QCL output entissiver 300 ps respectively for bound-to-
continuum (black), hybrid (red) and LO phonon (nragg designs.

As shown the emission profile of a QCL strongly elegls on its gain recovery time. To
illustrate this, we measured the time resolvedtetefield (Fig 5.6) for three QCLs with
different active region designs where the gain veoptime is expected to vary: bound-to-
continuum design (long1J frequency 2.5 THz, black), LO phonon QCL (shoit 2.7 THz,
magenta) and a hybrid QCL (intermediaie 3.2 THz, red curve) that combines both a bound-
to-continuum structure and LO phonon design. F&§) $hows the measured time domain
profiles from 500 ps to 800 ps corresponding a feund trips. It can be observed that their
emission profiles are indeed quite different. Weaswged the temporal peak separations of
these 3 cases, which are 7 ps, 9 ps and 12 psddc@ phonon depopulation, hybrid and
bound-to-continuum QCLSs, respectively, as indicdtgdrrows in figure above. This increase
in gain recovery time between the 3 structures ieh& as expected. Therefore, the injection
seeding techniques permits an estimate of the rgaiovery time, a parameter that has been
difficult to determine previously. It also clearBhows that the gain recovery time is
considerably shorter than the round trip tidéQ ps).
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5.2.4 Active mode-locking
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Fig 5.71 QCL emission under the microwave modulation freqyeof 12.465, 12.539, 12.617, and
12.691 GHz. (a) The sampling points of the elediBtd of QCL emission. (b) The corresponding
spectra of the measured electric field. (c) Thenzod (a) from 478 ps to 498 ps.

Continuing from the injection seeding of L1074, tinede locking of these LO phonon
QCLs was investigated with the expectation thatahge bandwidth available in these devices
should lead to shorter pulses in comparison witldedocked bound-to-continuum active
region designs [27]. Specifically, pulses as shersub-5 ps would be expected from a seeding
bandwidth oftb00 GHz (full), assuming transform-limited pulsé&s. actively mode-lock the
QCL, a microwave modulation was applied correspogtid the round-trip time (i.e.13 GHz
for a 3-mm-long cavity) to modulate the gain acrites entire gain medium. (Note that it is
also possible to modulate a short section of tivéycat the round-trip frequency to actively
mode-lock a QCL to open a picosecond time windothénet gain, as in Ref. [113]. However,
this requires a specially designed QCL with a Igag recovery time.) The bonding wire on
top of the QCL is placed close to the facet ontictvithe external THz pulse is incident. In
this case, the microwave modulation will propagbh&tween the input and output facets
together with the seed pulse, allowing the QCL ¢éodeeded and mode-locked for pulse
generation. No pulse generation is observed whetdnding wire is placed in the middle of
the QCL cavity as this results in a counter-progiaganodulation.
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Fig 5.81 Active mode locking and phase analysis of the kratgal QCL (L1074) at 77 K. (a)
Output electric field for mode-locked QCL with gopdied microwave modulation of 12.46 GHz.
(b) Expanded view of the THz pulse intensity betv&é65 ps and 1535 ps. (c) FFT of panel (a)
for mode-locked QCL. (d) Phases of the eight maa#dd longitudinal modes (green triangles).

The experimental arrangement for active mode lagkinthe same as that reported in
Ref. [27], and in chapter 4, where an yttrium igamnet band-pass filter is employed to choose
a harmonic of the reference laser repetition Hategxample, the 163 harmonic x 76.47 MHz
=12.46 GHz) to synchronize the round-trip microwenadulation of the QCL with the seeding
pulses. A microwave power of 30 dBm was used. iBhise maximum available in our current
setup and showed the clearest pulse behavior. Daelation frequency was varied between
12.4 GHz and 14 GHz, with 12.465 GHz giving thetlmslity pulses. Fig 5.7 shows the

89



Chapiter 5. Active Mode-locking of Broadband Metadtal THz QCLs at 77 K

output electric fields and the corresponding spefdr various modulation frequencies (RF
power of~500 mW), which show that the pulse behavior becoohesrer and more Fabry—
Perot modes appear as the microwave frequencydisced. No clear pulse behavior was
observed for frequencies greater than 12.7 GHz, ¢veugh the beatnote was measured at
13GHz.

Fig 5.8 (a) shows the electric field between 119@pd 1950 ps emitted by the seeded QCL
with microwave modulation. The QCL was operated@ Atk and the electrical pulse power
was chosen such that it brought the QCL aboveas$er lthreshold. The variation in intensity
between the pulses in the time domain is a refulteonon-flat RF electrical pulses and the
low output fields of metal-metal QCLs resultingardow signal, close to the noise level. The
FFT in Fig 5.8 (c) shows the corresponding effattttte spectrum; eight uniformly spaced
modes are observed between 2.61 and 2.72 THz.vEnege pulse width (in intensity) is found
to be 11 ps as shown in the inset of Fig 5.8 (bg umber of modes and the pulse widths are
larger and shorter, respectively, than those detraies from our previous investigations on
bound-to-continuum active regions in chapter 4,wshg the effect of the broader gain
bandwidth of LO depopulation active region desighwwever, the entire~500 GHz
bandwidth is not fully used. This is a result (firsion and the microwave modulation, which
limits the pulse width and the number of modeslsgfiormation is only present close to the
laser threshold owing to the direct sinusoidal niation of the QCL gain above and below the
laser threshold (i.e., turning the QCL on and affidly), which limits the humber of modes
that can be brought above the threshold. Applyirig microwave modulation when the quasi-
DC current or the RF power supplying the QCL iselato or above the laser threshold results
in a sinusoidal amplitude modulation of the detédield, owing to the finite microwave
power, with the pulse behavior destroyed [54]. (€ffect of dispersion is discussed in detail
in chapter 6).

The application of a round-trip modulation of 12@Hz for the shortest pulse generation
is different from the mode spacing found in the (8&leding and the beat note frequentoy (
~ 13.2 GHz and 13 GHz). From the mode spacing, ne TiHz group refractive indices of
3.871 and 3.665 for the mode-locked and seedednesgirespectively. It has been shown
previously that the QCL round-trip can be locke@moRF synthesizer over a locking range of
several hundred megahertz with moderate microwaveers (“injection pulling”), but it is a
surprise that the 12.47 GHz modulation frequenayegates the clearest pulses. In our previous
work on single Plasmon waveguides, pulses werergtrtkover a wide range of round-trip
modulations (12 GHz-14 GHz). The difference hemae® from the metal-metal waveguide,
which confines the microwave modulation and briag®xtra dispersion in the refractive index
of the microwave modulation and permits a THz—GHmgg matching [114], where the
effective microwave index is equal to the THz grogfsactive index, i.e Na(THz) = Nett (GHz).

THz

As shown in Fig 5.9, the group effective index dftdz wave at 2.3 THzI{; ", blue line) and

effective index of a microwave at 20 GHIZEG,fZ, red line) are highly dispersive, when the ridge

width is below 80 um. The cross point in this figaorresponds to a THz—GHz phase matching
condition that permits mode-locking to function.
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Fig 5.91 The group effective index of a THz wave at 2.3 THg ~, blue line) and

effective index of a microwave at 20 GHEIEGCZ, red line) as a function of the ridge

width. [This figure is from the published article: W. Maiiteet al, Appl. Phys. Lett.
96, 021108 (2010)

Although this phase matching has been discussttkinontext of modulation bandwidth,
its demonstration and impact on short-pulse geivgratid not been envisaged. The microwave
index depends strongly on the ridge width and mience frequency [114] as demonstrated in
Fig 5.9. In our work the effective microwave refige index of the QCL waveguide was
calculated from the 2D mode using COMSOL (the fezgny domain analysis of RF module)
and the procedure described in ref [26], where ranphivity of 25 was used for the active
region. The modal profile is shown in Fig 5.10 &ordge width of 6Qum and height of 1am
for a frequency of 12.4 GHz. Owing to the largertae of the mode with the surrounding air,
a reduce effective index of 3.91 is determinedsTindlicates that the velocity of the THz pulse
envelope is dictated by the microwave modulatiornevas is shown in Fig 5.11 and it is this
direct modulation close to the threshold that peymilse generation. This phenomenon is also
supported by the fact that pulse generation is obberved when the microwave modulation
is applied from the cavity end of the QCL, suggesthat the microwave propagates in-phase
with the THz pulse. This also explains why it isieato mode-lock THz QCLs in comparison
with mid-infrared QCLs as, for the latter, the goaefractive index is smaller@.3) than that
in the THz range and, thus, a microwave modulatias a different velocity than the mid-
infrared group velocity.
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Fig 5.101 Modal profile at 12 GHz of a 60m wide metal-metal QCL operating at a center fragyef
2.7 THz.

An advantage of injection seeding with phase-regbpulses is that it permits access to the
phase and amplitude of the emitted pulse traimwitig a complete analysis of the mode-
locked pulse emission. As can be seen in Fig 5,8tfla mode-locked pulses are deformed
from an ideal Gaussian profile. Taking the FFTh## pulse train permits the phase of each
mode to be determined as shown in Fig 5.8 (d)fdbecentral intense modes at 2.639, 2.651,
2.664, and 2.676 THz have the same phase, whéreghase increases monotonically for the
modes (2.626, 2.689, 2.701, and 2.714 THz) thateatker from the central frequency. This
deforms the pulse from the transform-limited c@geimproved pulse shape could be obtained
by engineering the gain to have a flatter profilersthat the group velocity dispersion is
minimized [29] and to have improvements to the pwave modulation, which could be
distorted by the inductance from the wire bondiRgrther, dispersion compensation can be
used to improve the pulse shape and this is diedugsschapter 6.
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Fig 5.111 Schematic diagram showing the phase velocity afowave equals to the group
velocity of THz pulse in a metal-metal waveguidelQC
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5.3 Active mode-locking of the 2.45 THz QCL (L1194)

5.3.1 Introduction

Active mode-locking of the metal-metal QCL “L107d&sed on LO phonon depopulation
has been demonstrated at 77 K in the previousose@i2) of this chapter. To demonstrate that
the observations are universal and not limited ne sample, similar experiments were
performed on another family of metal-metal LO phomepopulation QCLs with a central
frequency of 2.45 THz (wafer code “L1194" (see gitowheet iMppendix A). Further as the
frequency is lower than the previous demonstrattohjgher overlap in frequency with our
seed pulse is obtained resulting in data with ddrigsignal-to-noise ration. Below | will
introduce the basic information of this sample #stlIV curves, followed by injection seeding
and active mode-locking of the 2.45 THz QCL. (Ttengmeasurements of this sample are
presented in appendix F).

5.3.2 LIV curves

0,4
12,0 - 1
- 0,3
S 9,0 | S
(0]
8 102 %
% 670 %
> ] >
3.0 — 0,1
0,0 R I [ I ‘ 1 . [ ! [ T 0,0
00 03 06 09 12 15 1,8

Current (A)

Fig 5.12I The LIV curves of the 60-pum-wide 3-mm-long QCL 194" operating at 2.5
THz at different temperatures varied from 20 K @9 K.

The band structure design of the the QCL “L1194&isodified version of the sample
“L1074” to operate at lower frequencies. It is obéal by increasing the width of all the
quantum wells by 10% for emission centeredzab THz, whilst keeping a large bandwidth of
[b00 GHz. The sample “L1194" was similarly processed metal-metal waveguide with a
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ridge width of 60 um and cleaved into a 3 mm lomyity. Its LIV curves at different
temperatures are illustrated in Fig 5.12 and arélai to L1074. At 20 K, laser threshold is at
(11100 mA and the out-coupled power increases quesiily with operating currents until to
(1500 mA. The maximum operating current is approxaiyal 00 K.

5.3.3 Injection seeding and active mode-locking
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Fig 5.131 Seeding and active mode-locking of the QCL “L1194&) The electric field of the
QCL emission as a function of time from 1400 p2@60 ps under the injection seeding (black)
and mode-locking (red) condition, respectively. The corresponding spectra obtained by fast
Fourier transform.

Now let's look at the injection seeded and moddalc output of this 2.45 THz QCL
“L1194". Fig 5.13 (a) shows the electric field timeofiles of the QCL under injection seeded
condition (black) and mode-locked (red curve) atke(rig 5.13 (b) is their corresponding
spectra obtained by FFT. Again we observe simidualvior as previously with a complex time
trace when seeded (i.e. free running) and a ctaar of pulses when mode-locked. Further,
the free running QCL has a mode spacing of ~ 134 @®hile for the clearest pulse behavior
we need to apply a microwave frequency of 12.6 GMe.also observe that the pulses remain
limited to 112 ps, a similar value as obtained on the QCL “l4LGiA section 5.2 albeit with
much better signal and less deformation. This gpile a broad bandwidth 6600 GHz as
shown in the seeded spectrum of Fig 5.13 (b). lddeden mode-locked, only a narrower
bandwidth is observed in the spectrum. Therefore,can conclude that the broad spectral
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range of these QCLs (“L1074” and “L1194") is notlywused for generating ultrashort THz
pulses. It is the smooth electrical modulation @ivee mode-locking that appears to limit the
pulses td1l1 ps. In order to get much shorter THz pulse,ratiede-locking techniques should
be introduced as discussed in chapter 6.
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Fig 5.141 Active mode-locking of the QCL “L1194” as functiarf the electric modulation power. (a)
The electric field of the mode-locked QCL. (b) Tdwresponding spectrum of (a).

| also measured the emission of this QCL undeergfit modulation power. The results are
demonstrated in Fig 5.14. (a) is the time-resokmission of the QCL from 1000 ps to 3000
ps with a modulation of 15 dBm, 20 dBm, 25dBm, Bifrd 29 dBm, 30 dBm, respectively. It
can be observed that the signals increase, thepbkcomes more cleahen increasing the
electrical modulation power. (b) is the spectraresponding to (a). We can see that the
emission spectrum of the QCL broadens when inangagie modulation power. This is
because the high modulation power has the capadibgk more modes than weak modulation
and therefore make the spectrum broader. Howeveménerated THz pulse width is always
limited to (111 ps. This shows us again the active modulatimitdithe mode-locked pulse
width.

In next chapter, we will try to overcome this liatibn of the sinusoidal electrical
modulation and generate much shorter pulses froms@@ough dispersion compensation and
a hybrid mode-locking scheme.
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5.4 Discussion and conclusion

Our results on the mode locking of THz QCLs in rhetatal waveguides show that (i)
clear pulse generation is only observed when the Gidup index is equal to the effective
modal index of the microwave modulation; (ii) putgeneration is only observed close to the
threshold, resulting in low-output THz fields; afid) a considerable increase in the gain
bandwidth does not translate into much shortergsul3aken together, these three points
suggest that pulse generation from QCLs arises &direct microwave modulation above and
below the laser threshold, and that the pulse wiglthmited by the sinusoidal microwave
modulation. However, the ultrafast gain recovemetimeasured here, which we show does not
limit pulse generation, can be used as an advatbaggEnerate more intense and shorter pulses
if short intense electrical pulses can be usedwitcks on the QCL gain. For example, a
Gaussian or Lorentzian profile could be used. Aldto difficult to generate electronically,
optically generated electrical pulses using ulsafasers combined with ultrafast materials are
feasible and these could then be used to switchQBk on sub-pico-second time scales.
Further techniques that could circumvent the cdrliemtations would be the application of
greater microwave power for higher pulse energdtes,application of hybrid mode locking
techniques and dispersion compensation to shdrepulses that we shall present in detail in
the next chapter.

To conclude, we have demonstrated injection seealfingHz QCLs with an LO phonon
depopulation active region designs, fabricated ietatrmetal waveguides. The ultrafast
seeding permits access to the gain recovery tithishas shown to be faster than that in bound-
to-continuum active region designs and approadmatsaf mid-infrared QCLs. Furthermore,
we have shown that 11 ps mode-locked pulses cgeierated from these metal-metal QCLSs,
with the pulse width determined by the microwavalmation and the phase matching between
the microwave phase velocity and the envelope efTtHz emission. The pulse generation is
not limited by the inherent QCL bandwidth. This waemplies that for QCL mode locking
(THz and mid-infrared), the fast gain recovery timees not limit pulse formation, as
postulated in the simulations in Refs. [115] [1M8hen a strong active modulation is applied
at the correct frequency. Importantly, consideraticeed to be made to engineer the
waveguide and refractive index dispersion to aahiphase matching. As well as pulse
generation, this work could have an impact on statimb generation [29] [117] when
referenced to a microwave modulation. Owing tortietal-metal geometry, the output fields
were low in amplitude, but this could be improvexhsiderably by the integration of planar
horn antennas, which will be discussed in detalélast chapter, [118] designed for the active
mode locking of such structures. Further, the Q@érating temperature and electrical power
dissipation are compatible with liquid nitrogenSiirling coolers.
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Ultrafast Terahertz Pulse Generation from
Quantum Cascade Lasers

n previous chapters, active mode-locking of simgsmon bound-to-continuum QCLs

I and metal-metal QCLs based on LO phonon designe demonstrated. Regarding the
latter, | showed that, despite a large gain bantwitlis did not automatically translate to much
shorter pulses, suggesting that pulses were hdawilgd by the sinusoidal-shaped electrical
modulation. In this chapter, | will introduce a pted QCL cavity consisting of a long (~3mm)
and short (tens of um) section separated by a simadiap (~2um). This scheme drastically
shortens the pulses from mode-locked THz QCLs dtmwn4 ps and dramatically expands
their frequency comb bandwidth up to ~350 GHz. Il discuss the role of the coupled cavity
as a method to introduckspersion compensatiothrough the small section (a Gires Tournois
Interferometer [119]) and a fast passive modulafigrintroduced by the small air gap that
combines with the active modulation.ite/brid mode-locking

At the beginning of this chapter, | will presenetgeometric structures of our samples,
which is designed for dramatically shortening th&z Ppulses from QCLs. This concept will be
applied to two different families of metal-metal weguide THz QCLs based on 2.5 THz LO
phonon depopulation (“L1194"”) and 3.2 THz hybdeésign (“L857”). This will be followed
with experimental demonstrations of pulse genemadiad | will show that the THz pulses can
be shortened down to ~5 ps, halving the previoasroeof ~10 ps that has been set for more
than 5 years. The shortening effect introducecdbge integrated passive structures are clearly
observed on both of the QCL designs, showing tleis scheme for ultrafast THz pulse
generation is repeatable and can be widely apphk@tally, an in-depth analysis will be
developed to explain this strong shortening eftédiHz pulses through the role of dispersion
compensation and hybrid mode-locking.
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6.1 Introduction and background

Although active mode-locking of THz QCLs of LO plwmbased active region has been
experimentally demonstrated in the previous chd@®@r the shortest pulse recorded was
limited to ~11 ps, despite their large gain bandividNo demonstrations of stable pulse
generation below ten picoseconds has been redfizedTHz QCLs.

The aim of this chapter, the core of this thesigpibreak this limitation of active mode-
locking and to generate ultrashort THz pulses thidnefore an extremely broadband frequency
comb [28] [120]. Here, | will report the generatiofisub 5 ps THz pulses, more than halve the
previous record for THz QCLs [24] [25] [27], by eéngering a small air gap and a coupled
cavity that are monolithically integrated into tti@éges of QCLs.

In this chapter, the geometric structures of tlaissive element scheme will be detailed at
the beginning. Using the 2.45 THz QCL design dethihAppendix A'L1194’), experimental
pulse generation without and with the passive elgmdl be shown and compared, with the
pulse duration reduced from ~14 ps to ~4 ps, rdsmby. In order to further prove this scheme,
the same concept was applied to a 3.2 THz QCL (wafmber “L857") based on a hybrid
active region design. Similar results were obtaiagain. The pulse generation will be directly
compared to the emission spectra of the mode-loGkérlQCL ‘L857’, taken independently
of the time resolved QCL emission, and compareddaneasured time domain pulses. Finally,
two coupled hypotheses will be proposed to explaw the THz pulses are dramatically
shortened tab ps through dispersion compensation and hybridentocking.
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6.2 The geometric structures of the samples

Fig 6.1 | Schematic diagram of a metal-metal walegiiHz QCL with an integrated small section
varied from ~20 um to ~60 um and separated by pmZ2air gap for ultrafast THz pulse generation
through hybrid mode-locking. (Figure credit: D. Ban).

Figure 6.1 shows the schematic of the QCL realipedhe generation of ultrashort THz
pulses from QCLs. It is based on a monolithic cedptavity scheme with the MM QCL
separated into a large active section and shosiyiasection. The two sections are separated
by a small gap. The following summarizes the fi@Q&L schematic and with further details
found below:

1. the 3-mm long section 2. the ~20um-60small section 3. the 2-um air gap

The entire QCL is in a MM geometry. The ~ 3-mm |I@agtion is active mode-locked around

12.5 GHz for THz pulse generation (as in previohapters). The introduced small section

(~20um-60pum long coupled cavity) is directly etclet the laser ridge. The long and short
section are separated by a small air gap, roughlyn2It physically and electrically separates

the two sections. The important roles that thegap and the small coupled cavity play in the
ultrafast THz pulse generation will be discussedetail at the end of this chapter, based on
the experimental results and simulations from tl.§"“L1074” and “L857", respectively.
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6.3 Experimental results on L1194

6.3.1 Samples L1194
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Fig 6.2 | Band structures of the QCLs “L1194"” baseda LO phonon depopulation scheme with
operation at ~ 2.5THz.

The first sample investigated with an integratedspa section is a 2.5 THz LO phonon
depopulation QCL, wafer number ‘L1194’ grown at thaversity of Leeds. This structure has
been previously employed for active mode-lockinghapter 5. As previously shown the QCL
“L1194" possesses a broad spectral emission edioge~400 GHz in a MM geometry.
Detailed growth sheet is attachedAppendix A - L1194t the end of the thesis. The band
structure of this design is shown in Fig 6.2 shgninclassic phonon depopulation scheme.
The energy gap between the blue line and red lind=ig 6.2 is around 10.25 meV,
corresponding to an emission frequency centere@.&tTHz.

The wafer was processed into MM waveguides usiagdstrd lithography with the ridge
defined using ICP etching for a vertical ridge peof(The processing was performed at the
University of Paris-South). The air gap and cougladty were realized in the same processing
step by etching through the active region at oreeadrthe QCL ridge to realize short cavity
lengths of(138 or 58 um, separated from the main QCL ridge mall sub-wavelength
(~1.5um) air gap. The ridge width for the devicesw8um and the total length of the cavity
was ~ 3.2 mm. Figure 6.3 shows scanning electrimnostope images of the final device
(taken at University Paris South): (a) is the zaafrthe 38-um coupled cavity and (b) is the
zoom of the ~1.5-um air gap and (c) is the photthefwafer with 2 ridges with 58um and
38um short sections in view. It can also be seanah every short section there is a large pad.
This allows to bias the section, positively or regdy to investigate the possibility of
absorption (se@ppendix §. In the work presented below, the short sectias not biased. A
3-mm long standard QCL (i.e. without the small dedgavity) was also realized with a ridge
width of 60 pm for comparison.
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| | coupled cavity
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Fig 6.31 SEM photos of QCL-L1194 with integrated air gad aoupled cavity. (a) Zoom on the coupled
cavity (b) Zoom on the air gap (c) The QCL wafetha? ridges in view.
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6.3.2 LIV characteristics

15,0 ' ' ! ' ' ' 600

-~ with structure
-o- without structure

10,0 SO — 400
s -
[P S
g 1 gl 48 »| 5
5 P E
> a

— 200

0

Current (A)

Fig 6.41 Light-current-voltage characteristic of the samsflé194 respectively with and
without coupled cavity integrated onto the monaditthip.

Prior to investigating the ultrafast propertiesQEL emission, | characterized the LIV
curves of the samples “L1194” with and without clegpcavity using a pyroelectric detector
as illustrated in Fig 6.4. The magenta and cyamezsushows the characteristics of the 3-mm-
standard QCL and the 3.14-mm QCL with a ~58-um mlavity, respectively. Both
measurements were carried out in purged environate2l K with a modulation frequency of
20 KHz and a duty cycle of 10%. The standard QGawshlaser threshold at around 1.15 A
with a linear increase in the out-coupled powethvitjected current until to ~1.42 A. The
sample with passive elements shows a threshold4df A and lasing action slowly ceases at
about 2.0 A with a smaller power slope efficienGyhe increase in threshold is related to the
larger dimensions of the sample with passive eléshefnhe out-coupling power presented by
the righty axis is degraded by ~40% when compared to thedatdnQCL (the power
density=power/volume degrades B§0%). The lower slope efficiency of the coupleditav
is a result of the losses introduced by the ~1.5ajrrgap, which will be further discussed later
in the chapter.

A point of note is that the collected output povierthe QCL with passive elements was
very different from the normal end mirror and timel enirror with the coupled cavity. It showed
that the power coupled out from the coupled cafatet was much weaker than that of the
normal facet. This could further be a result of Ttz waves that scatter out from the air gap
and therefore introduce a loss mechanism.
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6.3.3 Beat-note frequency
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Fig 6.5 Electrical beat-note frequencies of the QCL-L118ith a ~58-um coupled cavity
separated by a ~1.5-um air gap as a function aftipg currents from 1360 mA to 1920 mA.

As presented in section 3.2.4, the electrical be#t- resulting from the beating of
longitudinal modes represents the mode-spacing iaditates the dispersion level of
medium [121]. A narrow beatnote indicates that mhede-spacing is almost identical and
therefore the dispersion is low and will facilitabe mode-locking experiments. The beat-note
of the samples “L1194" is measured to determing@pmately the round-trip frequency that
is needed to actively modulate the QCLs and torgete the best current operating range for
mode-locking.

Employing the similar set-up used in Fig 3.11,likat-note frequency of the 3.14-mm-long
QCL with a ~58-um small section was measured fareats from slightly below the threshold
at 1360 mA (bottom) up to 1920 mA (top) as showikion 6.5. Between 1360 mA and 1643
mA, no beat-note is observed owing to mono-modeatjom or weak beating among a small
number of modes that are above laser thresholdn EG54mA, the beat-note is observed at ~
12.765 GHz and the width of the peak is of the nade-1 MHz which slightly increases with
currents. (Note that we are operating in pulsedarsal the beatnote is wider than reported
values for QCLs operating in CW mode). From 1654 tmA 749 mA, the beat-note is weak
in intensity but with a very narrow peak width. $ishows that the dispersion is low and the
mode-spacing is roughly identical. Increasing thirant from 1803 mA to 1869 mA, the beat
note intensity increases and its width slightly datlens due to more longitudinal modes
contributing to laser emission. This indicates@L is falling into the broader spectral range
with a slightly larger dispersion. For current frdi®76 mA to 1920 mA, the intensity of beat-
note dramatically decreases and its width is stydmgpadened to ~30 MHz, showing the QCL
is working in the high-phase-noise region. Therefoo mode-lock the QCL to generate THz
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pulses, a modulation of ~12.8 GHz with a workingrents range from above threshold to 1876
mA are required.

| have also attempted to characterize the beat-obtbe standard L1194 (i.e. without

integrated passive cavity). However, the samplekdorat this time. Nonetheless we can
compare with the beatnote of sample “L1074” diseds# chapter 5. This was a similar
structure but with laser emission at 2.7 THz. katbhote was centered @3 GHz and was
narrow close to threshold. However, unlike the Q@ith passive structures, the beatnote
became very broad quickly at higher currents indigathat the dispersion was large.
Therefore, the beatnote of the sample with pasgiveures indicates a lower dispersion when
compared to a standard sample.

6.3.4 Mode-locking of samples L1194
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Fig 6.6 | Comparison of the standard (purple) atificzally engineered (58-um small section and-1.5
um air gap) (black) QCLs emission from “L1194” undeound-trip electrical modulation GBO dBm.
(a) Time-resolved electric field of the QCL emissidb) Normalized intensity of QCL emission,
squaring of pulses in (a) at 1370 ps and 640 pentively. (¢c) Corresponding spectra of the QCLST(F
of the measured electric field in (a)).
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In this section, | will investigate mode-locking‘@fl194” for THz QCLs with and without
the passive elements (air gap and coupled caf@ogh of the two samples worked at the almost
the same electrical parameters as shown in talebecpt for the DC current. For simple active
mode-locking, a 12.617 GHz was applied on the stahd@CL while for the QCL with
integrated passive structures a 12.886 GHz was. Usedtime resolved electric fields were
measured using the injection seeding techniqueritdescin previous chapters [67]. Here, the
external THz pulses are injected into the QCL piissive structures via the small section (i.e.
the coupled cavity side) and the emission deteftted the opposite standard facet, owing to
the much stronger power coupled out from the latter

Table 3. Parameters used for active and hybrid mod#cking

Parameters Active mode-locking Hybrid mdocking
DC bias 20 KHz, 5 us 20 KHz, 5 us
Currents 870 mA 1220 mA

RF for seeding 200 mW, 6.2 ns 200 mW, 6.2 ns
Temperature 20K 20K

GHz modulation 12.617 GHz, 30 dBm 12.886 GBzdBm

The measured electric fields of the two QCLs asation of time are shown in Fig 6.6 and
show the clear effect of the passive structures.freakthrough shows that while the standard
QCL produces pulses (purple) are ~14 ps, as prsliquresented in chapter 5, the coupled
cavity QCL shows pulses (black) that are ~ 4 ps$s Tmore than half the previous record for
THz QCLs pulses of ~10 ps, which has been set @werthan 5 years. Therefore, it shows that
the chip-integrated passive geometry structure t¢etely breaks this previous bottleneck
limitation. Fig 6.6 (b) shows a zoom of the intépgirofile (square of the electric field in (a))
of the THz pulses for the standard QCL (purple edfrem 1345 ps to 1390 ps) and the QCL
with integrated passive structures (black curvenf@l5 ps to 660 ps) highlighting the strong
contrast in pulse duration. The pulse widths memtibabove are taken as the FWHM of the
intensity profiles. The Fig 6.6 (c) illustrates gpectra of these two lasers, obtained by the FFT
of their electric field. Their differences are obws. In the case of the standard QCL, there are
only about 10 modes in the spectrum with a fulldvaidth of ~150 GHz while in the case of
the QCL with chip-integrated passive geometry sihectrum is greatly expanded to more than
~380 GHz and more than 28 modes contribute taiiss@on and pulse formation. In order to
verify whether absorption plays a role in the cedptavity, the 58-um small section was
biased negatively and positively. No change ing@tdsm was found suggesting that absorption
is not a predominant effect. Further details canfdasd in Appendix C A point to note
regarding the spectrum of the standard QCL is thate free running case, the free spectral
range is 13.4GHz. However, as shown in chaptemgiceowave modulation at a much lower
frequency is required to generate the clearesepulss detailed in table 3, a modulation of
12.6 GHz is applied. Owing to this difference bedwéehe free spectral range and the applied
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microwave modulation, this likely limits the numbef modes that can be brought above
threshold resulting in a narrow spectrum for ttandard QCL. (For the coupled cavity the free
spectral range was the same as the modulationeneg

The above presented the results for a QCL with @anb&hort section. We have also
preliminary characterised a QCL with 38um shortieac This showed a much wider electrical
beatnote, indicating a higher dispersion. Its tiesolved electric field emission is currently
under investigation.
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6.4 Experimental results on L857

This section will detail the second set of samplbsre a coupled cavity geometry was realized.

6.4.1 Samples L857
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Fig 6.7 | Band structures of L857 based on a hyactil’e region design combining bound-to-
continuum and LO phonon depopulation schemes.

The sample “L857" is based on a hybrid activeicegdesign that combines the LO phonon
depopulation and bound-to-continuum scheme (septeha). Their full bandwidth is ~300
GHz with a frequency centered at ~ 3.25 THz. Theyenalso grown by MBE at the University
of Leeds, wafer bonded at the University of Paoistls and processed at the University of
Paris-7 by M. Amanti (group of C. Sirtori) into raéimetal waveguides. In this design,
GaAs/Ab 15Gay gsAs material system was employed. The thicknessesuahtum wells and
barriers of the active region are209.403.8011.501.8011.005.50/18.40nm. Barriers are
also shown in italics and quantum wells are shawhalds. The underlined quantum wells
were doped at the level of 2.0%8@nT3. Detailed growth sheet is presented\ppendix A —
L857. The band structure of this design are presentéa)i6.7, with the injector level in green,
excited level in blue and the fundamental contindewels in red. The energy gap between the
blue line and red line is ~13.3 meV correspondm@ri emission frequency centered at ~3.2
THz. This hybrid depopulation scheme has an eleitrife time for the fundamental levels
that is slightly longer than that of pure LO phoraesign and shorter than that of bound-to-
continuum design. This results in a spectral badtwiying between those of LO phonon
depopulation and bound-to-continuum designs.

The wafer was processed into a 3-mm-long 50/100{@r&6wide ridges with an integrated
[RO-um-long coupled cavity separated byPa5-um air gap (40pum shorter and 1um larger
compared to “L1194"), as illustrated in Fig 6.8.€B photos were measured at Ecole Normale
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Supérieure in Paris. In this figure, (a) showszbem of the ~20 um coupled cavity observed
by scanning electron microscopy, (b) is the zoorthef~2.5 um air gap with a much higher
resolution and (c) shows a part of the completedcdeAs for L1194, a large pad is connected
to the small section for biasing. The QCLs withii®-wide ridges were not used as they didn’t
lase owing to the larger loss from the waveguidégs. 100-um QCL is used in this section for
ultrafast THz pulse generation and the 150-um Q€lused inAppendix Dfor high order
transverse modes investigation. To compare, a davithout the coupled cavity was cleaved
(length 2.7mm).

1"'01,9:"‘. X EHT= 500kY  Gun Vacuum = 153-009 mBar Signal A = InLens

Date :14 Jun 2016
Time :13:07:25

Mag Range = 1 WD= 11mm  System Vacuum =8.19e-006 mBar ~ User Name = ENS PARIS e Z /

Fig 6.8/ SEM photos of QCL-L857 with integrated ~2.5 umgap and ~19.5 um coupled cavity.
(a) Zoom on the coupled cavity (b) Zoom on thegap (c) The QCL wafer with 5 ridges of
different widths (100um/100um/50um/50um/150um fthmleft to the right) in view.
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6.4.2 LIV characteristics and beatnote frequency
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Fig 6.9 | Characteristics of the metal-metal THzLQC857” based on a hybrid design with emission
frequency centered at 3.25 THz. (a) Light-curresitage characteristics of a 3-mm-long 100-pum-wide
passive-geometry-integrated THz QCL respectivelthwied) and without (black) radio-frequency
switching (used for injection seeding). (b) Beatnivequency corresponding to the currents varieoh fr
520 mA to 650 mA at right side showing from 11.1%td 13.4 GHz. (c) Typical beatnotes of QCLs
with (blue, bottom axis) and without (pink, top gxintegrated coupled cavity.

Fig 6.9 (a) shows the LIV characteristics of theLQ@th integrated passive geometry with
(red) and without (black) RF pulse (used for inj@etseeding - see section 4.1.3 in chapter 4).
Without the RF pulse, the laser action starts &0~®A and ceases a720 mA. With RF
switching, the threshold of QCL decreases down4®0~-mA, with the RF pulses providing
~110 mA. Fig 6.9 (b) is the electrical beat notthaiit RF (chapter 3), representing the mode-
spacing and dispersion of the laser, for a cumamge of 520 mA (bottom) to 650 mA (top).
Between 535 mA and 550 mA, the beatnote is religtivarrow (1L0 MHz) showing the QCL
is operating in a quasi-comb regime where the nepdesing is almost identical. Increasing the
currents from 555 mA to 650 mA, the width of bednbecomes much broadéi7Q MHz)
and the intensity becomes weaker indicating the @Chlling into high-phase-noise region.
Therefore, the QCL was kept below 555 mA, correspanto the brown point and the purple
point without and with the RF pulse, respectively-ig 6.9 (a).

Fig 6.9 (c) shows a zoom of the beatnote at ~535Ioh4e curve). Four peaks are observed
at 11.989 GHz, 12.250 GHz, 12.511 GHz and 12.772,®lith a spacing of exactly 260869.6
kHz (accuracy of 0.1 kHz, limited by the high-spseédctrum analyzer). These multiple peaks
result from four-wave mixing between the high-orttansverse mode Tgland fundamental
one TMy inside the QC [117] [122], a result of the largige. This hypothesis is support by
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(i) the 260 MHz peak spacing between beatnotegsponds to a refractive index change of
about [0.08, which approximately agrees with the refractindex difference between
fundamental TN and first high-order mode T (ii) Increasing the ridge width favors further
high-order transverse modes [106], leading to &rrtieatnote peaks as detailedAppendix

D; (iii) The multiple beatnotes were not observedhia case of QCL L1194 in the previous
section as the ridge was narrow (~68 um) that dimofieration to the fundamental mode and
(iv) nonlinear effect is the most probable procisg leads to the high precision of the peak
spacing. The peaks are not a result of the cowgaeitly as multiple beatnotes are observed for
a standard QCL of length 2.7mm of the same ridgithnas illustrated in the pink curve of Fig
6.9 (c).

Importantly, comparing the beatnote of the QCLshweihd without the coupled cavity in
Fig 6.9 (c), we observe that the latter has a moif®rm separation between the beatnotes and
are considerably narrower. This again indicatestti@dispersion is reduced with the coupled
cavity.

6.4.3 Mode-locking of QCL L857

Fig 6.10 (a) shows the measured time resolvedraldilds of the QCL, from 750 ps to
1850 ps, under free running (‘seeded’ black curae)) mode-locking (magenta curve)
conditions by the detection technique detailechiapter 2. The QCL was held below threshold
at 20 K with a 20 KHz current @442 mA and an 8-ns RF pulse trainfgi6 MHz was used
to periodically bring the QCL above and below liteeshold. In the free running case, although
the pulses are neither perfectly Gaussian or shiat, a stable and periodic pulse train
emission is observed, showing already the effedhefpassive element integrated onto the
QCL (see section on hybrid mode-locking). For axtimode-locking, a ~30dBm active
modulation at 12.310 GHz is added to this QCL, elmsthe central beanote of 12.250 GHz in
figure 6.9. Ultrafast THz pulses as short as ~@ngsgenerated as illustrated in Fig 6.10 (a).
(The dynamic region before 750 ps where seedingegalamplified as shown Appendix
A zoom of the pulse from 1114.5 ps to 1135.5 ghavn in Fig 6.10 (b), where the oscillation
of electric field and the sampling points can beadly observed. The spectrum of the seeded
and mode-locked emission is shown in Fig 6.10db)ained by the FFT of the electric fields
in (a). The emission frequency is centered at 325. Without microwave modulation, it can
be seen that the coupled cavity QCL has alreadyfarm and relatively large spectrum width
of up to[250 GHz (black curve). With the electrical modwati the longitudinal modes of
QCL transfer their energy to the other Fabry-Perotles, bringing more modes above laser
threshold and further broadening the spectrum 382 (magenta curve). The phase of each
mode was also analyzed and presented in Fig 6)10~¢d the free-running case a random
phase relation is observed. For mode-locking, kel tnodes are in phase and leads to the
observed ~5 ps ultrafast THz pulses. These reshltsvs that with the integrated passive
elements, ultrashort THz pulse generation can ladizesl over a wide range of QCL
frequencies.
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Fig 6.10 | Free running injection seeding (blaak) enode-locking (magenta curves) of the THz QCL
L857 centered at 3.25 THz. (a) Time resolved dlefigld of free-running and mode-locked emission

shown from 750 ps to 1850 ps. (b) Zoom of the miodked pulse at 1125 ps in (a). (c) Spectra of the
free-running and mode-locked emission of the QCtailed by Fourier transform of the measured
electric field. (d) Phase of each lasing mode uffider-running and mode-locked conditions.

To conclude, in our experiments, the integratedipasstructures play an important role in
drastically shortening the active mode-locked Thises down to 5 ps. The exact shortening
mechanism will be discussed at the end of this telnap section 6.5.
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6.4.4 Direct measurements of the emission spectra of THRCLs L587

In the previous section | have demonstrated ~5Hsdulse generation from mode-locked
THz QCLs “L857” in the time domain using an injecti phase seeding technique. In this
section, | will compare the results in the time @mwith the spectra taken in the frequency
domain (i.e. independently of the time data). Nod®kching pulse is required and the QCL
is therefore operated in a quasi-CW operation withactive modulation. The measurements
were taken together with S. Houver at Ecole Norraiperieure.

The technique was based on the nonlinear up-caowes§the THz spectrum to the optical
domain (~800nm, ~1.5eV) using a resonant nonlibeafithe QCL itself [123] [124] [125].
The spectrum can then be obtained using a stamaendinfrared spectrometer coupled to a
CCD camera. Further details of the technique cafoined in ref [123] oAppendix Fat the
end of this thesis. When compared to Fourier t@ansfinfrared (FTIR) methods, the up-
conversion technique permits the spectra to bentakey quickly (no moving parts) and with
a high resolution depending on the dispersion ptigseof the grating spectrometer.

Converted to THz frequency (THz)
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Fig 6.11 | Emission spectra of THz QCL L857 dingatleasured by up-converting the THz waves into

the near-infrared range using difference frequegeneration. (a) The emission spectrum of coupled
cavity THz QCL L857 used in previous section inefreinning (black) and mode-locked (magenta)
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modes. (b) The emission spectra of L857 as a famat active modulation frequency with a microwave
power of 24dBm (c) The emission spectra of L857adsinction of active modulation power at a
modulation frequency of 12.3GHz.

Fig 6.11 (a) shows the up-converted spectrum ofpimEsive geometry integrated QCL
“L857" with the lowerx-axis showing the optical spectral range (in engagyg the topx-axis
showing the converted THz range (in frequency) hdibias of 590 mA, a 24dBm modulation
at 12.3 GHz was applied using a standard microwawerator (magenta) and compared to the
emission without microwave modulation (black cunkpm the free running spectrum, a few
modes are brought about threshold with the modeisp#~12.3 GHz) clearly distinguished.
With the microwave modulation, we observe a strengancement of the number of modes
brought above threshold as expected when the Q@lode-locked. This spectrum is a typical
mode-locked spectrum with an almost Gaussian digian of the longitudinal modes.
Comparing the above spectrum with the mode-lockedtsum measured by injection seeding
technique in Fig 6.10 (c), a similar form is obs=tvalthough the up-converted spectrum shows
less modes at the extremities of its spectrum. Ehimost likely a result of less microwave
power used (24dBm limited by the generator) whenpared to injection seeding experiment
(~30 dBm). The black spectrum in Fig 6.11 (a) es¢mission of the THz QCL “L857” without
any electrical modulation.
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Fig 6.12 | Reconstructed electric field (a) anénsity (b) of the hybrid mode-locked QCL emission
based on the measured spectrum in Fig 6.18 (a)emag

Figure 6.11 (b) shows the effect of the modulafr@guency at a fixed microwave power
(24dBm) where we observe the largest and most Gauspectrum at 12.3 GHz, close to the
measured electrical beatnote. Finally, with the uatation frequency fixed, we varied the
microwave power from 0 dBm to 24 dBm that showedemodes are brought above threshold
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as the power is increased. This shows that thesamispectrum can be extended by locking
more sideband modes through the modulation power.

As we expect the modes to have the same phase mbde-locked, the time resolved
electric field can be reconstructed and compardtdeéaneasured time profiles (Fig. 6.10(a)).
Fig 6.12 shows the reconstructed electric fieldata) intensity (b) of the QCL emission in time
domain from 750 ps to 1850 ps from the mode-locketctrum in Fig 6.11 (a), considering
that all the modes are in phase. A stable pulse tsaformed, very similar to the emission
measured by injection seeding of Fig 6.10 (a).ddit#on, the reconstructed pulse widtH s
ps, in agreement with the experimental time datggesting we are close to the Fourier limit.
Although this method does not permit to accesstithe dynamics directly, it shows that
equivalent reconstructed forms can be obtained th#ghQCL operating in a quasi CW mode.
This method also permits to independently verifyéf are at the Fourier bandwidth limit.
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6.5 Analysis and discussion
6.5.1 Introduction

Comparing the mode-locking experiments on the sasnfil1194” respectively with and
without the passive structures in Fig 6.6, it carbncluded that it is the coupled cavity scheme
(i.e. the air gap and the small coupled cavity} teaults in considerably shorter THz pulses.
(The only variable between them is the integratassiwe structures). Here, we will discuss
two coupled hypotheses to explain this effect. fitst is dispersion compensation where the
short cavity act as a Gires-Tournois interferomdt@il) and compensates the gain and
material dispersion of the QCLs [126] [127]. Thattér dispersion permits the fabry-perot
modes to be separated more equidistantly. Therefooee modes can be brought above
threshold with the same microwave power resultinghiorter pulses. The second one is hybrid
mode-locking. The air gap brings an ultrafast passiodulation that breaks the bottleneck of
active mode-locking and therefore results in udtstfTHz pulses down to 5 ps by hybrid
modulating the QCLs together with the electricadulation. Although discussed separately,
these two processes are most likely be linked.

6.5.2 Dispersion compensation introduced by the coupledawity

The first hypothesis to explain the shorteningefie dispersion compensation (performed
in collaboration with the group of N. Jukam et Wiversity of Bochum). Here, | will present
the small section in the coupled cavity configumatidescribed in Fig 6.1, which can be
engineered into a quasi Gires-Tournois interferemdt-GTI), and provides dispersion
compensation for stable short THz pulses. Thistisnisically linked to the refractive index
dispersion that indicates how the refractive inddepends on frequency and is often
characterized by the group delay dispersion (GDOhis parameter is critical in ultrafast lasers
and indicates how a pulse broadens as it propagétieis a material with an uncompensated
dispersion (a non-zero GDD). This becomes incrg@simportant for short pulses. In the case
of the optical and NIR spectral regions, dispersitompensation in femtosecond lasers is
readily accomplished with external elements sucprasns, grating or chirped mirrors that
introduce a GDD that is opposite to that of theetamedium. This brings the overall GDD
down to zero and avoids the broadening of shoggsul

When dealing with mode-locked broadband THz QCLd altrashort pulse generation,
group delay dispersion (GDD) management is chailgndue to several factors. First, the
material GDD owing to bulk GaAs is an importanttéaas a result of the residual absorption
from the Reststrahlen band [28]. Second, the gd&MD @ even greater than material GDD
owing to the dispersion added by the inter-sublieamition and can significantly limit THz
frequency comb operation [29]. Third, in contrasbptical and near infrared frequencies, there
is a lack of dispersion compensation schemes far Weivelengths. In fact, there are only a
few concepts available to reduce the total GDD eSets that have been applied to THz QCL
waveguides have used narrow corrugated waveguidasttas a chirped waveguide to show
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frequency comb operation [28]. The integration digdectric-metal section into passive metal-
metal waveguide has also been implemented.

Gires-Tournois interferometer

The GTI is a technique used in the optical and ‘rdfesred domain to compensate the
dispersion of ultrafast pulse [127]. It has alserbapplied to reduce the dispersion in mid-
infrared QCLs for broadband frequency comb genamath regular GTI generally consists of
a small resonator (lengthis of the same order as the wavelength of the lashe material)
operating in reflection where, in the ideal cabe, front mirror is of low reflectivity (¢)? ~
0.1) while the back mirror is perfectr{= 1) as illustrated in Fig 6.13.1(and ¢ are the
reflectivity amplitudes). The reflectivity is unityer the entire frequency range, but the phase
is strongly frequency-independent owing to the tyeeifect of the resonator. The interference
gives rise to both positive and negative group GiDizn by:

_2r°(@-r)rsin(wr)
(A+r” - 2r,cos@r))?

GDDsry (@) = (6.1)

wherer=2nl/c denotes the round trip time of the GTI wharie the refractive index, the speed
of light in vacuumc and the length of the GTl By choosing the length of the resonator
correctly, compensation of the material and gagpelision can be achieved. (GTIs have been
operated in the negative GVD regime in order to mensate for excess positive GDD in
picosecond mode-locked Ti:Saphire lasers [128]k 11 mirror is normally realised using
dielectric coatings with thicknesses on the ordén®wavelength. However, for the THz range
where the wavelength is typically 100pum, thick eatfic coatings to realise the reflectivity
conditions are difficult to fabricate. In this womather than depositing a dielectric, we use the
QCL itself and the confinement of the electromagnetode to realise a g-GTI. Although the
reflectivities are different from the ideal casgnificant dispersion compensation can be still
achieved.

v\\

Fig 6.13 | Schematic diagram of Gires-Tournoisrfetemeter

In particular, etching a small air gap (~2um) ithhe metal-metal waveguide to realise a
small cavity at the end of the QCL, results in@TFwith a contrast in the reflectivities of the
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front (r1) and backi) mirror (see Fig 6.14). The reflectivities of flaeet and the air gap were
calculated from the finite-difference-time-domaietimod using the Meep software package by
N. Jukam at the University of Bochum. From thesausations, the g-GTI realized in this work
provides a front reflectivity of1=0.61 and a back mirror reflectivity @f= 0.83 and thus
different from the ideal case aofi?=0.1 and (2)>=1. (The high value of; is a result of the
strong confinement of the MM waveguide mode). Cquasetly, the well-established formula
for the GDD introduced by a GTI needs to be geimrdlin order to take account of the non-
unity reflection coefficient of the second mirrdhis is discussed below.

Fig 6.14 | (a) Schematic diagram of the coupledtgaacting as a Gires-Tournois
interferometer. (b) SEM photon of the interfacettaf coupled cavity and the QCL. (c)
The zooming of the interface (air gap) betweendhmll section (GTI) and the long
section (QCL).

In general case, determined by T. Fobbe (group. diuMam at the University of Bochum),
if we suppose the electric field incident onto @€l is E; and the total reflected electric field
is E;, the total reflection coefficient can be then teritas:

) -2i5 _
rol' =E,/E =-n+rtle® +rrie P+ i E® +....=r2e—_2ir(15 (6.2)
l1-rre
For the speed of light in vacuues the refractive index and the GTI length, the phase

o=wnl/ ¢, accounts for a single trip in the GTI resonatorEd. (6.2), the signs of the first term

(-r1) and the other terms are different, due to théwale loss of the first reflection “1”. As

in the general case, the total reflection coefﬁt:ilﬂ@ﬁiTI of the GTI is a frequency-dependent

complex function. This will add a different phagsent for different frequency and therefore
provides a possibility to compensate the dispersion
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The GDD is the second derivative of the spectrabptwith respect to the angular frequency
and the general expression for the spectral phase @GTIl with a non-unity reflection
coefficient. From Eq. (6.2), the spectral phaselmagiven by:

qGT 2 i ol
Do (@) = arcta % = arctap il Zsm(a)r) sinr ) (6.3)
Ref{rd” "'} r,/r,—r; cos(wr)+rg ,— cos@r )

ot

Heren is taken as the refractive index of GaAs. Theatfbéri being considerably higher from

the ideal caser{=0.1) results in more pronounced variations of tiegDGear the resonant

frequencies but with little effect off-resonanceéiese we will be using the g-GTI. Using Eq.
(6.2), the dispersion compensation added to the Atz in QCLs by the coupled cavity can
be then calculated as discussed below.

(@) —— qGTl length /=38um
—— qGTlI length /=58um
12 - GaAs
——Gain

GaAs + Gain GDD b
—— Total GDD, /=58um
Total GDD, /=38um 08

12

255
Frequency (THz)
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Fig 6.15 | Dispersion calculation for the QCL “L#I9with integrated coupled cavity. (a) The

calculated GDD curves for gain dispersion (bluegterial dispersion (cyan), g-GTI dispersion (dark
yellow for the 58 um g-GTI and magenta for the 88qrGT]I), respectively. (b) The total dispersion
curves of this QCL for no g-GTI (purple), a g-GEngth of 38 um (yellow) and 58 pm (red),

respectively.

Fig. 6.15 (a) shows the individual GDD contribusdnom the g-GTI (with 58 um and 38
pm lengths that are used in the experiments) flemabove expression, the GaAs material,
and the gain. The material GDD is obtained fromdis@ersion relation and the gain GDD is
calculated from the Kramers-Kronig relation [12%he latter is modelled with a gain of 15
cnt! with a Gaussian-distributed bandwidth of 600 GHa eentre-frequency of 2.5 THz. The
gain GDD provides a zero-crossing at the centrguieacy and clearly dominates over the
positive GaAs material GDD. As depicted in Fig.%(4), the GDD of the 58 um g-GTl is
negative below 2.55 THz, close to the centre-fraquenf the gain (at 2.5 THz), and positive
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above it. In contrast, a 38 um g-GTI only providegative GDD in the investigated region.
Finally, Fig 6.15 (b) shows the sum of the gain #m material GDD compared to the total
GDD with the g-GTls. Remarkably, the total GDD peoximately flat and close to zero in
the region from 2.4 to 2.7 THz for the 58 um g-G#hijle it is entirely negative for the 38 um
GTI.

Therefore, a GTI with a non-ideal reflectivity daa realised using the QCL material itself.
Furthermore, by designing the correct length ofGié (58 pum for emission around 2.5 THz),
the g-GTI can be used to compensate the dispemstiuted by the gain profile and hence
realise ultrashort stable THz pulses when modeddcRemarkably, a broad bandwidth of the
GDD compensation is achieved by exploiting bothgbsitive and the negative GDD regime
of the g-GTI, thus compensating positive and negatjain GDD simultaneously. This
dispersion compensation of the g-GTI will contribtd the generation of much shorter THz
pulses. These simulations are in agreement witloliservations in the previous section of
L1194 with a 58um short cavity that showed low disjpn in the beatnote and much shorter
pulses when compared to a standard QCL. Furthernpoeéiminary measurements were
performed on a QCL with a 38um cavity, where thathete showed a very wide peak
indicating a large dispersion as in the simulations

Regarding the results on 3.25 THz QCL L857, it pesed a short cavity length of ~20pum.
This cavity length has a GDD profile similar to th& um cavity for L1194 but with a GDD
that crosses zero at 3.2THz i.e. close to the Q@isson. This cavity length therefore
compensates for the dispersion at 3.25 THz. Th&havn in Fig. 6.16 which illustrates the
GDD of the g-GTI as a function of frequency witke tbrossing point between negative and
positive GDD at 3.2THz. For comparison, the modskéal spectrum (intensity) is shown.
Furthermore, the beatnote of this sample was ceraditly narrower than a QCL without short
section indicating that dispersion was reduced ¢se&on 6.4).
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Fig 6.16 | GDD calculation for a 20um long shortl @avity (green curve). The intensity profile okth
mode-locked pulses from a 3.25 THz QCL is showrc@anparison.
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6.5.3 Hybrid mode-locking introduced by air gap
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Optical pulse

Fig 6.17 | Schematic diagram for active and passigdulation on the loss curves of lasers. (a)
sinusoidal-shape active modulation on the loss@ffas a function of time. (b) THz pulses from
sinusoidally modulated QCLs. (c) sharp passive ratitun on the loss of QCLs as a function of
time. (d) THz pulses from sharply modulated QCLs.

Dispersion compensation was mentioned above apathssis to generate shorter pulses
when the QCL is active mode-locked. However, amassidal active modulation is always
applied, this will at some point limit the pulsedth that can be attained [1] [96] [130]. Here
the air-gap introduced by the coupled cavity cddsle a role as discussed below.

How can the air gap break the limitation of actimede-locking and dramatically shorten
the THz pulses? Let’s suppose that there is amedgtimode-locked broad (~10 ps) THz pulse
propagating back and forth in the laser cavityeAftach round-trip, the THz pulse will pass
through the small air gap where a part of the Thlwgr will scatter out from the cavity owing
to the reduced modal confinement between the lowigshort section as shown previously in
Fig 6.4, a loss of 60% of the total power is obsdrfrom the LIV curves. This will also be
shown by electromagnetic simulations of the coukadty (see below). The losses from the
air gap will automatically introduce a passive mation on the QCLs at exactly the round-
trip frequency of THz pulse. If the passive modolatcan be confirmed to be sharper and
faster than the sinusoidal active modulation, it oesult in much shorter/faster THz pulses.
Below, I will show that the passive modulation ottuced by this air gap is real much faster
than active modulation.
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For active mode-locking, the round trip of the siawdal gigahertz modulation is about 76
ps for a ~3-mm-long cavity as schematically showirig 6.17 (a). This smooth modulation
on the loss (or gain) of the QCLs will consequelebd to quite wide (~10 ps observed in our
experiments) pulses as demonstrated in Fig 6.17@r)a passive modulation introduced by
the air gap, the modulation duration will be roygptoportional to the time the THz pulse
needs to pass through the air gap. If we suppaséltz pulse is infinitely short and crosses
the air gap at the speed of light in vacuum, it ket = lgay/Co= 2um/3x18m/s= 10fsto
completely traverse the gap. However, as the THzeppropagating in the cavity 80 ps,
orders of magnitude wider than ~)the traversal time becomes approximately equtido
THz pulse width of ~10 ps (traversing the air gagnf the rising edge of the THz pulse to its
falling edge). Therefore, the passive modulatioseath round trip lasts only0 ps in our case,
and much faster than the 76 ps sinusoidal elettmoaulation for active mode-locking [27],
as illustrated in Fig 6.17 (c). This sharper aretdamodulation on the loss (or gain) of QCLs
will dramatically result in much shorter THz pulsains as shown in Fig 6.17 (d). In other
words, as lasers will operate in the mode withldiweest losses, the air gap, together with the
laser feedback, will force the THz pulse in theigato be shortened.

Passive mode-locking is the most promising techatgubreak the pulse limitations set by
active mode-locking and to deeply modulate the ¢@ss (gain) of laser for ultrashort THz
pulse generation [131] [132]. But passive mode-logkby itself does not permit pulse
generation from THz QCLs owing to their ultrafastirg recovery time, as mentioned
previously. However, if we combine active mode-ingk(to generate the THz pulse) and the
air-gap introduced passive modulation (to introdwucefaster modulation), together as
mentioned above, this can result in shorter pulsesther words, the bottlenecks of active
mode-locking (i.e. smooth electrical modulationfl @assive mode-locking (i.e. ultrashort gain
recovery time) can be broken simultaneously arglwiil consequently result in ultrafast THz
pulses from QCLs as we have seen in the experinmemtt&1194” and “L857”. Combining
active mode-locking and passive modulation togetheenerate ultrafast THz pulses is here
called “hybrid mode-locking.

One of the most important factor in this hybrid raddcking hypothesis is to make sure
there are losses scattering out from the air gaguth for “L1194” and 2.5um for “L857").
This has been experimental demonstrated by theculVes for L1194 in Fig 6.4. In order to
computationally verify this and further show howethosses scatter out, the intensity
distribution of THz waves travelling in the FabrgBt cavity was stimulated in frequency
domain using COMSOL Multiphysics (RF module). Thessmputations based on finite
element analysis via physically meshing the aatagion and metal waveguide were carried
out on 3D models for a 3-mm-long 10-pm-thick reglarcavity at 2.5 THz respectively with
alpumand 10 um wide air gap as illustrated in6Fl@. Thex axis represents the cavity length
and they axis represents the ridge width. With the large @& observe that the two section
are barely coupled while for the small gap the shawood coupling between the sections but
with less power in the short section. This shoves €ven with a small gap, some power is lost
between the two sections. This simulation confithe there is a strong scattering of THz
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waves from the subwavelength Fabry-Pérot cavity frde-space at the air gap, as observed in
the loss of power in the LIV characteristics.

o
o

Ridge width

cavity length

Fig 6.18 Eigen-mode distributions of THz intensity in metad¢tal waveguide QCLs around
the passive structures designed for hybrid modkitge (Above: with an air gap of ~1 um
wide. Below: with an air gap of ~10 um).

For the sample “L1194" used for hybrid mode-lockingection 6.3, its air gap is roughly
1.5 um (small section ~ 58 um) while for the hybridde-locking of the QCL “L857”, the air
gap is[R.5 um (small sectiol20 um), respectively. The role of the length ofsh@all section
was described in the dispersion compensation alhowath of the two cases presented above,
similar results are obtained as demonstrated itiose6.3 & 6.4. This indicates that the
shortening mechanism does not depend on the siag ghp (at least in the range of a few
microns). This is because the size of fi®-ps THz pulse translated in spacé=$0 ps x
3x1(Pm/s=3.6=1 mm, which is much larger than the size of thegajs. So the time for the THz
pulse passing through the passive structure dodep#nd on its size when it is much shorter
than 1mm. This makes the passive modulation alaayise scale of the active mode-locked
THz pulse duration[{LO ps) within a round-trip time dfl’6 ps. Therefore, the pulse width
from hybrid mode-locking doesn’'t depend on the gifethe air-gap as observed in the
experiments on “L1194” and “L857".

In addition, this hypothesis can also explain wiizpulses are already formed on “L857”
even without active modulation, shown in Fig 6.\dMijle this cannot be observed on “L1194".
This is because the air gap of the “L857” is withexn that of the “L1194”, which makes the
loss of the “L857” much stronger and therefore plassive modulation of “L857” will be
stronger (but importantly not faster). This strgragsive modulation will start to generate THz
pulses. However, the gain recovery time of THz Q@Lgery short, leading to double pulses
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within a round-trip. However, combining active méation with the passive modulation allows
a single pulse behavior.

To conclude, the hybrid mode-locking hypothesis egplain the phenomena observed in
the experiments and is possibly combined with fepatsion compensation hypothesis of the
short section that dramatically shorten the THz@slldown to sub-5 ps. Further experiments
will be performed to conclusively prove this, fotaeple, using $econd order hybrid mode-
locking”. This can be realized by engineering a secondagron the monolithic QCL chip to
further shorten thi§b ps down to sub-picosecond level.
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6.6 Conclusion and perspective

The THz pulse width generated by active mode-lagloh THz QCLs has been strictly
limited by long pulse widths despite large gaindwidths, as demonstrated and discussed in
previous chapters. In order to break this limitataf active mode-locking, we integrated a
coupled cavity onto two sets of QCL with[2-um air gap and aR0-60um short cavity,
permitting to overcome this bottleneck and genewlitafast THz pulses. The structures were
integrated monolithically with the QCL laser cayitesulting in compact system. Two
hypotheses based around dispersion compensationhgmid modelocking have been
discussed to explain the shortening mechanism.mbdawation of both effects cannot be ruled
out with and will be the subject of further investiions.

This new technique has dramatically more than ltbikie previous pulse record of ~10 ps
to sub ~5 ps and drastically broadens the frequeomp to ~350 GHz. This experiment is the
first demonstration that THz pulses can be gresittytened by mode-locking THz QCLs and
dispersion compensation. From this point, it shdaddpossible to further shorten these THz
pulses from mode-locked QCLs down to sub-picosecortds could open important
applications in both scientific and industrial donsawith new passive structures based on the
same principle. This will be especially importaot 8ual-comb spectroscopy [133] where the
lack of tunability of the QCL emission can be aald

This works opens up exciting research directioneretwe can further shorten the THz
pulses potentially down to the sub-picosecond &ed ¢éhe single cycle pulse level. THz QCLs
have been shown to have bandwidths exceeding 1uBkig heterogeneous designs, and the
g-GIT concept can be modified to compensate foghtly larger bandwidths. If the
compensation is not sufficient, other concepts @gped mirrors or reflectors) that have been
employed in the optical domain and for THz QCL freqcy combs can be adapted for short
pulse generation. Regarding the proposal of pagsiwdulation introduced by the air gap
between the coupled cavity system to realize aitiynode-locking scheme, this can be also
used to further shorten the THz pulse using a skootker hybrid mode-locking scheme. This
would be realized through engineering a secondagron the QCL ridge based on the same
principle. This would add a further modulation twther shorten the 5-ps THz pulses.

There are also considerable other potential schehasmay allow to realize short THz
pulses from QCLs. Among them, is the use of a Tatarable absorber with a nonlinearity,
for example graphene, on one of its facets to shdtie THz pulses via hybrid mode-locking,
avoiding the associative problems of the fast gagovery time. This can be combined with
on-chip dispersion compensation schemes to realisdast THz pulses.
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Far-field Engineering of Metal-metal Waveguide
Terahertz Quantum Cascade Lasers

s discussed in previous chapters, THz QCLs haveldped significantly since the first

demonstration in 2002. Nowadays, the most perfaymiiHiz QCLs in terms of
temperature, are those based on metal-metal (MMemades, and can already operate up to
[ROOK [48]. The sub-wavelength waveguides of the€k€are structured with the thin active
region sandwiched between two metal layers. Thasltg in a high modal confinement of the
THz waves compared to single plasmon QCLs, whicterate at relative lower
temperatures [44]. However, the far-field patteoisMM QCLs are highly diffracted and
output powers are weakly coupled out, owing to daingpedance mismatch between the
strongly confined cavity mode and free-space radiamode [118]. These shortcomings
prevent many important applications of THz QCLs dy&) liquid nitrogen cooling
temperatures.

The aim of this chapter is to overcome these bwtiks mentioned above. | will show that
the far-field emission profile of THz QCLs in metaktal waveguides is controlled in
directionality and form through planar horn-typegé structures, whilst conserving a broad
spectral response for applications in THz pulsefeegliency comb generation (see chapters 5
and 6). These structures produce a gradual chandieei high modal confinement of the
waveguides and permit an improved far-field emisgioofile and resulting in a four-fold
increase in the emitted output power. The two-disi@mmal far-field patterns are measured at
77 K and are in agreement with 3D modal simulatidie influence of parasitic high order
transverse modes is shown to be controlled by eeging the horn structure (ridge and horn
widths), allowing only the fundamental mode to bemed out.
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7.1 Beam profiles of metal-metal THz QCLs

(a) (b)

<2100um,
doped layer me.\a\ “\e\a\
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Fig 5.1 | Schematic diagrams of THz QCLs and ttygiical two-dimensional intensity distributions in
a cross-section view for (a) Single-plasmon waveguiHz QCL and (b) Metal-metal waveguide THz
QCL.

As presented in former chapters, THz QCLs have nguehee considerable improvements in
operation since their first demonstration [20], exsally in terms of the achievable output
power [51] and operating temperature [48]. Howetygically these two parameters cannot be
optimized simultaneously in a given QCL device. Highest temperature operationdf00
K has been demonstrated through use of metal-r{Mtd) waveguides, where a high modal
gain is achieved through the high modal confinemdite detailed description of MM
waveguides and single-plasmon (SP) waveguides ha®e presented in section 1.3.3 in the
first chapter. Here, | will give a brief comparisagain on these two types of waveguides as
they have a dominating influence on the far-fielttgrns of THz QCLs. The schematic
diagrams of THz QCLs based on SP and MM waveguadesshown in Fig 7.1, (a) & (b),
respectively. In this figure, the waveguide stroesuof a typical SP QCL and MM QCL are
shown in top part and the intensity distributiofishe fundamental mode Tdylare shown in
the bottom part. We can see that the THz mode of BILs are strongly confined to the active
region compared to SP ones (simulated by COMSOltiphysics at 3 THz). The confinement
factorI", given by Eq. (1.4), of SP QCLs ranges from frBm 0.1 - 0.5 depending on doped
layer while for MM QCLs, it is generally as highas: 1 [44].

When the strongly confined THz mode= 100 um) within a MM cavity (40 pm x10 pum)
is coupled into a free-space propagating waventpedance mismatch between the cavity and
air becomes of great importance. This resultshimghly diffracted laser beam and a large facet
reflectivity leading to weak directionality and lawtput powers, respectively, as measured by
W. Maineuit et a[105] at University of Paris 7 and reproduced ig F.2 (a) (Similar work
has also been done at MIT). In this measuremelifiylaQCL was placed in a cryostat and a
Goley cell rotated around it on a spherical plaswo(dinated, ¢, r = 10cm). When8 was
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varied from 0° to 110° angd from -50° to 60°, the far-field pattern of this taemetal QCL
could be measured, characterized in 2D as showigi@.2 (a) right. We can see that the far-
field pattern of MM waveguide QCL is highly diverge(0° < 8 < 100°,—50° < ¢ < 50°)
and the intensity fringes are widely distributedtire spherical plane due to interference
between coherent THz waves radiated from the Zoupling facets (each facet acting as a
radiating dipole) while the far field pattern of #8veguide QCL is considerably less diffracted
(20° < 8 < 20°,—20° < ¢ < 20°)) as illustrated in Fig 7.1 (b) [50]. Although 8Rveguides
have shown output powers of up to 1 W, such QCles tgpically limited to operate at
temperatures below 77K. Therefore, in order towappiz QCLs to applications, for example
ultrafast pulse generation at high temperatures fah-field patterns and radiated powers of
metal-metal QCLs need to be improved.

(a) metal-metal waveguides

¢ (deg)

A ~100um

(b) single plasmon waveguides

Q
/\6

Vertical angle (deg)

10 0 10
Horizontal angle (deg)

Fig 7.2 | (a) Highly diffracted far field of THz Q& coupled out from sub-wavelength metal-metal
cavity. [Measured far-field pattern at right sidga) is from:W. Maineuit et al, Appl. Phys. Lett. 93.

183508 (2009) (b) Less diffracted far field pattern of THz Q€lkcoupled out from single plasmon

cavity. [Measured far-field pattern at right sidge(b) is from:M. Hajenius et al, Opt. Lett. 33, 312

(2008].
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7.2 State of the art for far-field pattern improvements

There has been a wide variety of techniques oraetitig the power and low-divergence
far-field patterns from MM QCLs. The following gise few examples and is a non-exhaustive
list.

Photonic crystal 3rd order grating

s s

(b) A e D

kbl

-20 10 0 10 20
0, (degree)

Photonic quasi-crystal Horn antenna
R E (d) Metal
!

A \
14um x % 150
T |

Sl-GaAs substrate

()

0 (degr

¢ (deg)
bébdoa888

-15-10 -5 0 5 10 15
 (degrees)

Fig 7.3 | Improved far-field of metal-metal QCLSs dhjferent methods (a) photonic crystal [From:
G. Xu et al, Nat. commun, 3, 952, (201@)) 3¢ order grating [FromM. I. Amanti et al, Nat.
Photonics. 3, 586 (200P(c) Photonic quasi-crystal [Frori. S. Vitiello et al, Nat. commun, 5:5884
(2014] (d) Suspended horn antenna [Fram: Maineult et al, Appl. Phys. Lett. 93, 1835080&D

In order to improve the highly diffracted pattearsd poorly out-coupled powers of metal-
metal THz QCLs, several monolithic methods basedpbatonic structures for surface
emission have been proposed and realized. An exawipkhis is illustrated in Fig 7.3
(a) [134] [135], which is based on graded photdmitero-structures. Here the symmetric mode
of a distributed feedback surface-emitting semiconduleteer could be localized in the device
center while its anti-symmetric one would be coefirtlose to laser facets. Application of this
concept to MM THz QCLs led to high peak-power scefaadiation and low-divergence,
single-lobed far-field patterns.

Other powerful demonstrations have exploited 3adkoDFB gratings for emission along
the ridge length as is demonstratedAmyanti et alat ETH Zurich in Fig 7.3 (b) [57] [136]. It
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is based on end-fire antenna effect and permitdraded and narrow far field patterns.
Although these techniques can extract the QCL pamer engineer the far-field emission
profile efficiently, they are inherently mono-frezncy and not suitable for broadband emission
that would be of interest to mode-locking [24] [28Y] or frequency comb [28] generation
applications.

In addition, 2D photonic quasi-crystal QCLs haverma&emonstrated by M. Vitiellet
al [137]. This 2D scheme solved the problem of posagrcellation and significantly improved
the far field pattern of THz laser.

120 60 ’é\ 10 k (C) .
30 O R b
teamr % 0.5 F .
pe 180 0o
=] R J
\/|Ge — %gm % ol
pe - 125mm e — E 00
Il As-cleaved < 2 6 2 . 7 2 8
Frequency (THz)

Fig 7.4 | (a) A schematic diagram showing the mettbfdar-field measurements. (b) Far-field emission
plots. (¢) Emission spectrum of QCL measured bgditipn seeding. [FronBrewer et al, Appl. Phys.
Lett. 104, 081107 (2014)

There are also some methods to improve the fai-figltterns of MM QCLs without
disturbing their broadband properties. Most of thdmwever, have relied on manual
positioning of external elements such as silicorsés placed on the facet [138], suspended
antenna structures [105] or rectangular wavegyitié8]. For example, in Fig 7.3 (d), the horn
antenna is attached to the end of a THz wavegaittewill guide out-coupled THz waves into
free-space, gradually changing the confinementieande impedance. In this way, the far-field
can be improved as is presented in Fig 7.3. Howeserng to the manual nature, the
techniques have proved to be difficult or non-rejuicble when thermally cycled.

A promising technique has been recently demonstrateour group at Ecole Normale
Supérieure in collaboration with the University Gambridge, in which planar horn-like
structures (PHSs) are etched into the QCL surfaemlntayer, so that the confined mode is
better matched to a radiative mode as shown in7Hd118]. (a) illustrates the method to
measure the far-field of this QCL device with PHB8&g a Golay cell on a rotating arm. (b)
shows the measured THz power as a function ofdteed angle of THz detector around the
QCL for different PHSs length as defined in Fig 7.4 (a) (varied from O um to 2ifh)
showing greater out coupled power with increase® Rgth. (c) is the emission spectrum
obtained by injection phase seeding. This simpler@xrh has led to a considerable
improvement in directionality and output power witih significantly affecting the QCL
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temperature performance, and has proven to bedntigstable. Indeed, injection seeding [67]
of bound-to-continuum MM QCLs with PHS have beemerdgly demonstrated [118].
However, no control of the far-field profile wasndenstrated with only one-dimensional
profiles of the far-field measured. Further the téeai spectrum from the PHS was not shown
to be broadband owing to the use of low spectratibédth active regions. In this work, we
demonstrate how the far field emission profile t@ncontrolled by engineering the QCL’s
transverse modes and the geometry of the PHS, lhassshowing the broadband nature of the
emission. We further show two-dimensional far-fipltterns that are in good agreement with
electromagnetic simulations.
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7.3 Far-field pattern and out-coupling power improvemerts of
metal-metal THz QCLs

7.3.1 Sample designs and fabrications

02
e VIV
0.152\%/N > \/\v/\:\__) \ A
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Fig 7.5 | Band structure of QCL based on longitabighonon depopulation with emission
frequency centered at 3.1THz and full bandwidthuadd 500 GHz.

In this chapter, QCLs with a central frequency .4t BHz and a full spectral bandwidth of
[b00 GHz were used (wafer number958’). This employed an active region design based
on longitudinal optical phonon depopulatiiith the GaAs materials system and detailed
previously in chapter 1. The thicknesses of quaniwetts and barriers of the active region
starting from injector are4.108.202.508.904.3016 nm. Barriers are shown in bold and
guantum wells are shown in italic. The quantum wéth a thickness of 17.6 nm were divided
into 3 parts (6.1/5.5/6.0 nm) with the 5.5-nm dopmer at the level of 5x$0cm-3. These
designs have the highest temperature operatiomtégréhan 140 K) when placed in a MM
waveguide, and allows the QCL to be operated aidigitrogen temperatures. The designs
also possess an inherently large gain bandwiddal ioh illustrating the broadband nature of
the PHS. Fig 7.5 shows the wave-function distritmaiof electrons in one period of quantum
wells and barriers in our design and is similas@mnple “L1074” and “L1194” detailed in
chapter 5 & 6. The growth was performed at the Brsity of Leeds, UK by MBE followed
by standard MM processing at University of ParistBo(France). The metal-metal wafers
were processed with laser ridge widths ofy#®, 60um and 80um, and cleaved into cavity
lengths of 3 mm, 2 mm and 3 mm, respectively.
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7.3.2 Planar horn-like structure design, processing and atimization.

The Planar horn-like structures (PHS) were realtzgg@ost processing through the use of
focused ion beam (FIB) milling to remove the top@héayer (performed at the University of
Leeds). A schematic is shown in Fig 5.6 (a) lefty .6 (a) right is the SEM images of post-
processed QCLs. This gradual removal of metal althe strongly confined mode to gradually
adapt into a propagating beam, reducing the fadlettivity, and therefore resulting in a higher
output power and a directional far-field patterig ¥.6 (b) is the THz intensity distributions,
simulated by COMSOL Multi-Physics in 3D, of the Q€Clwith integrated PHSs. In this
simulation, the THz wave is injected into the ca¥ibm the left facet and coupled out from
the right facet. The mode distribution is the cogeat solution of this structure using finite
element analysis. The simulation:"Rs a top view of the ridge and the simulation,™s
viewed at the end of the PHS position{“i (a)). The latter shows that the THz waves are
less confined around the PHS and some powers apderbout into the radiative free space
mode.

P4
e

Fig 7.6 | (a) Schematic diagram of metal-metal Q@Ith planar horn-like structures [left].

Scanning Electron Microscope photos of this kindQ@fLs. (b) Intensity distributions and
variations in QCLs with planar horn-like structusémulated by the RF module of COMSOL
Multi-Physics.

Generally, the longer the horn structure lengthb, [rger the output power and the more
directional the beam, owning to the slower changklzetter impedance adaptation. However,
a long PHS results in higher effective mirror lassend an increase in laser threshold, as
detailed in ref [118] and could thus prevent lasetion. Here a horn length of 150 um was
chosen as a compromise between high output povaehnigh operating temperatures.
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7.3.3 Light-Current-Voltage characteristics of QCL pre- and post- processes

The LIV curves allow us to investigate the key paeters of a laser such as threshold,
output power, operation current as presented imdorchapters. Here we used these curves to
characterize our QCL pre- and post-FIB processhs. detailed experimental configure is
presented in Fig 7.7: A Golay cell is employed bz Tetector; A f/1.67 parabolic mirror was
used to collect the output radiation from the Q@&@hg a /2 parabolic mirror used to focus it
onto the Golay cell.

parabolic mirror

THz QCL !
Golay cell
parabolic mirror Q §I

Fig 7.7 | Experimental set-up for light-currenttagle (LIV) cures measurement
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Fig 7.8 | Light-Current-Voltage curves (LIV) of Q@le-FIB process (red) and post-FIB process (black)
at 77K.
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Fig 7.8 shows the output light-current-voltage eletaristics of an 8@m-wide ridge pre-
and post-FIB milling, with the QCL at 77 K. The Q@las operated in pulsed mode with 500-
ns-long electrical pulses at a repetition frequeaty0 kHz. A 20 Hz electrical envelope
modulation was used to enable lock-in detectionthef output power with the Golay cell
detector. A factor of four-fold increase in measuogitput power was observed for the QCL
incorporating the horn (post FIB). This increasgastly due to a reduced facet reflectivity.
The threshold currents of the pre- and post-FIB manifrom the change in differential
resistance in the V-I curve) are 0.849 A and 0 &/&espectively, corresponding to a reduction
in reflectivity from approximately 0.8 to 0.65, pestively, with a calculated waveguide loss
of 22 cm? (see below). This reduction in reflectivity wowdly result in a two-fold increase
in output power, and so does not account for the-fold increase observed. (The L-l1 was not
used to determine the threshold owing to a sma#rghoot in time of the electrical
characteristics, resulting in the threshold in ligbt emission appearing smaller for the horn
structure sample. The V-l is taken over a large timndow that does not include the electrical
overshoot and is therefore more robust to deterthiadaser threshold). The remaining 2-fold
increase of output power comes from improved diveetity of far-field of QCL with PHSs.
With a far-field that is more directional, the fingarabolic mirror can collect more power.
Therefore, the LIV characteristics of pre- and gel& QCLs can show that the output power
is improved and indicates a more directional fafefi However, direct demonstration of the
latter will be discussed in detail from the meadwrd simulated far-field patterns in following
sections.

7.3.4  Transverse mode control of metal-metal THz QCLs

The far-field pattern is the intensity distributiohthe QCL’s emission at long distances (
A) from its output facet. It is determined by thepu facet (shape and size), transverse mode
(intensity distribution at output facet) and thedien in which it propagates. An example of
a simulated far field pattern is indicated in Fi§.4n our case, the propagation medium (free-
space: air) and the laser material) is fixed. Thiy @ variables are the waveguide mode and
the facet (or ridge) width, which are also couplddnce, we can engineer the far-field profile
of QCLs by controlling the transverse mode that propagate®@L waveguide through
modifying the ridge width.

For the fundamental mode (b, its intensity distribution in the laser cavity more
uniformly distributed to that of a higher order (FMm, n>0 mode. When it is coupled out,
its far-field should be more directional than tlae-field pattern of a higher order (M m,
n>0) mode, whose intensity distribution is more emiameain cavity. Indeed, by favoring the
fundamental transverse mode (dgvithrough choosing a suitable ridge width, we shbat
the far-field profile can be changed from a dou@i®,,) to a single (TMo) lobed emission.
The far-fields profile of three samples were meadwand simulated; an §0n and a 4Qsm-
wide ridge each with a PHS, and a|@@-wide ridge as cleaved.
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near-field propagation in space far-field

Fig 7.9 | Schematic diagram to show the relatiggsshetween far-field and transverse mode (nea)fiel
of THz QCLs.

The effect of the ridge width can be seen by a rapalysis of the modes that are permitted
to propagate. For the general case of a rectanaNeguide of widthw and height with no
loss, we calculate the transverse modes in the€iar coordinatex(y, z) to determine which
transverse modes can propagate. From Maxwell emsatine propagation constagfitcan be
given by [140]:

=\ -(+K] ) = ’n’ e - (k24 k) (7.1)
where n is the refractive indexq is the angular frequency, akgd=mm/a andky =17/b
are the wave vectors i (horizontal) andy (vertical) directions with propagation in the z-

direction. (nandl are the integer mode numbers). For a mode to gedp#>>0 and therefore:

(K+kd) < wn?pe ~ (I 24 (X0 %< wh e (7.2)

For inter-sub-band transitions, the electric fiplalarization is perpendicular to the laser
surface (transverse magnetic (TM)), and witk: (0):

m<@2 e =2ant Jue =%‘ (7.3)
T

wherel is the wavelength. From Eq. (7.3), it can be ghahthe number of transverse modes
can be limited by reducing the ridge widthFor example, choosing a ridge less than 30 um
will result in only the fundamental transverse m@tilog) propagating.
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Fig. 7.10 | (a) Modal simulations of the fundaméfitd oo (top) and second order mode FiNbottom)
for a 40um-width metal-metal QCL. (b) The figure of mefiig, as a function oQCL ridge width for
the fundamental Th (black) and second order mode diNred).

To take into account the actual QCL structure waithical losses and the TM polarized
light, simulations of the 2D waveguide modes werdgrmed using COMSOL Multiphysics.
Fig 7.10 (a) shows the mode profiles of the fundatadg TMog) and second order mode (b)1
at 3 THz for a 40-um-wide ridge. The modal ovensith the active region/,, and the
waveguide losses, are found to be 0.994 and 22°tmand 0.98 and 24 cinfor the TMy and
TMo1 modes, respectively. The modal overlap is smédlehigher order modes owing to a
larger overlap with the surrounding air, and thesés increase owing to a larger overlap with
the surrounding metal layers. This results in aicédn in the figure of merit;/a, for higher
order modes, which indicates that they are less\liko demonstrate laser action. This is
summarized in Fig 7.10 (b) that shows the figurenarit as a function of ridge width,
highlighting that the difference in the figure oérit between the fundamental and second order
mode increases as the ridge width decreases. Dherefe can choose a narrow ridge width
to favor the fundamental mode (BH)l propagating in QCL waveguides whilst removing or
disfavoring others higher order modes (iM Moz...). (There are also other ways to suppress
high order lateral mode by introducing “side almrs” by Harvard University, which is
detailed inAPL 92, 031106 (2008)106].

7.3.5 Engineered far-field profiles of metal-metal THz QQ.s

We show below that a more directional beam in theéiaks can be obtained using these
horn-like structures. This can be further improgdhoosing the fundamental mode through
a small ridge width. These effects are directly destrated by the experiment and simulations
of the far-field.

141



Chapiter 7. Far-field Engineering of Metal-metalWguide THz QCLs

Fig. 7.11 | (a) Mesh used in air-field and QCL adg determine the far field emitted from the Q).
Example of simulated far field projected on thesghere.

Fig. 7.12 | Top view of QCL showing transverse nsoebecited by & Mgo excitation on the right side of
the ridge for 3-mm-long cavities with 150r-long planar triangle structures on the top mietgér on
both facets. (a) Ridge width = 4@n. (b) Ridge width = 6@m. (c) Ridge width = 8@m.

The far-field pattern was simulated using a firetement analysis tool (RF module of
COMSOL Multiphysics). Here, the transverse moderevaimulated in MM THz QCLs with
a PHS on the top metal layer. The QCLs was modgigda top metal gold waveguide layer
(2 um thick) with two 150um-long triangle horn shapes on each end of the,|#se active
medium layer (1Qum thick GaAs) and the bottom gold metal layep(2 thick). The model
was placed in an air sphere to determine the &ud-profile with an appropriate mesh to get a
good and fast convergence as shown in Fig 7.11tf&snodel is described in 3D and the
minimum meshing elements need to be small enough () to cover all the geometry-
structure detail of QCLSs, the meshing element nunsbextremely large. For a computer with
a memory of 20 GB, the computational time requiaédeast a few hours for only one
simulation). As illustrated at the right side oftleavities in Fig. 7.12, &My source is
employed to excite the transverse modes withircéwities at right side of the ridge. Fig 7.12
(@) - 7.12 (c) shows the resulting simulationsha tidge width on the transverse modes for
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ridge widths of 4um, 60um, and 8Qum. For the 4Qsm-wide cavity, although the Tdmode
begins to appear, the fundamental ghvhode still dominates. Further increases in thgerid
width results in the stronger appearance of otigr brder transverse modes.

The measured and calculated far-field profiles egponding to the transverse modes are
shown in Fig. 7.13 (left and right side of figunespectively). The measurements were
performed at University of Paris-south with a Gotletector rotated around the QCL central
axis in a spherical plane [141], the same methodtiized in section 7.1 for measuring the
far-field pattern. In all cases, the QCLs were apeat at a temperature of 77 K. Figures 7.13
(a) and 7.13 (b) show the far-field patterns oDauh- and 80um-wide MM THz QCLs with
PHSs, respectively. Fig 7.13 (c) shows the fadfiglofile from a QCL with an un-patterned
ridge of width 6@m. The simulations and measurements are in goodeagmt, and
demonstrate the effect of increasing the ridge lwids mentioned above, in the 46-wide
cavity with PHS, only the fundamental mode %N present and results in a single lobed far-
field profile. Compared to the §om-wide un-patterned QCL (Fig. 7.13 (c)), the faidi
profile is less diffracted with the power concetathatd = 10° andg = 15° (The slight
difference in angle in the plane when compared to the simulations was atrestthe QCL
being mounted at a small angle on the cryostatfoudgr). In the case of the §@n ridge with
a horn structure, the QCL demonstrates laser actioa higher order mod&@No1) that, as a
consequence, results in a considerably differarfidéd profile. Indeed, the far-field shows a
more diffracted double lobe pattern withr 43° andp = £25° in agreement with the simulated
profile.

Although the 60tsm-wide ridge can permit propagation of higher ontledes, the QCL far
field appears to be a result of just the ghhode, suggesting that the ridge is small enough to
still favor the fundamental mode only. Although tidge widths are different, the 2-mm-long
60um-wide QCL ridge has the same volume as the 3-nmg-#Oum-wide ridge and so
should have comparable output powers, which allineseffect of the horn to be determined.
From the measured far-field profiles, the maximuswer output of the horn coupled QCL is
~3 times greater than that of the QCL with no hdrme simulations, however, show a five-
fold increase. The discrepancy could be a resuihpérfections in the horn fabrication where
the FIB milling can leave small metallic defectstha surface or on the quality of the cleaved
facet.

From the far-fields profiles, the collection efécicy of the parabolic mirror used for the
acquisition of the output power of Fig. 7.8 wasedetined. A horn coupled QCL would collect
28% of the total power emitted by the QCL while floe as-cleaved device, this falls to 16%.
This adds to the reduction in reflectivity highligd above for higher output power and
explains the four-fold increase in power observeHig. 7.8.
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Fig. 7.13 | Simulated (right) and measured (ledi}ffeld patterns of metal-metal THz QCLs with
different waveguide structures. (a) 3-mm-long@-wide metal-metal THz QCL with 150m-long
PHS. (b) 3-mm-long 8@im-wide metal-metal THz QCL with 150m-long PHS. (c) 2-mm-long 60m-
wide metal-metal THz QCL without any planar hommusture. The measurements were all taken at 77
K.
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7.3.6  Broad band emission property of THz QCLs with PHS
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Fig. 7.14 | (a) Simulated far field profiles at Z#z, 2.65 THz and 2.9 THz for QCL with central
emission frequency of ~2.7 THz with a PHS of lenti@um. (b) The measured spectrum taken at 10K
showing a broadband response. (c) The spectrunQ&lawithout PHS and with the same design of

(b).

To illustrate the broadband spectral nature ofRkKS, the spectrum of a QCL operating
with a similar active region but operating around BPHz with a bandwidth of ~600 GHZ20]
was investigated. The sample ridge width here v@asbwith a cavity length of 3mm and the
PHS length was 15(m. The calculated far-fields for 2.4 THz, 2.65 Thiad 2.9 THz are
shown in Fig. 7.14 (a). Although there is a slighpendence on the frequency with a larger
divergence and more elliptical field for the lowerquencies, all the far-fields show a similar
single lobed far field. Figure 7.14 (b) shows thsulting spectrum using an injection seeding
technique [67] which shows that emission extendmf.4 THz to 3 THz. Although there
appears to be a stronger distribution in intensitiethe Fabry-Perot modes when compared to
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the as cleaved device [26], a similar bandwidtloli¢ained illustrating the broad spectral
response of the PHS.

40 20 0 20 40 40 -20 0 20 40

¢ (deg) ¢ (deg)

Fig. 7.15 | Simulated (right) and measured (left}ffeld patterns of a 3-mm-long §0n-wide metal-
metal THz QCLs with a 250m-long inverse planar horn structures. The measeméswere all taken
at 77 K.

As can be observed from Fig. 7.14, although |laog#iput powers can be achieved, a large
ridge with a PHS results in a double lobed fardfjelhich is not ideal for applications. To
circumvent this, a tapered shape was realizedeearit of the QCL. Here, rather than removing
the metal layer from the center of the ridge, tle¢ailayer was selectively removed from edges
of an 80um-wide ridge to a 3@m point at the QCL facet over a taper length of gB0(see
Fig. 7.15). This scheme increases the losses difigher order modes and therefore limits laser
action only to the fundamental mode. Fig 7.15 shithneameasured (left) and simulated (right)
far-field profiles for an 8Q:im-wide ridge. The far-field is improved considesaland, in
contrast to Fig. 7.14 (b), is single lobed. (Thgtglangle inp = 18° in the measurement data
is a result of a slight asymmetry in the realizé#iSFfabrication). This shows that the PHS
shape can be adapted to the ridge width and imibéd to small ridge widths for lasing on
the fundamental mode.
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7.4 Conclusions

In conclusion, the application of a broadband PWSMM THz QCLs has been
demonstrated and the ridge width engineered ta fsingle lobed emission in the far field. All
measurements were performed at temperatures aaliedk power dissipation compatible
with liquid nitrogen cooling or cryocooler temperss. The 15@m-long planar horn
structures integrated onto the top metal surfacehef QCL reduces the reflectivity and
improves the quality of the far-field profiles. Bhpermits a four-fold increase in the detected
power whilst conserving a broad spectral respdageher, with longer PHS lengths, the output
powers and directionality can be increased conaldgfurther. This stability and the inherent
broadband nature of these structures will allove¢h@evices to be employed for applications
such as injection seeding of QCLs for coherentatiete, QCL mode-locking for high pulse
powers and the generation of high power frequencys.
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Conclusion

In this thesis, | have successfully demonstratatl dlotive mode-locked THz QCLs can be
used to generate pulses as short as ~4 ps, catsliglshorter than the previous state-of-the-
art. This was achieved through a thorough steptéyy-sethodology, from the application of
narrow spectral band width QCLs (20ps pulses) ta.€£®@ith broad spectral emission (11ps
pulse generated). The broad spectral emission evamifto be not the limiting factor for short
pulse generation but was rather limited by thesdidal modulation and the index dispersion.
The major breakthrough was the application of aeh@ouple cavity system that overcome
these bottlenecks through the introduction of disipa compensation and hybrid mode-
locking of QCLs. This was based on the realizatib@ires-Tournois interferometer (GTI) and
an air gap (passive modulator), respectively, nidmoally integrated into the QCL
waveguide. This flexible chip based solution, tbgetwith the high-speed active modulation,
opens up a direct route to the generation of saubsgicond pulses in the THz range from a
semiconductor source, resulting in broadband sewigcior-based frequency combs, and
could potentially enable a plethora of applicatiansoss the physical, chemical and biological
sciences.

This thesis began with an introduction to THz Q@hxhapter 1. These semiconductor
sources are based on inter-subband transitionmittiag laser action over the entire THz
spectral range. A variety of properties were defimeluding the type of active regions and
waveguides that were used extensively in the exyerial chapters. As ultrafast THz detection
is still in its infancy, in chapter 2 | presentée injection seeding technique used through this
thesis. This technique permits to coherently datetelectric field of QCL emission in time
domain with dsresolution, and allows to directly demonstrateThiz pulse generation from
QCLs and investigate their ultrafast dynamics. hapter 3, | presented the mode-locking
principle in both the time domain and frequency doma. The physical process of mode-
locking was analyzed by consideration of resonamdes in the active medium filled Fabry-
Pérot cavity and the role of dispersion. Furthes, geculiarities of QCLs to mode-locking was
discussed. Owing to their ultrafast gain recovery ¢ 15 ps), which is up to an order of
magnitude smaller than the photon round-trip tipassive mode-locking techniques are
difficult to apply. However, the ultrafast dynamiakthe QCL are ideally adapted for active
mode-locking where the QCL cavity is modulatedhat tound trip frequency (13 GHz for a
3mm cavity).

Chapter 4 to 6 detailed the active mode-lockingeeixpents and how THz pulses can be
shortened, step-by-step, frdR0 ps to¥ ps from active mode-locked QCLs. In chapter 4, a
[P0 ps THz pulse train was generated from a sinlgisapon bound-to-continuum QCL by
active mode-locking at 10 K. The bandwidth of th€gels is low (< 100 GHz) and expected
to limit the pulse width that can be generated.al¢e showed that the spectrum of this QCL
could by continuously tuned over a range greatar hGHz by changing the active modulation
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frequency. This controlled emission spectrum was timployed for identifying the absorption
lines of HO and CHOH via gas spectroscopy. Chapter 5 described nuxénlg of THz
QCLs with a large gain bandwidth (~500 GHz), basadLO phonon depopulation active
region designs. The QCLs here were also imbeddea isub-wavelength metal-metal
waveguides and we were able, for the first timenjection seed and mode-lock these devices
at liquid nitrogen temperatures. Importantly thpextation of these broad bandwidth samples
was for the generation of pulses less than 5ps edew although shorter pulses were observed,
they were limited td111 ps, owing to the effect of the sinusoidal micae® modulation and
the index dispersion. In chapter 6, these limitetiazvere overcome by a chip-based coupled
cavity scheme that introduced controlled dispergiompensation and hybrid mode-locking
through a small resonator (the GTI) and a passiigagp modulation, respectively. This
permitted a stable train of pulses as short agalpe demonstrated.

In chapter 7, independent of the previous chaptkesfar-field emission profile and out-
coupling power of THz QCLs in metal-metal wavegsigiere significantly improved through
planar horn-like structures integrated on the misimolchip of QCLs at 77 K. The structures
produced a gradual change in the high modal comiéms of the waveguides and permitted an
improved far-field emission profile and resultinga four-fold increase in the emitted output
power. This improved far-field and output powetMM THz QCLs is a promising candidate
for generating ultrafast THz pulses and broadbaaguiency combs with higher out-coupling
power when compared to the devices presented ipt@fsa5 and 6. Further the horn-line
structures could be eventually used to compensatehe index dispersion instead of the
application of a GTI. This would integrate dispersicompensation as well as high output
coupling efficiencies.

The research in chapter 6 opens up considerabspeeives for the generation of much
shorter pulses, down to the sub-picosecond or theegingle cycle regime. The results shown
in chapter 6 appear to be a result of dispersiampemsation and an additional passive
modulation. Each of these possibilities can be maated to generate considerable shorter
pulses: i) Firstly, QCLs with greater bandwidth deused — bandwidths greater than 1THz
have been previously demonstrated. Although GTi® lzalimited spectral range that can be
used for dispersion compensation, other on-chilpriieies based on structuring of the surface
(see chapter 7) can be applied to realize broadiiapérsion compensation. (ii) Regarding the
passive modulation, this can be optimized throwggosd order hybrid mode-locking. Here a
second air-gap modulator added to the first wiildduce more losses and further reduce the
pulse width. (iii) Owing to its small gap, graphesmuld be used as a THz saturable absorber,
deposited on one of the facets of the QCL. Thisldrbe combined with the active modulation
to realise a graphene-based hybrid mode-lockingreeh This would relax the constraints of
the ultrafast gain recovery on passive mode-locKitgse range of opportunities open up the
possibility of ultrashort THz pulse generation froan compact semiconductor source.
Furthermore, the realization of ultrashort THz psl$rom active mode-locked QCLs will be
permit THz frequency comb spectroscopy that arenereged and accurately controlled by
microwave signal generators.
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Growth Sheets of Quantum Cascade Lasers

Al V455

Active region and injector:

Growth Step Composition Thickneas) Doping (cm-3)

1 AlGaAs 4.80

2 GaAs 11.79 1.3E16
3 AlGaAs 4.20

4 GaAs 11.40 1.3E16
5 AlGaAs 3.00

6 GaAs 11.78

7 AlGaAs 2.90

8 GaAs 12.54

9 AlGaAs 2.50

10 GaAs 14.53

11 AlGaAs 2.30

12 GaAs 13.82

13 AlGaAs 0.99

14 GaAs 11.54

15 AlGaAs 1.00

16 GaAs 15.03
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Appendix A. Growth Sheets of Quantum Cascade Lasers

A2 L182

Growth Step

A WN P

15SL1
16SL1
17SL1
18SL1
19SL1
20SL1
21SL1
22511

235L1
24SL1
255L1
265L1
27SL1
28SL1
20SL1
30SL1
31SL1
32511

33
34

152

Composition Thickness (Angs) Doping (cm-3)
S|l GaAs SUBSTRATE

GaAs (BUFFER)  2500.0

AlGaAs 3000.0 X =50%

GaAs 7000.0 2.0E18

As INTERRUPT - (Si->1.6E16)
Injector Grading:

AlGaAs 42.00 X =15%

GaAs 118.00

AlGaAs 35.00 X =15%

GaAs 113.00

AlGaAs 27.00 X =15%

GaAs 114.00 1.6E16

AlGaAs 20.00 X =15%

GaAs 120.00 1.6E16

AlGaAs 20.00 X =15%

GaAs 118.00

START SL1 STRUCTURE - REPEAT LOOP x90
Active Region:

AlGaAs 18.00 X =15%
GaAs 124.00
AlGaAs 15.00 X =15%
GaAs 153.00
AlGaAs 6.00 X =15%
GaAs 100.00
AlGaAs 6.00 X =15%
GaAs 135.00

Injector Grading:
AlGaAs 42.00 X =15%
GaAs 118.00
AlGaAs 35.00 X =15%
GaAs 113.00
AlGaAs 27.00 X =15%
GaAs 114.00 1.6E16
AlGaAs 20.00 X =15%
GaAs 120.00 1.6E16
AlGaAs 20.00 X =15%
GaAs 118.00

END SL1 STRUCTURE

GaAs 200.00 (Si -> 1.6E16)
GaAs 800.00 5.0E18



Appendix A. Growth Sheets of Quantum Cascade Lasers

A3 L1074

Sample ID L1074 Description +10% iaAs layers

Matrix Layers

Layer Material [nm] win] Ratio Doping (cm-3)
1 GaAs 250 0,2500

2 AlGaAs 300 0,3000 sd8350AS

3 GaAs 700 0,7000 2,00E+18

4 AlGaAs 4,6 0,0046 1/835AS

5 GaAs 6,1 0,0061

6 GaAs 5,5 0,0055 5,00E+16

7 GaAs 6,0 0,0060

Start of 228 repeat periods

8S1 AlGaAs 4,39 0,0044 158ag5AS
9s1 GaAs 8,97 0,0090
10S1 AlGaAs 2,63 0,0026 158Bs5AS
1181 GaAs 9,79 0,0098
1251 AlGaAs 4,60 0,0046 15835AS
Injector grading
1351 GaAs 6,10 0,0061
1451 GaAs 5,50 0,0055 5,00E+16
1551 GaAs 6,00 600

End of repeat periods

16 AlGaAs 43,90 0,0439 1580ag5AS

17 GaAs 50,00 0,0500 5,00E+18
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A4 L1194

Sample ID L1194 Description Rescale of MIT 200K degn Date

Matrix Layers

Layer Material [nm] urp] Ratio Doping (cm-3)

1 GaAs 250 0,2500

2 AlGaAs 300 0,3000 AlsoGasoAs

3 GaAs 700 0,7000 2,00E+18

4 AlGaAs 4,85 0,0049 AlszGasAs injector
5 GaAs 6,20 0,0062

6 GaAs 6,00 0,0060 6,00E+16

7 GaAs 6,20 0,0062

Start of 200 repeat periods

8S1 AlGaAs 4,62 0,0046 Al13GasesAS collector
9S1 GaAs 9,37 0,0094

10S1 AlGaAs 2,77 0802  AlzGasAs

11s1 GaAs 10,24 10D

12581 AlGaAs 4,85 019 Alz Gags /AS injector
1351 GaAs 6,20 0,0062

1481 GaAs 6,00 0,0060 6,00E+16

1551 GaAs 6,20 0,0062

End of repeat periods
16 AlGaAs 4,62 0,0046 13AGa67/AS collector
17 GaAs 50 0,0500 5,00E+18
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A5 L8857

Sample ID Thales - xxx Descriph Date

Matrix Layers

Layer Material [nm] Ratio Doping (cm-3)
1 GaAs 250

2 AlGaAs 300 AdoGasoAs

3 GaAs 600 3,50E+18

4 AlGaAs 1,8 AlsGagsAs

5 GaAs 11

6 GaAs 55 AlGagsAs

7 GaAs 18,4 2,00E+16

Start of 180 repeat periods

8S1 AlGaAs 4,2 AkGagsAs

9S1 GaAs 9,4

10S1 AlGaAs 3,8 AtGagsAs

11S1 GaAs 11,5

12S1 AlGaAs 1,8 AtGassAs

13S1 GaAs 11

1481 AlGaAs 55 AtGassAs

1551 GaAs 18,4 2,00E+16

End of repeat periods

16 AlGaAs 4,2 AEGagsAs

17 GaAs 50 5,00E+18
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A6 L985

Sample ID L985 Description

Matrix Layers

Layer Material [nm]
1 GaAs 250
2 AlGaAs 300
3 GaAs 700
4 AlGaAs 4,3

5 GaAs 5,5
6 GaAs 5

7 GaAs 55

Start of 228 repeat periods

8S1 AlGaAs 4,1
9S1 GaAs 8,15
10S1 AlGaAs 2,46
1181 GaAs 8,9
1251 AlGaAs 4,3

Injector grading

1381 GaAs 5,5
1451 GaAs 5
1581 GaAs 5,5

End of repeat periods
16 AlGaAs 4,1

17 GaAs 50
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Hm]
0,2500

0,3000
0,7000
0,0043
0,0055
0,0050

0,0055

0,0041
0,0082
0,0025
0,0089

0,0043

0,0055
0,0050

0,0055

0,0041

0,0500

Date

Ratio Doping (cn
AlGasoAs

2E+18
AlGassAs

5,00E+16
AGassAs
AGassAs
AlGasAs

5,00E+16
AGassAs

5,00E+18



Gas Spectroscopy using Mode-Locked THz QCLs

B.1  Application of mode-locked THz QCL to H,O vapor spectroscopy

| firstly investigate the THz wave absorptions adter vapor in atmosphere environment
with a humidity of ~42% using mode-locked THz QCW455”". Prior to measuring the
absorption spectrum of water vapor from THz QCL, maed an absorption spectrum as
reference which should be obtained under the sars@ments conditions as the case of THz
QCL. With it we will be informed that whether thexee absorptions or not within the emission
frequency range of the QCL. If there is no absorptat all, it is useless to apply any
measurements on the THz QCL. In contrary, if theeeesome strong absorption lines within
the emission range, we can apply it to the QCL @rdpare the reference spectrum with the
absorption spectrum from QCL to check the preciseoé the measurements.

How can we obtain the reference spectrum of absmg®2 As discussed in chapter 2, the
emission of GaAs semi-insulator photoconductiveana gives us a single THz pulse in time
domain and a broadband continuous spectrum beyént-& centered at 1.2THz in frequency
domain. In order to get a continuous absorptioaregfce, we measured the temporal signals
of the photoconductive antenna through THz-TDS tlogre with electro-optics sampling
respectively under natural atmosphere environmntsidity ~42%) and purged atmosphere
(humidity ~0.7%) as is illustrated in Fig B.1. In the expenmse we carried out a long scan
from 0 ps to 1250 ps for getting a good frequeresolution. However, in the figure signals
only from 79 ps to 120 ps are displayed for battenparing the temporal change of pulses in
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these 2 different conditions. In Fig B.1 (a), tHack smooth pulseS, (t) was measured
under dry air and the back inset is its spectm (@), while the red pulseS,, (t) and
spectruns,,, (w ) were obtained under42% humidity environments. Dividing,, (w ) by
S (W), we will get the reference spectrum of water vaffom 0.5 THz to 3 THz:
SRy W)= Sy @ ) Syn &0 asis shown in Fig B.1 (b). Around 1.9 THz, thisra ~20 GHz

broad absorption line, into which the QCL emissians falling. Therefore, it is possible to
observe absorption phenomenon of water vapor ftasrtinable mode-locked THz QCL.
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Fig B.1 | (a) THz pulses emitted by photoconductiméenna in natural atmosphere (red) and
water-removed atmosphere environments (black) fféms to 120 ps. Inset: spectra of signals
at left sides from 0 THz to 3 THz. (b) The continsabsorption spectrum of water vapor in
atmosphere obtained by comparing the 2 spectia) iimget.

Using again the operating parameters in table dhapter 4 with a modulation frequency
of 13 GHz, | measured the temporal emissions ofQ respectively within~-42% and
~0.7% humidity environments by the time-resolvectdtipon seeding detection system. The
results are given in Fig B.2. The black pulsesanvwere detected in purged air while the red
ones were in natural air. The most evident diffeechetween the 2 scans lies in the valleys
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between any 2 pulses peaks as zoomed in (c) foerbatbservations. Within water vapor
environments, THz waves were strongly absorbedltreg in strong oscillations in temporal
signals. The valleys between any 2 pulses werevéakest amplitude positions allowing us to
clearly observe this phenomenon from absorptidsjss(the spectra of (a) also allowing us to
have an insight into the absorption phenomenorobyparing their absolute values of spectral
intensities in these 2 cases. From Fig B.2 (b)caresee the strongest absorption line is located
at around 1.923THz, the second longitudinal modiénspectrum. For the others modes, the
absorption is weak but it can still be witnessesing the same way as is used above for antenna
absorption spectrum, we can get the absorptioadi enode of the THz QCL via dividing the
absorbed spectrum (red) by the non-absorbed spe¢hiack) as is shown in Fig B.3 (b) the
red line.
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Fig B.2 | (a) Electric field of mode-locked THz Q@kmissions at 13 GHz detected in atmosphere (red)
and water-removed atmosphere (black). (b) Speotragpond to (a) obtained by fast Fourier transform
(c) Zoom of (a) from 1215 ps to 1235 ps.

Varying the modulation frequency from 12 GHz to G#z, we can quasi-continuously
(step: 76.69MHz) tune the emission frequencies 6L QFurthermore, their corresponding
absorption spectra can be tuned with a tunable rapdeing range of over ~2 GHz. Here in
Fig B.3, only the tuned absorption spectra withaaenspacing of 12.080 GHz (black), 13.000
GHz (red) and 13.919 GHz (purple) are shown. Wesearthat when the emission frequencies
(or mode spacing) are slightly shifted by changimg modulation frequency, the absorptions
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are also obviously varied at some strong absorgimnts for example the second mode at
1.923 THz. Comparing them with the reference frdmtpconductive antenna (the grey curves
in Fig B.3 (a) and (b)), we can see they matchequiell over the whole tunable emission
spectra from 1.90 THz to 1.98 THz.
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Fig B.3 | (a) THz absorption lines of water vapespectively from photoconductive antenna (grey) and
mode-locked QCL at 13.919THz (purple). (b) Absamptilines of mode-locked THz QCL with
modulation frequencies tuned from 12.080 GHz (blackL3.919 GHz (purple).

For some gases with narrow absorption lines withiGHz, we can use this way to
completely trace their absorption spectra aroufd THz. If we want to characterize some
extremely narrow absorption lines at the level df kHz, we can still use this THz QCL with
a sub-hertz continuous tunable microwave modulmioexample, KEYSIGH PSG E8251A
generator, covering the frequency range from 25@ K0 GHz with sub-hertz tuning steps.
However, in this case, novel ultrafast and sersifitiz detection systems or detectors with
extremely high resolutions need to be introduced.
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B.2 Application of mode-locked THz QCL to CH,OH gas spectroscopy
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Fig B.5 | (a) Broadband THz pulses from photocotide@ntenna respectively passing through vacuum
and 10 mbar CkDH gas. (b) Spectra of the THz pulses in (a). @)rbar CHOH gas absorption
spectrum from 1.88 THz to 2.02 THz. (d) Absorptiores of 10 mbar CkOH gas from mode-locked
THz QCL with modulation frequency tuned from 12.@BHz to 13.613 GHz.

After the tests in atmosphere water vapor whosergbien lines are super broad, we also
tried on a kind of gas with narrow absorption Iin€sLOH. The experimental setup is the
same as we used for mode-locking except a THz-\wasgsable airtight gas container which is
placed between the last 2 parabolic mirrors astifided in Fig B.4. In the test tube is the liquid
CH.OH. Prior to putting CkEDH in the container, we totally close the valvetsiW2 and let
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the V1 open. Then we pump the gas container touracand completely close V1. If we
slightly open the valve V2 to connect the vacuumtamer with the test tube, under low
pressure environments, the liquid £HH will be transferred into gas to fill up the vaou
container. From a pressure gauge installed insidedntainer, we can control the density of
gas. Once the pressure is increased to 10 mbatally close the V2 to block the test tube
and container. In this way, a fully filled contaired CHOH gas can be prepared for absorption
measurements using THz time domain spectroscopy.

Using the same ways used in water vapor spectrgseop get the reference absorption
spectrum of CHOH gas from photoconductive antenna as presenteig)iB.5 (a), (b) and (c).
Among them, (@) is the broadband THz pulses fromtgdonductive antenna respectively
passing through vacuum and 10 mbar,GH gas. (b) is the spectra of the THz pulses of (a)
and (c) is the gas absorption spectrum in10 mbaOEHnvironments from 1.88 THz to 2.02
THz. Then from the mode-locked QCL with mode-spgdimed from 12.005 GHz to 13.613
GHz, we get the tunable absorption lines as ilstt in Fig B.5 (d). Taking the strong
absorption point at around 1.98 THz for exampleemvthe modulation frequency is 13.613
GHz and 13.306 GHz, emission frequencies of the @dlLinto the absorption valley of
CH,OH gas and we can clearly see the absorption effleatever, if we continue decreasing
slightly the modulation frequencies, emission fregeies of the QCL are no longer located at
the absorption point due to narrow absorption prtypef this gas. Therefore, no absorption
can be observed any more. The same reason fordtie anound 1.925 THz, 1.938 THz, 1.950
THz and 1.965 THz. In principle, we can trace thsasption lines of CHOH gas using the
mode-locked THz QCL as a source, but here the &sslutions (a few hundred MHz) of our
time domain spectroscopy system limited by delag liength don’t allow us to trace it
accurately.
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Absorption Investigation in the Coupled Cavity of
Quantum Cascade Laser L1194

Absorption investigation in the coupled cavity of he QCL L1194

To investigate the absorption effect of the couptedity integrated onto the sample
“L1194", | measured the emission of the mode-locKEZL with different biases applied on
the small section (coupled cavity). The resultsstu@vn in Fig C. It can be obviously seen that
there is no influence on the pulses (intensity width) when changing the bias from 0 V to
9.6 V (corresponding to 180 mA), indicating thagréhis no absorption of THz waves in the
coupled cavity. When the currents injected intogimall section are above 190 mA, on pulse
can be observed any more owing to the injectiodiagetechnique. (When the small section
starts lasing, the phase of QCL emission is notrobled anymore by the injected THz pulse
and therefore, nothing can be detected). We algatively biased the small section from 0V
to -16 V. There is always no influence on the mmtéded THz pulses.

In this experiments, the THz QCL (long section) keat at the parameters below: QCL:
20kHz - 8% - 38.7V (1230mA) - T= 20K RF:300mV - fisspulse width — inverted
GHz:12.886GHz/30dBm
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Beatnote of L857 with a ridge width of 150um

Beatnote of QCL L857 with a ridge width of 150um
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Fig DI (a) LIV of a 3-mm-long 150-um-wide QCL L857 withtégrated air gap and coupled cavity. (b)
Beatnote of this sample with a working current2 &A.

166



Dynamics of mode-locking of THz QCL L857
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Gain Measurement of the Sample L1194

Gain measurement of the sample L1194
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Fig F.11 Schematic diagram for gain investigation of THzL@@sing time-domain spectroscopy.

It is challenging to investigate the gain of QClaséd on metal-metal waveguide using
time-domain spectroscopy technique due to thecditfy of efficiently coupling a THz pulse
of photoconductive antenna into the subwavelengii kigh confinement metal-metal
waveguide. Here, this QCL “L1194” works at a relaty low frequency centered @.5 THz,
which has a better overlap with the spectrum ot@tmnductive antenna (see the spectrum of
the photoconductive antenna in Fig 2.3) than L10hese better overlapped spectra permit
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Appendix F. Gain Measurement of the Sample L1194

more power to be coupled into/out the metal-meaaitg for gain investigation. Therefore, |
will to characterize the gain profile of this QChere. The detail of this gain measurement
technique is described in ref [110]. Here, | juséetly present its principle. As schematically
illustrated in Fig F.1, we inject a broadband THise (from a photoconductive antenna) into
the cavity of the QCL and measure the electridfi the opposite side using the THz time

domain spectroscopy. If we suppose the electritd figf the THz pulse isE,(t), the

transmission of electric field at the “in” and “Odiacets ardin, tou, the gain and the loss are,
respectively, y and &', the output electric field travelling through thavity can be then

written as:

148 aL

DES(1) = b, oy (82 CB 2 DE,() (F.1)

ut

If the QCL is not biased, the amplification termbq. (E.1) should be taken away and the
output electric field can be modified to:

alL
() =t o [ 2 CE() (F.2)
Dividing Eq. (F.1) by Eq. (F.2) in frequency domathe factort, tou: and e Y2 will be
eliminated and the gain profile can be obtained:
2 biaS(a»
y(u)) =—lInjre nonlitbias J (F-3)
L w ()

Fig F.2 (a) show the time-resolved electric fiefdlee THz pulse after travelling through
the laser cavity at different operating currentdadifrom 145 mA to 1350 mA. When the
currents are below the threshold, the THz pulskumidlergo all kind of losses while travelling
through the cavity. So the measured electric fielkery weak. When the working currents are
above the lasing threshold, there is no loss angerfar the THz pulse and therefore the
measured electric field is much higher. Fig F.2 fbpws the spectra of these THz pulses
measured in (a). (c) is the gain profile of the Q@hich is calculated using Eq. (F.3). It can
be observed that the central frequency is locaté®.45 THz with a gain value @fl5 cm®.

(d) presents the gain value of the sample as difumof injected currents from150 mA to
(11500 mA at the central frequency. It can be evigertiserved that the lasing threshold is
around11100 mA. Below the threshold, there is no gain,levhbove it, the gain is a constant
of (115 cm™.

Until now, we have roughly estimated that the gdithe metal-metal waveguide THz QCL is
(5 cm?, which is 2 times higher than the gai6(5 cm?) of the single plasmon bound-to-
continuum QCL measured in ref [110]. This is inesgnent with our expectation as the loss of
metal-metal waveguide is much higher than singéesmbn waveguide, allowing us to better
understand the behaviors of metal-metal waveguidie QCLs
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THz Frequency Shifting Technique in
Quantum Cascade Lasers

THz frequency shifting in quantum cascade laser ugg resonant nonlinearities.
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Fig G | Schematic diagram for directly measuring #mission spectra of THz QCL by
transferring the THz waves onto near infrared feggpy ranges through giant resonant
nonlinearities in QCL L857. (a) The principle offdrence frequency generation between THz
waves and near-infrared frequencies by second omi@inear effects. (b) Schematic diagram
of frequency shifting in THz QCL by coupling neafrared waves at 814.8 nm into a THz QCL
with emission centered at 3.25 THz from one offéisets and frequency difference between
these 2 frequencies can be directly captured ftwrother facet by infrared spectrometer with
high sensibility and high resolution. (c) The naelr processes between THz waves and near-
infrared frequencies in QCLs.
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| have demonstrated ~5 ps THz pulse generation fmoae-locked THz QCLs “L857” in
time domain using time-domain spectroscopy togethéth injection phase seeding
technique [67]. In this section, I, worked withFuver, will employ a new technique based
on giant resonant nonlinearities in QCLs to tran3ldz waves onto near-infrared ranges to
directly measure the emission spectra of this Q€bgia near-infrared spectrometer [123].
The principle of this technique is schematicallggenmted in Fig G (a) where the frequency
differing between THz waves and near-infrared wageachieved in a THz QCL through
second order resonant nonlineanify Fig G (b) shows the schematic diagram of frequenc
shifting in THz QCL by coupling near-infrared wavasr at 814.8 nminto a THz QCL “L857"
with emission centered at+,=3.25 THz from one of its facets and frequencyadé#hceawp=
onRr - oTHz between these 2 frequencies can be directly oaghtinom the other facet by an
infrared spectrometer with high sensibility andtigsolution. The nonlinear processes in the
GaAs-based THz QCL is detailed in Fig G (c). Whesniear-infrared lasersk are injected
into the THz QCL, they will excite the electronerfr valence band of semiconductor materials
GaAs into the quantum wells in conduction band whEHz laser transition take place. Then
the excited electrons in conduction band will bleased back to valence band by emitting
photons with frequency shifted & = onir - oTH, after second order nonlinear resonance with
THz waves. Using a near-infrared spectrometer Witfn resolution that is smaller than the
round-trip frequency ~12.3 GHz, the broadband THxjdency comb generated by hybrid
mode-locking from THz QCL “L857” can be then copiadd demonstrated in the well-
developed near-infrared range. This method allowgaudirectly access to the emission
spectrum of THz QCL to demonstrated mode-lockingldz QCLs in frequency domain.
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Abstract

In the THz frequency range, a semiconductor basetinblogy platform for intense and
ultrashort pulse generation has yet to be reali$etz quantum cascade lasers (QCLs) are
foundational semiconductor devices for laser adtiaine THz range and are suitable medium
for pulse generation. However, to date, the geiweraif THz pulses from QCLs has been
limited to 10 - 20 ps despite several years ofaegeeffort. In this thesis, | will show how this
bottleneck in QCL technology can be overcome andagestrate a novel method to realize
ultrashort pulses in the THz range from this comgamiconductor device. Towards this final
objective and realization of my thesis, | will sheaveral milestones that permitted our goal
of short pulses from QCLs to be achieved. Staniffidrom the current state-of-the-art, using
narrow spectral bandwidth QCLs in single-plasmovegaides, | will demonstrate?0 ps
long THz pulses at low temperatures (10K). Thisoitowed by, for the first time, mode-
locking of broad spectral bandwidth QCLs in sub-elamgth metal-metal waveguides at
‘high’ temperatures (77K). As a result, | will shaw 1 ps that are limited by the electrical
modulation and the index dispersion and, imporyanibt limited by the inherent spectral
bandwidth. This will then bring us to resolve théig@tations and generate ultrashort pulses
(Cb ps) with the potential to go considerably furttethe single-cycle regime.

Keywords: Terahertz, Ultrafast Pulse, Quantum Cascde Lasers, Mode-locking, Time-
domain Spectroscopy, Far-field



