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Abstract

Terahertz (THz) refers to the region of the electromagnetic spectrum that lies in
between the infrared and microwaves. This frequency range possesses great potential
to host several applications in wide-ranging fields, such as wireless communications,
astronomy, non-invasive imaging and security scanning. However, despite sustained
progress over the past decade, THz technology has not yet reached the level of ma-
turity and flexibility of the neighboring radio frequency (RF) and optical range. One
missing key aspect is the ability to integrate advanced beam control functionalities
within a monolithic platform. A promising approach to achieve this goal is to combine
within a single device two features of the neighboring ranges: optical microcavities,
that can sustain efficient lasing operation; and antenna arrays, providing a high level
of beam control. In this thesis, we investigate via simulations fabrication and char-
acterization the emission properties of arrays of patch antenna-coupled microcavities
embedding quantum cascade active regions. The geometrical configuration of the array
allows independent and simultaneous tuning of the losses governing the microcavities
as well as beam shaping by constructive interference in the far-field. We show that
optimized arrays emit THz with unprecedented low beam divergence and robust lasing
in single frequency and spatial mode. Additionally, we demonstrate polarization func-
tionalization by coupling the patch antenna microcavities with plasmonic wires. This
feature introduces an additional degree of freedom to adjust the relative emission from
the cross-polarized modes of the patch, allowing the device to radiate with any coher-
ent polarization state from linear to circular. Finally, we discuss how this design can
further enable other advanced functionalities such as active beam steering and control
of THz non-linearities. The successful implementation of integrated advanced func-
tionalities and sources on-a-chip demonstrates the ability of our platform to replicate
in the THz range the beam control concepts used in the RF and optics, thus paving
the way towards establishing a mature technology in this range of the electromagnetic
spectrum.
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Introduction

Patch antennas have had a significant impact on modern telecommunications sys-
tems due to the high degree of beam engineering achievable when used in arrays,
offering great flexibility in designing radiation characteristics tailored for specific ap-
plications and simplicity of fabrication. Recently, the basic principles of antenna arrays
with patch-like subwavelength resonators have been replicated in optical frequencies
to achieve remarkable functionalities, such as field enhancement in photodetectors [I],
strong light localization for trapping and sensing [2], perfect absorbers [3|, thermal
emitters [4, B], beam shaping [6] and room temperature Mid-IR detectors when used
in combination with active semiconductor heterostructures [7]. In the terahertz (THz)
range, patch antennas have been used for fundamental studies [§] and as passive meta-
materials [9] but their functionalization with electrical inputs remains challenging. The
adaptation of these structures for THz emission has remained questionable due to their
very low-quality factors [10, 1] and the divergent emission of the beam [12] T3], mak-
ing them impractical for applications. As such, only electroluminescence has been
reported [14) 15]. Lasing has also been demonstrated, but only through the use of ex-
ternal cavities [I6H19], yet a monolithic solution remains puzzling. Transferring the ob-
served characteristics of patch antennas from neighboring regimes into the THz domain
would represent a significant technological advancement, as current THz technologies
lack mature components and systems capable of integrating flexible foundations for
beam generation and control.

A feasible approach for translating this concept to the THz regime is by associ-
ating arrays of patch antennas with metal-dielectric-metal -also called double metal
(DM)- microcavities loaded with active semiconductor heterostructures. In this the-
sis, we investigate the emission properties of patch antenna microcavity (PAM) arrays
incorporating quantum cascade (QC) active regions. Large arrays of PAMs provide
engineered photon extraction efficiencies and higher quality factors than the single mi-
crocavity case, allowing lasing operation. Further, the collective effects introduced by
the arrays permit the beam to be shaped by designing constructive interferences in the
far-field. Concretely, we investigate planar arrays composed of 10 x 10 PAM elements
interconnected with subwavelength wires along one direction. This device architecture
leads to a robust single mode lasing with unprecedented beam divergence, better than
2°x 2°, which depends only on the number of resonators, allowing to functionalize the
device while preserving a high-quality far-field pattern.

Chapter (1] contains a review of the basic concepts of the THz range, together with
a description of the unique properties of the THz band that have motivated scientific
research and the development of applications. Next, a broad review of the current tech-



2 Introduction

nical approaches for generating THz radiation is presented, making special emphasis
in the THz quantum cascade laser (QCL). Basic laser theory, along with a historical
review leading to the development of the firsts THz QCLs is presented at the end of
this chapter.

Chapter 2| provides a detailed description of patch antennas starting from the point
of view of the microwave regime, and then providing a numerical study of their behavior
when scaled to THz frequencies. At the end of this chapter, particular attention is given
to the case when patch microcavities are interconnected by subwavelength wires.

Chapter |3| merges the concepts of THz QCLs and patch antenna arrays to form
the PAM THz QCL concept. Detailed descriptions of the fabrication process and
characterization of devices are given. The chapter finishes by presenting large-scale
full-wave simulations of the emission from entire arrays.

Finally, in chapter [l examples of device functionalization are presented. First, the
chapter introduces a polarization control scheme based on the coherent manipulation
of the orthogonal fundamental PAM modes, provided by the interconnecting wires’
geometry. Numerical simulations for modeling the selection of a polarization state and
experimental demonstrations are presented. The chapter finishes by discussing possible
future work directions that can be pursued with the investigated devices, including the
integration of nonlinear second harmonic generation in THz QCLs, THz QCLs with
integrated beam steering and room temperature PAM THz QCLs exploiting integrated
nonlinear down-conversion of mid-infrared QCLs.



Chapter 1

Terahertz Quantum Cascade Lasers

1.1 The terahertz range

Much of our understanding of how nature works is based on the study of inter-
actions between matter and electromagnetic radiation. Thanks to this, a myriad of
technologies and applications have been established exploiting most of the electromag-
netic spectrum: radio technologies and mobile communications at long and microwave
wavelengths, fiber-optics communications at infrared frequencies, laser and photonic
technologies in the visible, ultraviolet germicidal irradiation with UV light-emitting
diodes, medical imaging and material characterization with X-rays, among many oth-
ers. When ordering these technologies in a line according to their operation frequency,
a gap between the microwave band and the infrared range appears. This is the so-called
THz band.

THz band
microwaves | IR X-ray
radio waves visible Uv

| | | | | |
| | | | ! | | [ |

Hz
100 103 106 109 10%2 101° 1018 102t 10

Figure 1.1: The electromagnetic spectrum. Highlighted at the centre the THz
band.

The THz band, graphically depicted in Figure [I.1], is commonly defined in the
frequency range between 100 GHz and 10 THz (corresponding to wavelengths of radia-
tion ranging from 3 mm to 30 pm and photon energies from 0.4 meV to 40 meV). This
band has remained under-explored for long time due to a lack of efficient, affordable
and compact sources and detectors of THz radiation. Because of this, the band was
also referenced as the THz gap. However, due to the growing interest in developing
applications around this band, the THz gap started to be filled in the recent years.
There are numerous opportunities in this band which drive the interest for develop-
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4 Terahertz Quantum Cascade Lasers

ing THz technologies. For example, the THz band spans the energy scale of many
fundamental excitations in condensed matter, like lattice vibrations (optical phonons),
intermolecular vibrations, superconductive energy gaps, among others [20-22]. Then,
THz spectroscopy can be utilized to explore the fundamental properties of many body-
systems [23] 24]. Also, due to the excitation of inter- and intra- molecular modes,
fundamental molecules exhibit unique spectral fingerprints in the THz region, permit-
ting the accurate identification of drugs, gases and even explosive chemicals [25-27].
Other ideas for exploiting the potential of THz waves involve their ability to trans-
mit through a wide variety of materials including fabrics, plastics, ceramics, etc. This
attribute makes this band an attractive candidate for imaging applications [28|, non-
destructive testing [29] and security scanning [30]. Additionally, THz radiation is not
associated with ionizing effects due to the low energy of THz photons. This has drawn
attention for fostering applications in the medical sector such as the examination of in
vivo tissues [31, 32] or the detection of cancer [33, B4]. An interesting avenue of re-
search in the field of telecommunications is also pursued using THz waves. The largely
available bandwidths at the THz band confer the possibility of short range ultra high
speed mobile communications at Terabit/second data rates [35H37].

The majority of these examples have remained as laboratory demonstrations, and
turning them into real-world applications has remained elusive. One of the main reasons
is the lack of efficient, compact and reliable devices to generate THz radiation. A great
deal of effort is still needed to bring a similar maturity level of THz technologies like
that in the neighboring regimes. Today, one of the most active areas in THz research is

the development of novel sources capable of controlling and manipulating THz waves
[38, 39].

1.1.1 Terahertz sources

Compact, coherent, high-power, and tunable THz sources and devices with ad-
vanced functionalities are required to satisfy applications needs. Nonetheless, this is
very difficult to achieve in practice. A graphical representation of the availability of
sources in the THz range is shown in the graph of Figure [I.2]

Figure shows the output power from different sources as a function of fre-
quency. In the low-frequency end of the THz regime, THz is generated by frequency
up-conversion of a signal generated by electronics means, such as Schottky diode multi-
pliers and resonant tunneling diodes (RTD) [41} 42]. Other sources based on solid-state
electronics capable of providing milliwatt-level power below 1 THz include gyrotrons
[43] and backward wave oscillators (BWO) [44]. In these technologies, THz radia-
tion is generated by accelerating electrons moving through a strong magnetic field.
While these sources provide high power, they require strong magnetic fields for their
operation, making them unattractive for applications. Also, radiation becomes very
inefficient with increasing frequencies causing a collapse in power for all the electronics-
based sources above ~ 1 THz. Between 1 and 10 THz, the availability of sources for
generating THz is more limited. Free electron lasers (FEL) can output optical power
in kilowatts but require large facilities for their operation [45]. More compact devices
outputting high power (~10 W) at THz frequencies are the p-doped germanium lasers,
but require cryogenic cooling and large magnetic fields, hampering their practical im-
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Figure 1.2: Available sources in the THz range and their respective achiev-
able output power. Taken from Ref [40].

plementation [46]. In the same way, optically pumped methods like photoconductive
antennas [47-49], optical rectification in nonlinear crystals [50, [51] or emission from air
plasma induced by femtosecond optical pulses [52, 53], are high field and high power
sources requiring costly and bulky external ultrafast laser systems.

In comparison with those methods, THz quantum cascade lasers (THz QCLs),
unipolar semiconductor lasers exploiting intersubband transitions between quantum
wells engineered at the nanometer scale, are the most compact devices covering a
frequency range from 1 to 5 THz [54]. After almost 2 decades from their first demon-
stration, THz QCLs have emerged as a promising tool to develop efficient sources and
devices, as the quantum-engineered design of QCLs enables electronic and optical prop-
erties to be tailored at will. Dedicated research on this device has lead to impressive
performances. For instance, output powers >1 W [55] [56], operating temperatures as
high as 250 K (easily accessible by thermoelectric Peltier cooling) [57] and continuous-
wave (cw) operation [58-60]. Moreover, THz QCL gain media and their inherent high
nonlinearities can be successfully exploited to produce frequency combs [61] 62], radi-
ation amplifiers [63] [64], wavelength converters to telecomm NIR bands [65], [66] and
integrated photonic mm-wave generation [67].

The following sections will provide the basic principles of operation of QQCLs, start-



6 Terahertz Quantum Cascade Lasers

ing with a historic overview leading to the development of the firsts THz QCLs. Com-
mon active regions and waveguides designs developed to work at THz frequencies will
be introduced and explained in detail at the end of this chapter.

1.2 Terahertz quantum cascade lasers

The firsts semiconductor lasers, developed in the 1960s, were based on GaAs p-n
junctions [68,[69]. In these lasers, light emission is associated with electronic transitions
between edge states in the conduction band and valence bands (interband transitions).
Optical amplification via stimulated emission is carried out for a sufficiently large
carrier density in the edge state of the conduction band. Electrons located in this
band make optical transitions to the highest energy levels of the valence band by
electron-hole recombination across the bandgap of the material, as depicted in Figure
). In this scenario, the minimum frequency of the emitted photons is dictated by
the energy bandgap of the semiconductor Epg. Conventional semiconductors have a
bandgap energy over a wide range in the eV regime. Due to the low energy levels of
THz photons (4 meV - 40 meV), a THz laser based on this interband transition scheme
cannot be realized.

A
A B A
"""" Ecn —
o ON Ec § CO--ESl 0 - - Ec2
B | 5 [Bd | W W
O . O O EV Ce ___‘___ EVl ---------- EC].
[ Evn L
Growth axis
a) b) c)

Figure 1.3: Optical transitions for different semiconductor laser schemes.
a) Laser action in an interband laser. Optical transition occurs between electrons
at the edge of the conduction band E recombining with holes at the valence band
Ey. Emitted photons have an energy equal to the bandgap Epg. b) Quantum well
heterostructure laser. In this scheme, electrons are confined in the growth direction
of a semiconductor material B, which is sandwiched by two layers of a semiconductor
material A with a greater energy bandgap. Optical transitions occur between any of
the discrete energy levels E¢, and Ey,. The energy of the emitted photons is greater
than Fpg. c) Intersubband laser where optical transitions occur between subbands
within the conduction band, therefore the energy of the emitted photons is < Epg.

In 1975, van der Ziel et al. presented the first intersubband quantum well (QW)
heterostructure laser [70]. A single quantum well is composed of a narrow bandgap
semiconductor B grown in between two layers of a wider bandgap semiconductor A
(Figure b)). The resulting QW will contain discrete energy levels known as sub-
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bands. The energy separation between the subbands is given by (for the case of a well
of infinite potential):

R?r?(2n 4+ 1)
AE, = ————= 1.1
" 2m* L2 (1.1)

where h = h/27 is the reduced Planck’s constant, m* is the electron’s effective
mass and L is the width of the quantum well. In QW heterostructure lasers, photons
are emitted when an electron falls from a confined state in the conduction band, to
another confined state in an energy level in the valence band. While the energy of the
emitted photons can be tuned by simply varying the width of the wells, the minimum
achievable energy is still limited by the bandgap of the semiconductor material. In
1971, Kazarinov and Suris envisaged a laser scheme based on optical intersubband
transitions between separate subbands within the conduction band of a QW periodic
structure [71]. In this model, the energy of the emitted photons is no longer limited by
the semiconductor bandgap, therefore the emission energy can be significantly reduced
(an illustration of this mechanism is depicted in Figure(l.3|c)). This concept formed the
basis for the invention of the QCL. In 1994, after huge efforts for developing an epitaxy
method capable of depositing thin films of single crystals at the nanometer scale in a
controllable way, the first QCL was experimentally demonstrated by Faist et al. [72].
The laser was made from a AllnAs/GalnAs heterojunction material system lattice and
emitted in the mid-IR with a wavelength of 4.2 ym (71 THz), with a maximum output
power of 8 mW.

Figure illustrates a very simple representation of the operating principle of a
QCL.

The bandstructure of a QCL is formed by combining many QWs together into a
chain or superlattice. The effect of this combination is that the electronic wavefunc-
tions of neighboring QWs are delocalized in the wells and are energy-splitted. The
set of wavefunctions of the different QWs comprising the superlattice form delocal-
ized minibands. An electric field is applied perpendicular to the device to bend the
bandstructure and align the minibands in order to obtain a population inversion and
to allow the injection of current. Electrons are injected into an excited state Ego of
a miniband m by tunnel effect and undergo optical transition upon falling to a lower
energy state F¢p, emitting a photon in the process. After photon emission, the elec-
tron is rapidly extracted from the E¢; state to be injected into the excited state of
the following period, where another optical transition occurs. This process is called
the cascade effect. With this technique, a single electron can produce several photons,
making it more efficient than the other laser schemes presented in Figure [1.3]

Population inversion is a necessary condition to achieve laser effect. At the level
of the radiative transition, the lifetime of the electrons in the excited state must be
longer than the electrons’ lifetime at the lower energy states. Section presents
the typical active region designs that allow obtaining population inversion.

Despite the successful demonstration of laser action in a QCL, the design presented
issues that restricted its operation to cryogenic conditions, namely the non-radiative
scattering losses, the free carrier absorption and the thermal backfilling of the lower
laser level. The non-radiative scattering was dominated by the thermally activated
phonons produced when electrons emit a longitudinal optical (LO) phonon rather than
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Figure 1.4: Schematic representation of the operating principle of a QCL.
Red areas represent the quantum wells and gray areas the barriers. Arrows indicate
the movement of electrons through the material. An electron is injected into the
excited state Ego contained in a miniband m (gray-shaded area) and undergoes optical
transition by decaying to a lower energy state E¢; of a miniband m'. Photons are
emitted in every stage (red curved arrow). After every emission, electrons tunnel to
the next QW where another optical transition happens.

a photon when they decay from FEgo to E¢q. This reduces the population inversion
between the two energy levels, thus decreasing the gain. Thermal backfilling refers
to the process when electrons are thermally excited to the lower state F¢o; from the
injection region. This again reduces the population inversion and the overall gain.
Further improvements in the QC design made possible the demonstration of the first
QCL operating at room temperature in the Mid-IR [73]. To date, QCLs are the best
performing semiconductor lasers in the Mid-IR, with devices outputting Watt-level
power in cw operation at room temperature [74]. It was not until 2002 that the first
QCL emitting in the THz range was demonstrated by Kohler et al [54]. It consisted
of a GaAs/AlGaAs heterostructure emitting at 4.4 THz with an output power of 2
mW operating with a maximum temperature of 50 K in pulsed mode. Since then,
continuous development in THz QCL designs have led to remarkable performances in
terms of spectral coverage (1 to 5 THz), output power (>1 W in pulsed mode [55] and
0.2 W in cw [60]) and temperature performance (250 K [57]).

1.2.1 Active region designs

The most important tasks that an active region must simultaneously accomplish
are to obtain a population inversion and to make the gain balance waveguide and
other active region losses. An active region consists of two different zones: a gain
region, which is in charge of creating and maintaining a population inversion between
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two energy levels composing a radiative transition; and the injection region, designed
to efficiently transport electrons from one gain region to another. These regions are
schematically depicted in Figure [I.5] The gain and the injection regions constitute a
period of the active region.

T32 > T2

—>

< > < >

Gain S
: Injection
region

Figure 1.5: Conduction band diagram of a QCL containing 3 energy states.
Adapted from [75].

Figure|l.5|shows an active region with three energy states. In this picture, electrons
are injected by resonant tunneling into the n = 3 state and a population inversion is
maintained between the n = 3 and n = 2 states defining the radiative transition. The
population inversion condition is met when the lifetime of the lower-state 15 is shorter
than the electron scattering time from the n = 3 to the n = 2 levels:

T3g > T2 (1.2)

An injection region follows the gain region. This enables electron injection by
resonant tunneling into the next period. This is achieved by a series of alternating
quantum wells and barriers with varying duty cycles.

The next sections will introduce two of the most common active regions designs
utilized in THz QCLs: bound-to-continuum and resonant LO-phonon. The first of
them involves a radiative transition between a continuum state (miniband) and an
isolated state, where the continuum provides an effective method to achieve population
inversion. The second design is based on a depopulation mechanism of the lower state
of the lasing transition by emission of LO optical phonons.
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Bound-to-continuum

Figure[I.6]illustrates the bandstructure of a QCL with a bound-to-continuum active
region design. The system is based on a GaAs/Aly1GaggAs heterojunction material
system emitting at 2 THz, conceived by Worral, et al. [76]. In a bound-to-continuum
scheme, electron transport in between periods is carried out by minibands. In the
figure, minibands are depicted in green shaded areas. The upper level of the radiative
transition (indicated in red and labeled as 2 in the figure) consists of an isolated state
decoupled from an upper miniband. This state is populated via resonant tunneling from
a miniband’s ground state g across a 5 nm AlyGaggAs barrier. The lower energy state
of the radiative transition (indicated in red and labeled as 1 in the figure), corresponds
to the top energy state of another miniband spanning an energy range of 14 meV. The
miniband allows the fast depopulation of the lower state of the radiative transition
via elastic scattering processes, allowing population inversion. Also, this active region
presents a reduced thermal backfilling, therefore good operational temperatures and
output powers can be achieved with this design.

120 . T :
Al, ,Ga, As/GaAs |

F=1.5kVicm [
1 |perigd

Energy (meV)

—hL " M~ . ~1_- ;
a0 LU f\,;i - K\“Injectinn barrier

100 200 300 400
Distance (nm)

Figure 1.6: Band structure of 1 period of a bound-to-continuum active re-
gion design. Green shaded areas represent superlattice minibands. Representative
moduli squared wavefunctions are also indicated. Thick red lines (1) and (2) represent
the wavefunctions forming the lower and upper states of the radiative transition. In-
jection of electrons into level (2) is carried out by resonant tunneling from the state g
(thick green line) across an injection barrier. Taken from [76].
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Resonant LO-phonon

Figure presents the band structure of a QCL with an active region based on
a LO-phonon depopulation scheme realized by Luo, et al. [77]. In this example, the
system is based on a GaAs/Aly 15Gag g5As heterojunction material system lattice emit-
ting at 3.4 THz. Resonant LO-phonon active regions rely on LO-phonon emissions to
quickly depopulate the lower state of the radiative transition. In this design, electrons
in injector level (1’) are injected into the upper state (4) via resonant tunneling. Elec-
trons here undergo a radiative transition to the lower level of the radiative transition.
Then, electrons decay to an energy state (1) placed ~ 36 meV below the lower energy
state. This energy difference matches the LO-phonon in GaAs, therefore providing a
fast scheme for depopulation of the bottom energy state of the radiative transition.
The advantage of this design is that as temperature rises, the LO-phonon population
increases, stimulating more electrons to decay from the lower state. However, to create
this energy difference, typically a greater external voltage is required to initiate lasing
action.
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Figure 1.7: Band structure of 1 period of a resonant LO-phonon active
region design. Taken from [77].

1.2.2 Waveguides and resonators for THz QCLs

There are two fundamental elements that lasers are composed of: a gain medium
and a cavity for optical feedback. In a QCL, the active region provides the gain resulting
from the stimulated emission of photons. An optical cavity is formed by etching into
the active region material a waveguide structure, and serves two purposes: to confine
photons providing mode overlap with the gain medium while granting optical feedback,
thus allowing light amplification.
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There are two types of waveguides used in THz QCLs: semi-insulating surface
plasmon (SI-SP) and double metal (DM) waveguides, both depicted in Figure[L.8] The
most common geometry design of a THz QCL waveguide consists of a ridge-shape
Fabry-Pérot cavity. This cavity is formed by cleaving the ends of the semiconductor
device, forming two parallel facets on either end of the waveguide. Typical dimensions
for these waveguides lie in the order of a few hundred pm to a few mm for the length,
few tens to a few hundred pum for the width and the thickness is determined by the
size of the active region (~ 10 pm).

-
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Figure 1.8: THz QCL waveguides. Left panels show an schematic diagram of a
waveguide design in a) SI-SP configuration and b) DM configuration. At the right,
lateral views of the mode intensity patterns for each waveguide are illustrated. Taken

from [7§].

The parameters impacting the performance of the waveguide are given by the waveg-
uide losses «,, referring to the scattering and absorption inside the waveguide, the
mirror losses «,,, which accounts for the optical losses due to the finite reflectivity of
the facets, and the confinement factor I', defined as the spatial overlap of the mode
with the active region. The role of the waveguide is to optimize the overlap between
the optical mode and the active region while minimizing losses. This determines the
threshold current of the device, which is defined by:

Jip = ——— (1.3)
where g, is the gain necessary to reach the lasing threshold.

Semi-insulating surface plasmon waveguides

In a SI-SP waveguide, depicted in Figure a), the optical mode is confined be-
tween a highly doped semiconductor layer (at the bottom of the active region) and
a top metal contact (typically gold). Surface plasmons are generated at the metal-
semiconductor interface. A surface plasmon is an electromagnetic oscillation which
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appears at the boundary between two media with dielectric functions € = (n + ik)? of
opposite signs. The surface plasmon mode decays exponentially in both media. The
decay length in the metal is extremely short owing to the large imaginary component
of the refractive index at THz frequencies; whereas in the semiconductor side the mode
decays less rapidly and extends substantially into the substrate. This produces a re-
duced confinement factor, which lies typically between I' = 0.1-0.5, producing modes
loosely confined [78]. The main advantage of this waveguide is that the extended in-
tracavity mode at the facet eases the coupling to free space modes yielding a good

far-field.

Double metal waveguides

Figure b) presents a DM waveguide design. Here, the highly doped layer is
substituted by a metal layer, fully confining the optical mode to the active region,
then obtaining confining factors I' &~ 1. With this type of guide, the best temperature
performances have been demonstrated. The strong mode confinement makes it possible
to reduce both lateral and vertical dimensions of the cavity to subwavelength scales.
This makes the DM configuration attractive to achieve a strong light-matter interaction
between the photons trapped within the waveguide cavity and the active region [79].
Furthermore, the resulting subwavelength-sized waveguide cavity induces an increase in
the reflectivity of the facets linked to the impedance mismatch between the intracavity
mode and the free space mode. As a result, DM waveguides have low mirror losses
that allow a lower threshold current Jy, to be obtained, favoring operation at high
temperatures. However, the subwavelength nature of DM waveguides comes at the
cost of poor optical outcoupling efficiencies and a strong divergence of the beam.

A simple approach to mitigate this effect is to attach a silicon hyperhemishperical
lens at the facet of the DM waveguide to collimate the beam [80]. This, however,
involves the addition of bulky components requiring careful alignment, making this
approach largely impractical for applications. Other techniques, offering an integrated
solution for beam optimization relies on cavity engineering beyond the basic Fabry-
Pérot configuration. For example the integration of planar horn-type shape structures
[81], waveguides incorporating distributed feedback gratings [82], photonic crystals [83],
metasurfaces [84], micro-ring resonators [85], and antenna-coupled structures [86].

1.2.3 Antenna-coupled THz QCLs

Antenna-coupled THz QCLs are directly inspired from microwave engineering tech-
niques by integrating antennas into QCLs designs. The versatility of antennas to in-
and out-couple radiation offers multiple degrees of freedom to optimize the radiated
beams, especially when arranged into arrays. Arrays of DM microcavity antennas
loaded with a QC gain material significantly increase the effective aperture radiation
area of a QCL, thereby providing a better far-field profile and improving the power
extraction efficiency. Figure a) shows a phase-locked array of subwavelength short-
cavity surface-emitting THz QCLs, from Kao et al. [86]. In this work, phase-locking
of all the laser elements is achieved by the antenna effect of mutual coupling through
far-field interactions. This allows a long coupling range spanning over ~ 8 )\ resulting



14 Terahertz Quantum Cascade Lasers

in the coherent interaction of 37 laser elements producing single mode radiation at 3
THz with a beam divergence better than 10° x 10°.
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Figure 1.9: Antenna-coupled resonators for THz QCLs. SEM image (left) and
measured far-field pattern (right) of a) a phased-locked array of subwavelength short-

cavity surface-emitting THz QCLs [86], b) antenna coupled photonic wire lasers [87]
and c) terahertz metasurface QC VECSEL [19].

Antenna-coupled cavities have been also used in photonic wire lasers QCLs. An
example is presented in Figure b). Wire lasers are characterized by having a deep
subwavelength cross section, then producing strongly divergent and asymmetric beam
profiles. By coupling slot antennas to an array of wire laser waveguides, a distributed
feedback laser is created. Slot antennas create additional paths for electromagnetic en-
ergy to transmit from one wire segment to another, serving as both feedback enhancers
and radiation emitters. By optimization of physical dimensions and array parameters,
Kao et al. demonstrated shaping of the beam into narrow symmetric profiles with
divergence ~ 12.5° x 12.5° emitting at 4 THz [87].

Another successful implementation of antenna-coupled QCLs is the metasurface
reflectarray approach engineered by the group of B. Williams at UCLA [16-19]. The
cavity design is composed of an array of DM ridge waveguides containing a QC material
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paired with an external output coupler, forming a THz QC vertical-external-cavity
surface-emitting laser (VECSEL). A schematic of this design is shown in Figure
c). Every ridge acts as an elongated patch microcavity to couple THz in the surface
direction. When the structure is electrically biased, the emitted THz reflects back
to the array and is amplified by stimulated emission in the QC active region. The
amplified version of the THz signal is then re-radiated back into free space through
the output coupler. Given that the metasurface’s size is in the millimetre scale, high-
power, directive and near-diffraction-limited beams can be achieved [I7]. However, the
additional size and complexity of an external cavity detriments the suitability of these
devices for applications.

Another versatile antenna structure is the patch antenna. Arrays of patch antennas
have impacted modern telecommunications in the RF range significantly, owing to their
versatility in tailoring the properties of the emitted radiation such as beam width and
polarization, along with their ease of fabrication. In this thesis, we make use of this
antenna geometry to implement a patch antenna microcavity THz QCL. The next
chapter presents an exhaustive description of the patch antenna. Following, chapter
addresses a methodology for implementing this antenna structure into THz QCLs.

1.3 Summary

The beginning of this chapter served as an introduction to the terahertz range.
Section reviewed the main characteristics of terahertz waves, the research oppor-
tunities and the available sources granting access to the THz range. Then, section
presented the basic concepts and principle of operation of terahertz quantum cascade
lasers. A wvariety of different waveguides, resonators and active region designs were
discussed. Lastly, special attention on antenna-coupled resonators for THz QCLs was
given in section [I.2.3] introducing for the first time in this thesis the patch antenna
concept.
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Chapter 2

Patch Antenna Microcavities

This chapter introduces the fundamental building block of our device: the Patch
Antenna Microcavitiy. The chapter begins with a brief review of the use of patch
antennas in different spectral regimes. It follows with a summary of the two most
popular models used for describing the radiation properties of patch antennas. Al-
though originally developed for treating patch antennas in the RF regime, we will see
that one of those models, the cavity model, provides a useful approach to understand
and analyze patch antennas at THz frequencies. Next, we present a study of how the
different contributions of the losses in arrays of antennas can be controlled by the ar-
ray geometrical parameters, allowing to engineer photon extraction efficiencies. The
last section presents a study of the influence of interconnecting wires in arrayed patch
antenna microcavities via numerical simulations.

2.1 Patch Antennas

Microstrip lines were first proposed in the 1950s by Deschamps and Sichak [88] as
an attempt to devise a feeding system solution less bulky than conventional waveguid-
ing structures in the RF. The microstrip line was a variant of the "wire above ground"
transmission line adapted to microwaves, and consisted of a strip made from a con-
ductor material printed on a dielectric sheet backed by a ground metallic plane. The
design not only succeeded in reducing size, weight and cost of microwave systems, but
also allowed the easy integration of various circuitry elements of a communications
system on a commonly printed circuit board. This work set the foundations for a new
way of thinking about novel antenna structures based on microstrip lines. Years later,
pioneering works utilized the microstrip line technology to demonstrate the first mi-
crostrip patch antennas [89-91]. Since this demonstration, patch antennas have been
one of the most widely used and studied class of antennas in the RF.

A patch antenna is a simple antenna design consisting of a metallic 'patch’ printed
on a dielectric substrate of thickness L < A mounted over a large metallic ground plane,
where A is the operating wavelength. The patch geometry can come in various shapes
and sizes, among which the rectangular, square and circular patches are the most com-
monly used. The size of the patch is designed such that the structure is resonant with
a specific operating frequency. One of the most prominent characteristics of patch
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antennas is their versatility for manipulating the characteristics of the emitted beams.
Through its geometry, multiple properties such as resonance frequency, polarization,
impedance and bandwidth can be controlled. Also, patch antennas implemented in
arrays provide additional degrees of freedom to tailor the emission characteristics. Re-
cently, patch antennas have also served as inspiration in the optical regime to design
practical devices when combined with functional materials. The wave-matter interac-
tion at optical frequencies at the interface between the metallic patch and the dielectric
manifests itself as a surface plasmon polariton (SPP) wave [92, O3]. Because of this
characteristic, patch antennas are also commonly known as plasmonic nanoantennas
[94]. The success of their implementation in the optical range resides in the result-
ing micro-cavity formed below the patch. This provides strong field confinement and
enhanced light-matter interaction localized at the nano-scale in combination with an
efficient light harvesting and efficient light out-coupler element from the antenna coun-
terpart. As a result, plasmonic patch antennas have been used to achieve photonic
devices with a high degree of beam control and collection efficiencies for intra- chip
communications and sensing [95], 06|, emitters with controllable spontaneous emission
[97], perfect absorbers [3], plasmonic devices with spectral tunability [98], mid-IR de-
tectors with room temperature operation [7] and single photon sources with enhanced
Purcell factors [99]. In the THz range, patch antennas have also been used for funda-
mental studies of the ultra-strong light-matter coupling regime [§|, for phase-shaping
metamaterials [9], perfect absorbers [100] and detectors with detectivity levels com-
pared to commercial bolometers [101], and in combination with external cavities to
achieve THz VECSELs [102].

There exist various methods of analysis and design of microstrip patch antennas.
The most common ones are the transmission-line [103, 104] and the cavity models
[105, 106]. Both provide good physical insight and analytic expressions which relate
the geometric elements of the antennas with their radiation properties. While both
models were originally developed for the RF, they have been used as well at optical
frequencies as a starting point for the design and analysis of plasmonic nanoantennas
[107, 108]. In this thesis, we use patch antennas of square shape in the THz domain.
In this regime, metals do not behave as perfect electric conductors (PEC), as assumed
in the transmission line and cavity models at microwave frequencies. The electric field
penetrates in metals, generating non-negligible Ohmic losses and directly impacting
the extraction efficiencies of the devices. However, a useful glimpse into the physics of
patch antennas and good prediction of their behavior in the THz can be obtained with
the transmission-line and cavity models. In the next sections, we will summarize the
most relevant aspects of the two models and will provide a treatment of the losses in
THz patch antennas by using full-wave finite element simulations.

2.1.1 Transmission-line model

This section introduces the transmission-line model for rectangular patch antennas.
A typical patch antenna, as shown in Figure (a), consists of a rectangular metallic
patch of length s and width W placed over a substrate with a thickness of a small
fraction of a wavelength (L < )g) above a ground plane. The patch antenna radiates
in broadside direction (radiated field propagates in the direction perpendicular to the
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patch surface.) due to the fringing fields originated at the sides of the antenna. The
transmission-line model, as depicted in Figure (b), represents the patch antenna by
two radiating aperture slots (sides) separated by a low impedance Z¢ transmission line
of length s, where every aperture slot is modeled by a parallel equivalent admittance
Yi=G;+jB;.

Radiating slots

, - |
1. —_— T By G By G

* LI € ZC"

Ground plane

(a) (b)

Figure 2.1: Microstrip patch antenna diagram. (a) Geometry (b) Equivalent
transmission line model.

Because of the symmetry of the model, both slots are identical, then Y; = Y5,
G1 = Gy and By = B,. In general, the resistive part of the equivalent admittance

consists of two components:
1 1 1

T — 2.1
G, G, Gp (21)

where R, = GL represents the radiation resistance of the antenna and R, = G—lL the
loss resistance of the antenna. The resistive part of the antenna defines its radiation

efficiency e.q, which can be expressed as[109] :

R,
= |—"T 2.2
Ced {PLL + RJ (22)

Specific expressions for the conductance G and susceptance B for the patch antenna
geometry are given by [109]:

W 1 9
B - [1—0.6361n (koL)] (2.3b)
' 1200 ' ’ '

The expressions in (2.3) relate the geometric parameters of the patch with its equiv-
alent admittance. These expressions can be useful to characterize quantitatively the
mutual coupling between different patch emitters for example when they are arranged
in arrays [110].

Another relevant characteristic of patch antennas, is that the electric field undergoes
fringing at the edges. Because of the finite size of the structure, the electric field
contained within the patch bends at the periphery, making the patch’s electrical size
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bigger compared to its physical size. To take into account this effect, an effective
length of the antenna is introduced. This directly impacts the performance of patch
antennas and it should be taken into account in a design procedure. The amount
of fringing is directly related to the dimensions of the patch and the height of the
substrate. For thicker substrates, the fringing spans greater lengths. Also, electric
field lines are mostly contained within the substrate but also exist in the air. So, an
effective dielectric constant needs to be defined. The effective dielectric constant of a
rectangular patch antenna is given approximately by [111]:

e+1 € —1 1

€cff = +
T 2 \/1+12L/W

The length of the patch is extended by an amount As at each end, and is a function
of the effective dielectric constant €.s; and the width to height ratio W/L. A practical
approximate relation for the calculation of As is given by [112]:

A . L +0.262
—3_0.412< oy + 0.3 > <W/ 026 ) (2.5)
L corr — 0258 ) \W/L +0.813

Then, the effective length of the patch is:

(2.4)

Seff = S5+ 2As (2.6)

By using equations (22.4) and ([2.6]), the resonant frequency of the dominant TMg;o
mode can be calculated, according to:

(fr)ot0 = — (2.7)
25ef5\/ (€erf)
It can be noted that the designed resonant frequency based on the fringing effect is
lower as the patch looks longer.
The simplified formulation outlined can be used to elaborate a practical procedure
for designing rectangular patch antennas.

2.1.2 Cayvity model

A patch antenna can be considered as a dielectric-loaded cavity with dimensions
slightly larger than the actual patch to account for the fringing fields, as shown in
Figure (a). The equivalent cavity is delimited by two conductive walls on the top
and bottom and four walls at the edges of the antenna acting as aperture slots. The
cavity model provides good physical insight into the antenna operation as it provides
analytical expressions for the radiated and intracavity fields (intracavity fundamental
and higher-order modes).

The cavity model makes two fundamental assumptions:

e Only z-component of the electric field exists

e Cavity walls are considered perfect magnetic conductors (PMC)
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Figure 2.2: Cavity model. (a) Cross-sectional view of the equivalent cavity model
of the patch antenna. (b) Patch antenna cavity with PMC walls at the edges and PEC
at the bottom and top.

The first assumption is based on the fact that L < \g. When the waves traveling
inside the dielectric cavity encounter the edges, considerable reflections are generated
due to the impedance mismatch between the metal-dielectric-metal and single metal
regions. Therefore, the field below the metallic patch form standing waves. Since
we are considering a small cavity of subwavelength scales (L < \g), the modes with
variations in the z-direction are not excited. Therefore, only transverse magnetic (TM?)
field distributions will be considered within the patch cavity.

The TM? field distributions can be calculated by using the magnetic vector potential
approach [113]. Since we will focus only on the z-component of the field, the vector
potential A, must satisfy the wave equation:

V2A, +k*A, =0 (2.8)

The solution, by using separation of variables, can be written as:

A, = [C cos (kyx) + Dy sin (kyx)] - [Co cos (kyy) + Dasin (kyy)]

- [C5 cos (k.2) + Dysin (k,2)] (2.9)

where k2 + k2 + k? = k* = w’pe. The electric and magnetic fields within the cavity in
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terms of A, can be expressed as [I13]:

2
B = 1 (9AZ’ szlaAz
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Now, we assume that the current density on the walls of the patch are negligible,
then we set the tangential magnetic fields to zero (PMC condition). Also, it is assumed
that the top and bottom plates of the cavity are perfect electric conductors. Therefore,
we can express the boundary conditions of this system as:

(2.11)

By applying the boundary conditions (2.11)) into (2.9)) and (2.10f), we find the vector
potential A, to be:

A, = Ay cos (kyz) cos (kyy) cos (k,2) (2.12)
where i nr o
fy =1 g, =T g, = .
Ty W T BT (2.13)

Apnp represents the amplitude of the modes excited in the cavity, k,, k,, k. the
wavenumbers and m, n and p are the number of half-cycles per mode in the z, y and z
directions respectively. Under the assumption that modes varying along the z-direction
are not excited, we can set p = 0. then, the field distribution under the patch cavity
can be expressed as:
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(2.14)

Substituting the expression of the wavenumbers (2.13)) into k2+k. +k2 = k* = w’pe,
leads to the expression for the resonance frequencies of the patch cavity:

it = e (25 (57 (2.15)
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2.1.3 Radiated Fields

The walls on the periphery of the patch cavity can be thought of aperture slots from
which radiation takes place. Every slot represents a source current with equivalent
magnetic current density M; = —2n x E;. The radiated fields from each slot in the
far-field can be calculated using the equivalent current densities M; and the intracavity
field modes given by (2.14). Referring to Figure (a), for the dominant mode TMg,
the equivalent magnetic current densities M at the slots located in the XZ-planes are of
the same magnitude, direction and phase. Therefore, the radiation from these sources
will add up in broadside direction (perpendicular to the patch). Owing to this fact,
these slots are referred to as radiating slots. On the other side, the equivalent magnetic
currents for the other two slots are of the same magnitude but with opposite direction
(Figure (b)). Then, their fields cancel each other in the far-field and there is no
contribution to the total electric field from these slots. In view of this, they are named
as nonradiating slots.

(a) (b)

Figure 2.3: Current densities on aperture slots for the TM,; mode. Equiv-
alent magnetic current densities at the slots aligned in the (a) y— direction and (b)
x—direction for the fundamental TMy; mode.

The electric fields radiated by each of the radiating slots is [109]:

E,.~0
Ey ~
0=0 | (2.16)
£ - ko LW Ege=3kor [ gsin (X)sin (2)
° =TT oy S G
where L
X = OTsiHQ(:osqb
(2.17)
koW
Z = 02 cosf

The slots on each side of the patch form a two-element array with a spacing of
s &~ A\/2 between the elements. The total electric field produced by the two slots in
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the far-field is the product of the field of a single element and its array factor (refer to
section . According to (2.23)), the array factor for an array of two elements placed

along the y— direction spaced by a distance s is:

(AF), = cos (% sin 6 sin gb) (2.18)

Thus, the total electric field radiated by a patch antenna in the far-field is given by:

—jkor in (X)) s
qu ~ jkOLM/Qit;e {sin GSm)(( ) st(Z)} X COS (% sin # sin gb) (2.19)

2.1.4 Field distribution and Radiation from Square Patch cav-
ities
In this thesis, we study patch antennas of square shape (W = s). For this geometry,

the fundamental TMg; and TM;o modes are degenerate, with resonant frequencies given
by:

1
T™
T =
e —
As the lateral length of the patch is increased, the resonance frequency shifts towards
lower frequencies. Emission spectra for different lateral lengths s are plotted in Figure

24

(2.20)
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Figure 2.4: Simulated emission spectra of a square patch cavity. Spectra
calculated for various s. Frequency shifts towards lower values as the size of s increases.

The electric fields of the degenerated TMy; and TM;y modes are cross-polarized,
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and follow a cosinusoidal distribution approximated by:

™
(B ~ Eycos (Zy)

(B ~ Ejcos <Zx>

S

(2.21)

The field distribution of these modes are depicted in Figure 2.5 The fundamental
modes sustain half-wavelength oscillations in the z— and y— directions simultane-
ously. In section [2.4] it will be shown how the fundamental degenerated modes can
be frequency-detuned. The controlled detuning allows the coherent the manipulation
of the polarization states of the radiated fields by the patch antenna microcavity. An
experimental demonstration of the polarization control will be shown in section [£.1]

TMOI TMIO

- I — X
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N e AN =
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Figure 2.5: Square patch intracavity fields. The field distributions follows cos-
inusoidal behaviour. Only one cycle per mode is propagated in the cavity in the
y—direction for the TMy; mode and in the x—direction for the TM;y, mode. Color
scale represents the amplitude of the electric field F.,.

max

E.

To illustrate the usefulness of the cavity model for studying antennas in the THz
regime, the 2D principal E-plane (6 = 90°) pattern was calculated at f = 3.2 THz using
; and was compared with full-wave numerical simulations. These are shown in
Figure 2.6l As it is observed, there exists a good agreement between the simulations
and the cavity model. For the simulation model, a square patch cavity (GaAs used as
the dielectric filling material) was placed over a finite ground plane (refer to section
for a detailed description of the far-field simulation method).

2.2 Antenna Array Theory

In the RF and microwave bands, arrays of antennas are used to manipulate the
transmitted or received signals for example by producing directive patterns or cancel-
ing out energy from undesired directions. These features have been exploited in modern
communications systems to provide high degree control capabilities such as beam shap-
ing, beam steering, enhanced gain, path diversity and direction-finding [IT4HI16]. The
mechanism enabling this handling of the field is the constructive and destructive in-
terferences occurring in specific directions at the far-field. In general, for an array
of antennas, there are five control parameters that can be used to construct these
interferences:
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Figure 2.6: Cavity model vs Simulations. Normalized 2D patterns in the principal
E—plane of a patch antenna in the THz regime (s = W =15 um, f =3.2 THz and
GaAs as dielectric material).

1. the geometrical configuration of the array (linear, planar or circular array)
2. the total number of antennas composing the array

3. the distance between elements

4. the excitation amplitude of individual elements

5. the excitation of their relative phases

Given that the studied devices in this thesis are based on patch antenna arrays,
the same analysis used in conventional microwave antenna theory can be used to un-
derstand the basic trend of the beam shaping from our microcavity structures. For an
array of antennas, the angular distribution of the total emitted power in the far-field
can be approximated by

Piot(0,0) = Po(0,¢) |AF(0, ¢)[” (2.22)

Here, Py corresponds to the power emitted from a single antenna element. The term
following this quantity is known as the array factor, and it contains the dependence
of the far-field emitted power on the array parameters. Considering a planar array
formed by positioning individual antennas along a M x N rectangular grid, spaced by
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distances d, and d, respectively, and assuming the same excitation (both magnitude
and phase) for all the elements, the array factor takes the form [109]:

1 sin (&¢,) 1 sin ($¢y)
AF (6 = ——2"7 ——2 2.23
(0,9) {M sin (%) } N sin (%) ( |
where
Y, = kd, sin 6 cos ¢ (2.24)

Yy, = kd, sin 0 sin ¢

This simple model allows to intuitively understand the general trends and the in-
fluence of array parameters on the far-field. We used the array factor expression to
investigate the main trend of the far-field pattern emitted by a planar array of antennas
emitting at 3.2 THz (A=94 pm). Figure shows the calculated FWHM divergence
angles for various arrays containing different number of elements M=N along the z—
and y— direction (N=2,4,6,8 and 10) as a function of the separation distance between
individual elements. The curves were extracted along the constant plane 6= 0 from the
2D array factor term. The FWHM divergence angle shows a monotonic decrease with
the separation distance between elements, but as the number of elements N increases,
a saturation of the divergence angle occurs.

200
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Figure 2.7: Divergence of planar arrays. FWHM divergence angles as a function
of the separation distance between antennas calculated from the array factor term for
planar arrays containing N x N elements (where N = 2,4,6,8 and 10). Dashed line
represents the single element isotropic case. Inset: FWHM as a function of the numbers
of elements for an array with elements distanced by a half wave.
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2.3 Engineering the losses

Considering the patch antenna as a cavity with lossless upper and lowers bounds
is insufficient to describe the behavior of the electromagnetic fields. An electrical
equivalent of this approximation would correspond to a circuit with purely-susceptive
admittances. By doing so, the antenna will not be able to radiate, as R, = Ry = 0.
To account for radiation, a lossy element should be included in the model. To describe
the losses, an effective loss tangent .7y is introduced. The loss tangent will represent
the loss mechanisms of the cavity, and it is defined as the inverse of the quality factor
Q) of the cavity: é.;y = 1/Q. To evaluate the losses in the system, we performed
numerical simulations based on the finite element method [117] . The results of this
numerical study are published in Dr. Madéo’s work: "Engineering the Losses and
Beam Divergence in Arrays of Patch Antenna Microcavities for Terahertz Sources”,
Journal of Infrared, Millimeter, and Terahertz Waves 38, 1321-1330 (2017) [118].

First, to investigate the general trends of the losses in an array of patch microcavi-
ties, we performed 2D simulations, as the underlying physics can be captured accurately
within this approximation. Also, previous work has demonstrated good agreement be-
tween experimental reflectivity spectra of patch antenna microcavity arrays and 2D
simulations of infinite arrays [15]. Section extends the treatment of the losses
considering a more realistic 3D model.

The model for this study is shown in Figure[2.8 It consists of N identical resonators
of thickness L separated a distance d. Every resonator is modeled with one dielectric
(GaAs) and one metallic (Au) layer, placed over a ground metallic (Au) plane, all of
them contained within an air domain half circle. Complex refractive indices we taken
from [119]. Internal ports with TM polarization were placed in the boundary between
the metallic and the dielectric layers to simulate the radiation from the structure.
Radiation from the structures is collected by a second port placed at the circular
boundary between the air half circle and a perfectly matched. layer. The length of
every resonator was fixed to s= 10 pum, defining a resonant frequency of 3.8 THz.

In general, the different contributions to the total losses, in terms of the quality
factor, can be expressed as:

L1
Q QT’ad Qnr

where () refers to the total quality factor, and @Q,.q, @, are the quality factors
associated to the radiative and non-radiative losses.

First, numerical simulations were performed to obtain the total quality factors for
different arrays (various N) with three different resonator thicknesses L = 1, 2 and 5
pm, and compared them to the single resonator case. Quality factors were obtained by
simulating the transmission spectra and by fitting then with a Lorentzian curve. Figure
(first row) shows the main results of the simulation study. In the big picture, the
quality factors for all the cases are similar and follow an analogous trend: increasing @)
for larger separation between elements d. For all the cases, the array quality factors for
arrays with d < 20pm are lower than for the single resonator case. This is attributed to
a strong inter-element coupling, known to have an enhancement effect in the fractional
bandwidth for arrays with elements spaced by d < A\/4 [120]. For d > 20 pm, the array

(2.25)
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Figure 2.8: 2D simulation model. Model consists of a half circle air domain
containing a linear array of N patch antenna microcavities of length s composed of
GaAs domains bounded by two Gold layers. Color code represents the mode intensity.
Inset: transmission sepctrum.

provides greater quality factors (smaller losses) than for a single resonator. The highest
quality factor is obtained for arrays with elements of thickness L = 2um, because at
this thickness the radiative and non-radiative losses are balanced.

A deeper insight into the losses of the system can be obtained when examining the
different contributions to the total losses. In the simulations, when we replace the lossy
metallic plates by perfect conductors, we can extract the radiative and non-radiative
contributions. The second row of Figure [2.9) displays the total quality factors and the
radiative and non-radiative contributions for an array of N=10 resonators. We can
distinguish three different regimes. For L= 1 pum, the mode is tightly confined into
the cavity, then the electric field strongly overlaps with the lossy metallic layers. A
result, Q,.q is always higher than @), so the total contributions are dominated by
non-radiative losses. The opposite case takes place when L= 5 pym. It is observed that
there is no dependence of the non-radiative losses with the distance between resonators.
Further, the large thicknesses of the structures lead to better coupling of the confined
modes with the radiated modes. Then, the system is dominated by its radiative losses.
Finally, a thickness of L= 2 pum corresponds to an intermediate regime. In this case,
both contributions have similar magnitudes, and by tuning the period of the array, the
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Figure 2.9: Quality factors vs distance between resonators. First row: quality
factors of the system as a function of the separation distance d between resonators for
various N. Second row: comparison between total, radiative and non-radiative quality
factors vs d for an array with N = 10 elements. Plots taken from [118] .

radiative and non-radiative losses can be perfectly balanced.

Another relevant quantity to consider is the photon extraction efficiency 7, defined

as:
_Q
Qrad

U (2.26)

This quantity provides the ratio of photons that can escape the resonator. In Figure
this quantity is plotted for the case of N=10 and various L= 1, 2 and 5 pm.
Overall, it can be seen that increasing the thickness of the substrate leads to higher
extraction efficiencies. In fact, this could be inferred from the previous results, since we
observed that in the case of L=5 pum the radiative losses dominate. Conversely, lower
extraction efficiencies are calculated for extended arrays, in account of the increase of
@raq With d, as demonstrated in Figure 2.9, For denser arrays, the photon outcoupling
gets higher due to larger radiative losses. Extraction efficiencies as high as n ~ 90%
can be obtained for example, with a device with an active region of L= 5 um and an
array with d= 20 um which presents an out-coupling efficiency above 90% which is
much higher than what can be achieved with metal-metal planar waveguides [121].
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Figure 2.10: Photon extraction Efficiencies. Calculated photon extraction effi-
ciencies as a function of d compared to a single resonator case (dashed lines) for arrays
of N= 10 elements and varied L. Plot taken from [I18§] .

2.4 Arrays of Patch Antenna Microcavities coupled
with plasmonic wires

Arrays of RF patch antennas are the most widely used antenna configuration in
modern telecommunication systems as they offer a flexible platform to send, receive
and manipulate electromagnetic waves [122], [123]. High degree control capabilities such
as beam shaping, beam steering, enhanced gain, path diversity and direction finding
are some of the achievable features offered by patch antenna arrays [T14-116].

To mimic in the THz range the control features demonstrated in the RF, we use
in this thesis arrays of square patch antennas adapted to this frequency range. In an
initial approximation, identical subwavelength patch resonators are aligned in a planar
configuration as shown in Figure m (a). The basic parameters in this scheme are
the lateral size of the patch microcavities s, the separation between resonators d, their
thickness L and the number of elements aligned in the x— and y—directions. With
reference to equation , the patch microcavities have their resonance condition
determined by the patch size s according to s = \/2n.gf, where n.sp = | /ecyy. Also
in Figure (a) (right panel) the simulated intracavity electric fields ., of the the
fundamental degenerate modes TM;y and TMy; are shown. The array of unwired
elements serves only as an illustrative example for presenting this model. No practical
device could be realized with it, as there is no way to provide electrical inputs to the
array elements. The most straightforward way to provide bias to all elements is by
interconnecting the antennas to contact pads along one direction with subwavelength
wires of length d and width w as depicted in Figure (b).

The addition of the interconnecting wires has an important effect in the microcav-
ities” mode confinement. First, as revealed in Figure enhancement of the electric
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Figure 2.11: Patch Antenna Microcavity array schematic. Schematic and
distribution of the intracavity field E, for the degenerate modes TM;y and TMy; of (a)
an unwired array and (b) a wired array of patch antenna microcavities.

field E, occurs for arrayed structures. The wires are purely confinement elements and
do not radiate due to the canceling effect of the counter-directional magnetic currents
at the wires’ lateral facets, as noted in section [2.1.3]

The interconnection direction relative to the intracavity mode symmetry also dic-
tates the spectral behavior of the patch cavities. Reflectivity simulations were carried
out to evaluate this effect (refer to section for details about the reflectivity simula-
tions). For arrays subjected to interconnection in the y—direction, the TM;q resonant
frequency and quality factor remain unaffected compared to isolated resonators, as
shown in Figure 2.12] In this case, the position of the wires coincides with the field
node of the half-wave resonance of E,. Conversely, the TMy; is coupled to the wires
resulting in an enhancement of the quality factor. This is attributed to lower radiative
losses from the wires, as previously reported for THz nanoantennas [124] and mid-IR
detectors [125].

Another advantageous effect introduced by the subwavelength wires is that they
provide a new degree of freedom for tuning the resonant frequency of the patch antenna
array. Specifically, for an array of square patch antennas with side length s = 15
pm interconnected along the y—direction and spaced apart d = 25 pum, the natural
fundamental degenerate modes resonate at f,— 3.2 THz. By varying the length d of
the wire, one can design the frequency detuning between the TM;, and TMgy; modes as
shown in Figure 2.13] For a given patch size, the TM;o remains fixed at the resonant
frequency, as there is no spatial overlap between the mode and the wire. On the other
hand, the TMy; mode is coupled to the wires and the mode extends spatially along
the same direction. This effect becomes stronger as the wire is made longer, shifting
the mode to lower frequencies and increasing the array quality factor as noted in the
2D simulations (Section [2.3|). This effectively introduces a control parameter to detune
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Figure 2.12: Effect of wires in an array of patch antenna microcavities. Sim-
ulated reflectivity spectra of two array configurations of patch antenna microcavities:
unwired (blue curves) and wired (red curves) for the degenerate TMy; and TM;o modes.
Array parameters: s= 15 um, d= 25 pm, w= 2 pm, f,= 3.2 THz. Plots adapted from

[126].

one mode with respect to the other. In section it will be demonstrated how one
can use this detuning control to design the polarization state of the array [126].
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Figure 2.13: Tuning the resonant frequency of wired arrays. Reflectivity

spectra for patch arrays of side length s = 15 um interconnected along the y—direction
with wires of varied lengths.

2.4.1 Losses and extraction efficiencies in wired arrays

The 2D simulations provide good insight and a valid trend of the nature of the losses
in patch microcavity arrays. However, the effect of the interconnecting wires cannot be
captured within this approximation. To investigate the losses in wired arrays of patch
microcavities, we performed 3D reflectivity simulations.

As previously mentioned, the interconnecting wires frequency-decouple the patches
transverse fundamental modes. To look into the effect caused in each of the TM cavity
modes, we performed reflectivity simulations with (1) the electric field of the incident
wave parallel to the interconnecting wires and (2) with the electric field perpendicular
to the wires. Each of these configurations excites a TMy; and a TM;q mode in the
cavities respectively. Figure shows the simulation model. It consists of an air-
box domain that contains a wired patch microcavity, representing the unit cell of an
infinite array. The box’s top boundary is utilized as an excitation port from where
a TE-polarized wave is propagated with an electric field of E = {0, Eye 7 (k==+k=2) (1
and wave vector k = {k,,0,k.} for the case (1); and E = {Epe 7*wv+k:2) 0 0} with
k =0, ky, k,} for the case (2). We simulated only the case of normal incidence (6 = 0).
The wired patch microcavity consists of two stacked block domains: Au and GaAs.
Complex refractive indices were taken from [I19]. To simulate an infinite array, the air-
box was flanked with Floquet periodic boundary conditions with periodic wave vectors
kr equal to the wave vectors of the propagating wave.

Quality factors were extracted by fitting the reflectivity spectra to a Lorentzian
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Figure 2.14: 3D Model for reflectivity simulations. An air-box domain contains
a wired patch microcavity. Yellow areas depict the gold domains and red the GaAs
domain. An excitation port with TE polarization was placed at the top of the air-box
to simulate a plane wave propagating in the z—direction. The box is flanked with
Floquet periodic boundary conditions with wave vectors kr = k.

profile. In Figure the TM;o and TMy; total quality factors () for several array
configurations are plotted as a function of the separation distance between the array
elements.

As a general trend, we observe that the quality factors for the transverse mode
along the wires (TMg;) are always greater than the perpendicular TM;g mode. The
presence of the wires provides stronger confinement for the TMy; mode, and as the wire
length increases, the losses further decrease. Since the width of the wires was fixed in
all the simulations, the losses of the TM;y mode remain invariant for different s.

In order to assess the different contributions to the system losses, the radiative and
non-radiative contributions were extracted in a similar way as it was done in section [2.3]
Figure [2.16| shows a comparison between the different system losses as a function of d
for the TMg; and TM;, modes for arrays with patch size s = 16 pm. By examining the
figure, one can see that the radiative losses govern the system for the two transversal
modes. Further, a small dependence of the non-radiative losses with d is observed in
the TMy; mode. On the other hand, the non-radiative losses vary with the geometry of
the array in the orthogonal TM;y mode. Here, for very dense arrays, the mode couples
between neighboring microcavities which enhances the interaction between the mode
and the lossy metallic boundaries, causing higher non-radiative losses. Nonetheless,
(Qreq 1s always larger than @), and almost overlaps with the total quality factor.

Finally, the photon extraction efficiencies were calculated by evaluating equation
(2.26). Results are plotted in Figure 2.15] High extraction efficiencies as high as
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Figure 2.15: Quality factors in wired arrays of patch microcavities. Total
quality factors () as a function of the distance between array elements for the resonant
modes TM;q and TMy; for various patch lateral sizes s.

90% are obtained for both modes, and they exhibit steady values which are almost
independent from the parameter d. These results show that, in the case of emitters,
the high extraction efficiencies allow the device to radiate in the two orthogonal modes
with similar photon outcoupling efficiency. Therefore, the length of the wires can be
used as an independent parameter to control the frequency detuning of the orthogonal
modes to design the polarization state as will be shown in chapter [4]
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Figure 2.16: Comparison between total, radiative, and non-radiative quality
factors vs distance d in wired arrays and extraction efficiencies. Comparison
between the TM;y and TMgy; modes for s =16 pm.

2.5 Summary

This chapter presented an in-depth review of patch antennas. Section presented
the two most used models to describe the electric properties of patch antennas from
the point of view of the microwave regime, among which the cavity model proved
useful to characterize the radiation from patch antennas scaled to operate in the THz
regime. Section provided useful concepts of antenna array theory, showing that,
for the particular case of a planar array of antennas, the divergence of the beam in
the far-field follows an asymptotic behavior with a ~ 1/N? dependence, where N? is
the total number of antenna elements in the array. Next, section examined the
losses in arrays of patch antennas. Numerical simulations of linear arrays revealed that
the array geometry can be used to tune the different contributions to the total losses
in the system, providing engineered quality factors and photon extraction efficiencies.
Finally, section presented a study of the behavior of wired arrays of square patch
antennas via full-wave finite element simulations. Subwavelength wires crossing the
structure of the patch in one direction introduce a plasmonic effect which enhances
the intracavity field and the quality factor of the patch structure in the direction
parallel to the wire. Moreover, the simulations results showed that the geometry of the
wire introduces an additional degree of freedom to control the resonance frequency of
the patch fundamental modes. The chapter concludes with a study of the losses and
photon extraction efficiencies of wired arrays of patch antennas. Results showed that
high photon extraction efficiencies can be obtained in the two orthogonal transversal
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microcavity modes, allowing emitters based on this architecture to radiate in the two
TM regimes. These features enable the design of any arbitrary polarization state via
controlled mode detuning.



Chapter 3

Patch Antenna Microcavity THz QCL

In the previous chapters, we introduced the fundamental concepts and operational
principles of THz QCLs and the basic notions of patch antenna microcavity structures
and their behavior in a wired array configuration. This thesis merges both elements
to demonstrate patch antenna microcavity (PAM) THz QC lasers. This chapter starts
by presenting the QC active region used throughout the project. It then continues
by describing in detail the fabrication techniques and the fabrication procedure of
the physical devices. Characterization methods and results from selected samples are
presented. These results are compared with the emission characteristics of a standard
double metal ridge waveguide. Finally, the chapter shows a study of the far-field
radiation from the fabricated QCLs by comparing experimental results with numerical
full-wave simulations from finite arrays.

3.1 L1157 sample

The Quantum Cascade active region used in this project (sample L1157) was grown
by molecular beam epitaxy (MBE) by the group of Prof. Edmund Linfield at the
University of Leeds. The active region is based on a hybrid LO-phonon, bound-to-
continuum design with a central operating frequency of 3.2 THz. This design com-
bines the advantages of the bound-to-continuum approach of demanding low cur-
rent for lasing, and the LO-phonon depopulation scheme, providing good tempera-
ture performance and high output power. This active region was first proposed by
Scalari, et al. [128|. Later, this growth was revisited to achieve optimized lower
threshold current densities and operating voltages [127]. The L1157 sample is a
re-growth of this later study. The heterostructure consists of alternating layers of
GaAs/AlGaAs forming a cascade of alternating photon and LO-phonon assisted transi-
tions between two minibands. The epitaxial growth was performed on a semi-insulating
host GaAs substrate, starting with a 300 nm-thick Aly5GagsAs sacrificial etch stop
layer (which allows the processing of the device into double-metal configuration) fol-
lowed by a 700 nm-thick highly doped GaAs contact layer (n = 2 x 107% cm™3).
The active region comprises 85 periods of nine quantum wells composed of a GaAs/
Alg15Gag g5 As heterostructure, totaling a thickness of 11 ym. A single period comprises
3/9.5/3/11.8/2/12.9/1/16.2/0.5/10.1/4,/14.5/3/17/3/7.1/3/8.6 (all in nm), where bold
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Figure 3.1: Conduction band and squared moduli of the wavefunctions of
the L1157 sample. Minibands for two different cascades are denoted as m and m’.

Lasing transition occurs from one of the states 3 or 2 to the miniband m’. Taken from
Ref [127].

numbers refer to the thickness of the Aly15Gag.gsAs barriers, and the underlined num-
ber denotes a Si-doped GaAs layer (3 x 10'® cm™3). Figure |3.1| shows the calculated
conduction band profile and the square moduli of the wavefunctions for the active re-
gion for an electric field of 4.4 kV /em. Lasing transitions occur from one of the states
3 or 2 to the miniband m’, whereas LO-phonon-assisted transition occurs from the
miniband m to one of the states 1 or 2.

To form the double metal structure, the sample was wafer-bonded to a n™ GaAs
receptor wafer via Au-Au thermocompression bonding. After this, the sample was
processed into arrays of patch antenna microcavities using standard photolithography
techniques and dry etching. A detailed description of the fabrication procedure is
shown in the next sections.

3.2 Fabrication

The fabrication of PAM arrays is a multi-step process which requires the combina-
tion of diverse techniques for selectively adding/subtracting material as the fabrication
is carried out. Methods like photolithography, material deposition, etching and [lift-off
were used to define the PAM structures in the QC samples. With the exception of
the QC growth and wafer-bonding, all the fabrication process took place at the clean-
room facility of OIST. This section provides an overview of the fabrication techniques
while presenting the instrumentation employed in every step. Following, the protocol
designed for the device fabrication is described. Appendix [A] summarizes the steps of
the fabrication procedure.
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3.2.1 Fabrication techniques
Photolithography

Photolithography is a technique which consists on transferring a pattern to a photo-
sensitive resin by exposure to a light source. We utilized a maskless lithography system
[INANO SYSTEM SOLUTIONS Dlight DL-1000]. This instrument uses a telecentric
optics illumination system [129] and a digital micromirror device (DMD) to directly
expose onto a photoresist a desired pattern. One of the most convenient characteristics
of Dlight DL-1000 is the monitoring system composed of CCD cameras, which permit
the direct visualization of the substrate and the exposure optic path. This allows an
easy and accurate alignment of the different layers of which the device is composed.

The most generic sequence for photolithography and patterning transfer proceeds
as follows:

1. Substrate cleaning. Contaminants such as particles, dust or solvent stains can
lead to adverse effects during the process. Chemical treatment (acetone and
isopropanol bath), Oy plasma cleaning and Ny blow-drying must be performed
at the very first stage.

2. Spin coating. A thin film of an organic polymer sensitive to light (photoresist)
is uniformly deposited on the surface of the substrate by spinning the sample
at a velocity w. The thickness T of the deposited layer is inversely proportional
to w by the relation T % [130], where C' is the polymer concentration (in
g/100-mL) and 7 is its intrinsic viscosity. A good rule of thumb for the thickness
T of the spin-coated photoresist is to be at least 33 % thicker than the thickness
of the material to be deposited.

3. Exposure. Typically, UV light (A =405 nm for NANO SYSTEM SOLUTIONS
Dlight DI-1000) is used to expose the photoresist. Depending on whether the
photoresist is positive or negative, the exposed part of the resist will soften or
harden.

4. Develop. The sample is rinsed in a developing chemical which removes the ex-
posed areas in samples coated with a positive photoresist (in the case of a negative
photoresist the unexposed areas) and leaves a bare area which is the positive (or
negative) image of the pattern to be transferred.

Material Deposition

In the fabrication process of PAMs, materials were deposited by physical vapor
deposition (PVD). PVD refers to vacuum deposition techniques where the material is
converted into a vapor phase, to be then transported to the sample where it finally
condensates forming a thin film. Normally, samples are held upside down facing the
target (material to be deposited) in a direct line. The material is then deposited over
the entire surface of the sample simultaneously. This process takes place in a high-
vacuum chamber (107¢ Torr) to assure a large mean free path for the vapor molecules
and to avoid chemical reactions (e.g. formation of oxide impurities) at the source or at
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the sample’s surface. We utilized two types of PVD coating methods: vacuum sputter
deposition for oxides and thermal evaporation for metals.

e Vacuum Sputter Deposition. In this technique, the target is bombarded by Ar
ions which are accelerated by a high voltage creating a glow discharge or plasma.
The target material (cathode) is sputtered away as neutral atoms by momentum
transfer, and the ejected atoms reach the sample’s substrate placed on the anode
where they condensate creating a thin film. The amount of material W sputtered
from the target is inversely proportional to the distance between the anode and
cathode d and the pressure from the gas P by the relation W %, where V
is the bias voltage and I the discharge current [130]. We used the instrument
ULVAC CAMS-S for depositing thin films of SiO,. The system is equipped with

a rotating stage, which allows for a uniform deposition.

e Thermal Evaporation. For the metalization, electron beam (e-beam) evapo-
ration was used [PLASSYS BESTEK MEB55052-HV]. In this technique, metals
are evaporated by bombarding the target with a high-intensity e-beam gun under
high vacuum. This causes the atoms of the metal to travel inside the vacuum
chamber without colliding, coating everything inside the chamber within the line
of sight of the expelled metal atoms. The instrument features a substrate treat-
ment consisting of low-energy Ar ions bombardment, which removes the native
oxide layer on the surface of the substrate, then promoting adhesion of metals to
the sample.

Lift-off

Lift-off refers to the process of dissolving the photoresist underneath the deposited
material, then lifting it up and leaving the desired pattern on the sample. For this
step, it is important to consider the wall profile of the photoresist after development.
In general, two wall profiles can be obtained as it is shown in Figure 3.2 An undercut
profile is characterized by having inward wall-angles >90°. For negative resists, this
angle is the most typical profile. Contrarily, overcut profiles are characterized by out-
ward sloping resist profiles with angles <90°. For the process of lift-off, it is important
that a discontinuity in the deposited material exists, so that the solvent can get to the
uncoated walls. This is achieved by having an undercut profile of the photoresist com-
bined with using a line-of-sight deposition method. By doing this, the inward sloping
photoresist walls will receive little or no material deposit, as depicted in Figure b),
creating the necessary gap for the solvent to dissolve the photoresist and lift off the
material on top of it (Figure c).
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Figure 3.2: Lift-off for different resist profiles. On the left side, the lift-off
process for a resist with an undercut wall profile; and on the right side, lift-off process

for a resist with an overcut wall profile. a) Resist development. b) Material deposition.
c) Lift-off.

Etching

Generally, there exit two different methods for etching materials: dry etching and
wet etching. The first of them refers to etching with a plasma of reactive gases which
bombards a patterned sample. It allows an anisotropic (directional) etching which is
appropriate for achieving vertical sidewalls leading to a good image transfer. Induc-
tively coupled plasma [Oxford Instruments Plasmalab 100] was used for engraving the
PAM structures in the QC sample. The instrument is equipped with active tempera-
ture control at the sample’s position consisting of a helium backside cooling system and
a thermal coolant circulator. This permits to maintain a specific temperature at the
sample during the etching process. On the other hand, wet etching refers to etching
with liquid etchants. It allows removing material with high selectivity. Different acids
were used to initially remove the substrate base of the QC sample.

3.2.2 Fabrication Protocol

We fabricated planar arrays (10 x 10 elements) of wired patch antenna microcavities
in the QC sample. Figure presents the design layout. The array is bounded at its
top and bottom by rectangular contact pads for current bias. The contact pads are
insulated from the QC active region by a 200-nm-thick SiO, layer to avoid current
contribution from these structures. Arrays of different patch sizes s and distances d
were fabricated to evaluate the geometrical influence on the radiation properties of
the laser. In the next sections, we will describe in detail the fabrication process. A
summarized schematic of the fabrication procedure is depicted in the Figure [A.T] of

appendix [A]
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Figure 3.3: PAM array layout. The layout consists on a planar array of 10 x
10 square patches of lateral size s separated away a distance d and interconnected
by subwavelength wires with width w. Blue rectangles (1st layer) represent the the
insulating SiO, pads, whereas red areas represent the metal Au parts (2nd layer).
Crosses at the corners (on both 1st and 2nd layers) serve as reference marks for layer
alignment.

1. Substrate removal

To define the double metal structure, the MBE growth and a n*t GaAs receptor
wafer were coated with a thin film of gold to bond them together by Au-Au thermo-
compressive wafer bonding [131], [132].

After this, all the fabrication process took place at OIST’s cleanroom facility. The
first step consisted on removing the 300 pm-thick host GaAs wafer on which the QC
was grown. For this, mechanical lapping and selective etching were used. First, the
sample was mounted on a glass slide using clear wax. Via mechanical lapping and
using sheets of decreasing grit size, the sample was thinned until approximately ~100
pm remained, as controlled by a micrometer. The remaining material was etched with
a citric acid (100 gr): HyO (40 ml): HoO (100 ml) solution at an etch rate of ~300
nm/min. When the etch-stop layer is reached, the surface becomes mirror-like, and
when exposed to air oxidation of this layer occurs quickly and reflection fringes appear
in the surface [133]. Next, the sample was immersed for 2 minutes into 25 % HF acid to
remove the Al 5GagsAs etch stop layer. Because of the high selectivity for Aly;GagsAs
over GaAs [134], there is negligible damage to the highly doped GaAs contact layer
which is beneath the sacrificial etch stop layer. After this process is completed, the
sample was cleaved into rectangles of ~5x7 mm.
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2. Photolithography for the 1st layer and SiO, deposition

The first step for the lithography process is the elaboration of the mask defining the
array structures. The software KLayout was used to create the necessary GDSII files of
the layout shown in Figure . The first layer consists of rectangular shapes (blue parts
in Figure and cross-shaped reference marks for alignment of the next layer. An
undercut profile is desired after development of the photoresist for lift-off. Undercut
profiles are difficult to achieve in positive resists, because the optical exposure dose
is higher in the surface than in the resist/substrate interface, resulting in an overcut
profile after development [130]. So, a negative photoresist (ARN 4450) was used for
the photolithography of all the layers. Figure [3.4] shows schematically this fabrication
step (for detailed parameters refer to appendix [A]).

a) After thoroughly cleaning the QC sample, the photoresist ARN 4450 was spin-
coated on the surface of the QC samples. Following, a soft bake was conducted
using a hotplate to harden the resist.

b) The sample is exposed using a maskless lithography system (A = 405 nm).

c) Immediately after exposure, a hard bake is done to promote the cross-linking of
the resist (a process for rendering the exposed parts insoluble). Development of
the unexposed areas followed by immersing the sample into a TMAH solution.
Undercut profiles are achieved.

d) Next, vacuum sputter deposition is used to deposit a 200 nm film of SiOs.

e) After the sputtering process is finished, the sample is immersed into the solvent
Remover PG for lift-off. Two beakers filled with this solvent heated at 60° are
used. The first of them is used to begin the stripping of the resist. To avoid
re-depositing of the lifted particles on the substrate, the sample is immersed into
the second beaker. After lift-off finishes, the pattern is imprinted on the QC
sample’s surface.
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Figure 3.4: Photolithography for the 1st layer and SiO, deposition. a) A
negative photoresist (ARN 4450) is spin-coated on the surface of the QC sample. b)
Exposure of the resist using a maskless lithography system [NANO SYSTEM SOLU-
TIONS Dlight DL-1000]. c¢) Development of the photoresist, undercut profiles are
achieved. d) A thin film of SiO, is sputtered on the sample’s surface. e) Lift-off.
Insulating pads and reference marks are created on top of the QC sample.

3. Photolithography for the 2nd layer and Au metalization

The photolithography of the second layer was performed in the same way as the first
layer. With the help of the reference marks and the positioning system of the maskless
DL-1000 instrument, the layout for the second layer was aligned with the 1st layer’s
patterns. After development, a thin film of titanium (10 nm), followed by a gold layer
(400 nm) is coated using e-beam evaporation [PLASSYS BESTEK MEB550S2-HV].
Finally, the sample is soaked in Remover PG for liftoff. Quick rounds of ultrasonic
action were executed to improve the resist removal efficiency. Figure |3.5] summarizes
these steps and presents a microscope image of the fabricated samples at this point.
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d)

Figure 3.5: Photolithography for the 2nd layer and metalization. a) Pho-
tolithography and development of the second layer. b) Deposition of Ti/Au: 100 nm/
400 nm. c) Lift-off. d) Optical microscope image of two arrays after metalization.

4. Final etch

The metalized structure on the QC sample performed in the previous step func-
tions as a self-aligned mask for the etching process. We utilized the ICP system Oxford
Instruments Plasmalab 100. The sample is mounted on a silicon carrier wafer using
a thermally conductive mounting paste to improve thermal contact between the QC
sample and the carrier wafer. In the etching process, line-of-sight-impacting ions bom-
bard the surface of the sample, milling the zones which are unprotected by the gold
layer. For etching GaAs/AlGaAs, a combination of chlorine gases (Cly and BCls) was
used [I35]. The etching time was empirically determined by running trial processes
of 30 seconds and monitoring afterwards the etched depth with a profilometer. This
process was repeated until the gold layer underneath the QC active region was reached.
With a gas flow of 10 scem for BCly and 20 scem for Cly, an etch rate of 1uym /min
was achieved. Figure |3.6| shows the finalized sample.
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Figure 3.6: SEM image of a fabricated device.

5. Mounting

Samples were mounted onto copper heatsink blocks with dimensions 20x7x2 mm.
At the ends of the block, two square gold-coated ceramic pads were glued to act as
electrical contacts. The fabricated QCLs were mounted on the copper mount in between
the contact pads using indium sheets. To do this, the copper mounts were placed on
a hotplate at the melting point of indium (150° C). The indium sheet was placed in
between the contact pads and as it melted, the QC sample was placed on top and
pushed downwards with two metal needles. After this, the temperature of the hotplate
was reduced to let the indium solidify, soldering in this way the QC sample to the
mounting surface. Finally, the sample was wire-bonded to the ceramic contact pads
using gold wires. A picture of a mounted sample is shown in Figure [3.7]

Figure 3.7: Mounted sample.
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3.3 Characterization

Device characterization consisted of measuring their electrical, optical and spectral
responses. For this, the fabricated devices were mounted on the cold finger of a con-
tinuous flow liquid helium cryostat [Oxford Instruments Optistat HE CF-V| using a
high-thermal-conductivity silicone paste. The cryostat was equipped with a polyethy-
lene window of 23 mm diameter aperture, through which the radiation from the devices
was outcoupled. The measured transmittance from this window is 83% in the 3-4 THz
range. The electrical connections to the devices are provided via a 10-pin electrical
feed wire to coaxial connectors. The cryostat was aligned relative to the specific ex-
perimental setup by fixing the cryostat to a specifically designed mount attached to an
XYZ translation stage. The cryostat chamber was pumped down to a pressure of 10~*
Torr and then cooled using liquid Helium or Liquid Nitrogen. All the measurements
were performed on pulsed mode operation. Next sections will present the electrical,
optical and spectral characterization methods used to evaluate the performance of the
fabricated devices.

3.3.1 Electrical and Optical characterization

The electrical and optical characteristics of the fabricated QCLs were evaluated by
measuring the the voltage across the device’s terminals and the output THz power as
a function of the applied current (L-I-V characteristics). Figure shows a schematic
of the experimental setup for the electrical and optical characterization.

L-I-V data was taken while driving the QCL with electrical pulses. To this end, we
utilized a pulse generator [Avtechs AVR-2B-B| to provide a 50 kHz pulse train with
a 10% duty cycle. The pulse generator was electrically gated at 15 Hz to allow the
signal to be detected with a Golay cell. The output from the Golay cell gives a signal
proportional to the THz output power. This signal was read by a lock-in amplifier
that was also referenced to the 15 Hz electrical signal and was connected to a com-
puter through a GPIB interface. Power levels were calibrated using a Thomas Keating
absolute power meter and by taking into account the transmittance from the cryostat
window. For the measurements, no additional focusing optics were placed in between
the QCL and power meter. To measure the current through the QCL a wideband
current probe [Integrated sensors Model 71| was used. The probe was connected to
channel 1 of an oscilloscope [Tektronix TDS 3034C] using the 50 €2 termination. The
voltage across the device was measured by adding a BNC cable at the electrical termi-
nals of the cryostat and by connecting it to Channel 2 of the oscilloscope. Channels
1 and 2 were triggered by the synchronous output signal of the pulse generator. A
LabView program was used to control the instruments and to read the values from the
oscilloscope and lock-in amplifier.
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Figure 3.8: Experimental setup for electrical and optical characterization.

L-I-V characteristic curves for an array containing PAMs of lateral size s=15 um,
distanced apart d=40 pm for three different heat sink temperatures (10 K, 77 K and
100 K) are plotted in Figure . The maximum peak optical power reaches 25 mW
with a threshold current density Ji;=270 A/cm?, slope efficiency of ~ 111 mW A1
and a wall-plug efficiency of 1.2%. The variation of the threshold current density with
temperature is presented in the inset.
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Figure 3.9: LIV data for a PAM array. Array parameters: s=15 pm, d=40 pm.
Data taken for three different operating temperatures: 10 K, 77 K and 100 K. Black
curves represent the voltage-current data, while red curves the power-current data.
Inset: threshold current density as a function of the heat sink temperature (fit based
on the empirical formula Jy;, = Jy + J1e?/%). Adapted from [126].

3.3.2 Spectral characterization

To characterize the spectral response of the fabricated devices, we utilized a Fourier
Transform Infrared (FTIR) Spectrometer Vertex 80v Bruker. FTIR spectroscopy is a
common technique to measure the frequency components of a light source. Figure [3.10]
illustrates the experimental setup.

The QCL biasing is done in the same way as previously described. The radiation
from the QCL was collected with a set of parabolic mirrors and focused into the back-
ward input of the FTIR. The FTIR contains a Michelson interferometer which, in the
first place, collimates the radiation of the QCL with the backward input mirror. The
collimated light impinges upon a beamsplitter (Mylar multilayer) which transmits 50%
of the light to a moving mirror and reflects the remaining 50% of the light to a fixed
mirror. The light reflected off these mirrors is transmitted /reflected by the beamsplit-
ter one more time and the beams recombine after the beamsplitter, and are ultimately
focused onto a detector (RT-DTGS FIR). By varying the path of the moving mirror,
the intensity of the composite beam at the detector is an interference pattern known
as interferogram. The spectrum of the QCL output signal can then be retrieved by
obtaining the Fourier transform of the interferogram signal.

FTIR measurements performed on the patch microcavity array with parameters
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Figure 3.10: Experimental setup for spectral characterization.

s=15 pm, d=40 pm, taken in Rapid Scan mode are plotted in Figure [3.11l The
measurements were performed at a heat sink temperature of 77 K and for three different
bias conditions. The device sustains a robust single mode operation along all the lasing

regime.
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Figure 3.11: Spectra of a PAM THz QCL. Array parameters: s=15 pm, d=40
pm. Data taken at a heat sink temperature of 77 K for three different bias currents.
Inset: Sample’s L-1 curve. Arrows indicate the intensities at which FTIR measurements
were taken.

3.4 Comparison of PAM array with standard DM
ridge waveguide

For comparative purposes, we processed a sample into a standard double metal ridge
waveguide (100 pm-wide, 1.5 mm long). Figure shows the L-I-V characteristics of
the ridge waveguide and the PAM array (only L-I) presented before.

Data were acquired in pulsed mode operation (50 kHz, 10% duty cycle) at a heat-
sink temperature of 10 K. The maximum peak power achieved by the ridge waveguide
reaches 19 mW with a threshold current density J;;,—238 A/ cm?. To compare the
performance between the PAM array and the ridge waveguide laser, we calculated the
power delivered per unit of electrically pumped area (P,4) for both devices. For the
ridge, we calculated P4— 0.08 W-mm™2, whereas a Py~ 0.4 W-mm™2 was obtained
for the PAM array. These values correspond to a 5-fold better performance of the
patch antenna microcavity device compared to the conventional ridge waveguide laser.
The significant enhancement of the emission properties is a signature of an improved
extraction efficiency from PAMs provided by the engineering of the losses through the
array geometry.

The inset of Figure|3.12| contains the multimode spectrum from the ridge waveguide
device. The Fabry-Pérot laser emits on high-order lateral modes over a bandwidth of
400 GHz.
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Figure 3.12: Comparison between ridge waveguide QCL and PAM array
QCL. Pulsed L-I-V characteristics of a double metal ridge waveguide (100 pym-wide,
1.5 mm long) and L-I characteristics (light blue) of a patch microcavity array (s=15
pm, d= 40 pm). Inset shows the FTIR spectrum of the ridge waveguide QCL.

3.5 Far-field

Terahertz quantum cascade lasers in the double metal waveguide configuration have
shown to be the best performing THz QCLs in terms of temperature operation, power
and frequency coverage [55,[57]. However, the subwavelength cross-section of the waveg-
uide sandwiching the active medium results in a highly divergent non-directional far-
field beam pattern. Numerous efforts have been attempted to circumvent this issue,
including the integration of planar horn-type shape structures [81], two-dimensional
photonic crystals [83], the use of higher-order DFB gratings [82], 130, [137], wire lasers
[138], antenna-feedback [139] and antenna-coupled [86], 140] schemes. Patch antenna
microcavities have been also explored, demonstrating the potential of the structure’s
abilities of acting as reliable antennas to shape the beam. However, their practical
demonstration so far has been limited to their implementation in QCLs with exter-
nal cavities [I6HI9] and when used as passive out-couplers in association with ridge
waveguide lasers [13].

Electrical, optical and spectral characteristics presented in Section [3.3] proved PAM
arrays embedding THz QCLs efficient for achieving lasing by means of losses engineer-
ing through the array geometry. In this section, we demonstrate that PAM arrays
can also be used to obtain shaping of the beam. As stated in section [2.2] there are
five control parameters that can be used to manipulate the far-field pattern of an an-
tenna array: (1) the geometrical configuration of the array, (2) the total number of
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antennas composing the array, (3) the distance between elements, (4) the excitation
amplitude of individual elements, and (5) their relative phases. In an array of antenna-
coupled QCLs, it is not possible to directly impose a controlled phase on individual
elements just by electrical inputs, since laser action is initiated by spontaneous emis-
sion. Also, in large antenna arrays, individual amplitude excitation would require a
complex feeding system. Then, these two parameters were not evaluated in this thesis.
For measurements purposes, we only varied the distance between individual elements in
planar arrays of a fixed number of elements. In the following sections, we first provide
the measured far-field beam profiles for selected samples. Then, simulations based on
the finite element method for finite arrays of patch antenna microcavities taking into
account variations for (1), (2) and (3) are presented.

3.5.1 Far-field measurements

Measurements were performed in pulsed mode operation (50 kHz, 10% duty cycle)
at 77 K, using a Golay cell with a small aperture on its entrance window. The Golay
cell was mounted on a 2-axis spherical setup (0, ¢) placed a distance of 10 cm away
from the cryostat. Figure presents a typical far-field measurement scanned over a
range of £30° with a 1° angular resolution in the elevation and azimuthal directions. A
single collimated narrow beam is observed with minimal parasitic radiation, confirming
the ability of the PAM array to shape the beam.

Figure 3.13: Typical far-field profile of a PAM array THz QCL. Scan range:
+30° in € and ¢ with 1° angular resolution. An aperture of ~3 mm was placed at the
entrance window of the Golay cell. Circle shape indicates the position of the cryostat
window.
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To evaluate the dependence of the far-field profile with the array configuration, we
measured the far-field for three different samples: s=15 um d= 15 pm, s=15 pm d=
25 pm and s=15 pm d= 40 pm. Samples were scanned over a range of £6° in both
elevation and azimuthal directions with 0.3° angular resolution by using an aperture of
> 1 mm diameter. Far-field intensity maps were taken for various biasing conditions,
to evaluate the quality of the beam along the lasing regime.

The measured far-field intensity maps of sample s=15 ym d= 15 um are plotted in
Figure |3.14
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Figure 3.14: LIV curves and far-field intensity maps for sample s=15 ym, d=
15 pm. Data taken for three different bias currents. Profile taken in the ¢ direction.
FWHM values calculated by fitting the ¢ cut with a Gaussian fit.

Shaping of the beam is observed for any current excitation. Full width half maxi-
mum (FWHM) divergence values were found by extracting 1D cuts along the ¢ direction
from the far-field intensity maps and by fitting with a Gaussian curve. Narrow circular
beams with divergence as low as FWHM= 1.8° are measured. We also observed clean
beams with minimal background noise for measurements taken at higher power (higher
excitation currents). In the case of excitation near the lasing threshold, parasitic noise
contributes significantly to the far-field intensity profile. An intuitive explanation for
this is that the low pumping does not provide enough overall gain to phase-lock all
the elements in the array. Slight variations of the physical dimensions among the ar-
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ray elements induce an asymmetric onset of the lasing regime from different elements,
and at low pump current only a limited fraction of the patch elements may lase. The
far-field is then a superposition of large beamwidth radiation from decoupled lasing
elements with a coupled fraction. As all resonators lase (higher pumping currents),
the entire array becomes phase-locked and the desired narrow beamwidth is achieved.
Nonetheless, even at a low pumping regime, partial shaping of the beam occurs, and
the shape and FWHM values remain constant at any given excitation.

Similar results are observed for samples s=15 ym d= 25 um (Figure and
s=15 pm d= 40 pm (Figure . For all cases, the far-field has the shape of a narrow
Gaussian circular beam and its shape is preserved along all the lasing regime. These
results represent the narrowest divergence ever measured in THz QCLs in a double
metal monolithic configuration.
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Figure 3.15: LIV curves and far-field intensity maps for sample s=15 ym, d=
25 pum. Data taken for three different bias currents. Profile taken in the ¢ direction.
FWHM values calculated by fitting the ¢ cut with a Gaussian fit.

Another result of particular importance is that the inter-element spacing d does
not have a significant impact on the beam shaping. For all tested configurations, a
Gaussian circular beam shape with FWHM ~ 2° is consistently measured. This allows
the parameters d and s to be adjusted independently to achieve other functionalities,
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Figure 3.16: LIV curves and far-field intensity maps for sample s=15 ym, d=
40 pm. Data taken for three different bias currents. Profile taken in the ¢ direction.
FWHM values calculated by fitting the ¢ cut with a Gaussian fit.

without affecting the quality of the far-field pattern. In the next sections, simulations
will support this finding, and will show that the dominant factor involved in the far-field
shaping is the total number of antenna elements.
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3.5.2 Far-field simulations

In order to understand the constructive interference mechanism in the far-field
which gives rise to the observed narrow beams with the PAM arrays, full-wave 3-
dimensional numerical simulations were performed using COMSOL Multiphysics. The
model consists of a planar array of N x N wired resonators of thickness 10 pym, separated
a distance d. Figure shows the model used for the simulations. Patch antenna
microcavities and interconnecting wires consist of two block domains: a semiconductor
(GaAs) and a metallic one (Au), which are placed over a ground metallic disc. We
used the complex refractive indices for gold and GaAs as in Ref [I19]. Internal ports
with TM polarization were placed at the boundaries of the radiating slots of every
patch antenna element to simulate the radiation from the structures. Every port is
configured with the same amplitude and phase, with the intention that radiated fields
are calculated for a phase-locked array. The planar array was enclosed into a sphere
domain (air) terminated with a perfectly matched layer (PML) in the far-field zone to
truncate the computational region. Radiation was collected at the far-field domain,
created at the boundary between the air domain and the PML. The far-field pattern
is calculated at this boundary.

Perfectly
Matched Aj
Layer Ir

y sphere

Far-field
Domain

y\I/'x

Figure 3.17: 3D simulation model. Model consists a wired patch antenna micro-
cavity array enclosed by an air sphere domain bounded by a perfectly matched layer.
Black rectangle contains a close-up view of a section of the array.

The air sphere and all the elements included within this domain were discretized
with tetrahedral mesh elements of 0.2 wavelengths of size. For the metallic ground
plane, a coarser mesh automatically calibrated by the program’s Physics-Controlled
Mesh feature was chosen. Finally, the mesh elements at the border of the air sphere
domain were swept into triangular prisms to mesh the PML domains. A typical crite-
rion for the meshing of PMLs and other absorbing layers is to cover the entire domain
with at least 5 elements distributed along an edge in the absorbing direction [I41]. The
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finalized model contains ~ 20 x 10° degrees of freedom to be solved. As this model re-
quired significant computational resources, we performed parallel computation (MPI)
on the HPC clusters (DEIGO) of the Okinawa Institute of Science and Technology.

To compare the results obtained with the real devices, we first simulated arrays
with N= 10 elements. Figure |3.18| shows a comparison between the simulated and
experimental far-field intensity maps for an array with parameters s=15 pym, d= 40
pm. The simulated and measured far-field patterns are in excellent agreement. This
observation confirms the phase-locking of the structure. Here, the phase-locking is
ensured by the coupling with the plasmonic wires along the y-direction as well as other
mutual coupling mechanisms known in antenna arrays, such as surface waves [142, 143
and far-field global coupling [86].

a) b)

N M O

0 (°) 0(°)

Figure 3.18: Comparison of the far-field intensity map between the simu-
lated and measured results. Far-field intensity map of a 10 x 10 patch antenna
microcavity array with parameters: s=15 pm, d= 40 pm obtained with a) full-wave
finite element simulations and b) measurements. Adapted from [126].

The next task in the simulation study was to obtain the far-field profiles from arrays
varying the parameters d and N. In Figure a), the main trend is shown. The
radiated far-field pattern narrows as the number of elements in the array is increased.
For larger arrays, N is the dominant parameter, outweighing other parameters in the
array, such as the periodicity (s+d). This can be seen in panel b) of Figure where
the FWHM divergence is calculated for several array configurations. For a 10 x 10
array, simulations predict a saturation of the FWHM, whereas for others arrays the
calculation shows a monotonic decrease with d.

A natural question arising from these results is how to make devices with an even
narrower beam divergence. Considering N as the control parameter governing the
beam shaping, one could select N as large as desired to get narrower beams. In fact,
N defines the aperture size of the device, which can be defined as the electrical area
that the radiator utilizes to emit electromagnetic waves (i.e. N x N - s?) [109, 144].
The relation between the emitted electric field pattern in the far-field and the aperture
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Figure 3.19: Far-field simulations for varying d and N. a) 3D far-field patterns
emitted by N x N planar arrays with N= 2,345 and 10. (Distance is fixed to d=
40 pm). b) Calculated FWHM for different array configurations as a function of the
distance of separation between elements d.

distribution is given by the spatial-frequency two-dimensional Fourier transformation
(Fraunhofer diffraction principle). Then, if the aperture of the device is of infinite
extent, the radiation pattern would take the form of a Dirac delta in the direction of
the main lobe. Nevertheless, the limiting factor for achieving usable devices is rather
practical. Figure [3.20] shows a simulation of the FWHM divergence for finite antenna
arrays, where 1 > N > 50. The beam divergence, as expected from the antenna theory,
shows an asymptotic behavior following a ~ 1/N? dependence.

10

FWHM (deg)

Beam divergence ~ 1/N?

10 20 30 40 50
N

Figure 3.20: Simulated FWHM divergence as a function of N.

In practice, we found that an array consisting of 10 x 10 antenna elements delivered
good electrical and optical characteristics while providing an excellent beam quality. In
principle, one could increase the number of resonators, however this could come with a
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higher probability of meeting lithographic errors and would also require a higher power
current supply and possibly larger cryogenic consumption.

3.5.3 Side Lobes

One consequence of grouping antenna elements into arrays is the appearance of side
lobes. This is a direct result of the beam formation by the constructive interference and
a very general result of antenna arrays. For a planar array of N x N identical antenna
elements separated by a distance dx and dy in the x— and y— direction respectively,
the far-field radiation pattern can be approximated by the array factor (2.23):

M sin (%) N sin (%)

Due to the periodic nature of this expression, local maxima appear on the entire domain
of the space coordinates. Thus, the appearance of side lobes (local maxima) is a direct
sequel of arraying antennas. Figure a) shows the measured far-field pattern of
the sample s=15 pm, d= 40 pm taken for a window of +20° in both elevation and
azimuthal directions. Within this range we observed two lateral lobes located at ~5°
and 10° from the main lobe, with intensities of -7 dB and -6 dB relative to the main
beam, as shown by Figure b). 3D numerical simulations reveal the formation of
lateral lobes at similar distances with an order of magnitude lower intensity, which is
in fairly good agreement with our experimental data (Figure c)).
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Figure 3.21: Presence of side lobes in arrays of patch-antenna microcavities.
a) Identification of lateral lobes (circled in red) in the measured far-field pattern. b)
Slice taken along the red line shown in panel a) showing the side lobes and their
intensities relative to the main beam. c¢) 3D far-field pattern obtained by numerical

simulations. A close-up view of the secondary lobes is shown in the black square to
indicate the direction of the first lateral lobe.
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One way to reduce the side lobes consists of arranging the antenna elements in a cir-
cular configuration as depicted in Figure[3.22] The figure presents the simulation model
and the 2D far-field profiles compared to the planar array case. First, it is observed
that the net gain of the far-field intensity for the circular array case is lower compared
to the planar array. This is a logical consequence, as a planar array of N x N elements
contains ~ v/2-times more antenna elements than a circular array circumscribed in the
square delimited by the perimeter of the planar array. Associated with this fact, the
beam emitted by the circular array is broader. However, a reduction of the side-lobe
levels for a circular array is evident. A quasi-suppression of the secondary lobes is
observed for all the simulated configurations as seen in the red curves of Figure [3.22

—— circular array
planar array
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Figure 3.22: Study of the emission from a circular array. Left: simulation

model. Dotted lines denotes the area occupied by a planar (black) and circular (red)

array configurations. Right: comparison of the far-field profiles between circular and

planar arrays. Parameters: N = 10, s=15 um, d= 20,30, 40 pm.

The RF analogue of this effect is the method of the non-uniform excitation among
the antenna elements [145] 146]. Binomial arrays with element spacing less than A/2,
typically produce far-field patterns with no side lobes [I09]. However, this comes
at the cost of broadening the beam. In a binomial distribution for a planar array,
the amplitude of the antenna elements increases towards the center of the array and
vanishes at the extremes. Our circular model mimics this configuration by having the
larger concentration of antennas in the center. The applicability of this model could be
useful for applications requiring low side-lobe levels. However, a compromise between
side-lobe level and main lobe beamwidth must be made.
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3.6 Summary

Chapter 3 combined the concepts of patch antenna arrays with quantum cascade
active regions to demonstrate patch antenna microcavities THz QC lasers. First, a
description of the QC sample used in this thesis was provided. Section detailed the
fabrication process followed to create the devices, and their full characterization was
presented in section [3.3] Lasers emitting at 3.2 THz providing up to 25 mW output
power with robust single mode frequency and spatial mode were demonstrated. Arrays
of PAMs allow the beam shaping in the far-field, and unprecedented beam divergences,
better than 2° x 2° were measured consistently throughout various samples. Large-
scale full-wave simulations of the emission from entire arrays presented in section [3.5.2
supported the experimental results by showing excellent agreement between simulated
and measured data. Importantly, the beam shaping in the far-field depends only on
the number of resonators, allowing the device to be functionalized through other array
geometric parameters while preserving a high-quality far-field pattern.



Chapter 4

Advanced functionalities in Patch
Antennas THz QCLs

This chapter discusses advanced functionalities that can be implemented in PAM
THz QCLs. As anticipated from Chapter [2, the interconnecting wires introduce a
degree of freedom to detune the degenerate fundamental modes, allowing polarization
control. The first part of this chapter presents a study of the coherent control of the
polarization states of PAMs via simulations and experimental demonstrations. The
second part of this chapter presents ideas to pursue for a future work using the PAM
design to achieve monolithic intracavity second harmonic generation THz QCLs, room
temperature operation exploiting nonlinear down conversion from Mid-IR QCLs and
an integrated beam-steering scheme for THz QCLs.

4.1 Polarization

Controlling the polarization state of a coherent light source is very useful for a
wide variety of applications. For example, satellite communication systems use dual
polarization antennas to double the channel capacity [147], circularly polarized light is
of great importance in chemistry and biology for detecting molecules exhibiting circu-
lar dichroism [148] and laser sources with a variety of polarization states are used for
manipulating quantum states, relevant for quantum cryptography [149, [150]. However,
semiconductor lasers are mostly TE- or TM- linearly polarized, which is determined
by the optical selection rules of the gain medium; and different polarization states are
difficult to achieve. Typically, external optical elements such as polarizers and wave-
plates or other movable optics mounted in electromechanical piezoelectric components
are used to control the polarization of light, which are bulky and expensive. Compact
semiconductor lasers with polarization control capabilities integrated on chip are de-
sirable, especially in the terahertz range, because many basic optical components are
not readily available.

Elliptically polarized radiation from THz QCLs has been achieved in devices with
orthogonally-oriented slot antennas patterned at the top metalized part of a DM ridge
waveguide [I51]. The grating-like structure enables surface emission with polarization
control depending on the period of the grating. However, since the architecture is

65
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based on a wide ridge waveguide, the grating outcoupling is influenced by the lasing
on higher-order transverse modes in the structure. Then, the wide far-field profile
presents multiple high-intensity peaks, and the polarization state strongly depends on
the emission angle.

Dynamic control of the polarization states has also been achieved in THz QCLs
[152]. By using two QCLs, each of them consisting of a waveguide coupled to an
antenna array of subwavelength elements, a desired polarization state can be created by
the superposition of two linearly polarized beams. The two QCLs are phase-locked with
cross-polarized beams phase-shifted by 7 /2, achieved by the positioning of the elements
in the array. By independently controlling the intensity of each QCL, the polarization
of the overlapping beam can be tuned from linear to near-circular. However, due to
the waveguide-antenna array configuration, single mode operation is not possible along
all the lasing regime and higher order modes are excited for increased bias currents.

Elliptically or circularly polarized light can be treated as the superposition of two
orthogonally polarized components. To obtain different polarization states, it is neces-
sary to make the electric field oscillate in orthogonal directions. In this thesis, we use
the well-defined orthogonal fundamental modes of PAMs to engineer different polar-
ization states in THz QCLs, while preserving an excellent far-field profile and robust
single mode operation. By means of numerical simulations, we identified the necessary
conditions to obtain different polarization regimes and performed the corresponding
measurements to experimentally validate the predictions obtained through simulations.

4.1.1 Simulations

Patch antenna microcavities support TM modes with resonant frequencies dictated
by the equation . For a square patch microcavity, the fundamental TMgy; and
TM;p modes are degenerate, and the electric field distribution under the patches follows
a half-wave resonance of E, in the x— direction for TM;y mode and in the y— direction
for the TMy; mode. As studied in section the degeneracy is lifted when the
microcavities are crossed at their center with interconnecting subwavelength wires,
and the detuning between the TMy; and TM;q modes can be designed by varying the
length d of the interconnecting wires. Figure shows a reflectivity simulation study
of the mode detuning for several array configurations varying the size of the patch
antenna microcavities s and length of wires d. Black curves indicate the reflectivity
spectra of the TMy; (parallel to the wires), and red curves indicate the reflectivity
spectra corresponding to the TM;y mode (perpendicular to the wires).

To select a specific polarization state, one has to consider how each mode resonance
is tuned relative to the frequency of the QCL active region 2. A large detuning of one
mode relative to €2 inhibits lasing from one mode, resulting in linear polarization. A
small detuning of the modes with €2 allows to adjust their respective losses and thus
the relative emitted intensity along x and y to achieve an elliptical polarization. The
degenerate state (spectral overlap of the two modes at 2) leads to circular polarization.
Figure provides a map of the resonant peaks of the fundamental modes plotted in
Figure [4.1], which will help visualize the three regimes mentioned before. Blue shaded
areas represent the gain region of the QCL. This region spans a bandwidth of 400 GHz.
We assume the bandwidth of the ridge waveguide QCL plotted in the inset of Figure
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Figure 4.1: Detuning of the fundamental TM,; and TM;, modes. . Simulated
reflectivity spectra of the TMg; modes (black), and reflectivity spectra of the TM;,
mode (red). €2 represents the central frequency at which the QC active region presents

gain.

to be close to the QCL active region spectral gain, which is in the range of what
has been previously reported for bound-to-continuum and LO-phonon depopulation
designs using Time-Domain Spectroscopy [153),[154]. Modes whose resonant frequencies
fall within the gain area of the QCL will be excited.

An array of PAMs of size s = 12 pum interconnected with wires of length d = 40
pm (Figure a)), sets the TMp; mode at the resonant frequency €2 while shifting
the TM;y mode to a region where no intersubband gain is present. Therefore, linear
polarization aligned with the direction of the wires is expected. Figure b) indicates
that an array of patches with s = 16 um and d = 15 um sets the fundamental TMy; and
TM;y modes in the gain region of the QCL but slightly detuned one from each other.
An elliptically polarized signal is expected from this device configuration. Lastly, mode
degeneracy can be restored with an array with parameters s = 15 ym and d = 25 pym
as shown in Figure c). Here, the orthogonal modes are resonant at 2, and the
separation distance between the resonators is A/4, producing a phase difference of 7/2.
Thus, a device with array parameters s = 15 pym and d = 25 pum will introduce a
circular polarization.
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Figure 4.2: Map of the TM,; and TM,, resonant frequency peaks. Resonant
frequency peaks obtained from reflectivity simulations, for arrays with different patch
sizes s interconnected with wires of length d = 40 um. Background blue colormap
illustrates the gain of the QCL active region with its maximum located at 2 = 3.2
THz. Points circumscribed in the oval indicate the fabricated and measured array. (b)
and (c) same as (a) for wire lengths d = 15 and 25 pm, respectively.

4.1.2 Experimental demonstration

The devices identified via simulations showing the desired polarization states were
fabricated and characterized. Polarization measurements were taken at the center of
the far-field radiation pattern by rotating a wire-grid analyzer in front of a Golay cell
detector. An aperture was set in between the detector and the analyzer to collect
only the FWHM of the THz beam. All measurements were performed at a heat sink
temperature of 77 K.

The first row of Figure [4.3| shows the polarization measurements for arrays with
parameters a) s = 12 ym, d = 40 pym; b) s = 16 um, d = 15 ym and ¢) s = 15 pm, d =
25 pm. For the first case, we measured a linear polarization (~10:1) along the direction
of the wires. As expected from the simulations, only the TMy; mode is resonant with
the QCL gain. For this case, the electric field oscillates in the direction parallel to
the wires, thus obtaining a linear polarization oriented in the same direction. Column
b) shows the measurements performed for the sample exhibiting a slight detuning of
the modes around €2. For this condition, we obtained an elliptical polarization with
the semi-major axis in the perpendicular direction of the wires. In column c) it is
presented a device showing circular polarization. The mode degeneracy is restored and
it’s in resonance with €2. For this case, we successfully measured a circular polarization
achieving a degree of circular polarization (DOCP=2v/I,4s - Lnin/ (Imaz + Lmin) [152])
as high as 99%.

The second row of Figure[4.3|incorporates the electrical and optical characterization
of the selected devices. All measurements were taken in pulsed mode at a temperature
of 77 K. A wired-grid analyzer was set in between a Golay cell detector and the cryostat
containing the devices. Measurements were performed in the same way as detailed
in section [3.3.1] Red and blue curves display the THz output power for two cross-
polarized signals. Column a) exhibits the characteristics of the device emitting with
linear polarization. As expected, maximum emission occurs in the direction parallel to
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Figure 4.3: Measured polarization states and characterization from selected
devices. Column a) contains data for an array with parameters s = 12 ym, d = 40 pm;
column b) parameters: s = 16 ym, d = 15 pm and column ¢) s = 15 pm, d = 25 pm.
1st row: polar graph of the measured THz intensity showing the polarization of the
device. An SEM image of the top of a single wired PAM is placed in the background of
the polar plots to indicate the direction of the emitted THz signal relative to the PAM
structure. 2nd row: Pulsed L-I-V characteristics (50 kHz, 25% duty cycle). The THz
peak power of two cross-polarized signals are shown in red (polarization parallel to the
wires) and blue (polarization perpendicular to the wires). 3rd row: measured far-field

radiation pattern. All measurements were conducted at a heat sink temperature of 77
K.
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the interconnecting wires. It is noted that there is a residual cross-component of the
polarization. This is due to the patch antenna itself. It is very well known in the RF
regime that for patches where the dielectric medium is of comparable size to the patch
width, the fringing fields allowing the patch antenna to radiate bend at the corners
providing a non-zero orthogonal polarization component [I55 156]. The amount of
cross-polarization increases as the medium and resonant frequency increases. This can
be mitigated, for example, by using a thinner active region. It is noteworthy to mention
that cross-polarization suppression in arrays of patch antennas remains an active field
in the RF [157, [15§].

Column b) shows the measurements of the device with elliptical polarization. In
this case, the signal polarized perpendicular to the wires’ direction is slightly larger
than the emission along the wires for all the lasing operation. Column c) corresponds
to the circularly polarized array. To obtain a circular polarization, one needs to meet
two conditions: same magnitude of the cross-polarized fields and a 7/2 phase difference
between them. These conditions are met for the device with s = 15 ym, d = 25 pm,
which shows the cross-polarized emissions to be of equal magnitude at any bias current,
and providing a separation between resonators of A/4, introducing a phase difference
of m/2.

Finally, the third row of Figure collects the measured far-field measurements
for the selected devices. We note that the beam shape is preserved for all the cases,
confirming experimentally that the beam divergence depends essentially on the number
of resonators forming the array, independent of its internal configuration.

The observation of the beam-shaping in the radiated polarized beams is evidence
of the coherence of the polarization states. Our devices are phase-locked arrays which
allow for beam shaping via the constructive interference of the in-phase ensemble of
resonators. An incoherent emission or superposition of incoherent states would not
allow for beam shaping, and instead of a narrow beamwidth, we would observe a
far-field pattern that corresponds to the sum of the individual elements, namely an
emission with a 180° angle.

To demonstrate that the resulting polarization state from the devices originates
from the coherent superposition of both orthogonal contributions, we placed a com-
mercial quarter waveplate (crystalline quartz and magnesium fluoride of thickness 1.4
mm) in between the wire-grid analyzer and the Golay cell detector, similar as it was
done in Ref [I51]. Figure shows that adding a quarter waveplate allows retrieving
a quasi-linear polarization, which would be impossible in the case of an incoherent
emission.

4.2 Future work

In this section, we present three ideas for implementing advanced functionalities
using the PAM array design. The subwavelength geometry of PAMs can be exploited to
enhance nonlinear effects in QC active regions, such as second harmonic and difference
frequency generation. Also, the array configuration can be used to mimic RF phased
arrays, to achieve for example active beam steering.
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Figure 4.4: Demonstration of beam coherence. Polar plot of the polarization
state from a coherent beam (black), and a linearly polarized signal (red) obtained by
placing a quarter waveplate in between the wire-grid polarizer and a Golay cell detector.

4.2.1 Optical non-linearities
Second Harmonic Generation

It is known that intersubband transitions in coupled quantum wells can display
giant non-linear optical susceptibilities that can trigger interesting nonlinear optical
effects. [I59]. For example, numerous efforts have succeeded in demonstrating efficient
sum-frequency and second harmonic generation (SHG) in Mid-IR QCLs [160}, [161], THz
electro-optic wavelength conversion [162], THz lasers based on intracavity difference-
frequency generation [163], wavelength conversion from THz to NIR [65], and most
recently photonic generation of mm-waves [67]. While most of these examples use
external laser sources to pump the QC active region, a monolithic approach for inte-
grating the nonlinear optical transitions with the pump source is desirable for many
applications. The QCL stands as an excellent platform to conceive this approach, as
the QC material can act as both the pumping source and the mixing non-linear media,
providing efficient means to couple the pump to the intersubband transitions. Further,
the use of subwavelength confining microcavities can lead to high conversion efficien-
cies, as the small mode volumes result in increased energy density (SHG is proportional
to the intensity of the electric field squared) [164].

Here, we propose to use patch antenna microcavities for THz SHG generation, as
the deep subwavelength volumes (1077\%) provided by the microcavities could allow



72 Advanced functionalities in Patch Antennas THz QCLs

efficient intracavity SHG resonant with the second-order mode of the patch antenna
microcavities. Additionally, PAMs in arrays can be exploited to allow beam control
and manipulation to achieve for example nonlinear beam shaping.

The idea consists in using the PAMs’ fundamental and higher-order modes to be
resonant simultaneously with the fundamental and SHG frequencies of the active re-
gion. Spatial overlap between the fundamental and SHG guided modes is necessary
to obtain efficient SHG generation [165, 166]. Using numerical simulations, the opti-
mized array parameters can be determined to identify the geometrical combinations
that provide the overlap of the cavities’ fundamental and second-order modes with the
resonant frequency of the active region 2 and the second harmonic 2Q (TMg;(£2) and
TM2(2€2)). One of the challenges to overcome is the management of the dispersion in
GaAs. Exploring non-symmetric microcavity designs like rectangular PAMs, can lead
to the proper treatment of this effect.

Further, as the intensity of the mode confinement scales proportionally to the mi-
crocavities volumes, it would be interesting to explore SHG in THz QCLs with thin
active regions (e.g. 5 um and 2 um). Exploiting the nonlinearities of QC active regions
to achieve intracavity THz SHG would extend the frequency range accessible to THz

QCLs.

Room temperature Patch Antenna Microcavity THz QCLs based on difference-
frequency generation

High-temperature operation in THz QCLs is very challenging to achieve due to
the onset of thermally activated LO phonon scattering causing the lifetime of the
laser’s upper state to decrease exponentially with temperature, thus suppressing the
necessary population inversion condition. Various efforts to improve the temperature
performance in THz QCLs by exploring novel active region designs and waveguide
engineering have led to the realization of THz QCLs operating at 250 K (-23 °C), which
is within the reach of thermoelectric cooling [57]. However, room temperature operation
on these devices has not yet been reached. An alternative approach for generating
THz radiation operating at high temperature in a monolithic configuration is based
on the down-conversion from Mid-IR QCLs with high second-order susceptibilities.
THz QCLs based on intra-cavity difference frequency generation (DFG) are the only
electrically driven semiconductor sources covering a frequency range from 1 to 6 THz at
room temperature [I67]. The operating principle consists of stacking two sets of active
regions optimized to emit at two closely spaced Mid-IR frequencies, then through the
nonlinear process of difference-frequency mixing, the two Mid-IR frequencies interact
in the active region producing an output in the THz range equal to the difference of
the two Mid-IR signals [168]. In these devices, surface-emission schemes for the THz
extraction have proven to improve the DFG outcoupling efficiency without affecting the
properties for the mid-infrared pumps [163]. In consequence, it would be interesting
to implement our PAM array design in THz-DFG-QCLs to obtain surface emission of
THz radiation at room temperature with integrated beam shaping and control.

An idea to implement the PAM array configuration in DFG active regions consists in
using rectangular PAMs, where one of the lateral sides, s; defines a resonant frequency
f1; and the other side, s5 is designed to define a closely spaced resonant frequency f,. By
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interconnecting the PAM elements along two perpendicular directions, as schematically
depicted in Figure a balanced contribution from the fundamental TM(f;) and
TM(f2) can be engineered with the wires geometry d, and d,,, providing an optimized
mode overlap in the active region.

Sl A —-

dy

Figure 4.5: Idea for implementing PAM arrays in DFG active regions.

4.2.2 Beam steering

Beam steering refers to changing the direction of the main lobe of a radiation pat-
tern of an antenna or antenna array. For current 5G and future 6G telecommunication
systems, directional steerable antennas operating in the sub-mm and THz range will be
essential for enabling energy-efficient smart wireless communication between the two
ends of a communication link [169, 170]. In the most basic approach, beam steering can
be accomplished by using mechanical bulky reflector dishes, lenses or programmable
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diffraction gratings to re-direct the beam [I71, I72]. These optomechanical compo-
nents tend to be complex, low reliable, speed-limited and require critical alignment.
A common approach in the RF for achieving beam steering in arrays of antennas re-
lies on electronically changing the relative phase between the elements in the array.
The angular dependence of the radiated total power from a planar array of antennas
is proportional to the array factor . To account for the relative phase between
elements, a phase term is added in expression :

Y, = kd, sin0 cos ¢ + 3,

Y, = kd,sinfsin ¢ + 3,

where 3, and f, represent the difference in phase excitation between the elements
along the x— and y— axis respectively. By controlling the phase difference between the

elements, the beam can be scanned in any desired direction to form a scanning phased
array, as illustrated in Figure [4.6

(4.1)

B,=n/4 By

A.F. (a.u.)

Figure 4.6: Beam steering in a planar array of antennas. Two dimensional
array factor computed at the constant plane ¢ = 7 for a planar array of 10 x 10
antennas with a spacing of d = \/2 for various progressive phase shift values between
the elements. In the case of equal phase excitation between elements (8, = 3, = 0),
the main lobe points in the broadside direction (surface direction).

However, in THz, phase shifting is a non-trivial problem. Various attempts to
achieve phase shifting have been made consisting on modulating the signal in another
frequency band and then converting to THz [173]; phase shifters composed of reflec-
tarrays made from tunable materials (e.g. liquid crystals [I74]); or by using external
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steering metasurfaces fabricated with tunable phase transition materials [175].

While these attempts involve the integration of multiple elements to achieve a beam
scanning system, a monolithic integrated solution remains elusive. In the optical range,
beam steering can be achieved by changing the refractive index of the medium through
which the beam is transmitted. For example, in Ref [I76] the authors utilize two
closely spaced ridge lasers, each of them biased with independent injection currents
to create beam scanning. Here, scanning is achieved by varying the pumping currents
which creates an asymmetric variation in gain and refractive index, thus deflecting
the beam. It would be interesting to apply this principle in our devices to achieve
monolithic THz lasers with integrated polarization and beam scanning control. The
main idea is to divide the array of patch antenna microcavities into two sections and
bias them with independent currents, as depicted in Figure [4.7] By varying the ratio of
the pump currents [ /15, beam steering should occur without impacting significantly
the beam characteristics imposed by the geometry of the array (low beam divergence
and polarization).

Iq I

Figure 4.7: Idea for beam steering with patch antenna microcavity arrays.
The array is splitted into two equal parts, each of them biased with an independent
injection current I; or I,. Beam steering is expected by varying the ratio I /Iy as
observed in ridge-waveguide NIR lasers [170].

4.3 Summary

Advanced functionalities which can be monolithically integrated into arrays of PAM
THz QCLs were discussed. Section explored the use of the interconnecting wires as
a control parameter to design the polarization states of the lasers through detuning of
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the PAMs’ orthogonal fundamental modes. For linear polarization, a large detuning of
one mode with the active region gain center frequency ) needs to be set. A slight de-
tuning of the modes within the intersubband gain region leads to elliptical polarization.
An overlap of the two modes (degenerate case) at 2 results in circular polarization.
Numerical simulations were used to identify the different combinations of the design
parameters s and d that enabled the different polarization regimes to be observed.
Experimental results (section confirmed the effectiveness of the mode-detuning
approach to generate any desired coherent polarization state, with high-quality beam
properties. Finally, section [4.2] discussed three different ideas to enable further func-
tionalities integrated into PAMs THz QCLs, such as intracavity SHG THz QCLs, room
temperature patch antenna microcavity THz QCLs exploiting nonlinear down conver-
sion from Mid-IR QCLs and THz QCLs with integrated active beam steering.



Conclusion

The purpose of this thesis was to study the emission from arrays of patch antenna
microcavities incorporating a quantum cascade active region in the THz range. Patch
antennas in arrays are among the most popular antenna schemes used in microwave
technologies due to their versatility and ability to engineer and manipulate the emitted
radiation. In this thesis, we aimed at transferring the beam engineering capabilities
of patch antenna arrays into the THz range. Chapter [2| discussed in detail the char-
acteristics of patch antennas from the microwave point of view, validating the cavity
model as an accurate model to describe the radiation of patch antennas scaled for oper-
ation in the THz regime. Treatment of the losses at THz frequencies was evaluated via
electromagnetic simulations. A first approach based on 2D simulations revealed that
arrays of THz patch antenna microcavities provide precise control of the losses leading
to engineered quality factors providing high photon extraction efficiencies. Further, a
more realistic scenario considering 3D wired patch microcavity structures unveiled the
potential of using the interconnecting subwavelength plasmonic wires as an additional
degree of freedom to control the losses and frequency detuning of the initially degener-
ate and cross-polarized fundamental TM;y and TMgy; modes. Chapter [3| presented the
synthesis of patch antenna microcavity arrays and quantum cascade active regions. Via
standard micro-fabrication methods, monolithic devices comprising 100 patch antenna
microcavities embedding quantum cascade active regions were fabricated. The fabri-
cated devices showed robust single mode lasing with an unprecedented low-divergence
(<2°x2°) beam. Full-wave 3D numerical simulations supported the observed radiation
characteristics and showed that the emitted beams depend only on the number of res-
onators contained in the array. This finding allowed to functionalize the device by using
the array geometry to design advanced functionalities without altering the high-quality
optical properties. Chapter 4] examined the integration of advanced functionalities in
the conceived devices. First, coherent control of the polarization states was successfully
demonstrated by exploiting the frequency detuning of the patch microcavities’ funda-
mental modes, allowed by the geometry of the interconnecting wires. Identification of
the array configuration yielding a desired polarization state was done through numeri-
cal simulations, and experimental demonstrations confirmed the validity of the model;
obtaining polarization states from linear to circular in collimated narrow beams. Fi-
nally, the chapter discussed perspectives for implementing further functionalities using
PAM arrays, such as intracavity SHG THz QCLs, room temperature patch antenna
microcavity THz QCLs exploiting nonlinear down conversion from Mid-IR QCLs and
THz QCLs with integrated active beam steering.

Integrated THz photonics, where a mixture of different features and capabilities

7
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merge together in a laser source onto a monolithic device represents a significant tech-
nological step that could pave the path towards the long-standing goal of reaching a
technological maturity in the THz range.
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Appendix A

Fabrication Protocol
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Figure A.1: Fabrication procedure. a) Wafer bonding. b) Substrate removal. c)
Photoresist spin coating. d) 1st layer Photolithography. e¢) Development of photoresist.
f) SiO, thin film sputtering. g) Lift-off. h) Lithography 2nd layer. i) Development of
2nd layer photoresist. j) Ti/Au thin film deposition. k) Lift-off. Process finishes.
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Fabrication Protocol

1. Substrate removal
(Wet etching)

Citric acid (100 gr) + HyO2 (40 ml) + HoO (100 ml) . 55° C.
HF. 2 minutes

2. First Layer
(Photolithography)

Resist: ARN 4450 (-)

Spin coating: (1) 500 rpm, 10 sec. (2) 5000 rpm 50 sec.
Bake: 90°C, 10 min

Dose: 1500 mJ/cm?

Post exposure bake: 100°C, 8 min

Develop: TMAH 50 sec, DI water 50 sec

Lift off: Remover PG, First bath: 60°C, 30 min.

2. First Layer
(SiOy Sputtering)

Power: 180 W

Target: SiO,

Time: 6500 sec

MFC11: 10 scem
MFC12=MFC13=MFC14=MFC15 0.0 sccm
Rot. speed: 10 rpm

Deposited material: 200 nm

3. Second Layer
(Photolithography)

Resist: ARN 4450 (-)

Spin coating: (1) 500 rpm, 10 sec. (2) 5000 rpm 50 sec.
Bake: 90°C, 10 min

Dose: 1500 mJ/cm?

Post exposure bake: 100°C, 8 min

Develop: TMAH 50 sec, DI water 50 sec

Lift off: Remover PG. First bath: 60°C, 30 min.

3. Second Layer
(Ti/Au deposition)

Ar treatment (10 sccm, 5 min)
Ti: 10 nm
Au: 400 nm

4. Final etch
(ICP)

RF Power: 20 W
ICP Power: 800 W
BClz= 10 sccm
Cly: 20 scem
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