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Terahertz (THz) frequency range (0.3–10 THz, 30–1000 µm) is the least explored region

in the electromagnetic spectrum, mostly due to a relative lack of convenient, efficient and

economical THz sources. However, THz frequency range has the potential for various appli-

cations including but not limited to: astrophysics and space science, biological and medical

imaging and spectroscopy, and non-destructive evaluation. This Ph.D. research builds upon

the growing request for compact and efficient THz sources with both high power and high-

quality beam pattern.

Since its invention in 2001, the THz quantum cascade laser (QCL) has emerged as a

compact semiconductor THz source capable of delivering milliwatt-level power or higher at

various frequencies from 1.2 to 5.6 THz. In the best devices, the operating temperature

has reached 200 K in pulsed mode and 129 K in continuous wave (cw) mode. However, the

state-of-the-art THz QCLs almost exclusively use sub-wavelength metallic and/or plasmonic

waveguides, which leads to highly divergent beams. Achieving high power in combination
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with an excellent beam pattern for THz QCLs remains a longstanding challenge.

Vertical external-cavity-surface-emitting-laser (VECSEL) has been demonstrated as a

very successful approach to achieve high power and good beam pattern for semiconductor

lasers in the visible and near-infrared. A typical VECSEL configuration consists of a quantum

well (or dot) semiconductor active medium grown monolithically on a Bragg reflector and

an output coupler to form a cavity. Output power is scalable with the active medium

area and the cavity can be readily engineered to support only the fundamental Gaussian

mode. However, the VECSEL concept has been impossible to implement for QCLs owing

to “intersubband selection rule”: the intersubband transitions in cascaded quantum wells

— the gain medium of QCLs — are only allowed to interact with and provide gain to the

electric field polarized perpendicular to the wells. This is incompatible with the natural

polarization for surface incident waves in a VECSEL cavity.

This thesis reports the development of a new class of THz QCL to achieve high-power

output with an excellent beam pattern — THz metasurface quantum-cascade VEC-

SEL (QC-VECSEL). The enabling component of QC-VECSEL is an active metasurface

reflector composed of a sub-wavelength array of metallic microcavity antennas; each antenna

efficiently couples in THz radiation, amplifies it and re-radiates into the free space. Lasing

is possible when an active metasurface is paired with an output coupler form a low-loss

cavity. This new architecture gives the ability to scale up output power with the metasur-

face area while maintaining a good beam pattern shaped by the external cavity. Moreover,

this approach can leverage ongoing advances in novel metasurfaces to realize versatile func-

tionality for QC-VECSELs, such as engineerable polarization/wavefront, spectral tunability.
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The demonstration of THz QC-VECSEL marks the two “firsts”: the first VECSEL in the

THz frequency range and the first laser built around an active metasurface. The concept of

metasurface QC-VECSEL is potentially applicable beyond the terahertz and can be applied

to shorter wavelengths.

This thesis describes the theory, design, fabrication, testing and analysis of THz meta-

surface QC-VECSELs. Electromagnetic simulations for various active metasurfaces are pre-

sented, including the dependence of reflective gain on the antenna size, periodicity and shape,

the suppression of metasurface self-lasing. A laser model is laid out for QC-VECSELs to

relate the performance metrics with the metasurface and cavity design parameters, providing

a tool for metasurface optimization. Numerical methods are also developed to compute the

mode profile and diffraction loss of various external cavities. Experimental results and analy-

sis are presented on a wide variety of THz metasurface QC-VECSELs varying in metasurface

and cavity designs, which have yielded considerable high-performance results, including high

power combined with excellent beam pattern, record-high cw power at >77 K, polariza-

tion and wavefront engineering. Finally, prospects are considered for QC-VECSELs with

higher power, better temperature performance and capability to generate complex beams

and versatile functionality.
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CHAPTER 1

Introduction

The technological exploration of the broad electromagnetic spectrum ranging from the mi-

crowave to optical frequency has led to a wealth of mature and widespread applications.

However, between the traditional microwave and the infrared, there exists a frequency range

named terahertz (THz) remaining one of the least tapped regions of the entire spectrum,

therefore often referred to as “THz gap” (see Fig. 1.1(a)). A generalized definition of THz

frequency range is 300 GHz–10 THz (λ = 30–1000 µm) [7], while the terminology varies and

the lower limit is sometimes extended down to 100 GHz (λ = 3 mm). The reason for un-

derdevelopment of THz technology is two-fold: (i) it is difficult to develop THz components,

especially efficient, compact and economic THz sources, as the THz frequency is too high for

electronic circuits (used for the microwave) limited by the electron speed, while too low for

high-frequency photonic sources (used for the optical and near-infrared) limited by the nat-

ural materials’ bandstructure properties; (ii) THz radiation experiences strong atmospheric

attenuation dominated by water vapor absorption and therefore its atmospheric propagation

path is limited except within certain transmission windows, making it challenging to collect

THz radiation over a distance (see Fig. 1.1 (b)). Despite the obstacles, continuous and

widespread efforts have been devoted to the development of THz technologies. One major
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achievement is the significantly improved performance, diversity and applicability of THz

sources, which facilitate a variety of promising THz applications.

1.1 THz applications

Applications in the THz range remains apparently underdeveloped, compared with its neigh-

boring spectral ranges, the utmost reflection of which is a lack of “killer app”. That’s why

the THz application itself makes a dynamic research topic. So far the demonstrated THz

applications can be grouped into the following four categories.

1.1.1 THz astronomical and atmospheric science

THz radiation is ubiquitous in our immense universe. It is estimated that 98% of photons

emitted since the Big Bang and half of the universe luminosity fall into the THz range [8],

much of which is being radiated by cool interstellar medium (see Table 1.1). The spec-

tral lines of THz emission contain rich information about mysteries of the universe, such

as star and planet formation, the evolution of matter in galaxies, and even the prebiotic

building blocks of life [9]. High spectral resolution (ν/∆ν > 105) observations of these emis-

sion lines and the Doppler broadened lineshapes are crucial to diagnosing the composition

of interstellar medium and understanding its evolution, where high-resolution THz hetero-

dyne spectroscopy is highly preferred. Due to the strong atmospheric attenuation of THz

radiation on Earth, ground-based observation is not feasible for frequencies above 1.4 THz

[10]. Therefore, THz astronomy is often conducted on high-flying platforms such as aircrafts,

balloons, and space-based observatories. For example, Herschel Space Observatory, which
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Figure 1.1: (a) THz diagram From Ref. [1]. (b) HITRAN simulation data of absolute
atmospheric transmission at 300 K for three different relative humidity levels (RH) through
0.1 m of air for 0.5–3 THz band and 3–5 THz band. (Credit to Alan W. M. Lee for the
HITRAN data processing code).
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was the largest space-based THz observatory operated from 2009 to 2013, is equipped with

a THz heterodyne spectrometer covering 0.5 to 1.9 THz [11]. More recently, the GREAT

heterodyne spectrometer using a 4.7-THz quantum cascade laser as the local oscillator (LO)

has been successfully operated on SOFIA during six observational flights at stratospheric

altitude from 2014 to 2015 [10, 12], aimed at resolving the fine structure line of neutral

atomic oxygen — OI. Further upgrade to large-scale THz heterodyne array containing tens

or hundreds of pixels is under the way [6], which will bring THz astronomy to the next stage.

A THz LO capable of providing sufficient power to pump the mixer or mixer array is the

critical component to THz heterodyne spectroscopy, where Schottky diode mixers require

milliwatts of LO power and hot electron bolometer mixers require microwatts of LO power.

Given that solid-state electronic THz sources based on frequency multipliers have the power

output limited below 1 mW for frequencies above 1 THz, THz quantum-cascade lasers turn

out to be a key technology to meet the need of powerful LOs at and above 2 THz.

The spectral signatures abundant in the THz range are also present in Earth’s atmo-

spheres, particularly the thermal emission lines from gases that appear in the Earth’s strato-

sphere and troposphere, such as water, oxygen, chlorine and nitrogen compounds, etc. Their

spectral lines serve as the pointers to the abundance, distributions and reaction rates of

species involved in ozone destruction, global warming, total radiation balance, and pollution

monitoring [7]. Earth remote sensing is also best performed in a high-altitude platform using

THz heterodyne detection. For instance, Earth observing system microwave limb sounder

(EOS-MLS) launched on Aura in 2003 performs high-resolution heterodyne detection at mul-

tiple frequencies from 118 GHz to 2.5 THz, each of which maps a certain molecule species.
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A global mapping of OH in the atmosphere is performed at 2.5 THz, using a THz gas laser

as the local oscillator [13].

Table 1.1: Subset of important atomic and molecular species found in the interstellar medium
at THz frequencies. From Ref. [6]

1.1.2 THz spectroscopy

THz has been referred as a “fingerprint region” because many molecules have strong rota-

tional and vibrational resonances in this range. So THz spectroscopy serves as an ideal tool

to identify the molecule species and elucidate its structural changes. Besides, THz radia-

tion is non-ionizing due to very low photon energy (1–40 meV) and can propagate through

barrier materials, such as clothing, plastic, wood, paper. These unique features make THz

spectroscopy a desirable tool for conducting non-contact detection of concealed chemical

composites, such as explosives, illicit drugs, etc [14–16]. A popular method of doing THz

spectroscopy is THz time-domain spectroscopy (TDS), which a coherent method that can

determine both the amplitude and phase of a THz pulse at each spectral component [17].
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This gives ways to determine the complex refractive index of materials over a broad THz

range. THz frequency combs, which generate a broadband spectrum with evenly spaced and

well-defined lines, offer another way to perform THz spectroscopy and is expected to outper-

form THz-TDS by its compactness and superior resolution enabled by dual-comb technique

[18, 19].

1.1.3 Non-destructive imaging

Non-destructive THz imaging has been actively investigated and applied to the medical imag-

ing applications where the water concentration serves as an effective contrast mechanism.

The high THz absorption and dielectric properties of water yield easily detectable changes

in THz reflectivity for small changes in hydration [20]. Combined with the non-ionizing THz

photon energy, THz imaging has been demonstrated as an ideal tool for in-vivo imaging

of skins burns [21], corneal pathologies [22], and cancers [23]. THz endoscopy imaging fur-

ther extend the THz-based diagnostic system to the internal organ of the body [24]. THz

imaging also applies to other fields including security screening [14], pharmaceutical tablet

coating thickness monitoring [25], aircraft composites defect inspection [26, 27], and artworks

evaluation [28].

1.1.4 High-bandwidth THz communication

The rise of THz technologies has also attracted the great interest from wireless communi-

cation community to push the carrier frequency to THz range in order to meet the ever-

increasing demand for high-bandwidth (>100 Gbit/s) wireless communication. However,
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one of the big obstacles is the strong atmospheric attenuation that generally increases with

frequency except some transmission windows. So the THz frequencies feasible for wireless

communication are limited to the lower end for longer distance, leaving >1 THz wave only

useful for near-field communication (<0.1 m) [29]. In addition, the rainfall makes another

cause of attenuation for the outdoor applications. Free-space optics communication using

infrared light appears as a competing technology, but it also suffers from high losses due

to rainfall [30] and foggy conditions [31] and lower tolerance in beam alignment [32]. It is

still too early to conclude which will becomes more adopted in the marketplace, which is

ultimately determined by cost, size, performance and usability [29].

1.2 THz sources

Compared with other frequency ranges, the availability of THz sources with coherent emis-

sion has long been limited. The early source of THz radiation is from thermal blackbody

radiation, which is incoherent and low-power. Generation of coherent THz radiation is in-

trinsically difficult, because this unique frequency range falls into the high end of solid-state

electronic source devices, which experiences significant high-frequency power roll-off owing to

both transit-time and resistive-capacitive (RC) parasitics effects [7, 33]. On the other hand,

as the THz photon energy (0.3–10 THz, 1–40 meV) is comparable to phonon resonance that

thus acts as a fast depopulation channel, it is challenging to build a THz laser that relies on

a sustainable population inversion. Besides, there exists no natural materials with bandgaps

of THz photon energy that can be directly used as gain medium. Nevertheless, driven by the

application needs, decades of research efforts have led to a variety of THz generation tech-
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niques varying in the underlying physics and performance properties. An ideal THz source

would need to be high-power (above multi-milliwatts), energy-efficient, compact, economic,

frequency-engineerable/tunable, with descent beam pattern, easy-to-use (turn-key, room-

temperature operation), and etc, which are unfortunately not seen simultaneously in any

single THz source demonstrated so far. Three representative categories of THz sources are

briefly reviewed, and a summary of THz sources with competing performance is presented

in Table 1.2.

1.2.1 Solid-state electronic sources

Solid-state THz electronic sources rely on the generation of fundamental frequency typically

of hundreds of GHz from radio-frequency (RF) sources, followed by chains of frequency multi-

pliers and power amplifiers to produce higher-order frequency harmonics that approach to the

THz regime. Resonant tunneling diode and Gunn diode are two extensively-used RF sources

capable of generating fundamental oscillations typically between 100–300 GHz [34, 35]. To

go beyond 300 GHz, chains of high-frequency multipliers (frequency doublers, triplers, and

mixers) and power amplifiers are typically needed to generate a specific harmonics of an

input fundamental frequency and suppress undesired ones. High-electron-mobility transis-

tor (HEMT), resonant-tunneling transistor (RTD), and Schottky diode are widely used for

building frequency multiplication and power amplification chains [36, 37, 34], however, with

no direct observation of gain reported above 1 THz [38]. Solid-state THz sources are after

all subject to the fundamental frequency limit imposed by the electron transit-time and RC

parasitics effect, therefore exhibiting a significant power roll-off with frequency proportional
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to f−4. As a result, power generated at frequencies >1 THz is limited to far below 1 mW

[37], both at room temperature (RT) and cooled conditions.

1.2.2 Frequency down-conversion

Opposite to pushing frequency up, another strategy towards THz generation is to convert

the input at high frequencies (such as visible and near-IR wave) down to the THz range.

This is often realized by pumping a high-power ultra-short (<1 ps) pulse from a mode-locked

laser onto a photoconductive antenna (PCA) under bias to induce fast electron oscillations to

produce a broadband THz radiation [39], which is extensively applied in THz-TDS systems.

The highest broadband power over 0.1–5 THz is reported at 3.8 mW from a large-area

plasmonic photoconductive emitter [40], with > 1% optical-to-THz conversion efficiency.

PCA also works as a photomixer under two cw/quasi-cw optical pumps with a frequency

offset at THz [41, 42]. However, due to the limit of transport time between contact electrodes,

the power tends to roll off with frequency and the demonstrated power at frequencies >1 THz

so far is still sub-milliwatt. Another technique uses optical rectification of ultra-short pulsed

pump in nonlinear crystals, which can produce broadband radiation with power peaked at

>1 THz [43, 44]. However, a major drawback for this down-conversion technique is the

need for a bulky and power-hungry mode-locked laser, which limits its utility largely within

laboratories.

More recently, there have been efforts in leveraging high-power and RT two-color mid-

infrared (mid-IR) quantum-cascade lasers to generate THz wave via the intracavity difference

frequency generation (DFG) using the χ(2) nonlinearity of laser material itself [45–47]. The
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signature advantage of this technique is the RT generation of THz radiation. A wide tunable

frequency range of 1.2–5.9 THz has been demonstrated so far [48]. But due to the limited

conversion efficiency of the DFG nonlinear process (∼0.1–1 mW/W2), the peak pulsed power

is limited up to 1.9 mW and cw power is limited up to 3 µW [49].

1.2.3 THz lasers

Optically-pumped molecular gas lasers can generate THz radiation with frequencies deter-

mined by the rotational levels of the excited vibrational states of gas molecules, which was

started by in 1970 [50]. Depending on the type of gases, the discrete emission lines span

0.1–8 THz [51], but with very limited tunability. Typically gas lasers under high pumping

are commonly capable of delivering tens to hundreds of milliwatt cw power depending on the

chosen line. One of the strongest emission lines is from methanol at 2.52 THz, which is used

by the gas laser on the Aura satellite that acts as a local oscillator [13]. Even though this type

of THz laser is very expensive, bulky, and power-hungry, it still receives wide applications

due to the considerable power level available at RT.

Coherent and high-power THz radiation is obtainable from free electron laser (FEL),

where the optical amplification is achieved by feeding high energy electrons through a peri-

odic arrangement of magnets (i.e. undulator) [52, 53]. The usage of FEL is within relatively

few large facilities in the world due to the super-bulky and expensive setup involved.

Semiconductor THz laser has been demonstrated in p-type germanium (Ge) in crossed

electric and magnetic fields and in uniaxially stressed Ge via optical transitions between

light-hole and heavy-hole subbands [54], and in silicon doped by group-V donors based on
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either long-lived impurity states or resonant electron-phonon interaction [55]. Even though

tens of milliwatts up to 10 W have been reported from p-type Ge lasers, though at a duty

cycle <5%, with frequency tunable in the range of 1-4 THz [56], the need for magnetic

field, high voltage, and cryogenic operation (<80 K) limits its applicability. The stressed Ge

laser and doped-Si laser, though with no need for magnetic field, deliver much lower power

(microwatts-level) and cease to lase at a lower temperature (<40 K) [57, 56].

Quantum cascade laser (QCL) has developed to be a compact and powerful THz semi-

conductor laser with a spectral coverage over 1.2-5.6 THz [3, 58], since its birth in 2001

[59]. Since the topic of thesis is on a new type of THz QCL, the fundamental theory and

state-of-the-art of THz QCL will be given in details below.

Table 1.2: Summary of selected THz sources.

Technique Output Power
Operation
Temper-

ature
Comments

Solid-state
electronic sources

<1 mW above 1
THz

RT or
cooled

Output power rolls off rapidly with
increasing frequency due to both

transit-time and RC effect

Photoconductive
antenna

up to 3.8 mW
(pulsed); <1 mW

above 1 THz
(cw/quasi-cw)

RT
External optical pumping laser

needed; widely used in THz-TDS.

Optically-
pumped gas

laser

tens to hundreds
of milliwatts

(cw); kilowatts
(pulsed)

RT
External pumping laser needed;

only at selected frequencies;
power-hungry

THz QCL

up to 230 mW
(cw);

up to 2.4 W
(pulsed)

<200 K
(pulsed)
<129 K

(cw)

Compact semiconductor laser;
frequency-engineerable/tunable
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1.3 Basics of THz QCL

QCL is a category of electrically-injected semiconductor laser, where the optical amplifica-

tion comes from the electronic intersubband transitions in quantum well active materials.

For THz QCLs, the quantum well active material is typically grown layer by layer by molec-

ular beam epitaxy (MBE) to a total thickness of 5–10 µm. It comprises hundreds of repeated

stacks of alternating well and barrier materials of a few monolayers thickness, such as GaAs

and Al0.15Ga0.85As, where electrons see a potential varying spatially on the order of a De-

Broglie wavelength in the growth direction. As a result, electron motion in this direction

is restricted and energy is quantized into discrete subbands. The energy seperation and

radiative/nonradiative intersubband transition rates are readily engineerable by deliberate

design of layer composition, thickness and doping, which gives a way to build a population

inversion and therefore a laser out of it. Moreover, given the flexibility in material choice and

quantum wells design, the lasing frequency design is very flexible, with the spectral coverage

demonstrated from mid-IR to THz. Fig. 1.2 presents an example of THz QCL active region

band diagram and SEM image.

A note has to be made here to differentiate QCLs from quantum well lasers (QWLs),

which are widely used in near-IR and optical range, such as InGaAsP/InP laser used for

communication wavelength. Even though QWLs also use quantum well heterostructures

as the gain material, the optical amplification in QWL relies on the interband transition

between electron and hole states separated by a bandgap, i.e. electron-hole recombination,

as Fig. 1.3(a) shows. Since the dispersion curves of electron and hold states have opposite

curvature, the joint density of states (JDOS) for an interband transition intrinsically broaden
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Figure 1.2: Band diagram of two repeated modules in a THz QCL active region and its SEM
image.

Figure 1.3: Illustrations of band diagram and energy-momentum dispersions of the relevant
states for (a) interband transitions and (b) intersubband transitions. Figure from [2].
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around the photon energy of interest. As a result, only a small portion of the population

inversion contribute to the single-frequency lasing. Besides, the lasing frequency is restricted

above that determined by the bulk material’s bandgap, which makes it impossible to generate

far-IR and THz wave from QWLs. However, as being said, QCL is an intersubband laser,

where all the relevant transitions occur between discrete states within the conduction band

and only involve electrons. The dispersion curvature of each subband has the same parabolic

shape, with the energy separation unchanged with in-plane momentum, as seen from Fig.

1.3(b). Therefore the JDOS for an intersubband transition is intrinsically a delta function,

the entire population inversion of which contributes to the gain. In addition, the nature of

intersubband frees the lasing frequency from the low-bound limit of bulk materials’ bandgap.

The concept of QCL has its roots in the proposal of using intersubband transitions

for radiation amplification in a superlattice structure in 1971 by Kazarinov and Suris [60].

The first QCL was demonstrated at 4 µm (75 THz) at Bell Labs in 1994 [61]. Since then

QCLs have become the dominant mid-IR semiconductor laser sources covering 3.5–25 µm

[62]. Their best performance is in the 4.5–10 µm range, where RT operation, high power

with hundreds of milliwatts, and high wall-plug efficiency have been demonstrated [63].

Meanwhile, efforts were also devoted to the development of THz QCL, which, nevertheless,

was hindered by two major difficulties: (i) due to the low photon energy (4–20 meV, 1–5

THz) of THz wave, the energy separation between the two lasing states is very small so that

it is difficult to selectively populate the lower state while maintaining the population at the

upper state. (ii) it is challenging to obtain a low-loss waveguide for such long wavelengths

due to increased free carrier scattering loss with wavelength in doped semiconductors.
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Figure 1.4: Band diagrams for four types of active region designs: (a) chirped superlattice
(CSL), (b) bound-to-continuum (BTC), (c) resonant-phonon (RP), (d) hybrid/interlaced
design. Figure from Ref. [3]

1.3.1 Active region design

The first THz QCL was demonstrated in late 2001 by Köhler, et al [59], which operated at

4.4 THz with a peak pulsed power of 2.5 mW at 8 K and maximum operating temperature

Tmax = 40 K. Soon after that, different groups demonstrated their THz QCLs varying in

both active region and waveguide designs [64–67]. There are four major classes of active

region designs. The chirped superlattice (CSL) is the winning design for the first THz QCL

[59], where two minibands form and the radiative transition takes place between the two

band-edge states. Fig. 1.4(a) exemplifies the band diagram of an CSL design. Population

inversion is established because the intra-miniband scattering between tightly coupled states
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quickly relax electrons to the bottom of the lower miniband. In the second class of bound-

to-continuum (BTC) design shown in Fig. 1.4(b), the lower miniband is preserved as an

efficient depopulation and transport mechanism, while the upper radiative state is made to

be a bound state created inside the minigap, which allows for a more diagonal radiative

transitions to maximize the lifetime ratio between upper and lower state, as well as the

injection efficiency. This leads to improved power and temperature performance compared

with CSL designs [67].

The third class of resonant phonon (RP) design directly exploits LO-phonon scattering

as a fast depopulation mechanism. As is common for designing mid-IR QCLs, the collec-

tor/injector state is separated from the lower radiative state by a longitudinal-optical-phonon

(LO-phonon) energy so that electrons in the lower state are quickly scattered to the collec-

tor/injector states by emitting a phonon. However, this becomes problematic for THz QCLs

because the LO phonon scattering also depopulates the upper radiative state due to the small

energy separation from the lower state. The key of RP designs is to make the lower radiative

state anti-cross with an excited state in the adjacent wells through resonant tunneling. So

after tunneling to the excited state, the electrons are quickly scattered to the injector state,

which is separated from the excited state by a LO-phonon energy. An example of RP design

is shown in Fig. 1.4(c). This resonant LO-phonon depopulation process leads to a lower

state lifetime of several subpicoseconds. Since the injector state has little spatial overlapping

with the upper radiative state, the upper state lifetime is kept to be several picoseconds.

Compared with CSL and BTC designs, RP designs involve no miniband and fewer quan-

tum wells, which typically only have 2–4 wells in a module [65, 68, 69]. The smaller module
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length leads to a higher density of radiative transitions, which can compensate for the smaller

oscillator strength than the other two designs.

The hybrid design combines the BTC design with the phonon-assisted depopulation [70,

71]. A miniband is designed to replace the single state that resonates with the lower lasing

state in the RP design. This architecture has the advantage of reducing the direct coupling

between the upper state and the extractor stage since they are physically separated by the

length of the miniband region [71]. The miniband design also relaxes the alignment condition

on the extractor stage.

It is notable that so far a number of high-power [72–74] and high-temperature [75–78]

performances are reported from THz QCLs based on RP and hybrid designs.

1.3.2 Waveguide design

Conventional dielectric waveguides for mid-IR QCLs are not suitable for THz QCLs, because

the required thickness of cladding that scales with wavelength is not feasible for MBE growth

and the THz QCL active region made of GaAs/AlxGa1−xAs has a lower refractive index

than GaAs substrate. Due to high free carriers scattering loss in doped semiconductors that

increases with wavelength (∝ λ2), unique waveguide geometries have been proposed for THz

QCLs in order to minimize the spatial overlapping between the waveguide mode and the

doped cladding layers. Two major types of waveguides are widely used now for THz QCLs.

As shown in Fig. 1.5(a), the semi-insulating surface-plasmon (SI-SP) waveguide, which is

used in the first demonstrated THz QCL [59], uses a thin heavily doped layer sandwiched

between the active region and the semi-insulating GaAs substrate to support a compound
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Figure 1.5: (a) Schematic of a SI-SP waveguide and its mode profile. (b) Schematic of a
MM waveguide and its mode profile. Figure from Ref. [3]

surface-plasmon mode; it is confined by the metal cladding on top of the active region,

and extends into the bottom substrate with a loose confinement. The confinement factor

Γ, which describes the overlap of the mode with the active region, is between 0.1–0.5 for

SI-SP waveguide. Metal-metal (MM) waveguide, shown in Fig. 1.5(b), is another geometry

that provides very tight modal confinement by placing a metal cladding immediately on top

and bottom of the active region, which achieves an almost unity Γ [79]. Because of very

different modal confinements, SI-SP waveguides tend to have a larger size (ridge width >100

µm) than MM waveguides (ridge width ∼10–50 µm), so are the modal sizes. As a result,

SI-SP waveguides tend to produce higher output power and better beam patterns, while MM

waveguides outperform in operating temperature due to the skinnier size.
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1.4 Challenges of THz QCLs

So far, THz QCLs have been demonstrated at various frequencies over 1.2–5.6 THz, peak

pulsed power as high as 2.4 W, cw powers as high as 149 mW, and operating temperature up

to 200 K (pulsed) and 129 K (cw) [80, 58, 74, 72, 75, 78]. However, these best performances

are achieved in different devices and the associated beam patterns are likely far from near-

Gaussian shapes desired for most applications. Achieving high powers in combination with

good beam patterns at a relatively high temperature still remains a challenge and research hot

spot. A brief summary of the demonstrated approaches towards high operating temperature,

high power and high-quality beams is given below. Some state-of-the-art demonstrations are

summarized in Table 1.3 in terms of the important performance metrics including power,

operating temperature, beam divergence, slope efficiency.

1.4.1 Operating temperature

In contrast to the rapid commercialization of mid-IR QCLs, the wide adoption of THz QCLs

is hindered primarily by the low operating temperature, which necessitates cryogenic cooling

facilities. The major reason is the depopulation of electrons with high in-plane momentum

in the upper radiative subband via the LO-phonon scattering to any other energetically

allowed states. As temperature increases, more electrons get thermally activated and there-

fore scattered by LO-phonon, resulting in a dramatic decrease of upper level lifetime. The

thermally-activated LO-phonon scattering is alleviated to some extent by adding an exter-

nal magnetic field perpendicular to the quantum wells, which splits the continuous in-plane

bandstructures to discrete Landau levels where LO-phonon scattering is not allowed in en-
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ergy. The improvement of Tmax has slowed down in the recent decade. To progress beyond

RT or at least thermoelectric cooler temperature, novel materials systems and design con-

cepts have been explored and anticipated, such as using GaN/AlGaN materials with a much

higher LO-phonon energy [81], quantum dots materials with 3D quantum confinement to

suppress thermally-activated LO-phonon scattering [82]. Due to the difficulties in material

growth and processing, no experimental results have been reported so far that surpass the

performance of GaAs/AlGaAs-based THz QCLs.

Although RT operation is desired, cryogenic operating temperature for THz QCLs is

feasible for applications, given the availability of compact-size and easy-to-use cryocoolers.

A THz QCL capable of delivering milliwatt-level cw or averaged power at or above liquid

nitrogen temperature (77 K) still stands out as a desirable THz source. In terms of thermal

performance, the MM waveguide with narrow ridge width is a favorable geometry relatively

efficient in thermal removal. Tmax records in pulsed and cw mode are both reported from

narrow ridge MM waveguides [75, 78]. Fig. 1.6 is a survey of the reported Tmax for SI-SP

waveguides and MM waveguides.

1.4.2 High power and high-quality beam

High power output from THz QCLs is generally achieved by making large-dimension SI-

SP waveguides. The loosely-confined large modal size supported by SI-SP waveguides is

preferred to harvest power from a large chunk of active gain medium. For instance, the

record-high pulsed power of 2.4 W is achieved from a long and wide SI-SP waveguide (4.2

mm × 425 µm) based on a 24 µm-thick active region at 10 K [74], showing a multimode
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Figure 1.6: Survey of the reported peak operating temperatures shown as a function of
lasing frequencies, sorted by waveguide geometries and pulsed or cw mode. The data points
indicated by the arrows are for QCLs in an external magnetic field.

spectrum owing to the wide ridge. The cw power record of 149 mW is measured from a

large Epi-down mounted SI-SP waveguide (2 mm × 130 µm) at 10 K, which ceases to lase

in cw at 70 K. SI-SP waveguides with doubled height are also demonstrated by stacking two

symmetric active regions on top of each other via wafer bonding, which showed 470 mW

pulsed power from a single facet [83] at 5 K. However, large-dimension SI-SP waveguide is

a poor structure for heat removal, which limits its cw performance at high temperature.

So far THz QCLs demonstrated with >1 mW cw power at 77 K are all based on the MM

waveguide [76, 84, 85].

Beam pattern is another fundamental feature for laser applications. Unfortunately, the

beam output from a conventional cleaved-facet MM waveguide is very divergent, character-

ized by concentric rings in the far-field [86], as shown in Fig. 1.7. This is because the radiation

from the subwavelength apertures (i.e. waveguide facets) is subject to severe diffraction, re-
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Figure 1.7: Experimental beam pattern emitted from a MM waveguide facet and the angle
definition of the measurement setup.

sembling a point source radiation. This is further degraded by the field interference effect

that generates fringing patterns. Although SI-SP waveguides are exempt from severe diffrac-

tion effects, the output beams are still non-ideal with large angular divergence, which calls

for external beam-shaping optics [56, 87]. Considering the importance of thermal perfor-

mance for applications, efforts have been devoted to improving the beam pattern from MM

waveguide-based THz QCLs. A straightforward method is to attach an hyperhemispherical

silicon lens to the waveguide facet to collimate the beam [88], which has shown an improved

beam yet far from ideal. Besides, the third-order distributed feedback (DFB) QCL has

achieved narrow beams from end-fire emission [89, 90, 84]. This is realized by designing the

mode effective index to achieve the phase matching condition that the fields at grating open-

ings radiate constructively in end-fire direction. For example, 6◦ × 11◦ far-field is reported

from a 5.7 mm long third-order DFB THz QCL [89]. To relieve the constraint on mode effec-

tive index, an antenna-feedback scheme is proposed to excite a compound surface plasmon

mode that radiates in an ultra-narrow beam of 4◦ × 4◦ in the end-fire direction [91]. But
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since the beam divergence scales inversely with the square root of the cavity length, which is

not diffraction-limited, further narrowing the beam requires a very long cavity, for which the

phase matching condition becomes increasingly strict. Additionally, scaling up the power by

increasing the ridge width or length results in thermal degradation. The other approaches

exploit surface emission from a large radiating aperture to achieve good beam quality [92–

94, 85, 95]. This is often realized by designing a second-order DFB [92] or its variation form

such as a graded photonic heterostructures (GPH) ridge [85], which have achieved significant

beam narrowing in the axis along the ridge. If one wishes to further reduce the beam diver-

gence in the other axis by increasing the width of second-order DFB waveguides, thermal

performance suffers and multiple transverse modes can appear. Another way to narrow down

the beam divergence in both axes is using phase-locked second-order DFB arrays [93, 96, 95]

and 2D photonic crystal cavities [94]. However, on-chip phase locking is challenging for a

large number of array elements, and grating side-lobes appear if the array spacing is larger

than the wavelength, which makes it difficult to further decrease the beam divergence. As

an example, for phase-locking of second-order DFB arrays via antenna-mutual coupling [95]

incoherent lasing and beam broadening are observed when two array quadrants are biased

simultaneously. As for photonic crystal cavities, increasing the dimension to achieve further

beam narrowing causes thermal degradation. Understandably, the phase-locking challenge

and the thermal issue also makes it difficult to scale up the output power.

In summary, while many of these DFB approaches have realized improved beam patterns

and output coupling efficiency, they show their limitations when one wish to either further

narrow the beams or scale up the output power while maintaining a good beam. A secondary
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issue is that DFB and other Bragg grating approaches are inherently narrowband, and largely

unsuitable for widely-tunable single mode lasers or for broadband frequency combs.

Table 1.3: Survey of the state-of-the-art demonstrations of THz QCLs with high output
power, good beam pattern and high operating temperature. ηslp is the slope efficiency. Tmax
is for pulsed mode unless specified.

Approach
Beam

pattern
Tmax Output power

Spectral
mode

Wide SI-SP
waveguide with 24
µm-thick active

region [97]

Divergent 125 K
2.4 W (pulsed, 10 K)

ηslp = 1.64 W/A
Multi-mode

MM waveguide [75] Divergent 200 K 38 mW (pusled, 8 K) Multi-mode

Narrow ridge MM
waveguide 3rd order

DFB [78]
33◦ × 22.5◦

129 K
(cw)

0.7 mW (cw, 30 K)
ηslp = 28 mW/A

Single-
mode

Graded photonic
heterostructures

(GPH) [85]
9◦×20◦ 120 K

103 mW (pulsed, 20 K)
ηslp = 230 mW/A
3.8 mW (CW, 12 K)

Single-
mode

Phase-locked GPH
arrays [96]

∼9◦×6◦ 100 K
6 mW (pulsed)
ηslp = ∼28 mW/A

Single-
mode

2D photonic crystal
cavity [94]

12◦×8◦ 149 K
5 mW (pulsed, 78 K)

ηslp = 3 mW/A
Single-
mode

3rd order DFB [89] 6◦×11◦ NA
5 mW (pulsed, 10 K)
ηslp = 140 mW/A

Single-
mode

2rd order DFB
arrays phase locked
by antenna mutual

coupling [95]

10◦×10◦ NA
6.5 mW (pulsed, 10 K)

ηslp = 450 mW/A
Single-
mode

Plasmonic laser with
antenna-feedback

gratings [91]
4◦×4◦ 124 K

1.5 mW (pulsed, 78 K)
ηslp = 15 mW/A

Single-
mode

1.5 VECSEL approach to QCLs

Achieving high power in combination with good beam patterns is in fact a challenge for

many types of semiconductor lasers. Simply increasing the waveguide size to scale up the

power lead to multiple transverse mode oscillation, resulting in suboptimal beam quality as
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well as transverse modal instabilities. One successful solution that has been demonstrated in

the visible and near-infrared is the vertical-external-cavity surface-emitting-laser (VECSEL),

which can be thought of as a semiconductor version of a diode-pumped solid-state disk laser.

As shown in Fig. 1.8, the basic configuration is an optically pumped semiconductor gain

medium backed by a distributed multi-layer Bragg mirror, which forms an open optical cavity

with an output mirror. Because the cavity can be designed to preferentially support only the

fundamental TEM00 Gaussian mode, very high beam quality can be obtained without the di-

vergence and astigmatism found in edge emitting semiconductor lasers. The output power is

scalable with the area of gain medium and optical pump. Provided that the pumping area is

matched with the fundamental modal spot and the gain medium is well heat sunk, the issue

of multiple transverse mode formation and instability can be largely alleviated [98]. Since

the first demonstration in 1997 [99], the power of VECSELs have been steadily improved to

>100 W (cw) in multi-transverse mode operation [100], and >25 W (cw) in single-frequency

operation in TEM00 mode [101]. With the intra-cavity access, versatile functionalities have

been integrated to VECSELs such as employing saturable absorber mirrors to drive VEC-

SELs in a mode-locked regime [102, 103]. Electrically-pumped VECSELs with no need for

an external pumping source mark another important step towards compact and convenient

VECSELs [104, 105].

Despite the success in the near-IR and visible, it had been impossible to implement the

VECSEL approach for QCLs due to the “intersubband slectron rule,” which requires that

the electric field must be polarized perpendicular to the plane of quantum wells in the QC

gain medium to be amplified. This is incompatible with the natural polarization parallel to
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Figure 1.8: Schematic of a VECSEL. Figure from Ref. [4]

Figure 1.9: Schematic of a QC-VECSEL composed of an active metasurface and an output
coupler.
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the semiconductor surface in a VECSEL cavity. To address this issue, an active metasurface

reflector composed of an array of metallic microcavity antennas loaded with QC gain material

is developed; each antenna efficiently couples in THz radiation, amplifies it and re-radiates

into the free space. The amplifying metasurface is then paired with an output coupler to

create an external laser cavity. This new scheme of QCL is named as QC-VECSEL, a

schematic of which is shown in Fig. 1.9. It is essentially an electrically-pumped VECSEL.

The approach of QC-VECSEL is fundamentally different from the previous beam shaping

techniques — it is the super mode of the VECSEL cavity, rather than the mode of the

individual metallic microcavities on the metasurface, that exhibits lasing and shapes the

beam to a near-Gaussian profile. Multiple aspects of design and engineering that enable

QC-VECSEL are the focuses of following chapters. Compared to conventional THz QCLs,

the advantages of QC-VECSEL can be summarized as:

• The output power is scalable with the active area on the metasurface as more active

microcavities contribute stimulated emission to the VECSEL cavity mode.

• A near-Gaussian beam pattern is obtainable with the external cavity that tightly shapes

the beam.

• Compared to monolithic cavities, it is easier to achieve the optimum coupling condition

and maximize the output power by choosing the reflectance of the output coupler.

• The sparse arrangement of the microcavities reduces the power dissipation density,

which helps to improve temperature and cw performances; each microcavity is very

small, which maintains a favorable geometry for heat removal.
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• Versatile metasurface designs can be leveraged to integrate new functionality to QC-

VECSELs, such as wavefront/polarization engineering, broadband operation for tun-

ing, frequency combs generation, higher-order mode engineering for multi-beams, ar-

bitrary beam generation using holographic metasurfaces, etc.

Experimental demonstrations of the advantages will be presented and discussed in the fol-

lowing chapters. Of course, these advantages must be deliberately balanced against the

additional size and complexity of an external cavity.

1.6 Thesis overview

This thesis is focused on the theory, design, fabrication, testing and analysis of THz meta-

surface QC-VECSELs. Chapter 2 presents a summary of electromagnetic simulations and

design considerations for active metasurfaces, including the dependence of reflective gain on

the antenna size, periodicity and shape, the suppression of metasurface self-lasing. In Chap-

ter 3, a laser model is laid out for QC- VECSELs to explicitly relate the performance metrics

with the metasurface and cavity design parameters, providing a tool for design optimization.

Numerical methods are also developed to calculate the mode profile and diffraction loss of

external cavities of different types, which is detailed in Chapter 4. Chapters 5–8 present a

wide variety of experimentally demonstrated THz metasurface QC-VECSELs varying in both

metasurface and cavity designs, which have yielded considerable high-performance results

and valuable information about QC-VECSELs power scaling, beam shaping, polarization

and wavefront engineering, and high-temperature/cw operation. Finally, a comprehensive

summary is given in Chapter 9, where prospects are considered for QC-VECSELs with higher
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power, better temperature performance and capability to generate complex wavefront beams.
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CHAPTER 2

Active metasurface design

Active metasurface reflector plays a key role in the QC-VECSEL to both provide the gain

and constitute the cavity. The proposal of an active metasurface composed of many micro-

cavity metallic antennas loaded with QC active materials makes it possible to implement

the VECSEL concept for THz QCLs, as the unique modal properties of the metallic an-

tenna design makes the “intersubband selection rule” satisfied inside the QC material. This

chapter provides a comprehensive look at various design aspects of active metasurface re-

flectors. Since metasurfaces comprise a dynamically advancing field of research, an overview

of this research field is presented in the beginning. Then I will introduce a baseline active

metasurface design comprising an array of identical metal-metal microcavity ridge antennas

in details and discuss the Bragg scattering and self-lasing suppression. Alternative designs

of active metasurfaces are presented next to show the versatility of metallic antenna de-

sign and arrangement. Finally the fabrication procedures for active metasurfaces are briefly

introduced.
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Figure 2.1: Three characteristic regions of artificial composite materials. Figure from Ref.
[5].

2.1 Survey of metasurfaces

Metamaterial and metasurface are modern concepts of devising artificial electromagnetic

structures to engineer the wavefront of by altering its phase, amplitude, and polarization in

a desired manner. Metamaterial is known for the engineerable bulk electric response (repre-

sented by permittivity ε) and magnetic response (represented by permeability µ), devised by

arranging small resonators/scatterers structured on a subwavelength scale throughout a re-

gion of 3D space; the bulk response accumulated through propagation leads to the desirable

wavefront. Metasurface, in contrast, is a surface or interface metastructure composed of res-

onators/scatterers arranged in 2D pattern of subwavelength thickness. Therefore interaction

with metasurfaces introduces minimal propagation phase and the bulk material parameters

are of less interest [106]. Of significant importance are the surface or interface reflection and

transmission, through which the phase, amplitude, polarization of the incident wavefront are

modified abruptly, resulting in a new wavefront of the reflected, transmitted or even guided
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waves that can be designed at will [5, 107, 108, 106].

To be general, a 2D/3D structure composed of scatterers arranged with a subwavelength

spacing can be called a metasurface/metamaterial. Scatterers are usually laid out in a pe-

riodic format; its periodicity (Λ) with respect to the wavelength of interest (λ) is a key

parameter to differentiate a metasurface/metamaterial (Λ < λ) from an effective medium

that can be described by classical mixing formulas (Λ� λ) or an photonic bandgap structure

where higher-order Floquet-Bloch modes are excited (Λ > λ) (see Fig. 2.1) [5]. The charac-

teristic resonance of metasurface are predominantly determined by the resonance associated

with the scatterers, while slightly affected by the resonance associated with the periodic-

ity. To operate in this region, the periodicity has to be subwavelength to only allow for

the zeroth-order Floquet-Bloch mode, and the scatterers’ resonance needs to be designed at

frequencies below the first higher-order Floquet-Bloch mode. Otherwise, the resonance with

the scatterers will couple strongly with the Floquet-Bloch mode, resulting in a undesired

leak of energy to the propagating modes along the metasurface.

As a rapidly growing research field, metasurface has been studied over a wide spectral

range from microwave to optical frequencies, resulting in a wealth of functionality including

beam collimation [109–111], anomalous reflection and refraction [112–115], vortex plates [112,

116, 115, 117], waveplates [118], flat lenses and axicons [119–121], polarization converters

[122, 123], free-space propagating wave to surface wave convertor [124], surface wave guiding

[125–128], amplitude and phase modulators [129], etc. The fundamental building block

of metasurfaces — scatterers (a.k.a. “optical antennas”) structured and arranged on a

subwavelength scale — can take a variety of forms such as metallic grooves engineered to
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support “spoof surface plasmon”, single-layer metallic antennas of various shapes, metallic

refectarrays, and dielectric resonators.

A metallic-dielectric interface support surface plasmons, which are a form of electro-

magnetic wave that couples coherently with electronic oscillations and propagates along the

interface. It is known for the subwavelength field confinement and enhancement adjacent to

the metal surface, which offers the exciting possibility of light manipulation. Difficulties of

using surface plasmons rise in long wavelengths such as infrared and terahertz, because the

plasmon frequency for most metals is in the ultraviolet and hence metals behave more like

a perfect conductor at long wavelengths, leaving the surface plasmon loosely bound to the

metal surface [111]. This issue is addressed by metasurfaces consisting of metallic groove

textures on a deep-subwavelength scale, which is designed to support tightly confined sur-

face waves at long wavelengths [130]. Since the dispersion of these surface waves resembles a

surface plasmon, they are referred to as spoof surface plasmon. The plasmonic frequency is

engineerable with the grooves geometry and can be significantly lowered to achieve a much

enhanced field confinement to the metal surface. Second-order grating is further embedded

to the metallic grooves to scatter the spoof surface plasmon to free space, which has been

demonstrated as an effective beam collimator for mid-infrared and THz QCLs [109–111].

The plasmonic resonance can be engineered merely by a thin-layer metallic antenna (with

negligible thickness compared to one wavelength) on a dielectric substrate [112, 131]. If a

single antenna resonance is involved, such a single-layer metallic antenna gives π phase shift

across the resonance [107, 132]. To achieve 2π phase tuning to be truly useful for arbitrary

phase front engineering, multiple independent resonances, coupled antenna resonances, or
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geometric effects (i.e. Pancharatnam-Berry phase) are commonly employed in designs [106].

For example, the famous V-shaped metallic antennas proposed by Yu, et.al support the two

plasmonic eigenmodes with different resonant properties [112, 132]; the excitation of each

mode is designable with the antenna geometry. This is further combined with the geometric

effect induced by varying antennas’ spatial orientation, which leads to a coverage of the

entire 2π range with a constant scattering amplitude. This concept has been applied to

produce flat optics that can reflect and refract light to arbitrary directions, focus beam as a

lens or axicon, converts a uniform wavefront to a vortex beam or a circularly-polarized beam

[112, 118]. One limitation of single-layer metallic antenna is its low scattering efficiency (10-

20% in this case) due to the low quality-factor associated with the antenna resonance (i.e.

high radiative loss) [106]. As a result, a considerable amount of energy is wasted without

being converted into the designed beams.

Another type of metallic metasurface is reflectarrays, which is a concept originally de-

veloped in the microwave and millimeter regime mostly for beam focusing and steering in

the reflection setup [133, 134]. An array of microstrip patches or dipoles are printed on a

subwavelength thin dielectric substrate with metal coated on the backside; the dimension of

microstrip element is varied spatially to scatter the incident field from a feed antenna with

the proper phase to achieve the designed phase front; this is essentially enabled by the ∼ 2π

phase change as the microstrip resonance is tuned across the design frequency [135]. This

concept has been extended to higher frequencies by scaling down the dimension [136, 137]. A

significant advantage of using reflectarray is the much improved scattering efficiency, which

reaches 80% in the anomalous reflection demonstration [138]. This is attributed to the
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high-Q resonance associated with the microstrip antenna structure, because the radiation

is primarily through the fringing field, rather than the electric current flowing on the top

metal, which does not radiate due to the mirror image of opposite sign induced by the back

metal plane [139]. In fact, the metal-metal waveguide structure widely used for THz QCLs

is essentially a terahertz version of microstrip [140–142]. Therefore THz QCLs provide a

natural and convenient platform to realize reflectarray metasurface concepts. More impor-

tantly the QC material sandwiched between the two metal layers in replacement of passive

dielectric substrate provides another degree of freedom for metasurface engineering — gain,

which is simply supplied by adding biases across the microstrip.

Other than altering phase or amplitude response by varying the antenna structure to tune

resonance frequency, one can also tailor the phase response using the so-called Pancharatnum-

Berry phase [143–145]. An anisotropic scatterer can scatter a circularly-polarized light with

one handedness to another with the opposite handedness plus an additional phase change.

The mount of phase change is proportional to the orientation angle of the anisotropic scat-

tered and a 2π change is induced with the scatterer rotated from 0 to π [146]. This phase

change is defined as Pancharatnum-Berry phase. This property has been utilized to demon-

strate many functionality such as focusing or diverging lenses [147, 117], vortex beam plates

[115], metasurface holograms [138, 148]. Metasurfaces of this type show ultra-broadband

performance and high efficiency [149], as it is free from the wavefront distortion induced by

the antenna dispersion as the frequency deviates from the designed one.

Suppression of reflection is preferable for metasurfaces designed for controlling transmit-

ted light to achieve a high efficiency. Huygens’ metasurfaces have been proposed to control
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both electric and magnetic response of the scatterers to achieve this goal [150]. This is done

by engineering the electric sheet admittance and magnetic sheet impedance Yes and Zms, of

the metasurface to achieve
√
Zms/Yes = η0, where η0 is the impedance of the surrounding

media. One can vary Yes and Zms simultaneously to ensure a phase variation from -π to +π

while maintaining the impedance matching condition. This concept has been first demon-

strated in the microwave region using copper traces and loops patterned on top and bottom

of a dielectric substrate, showing a transmission efficiency as high as 86% [150]. To adapt

Huygens’ metaurfaces to optical frequencies, cascade metasurfaces have been designed using

optical nanocircuits as the building block [151], though which beam deflectors [152] and flat

lenses have been realized [153].

Metasurfaces made of low-loss and high-refractive-index dielectric scatterers are attract-

ing increasing attentions, particularly in the optical frequency range, since the ohmic loss of

metallic metasurfaces increases with frequency owing to the increased penetration depth in

metals. Another unique property of dielectric scatterer is that both electric and magnetic

resonances can be tuned, which enables phase tuning over the entire 2π range [120, 122] and

the realization of dielectric Huygens’ metasurfaces [154]. Dielectric metasurfaces based on

Pancharatnam-Berry phase have also be realized [117].

Metasufaces demonstrated so far mostly function as passive devices. However, increas-

ing efforts have been devoted to integrating electrically- or optically-controllable functions

into metasurfaces to realize active metasurfaces with tunable resonances. Examples include

metasurfaces with the transmission tunable by photoexcitation [155], metasuface amplitude

and phase modulator enabled by integrated diodes and Schottky junctions [129, 156, 157],
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graphene-integrated metasurfaces with electrically-tunable resonance [127]. Metasurfaces

also offer a platform ideal for enhancing nonlinear effects [158–160], thanks to the ability of

strong subwavelength field enhancement and relaxed phase matching requirement. Never-

theless, there has been relatively little experimental work on integrating gain into the meta-

surface itself, whether simply for mitigating losses, or for implementing new laser concepts

[161–165]. This is understandable, since in the infrared and visible the metallic/plasmonic

elements that make up many metasurfaces are prohibitively lossy [166]. However, the situ-

ation is quite favorable in the THz frequency range, where metals have sufficiently modest

losses so that THz QCLs can effectively use sub-wavelength metallic waveguides [140].

2.2 Baseline design of active metasurface

Figure 2.2: Schematic of an active metasurface design consisting of period arrays of MM
waveguide microcavity of width w, height h and period Λ.

THz QCLs based on metal-metal waveguide structures offer a model system ideal for imple-

menting reflectarray metasurfaces with the QC gain incorporated. Based on it, the active
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reflectarray metasurface reflector is proposed to exploit the QC gain to realize amplified

reflection. A baseline form of the active metasurface reflector is composed of a sparse array

of identical metal-metal (MM) waveguide ridges, a schematic of which is shown in Fig. 2.2.

Each ridge is made up of GaAs/AlGaAs multiple-quantum-well QC active material (usually

10-µm thick), with metal cladding/contacts directly above and below. When electrically

biased, the material provides a gain described by the bulk material gain coefficient g(ν).

While MM waveguides are usually intended to support a confined and guided mode, in this

case we wish them to act as surface emitting antennas; each element couples in incident THz

radiation polarized transverse to the ridge axis (i.e. x -axis shown in Fig. 2.2), amplifies

it via stimulated emission, and re-radiates it back into free space, resembling an elongated

microstrip patch antenna [141, 142, 167, 168]. The ridge width w is designed to produce a

resonance at the wavelength of interest λ0, which approximately corresponds to w ≈ λ0/n,

where n is the refractive index of the QC active material. This is essentially the lowest order

standing wave in a very short cavity of length w. From the waveguide perspective, each MM

ridge can be thought of as operating at or near the cutoff frequency ωc of the MM waveguide’s

first higher-order lateral mode (TM01), which locates within the light line, indicating a leaky

mode that radiates to the free space in contrast to the bound propagating modes outside the

light line (see Fig. 2.3(a)). The ridges are spaced with period Λ designed to be less than the

λ0 (e.g. the intended laser emission wavelength), in order to suppress higher-order Bragg

diffraction — only zeroth-order (specular) reflection occurs. As will be discussed later, for

Λ � λ0 this resonance frequency is predominantly determined by the ridge width w and

only slightly affected by the period Λ. However, as the period approaches the free-space

wavelength λ0, a coupling occurs between the localized resonance and a propagating Bloch
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Table 2.1: Relevant Drude parameters used for Au and active medium.

Material
Carrier

density N
(cm−3)

Carrier
lifetime τ

Effective
electron mass

m∗

Core
permittivity

εcore

Au [169] 5.9× 1022 39 fs
(at 77 K)

m0 ε0

Active medium
[170]

5× 1015 0.5 ps
(at 77 K)

0.067m0 12.9ε0

surface wave.

Numerical simulation of the metasurface’s reflection spectra under normal incidence of

radiation (θ = 0◦ in Fig. 2.2) is conducted using a full-wave finite-element electromagnetic

solver (COMSOL 5.2), in which a 2D unit cell of metasurface is modeled with Floquet

periodic boundary conditions applied to depict an infinite structure. The Drude model was

used to describe the free carrier scattering loss in GaAs/AlGaAs and gold metallization that

accounts for the loss in the metasurface, the parameters of which are listed in Table 2.1.

The details of the Drude expressions used are presented in Appendix A. Fig. 2.3(c) shows a

set of simulated reflectance spectra for a group of metasurfaces with different ridge widths

ranging from 11–12.5 µm and a fixed periodicity Λ = 70 µm for two scenarios: passive with

g = 0 cm−1 and active with g = 30 cm−1 in the QC material. As expected, reducing the

width w leads to a higher resonance frequency. Fig. 2.3(d) shows the reflectance increases

with gain for the metasurface with w = 11.5 µm and Λ = 70 µm at its resonance frequency

3.4 THz and two other frequencies above and below the resonance. As shown in Fig. 2.3(d)

the reflectance RMS increases with the gain g; it is useful to fit these numerical results to

the relation
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Figure 2.3: (a) Schematic dispersion diagram of TM00 and TM01 modes for a MM waveg-
uide. (b) E-field profile for the TM01 mode excited under normal incidence at the resonant
frequency of 3.4 THz for a metasurface with w = 11.5 µm and Λ = 70 µm. (c) Simulated
reflectance spectra for four metasurfaces with ridge widths varying from 11–12.5 µm and
fixed period Λ = 70 µm. The solid lines are results for passive metasurface with g = 0
cm−1, and the dashed lines are for active metasurface with g = 30 cm−1. (d) Simulated
reflectance change (plotted in log scale) with medium gain g for a metasurface with w =
11.5 µm and Λ = 70 µm at three different frequencies respectively below, at and above the
resonant frequency of 3.4 THz, as indicated by the black arrows in (c). The transparency
gain gtr is almost fixed.
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RMS = R1G = eξ(ν)(g−gtr) (2.1)

where R1 is the passive metasurface reflectance at frequency ν, G is the reflective intensity

gain, gtr is the transparency gain coefficient needed to balance absorption losses (from the

metal and semiconductor) so that RMS = 1, and ξ(ν) is a fitting coefficient that contains

information about the metasurface frequency response and Q-factor. Gain is more efficiently

coupled to incident radiation when the operation frequency is closer to the resonance, which

is represented by a higher value of ξ(ν) and thus a larger slope of the curves plotted in

Fig. 2.3(d). The transparency gain gtr stays almost unchanged with operation frequency,

which is ∼17 cm−1 here. This amount of gain is readily achievable by QC gain materials,

which are typically capable of supplying 50–100 cm−1 of bulk gain. Back to the fundamental

obstacle that inhibits implementing VECSEL concepts for QCLs — intersubband selection

rule, it is apparent that this rule is satisfied in this baseline metasurface design, as the excited

TM01 mode has its E-field inside the gain medium predominantly polarized perpendicular

to the quantum wells (see Fig. 2.3(b)). In these simulations, a frequency-independent

gain is assumed for the active medium, so that the metasurface response can be analyzed

independently of the choice of active material. In reality, the gain will have its own lineshape;

the general design goal is to match the metasurface resonance with the peak gain frequency

of the gain medium. In practice, this is typically accomplished by first measuring the lasing

spectrum of a conventional MM waveguide QCL fabricated from the same active material,

and then designing the metasurface dimensions around the measured values.

41



2.3 Bragg scattering suppression

Despite the resemblance of metasurface shown in Fig. 2.2 to a grating, the primary mech-

anism of operation for the metasurface is not Bragg-scattering. Rather, each microcavity

antenna is locally self-resonant on the unit cell level, consistent with the characteristics of

metasurface resonance within Region Λ < λ of Fig. 2.1. This is readily seen in simulated

absorption (A = 1−RMS) spectra from a passive metasurface with ridge width w varied in

a large range from 6–13 µm and period Λ fixed at 70 µm, shown in Fig. 2.4. Two bands

are observed in this dispersion map. For a large ridge width (>9 µm), the lowest frequency

mode is the localized microcavity resonance; it scales inversely with w, and has a relatively

broad bandwidth due to the low radiative Q-factor of the antenna (Q ∼ 10-15 in simula-

tion). The higher frequency band at and above ∼4.3 THz represents a propagating surface

Bloch waves that couples to normally incident radiation via Bragg scattering when λ0 ≈ Λ

or λ0 < Λ. The passive reflectance spectra for ridge widths varying from 11–12.5 µm in

Fig. 2.3(c) are the line cuts from the part within the white dashed box on this spectral

map, which exclude the high frequency region containing Bragg scattering features. How-

ever, as the ridge width is reduced, the microcavity mode resonance increases in frequency

and hybridizes with the surface Bloch wave mode, which is characterized by an anti-crossing

feature. This is accompanied by an increase in the radiative Q of the microcavity mode and

an increased dependence on Λ of the resonance frequency, a phenomenon which has been

observed in a variety of coupled systems [171, 172]. Despite the higher Q of the surface Bloch

wave, this mode is undesirable for VECSEL operation, since it is less confined to the active

region, and for a finite sized metasurface it is associated with considerable scattering and
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diffraction losses. Thus, we typically confine the metasurface within the design space where

the microcavity mode resonance is clearly distinct from the surface Bloch wave.

Figure 2.4: Colormap of the simulated absorption (A = 1 − RMS) spectra for a passive
metasurface with ridge width w varied from 6–13 µm and period Λ fixed at 70 µm. Spectra
shown in Fig. 2.3(c) are vertical cuts within the white dashed box.

A further complication arises due to the fact that a finite sized beam incident upon the

metasurface will contain components with non-zero transverse momentum, i.e. obliquely

incident components could more easily excite the surface Bloch wave than normally incident

waves [173]. For a non-zero incident angles θ as defined in Fig. 2.2, this excitation occurs

at a frequency lower than the first-order Bragg diffraction cutoff frequency of c/Λ. For

example, in one of the early metasurface designs for 2.7–3.0 THz, we chose period Λ = 90

µm (corresponding to c/Λ ∼ 3.33 THz), with the ridge width varied from 11.5–13.5 µm

to overlap with the gain peak [174]. The reflectance spectra have been measured using

Fourier transform infrared spectroscopy (FTIR) for these five metasurfaces, nominally at

normal incidence (see Fig. 2.5(a)). First, as expected, resonances are only observed when
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Figure 2.5: (a) Measured reflectance spectra for five metasurfaces with ridge widths ranging
from 11.5–13.5 µm and Λ = 90 µm, with the incident E-field polarized transverse to the
ridges. The reference used is a flat gold surface. The lasing spectra measured at 77 K for
two QC-VECSELs based on w = 12.5, 13 µm metasurfaces are plotted in the corresponding
color below the reflectance spectra. (b) (c) Simulated spectra for a metasurface with 12.5
µm ridge width and Λ = 90, 80 µm under plane wave incidence at different angles θ. (d)
Excited surface Bloch mode at 3.16 THz and TM01 microcavity mode resonant at 3 THz on
the spectrum at θ =2◦ in (b). (e) Decomposition of Gaussian beams with different beam
widths at 3 THz into plane wave components with amplitude |E|2 plotted as a function of
the propagation angle θ.
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the incident radiation is polarized transverse to the ridge axis. Second, the spectra clearly

show two absorption features, corresponding to the microcavity mode resonance and guided

mode excitation. As w decreases, the resonance frequency increases. For w = 11.5 µm and

12 µm designs, the resonances become strongly coupled and an anticrossing is observed. This

is consistent with our experimental observations: VECSEL designs based upon w = 12.5,

13 µm metasurfaces were observed to lase (see spectra in Fig. 2.5(a)), while designs with

w = 12, 11.5 µm did not lase, despite the fact that the active material was known to have

strong gain at those frequencies. A metasurface with w = 13.5 µm did not exhibit lasing

likely due to the spectral mismatch between metasurface resonance and the gain medium.

The effect of the surface wave is also manifested in reflectance spectrum simulations for a

metasurface (w = 12.5 µm, Λ = 90 µm) under plane wave incident from different angles, as

seen in Fig. 2.5(b). Since it is an infinite structure simulation, for normal incidence θ = 0◦

the localized microcavity resonance is at 3.0 THz, and the first-order Bragg diffraction is

observed starting at ∼3.33 THz (almost exactly c/λ0). For θ = 2◦, a surface guided mode

is excited at 3.16 THz, which is bound to the metasurface and propagates in the transverse

direction, as Fig. 2.5(d) shows. This is very different from the localized microcavity mode

excited at 3 THz (see Fig. 2.5(d)). The coupling of two modes also narrows and shifts the

microcavity mode resonance dip. This impact increases with a larger incident angle as the

guided mode excitation occurs at a lower frequency. The key strategy to suppress the impact

of the surface wave is to further reduce the period Λ compared to λ0 — perhaps more than

would be initially expected. As seen in Fig. 4(c), by reducing Λ from 90 µm to 80 µm, the

guided mode excitation is pushed to frequencies much higher than the microcavity resonance

and therefore slightly affected by oblique incidence. The primary drawback to this strategy
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Figure 2.6: Schematic of an example design of unbiased tapers/wire bonding area.

is the desire to minimize the fill factor w/Λ to minimize the thermal dissipation per unit

metasurface area, which is especially important for THz QCL cw performance. Suppression

of Bragg scattering induced by the wave components with non-zero transverse momentum

become increasingly critical for beams of smaller sizes. This is reflected in the decomposition

of Gaussian beams of varying beam waists, which suggests a smaller size Gaussian beam has

more energy contained in plane wave components with non-zero incident angles, as shown

in Fig. 2.5(e). So far, a design rule of thumb is developed to keep Λ ≤ 0.8λ0 to prevent the

Bragg scattering effect.

2.4 Self-lasing suppression

The designed active metasurface is supposed to form a VECSEL cavity with an external

output coupler. As long as the reflective gain from the amplifying metasurface is sufficient

to compensate for the cavity loss and output coupling loss, lasing is likely to occur in the
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Figure 2.7: (a) Simulated reflectance Γ2 at the intersection between the MM waveguide
and taper for TM01 mode. (b) Mirror loss αm for a biased MM ridge of 1-mm length. (c)
Waveguide loss αwg of the MM ridge of 12.5-µm width. (d) Self-lasing threshold calculated
by αm + αwg.
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VECSEL cavity that is engineered to support near-Gaussian profiles. However, owing to the

fundamental nature of lasing behavior — lasing always prefers to occur in the lowest-loss

mode that requires the lowest amount of gain, an active metasurface might self-oscillate in

low-loss individual or collective sub-cavity modes. The metasurface self-lasing behavior that

occurs in the absence of an external cavity will steal the gain from the desired VECSEL

mode and even prevent VECSEL lasing. To tackle this potential risk, strategies of loss

engineering are used to suppress metasurface self-lasing. First, for the baseline metasurface

designs comprising an array of MM microcavities, each microcavity is designed to operate

at TM01 mode cutoff as a leaky-wave antenna. The radiative Q-factor associated with this

mode is very low (∼10-15 extracted from Fig. 2.3(c)) so that each sub-cavity will not self-

oscillate at this operating point. Second, each microcavity also supports a highly confined

propagating TM00 waveguide mode as well as propagating TM01 mode, which in dispersion

diagram locate outside the light line as Fig. 2.3(a) shows. To suppress self-lasing in these

propagating waveguide modes, absorbing boundary conditions are placed at the terminations

in the form of lossy tapers and wire bonding area to significantly reduce the facet reflection

and thus increase the lasing threshold. The lossy condition is realized by depositing an

insulation layer between the top metal contact and the QC active material to prevent the

active medium in these designated areas from being biased. The shape of lossy tapers and

wire bonding areas are designed based on a graduated labmate Dr. Philip Hon’s linear taper

design [175]. An example design is shown in Fig. 2.6. The reflectance Γ2 for TM00 mode at

the intersection between the MM ridge (w = 12.5 µm, Λ = 90 µm) and taper is simulated

using a 3D full-wave numerical model (see Fig. 2.7(a) for Γ2), which can be converted to

the waveguide mirror loss αm = ln Γ2/L. For a typical biased ridge length of 1 mm, αm
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is plotted in Fig. 2.7(b). Combining the simulated waveguide loss αwg for MM waveguide

TM01 mode, the self-lasing gain threshold that equals to αm + αwg is plotted in Fig. 2.7(c).

The threshold is higher with a smaller bias area. The self-lasing threshold is on the edge

of the QC bulk gain capability, which is typically ∼50–100 cm−1 for QC materials, while

in contrast the QC-VECSEL lasing threshold can be engineered to ∼30 cm−1 or even lower

(see Sec. 4.2). Therefore lasing in the desired VECSEL mode is ensured.

2.5 Other metasurface designs

Other than the baseline metasurface, there are a multitude of metasurface designs that can

be exploited to build up QC-VECSELs, offering considerable freedom to the engineering

of QC-VECSELs’ various properties. In this section, another two alternative metasurface

designs are presented and discussed: TM03 MM waveguide microcavity array and MM patch

array. In Chapters 5–8, advanced designs including inhomogeneous focusing metasurfaces

and polarization-switchable metasurfaces will be detailed with experimental results.

The TM03 MM waveguide microcavity array design utilize the higher odd-order transverse

resonant mode (i.e. TM0N) in a MM waveguide that couples to the normally incident

radiation around the corresponding cutoff frequency f0N = N πc
nw

, where N is an odd integer

number. N = 3 is chosen for TM03 design and N = 1 for the baseline metasurface design.

An example design of TM03 MM waveguide microcavity array and the simulation results are

shown in Fig. 2.8 (a)–(c), which exhibits a TM03 transverse resonance at 3.4 THz with the

ridge width w = 35.6µm and periodicity Λ = 70µm. The amplification of reflected wave

at resonance is clearly seen from the reflection simulation with bulk gain increased. TM03
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Figure 2.8: (a) TM03 MM waveguide microcavity array design. (b) Excited TM03 mode
profile. (c) Simulated reflectance spectra at different bulk gains for the TM03 metasurface
with Λ = 70µm, w = 35.6µm. Inset is the reflectance change with bulk gain g at the
resonant frequency 3.4 THz. (d) MM patch array metasurface design. (e) Excited TM01

patch resonant mode profile. (f) Simulated reflectance spectra at different bulk gains for the
patch array metasurface with Λx = Λy = 70µm, wx = 15.3µm, wy = 11.5µm, wc = 4µm.
Inset is the reflectance change with bulk gain g at the resonant frequency 3.4 THz.

50



metasurface design offers an approach to scale up the output power by increasing the active

material fill factor F = w/Λ without increasing the device footprint and the QC material

cost. This, however, might lead to some degradation in thermal and cw performance due to

higher density of heat generated. So this design is preferable for achieving QC-VECSELs

aimed at high peak pulsed power.

In contrast, the second metasurface design composed of connected MM patch array fea-

tures a very low active fill factor and therefore efficient heat removal, which makes it a

promising design to achieve improved high-temperature and cw performance. An example

design is shown in Fig. 2.8(d), where an array of patches are connected by narrow connectors

of width wc to provide continuous electrical bias over all patches. As Fig. 2.8(e) shows, the

excited resonant patch mode takes TM01 mode-like profile as seen in the baseline metasur-

face design in the transverse direction parallel to the incident wave polarization, while stays

nearly uniform in the longitudinal direction. The simulated refection spectra with bulk gain

varied are plotted in Fig. 2.8(f), which also exhibits the amplifying effect with sufficient bulk

gain provided.

Besides the thermal consideration, one can also compare different metasurfaces by two

characteristic parameters: gtr and ξ, as defined in Eq. 2.1, which respectively reflects the

intrinsic loss and the radiative Q-factor associated with the resonators on the metasurface.

Generally speaking, metasurfaces with lower gtr and higher ξ are preferred in most QC-

VECSEL setups in terms of the power output level. Detailed discussion will be presented

in Sec. 3.4 following the proposal of the laser model, which is needed to relate these two

parameters with the QC-VECSEL performance.
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2.6 Fabrication process

The fabrication of metasurfaces generally follows the standard process for making MM waveg-

uide QCLs [76]. Cu-Cu thermocompression bonding is used to bond the 10 µm-thick active

layer to a receiving GaAs wafer, followed by lapping and selective wet-etching of the sub-

strate. Then ∼200 nm of SiO2 is deposited and patterned to isolate the taper and wire

bonding area from being biased, followed by evaporation and lift-off of Cr/Au/Ni to provide

the top metallization and self-aligned etch mask. The metal-metal waveguide ridges are then

defined by the Chlorine-based dry etching with the subsequent removal of the Ni layer. The

fabrication flow is briefly illustrated in Fig. 2.9. All the demonstrated metasurfaces were

fabricated using UCLA Nanolab facilities. The detailed recipes of each step are given in

Appendix B.
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Figure 2.9: (a)-(e) Metasurface fabrication flow.
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CHAPTER 3

Laser model for metasurface QC-VECSELs

In this chapter, a basic formalism is derived to describe the threshold condition and slope

efficiency for an idealized metasurface QC-VECSEL. This sets the basis for the subsequent

discussion on the effect of multiple design parameters for metasurfaces on the QC-VECSEL

performance, including the bias diameter on the metasurface and the radiative Q-factor of

the metasurface.

3.1 Derivation of the threshold condition and slope efficiency

Figure 3.1: (a) Schematic of idealized metasurface VECSEL cavity with mode area of A and
length L, where the metasurface sub-cavity period is Λ. (b) Three-level model for QC-laser
gain medium, where non-radiative relaxation times τ32, τ31, and τ2 are explicitly shown.
Level 1 (injector state) is not explicitly shown.
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We consider a cavity as illustrated in Fig. 3.1, constituted between a metasurface reflec-

tor of area A with passive reflectance R1, and an output coupler with reflectance R2 and

transmittance T = 1 − R2. The incident and reflected circulating intensities are I+ and I−

respectively, as defined just above the metasurface. We also include a single-pass transmit-

tance T for the propagation over the cavity length L which includes the effect of diffraction

loss, atmospheric absorption, and cryostat window transmission. The metasurface produces

a uniform power gain G = eξg, so that its active reflectance is equal to R1G. The bulk gain

coefficient of the active QCL material at the cavity mode frequency ν is g=g(ν). We assume

for the moment that the intensity is uniform in the transverse direction, and that the mode

area and metasurface area are identical; later we will modify our expression to account for

a transverse confinement factor. Using Eq. 2.1 and requiring the intensity to be unchanged

after one round trip, i.e. |R1GR2T
2| = 1, the threshold gain coefficient gth is obtained as:

gth = − ln (T 2R1R2)

ξ
. (3.1)

To go further, we model the QC-laser active material as a 3-level system, as shown in Fig.

3.1(b). The upper radiative state 3 is pumped using tunneling current injection at a rate

of Jη/eLp, where J is the current density, η is the injection efficiency, e is the fundamental

charge, and Lp is the length of one cascade period. The remaining fraction (1-η) of current

density is injected into the lower radiative state 2, which is then emptied by some combination

of tunneling and electron-phonon scattering. The various non-radiative lifetimes are given

by τ 3, τ 32, and τ 2. This is a standard treatment for QCL systems similar to that given in

Refs. [1, 176]
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Within the active material, we use a standard expression for the saturated gain coefficient

for a homogeneously broadened gain transition:

g =
g0(J)

1 + I0/Is

=
(J − Jleak)στeff

eLp

1

1 + I0/Is

, (3.2)

where g0(J ) is the unsaturated gain coefficient, which is assumed proportional to the

pump current density J. J leak is an empirical shunt leakage current. The effective upper

state lifetime is given by τup = τ3 (1− τ2/τ32), and the effective lifetime for population

inversion is τeff = ητup− (1−η)τ2, which accounts for a non-unity injection efficiency η. For

the case of η = 1 we see τeff = τup. The circulating intensity within each sub-cavity ridge

is I0, and the saturation intensity is Is = hν/σ (τup + τ2). The stimulated emission cross

section at the cavity frequency is σ(ν), such that g(ν) = σ(ν)(n3− n2), where n3 and n2 are

the 3D population densities of levels 3 and 2 respectively. Setting the value g = g th, we can

obtain an expression for the intensity vs. current density:

I0 =
hν

eLp

τeff
τ2 + τeff

(J − Jth)
gth

, (3.3)

where the threshold current density is:

Jth =
gtheLp
στeff

+ Jleak. (3.4)

We now must relate the intensity I inside the microcavity to the open cavity circulating

intensities. The field within each of the N microcavities centered at x i can be well approxi-
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mated by a standing wave field profile. The field within the cavity of length L can be then

be approximated as

E = x̂E+ψ(x, y)
(
eik0z + r1

√
Gthe

−ik0z
)

︸ ︷︷ ︸
open cavity

+
N∑
i=1

ẑE0ψ(x, y) sin
(
π

w
(x− xi)

)
︸ ︷︷ ︸

inside sub−cavities only

, (3.5)

where x̂ is the unit vector transverse to the microcavity ridges, r 1 is the field reflection coef-

ficient of the metasurface, and ψ(x,y) is a slowly varying transverse modal profile (assumed

for now to be unity – i.e. a top-hat beam). Conservation of energy requires

A(I− − I+) =
dU

dt
=
ω0U0

Qabs

, (3.6)

where U0 is the electromagnetic energy stored inside the antenna microcavity, ω0 is reso-

nance frequency, and Qabs represents the nonradiative quality factor of the microcavity that

accounts for the absorption loss. We write U 0 based on 3.7:

U0 = AF
1

4
εrε0E

2
0h, (3.7)

where h is the microcavity height determined by the active material thickness, εr is the

relative permittivity of the active material, and F is the fill factor of biased antenna area over

the entire metasurface area (F = w/Λ for the metasurface shown in Fig. 2.2. We further write

Qabs = ω0n
(gtr−g)c , where transparency gain gtr = −ξ−1 lnR1, and is obtained from numerical
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simulations such as described in Sec. 2.2. Using the relation I− = R1GI+ = cε0E
2
−

/
2 and

combining Eq. 3.6 and 3.7, we can define a field enhancement factor M as

M =
|E0|2

|E−|2
=

2(1−R1G)

R1G(gtr − g)nhF
. (3.8)

The output intensity is written as Iout = (1 − R2)TI−. With I0 = ncε0E
2
0/4 and I+ =

ncε0E
2
+/4 we can write the output intensity as:

Iout =
2(1−R2)T

nM
I0. (3.9)

Substituting Eq. 3.3 and 3.8 to Eq. 3.9, using the laser threshold condition R1Gth =

(R2T
2)
−1

, and multiplying by the metasurface area A, we obtain the total output power as

Pout = Np
hν

e

τeff
τ2 + τeff︸ ︷︷ ︸

ηi

T (1−R2) ln(R2T
2)

(1−R2T 2) ln(R1R2T 2)︸ ︷︷ ︸
ηopt

(I − Ith) , (3.10)

and

Ith = AF

[
eLp
στeff

− ln(R1R2T
2)

ξ
+ Jleak

]
. (3.11)
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3.2 Effect of modal uniformity

Figure 3.2: (a) Illustration of modal overlap for a Gaussian beam of beam waist w0 on the
metasurface with a circular biased area of 2a diameter. (b) Uniformity factor ηu according
to Eq. 3.13 and transverse confinement factor Γt according to Eq. 3.17 for the modal overlap
described in (a).

The derivation so far doesn’t account for the effects of modal non-uniformity and spatial hole

burning. For example, the effect of modal nonuniformity is to reduce the slope efficiency near

threshold, as the injected current is effectively wasted in regions with low modal intensity.

The effect of spatial hole burning is particularly acute in THz QCLs, due to the long length

scale of the standing wave (∼10µm) compared to the lateral diffusion lengths of the inverted

carrier population (estimated at a few hundred nm). As derived in Ref. [177], this effect

results in a nonlinear P -I curve, however near threshold a linearized expression can be

derived, and included through an additional “uniformity efficiency” factor ηu ≤ 1 into Eq.

3.10. The slope efficiency near threshold can then be written:

dP

dI
= Np

hν

e
ηoptηiηu. (3.12)
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Since the electric field is polarized almost entirely in the z -direction within MM waveg-

uides (see Fig. 2.3(b)), the uniformity factor associated with the microcavity mode can be

written as

ηu =

(∫
act |Ez|

2 dA
)2

Aact
∫
act |Ez|

4 dA︸ ︷︷ ︸
microcavity

(∫
A |ψ(x, y)|2 dA

)2
A
∫
A |ψ(x, y)|4 dA︸ ︷︷ ︸

cavity mode shape

. (3.13)

The first factor describes the modal uniformity within each microcavity, and the second

factor describes the uniformity of the slowly varying cavity mode profile incident upon the

metasurface. While ηu can be solved exactly from numerical results, for a uniform cavity

mode and the sinusoidal dependence of the mode within the microcavity described by Eq.

3.5, ηu = 2/3 (very close to the value of 0.65 extracted from a finite element simulation for

Fig. 2.3(b)). If the transverse beam ψ(x,y) within the cavity is not uniform, then ηu will be

further reduced. This function is plotted for a Gaussian beam with spot size w0 on a square

metasurface, where only the center circular area of diameter 2a is biased. The uniformity is

shown in Fig. 3.2(a) and suggests that under-filling a metasurface with the beam will cause

a significant reduction in output power.

The effects of modal uniformity and spatial hole burning illustrate one of the largest dif-

ferences between the metasurface VECSEL and conventional Fabry-Pérot waveguide QCLs.

While longitudinal spatial hole burning in a semiconductor laser also results in a reduced ηu

for any given mode, in a Fabry-Pérot laser multi-mode oscillation “washes-out” the overall

field nonuniformity and allows for the most efficient use of the available gain. Hence ηu typ-

ically does not appear in most conventional expressions for the slope efficiency. However, in
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a VECSEL cavity, all of the various longitudinal modes in the external cavity interact with

the active material through the same metasurface resonance, and have the same uniformity

factor ηu. This may lead to a suppression of multi-mode operation — more work is needed

to fully understand this phenomenon. However, we should also point out that this effect

may be “engineerable” by designing spectrally and spatially inhomogeneous metasurfaces.

3.3 Relationship to conventional formalism

The formalism developed above for an idealized metasurface QC-VECSEL can be linked to

a more common form for semiconductor lasers, if one defines the threshold gain g th in terms

of a loss coefficient αcav (prorated over the cavity round trip length 2L) according to:

gth =
n

Γ
αcav = −n

Γ

ln (T 2R1R2)

2L
, (3.14)

where Γ = ΓlΓt is a modal confinement factor which describes the overlap of the mode

with the QC-active material (satisfying the polarization selection rule). It can be defined

using a standard expression,

Γ = ΓlΓt =

∫
act ε(R) |Ez(R)|2 dV∫
V ε(R) |E(R)|2 dV

, (3.15)

which can be conceptually separated into a longitudinal confinement factor Γl and a trans-

verse confinement factor Γt as defined in Eq. 3.17. The longitudinal confinement factor Γl

contains the field enhancement effects of the microcavity resonance M (see Eq. 3.8). For
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large cavity lengths, and using the field in Eq. 3.5, we can approximate

Γl ≈
hn2MF

2L(1 +R1Gth)
, (3.16)

This expression has undesirable feature that it depends upon the threshold gain G th.

However, in the limit of a high finesse cavity, R1Gth, R2, and T are all close to unity. In

this limiting case, Γl is directly proportional to the fitted ξ parameter extracted from the

numerical metasurface simulation: ξ = 2LΓl/n (see Eq. 2.1).

The transverse mode confinement factor Γt is calculated using

Γt =

∫
bias area |ψ(x, y)|2 dA∫

A |ψ(x, y)|2 dA
, (3.17)

which is plotted in Fig. 3.2 v.s. different mode sizes. Γt exhibits a trend opposite to ηu.,

suggesting a tradeoff between these two factors in the metasurface bias area design. When

the transverse extent of the mode is smaller than the biased area of the metasurface, the

transverse confinement factor Γt is unity.

Note, if we assume a lossless transmittance for the external cavity, i.e. T = 1, the optical

coupling efficiency ηopt defined in Eq. 3.12 reduces to ηopt = αm/αcav where αm = − lnR2/2L

is the prorated output mirror loss coefficient and αcav = − ln(R1R2)/2L is the prorated total

cavity loss coefficient. The slope efficiency and threshold current density become

dP

dI
= Np

hν

e

αm
αcav

ηiηu, (3.18)
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Jth =
eLp
στeff

n

Γ
αcav + Jleak. (3.19)

Thus we recover the classic formulas for dP/dI and J th for waveguide based QCLs. The

factor of n in these definition results from the fact that the prorated loss coefficients are over

a length 2L in vacuum, while the gain coefficient is defined in the semiconductor medium

with refractive index n.

3.4 Effect of metasurface characteristics: R1 and ξ

Two parameters describing the metasurface characteristics are involved in the modeling of

QC-VECSEL performances: R1 and ξ, as seen in Eq. 3.10 and Eq. 3.11. Since R1 can be

represented as R1 = e−ξgtr based on Eq. 2.1, it is more straightforward to investigate the

dependence of laser performances on the transparency gain gtr and ξ. Physically, gtr depends

on the excited resonant mode profile in metasurface microcavities; a higher gtr is seen for

mode profiles with stronger fringing fields concentrated around the microcavity corners and

edges, which increases metallic loss. ξ is a parameter extracted from the linear curve fit

of Eq. 2.1 at a specific frequency, which physically reflects the modal confinement within

the QC gain medium. In practice a larger ξ suggests a higher radiative Q-factor of the

metasurface, and hence ξ is peaked at the resonant frequency (see Fig. 2.3(d)).

To understand how gtr and ξ influence QC-VECSEL performances, the laser output power

Pout that changes with the output coupler reflectance R2 is studied for three metasurface

designs: (i) the baseline TM01 metasurface, (ii) TM03 metasurface, and (iii) patch array
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metasurface, which are elaborated on in Chapter 2. The resonant frequency for these three

designs are 3.4 THz, at which the reflectance changes with bulk gain are plotted in Fig. 3.3.

gtr and ξ extracted for these designs are summarized in Table 3.1. Plugging the three groups

of gtr and ξ into Eq. 3.10 and Eq. 3.11, we obtain the output power Pout change with the

output coupler reflectance R2 as plotted in Fig. 3.4 for two cases of external cavity loss:

T 2 = 0.82 which follows the estimation in Sec. 4.2 and an ideal external cavity with T 2 = 1.

A fixed bias area of AF = 0.3 mm2, which is closed to the metasurface demonstrated in

Sec. 5.4, and a fixed injection current density of J = 600 cm2 are assumed. The values

of other involved parameters including Np = 163, στeff/eLp = 0.64 cm/A, ν = 3.4 THz,

ηi = 0.43, ηu = 0.65, Jleak = 343 A/cm2 are inherited from the experimentally extracted

values presented in Sec. 5.4.

As expected, the output power increases as the output coupler reflectance decreases,

peaks at a certain reflectance, and then rolls off until the lasing ceases. The optimized R2 at

which the optimum output power Popt is reached varies for different metasurface designs and

occurs at lower values for metasurfaces with higher ξ. In other words, a more transmittive

output coupler is needed to achieve the optimum output coupling for a metasurface with low

radiative Q-factor. Another observation is that in a lossless external cavity with T 2 = 1 the

optimum output power is higher for metasurfaces with a lower gtr, which is not surprising

as lower absorption loss is always preferred. However, in a lossy external cavity with T 2 < 1

a higher ξ leads to a higher optimum output power even if it is accompanied with a higher

transparency gain. Larger ξ is beneficial in a lossy external cavity because it leads to a larger

field enhancement within the QC gain medium, i.e. less field resides in the lossy cavity. This
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finding implies that one should maximize the power output from an actual QC-VECSEL in

the presence of external cavity loss by optimizing both gtr and ξ.

Figure 3.3: Simulated metasurface reflectance RMS change with bulk gain g for three meta-
surface designs at 3.4 THz. RMS = 1 is indicated by the black dashed line.

Table 3.1: Values of gtr and ξ extracted for three metasurface designs at 3.4 THz.
Design gtr (cm−1) ξ (cm)

TM01 metasurface 16.8 0.0163

TM03 metasurface 16.6 0.0277

Patch array metasurface 19.6 0.0370

Figure 3.4: Calculated output power change with the output coupler reflectance R2 for
T 2 = 0.82 (a) and T 2 = 1 (b) for different metasurfaces with a fixed bias area of A = 0.3
mm2.
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Since the optimization of gtr and ξ depends on how lossy the external cavity is, to obtain

a complete picture it is useful to study four parameters that characterize laser performance

as a function of both gtr and ξ, including optimum output power Popt, slope efficiency ηslp,

threshold current density Jth, and optimum output coupler reflectance R2. As shown in Fig.

3.5, for a lossless cavity Popt improves with a lower gtr, as a result of a lower Jth and higher

ηslp, which, however, shows no dependence on ξ at all. As pointed out, the optimized R2 is

smaller with a higher ξ. In contrast, a very different colormap is obtained for a lossy external

cavity with T 2 = 0.82 (see Fig. 3.6), which suggests that Popt improves with a lower gtr and

a higher ξ, contributed by lower Jth and higher ηslp. This dependence is still valid even for a

slightly lossy external cavity with T 2 = 0.98, as seen from Fig. 3.7. 2% round-trip external

cavity loss is an lower bound estimate for a low-loss cavity, such as an intra-cryostat compact

cavity with cryostat window loss and air loss removed (see Chapter 7).

However, it is worth noticing that the increase of Popt with ξ is less dramatic and tends

to saturate at a lower ξ for a less lossy cavity, as seen from Fig. 3.8(a), with an extreme case

being that for T 2 = 1 where Popt does not vary with ξ. Since Popt converges to its maximum

Popt|ξ→∞ as ξ keeps increasing, we can reasonably define the optimized value of ξ as ξopt at

which 90% of Popt|ξ→∞ is reached, which are indicated by dots in Fig. 3.8(a) for three cases

of T 2. ξopt is further calculated and plotted against T 2 for different gtr (see Fig. 3.8(b)),

which suggests that a higher ξ is preferred for a lossier external cavity with lower T 2. In the

actual design process, even if the values of T 2 and gtr are estimated with an accuracy limit,

an optimum range of ξ can still be inferred from the results shown in Fig. 3.8(b), which

provides a guideline for metasurface design and optimization.
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Finally, there is a caveat when designing a metasurface with a high ξ. Since a higher ξ

indicates lower radiative loss, a metasurface with a very high ξ might self-lase before lasing

in the QC-VECSEL. This is rarely seen in the QC-VECSELs demonstrated so far since

the metasurface resonance is characteristic of broad linewidth and thus high radiative loss.

However, there exists an exception case of polarimetric metasurface self-lasing discussed

in Sec. 8.4, which occurs at a high-Q resonance mode. Besides, the narrower linewidth

associated with a higher ξ makes it more challenging to match the metasurface resonance

with the QC material bulk gain peak.

Figure 3.5: Calculated variations of Popt, ηslp, Jth, and optimized R2 with gtr and ξ for a
lossless external cavity with T 2 = 1.
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Figure 3.6: Calculated variations of Popt, ηslp, Jth, and optimized R2 with gtr and ξ for a
lossy external cavity with T 2 = 0.82.

Figure 3.7: Calculated variations of Popt, ηslp, Jth, and optimized R2 with gtr and ξ for a
slightly lossy external cavity with T 2 = 0.98.
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Figure 3.8: (a) Popt change with ξ for different external cavity losses represented by T 2 and
a fixed gtr = 15 cm−1. The red and green dots indicate where Popt is 90% of Popt|ξ→∞. (b)
ξopt change with T 2 for three values of gtr. ξopt is where 90% of Popt|ξ→∞ is achieved.
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CHAPTER 4

VECSEL cavity design and modeling

This chapter focuses on the design and modeling of QC-VECSEL cavities of various types,

including plano-concave mirror Gaussian cavity, plano-plano Fabry-Pérot (FP) cavity, and

intra-cryostat compact cavity. Different sources of cavity loss are discussed and calculated

to estimate the threshold metasurface reflective gain required for lasing. The Fox-and-Li

method is used and further modified to model the cavity mode profiles, diffraction loss

and threshold gain for QC-VECSELs, which provides insights to compare pros and cons of

different cavity designs.

4.1 QC-VECSEL cavity design

QC-VECSELs have been demonstrated in a variety of external cavity types, as summarized

in Fig. 4.1. The first proof-of-concept demonstration of QC-VECSELs was made with a gold

concave mirror external to the cryostat in conjunction with the active metasurface mounted

within to form a hemispherical cavity [178], as shown in Fig. 4.1(a). This cavity has zero

output coupling loss due to nearly unity reflection to the cavity, and ideally very low cavity

diffaction loss that is insensitive to minor cavity misalignment, since it is a geometrically

stable Gaussian cavity as long as the cavity length Lc is chosen to be smaller than the

70



concave mirror curvature radius. The low external cavity loss is preferred for the initial

proof-of-concept trials.

5

Figure 4.1: Schematics of three QC-VECSEL cavity designs: (a) plano-conave mirror Gaus-
sian cavity; (b) plano-plano Fabry-Pérot cavity; (c) plano-plano compact cavity inside a
cryostat.

Given that partially transmitting spherical mirrors are not readily available in THz range

and drilling a hole through the concave mirror will mess up the beam, we soon turned to

using flat output couplers (OC) to build plano-plano Fabry-Pérot (FP) cavities by as shown

in Fig. 4.1(b). It is possible to use an off-the-shelf wire grid polarizer as an output coupler

[174]. A particular advantage of this approach is that the output coupling efficiency is

tunable with the polarizer’s orientation, enabled by the polarized response from both the

metasurface and the polarizer. This allows optimization of the power “on-the-fly” simply by

turning the output coupler to reach the optimum coupling point. However, the polarization
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eigenstate for the circulating cavity mode is non-trivial, and a function of orientation, which

complicates analysis. Meanwhile, we designed and fabricated a number of THz OCs based

upon either inductive or capacitive metal meshes of different mesh sizes on a crystal quartz

substrate to provide different amounts of reflectance [179, 180]. Due to the FP effect of the

substrate, the transmittance/reflectance of these OCs changes with frequency in a oscillating

manner, which we measured exactly using a FTIR spectrometer (see Sec. 5.4). Unlike using

a polarizer as OC, these metal mesh OCs are insensitive to polarization. In the recently

demonstrated focusing metasurface QC-VECSEL [181], we used these metal mesh OCs to

form a cavity, instead of a wire-grid polarizer, to prevent the polarized response from the OC

from interfering with the focusing effect. Compared with the previous plano-plano FP cavity,

the QC-VECSEL based on a focusing metasurface exhibits a higher stability, resembling a

concave-plano hemispherical cavity. This is confirmed by the numerical modeling of cavity

loss change with the misaligned angle between OC/concave mirror and metasurface, based

on a modified Fox-and-Li method explained in Sec. 4.3.

The third type of QC-VECSEL cavity that we have demonstrated is a compact intra-

cryostat cavity, as shown in Fig. 4.1(c). The parallelism between the OC and metasurface is

achieved by fine tuning a specially designed mechanical stage at RT, which is then mounted

inside the cryostat and cooled down. While this approach prevents fine alignment of the

cavity during operation, our experience so far suggests that misalignment due to thermal

contraction at low temperature is not a severe problem for high performance metasurfaces.

This is partly attributed to the short cavity length allowed by this intra-cryostat setup,

which reduces the diffraction loss due to misalignment. Using a focusing metasurface is also
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helpful, though not essential, to mitigate the effects of misalignment. This compact cavity is

not only convenient for application, but also eliminates any possible loss from the cryostat

window and atmosphere. The lasing threshold for this cavity has been found to be much

lower than the external FP cavity counterpart with the same OC and metasurface (see Sec.

7.2).

4.2 Sources of cavity loss

In a cold QC-VECSEL cavity (i.e. QC material gain g = 0 cm−1), the total cavity loss con-

sists of (i) metasurface absorption characterized by passive metasurface reflectance R1 or the

transparency gain gtr, (ii) output-coupling loss determined by OC’s reflectance R2, and (iii)

external cavity loss represented by the round-trip transmittance T 2 = (1− αa)(1− αw)(1− αd) ≈

1−αa−αw−αd, where αa, αw, and αd respectively represent the round-trip power loss owing

to atmospheric absorption, the absorption and reflection loss due to the cryostat window,

and the QC-VECSEL cavity diffraction loss due to cavity misalignment and metasurface

finite size.

THz radiation is subject to strong atmospheric absorption except within a few transmis-

sion windows where 0.5–2 dB/m attenuation is typical, as shown in Fig. 4.2(a). Fig. 4.2(b)

shows the round-trip air absorption loss αa as a function of one-trip propagation length in

air within a QC-VECSEL cavity. For a typical external setup of ∼2 mm air length, αa is

about 0.5–2% depending on the relative humidity level and frequency.

In the actual QC-VECSEL setup, the metasurface is mounted inside a cryostat facing the
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cryostat window, which is a 3.3 mm-thick high-resistivity silicon. The cryostat window acts

as an etalon filter inside the cavity, the transmission spectrum of which changes rapidly with

frequency ω and is calculated by TSi = | 4neiδ/2

(n+1)2−(n2−1)eiδ |
2, where δ = 2nω

c
d, d is the thickness

of Si window, n = 3.417 + iαc
2ω

, α = 0.05 cm−1, and c is the speed of light. As shown in Fig.

4.2(c), the Si window’s etalon effect determines that lasing is likely only allowed at discrete

frequencies separated by a free spectral range (FSR) of ∼13 GHz, where the round-trip loss

of 1− T 4
Si is minimal and reads αw ∼ 7%.

Figure 4.2: Schematics of three QC-VECSEL cavity designs: (a) Atmospheric transmission
spectrum of THz radiation represented by the attenuation in dB/m for three relative humid-
ity (RH) levels. Dashed lines indicates the 0.5–2 dB/m attenuation range. (b) Round-trip
atmospheric absorption loss αa change with propagation length in air. (c) Round-trip loss
spectrum of a 3.3 mm-thick high-resistivity silicon window as an etalon filter. The red dot
highlights the minimal loss of ∼7%.

The diffraction loss αd is calculated using the Fox-and-Li method explained below. αd =
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10–15% is a reasonable estimate for an external cavity setup. To sum up, we can estimate the

threshold bulk gain for lasing gth by gth = gtr − ln(R2T 2)
ξ

rewritten from Eq. 2.1, using a rea-

sonable estimate of total external cavity loss of T 2 = 1−1%(αa)−7%(αw)−10%(αd) = 0.82.

Assuming R2 = 0.95 and incorporating the simulated results for the baseline metasurface

design of gtr = 16.8 cm−1 and ξ = 1.63 × 10−4 m, we obtain gth = 31.4 cm−1. This level of

bulk gain is readily achievable by QC materials. Improved cavity and metasurface designs

can further reduce the threshold gain, such as using an intra-cryostat cavity design free from

air and window loss (see Fig. 4.1(c)).

4.3 Modeling of cavity mode by Fox-and-Li method

The cavity mode and corresponding diffraction loss out of the QC-VECSEL cavity are cal-

culated by a scalar 1D numerical model based on the Fox-and-Li method (polarization is

neglected) [182, 183]. In this method an initial distribution of electric field is launched from

the metasurface and propagated to the OC using Huygen’s integral [184]; upon each reflec-

tion, the field profile is multiplied by a spatially dependent complex reflection coefficient

on the finite-size metasurface and OC. The algorithm is iterated until the mode profile and

round-trip cavity loss converge to a stable solution after multiple round trips. We represent

the 1D reflection coefficient distributions on the metasurface reflector and the OC by rMS(xa)

and ro(xb). The back and forth wave propagation in the cavity is formulated by

Bn(xb) =

√
k0
i8π

a∫
−a

An(xa)rMS(xa)
eikR√
R

(1 + cosθ)dxa (4.1)
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An+1(xa) =

√
k0
i8π

b∫
−b

Bn(xb)ro(xb)
eikR√
R

(1 + cosθ)dxb, (4.2)

where the 1D integral in Eq. 4.1 is evaluated over the metasurface of dimension 2a on which

An(xa) represents the electric field distribution after n round trips, and integral in Eq. 4.2

is evaluated over the OC of dimension 2b of on which the field is represented by Bn(xb).

R is the distance from the point xa to xb. θ is the angle between the direction xa to xb

and the direction normal to the metasurface plane. k0 is the free space wave vector. After

many round trips, the field distributions stabilize to the lowest-loss mode profile and the

attenuation factor defined as γn(x′a) = An(x′a)
An−1(x′a)

also converges to a constant. The round-trip

cavity diffraction loss can be extracted by αd = 1 − |γn(x′a)|2 (x′a is a fixed position on the

metasurface that can be arbitrarily chosen).

The 1D Fox-and-Li approach is first applied to the plano-plano FP cavity to calculate

its diffraction loss and mode profile, which is essentially an unstable cavity. However, as

long as the cavity length is small enough with respect to the size of flat elements, a near-

Gaussian mode survives in it as the lowest-loss mode. The cavity length Lc is chosen based

on the condition for the Fresnel number N = (L/2)2

Lcλ0
> 0.5 [182], where the metasurface is

assumed of L× L size and λ0 is the free-space wavelength. Due to fabrication and material

constraints, the size of metasurface is generally limited to less than 3 × 3 mm2 while the

size of OC can be made much larger. Therefore the diffraction loss is mainly induced by the

mode spillover of non-vanishing tails on the metasurface edges. As expected, the calculated

round-trip diffraction loss αd increases as the cavity length Lc increases and the metasurface

size of L × L decreases (see Fig. 4.3(a)). The converged mode profiles on the metasurface
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for Lc = 9 mm are shown in Fig. 4.3(c), where the intensity of mode edges is higher for a

smaller metasurface, resulting in a worse mode spillover. From the converged mode profile

on the OC, it is straightforward to calculate the far-field beam pattern, which is well fitted

with a Gaussian curve. The full width at half maximum (FWHM) divergence angle θFWHM

can be extracted from the Gaussian curve fit, which is shown in Fig. 4.3(b) for different

metasurface sizes with varying cavity length Lc. It is seen that the cavity with a larger

metasurface generates a narrower far-field beam, which slightly narrows down with long

cavity length. The far-field beam intensities with Gaussian curve fits are plotted in Fig.

4.3(d) for Lc = 9 mm. It is noticeable that the larger diffraction occurring on a small

metasurface with L = 1.5 mm for Lc = 9 mm cavity length also induces slightly larger side

lopes in the far-field beam.
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Figure 4.3: Round-trip diffraction loss αd (a) and FWHM divergence angle of far-field beams
θFWHM (b) as a function of cavity length Lc for a plano-plano FP cavity formed by a meta-
surface of size L × L and a much larger OC. Converged mode profiles and far-field beams
are plotted in (c) and (d) for metasurfaces of size L× L for cavity length Lc = 9 mm.

A geometrically stable cavity that supports the fundamental TEM00 Gaussian mode

is ideal for VECSEL cavity. However, this type of cavity is only utilized for the initial

proof-of-concept demonstration of QC-VECSEL formed by a metasurface and a concave

mirror (see Sec. 5.2), until a later demonstration of using the active focusing metasurface

(FCMS) design that mimics a concave mirror to form a stable cavity with a flat OC element

(see Chapter 6). A stable cavity, such as concave-plano hemispherical cavity in this case,

leads to reduced diffraction loss, especially when there is an angular misaligned δ between
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Figure 4.4: Calculated round-trip cavity loss αd induced by angular misalignment vs. mis-
aligned angle δ for three types of cavity: plano-plano FP cavity, concave-plano cavity, and
FCMS-plano cavity. All the other sources of loss are neglected.

OC/concave mirror and metasurface that induces additional beam walk-off loss. This is

confirmed by 1D Fox-and-Li calculation for three types of cavities with varying misaligned

angle δ introduced: plano-plano FP cavity, concave mirror-plano cavity, and FCMS-plano

cavity. The metasurface size of L = 2 mm is kept identical. The reflectivity of concave

mirror with a curvature radius of Rm is represented by e−i(
x2a
Rm

), which is valid as long

as L2/4
2Rm

�
√
Lcλ0 [183]. The reflectivity distribution on the FCMS is represented by a

nonuniform phase profile modulated by the ridge with distribution and a “fictitious” uniform

reflectance, which is detailed in Chapter 7. The small angular misalignment is represented

by a linear phase shift of e
−i 4πδxa

λ0 , which varies spatially with xa. Fig. 4.4 plots the calculated

round-trip diffraction loss αd as a function of the misaligned angle δ for the three cavities,

which confirms that stable cavities lead to the much reduced diffraction loss and improved

robustness to angular misalignment.
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Figure 4.5: Simulated results of reflectance v.s. ridge width for a metasurface with periodicity
Λ = 70 µm by COMSOL in comparison to the results obtained by Eq. 4.3 for nonzero bulk
gain of 30 cm−1 and 60 cm−1.

4.4 Calculation of threshold gain by modified Fox-and-Li method

The above Fox-and-Li calculation is aimed at estimating the diffraction loss αd only, which

does not involve all the other losses. In an attempt to explicitly calculate the threshold

gain gtr for lasing, a modified Fox-and-Li calculation is implemented using a root finder

algorithm to find the value of bulk gain that leads to a metasurface reflectivity distribution

for which the total round-trip cavity loss is zero. This calculation is useful to evaluate the

various metasurface designs, particularly for the inhomogeneous design that has a nonuniform

reflectivity distribution (such as FCMS) and the metasurfaces that are selectively biased.

In this root finder, the metasurface reflectance Ra is now a function of position xa and

bulk gain g. The reflectivity phase is nearly unchanged with bulk gain, as is confirmed by

the finite-element simulation. Using Eq. 2.1, we can write Ra as
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Ra(xa, g) = e
−R1(xa)

gtr
(g−gtr) (4.3)

where R1(xa) is the reflectance distribution on the metasurface when it is passive. gtr is

assumed unchanged with xa (i.e. over the metasurface) at a certain frequency, which is ob-

viously valid for a uniform metasurface design. What about an inhomogeneous metasurface

where the ridge width is varying along xa? To account for this case, the reflectance v.s.

ridge width is plotted using Eq. 4.3 with gtr = 17 cm−1, which is extracted for the ridge

width of 11.5 µm corresponding to the resonance peak at 3.4 THz. As shown in Fig. 4.5,

the close resemblance of the results by Eq. 4.3 to the COMSOL simulation results confirms

the validity of using Eq. 4.3 to approximate the nonuniform metasurface reflectance change

with bulk gain. A root finder algorithm is developed by incorporating Eq. 4.3 into Eq. 4.1

and 4.2 and gradually increasing g while performing the back and forth propagation until the

attenuation factor γn(x′a) = An(x′a)
An−1(x′a)

is converged to unity, which signals gth is found. Using

this method, gth are calculated for three cavity setups as a function of angular misalignment,

which are detailed in Chapter 7.
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CHAPTER 5

External cavity QC-VECSELs with uniform

metasurface

This chapter presents a wealth of experimental results regarding external cavity QC-VECSELs

based on uniform metasurface designs. The uniform metasurface composed of a periodic

array of sparsely spaced and identical metal-metal (MM) waveguide microcavities has a uni-

form distribution of reflection amplitude and phase over the metasurface area. It can form a

Gaussian cavity with a concave gold mirror and a plano-plano FP cavity with a flat output

coupler (OC), which have been both demonstrated experimentally. Considerable power has

been achieved in combination with a near-Gaussian beam pattern from uniform metasurface

QC-VECSELs based on plano-plano FP cavity, proving the success of QC-VECSEL concept.

Furthermore, the output coupling efficiency is easily controllable by the choice of OCs or

simply turning the polarizer as OC, which largely eases the power maximization by achieving

the optimum output coupling efficiency. A family of uniform metasurface designs targeted at

different resonant frequencies have been demonstrated lasing, which covers a broad spectral

range from 2.5–4.4 THz.
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5.1 Uniform metasurface design

The first uniform metasurface consists of 17 MM ridges spaced with a periodicity of Λ = 90

µm, with a center square area of 1.5×1.5 mm2 biased. The ridge width w is designed varying

from 11.5 µm to 13.5 µm to let the metasurface resonant frequency overlap with the QC

material bulk gain peak at ∼2.9 THz (FL178-M7 design). The fabricated metasurface is

shown in Fig. 5.1(a), where the unbiased reflectors on each side of the active area ensures

the tails of cavity mode see a highly reflecting area. The full-wave finite-element simulation

of this metasurface reflectance is shown in Fig. 5.1(b), which confirms its amplification effect

near the TM01 resonant frequency when the bulk gain g is above ∼20 cm−1.

Figure 5.1: (a) SEM image of a fabricated active metasurface with a 1.5×1.5 mm2 active area
within the red dashed box. (b) Simulated reflectance change with the bulk gain g at three
different frequencies for an active metasurface with w = 13 µm and Λ = 90 µm. The left
inset shows the simulated reflectance spectra for normally incident planes waves for different
values of g. The right inset shows the E-field magnitud.1e at resonance of 2.94 THz, where
the E-field is predominantly polarized normal to the metal plane within the gain medium.
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5.2 Proof-of-concept demonstration of QC-VECSEL

Figure 5.2: (a) Schematic of the proof-of-concept demonstration of THz QC-VECSEL in
a plano-concave FP cavity. (b) Actual experimental setup. (c) Active metasurface device
mounted on a copper chip carrier. (d) P-I-V s of the QC-VECSEL and the metasurface alone
(with no cavity). The inserted are spectra for VECSEL lasing and metasurface lasing, and
the differential conductance curves for two configurations.

We obtained lasing in a THz QC-VECSEL device for the first time in April 17, 2015. It

is a proof-of-concept demonstration realized in a concave-plano Gaussian cavity, which can

minimize the diffraction loss and remove the output coupling loss [178]. As shown in Fig.

5.2(a), the cavity consists of an active metasurface (w = 13 µm and Λ = 90 µm) and a

concave gold mirror facing the metasurface, the actual experimental setup of which is shown

in Fig. 5.2(b). The metasurface device is cleaved from a fabricated piece containing multiple
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devices, indium soldered onto a copper chip carrier, and wired bonded to the gold pads, the

final form of which is shown in Fig. 5.2(c). The copper chip is mounted on the cold stage

inside the cryostat (Infra-Red Laboratories emission dewar) facing the cryostat window.

The cavity is pre-aligned using a He-Ne laser with the opaque cryostat window removed;

then the window is re-installed and the cryostat is pumped and cooled down. The power-

current-voltage (P-I-V ) curve is measured in pulsed mode (0.3% overall duty cycle, 300

ns-long pulses repeated at 10 KHz) at 26 K. Due to no appropriate output coupling chan-

nel for direct power measurement, the THz power is measured from a very small scattered

component collected by parabolic mirrors and focused to a liquid Helium-cooled Ge:Ga pho-

todetector in lock-in detection mode. The measured P-I curve for the QC-VECSEL exhibits

two peaks, as shown in Fig. 5.2(d). In contrast, another P-I-V curve is measured with a

blocking object inserted inside the cavity to destroy the VECSEL cavity mode, which only

shows one peak that matches with the second peak in the QC-VECSEL P-I curve. Accom-

panied with P-I curves change is the change in differential conductance curves. These facts

suggest that the first peak depends on the presence of the concave mirror and comes from

the VECSEL lasing, while the second is indifferent to the cavity setup, which is believed to

represent the lasing in the fundamental propagating mode of waveguide sub-cavities. The

self-lasing only occurs at low temperature and high biases when the bulk gain is sufficiently

high, since it is intentionally suppressed by lossy boundary conditions. The measured spectra

for the two bias regions are also very different, with the first closed to the designed meta-

surface resonant frequency and the second shifted to a much higher frequency as a result of

the Stark effect at the high bias. This proof-of-concept QC-VECSEL demonstration proves
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it is viable to implement the VECSEL concept for THz QCLs using the active metasurface

reflector.

5.3 Uniform metasurface paired with a polarizer

Beyond the proof-of-concept demonstration, a QC-VECSEL with appropriate output cou-

pling element is the next step. Due to a lack of concave mirrors with partial transmittance

in THz range, the focus is quickly shifted to plano-plano FP cavity formed by a uniform

metasurface and a flat output coupler (OC) in parallel. The first demonstration uses a free-

standing wire-grid THz polarizer (made of 20-µm diameter Tungsten wires spaced with a

period of 50 µm) as the OC, as Fig. 5.4(a) shows [174]. Among metasurfaces fabricated with

periodicity Λ = 90 µm and ridge width w varying from 11.5 µm to 13.5 µm, only w = 12.5

µm and 13 µm were observed lasing with the best performance obtained from w = 12.5 µm.

This is primarily attributed to the coupling between microcavity TM01 resonant mode and

surface wave excited via first-order Bragg scattering, which is detailed in Sec. 2.3. Presum-

ably w = 12.5 µm design has the best overlap of the gain spectrum with the metasurface

resonance.

5.3.1 Experimental results

The reflectance from a wire-grid polarizer highly depends on the electric field polarization

direction relative to the wires, which is maximum (∼0.97) when parallel and minimum

(∼0.18) when perpendicular. Due to the polarized response of both the metasurface and

polarizer, one can increase the output coupling transmittance by varying the angle θp of
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Figure 5.3: (a) Upper: pulsed mode P-I-V characteristic and spectrum at 6K, with polarizer
angle θp = 30◦. Lower: pulsed mode P-I-V characteristics for angle θp varied from 0◦ to
24◦ at 77 K. The inset is the lasing spectrum. (b) Measured threshold current density Jth
and slope efficiency dP/dI versus with θp at 77 K. (c) Differential conductance curves in the
lasing range for different θp and no cavity case at 77 K.
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the polarizer from 0◦ to 90◦. θp is the angle between the polarizers wire orientation and the

direction transverse to the ridges on the metasurface, as indicated in Fig. 5.4(a). The precise

dependence is non-trivial, as the output transmittance depends on the polarization state of

the circulating laser field, which in turn depends on the co- and cross-polarized reflection

coefficients of both the polarizer and metasurface. As for any laser, there is an optimum

coupling condition which maximizes the output power, which depends upon the interplay

between the coupling loss and total loss, and its effect on threshold, the circulating power,

and transmitted power. Fig. 5.3(a) shows P-I-V curves for a set of orientation angles from

0◦ to 24◦ at 77 K. The P-I-V characteristics were measured in pulsed mode (0.25% overall

duty cycle, 500 ns-long pulses repeated at 10 kHz, modulated by a slow 5 Hz pulse train with

lock-in detection). A calibrated pyroelectric photodetector was mounted close to the output

coupler polarizer without any intermediate optics for power measurement. The absolute

power calibration procedures are detailed in Appendix D. At 77 K, the output power is

maximized at a value of 6.45 mW, which is achieved with θp = 18◦. The threshold current

density and slope efficiency both increase with θp as shown in Fig. 5.3(b), which is consistent

with an increasing out-coupling loss. For θp > 24◦, out-coupling loss becomes too high for

the VECSEL to reach the lasing threshold. Fig. 5.3(c) shows the differential conductance

(dI/dV ) for each angle. The discontinuity at threshold is observed to be lower as θp is

increased, which is consistent with a longer upper state lifetime due to reduced stimulated

emission and reduced circulating intensity under higher out-coupling loss conditions. When

the polarizer is removed to destroy the external cavity, no lasing power is measured and

the discontinuity disappears. Only in one outlier device at liquid Helium temperature was

lasing observed to occur without the polarizer; this occurred at very high threshold and at
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a frequency (∼3.6 THz) far away from the metasurface resonance of 2.8-2.9 THz (see Fig.

5.2(d)). Due to the larger gain present at 6 K, the optimum coupling condition is reached

at a larger polarizer angle of θp = 30◦. The maximum output power is measured to be 31.3

mW, with a slope efficiency of 80.4 mW/A (equivalent to 0.039 photons/electron/stage),

as shown in Fig. 5.3(a). The present metasurface dissipates more than 30 W, which is

not suitable for cw operation at cryogenic temperatures. However, because the narrow

active region ridges (∼13 µm) is favorable for heat removal, it is believed that the VECSEL

configuration is advantageous for cw operation provided the total power consumption is

reduced to a moderate level, perhaps by using a different active region design with lower

threshold current density or by reducing the total active area of the metasurface.
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Figure 5.4: (a) The schematic for the VECSEL cavity setup and beam pattern measurement
scheme. (b) Measured beam pattern measured for the THz QC-VECSEL at 77 K. (c) and
(d) 1D cut of the beam pattern through the intensity maximum along θx and θy angular
directions, with Gaussian curve fit (dashed black line).

At 77 K the emission spectrum is single-mode at 2.846 THz (within the∼7 GHz resolution

limit of our spectrometer), and is unchanged with adjustments in electrical bias, cavity

length, or polarizer angle. Tuning the cavity length by moving the polarizer in the axial

direction only results in turn-on and -off of lasing, caused by the longitudinal mode phase

matching. It is believed that this single mode behavior results from the etalon effect of the

HR-Si window in combination with the limited resonant frequency range of the metasurface.

The spectrum is also measured at 6 K in pulsed mode and shows single-mode lasing at 2.873

THz. The shift of 27 GHz of the lasing frequency from 6 K to 77 K represents two longitudinal
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mode hops in the FP cavity, i.e., approximately twice the ∼14 GHz FSR of the HR-Si window

etalon. This mode hopping is presumably a result of the metasurfaces reflection peak and

phase change and the active mediums gain profile change with temperature.

The measured far-field beam pattern is quite symmetric and directive as shown in Fig.

5.4(b), which is directly measured after the polarizer as shown in Fig. 5.4(a). The 1D cuts

of the beam pattern through the center along θx and θy directions are given in Fig. 5.4(c)

and (d), which show good fits with Gaussian curves. The FWHM divergence angle is about

4.3◦ in the θx direction and 5.1◦ in the θy direction. The low-divergence near-Gaussian beam

pattern aligns with the fact that the plano-plano FP cavity can support a quasi-stable cavity

mode with a near-Gaussian mode profile, and is close to the calculated beam divergence based

on Fox-and-Li method.

5.3.2 Results analysis and discussion

In this implementation of a metasurface QC-VECSEL, the sub-cavity ridge antennas that

comprise the metasurface only provide gain to one polarization of incident radiation (con-

sidered to be the y-polarization here). This polarized response allows the use of a wire-grid

polarizer as an OC mirror with variable transmittance. However, this introduces additional

complications, as the cavity mode becomes a function of polarizer angle as well as the re-

flectance matrices for both the metasurface and the polarizer.
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The Jones matrix describing the active reflection from metasurface is given by

Γ1 =

 Γxx 0

0 Γyy
√
GeiφG

 , (5.1)

where Γyy is the passive reflection coefficient for the metasurface, and
√
G and φG are the field

gain magnitude and phase shift respectively for the y-polarized radiation incident transverse

to the metasurface stripe antennas. Radiation polarized along the stripes (x -direction) is

not amplified; ideally |Γxx|= 1, although finite metal conductivity, roughness, and diffraction

losses may reduce this value.

The reflection Jones matrix for the output coupler polarizer is given by

Γ2 = R(θp)MpolR(−θp) =

 r⊥ cos2 θp + r|| sin
2 θp

(
r⊥ − r||

)
sin θp cos θp(

r⊥ − r||
)

sin θp cos θp r⊥ sin2 θp + r|| cos2 θp

 (5.2)

where r || and r⊥ are the reflection coefficients for a polarizer for radiations with polarization

parallel and perpendicular to the wire grid direction respectively. Ideally r || = ∼-1 and

r⊥=0, so that the maximum reflectance is achieved when θp = 0.

Non-polarizing transmission loss through the etalon, atmosphere, or through diffraction

losses is captured in the single pass transmission T, which results in a transmission matrix

of

MT =


√
T 0

0
√
T

 , (5.3)
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The threshold condition is that the electric field vector repeats itself after one round trip:

E+ = MTΓ2MTΓ1E+ = MRTE+ (5.4)

where E+ is the electric field vector incident upon the metasurface. The solution yields the

threshold gain Gth, along with the polarization state of the field which can then be used

to find the effective metasurface reflectance R1 and output coupler reflectance R2, and its

transmittance T2 = 1−R2. An accurate solution requires knowledge of the various complex

reflection coefficients of the metasurface and output coupler, which are not experimentally

known. However, we are able to make an estimate based upon data from numerical sim-

ulations. Fig. 5.5 shows the results of such a calculation for the effective output coupler

reflectivity R2, cavity field polarization angle θc, and optical coupling efficiency ηopt. The

optical coupling efficiency is defined as ηopt=Qtot/Qout — the ratio of the total cavity quality

factor to the quality factor associated with out-coupling. In particular, the optical coupling

efficiency exhibits a very similar trend to the experimentally measured slope efficiency.
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Figure 5.5: (a) Calculated effective output coupling reflectance R2 change and the electric
polarization angle of the cavity mode incident upon the output coupler with respect to the
polarizer orientation angle (θc−θp) change with polarizer orientation angle θp. (b) Calculated
optical efficiency ηopt change with polarizer orientation angle θp and the measured slope
efficiency dP/dI normalized with respect to dP/dI(θp = 0◦) at 77 K. The calculation results
are based on the parameters simulated for the metasurface at 77 K.

The mode profile and far-field beam pattern are calculated y and θy direction, which both

have near-Gaussian intensity profiles. The metasurface is modeled as a uniform distribution

of unity reflectance across the metasurface, modified by a reflection phase shift difference of

-112◦ between the passive reflector area at the edges and the central active area. These values

are obtained from finite-element simulations and are shown in Fig. 5.6(a). The reflectivity

on the polarizer is treated as unity uniformly. The calculated spot on the metasurface and

the calculated far-field beams are plotted in Fig. 5.6(b) and (c). The calculated diffraction

cavity loss is ∼7% per round trip. If the calculated ∼7% round-trip absorption and reflection

loss due to the HR-Si window etalon is included, the total round-trip cavity loss is estimated

to be ∼14%. The calculated far-field beam divergence is 3.4◦ which is ∼1-2◦ narrower than

the measured divergence; the discrepancy may result from some factors not considered in

the calculation. For example, the calculated beam is sensitive to the precise phase and gain
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distribution on the metasurface, which in turn sensitively depends on the lasing frequency

relative to the sub-cavity resonance frequencies, which may differ from our simulation.

Figure 5.6: (a) The reflected phase shift on the metasurface reflector used in the calculation
of cavity mode. (b) The calculated lowest-loss intensity profile on the metasurface with
Gaussian curve fit (dashed line). The dotted line indicates the boundary between the active
area and the passive reflector. (c) The calculated far-field beam pattern with Gaussian curve
fit (dashed line).

Finally the measured slope efficiency is compared with the estimated one based on dP
dI

=

Np
hν
e
ηoptηiηu (see Sec. 3.2). From Fig. 5.6(b), the beam waist w0 of the near-Gaussian on

the metasurface is ∼0.75 mm, which leads to ηu ≈ 0.44 using Eq. 3.13 for a square bias

area of 1.5 × 1.5 mm2. The optical output coupling efficnecy is calculated to be ηopt = 0.4

for θp = 30◦. Combined with Np = 178, one obtains 352 mW/A (at 6 K) — about 4.4×

larger than the measured value of measured dP/dI = 80.4 mW/A (at 6 K). The internal

quantum efficiency ηi is likely to account for this discrepancy, which is expected to have a

value of 0.25 - 0.75 (depending on the active region design, temperature and frequency).

The discrepancy might also result from excess absorption on the metasurface, scattering

loss, or diffraction loss due to cavity misalignment. Furthermore, the model presented here

for slope efficiency assumes single-mode lasing interacting with a homogeneously broadened

transition; an inhomogenously broadened gain transition will result in spectral hole burning
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Figure 5.7: (a) Schematic of the QC-VECSEL setup using a metal mesh OC, composed of
either an inductive mesh or capacitive mesh. p is the periodicity of the mesh and a is the
size of mesh width/gap. (b) Measured transmission spectra for four metal mesh OCs.

and a reduction in efficiency.

5.4 Uniform metasurface paired with a metal mesh output coupler

One advantage of THz QC-VECSEL is the freedom of controlling output coupling efficiency.

This can be done by turning the polarizer as explained above or simply using different metal

mesh OCs varying in reflectance. A primary advantage of metal mesh OCs is that their

reflectance is independent on the incident field polarization. Therefore using different metal

mesh OCs provides a straightforward approach to study the loss from a passive metasurface,
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Figure 5.8: (a) Measured 77 K pulsed P-I-V for QC-VECSELs built with one metasurface
and four OCs. The inset shows the lasing spectra for each VECSEL. (b) Slope efficiency
change with the OC reflectance R2. The black dashed line is the fitted curve. (c) Threshold
current density Jth change with the OC reflection R2 represented in − lnR2. The black
dashed line is the fitted curve.
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similar to extracting the waveguide guide loss by measuring lasers of various ridge length

[185]. For this study, we used four output couplers (labeled as OC-1 to OC-4) to build the

plano-plano FP cavity as shown in Fig. 5.7(a), which are fabricated all on one ∼100 µm-thick

quartz substrate and comprised of either capacitive or inductive metal meshes of different

sizes to systematically vary the reflectance R2. The design parameters for OC1-4 are shown

in Table 5.1. The metasurface used is a 2× 2 mm2 uniform design with 29 MM ridge micro-

cavities of w = 11.5 µm ridge width and spaced with a Λ = 70 µm periodicity, designed for

∼3.4 THz. The QC active material used (RPC163-M1 design) has the design similar to Ref.

[97]. A center circular area of 1.5-mm diameter is biased. No passive Au reflectors are placed

on the two side to avoid the possible diffraction loss induced by the phase discontinuity as

seen in Fig. 5.6(a). FTIR spectroscopy was used to measure the transmittance T2 = 1−R2 at

the relevant frequency, which gives 3.2%, 5.8%, 17.5%, 30% for OC1–4 respectively (spectra

shown in Fig. 5.7(b)). Fig. 5.8(a) shows four P -I -V curves for the same metasurface paired

with each OC. Due to the dependence of the OC’s reflectance on frequency, the VECSEL

lasing frequencies are slightly different. The slope efficiency dP/dI and the threshold current

density Jth are extracted for each P-I-V and fitted with the expressions for slope efficiency

and threshold current density based on Eq. 3.10, 3.11, and 3.12. We estimate 18% round-trip

loss comprising 7% Si window loss and 11% diffraction loss obtained from Fox-and-Li cavity

modeling (for this uniform metasurface-plano FP cavity of 9-mm cavity length) such that

T2 = 0.82. Fig. 10(b) and (c) show the extracted dP/dI and the threshold current density

Jth with the curve fitting result. Fitting the data yields values of R1= 0.62, ηiηu = 0.29,

and Jleak= 343 A/cm2. The measured passive reflection is close to the simulated value of

0.76 at resonance frequency of 3.4 THz. If we assume ηu = 0.65, this implies that the he
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Table 5.1: Design parameters for the four different metal mesh OCs labeled as OC1-4.
Design label Type of mesh p (µm) a (µm)

OC-1 Inductive 10 3

OC-2 Inductive 13 3

OC-3 Inductive 15 2.5

OC-4 Capacitive 15 2.5

Figure 5.9: Beam pattern with 1D cuts in θx and θy directions for the QC-VECSEL using
OC-3.

internal quantum efficiency at 77 K is ηi = 0.45. These values are relatively insensitive to

the estimated value of T 2. The bulk gain increase per injected current density was extracted

as στeff/eLp = 0.64 cm/A. This value was obtained assuming ξ = 1.63×10−2 cm from simu-

lation data as in Sec. 3.4; however there is some uncertainty in ξ if VECSEL is in fact lasing

slightly detuned from the metasurface resonance. Direct measurements of the metasurface

reflectance and gain will be necessary in the future to directly measure this value. This

QC-VECSEL also exhibits a directive near-Gaussian beam profile with 3◦ × 4.2◦ FWHM

divergence, showing an improvement from the previous demonstration with the polarizer

(see Fig. 5.4(b)). This is likely attributed to the removal of phase discontinuity caused by

the passive Au reflector that might disrupt the cavity mode.
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Figure 5.10: Measured lasing spectra for some demonstrated QC-VECSELs based on various
metasurfaces designed with different ridge widths and periods Λ fabricated on different active
QC-laser materials labeled as M1-4.

5.5 Spectral coverage

So far various QC-VECSELs have been demonstrated lasing in a range from 2.5–4.4 THz.

This is achieved by designing metasurfaces with different periods Λ and ridge widths w

and pairing them with various resonant-phonon QCL active region designs [97, 76]. The

wide spectral coverage demonstrates the frequency flexibility of metasurface QC-VECSEL

approach. Fig. 5.10 shows a family of lasing spectra from different THz QC-VECSELs, all

of which were taken using the OC outside the cryostat (except the 4.4 THz demonstrated

with a intra-cryostat cavity explained in Chapter 7). As expected, there is an approximate

inverse relationship between ridge width w and the lasing frequency. Typically the lasing is in

single-mode when the cavity length is optimized to achieve a maximum power output. This

is attributed to the frequency dependence of the metasurface gain response, in conjunction

with the etalon filter effect of the cryostat window. As the cavity is tuned away from its

optimum length, hopping between longitudinal modes separated by the window’s FSR and
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lasing in multiple longitudinal modes are occasionally observed. Temperature change can

also induce a longitudinal mode hop [174].
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CHAPTER 6

External cavity QC-VECSELs with focusing

metasurface

The ability to engineer the phase of scattered light from planar surfaces is a powerful tool

for beam engineering, which allows one to replace bulky optical components with thin and

flat equivalents. This concept was introduced in the microwave regime in the form of the

reflectarray antenna, often used to replace space-fed parabolic reflectors [186–188]. In its

most common realization, a reflectarray comprises arrays of resonant patch antennas, which

are used to engineer a spatially dependent reflection phase by varying a critical dimension of

the patch; reflectarray lenses of this type have been demonstrated in the mm-wave, THz, and

mid-IR ranges [135, 189–191]. The concept has been further generalized across the infrared

and visible spectrum, with both metallic, plasmonic, and dielectric antennas types used

to create a huge variety of reflectarray and transmitarray metasurface optical components,

including lenses for focusing and imaging [107, 192], flat optics for optical vortex generation

[116]. As a critical building block for QC-VECSELs, the active metasurface provide an ideal

platform to integrate advanced metasurface designs with the laser cavity to enhance the

performance and develop new functionality.
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This chapter focuses on the design and demonstration of QC-VECSELs using the in-

homogeneous active metasurface in replacement of the uniform metasurface. Such an in-

homogeneous reflectarray metasurface acts as a focusing element by mimicking a parabolic

concave mirror, imposing a phase shift on the reflected wave that increases quadratically as

the distance from the center. Since the reflectarray antenna elements are loaded with QC

active materials, when electrically biased the metasurface amplifies the reflected beam as it

focuses. In conjunction with a flat OC reflector, we use the focusing metasurface to create

a QC-VECSEL in a hemispherical cavity as shown in Fig. 6.1(b), which is essentially a

stable cavity. Thanks to the focusing effect, a significant improvement is observed in cavity

stability and output beam pattern compared to a uniform metasurface configuration [174].

6.1 Focusing metasurface design

The focusing metasurface is composed of an array of inhomogeneous MM waveguide ridges,

as shown in Figs. 6.1(a) and (c). Each MM waveguide is intended to operate around its

TM01 mode cutoff, similar to the uniform metasurface design. Each ridge is tapered to the

passive and lossy wire bonding areas on both ends, which helps to suppress the self-lasing

in propagating waveguide modes. The focusing effect is achieved by spatially modulating

the ridge width both along and transverse to the ridges (see Fig. 6.1(c)). Because of

the resonance characteristics of MM waveguides, at a fixed frequency nearly 2π change

in reflection phase can be obtained by altering the ridge width w around the resonance

condition. Fig. 6.2(a) shows that a phase change of 311◦ is achieved by varying w from 9

µm to 14 µm. The designed 2×2 mm2 focusing metasurface is made up of 29 tapered MM
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Figure 6.1: (a) SEM image of a 2×2 mm2 active focusing metasurface with wire bonds. Only
the part of ridges within the red dashed circle (1 mm diameter) are electrically biased; the
area outside has a SiO2 insulation layer between the top metal contact and the QC material.
(b) Schematic for a THz QC-VECSEL based on an active focusing metasurface acting as an
amplifying concave mirror. (c) Zoom-in SEM image of a part of the focusing metasurface
showing the ridge width variation along and across the ridges
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waveguide ridges spaced with a period of Λ = 70 µm, which is chosen to be smaller than

the free space wavelength λ0 to suppress Bragg scattering. The modulation in ridge width

is designed to achieve the target parabolic phase profile (for paraxial focusing) of 2πr2/Rλ0,

where r is the radial distance to the metasurface center and R is the effective radius of

curvature (i.e. twice the desired focal length). The ridge width w at the metasurface center

is chosen to match the resonant frequency of the element to intersubband gain spectrum

peak. The fact that the reflectance is highest near the resonance frequency provides an

approximate self-selection of the correct frequency to obtain the desired phase profile. As

an example, a focusing metasurface designed with R = 10 mm at 3.4 THz has its transverse

ridge width distribution through the center as shown in Fig. 6.2(b). Its focusing effect is

verified by numerically simulating the reflection of a plane wave from it in 2D (see Fig.

6.2(c)) and confirmed by the result that the simulated phase profile matches with the target

parabolic profile as shown in Fig. 6.2(b). Focusing metasurfaces with R = 10 and 20 mm for

four different frequencies covering 3.2-3.5 THz are designed to overlap with the QC material

bulk gain peak (designs labeled M3.2, M3.3, M3.4, M3.5). The active region design is similar

to Ref. [97] (RPC163-M1 design). Not only is the phase spatially modulated, but the gain is

as well. Oxide isolation is used such that only a 1-mm diameter circular region in the center

of the metasurface receives current injection. This is a form of integrated spatial filtering

which encourages lasing of the fundamental Gaussian cavity mode, since the center of the

beam has the largest transverse confinement factor Γt with the gain.
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Figure 6.2: (a) Simulated reflectance (top) and reflection phase shift (bottom) versus ridge
width for a MM waveguide array with period of 70 µm, with 30 cm−1 bulk gain assumed in
the QC gain medium. Inset is the electric field amplitude profile of the excited TM01 mode in
the reflection simulation. (b) Designed ridge width distribution for a focusing metasurface of
R = 10 mm at 3.4 THz (top), and simulated phase front of reflected wave with a plane wave
incident on it, in comparison with the target parabolic phase front (bottom). (c) Simulated
electric field magnitude profile of a plane wave normally incident on a focusing metasurface
of R = 10 mm at 3.4 THz.
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6.2 Experimental demonstration

The experimental configuration for the focusing metasurface QC-VECSEL is shown in Fig.

6.3(a). The cavity length is 9 mm — the shortest length allowed by the experimental setup.

The output coupler used here is either an inductive metal mesh on a 100 µm-thick quartz

substrate (OC1) or a capacitive metal mesh on a 75 µm-thick quartz substrate (OC2), whose

transmittance is measured to vary between 10–24% for the former and 40–60% for the latter,

depending on the frequency within 3.2–3.5 THz due to the substrate’s etalon effect.

Upon testing, it was immediately apparent that the focusing designs were easier to align

and more tolerant of misalignment compared to uniform metasurface designs. This was

quantified by first optimizing the alignment of the cavity to achieve parallelism, and then

intentionally introducing angular misalignment in either the x or y axis represented by tilt

angles δx and δy respectively (see Fig. 6.3(a)). A host of pulsed optical power-current-

voltage (P-I-V ) curves (see Fig. 6.3(b)) were measured for increased tilt angles in both

axes for QC-VECSELs built upon three metasurfaces: focusing ones of R = 10 mm and

20 mm, and a uniform metasurface similar to the design in Sec. 5.1. The pulsed P-I-V

measurements were conducted with 0.25% overall duty cycle (500 ns-long pulses repeated

at 10 kHz, modulated by a slow 5 Hz pulse train with lock-in detection). To make a fair

comparison, for each device the measured change in threshold current density Jth is plotted

normalized to Jth measured at optimum alignment (see Fig. 6.3(c)). The threshold current

increases with the tilt angle in both axes in a modest manner for the two focusing metasurface

QC-VECSELs — devices still lase even with 4◦ misalignment. In contrast, the uniform

metasurface exhibits a more dramatic rise in Jth with misalignment, and ceases to lase entirely
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for misalignments greater than 3.5◦. This is the case even though the uniform metasurface has

a larger circular biased area of 1.5-mm diameter and consumes more current. We conclude

that the focusing effect significantly reduces the cavity’s sensitivity to misalignment, as

expected for the hemispherical Gaussian resonator. The experimental result matches the

trend of our simulated results, in which modified Fox-and-Li cavity calculation is used to

estimate the threshold bulk gain gth for each QC-VECSEL to lase at different misaligned

angles. The threshold bulk gain is found by using a root finder algorithm to find the value of

the metasurface reflectivity for which the computed round-trip cavity loss is zero, as detailed

in Sec. 4.4. The angular misalignment is introduced as a linear shift of the OC’s reflection

phase. The calculation results reveal a slower trend of threshold bulk gain increase with

misalignment for the two focusing metasurfaces than for the uniform one, as shown in the

top part of Fig. 6.3(c). Because not all loss mechanisms are included in this simulation, it

should only be used to identify the trend in threshold current density.

High power output and slope efficiency are demonstrated from the focusing metasurface

QC-VECSELs. All four separate metasurfaces designed for four frequencies covering 3.2–3.5

THz were observed to lase, with the one designed for 3.4 THz (M3.4) showing the best power

performance. At perfect alignment and 77 K, the R = 10 mm metasurface QC-VECSEL

designed for 3.4 THz generates a peak power of 46 mW with the slope efficiency dP/dI = 413

mW/A when paired with OC2, and 31 mW peak power with dP/dI = 227 mW/A with OC1,

P-I-V curves of which are plotted in Fig. 6.4(a). At 6 K, the pulsed peak power increases to

78 mW, with dP/dI = 572 mW/A with OC2 and a peak wall-plug efficiency reaching 1.15%.

cw lasing is achieved at 6 K with peak power of 40 mW, dP/dI = 339 mW/A, and wall-plug
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Figure 6.3: (a) Experimental configuration of a focusing metasurface QC-VECSEL. The
tilt angle δx/y indicates the degree of OC tilting around y/x axis from the perfectly aligned
position, as the green arrows show. (b) Pulsed P-I-V curves at 77 K for different y (with δx =
0) for a R = 10 mm focusing metasurface (M3.4). (c) The measured threshold current density
change ratio with respect to Jth at perfect alignment with δx and δy for QC-VECSELs based
upon three different metasurfaces: R = 10 mm and 20 mm with 1 mm diameter circular bias
area, and a uniform metasurface with 1.5 mm diameter circular bias area. The solid lines in
the top part are the calculated threshold bulk gain gth change with the tilt angle δy.
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efficiency of 0.6%. (see Fig. 6.4(b)). The power is measured using a pyroelectric detector,

which has been calibrated using a Thomas-Keating THz absolute power meter with 100%

collection efficiency, given directive beam pattern. For a comparison, the 77 K P-I-V of a

uniform metasurface QC-VECSEL is measured and shows dP/dI = 234 mW/A when paired

with OC1. The output power drops dramatically when this uniform metasurface is paired

with OC2. Even though the focusing metasurface is designed with a smaller circular bias

area (1-mm diameter) than the uniform metasurface (1.5 mm diameter), higher efficiency

performance is obtained from the focusing metasurface VECSEL, with the slope efficiency

among the best reported numbers so far from a THz QCL. The smaller biased area of the

focusing design has reduces the total current consumption and benefits cw operation. Further

reduction of the biased area may help to obtain cw performance at higher temperature >77

K. The lasing spectra for four separate focusing metasurface VECSELs designed for 3.2–

3.5 THz at 77 K are shown in Fig. 6.4(c). The spectra are generally close to the designed

metasurface frequencies, which is primarily determined by the ridge width at the metasurface

center. All lased in single-mode over their entire bias range. This is attributed to the etalon

filter effect of the cryostat window. This effect, in combination with the limited bandwidth

of the metasurface reflective gain, and the QC material gain lineshape, strongly favors single-

mode operation.

The benefit of the focusing metasurface can also be seen by looking at the beam quality.

The far-field beam at 77 K is measured as shown in Fig. 6.3(a) using a 2-axis spherical scan-

ning pyroelectric detector. Beams from the focusing QC-VECSELs both exhibit a narrower

and more circular near-Gaussian beam profile than the beam pattern reported in [174] or in
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Figure 6.4: (a) Pulsed P-I-V curves for the R = 10 mm focusing metasurface QC-VECSEL
designed for 3.4 THz, paired with OC1 and OC2 respectively at 77 K. (b) Pulsed and cw
P-I-V curves for the QC-VECSEL composed of the R = 10 mm focusing metasurface and
OC2 at 6 K. (c) Lasing spectra measured using a Nicolet FTIR using 0.25 cm−1 resolution
for QC-VECSELs based on four focusing metasurfaces M3.2, M3.3, M3.4, and M3.5 paired
with either OC1 or OC2

Sec. 5.4 from a uniform metasurface. As shown in Figs. 6.5(a) and (b), the QC-VECSEL

on R = 20 mm focusing metasurface produces a beam with 3.5◦ × 3.6◦ FWHM angular

divergence, and the QC-VECSEL with the R = 10 mm metasurface produces a beam with

4.8◦×4.3◦ divergence. This agrees with the expected divergence behavior of Gaussian modes

in hemispherical resonators — the smaller value of R produces a smaller spot on the output

coupler, with consequent faster divergence in the far-field. The beam is well fit by a Gaussian

intensity profile at least down to 25 dB, and in some cases down to 40 dB.

The iterative Fox-and-Li approach is applied to calculate the intracavity mode profiles. To

evaluate the impact of the nonuniform distribution of reflectance on the metasurface focusing

effect, the cavity mode profiles and far-field beam patterns are calculated and compared for

four cases: (i) ideal Gaussian cavity with a smooth parabolic phase for R = 10 mm and

uniform unity reflectance, (ii) the actual R = 10 mm focusing metasurface design with

phase profile modulated by the ridge width distribution transverse to the ridge array and a

fictitious uniform reflectance, and the actual R = 10 mm focusing metasurface design with
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Figure 6.5: (a) The measured beam pattern from a focusing metasurface QC-VECSEL with
R = 10 mm. (b) The measured beam pattern from a focusing metasurface QC-VECSEL
with R = 20 mm. The angular resolution in measurement is 0.5◦. Black dashed lines are
Gaussian curve fits to the 1D beam cuts through the beam center. 1D beams cuts are also
plotted dB scale. Beams are measured at 77 K.
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a nonuniform reflectance distribution for 30 cm−1 (iii) and 60 cm−1 (iv) gain within the

active material. Fig. 6.6(a) shows the associated metasurface reflectivity magnitude and

phase distributions. The nonuniform reflectance data was obtained by using finite-element

simulation to obtain the metasurface reflectance as a function of ridge width. It is assumed

that sub-cavity elements within the center 1 mm are biased to produce a bulk gain coefficient

of 30–60 cm−1 within the active material, and the other elements outside are unbiased so that

they are lossy. The range of gain values considered corresponds to operation with different

OCs, i.e. a more transmissive output coupler will require larger threshold gain to oscillate.

Since the metasurface resonance is approximately Lorentzian in lineshape, the modulation

of the ridge width to produce the desired phase profile also produces a spatially varying gain

profile at a fixed frequency, whose variation depends upon the total cavity loss. Fig. 6.6(b)

shows the calculated intensity far-field beam pattern, as well as the modal profiles on the

metasurface and the output coupler, for each of the four cases. The results show that the

field distributions are very similar. Therefore we believe that the nonuniform reflectance

distribution has only a minor effect on the focusing metasurface cavity mode.

6.3 M2 factor characterization of output beams

To further assess the beam quality, the beam propagation factor M2 is measured using a knife

edge method through the focus of the beam along the propagation direction [193]. The M2

factor is the ratio of the angle of divergence of a laser beam to that of a fundamental Gaussian

TEM00 mode with the same beam waist diameter; it has a value of unity for a fundamental

Gaussian beam [194]. Following the standard procedures detailed in [195], a value of M2 =
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Figure 6.6: (a) Reflectivity magnitude and phase distributions for the four calculation cases.
(b) Calculated far-field beam patterns, cavity mode intensity profiles on metasurface and
OC for the four cases.

Figure 6.7: M2 factor measurement results for the output beam directly from a focusing
metasurface QC-VECSEL with R = 20 mm. The beam radius is measured along the optical
axis (z axis) in both x and y direction after being focused by a TPX lens of 50-mm focal
length which is placed 17 cm away from the VECSEL, and is represented by red and blue
circles in (a) and (b), with the curve fitting results plotted in black dashed line. The inset
shows the knife-edge measurement raw data at beam waist position with curve fitting shown
in black dashed curve.
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1.3 is measured in both the x and y directions for R = 20 mm metasurface QC-VECSEL,

which is the best reported M2 factor directly from a THz QC-laser based on MM waveguide

geometry with no spatial filtering [194]. The beam waist evolution along the optical axis is

shown in Fig. 6.7, with parameter fitting results. The peak power associated with this beam

is 27 mW at 77 K, which leads to a high value of brightness Br = 1.86 × 106 Wsr−1m−2

given by Br = P/(M2
xM

2
yλ

2), where P is the output power. The M2 value for R = 10

mm metasurface QC-VECSEL with OC2 is measured to be 2.2 and 2.5 in x and y directions

respectively, with the output power of 46 mW and Br = 1.07 × 106 Wsr1m2. The slight beam

degradation may be due to the stronger diffraction occurring for such a cavity where the

cavity length is closer to the focusing curvature radius. We note that only providing electrical

bias to the center circular area with diameter of 1 mm is important in achieving high beam

quality. By pumping only the center of the metasurface, the fundamental Gaussian mode

exhibits the highest overlap, and is selectively excited. Also, even for the R = 10 mm design,

the ridge widths w are relatively uniform within the center biased region (see Fig. 6.2(b)),

which limits the spectral broadening of the gain due to metasurface inhomogeneity.
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CHAPTER 7

Intra-cryostat cavity QC-VECSELs

The metasurface QC-VECSELs implemented in the external cavity have demonstrated the

success in achieving high power in combination with excellent beam pattern. One direction of

advancing QC-VECSELs is to further improve its compactness and performance by designing

a miniatured cavity that can be contained within the cryostat, namely an intra-cryostat

cavity. This type of cavity removes the loss and etalon filtering effect associated with the

cryostat window and atmosphere. Besides, a much shorter cavity length is possible with

the intra-cryostat setup, which leads to a lower diffraction loss and less sensitivity to cavity

misalignment. Once built and aligned, this type of intra-cryostat cavity is robust and free

of further alignment, making it a convenient THz source with high performance for many

applications. This chapter focuses on the design and experimental demonstration of intra-

cryostat QC-VECSELs, highlighted with record-high slope efficiency and cw power at >77

K in conjunction with a near-Gaussian beam pattern.

7.1 Intra-cryostat cavity design

A miniatured mechanical mount is designed to hold the OC, which is typically a metal mesh

OC, right on top of the metasurface mounted on a heat-sunk copper chip carrier, a schematic
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Figure 7.1: (a) Schematic of the intra-cryostat cavity design. (b) Schematic of the in-
tra-cryostat QC-VECSEL mounted inside a cryostat. Front (c) and side (d) views of the
actual intra-cryostat cavity setup.

of which is shown in Fig. 7.1(a). The actual cavity setup is shown in Fig. 7.1(c) and (d).

Three screws through the OC holder are each supported by a compression spring, providing

a mechanism for fine tuning the parallelism between the OC and metasurface. This tuning

is conducted at RT externally with the aid of a He-Ne laser, after which the entire cavity

is mounted onto the cold stage inside the cryostat. To avoid the elton filtering effect on

the power transmitting through the cryostat window, the silicon window is replaced with a

relatively rough high-density polyethylene (HDPE) window whose etalon effect is suppressed,

as shown in Fig. 7.1(b), the transmittance of which is measured ∼62% within 3–4 THz. After

cooldown, it is possible that thermal contraction may introduce angular misalignment and

we lack access to correct it. To mitigate the effect, it is helpful to use short cavity length

of 2–3 mm in order to keep the diffraction loss due to OC misalignment at a low level.

117



Use of a focusing metasurface is also helpful, although not essential, to reduces the effect of

misalignment.

7.2 Experimental results

7.2.1 Record-high slope efficiency at 77 K

Some of the best performing QC-VECSELs to date have been achieved in this intra-cryostat

cavity. An example is a device with a high peak power of 140 mW in pulsed mode at

77 K, which is based on a 2-by-2 mm2 uniform metasurface with 11.5-µm ridge width and

70-µm periodicity, and with a center circular area of 1 mm diameter biased. The power

is corrected with the HDPE window transmittance taken into account. The pulsed P-I-V

curve measured is shown in Fig. 7.2(a). The slope efficiency is a record-high 745 mW/A for

a THz QC-laser at 77 K, which corresponds o roughly 0.33 photons emitted per electron per

stage above threshold. The peak wall-plug efficiency reaches 1.5%. The OC (labeled as OC1)

used has its transmittance at 18–20% in the lasing frequency range. The measured spectra

show lasing in two neighboring longitudinal modes at low biases, which gradually evolves

to the high frequency mode with a higher bias due to the Stark effect in quantum wells.

At the peak power bias, the lasing is essentially single-mode. The two modes are separated

by 61 GHz (measured with a FTIR spectrometer with 7.5 GHz resolution), from which we

can infer that the cavity length is 2.5 mm. Accompanied with the high power output is

a near-Gaussian circular beam pattern with a FWHM divergence angle of 4.9◦ × 4.3◦, as

plotted in Fig. 7.2(c).

118



Figure 7.2: (a) Pulsed P-I-V for the intra-cryostat QC-VECSEL based on the uniform
metasurface. Inset is the lasing spectra at different injection current levels. Its beam pattern
is shown in (c). (b) Pulsed P-I-V for the intra-cryostat QC-VECSEL based on the focusing
metasurface. Inset is the lasing spectra at different injection current levels. It beam pattern
is shown in (d). Black dashed lines are the fitted curve.
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Comparative performance is achieved from another demonstration with a 2-by-2 mm2

focusing metasurface designed with R = 20 mm and a center circular bias area of 1-mm

diameter, paired with OC1 also. The pulsed P-I-V curve of which is shown in Fig. 7.2(b).

A peak power of 120 mW is achieved, with a slope efficiency of 570 mW/A. Single-mode

lasing is observed over the entire dynamic range at 3.457 THz, which might be the cause

of slightly lower slope efficiency than the uniform metasurface QC-VECSEL as a result of

spectral hole burning. A near-Gaussian far-field beam pattern is measured with 5.9◦ × 5.3◦

FWHM divergence. The calculated results using the Fox-and-Li approach also suggests a

broader far-field divergence with the focusing metasurface than the uniform metasurface.

We attribute the high power and efficiency performance from this intra-cryostat QC-

VECSEL to the removal of cryostat window loss and air absorption loss, as well as the

shortened cavity length that reduces the cavity diffraction loss. This is reflected in the

reduced threshold current density Jth as the OC is placed inside the cryostat for an identical

metasurface, as shown in Fig. 7.3. The loss minimization is also very critical to achieving

cw operation at a high temperature (at or above 77 K). In fact, these two QC-VECSELs

have been tested in cw at 77 K. The uniform device does not lase, while the focusing device

exhibits non-steady lasing with the power peaked at 35 mW, which however rolls off with

time until lasing ceases. Compared with the uniform one (with Jth = 455 A/cm2), the

temporary lasing is likely due to a lower threshold current density of 435 A/cm2 for this

focusing device. The non-steady cw lasing suggests that the total power consumption of

∼9 W still exceeds the thermal dissipation capability of the cryostat, which results in a

significant rise of electronic temperature in QC material that kills lasing. Therefore it is
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Figure 7.3: Measured threshold current densities for focusing metasurface VECSELs based
on an identical metasurface design with the only difference in the diameter of the center
circular bias area. They are paired with the same OC in two cavity geometries: OC mounted
outside and inside the cryostat with cavity length of ∼9 mm and 2-3 mm respectively.

concluded that to achieve steady cw operation at 77 K the total power consumption has to

been further reduced below ∼9 W.

7.2.2 Record-high cw power at 77 K

In an attempt to achieve cw lasing at 77 K, a focusing metasurface (with R = 20 mm) is

designed with a smaller than usual bias area (with 0.7-mm bias diameter) and built into a

cryostat cavity with a more reflective OC (with ∼ 5% transmittance). Steady cw operation

with an output power of >5 mW is obtained from this QC-VECSEL at 82 K, which is further

improved to 14 mW at 16 K, as shown in Fig. 7.4(a). This is much higher than previous

records for cw power at 77 K, which have typically been from 1–2 mW in MM waveguides

[85, 76, 84]. The pulsed and cw lasing spectra at different biases are shown in Fig. 7.4(b).

The single-mode cw lasing fixed at 3.403 THz is also seen at 6 K. The only drawback of

reducing bias area is the resulting increase in threshold current density shown in Fig. 7.3,
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Figure 7.4: (a) cw P-I-V s at 16 K and 82 K for the intra-cryostat QC-VECSEL based on a
focusing metasurface designed with 0.7-mm diameter circular bias area. (b) Lasing spectra
at 77 K for pulsed and cw mode at different current injection levels.

due to the reduced transverse confinement factor Γt (see Sec. 3.3). The beam pattern from

this QC-VECSEL is first measured in pulsed mode, which exhibits a near-Gaussian beam

profile with 5.3◦×5.3◦ FWHM divergence as shown in Fig. 7.5(a). The 1D beam profiles are

also measured in cw mode, which match with the pulsed beam profiles very well as plotted in

Fig. 7.5(b). It indicates that the thermal lensing effect, which is noticeable for VECSELs in

the visible and near-infrared range [98], has a negligible effect on THz QC-VECSELs operated

at cryogenic temperature. This is attributed to the fact that the refractive index does not

change strongly with temperature in GaAs for low lattice temperatures [196], which is also

reflected in the very limited frequency tuning of ∼4 × 10−3 with a operating temperature

change of ∼90 K for a THz QCL [197]. In summary, a high-performance compact cavity

QC-VECSEL has been demonstrated with record-high cw power at 77 K in a high-quality

near-Gaussian beam pattern.

The thermal performance of this cw QC-VECSEL is further evaluated by measuring a

host of pulsed P-I-V s at various cryostat temperature. This is a standard characterization of
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Figure 7.5: (a) Beam pattern measured at 77 K in pulsed mode. (b) 1D beam profiles
measured at 77 K in cw mode, compared with the pulsed mode profiles. Black dashed lines
are the fitted curves.

Figure 7.6: (a) Pulsed P-I-V s at different cryostat temperature. (b) Measured threshold
current density Jth versus cryostat temperature, with curve fits plotted in black dashed line.
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a laser’s thermal performance, but it is not very feasible for the external cavity QC-VECSELs

because changing temperature in a large range causes lasing to turn on and off; this is because

the thermal expansion on the metasurface side alters the cavity length, which disrupts the

phase matching that satisfies the Si window’s etalon effect. Now with the intra-cryostat

cavity, this characterization is allowed with no etalon filter. The threshold current density Jth

is extracted and plotted against the temperature in Fig. 7.6(d), which demonstrates Tmax =

129 K as shown in Fig. 7.6(c). The characteristic temperature T0 = 120 K is extracted by

fitting the data points above 65 K to the exponential function Jth = J0exp(T/T0). The lasing

is single-mode in pulsed mode over the most of dynamic range until another longitudinal

mode develops at very high bias, as shown in Fig. 7.2(b). For comparison, the Jth dependence

on temperature is also measured for a conventional MM waveguide QCL with 1.47-mm length

and 50-µm width fabricated on the same QC material, which exhibits Tmax = 170 K and

T0 = 100 K. Given that the total bias area of MM waveguide QCL is very close to the

QC-VECSEL, a higher T0 for QC-VECSEL could be an indication of better heat dissipation

efficiency of the metasurface with a sparse thermal density than a single big MM ridge with

all power aggregated together. But more evidence is needed to substantiate this point, since

the small difference of T0 might as well be a result of different temperature ranges for the

two data groups. The lower Tmax for the QC-VECSEL is attributed to the much higher Jth,

which shows an offset of ∼120 A/cm2 above Jth for the MM waveguide QCL, as seen in Fig.

7.6(b). This could be a consequence of multiple factors: (a) MM microcavities operated

at TM01 mode on the metasurface is intrinsically lossier than the fundamental TM00 mode

that the MM waveguide operates in, (b) there exists additional losses in the QC-VECSEL

than the MM waveguide, including diffraction loss, absorption loss of metal mesh OC, and
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excess absorption on the metasurface, (c) QC-VECSEL has a higher optical output coupling

loss (estimated to be 12%) than the MM waveguide with cleaved facets (typically less than

5%), (d) there might exist current leakage channels either through non-perfect insulation

layer or lateral electrical conductance on the metasurface. Putting aside improvements in

the underlying QC-active material, further improvements in intra-cryostat QC-VECSELs are

possible by (a) minimizing any source of loss and channels of current leakage to reduce the

threshold current density, (a) improving heat removal via better heat sinking (no substrate

thinning has been performed for the current devices), (b) reducing the bias area to reduce the

total drive current, (c) reducing the thermal density on the metasurface by designing sparse

antenna reflectarrays (such as the patch metasurface design discussed in Sec. 2.5). Even

though an excess amount of threshold current density is paid as a cost in the demonstrated

intra-cryostat QC-VECSEL, it has achieved significant performance improvement — high

pulsed (13 mW) and cw power (5 mW) output in combination with a near-Gaussian beam

pattern of 5.3◦ × 5.3◦ FWHM divergence. In contrast, the MM waveguide QCL produces a

peak pulsed power of 3.6 mW and cw power of 1.6 mW in forms of a divergent beam pattern.

The superiority of intra-cryostat QC-VECSEL approach is fully illustrated.
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CHAPTER 8

Polarization-switchable metasurface QC-VECSELs

The active metasurface provides a highly flexible platform for integrating new functionality

into QC-VECSELs, and this chapter dwells on the integration of polarization switchability.

This idea builds on the concept of polarimetric metasurface with engineerable and switchable

polarizations; it is further married with the QC-VECSEL scheme, leading to the successful

demonstration of QC-VECSEL with electrically-switchable polarization [198]. This chapter

provides a comprehensive picture of this work, including the research background, metasur-

face design, experimental results and analysis.

8.1 Methods of polarization control

The ability to control the polarization state of light from a laser is fundamental, as well

as being desirable for a variety of applications, including polarization sensitive imaging,

measurements of Faraday rotation, and circular dichroism spectroscopy. Typically, external

elements (e.g. polarizers and waveplates) are used to control polarization — less common is

the direct switching of the polarization state of the laser itself. Classical methods of changing

the polarization direction of lasers generally rely on mechanical means such as movable op-

tics or electromechanical piezo components [199–201], which are bulky and expensive. One
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exception is in some VCSELs which exhibit optical bistability and can be switched between

nearly degenerate orthogonally polarized modes using injection current [202, 203]. However,

since the dependence upon injection current can be hard to predict, injection locking or an

adjustable external cavity is often needed to improve stability [204–206]. Meanwhile, several

passive metamaterial/metasurface structures have displayed the ability to select a specific

circular polarization using chiral plasmonic structures [207, 123, 208]. A compact semicon-

ductor laser with dynamic polarization control capability integrated on chip is desirable,

especially in the THz range where many basic optical components are not readily available.

There have been several efforts to engineer the polarization of QCLs. In the mid-infrared,

plasmonic polarizers have been integrated onto the QCL facet to generate linear or circu-

larly polarized light [209]; in another case a modified ridge waveguide acted as a TM to TE

polarization mode converter [210]. In the THz region, circularly polarized emission from

a THz QC-laser has been obtained by patterning surface emitting gratings comprising sets

of orthogonally oriented slots [211]. However, these are essentially static devices, with the

polarization determined at the time of fabrication. To our knowledge, only two examples of

dynamic polarization tuning of a QCL have been demonstrated: one instance in which a TE

to TM waveguide mode converter was biased to tune linear polarization over 45◦ [212], and

one instance in which two side-by-side and ∼π/2 phased-shifted QCLs feed surface emitting

gratings composed of orthogonally oriented antennas, which demonstrated linear to near-

circular polarization tuning controlled by the current injection difference between the two

lasers [213]. Nevertheless, dynamic modulation of THz polarization still mostly relies on

external modulator elements, such as rotating polarizers/waveplates [214], active THz meta-

materials [208, 215], and liquid crystal based waveplates [216, 122], all of which are subject
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to insertion loss and modulation speed limits. Photoelastic techniques for rapid polarization

modulation are not available at THz frequencies.

Since THz photons are expensive to generate, wasting them in the external elements is

unwanted. Ideally it is desirable to build a THz QCL with built-in electrically-switchable

polarization, combined with high output power, a single-mode spectrum, and an excellent

beam pattern, all of which are nearly unaffected as the polarization is switched.

8.2 Design and modeling of polarimetric metasurface and QC-

VECSEL

Aimed at developing a QC-VECSEL that can be electrically switched between two crossed

linear polarization states, a polarimetric metasurface is designed based around two inter-

leaved sets of cross-polarized antennas, a concept which has been previously demonstrated

in the microwave range using leaky-wave antennas [217]. Fig. 8.1 shows a SEM image of

a fabricated polarization-selective metasurface. It is most intuitive to consider each zigzag

antenna as a set of patch antennas that couple to the incident electric field polarized along

the patch width (13 µm in this case), and are resonant at a frequency that corresponds ap-

proximately to when the width is equal to half of the wavelength within the semiconductor.

Sets of patches are rotated either at an angle of 45◦ or 135◦ from the x -axis; these patches

are then connected by narrower segments needed to allow a continuous dc injection current

path for each antenna (as seen in Fig. 8.1(a)). Patches of one orientation type are all electri-

cally connected to one wire bonding area and thus can be biased separately from the other
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Figure 8.1: (a) An SEM image of the fabricated metasurface. The zigzag metasurface covers
an area of 2 × 2 mm2. Only a center circular region of 1.5-mm diameter is biased, shown
by the red dashed circle. The inset shows a zoom-in SEM image. (b) A schematic of the
plano-plano VECSEL cavity. (c) Top view of a portion of the metasurface illustrated with
dimensions given in microns. One set of antennas — the ones interacting with radiation
linearly polarized at 45◦ — is shown in dark blue, while the second set of antennas, which
interacts with radiation linearly polarized at 135◦, is shown in light blue. For brevity, the
former set will be referred to as Set 1, while the latter will be referred to as Set 2. The region
inside the green dashed rectangle is one unit cell.
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type. By switching the electrical bias between the two sets, one can select the polarization

preference that the metasurface amplifies and reflects. By pairing such a metasurface with

an output coupler that is insensitive to polarization (see Fig. 8.1(b)), a QC-VECSEL with

electrically-controlled polarization switching capability is created. Because the cavity mode

profile does not depend upon the detailed antenna structure, high power and excellent beam

pattern can be consistently maintained as polarization is switched.

The design goal for the metasurface is straightforward: first, when injection current is

applied to a single set of antennas we wish to obtain net reflectance gain at a narrow range

of frequencies for a single incident polarization (i.e. |Γ45◦−45◦| > 1, while |Γ135◦−135◦| < 1

when Set 1 is biased and Set 2 is unbiased). Second, to ensure polarization purity, we must

suppress cross-polarized scattering at those same frequencies (|Γ45◦−135◦| ≈ |Γ135◦−45◦| ≈ 0).

Fig. 8.1(c) shows a top view of the metasurface design and dimensions. Due to their

geometry, Set 1 patches (drawn in darker blue) respond to light polarized at 45◦, while Set 2

patches respond to light polarized at 135◦. These patches, appearing as the thicker portion

of the zigzags (13 µm wide), have width of approximately λ/2n, where λ is the free space

wavelength of designed frequency, and n is the index of refraction in the GaAs/AlGaAs

quantum-well medium. The period is 71 µm in the horizontal direction and approximately

46.1 µm in the vertical direction (with the exact value being a function of the patch length

of 39 µm, the connector width of 6.4 µm, and the right angle they form). The periodicity of

the metasurface is chosen to be sufficiently small to avoid Bragg scattering at 3.4 THz for

normally incident waves.

While the concept of using rotated sets of patch antennas is straightforward, the detailed
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implementation has several subtleties involved with minimizing the effect of the connec-

tor segments needed to provide a continuous top metalization, and with preventing cross-

coupling between the two sets of antennas. First, cross-polarized scattering is reduced by

clipping off the right-angled “elbow” bends along the zigzags, shown as dashed red lines in

the upper corner of Fig. 8.1(c). Second, we suppress cross-coupling between adjacent, sepa-

rately biased antennas by introducing a vertical offset ∆ ≈ 30.1 µm (with exact value being

a sum of the variable δ = 7 µm defined in Fig. 8.1(c) and a geometric constant rounded

to 23.1µm). Zero offset leads to a structure with adjacent ridges being mirror images with

respect to the y-axis (i.e. 90◦ axis shown in Fig. 8.1(c)). The value of the offset and amount

of clipping has been optimized by a parametric study of the effect of each parameter on the

amount of cross-coupling, using single-cell periodic simulations, with the goal to suppress

the unwanted cross-polarized scattering (i.e. ensure |Γ45◦−135◦| ≈ |Γ135◦−45◦| ≈ 0) to ensure

the purity of generated linear polarization (see Fig. 8.3).
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Figure 8.2: (a) Top: Co-polarization and cross-polarization reflectance of the metasurface
when Set 1 and Set 2 are both passive. The 45◦-45◦ reflectance |Γ45◦−45◦|2 designates the
reflectance of light linearly polarized at 45◦ (defined according to the coordinates given in
Fig. 8.1(c)) into light linearly polarized at 45◦, and so on. Bottom: Co-polarization and
cross-polarization reflectance of the metasurface when a QC gain of g1 = 30 cm−1 is assumed
for Set1 patches and Set2 is kept passive. (b) Simulated electric field intensity pattern of a
unit cell at 3.48 THz for an incident electric field polarized at 45◦. (c) The peak reflectance
for 45◦-45◦ and 135◦-135◦ reflectance plotted against the gain g1 supplied to Set 1 with Set 2
kept passive throughout. Inset is the simulated electric field intensity pattern of a unit cell
at 3.4 THz for an incident electric field polarized at 45◦.

Modeling was performed using full-wave 3D finite-element simulations (Ansys HFSS),

which is done in major collaboration with Daguan Chen, an undergraduate student researcher

in our lab. Reflection mode simulations at normal incidence were performed for a unit cell

using periodic boundary conditions to simulate infinitely periodic arrays. For clarity, we

define gain coefficients g1 and g2 to represent the mount of gain supplied to Set 1 and Set 2

patches respectively. Fig. 8.2(a) shows the simulated co- and cross-polarization reflectance

|Γij|2 of the metasurface for two cases: the metasurface is passive (g1 = g2 = 0) as well

as the case where Set 1 patches only are supplied with a gain of g1 = 30 cm−1 (emulating
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Figure 8.3: Simulated co-polarization reflectance (45◦-45◦) and cross-polarization reflectance
(45◦-135◦) as the vertical offset (described by variable δ listed in µm) between neighboring
patches varies. A gain of g1 = 30 cm−1 is supplied to Set 1 patches while Set 2 was kept
passive; gain is assumed uniform over the frequency range simulated.

turning on Set 1 patches using bias current) and Set 2 patches kept passive (g2 = 0). When

gain is supplied to Set 1 only, net gain is observed for incident E-field polarized at 45◦ near

the target frequency of 3.4 THz, while the orthogonal polarization 135◦ is almost unchanged

compared to the fully passive case. A closer investigation of reflectance change against

gain in Set 1 at 3.4 THz confirms the effectiveness of selectively amplifying one specific

polarization via the bias switch (see Fig. 8.2(c)); indeed, examination of the E-field profile

shows the field mostly localized to the Set 1 antennas. Furthermore, the design shows high

effectiveness in suppressing cross-polarization near the target frequency (|Γ45◦−135◦|2 and

|Γ135◦−45◦|2 < 0.01 across a bandwidth of 51 GHz). The asymmetric reflectance lineshape is

likely a characteristic of Fano resonance owing to the interactions and coupling paths between

the complex set of resonances present within the metasurface lattice. One consequence of this

is the strong cross-polarized scattering seen at 3.48 THz, particularly when gain is applied
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Figure 8.4: Phase of the co-polarized and cross-polarized reflection of the metasurface when
a QC gain of g1 = 30 cm−1 is assumed for Set 1 patches and Set 2 is kept passive (Phase
is wrapped to +180◦ to -180◦ range). Gain is assumed uniform over the frequency range
simulated. The 45◦-45◦ reflectance designates the reflectance of light linearly polarized at
45◦ into light linearly polarized at 45◦, and so on.

(see Fig. 8.2(b) for the field profile at 3.48 THz).

The expected polarization state of this laser is calculated by applying the polarization

repeatability to the cavity round-trip propagation matrix, i.e. γ ~E = ΓM
~E, where the matri-

ces for the output coupler, free space and the cryostat window are ignored since they have

no effect on the polarization. The metasurface field reflection matrix ΓM is defined as

ΓM=

 Γ45
◦−45◦ Γ45

◦−135◦

Γ135
◦−45◦ Γ135

◦−135◦

 (8.1)

and the values are obtained from the simulated complex reflection spectrum (see Fig. 8.4 for

simulated reflection phase data). We are able to predict the cavity polarization eigenstate

~E by calculating the eigenvector of ΓM . γ is the eigenvalue associated with the eigenvec-
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Figure 8.5: (a) Simulated polarization eigenstate ellipses for the output beam when operating
at the peak reflectance frequency of 3.397 THz. The two selectable polarization states, shown
in blue (Set 1 switched on) and red (Set 2 switched on), differ by a rotation of 89.2◦ and
the intensity axial ratio of the ellipse’s major axis to its minor axis is 55 dB for both. The
polarization eigenstate ellipse for the output beam when operating at 3.384 THz and 3.41
THz are plotted in (b) and (c). For these calculations, the co-polarized reflectance is held
constant at its value at 3.397 THz in order to simulate all three cases with the same lasing
threshold, with only the cross-polarized reflectance varied.

tor, representing the reflection amplitude experienced by the solved polarization eigenstate.

At the resonant frequency of 3.40 THz, the calculated polarization ellipses exhibits linear

polarization with a high electric field intensity axial ratio of 55 dB; furthermore, we expect

the two possible bias states to produce beams whose polarization direction is separated by

89.2◦, as illustrated in Fig. 8.5(a). However, if the laser is forced to oscillate away from

the reflectance peak for any reason, we can expect increased cross-polarized scattering, and

decreased orthogonality. This is shown by calculating the expected eigenstate for operating

frequencies approximately 13 GHz below and above the resonant frequency in Fig. 8.5(b)

and (c); the polarization becomes slightly elliptically polarized, with the intensity axial ratios

decreased to 26.2 dB and 28.1 dB respectively, as well as 6◦–15◦ deviation in the angular

separation between two bias states.

Similar to the previous metasurface designs, the patch arrays are terminated with lossy

tapers to suppress any self-lasing of antenna ridges in propagating mode. Additionally, to
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ensure that self-lasing of the antenna sub-cavity doesn’t occur before the VECSEL lasing, 3D

Floquet-Bloch eigenmode finite-element simulations are performed including both radiative

and material losses, to ensure that there were no high quality factor modes close in frequency

to the design frequency.

8.3 Experimental results

A resonant phonon depopulation active region design very similar to Ref. [97] around 3.4

THz is used for the polarimetric metasurface (RPC163-M1 design, wafer number VB0739).

The demonstrated VECSEL is based on a plano-plano FP cavity defined by the polarimetric

metasurface mounted inside a cryostat and an OC in parallel mounted externally. The

cavity length is approximately 9 mm. The OC used here is an inductive metal mesh on a

100 µm-thick crystal quartz substrate, whose transmission is approximately 20% around 3.4

THz.

Electrical, power, and spectral characteristics were evaluated for a fixed VECSEL cavity

alignment, where Set 1 and Set 2 antennas were switched on one at a time. As shown

in Fig. 8.6, pulsed P-I-V curves were measured at 77 K for each set with 0.25% overall

duty cycle (500 ns-long pulses repeated at 10 kHz, modulated by a 150 Hz pulse train with

lock-in detection). The power is measured using a pyroelectric detector and calibrated by

a Thomas-Keating THz absolute power meter with 100% collection efficiency (given the

directive beam pattern achieved). The measured P-I-V curves are very similar for the two

sets, both exhibiting a threshold current density of 420 A/cm2, a slope efficiency of 190

mW/A, and a peak power of ∼93 mW. Single-mode lasing operation is observed for both
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Figure 8.6: Pulsed P-I-V curves measured for Set 1 and Set 2 in the same cavity setup at
77 K. The inset is the spectra measured for the two sets.

sets at an identical frequency of 3.37 THz (within the FTIR spectrometer’s resolution of 7.5

GHz), which does not change with electrical bias.

To analyze the polarization state of the output, we placed a wire-grid polarizer (Infraspecs

model P03) in between the output coupler and the detector, and measured the power as the

polarizer is rotated. This measurement was conducted for Set 1 and Set 2 by switching on

one set at a time. The results shown in Fig. 8.7(a) demonstrates a polarization switching

between linear polarized states separated by 80◦. The slight deviation from the ideal value

of 90◦ is likely due to non-ideal cross-polarized scattering from the metasurface, the reasons

for which are discussed below. Far-field beam patterns were characterized using a 2-axis

spherical scanning pyroelectric detector for Set 1 and Set 2 at the same bias point near

the maximum power output. As it can be seen in Fig. 8.7(b)–(e), the measured beams are

almost identical as the bias is switched between 2 sets, both exhibiting a directive and narrow
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Figure 8.7: (a) Measured total power through the polarizer versus the polarizer angle for
two sets. 80◦ linear polarization angle switching is shown in arrow. Circles are experimental
data, and the solid lines in red and blue are the fitting curves (to Eq. 8.2). The schematic on
the bottom right of (a) shows the 2-axis far-field beam pattern measurement scheme. The
measured 2D beam patterns for Set 1 and Set 2 are shown in (b) and (c), with an angular
resolution of 0.5◦. The 1D cuts along x and y directions through the beam center for Set 1
and Set 2 are plotted in colored circle in (d) and (e), with the Gaussian curve fitting results
plotted in solid colored lines.
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Figure 8.8: Measured power through the polarizer against the polarizer angle at five spots
on the output beam for Set 1 (a) and Set 2 (b). Dots are experimental data, and the solid
lines in are the fitting curves (to Eq. 8.2).

near-Gaussian pattern with FWHM angular divergence of ∼3◦×3◦. Hence, the electrically-

controlled polarization switching is conducted nearly without affecting the output beam,

spectrum, or total power.

The uniformity of polarization over the beam was further evaluated by measuring the

power vs. polarizer orientation at different beam spots. Fig. 8.8 presents the mapping results

at five different beam spots, including one at the center and the other four that are 2◦ away

from the center in four directions. It can be seen that the polarization is very uniform across

the x -axis. It is slightly less uniform across the y-axis with a maximum deviation of 22◦ for
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Set 1 and 13◦ for Set 2 rotated towards the y-axis. We further assessed the linear polarization

purity by fitting the power against polarizer angle data to the expression:

I = a0(Ts + Tp) + a1(Ts − Tp)cos(2θp − 2ϕ) (8.2)

where α0, α1, and ϕ are the fitting parameters, and θp is the varying angle that the axis

of the polarizer makes with respect to the 0◦ direction. The derivation of this formula is

detailed in Appendix C. T s and T p are respectively the wire-grid polarizer’s transmittance

for electric field polarized crossed and parallel to the wires’ direction, the values of which in

THz range are Ts = ∼0.8 and Tp = ∼10−4. The linear polarization purity is evaluated by

the intensity ratio between the dominant polarization and the cross polarization of obtained

as a0+a1
a0−a1 . This value is ideally infinite for pure linear polarization. The extracted intensity

axial ratios for the total beam and five beam spots are listed in Table 8.1, which are all greater

than 10 dB. The purity level is lowest at Spot 3 on the beam pattern for both sets, which

suggests that the cross-polarized field component induced by the cross-polarized scattering on

the metasurface is out-of-phase with the dominant polarized field, leading to slight elliptical

polarization. We believe that this moderate amount of polarization non-uniformity, including

the linear polarization rotation and slight elliptical polarization, can be attributed to the not

fully suppressed cross-polarized reflection on the metasurface. Two major factors could lead

to an increased strength of cross-polarization. First, the lasing frequency likely has some

deviation from the ideal resonance frequency of the fabricated metasurface. As detailed in

Sec. 8.2 above, a slight deviation of the VECSEL lasing frequency away from the designed

metasurface resonance frequency of 3.4 THz can result in a slightly elliptically polarized beam
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and a deviation of angular separation from the ideal value of 90◦. An exact match between is

difficult to achieve in experiment, since the lasing frequency is determined by a combination

of factors, including the cryostat window’s etalon filter effect (with a free spectral range of

13 GHz), the active medium gain profile, and the metasurface resonance peak. The effects

of this frequency deviation on cross-polarized scattering may be exacerbated by the fact

that the metasurface dimensions are slightly smaller than design (i.e. a 0.5-µm change in

the patch width) due to photolithography. Second, enhanced cross-polarized scattering may

also result from the obliquely incident field component in the Gaussian cavity mode profile,

which was not accounted for in our simulation of normal incidence plane waves.

Table 8.1: Axial ratios of field intensity (in unit of dB) for the total beam and different
beam spots from Set 1 and Set 2 patches

Total
beam

1 2 3 4 5

Set1 16.8 15.4 17.7 12.1 24.5 20.4

Set2 13.8 18.3 30 10.7 15.2 22.9

8.4 Polarimetric metasurface self-lasing

The metasurface QC-VECSEL is designed to operate with only one antenna set switched on

at a time. Nonetheless, a natural question arises — what if both antenna sets are switched

on together? For example, might one be able to continuously vary the polarization of output

state as in the case of passive cross-polarized antennas? Unfortunately the answer is no —

due to cross coupling between antennas sets, introduction of gain into both sets significantly

changes the reflectance spectrum, and results in lasing at different frequencies than the

original design at 3.40 THz. However this behavior is interesting in its own right.
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Figure 8.9: (a) Measured P-I-V curve for the polarimetric metasurface without an external
cavity. Nominally identical bias is provided to both Set 1 and Set 2. The inset shows
the spectra at different injection current levels. (b) Measured far-field beam pattern for
the metasurface self-lasing near the peak power, with FWHM divergence angles in x and
y direction labeled. The polarization is mapped at different beam spots within the white
dashed box. (c) Measured power through the polarizer at different spots on the beam pattern
indicated by the circled white cross marks.

142



In experiment, when both sets of antennas were biased together, we observed self-lasing of

the metasurface alone without any OC. The measured P-I-V curve and spectra at different

biases are shown in Fig. 8.9(a). Single-mode lasing at a frequency of 3.75 THz is observed,

and is unchanged with bias within the resolution of FTIR. The power peaks at 144 mW

with a slope efficiency estimated at 139 mW/A. The threshold current density is 400 A/cm2,

lower than the threshold for the polarimetric VECSEL, although the larger bias area results

in a larger total threshold current. The power output is in the surface normal direction and

exhibits a directive and narrow beam of 3◦×4◦ FWHM divergence, as shown in Fig. 8.9(b),

which is measured with the metasurface positioned as the origin of the measurement setup as

Fig. 8.7(a) shows. Some excess power below the main lobe is observed; it is speculated that

this may result from scattering from the wire bonds. The polarization over the output beam

is found to be largely linearly over the beam, but with a very non-uniform distribution of

polarization direction, as shown in Fig. 8.7(c). We speculate that this behavior is associated

with the complex and spatially varying phase relation between the coupled modes in Set 1

and Set 2, along with inhomogeneities in fabrication, structure, and biasing which break the

expected symmetry between 45◦- and 135◦-polarized radiation. This is not fully understood,

and will require further detailed simulation and experimental study.

The self-lasing phenomenon is consistent with behavior predicted both by eigenmode type

simulations and driven reflection mode simulations if both antenna sets are supplied with the

same amount of gain. A low self-lasing threshold of ∼17 cm−1 is found lower than the value

of 28 cm−1 estimated for the polarimetric VECSEL lasing. This self-lasing is attributed to a

standing wave mode resonance along the antenna patch length; the mode is “bright” in that
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it radiates strongly in the far field with even parity. If only one set is biased, simulations

predict that the gain threshold is much larger — approximately 30–35 cm−1.

The self-lasing phenomenon is first observed in the reflectance spectra simulation for both

sets supplied with the same amount of gain. As shown in Fig. 8.10, two pronounced peaks

show up in the results at 3.48 THz and 3.8 THz. The cross-polarized scattering peak at 3.48

THz is observed when one set is biased (see g1 = 30 cm−1 and g2 = 0 cm−1) as shown in

Fig. 8.2(b). This peak is further enhanced when both sets are supplied with 30 cm−1 gain,

accompanied by a peak in co-polarized reflectance at 3.48 THz. This is attributed to the

high-Q resonance associated with the strong coupling between Set 1 and Set 2 when they

are supplied with a balanced gain. The other peak at 3.80 THz shows a sharp Fano-type

resonance for g1 = g2 = 20 cm−1 in both the co- and cross-polarization reflectance, which

suggests it is likely to lase on its own with a threshold gain close to 20 cm−1. The field

excited at 3.80 THz is shown in Fig. 8.10.

A series of finite-element eigenmode simulations are performed to identify self-lasing

modes and estimate their threshold gain for self-lasing. The purpose is twofold. First, as a

design strategy, we wish to ensure that the threshold gain for self-lasing is sufficiently larger

so that the external cavity VECSEL mode is preferred for oscillation. Second, we wish to

understand the origin of the self-lasing behavior measured at 3.75 THz. The simulations are

performed for a metasurface unit cell with an upper impedance boundary condition applied

to account for the radiation loss, and periodic Floquet-Bloch boundary conditions used on

the sides. Material losses are kept identical to the reflection simulation. Then, the material

gain applied to the active material is iteratively increased until the calculated quality factor
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Figure 8.10: Simulated reflectance spectra for both Set 1 and Set 2 supplied with the same
amount of gain varied from 0 to 30 cm−1, compared with the reflectance spectrum for Set 1
biased only with 30 cm−1 gain in the bottom plot. The inset shows the electric field intensity
excited at 3.80 THz.
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Figure 8.11: (a) Simulated eigenmode frequency and the corresponding lasing threshold gain
for two cases: Set 1 and Set 2 are biased together and only Set 1 is biased with Set 2 kept
passive. (b) Eigenmode field intensity plot at 3.75 THz for both sets biased. (c) Eigenmode
field intensity plot at 3.83 THz for both sets biased.
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diverges for a particular mode. The value of material gain is termed the threshold gain

value. Two bias scenarios are studied: Set 1 and Set 2 are biased together and supplied with

equal gain (g1 = g2 > 0), and Set 1 is biased only with Set 2 kept passive (g1 > 0, g2 = 0).

Multiple self-lasing eigenmodes are found within 3.3–4 THz range, the frequencies and lasing

gain thresholds for which are plotted in Fig. 8.11(a). Although the modes at 3.40 and 3.50

THz are well aligned with the intersubband gain peak, they should have sufficiently large

threshold gain so that there is little risk of them self-lasing if an external cavity is present or

only one antenna set is biased at a time. This ensures lasing in the polarimetric VECSEL

mode as designed. However, when both antenna sets are biased two modes at 3.75 THz and

3.83 THz are estimated to have a very low gain threshold of ∼17 cm−1; their field plots are

presented in Fig. 8.11(b) and (c). The field profile for 3.83 THz self-lasing mode matches

with the field excited in the reflection simulation at 3.80 THz (see Fig. 8.10), which implies

that these are in fact the same mode, with the slight frequency mismatch occurring due

to differences in the two simulation conditions. The fact that it is observed in reflectance

indicates that this is a bright mode which strongly couples to free space radiation. The other

self-lasing mode at 3.75 THz is not observed in the reflectance simulation; it appears to be

a dark mode with radiation to free space forbidden by parity. This is further confirmed by

a lossless eigenmode simulation where all material losses are eliminated so that radiation

is the only loss channel. This simulation shows a diverging radiative quality factor (i.e. a

vanishing radiation loss) for the 3.75 THz eigenmode, but not for the 3.83 THz eigenmode.

Therefore we attribute the experimentally measured self-lasing at 3.75 THz to be the same

as the lasing in the 3.83 THz bright eigenmode (i.e. the 3.80 THz mode in reflectance). The

frequency mismatch is likely caused by the fabrication deviation and nonuniformity. Another
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factor to this mismatch is that the eigenmode simulation is for a unit cell in a periodical

boundary condition to depict an infinite structure, while the actual self-lasing occurs in a

finite structure containing a limited number of unit cells and terminated by lossy boundaries

(i.e. lossy taper areas).

This self-lasing phenomenon can be considered to be an unintentional realization of a

laser array phase-locked through mutual antenna coupling, similar to that reported in Ref.

[95]. The self-lasing mode relies on strong coupling between sets of antennas, as is revealed

by the strong cross-polarized scattering shown in simulation results at 3.80 THz, and the

fact that the gain threshold is much higher when only one set of antennas is biased (see

Fig. 8.10 and 8.11). The fact that such a narrow far-field beam was obtained indicates that

phase-locking is obtained over the entire 1.5-mm diameter bias area (19 wavelengths), which

encompasses ∼1080 patch elements. The performance of this self-lasing phenomenon could

be further improved, if the metasurface was designed by intention to bring the self-lasing

frequency down to better match the QC material optimal gain region of 3.3–3.5 THz.
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CHAPTER 9

Conclusion and future work

In this thesis, I have described the development of terahertz metasurface quantum cascade

vertical-external-cavity surface emitting lasers (QC-VECSELs). The research conducted

over the course of this thesis spans the design, optimization and fabrication of metasur-

face, development of QC-VECSEL laser model, numerical modeling of VECSEL cavities,

experimental demonstration and testing results. A variety of metasurfaces and VECSEL

cavities have been designed, modeled and experimentally implemented, leading to a wealth

of high-performance demonstrations with high power and high-quality beam patterns com-

bined. Novel metasurface designs have also been exploited to integrate new functionality

into QC-VECSELs, proving the potential of leveraging advanced metasurfaces to further

advance QC-VECSELs.

Some of the major accomplishments and experimental observations that contributed to

our understanding of QC-VECSEL and the general research community include the follow-

ing. The performances of a few state-of-the-art QC-VECSELs are listed in Table 9.1 in

comparison with the best performances reported from other THz QCLs.

• The demonstration of metasurface THz QC-VECSEL marks the first successful im-

plementation of VECSEL scheme in the THz range. It exhibits considerable power
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output, low-divergence near-Gaussian beam pattern, and tunable output coupling effi-

ciency. The primary enabling component is the active metasurface reflector that makes

the“intersubband selection rule” in QC materials satisfied. The QC-VECSEL not only

inherits a host of merits known for VECSELs in visible and near-infrared, but also

enables new features and potential contributed by the flexible metasurface design.

• The metasurface resonance primarily relies on the locally self-resonant microcavities,

rather than the periodicity-dependent grating mode, which in fact suppresses the de-

sired specular reflection. The reflection spectroscopy measurement and simulation of

multiple passive metasurfaces reveals that it is critical to choose an appropriate value

for periodicity Λ to fully suppress the grating-mode excitation on a metasurface for

a finite-size beam. To balance against the desire to keep a low thermal density, it is

advisable to have the periodicity Λ ∼ 0.7–0.8λ0, where λ0 is the free-space wavelength

of interest.

• The optimization of metasurface is theoretically studied based on the laser model

developed for QC-VECSELs. Setting the QC active material improvement aside, the

output power at the optimal output coupling point is optimizable with the transparency

gain gtr and fitting coefficient ξ — two parameters characterizing a metasurface design.

It is found that this optimization depends on the external cavity loss — generally a

lossier cavity prefers a higher ξ.

• Focusing metasurface QC-VECSELs have been demonstrated with higher geometric

cavity stability and better beam quality, compared with its counterpart based on the

uniform metasurface. Near-diffraction limited beams are exhibited with the M2 factor
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measured as low as 1.3, which is the best reported M2 factor directly from a THz QCL

based on MM waveguide with no spatial filtering. The focusing design is particularly

useful for external cavities with long cavity lengths, as long as the cavity length is kept

smaller than the effective curvature radius.

• Intra-cryostat metasurface QC-VECSELs have led to some of the best power output

and cw operation at >77 K, combined with a near-Gaussian beam. It is learned that a

sufficiently low consumption of total power is critical to cw operation at >77 K. This

has been achieved by reducing the bias area diameter on metasurfaces from 1 mm to

0.7 mm to keep the total injected power below 5 W. Compared with its external cav-

ity counterparts, the intra-cryostat cavity shows lower threshold current density with

higher power output, thanks to the removal of cryostat window and atmospheric loss,

as well as reduced diffraction loss. The demonstrated high-performance intra-cyostat

QC-VECSELs are highly preferable for many applications such as local oscillator for

THz heterodyne detection.

• A QC-VECSEL with electrically-switchable polarization has been demonstrated based

on a polarimetric metasurface, the power and beam pattern of which are consistently

maintained as the polarized is switched. It exemplifies the potential of exploiting novel

metasurface designs to empower QC-VECSEL with new functionality, while preserv-

ing its high performance. Besides, the self-lasing is observed from the polarimetric

metasurface alone, which results from the complex antenna mutual-coupling between

neighboring patches. This is in itself an interesting phenomenon worth further study-

ing.
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Despite a number of high-performance demonstrations, the development of QC-VECSELs

is still in the early stage. It sits at the intersection of VECSEL, metasurface, and QCL tech-

nologies, thus calling for multidisciplinary knowledge and experience to bring QC-VECSELs

towards the next level. Immediate future work aimed at high performance and new func-

tionality include but not limited to the following.

• Towards higher performance in cw operation at >77 K

– Use sparse patch array metasurface designs to further reduce the power consump-

tion and thermal density.

– Thin the metasurface substrate and use better heat sinking to improve thermal

dissipation efficiency.

– Evaporate a layer of Au on the Cu ground to minimize the excess loss due to

rough and oxidized Cu surface.

• Towards high pulsed power >500 mW

– Enlarge TM01 metasurface area or use TM03 metasurface designs with a higher

current injection density to scale up the power.

– Design focusing metasurfaces with large effective curvature radius to obtain a

large modal size on the metasurface with a large bias area, i.e. to keep a high

uniformity factor ηu.

– Use the appropriate output coupler to reach the optimal output coupling point.

• Reflection spectroscopy study of active metasurface

This study necessitates the development of a THz time-domain spectroscopy (THz-
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TDS) system to conduct coherent measurement of amplified reflectance from metasur-

faces. Phase response is also extractable from THz-TDS measurement. Direct measure-

ment of reflective amplification and phase response will provide valuable information

on the interplay between the QC material gain profile and metasurface resonance, and

sheds light upon new designs.

• Generation of vector beams

Since microcavity antennas on the metasurface have a strong polarization dependence,

their spatial distribution can be deliberately designed to preferentially provide gain to

a cavity mode with a specific polarization state, such as vector beams with azimuthal

or radial polarization [218]. Radially-polarized beams are of particular interest as they

can be focused to smaller spot size than for linear polarization and exhibit a purely

longitudinal E-field at the focal point [219, 220].

• Generation of vortex beams

Vortex beams with Orbital Angular Momentum (OAM) have been directly generated

from the optically-pumped VECSEL in near-infrared, enabled by integrating a meta-

surface with azimuthally-varying phase onto the gain mirror [165]. It is anticipated

that QC-VECSELs based on a metasurface with azimuthally-varying phase response

are also promising to directly generate THz vortex beams. Overall, the key task is to

design the metasurfaces that have azimuthally-varying phase responses as desired, ap-

propriate bias lines connecting all the elements, and self-lasing effectively suppressed.

Besides, given a larger modal size associated vector and vortex beams than TEM00

Gaussian mode, the metasurface size needs to be enlarged and a focusing design might
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be beneficial.

• Broadband metasurface

The metasurfaces demonstrated so far in this work use an array of metal-metal mi-

crocavities with one microcavity assigned to one period, the bandwidth of which is

limited within 100–200 GHz. Broadband metasurfaces are of interest in realizing QC-

VECSELs with frequency tunability, multi-longitudinal-mode lasing, and frequency

combs generation. The last feature also needs a flat group velocity dispersion from

metasurface over the bandwidth or external dispersion compensation elements. Cou-

pled resonances from multiple microcavities can be explored to produce a broadband

response.

• Multi-beams and arbitrary beam generation

Although QC-VECSELs are mostly designed to support fundamental TEM00 Gaussian

mode, it is also possible to incorporate inhomogeneous metasurfaces and adapt cavity

designs to generate higher-order Hermite-Gaussian modes. Their multi-beams output

is useful to pump a THz heterodyne detector array of many elements, which is highly

desired in astrophysics. Hologram metasurface concepts can also be integrated with

QC-VECSELs to explore the possibility of arbitrary beam generation.

• Pancharatnam-Berry metasurface

Metasurfaces based on Pancharatnam-Berry (PB) phase has been a heated research

topic recently. It has demonstrated a broad bandwidth and the capability of manip-

ulating phase and polarization simultaneously. It offers another degree of freedom

in metasurface designs. Potentials exist in integrating the PB metasurface with QC
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materials to devise active PB metasurfaces that can selectively amplify a wavefront

with polarization and phase as designed over a large bandwidth and in developing PB

metasurface QC-VECSELs with new functionalities such as circularly-polarized light

generation.

Table 9.1: State-of-the-art QC-VECSELs in comparison with the performance records from
other THz QCLs reported. ηslp is the slope efficiency. WPE is the wall-plug efficiency. ? Data
is not measured. ?? No lasing is observed. ??? Beam pattern does not appear near-Gaussian
and circular. ∗ The external cavity QC-VECSEL is based on a focusing metasurface with
R = 10 mm and the output coupler is mounted external to the cryostat. ∗∗ 1 mm and
0.7 mm refer to the diameter of the circular bias area on the metasurface.

Performance

External
cavity

QC-VECSEL
∗

Intra-cryostat
QC-VECSEL

(1 mm∗∗)

Intra-cryostat
QC-VECSEL
(0.7 mm∗∗)

Record
performance

Beam pattern
3.5◦ × 3.6◦

M2 = 1.3
4.9◦ × 4.3◦ 5.3◦ × 5.3◦

4◦ × 4◦ [91]
? ? ?

Ppulsed,77K 46 mW 140 mW 13 mW 1.8 W [74]
Ppulsed,4K 78 mW ? 19 mW 2.4 W [74]
Pcw,77K ?? ?? 5 mW 1.7 mW [85]
Pcw,4K 40 mW ? 14 mW 230 mW [221]

ηslp,pulsed,77K 413 mW/A 745 mW/A 95 mW/A 700 mW/A [72]
ηslp,pulsed,6K 572 mW/A ? 131 mW/A 900 mW/A [72]
ηslp,cw,77K ?? ?? 53 mW/A 28 mW/A [78]
ηslp,cw,4K 339 mW/A ? 92 mW/A 678 mW/A [72]

WPEpulsed,4K 1.15% 1.5% (77 K) 0.5% 2.7% [222]
WPEcw,4K 0.6% ? 0.3% 2.05% [72]
Tmax,pulsed ? ? 129 K 200 K [75]
Tmax,cw ? ? ? 129 K [78]
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APPENDIX A

Drude expression for metal and QC active material

A.1 Bulk Drude expression

The bulk Drude model is used to describe the free carrier scattering loss in the metal and

semiconductor material in metasurface simulations, which leads to the following expression

of frequency-dependent permittivity ε

ε = εcore + i
σ(ω)

ω
, (A.1)

where εcore is the core permittivity excluding the free carrier contributions. The frequency-

dependent conductivity σ(ω) is derived from the Drude model that depicts an electron placed

in a driving field E(t) = Re(E(ω)e−iωt) and given by

σ(ω) =
Ne2τ

m∗
1

1− iωτ
, (A.2)

where N represents the free carrier density in the bulk material, m∗ is the effective carrier

mass, e is the carrier’s charge, and τ is the free carrier effect lifetime. The values of N , τ ,

m∗, and εcore for Au and GaAs used in the simulation are given in Table 2.1.
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A.2 Anisotropic expression of permittivity for QC material with

gain

Even though the QC quantum-well material is in fact an anisotropic material system, for

simplicity the loss inside the active region is generally considered using the bulk Drude model,

where an average carrier density and the corresponding bulk mobility are used. This con-

sideration excludes the complexity arising from the carrier confinement along the material

growth direction, which effectively shifts the oscillator frequency from zero to various inter-

subband transition frequencies, each weighted by their oscillator strength [1]. Considering

that the confinement effect might be mitigated by small oscillator strength and equalization

of subband population and its description involves many uncertainties such as intersubband

transition lifetime, it is reasonable to approximate free carrier loss in the QC active material

with the bulk Drude model.

However, for QC active material with a nonzero mount of gain g this confinement effect

should be accounted for due to the enhanced stimulated emission. Since the intersubband

gain only interacts with the electric field polarized along the growth direction, the bulk Drude

expression ε(ω) needs to be expanded into an anisotropic tensor expression to incorporate

the gain properly, as given by

¯̄ε(ω) =



εGaAs 0 0

0 εGaAs 0

0 0 εGaAs + iεg(ω)


, (A.3)
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where the growth direction is assumed long the z direction, εGaAs is obtained from the bulk

Drude model using Eq. A.1 and A.2, and εg(ω) = g
√
εrc

ω
. εr = 12.9 is the relative permittivity

for GaAs and c is the speed of light in vacuum.
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APPENDIX B

Metasurface fabrication procedures and recipes

• Cu-Cu thermocompression wafer bonding

1. Deposit Ta (30 nm, 1 Å/s)/Cu (300 nm, 3 Å/s) on top of the highly-doped GaAs

receiving wafer and QCL wafer (Perform buffer oxide etch (BOE) dip to remove

any native oxide on the surface right before the metal evaporation).

2. Perform wafer bonding using Karl Suss bonder.

3. Perform annealing process using Karl Suss bonder.

• Substrate removal

1. Deposit ∼300 nm SiO2 to protect the back side of GaAs receiving wafer.

2. Mechanically lap the GaAs substrate on the QCL wafer side till its thickness is a

little below 50 nm.

3. Remove the remaining GaAs till the etch stop layer is reached using PA wet etch-

ing, i.e. an Ammonium hydroxide and hydrogen peroxide solution (NH4OH:H2O2

= 1:25).

4. Remove the etch stop layer using hydrofluoric acid (HF) etching.
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5. Remove the highly-doped GaAs layer by diluted PA etching (NH4OH:H2O2:H2O

= 5:3:240).

• Insulation layer deposition and patterning

1. Deposit ∼200 nm high-quality SiO2 on top. A test run on a dummy wafer is

suggested.

2. Pattern AZ5214 positive photoresist mask

(a) Pre-bake at 150 ◦C for 5 mins.

(b) Soak in HMDS vapor chamber for 8 mins.

(c) Spin coat AZ5412 at 500/100 RPM for 5 s, 3000/1000 RPM for 30 s.

(d) Soft-bake at 110 ◦C for 1 min.

(e) Perform photolithography at 8 W for 9 s.

(f) Develop with the solution of AZ400K:H2O = 1:4.

(g) Hard-bake at 150 ◦C for 2 mins.

3. Perform BOE wet etching to remove SiO2 area not covered by the positive pho-

toresist. Check SiO2 thickness to make sure it is all removed.

4. Remove the remaining photoresist mask using acetone.

• Metal mask and Au contact evaporation and patterning

1. Pattern NLOF2020 negative photoresist mask

(a) Pre-bake at 150 ◦C for 2 mins.

(b) Soak in HDMS vapor chamber for 8 mins.
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(c) Spin coat NLOF2020 at 500/250 RPM for 6 s, 750/250 RPM for 6s, 2000/250

RPM for 30 s.

(d) Soft-bake at 110 ◦C for 1 min.

(e) Perform photolithography at 8 W for 8.5 s.

(f) Post-exposure bake at 110 ◦C for 1 min.

(g) Develop with AZ300 MIF.

2. Evaporate Ti (15 nm, 1 Å/s)/Au (250 nm, 3 Å/s)/Ni (200 nm, 3 Å/s).

3. Perform metal lift-off.

• Metal-metal ridge definition by ICP-RIE dry etching

1. Run O2 cleaning recipe for 30 mins.

2. Stick the sample wafer on a Si wafer with ∼ 2 µm SiO2 on top with thermal

grease.

3. Run ATGAAS recipe (BCl3 flow rate = 50, Cl2 flow rate = 3, N2 flow rate = 3)

on the sample. The etch rate is about 0.5 µm/min. Closely watch the sample

while etching and stop it once the copper ground plane gets exposed.

4. Remove Ni layer by Nickel etcher.

• Backside metal contact evaporation Evaporate Cr (20 nm, 1 Å/s)/Au (250 nm, 3 Å/s)

on the sample backside. (Do a quick BOE dip right before the metal evaporation).
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APPENDIX C

Linear polarization evaluation: axial ratio

Let’s assume that the output field takes the form of elliptical polarization, which allows us to

represent the laser output field in a linear polarization basis by 〈L | Eo〉 =

 |Ex|

|Ey| eiφ

. The

x and y axes of the linear basis are respectively aligned with the 0◦ and 90◦ direction defined

in Fig. 8.1(c). The Jones matrix for a wire-grid polarizer with the wire direction rotated by

an angle of θp from x -axis is given by 〈L|P (θp)|L〉 = 〈L|R(−θp)|L〉

 Tp 0

0 Ts

 〈L|R(θp)|L〉,

where 〈L|R(θp)|L〉 =

 cos θp sin θp

− sin θp cos θp

 is the corresponding rotation matrix. Tt and Tp

are the wire-grid polarizer transmittance for electrical field polarized transverse and parallel

to the wires direction. The relative power received by the detector is therefore given by

I =

∣∣∣∣∣∣∣∣∣〈L|R(−θp)|L〉

 Tp 0

0 Ts

 〈L|R(θp)|L〉〈L | Eo〉

∣∣∣∣∣∣∣∣∣

2

= a0(Ts + Tp) + a1(Ts − Tp) cos(2θp − 2ϕ)

(C.1)

where a0 = 1
2

(
|Ex|2 + |Ey|2

)
,a1 =

√
1
4

(
|Ex|2 − |Ey|2

)2
+ |Ex|2 |Ey|2 cos2 φ, and ϕ is the angle

that the dominant polarization direction rotates from the y-axis. The intensity axial ratio
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measured with an ideal polarizer (Tt = 1 and Tp = 0) is given by the ratio of maximum and

minimum of the above formula, i.e. a0+a1
a0−a1 . This ratio is employed in the Sec. 8.3 to describe

the linear polarization purity. The nonideality of actual polarizer used is accounted for by

plugging in Ts = ∼0.8 and Tp = ∼10−4 in Eq. C.1. It can be seen that when φ = 0
◦
or

180
◦
, which represents a purely linear polarization with E-field components in x - and y-axis

in-phase , the obtained axial ratio a0+a1
a0−a1 is infinite.
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APPENDIX D

Laser power calibration

The detector used for power-current-voltage (P-I-V ) curve measurement in this work is a

pyroelectric detector purchased from Gentec (QS9-THZ-BL). The active detection area is

9 × 9 mm2. Given the narrow and directive beam pattern from QC-VECSEL devices, this

detection area is large enough to capture all the power with a collection efficiency of 100%.

An intra-cryostat QC-VECSEL lasing at 3.45 THz is used to calibrate the pyroelectric de-

tector’s responsivity. The device is operated at a fixed bias point throughout the calibration.

First, the device is driven by continuous voltage pulses with repetition rate of f0 (Hz) and

pulse width of w0 (s). The power is measured by a thermopile detector (Scientec AC2500),

where reads P0 (W). The thermopile accuracy has been validated by a Thomas-Keating

detector. So the absolute peak power of this device is

Ppeak =
P0

f0 × w0

. (D.1)

Second, the device is driven by a voltage pulse train composed of continuous pulses with

fpyro (Hz) repetition rate and wpyro (s) pulse width, modulated by a square wave of ft (Hz).

The modulation frequency ft is kept between 5–200 Hz to ensure a considerable response of
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the pyroelectric detector. The voltage output Vpyro from the pyroelectric detector is given

by

Vpyro = Rv(ft)× fpyro × wpyro × Ppeak (D.2)

where Rv (V/W) is the responsivity of the pyroelectric detector to be calibrated. It depends

on the modulation frequency ft. Combining Eq. D.1 and Eq. D.2, we obtain the calibration

result for Rv at the chopping frequency ft as

Rv(ft) =
Vpyro × f0 × w0

P0 × fpyro × wpyro
. (D.3)

For example, following this approach we calibrated the responsivity for the pyroelectric

detector at a pulse modulation frequency of ft = 150 Hz, which gives Rv(150 Hz) = 1.2×103

V/W.

For pulsed-mode measurement, the peak power of QC-VECSEL driven by a pulse train

with repetition rate of f (Hz), pulse width of w (s), and modulation frequency of 150 Hz

can be obtained as Vpyro

Rv(150Hz)×f×w . For cw-mode measurement, the absolute output power is

directly calibrated by the thermopile.
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R. Güsten, E. W. Dunham, P. Temi, B.-G. Andersson, D. Backman, M. Burgdorf, L. J.

Caroff, S. C. Casey, J. A. Davidson, E. F. Erickson, R. D. Gehrz, D. A. Harper, P. M.

Harvey, L. A. Helton, S. D. Horner, C. D. Howard, R. Klein, A. Krabbe, I. S. McLean,

167



A. W. Meyer, J. W. Miles, M. R. Morris, W. T. Reach, J. Rho, M. J. Richter, H.-P.

Roeser, G. Sandell, R. Sankrit, M. L. Savage, E. C. Smith, R. Y. Shuping, W. D.

Vacca, J. E. Vaillancourt, J. Wolf, and H. Zinnecker, “Early science with SOFIA, the

stratospheric observatory for infared astronomy,” Astrophys. J., vol. 749, no. 2, p. L17,

2012.

[13] E. R. Mueller, R. Henschke, W. E. Robotham, Jr., L. a. Newman, L. M. Laughman,

R. a. Hart, J. Kennedy, and H. M. Pickett, “Terahertz local oscillator for the Microwave

Limb Sounder on the Aura satellite,” Appl. Opt., vol. 46, no. 22, p. 4907, 2007.

[14] H.-B. Liu, H. Zhong, N. Karpowicz, Y. Chen, and X.-C. Zhang, “Terahertz Spec-

troscopy and Imaging for Defense and Security Applications,” Proc. IEEE, vol. 95,

no. 8, pp. 1514–1527, 2007.

[15] P. Dean, M. U. Shaukat, S. P. Khanna, S. Chakraborty, M. Lachab, A. Burnett,

G. Davies, and E. H. Linfield, “Absorption-sensitive diffuse reflection imaging of con-

cealed powders using a terahertz quantum cascade laser,” Opt. Express, vol. 16, no. 9,

p. 5997, 2008.

[16] Y. C. Shen, T. Lo, P. F. Taday, B. E. Cole, W. R. Tribe, and M. C. Kemp, “Detection

and identification of explosives using terahertz pulsed spectroscopic imaging,” Appl.

Phys. Lett., vol. 86, no. 24, p. 241116, 2005.

[17] C. A. Schmuttenmaer, “Exploring dynamics in the far-infrared with terahertz spec-

troscopy,” Chem. Rev., vol. 104, no. 4, pp. 1759–1779, 2004.

[18] D. Burghoff, T.-Y. Kao, N. Han, C. W. I. Chan, X. Cai, Y. Yang, D. J. Hayton, J.-R.

168



Gao, J. L. Reno, and Q. Hu, “Terahertz laser frequency combs,” Nat. Photon., vol. 8,

no. 6, pp. 462–467, 2014.

[19] Y. Yang, D. Burghoff, D. J. Hayton, J.-R. Gao, J. L. Reno, and Q. Hu, “Terahertz mul-

tiheterodyne spectroscopy using laser frequency combs,” Optica, vol. 3, no. 5, p. 499,

2016.

[20] Z. D. Taylor, R. S. Singh, D. B. Bennett, P. Tewari, C. P. Kealey, N. Bajwa, M. O.

Culjat, A. Stojadinovic, H. Lee, J. P. Hubschman, E. R. Brown, and W. S. Grund-

fest, “THz medical imaging: In vivo hydration sensing,” IEEE Trans. Terahertz Sci.

Technol., vol. 1, no. 1, pp. 201–219, 2011.

[21] J. P. Dougherty, G. D. Jubic, W. L. Kiser, Jr., and W. L. Kiser Jr., “Terahertz imaging

of burned tissue,” in Proc. SPIE 6472, vol. 6472, p. 64720N, International Society for

Optics and Photonics, 2007.

[22] D. B. Bennett, Z. D. Taylor, P. Tewari, R. S. Singh, M. O. Culjat, W. S. Grundfest,

D. J. Sassoon, R. D. Johnson, J.-P. Hubschman, and E. R. Brown, “Terahertz sensing

in corneal tissues,” J. Biomed. Opt., vol. 16, no. 5, p. 57003, 2011.

[23] R. M. Woodward, V. P. Wallace, R. J. Pye, B. E. Cole, D. D. Arnone, E. H. Linfield,

and M. Pepper, “Terahertz pulse imaging of ex vivo basal cell carcinoma,” J. Invest.

Dermatol., vol. 120, no. 1, pp. 72–78, 2003.

[24] Y. B. Ji, E. S. Lee, S.-H. Kim, J.-H. Son, and T.-I. Jeon, “A miniaturized fiber-coupled

terahertz endoscope system.,” Opt. Express, vol. 17, no. 19, pp. 17082–17087, 2009.

169



[25] A. J. Fitzgerald, B. E. Cole, and P. F. Taday, “Nondestructive Analysis of Tablet

Coating Thicknesses Using Terahertz Pulsed Imaging,” J. Pharm. Sci., vol. 94, no. 1,

pp. 177–183, 2005.

[26] C. P. Chiou, R. B. Thompson, W. P. Winfree, E. I. Madaras, and J. Seebo, “Modeling

and processing of terahertz imaging in space shuttle external tank foam inspection,”

in AIP Conf. Proc., 2006.

[27] C. Stoik, M. Bohn, and J. Blackshire, “Nondestructive evaluation of aircraft composites

using reflective terahertz time domain spectroscopy,” NDT E Int., vol. 43, no. 2,

pp. 106–115, 2010.

[28] G. C. Walker, J. W. Bowen, W. Matthews, S. Roychowdhury, J. Labaune, G. Mourou,

M. Menu, I. Hodder, and J. B. Jackson, “Sub-surface terahertz imaging through uneven

surfaces: visualizing Neolithic wall paintings in {Ç}atalh{ö}y{ü}k,” Opt. Express,
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“Polarization-switchable Q-switched DFB fiber laser,” Opt. Lett., vol. 35, no. 7,

pp. 1046–1048, 2010.

[202] K. D. Choquette, D. A. Richie, and R. E. Leibenguth, “Temperature-Dependence of

Gain-Guided Vertical-Cavity Surface-Emitting Laser Polarization,” Appl. Phys. Lett.,

vol. 64, no. 16, pp. 2062–2064, 1994.

[203] K. D. Choquette, K. L. Lear, R. P. Schneider, and R. E. Leibenguth, “Gain-Dependent

Polarization Properties of Vertical-Cavity Lasers,” 14th IEEE Int. Semicond. Laser

Conf., pp. 149–150, 1994.

[204] T. H. Russell and T. D. Milster, “Polarization switching control in vertical-cavity

surface-emitting lasers,” Appl. Phys. Lett., vol. 70, no. 19, pp. 2520–2522, 1997.

[205] K. D. Choquette, K. L. Lear, R. E. Leibenguth, and M. T. Asom, “Polarization Mod-

ulation of Cruciform Vertical-Cavity Laser-Diodes,” Appl. Phys. Lett., vol. 64, no. 21,

pp. 2767–2769, 1994.

194



[206] M. Torre, A. Hurtado, A. Quirce, A. Valle, L. Pesquera, and M. Adams, “Polariza-

tion Switching in Long-Wavelength VCSELs Subject to Orthogonal Optical Injection,”

IEEE J. Quantum Electron., vol. 47, no. 1, pp. 92–99, 2011.

[207] V. A. Fedotov, A. S. Schwanecke, N. I. Zheludev, V. V. Khardikov, and S. L. Prosvirnin,

“Asymmetric transmission of light and enantiomerically sensitive plasmon resonance

in planar chiral nanostructures,” Nano Lett., vol. 7, no. 7, pp. 1996–1999, 2007.

[208] T. Kan, A. Isozaki, N. Kanda, N. Nemoto, K. Konishi, H. Takahashi, M. Kuwata-

Gonokami, K. Matsumoto, and I. Shimoyama, “Enantiomeric switching of chiral meta-

material for terahertz polarization modulation employing vertically deformable MEMS

spirals,” Nat. Commun., vol. 6, 2015.

[209] N. F. Yu, Q. J. Wang, C. Pflugl, L. Diehl, F. Capasso, T. Edamura, S. Furuta, M. Ya-

manishi, and H. Kan, “Semiconductor lasers with integrated plasmonic polarizers,”

Appl. Phys. Lett., vol. 94, no. 15, p. 151101, 2009.

[210] D. Dhirhe, T. J. Slight, B. M. Holmes, D. C. Hutchings, and C. N. Ironside, “Quantum

cascade lasers with an integrated polarization mode converter,” Opt. Express, vol. 20,

no. 23, pp. 25711–25717, 2012.

[211] P. Rauter, J. Lin, P. Genevet, S. P. Khanna, M. Lachab, A. G. Davies, E. H. Linfield,

and F. Capasso, “Electrically pumped semiconductor laser with monolithic control of

circular polarization,” Proc. Natl. Acad. Sci. USA, 2014.

[212] D. Dhirhe, T. J. Slight, B. M. Holmes, and C. N. Ironside, “Active polarisation control

195



of a quantum cascade laser using tuneable birefringence in waveguides,” Opt. Express,

vol. 21, no. 20, pp. 24267–24280, 2013.

[213] G. Liang, Y. Zeng, X. Hu, H. Yu, H. Liang, Y. Zhang, L. Li, A. G. Davies, E. H.

Linfield, and Q. J. Wang, “Monolithic Semiconductor Lasers with Dynamically Tunable

Linear-to-Circular Polarization,” ACS Photonics, vol. 4, no. 3, pp. 517–524, 2017.

[214] G. S. Jenkins, D. C. Schmadel, and H. D. Drew, “Simultaneous measurement of circular

dichroism and Faraday rotation at terahertz frequencies utilizing electric eld sensitive

detection via polarization modulation,” Rev. Sci. Instrum., vol. 81, p. 83902, 2010.

[215] G. D. Metcalfe, M. Wraback, A. Strikwerda, K. Fan, and X. Zhang, “Terahertz Po-

larimetry Based on Metamaterial Devices,” Proc. SPIE, vol. 8363, p. 83630O, 2012.

[216] C. F. Hsieh, R. P. Pan, T. T. Tang, H. L. Chen, and C. L. Pan, “Voltage-controlled

liquid-crystal terahertz phase shifter and quarter-wave plate,” Opt. Lett., vol. 31, no. 8,

pp. 1112–1114, 2006.

[217] Y. D. Dong and T. Itoh, “Substrate Integrated Composite Right-/Left-Handed Leaky-

Wave Structure for Polarization-Flexible Antenna Application,” IEEE Trans. Anten-

nas Propag., vol. 60, no. 2, pp. 760–771, 2012.

[218] R. Oron, S. Blit, N. Davidson, A. a. Friesem, Z. Bomzon, and E. Hasman, “The

formation of laser beams with pure azimuthal or radial polarization,” Appl. Phys.

Lett., vol. 77, no. 21, p. 3322, 2000.

[219] K. Youngworth and T. Brown, “Focusing of high numerical aperture cylindrical-vector

beams,” Opt. Express, vol. 7, no. 2, p. 77, 2000.

196



[220] R. Dorn, S. Quabis, and G. Leuchs, “Sharper Focus for a Radially Polarized Light

Beam,” Phys. Rev. Lett., vol. 91, no. 23, p. 233901, 2003.

[221] X. Wang, C. Shen, T. Jiang, Z. Zhan, Q. Deng, W. Li, W. Wu, N. Yang, W. Chu, and

S. Duan, “High-power terahertz quantum cascade lasers with 0.23 W in continuous

wave mode,” AIP Adv., vol. 6, no. 075210, 2016.

[222] C. Worrall, J. Alton, M. Houghton, S. Barbieri, H. E. Beere, D. Ritchie, and C. Sirtori,

“Continuous wave operation of a superlattic quantum cascade laser emitting at 2 THz,”

Opt. Express, vol. 14, no. 1, pp. 171–181, 2006.

197


	Introduction
	THz applications
	THz astronomical and atmospheric science
	THz spectroscopy
	Non-destructive imaging
	High-bandwidth THz communication

	THz sources
	Solid-state electronic sources
	Frequency down-conversion
	THz lasers

	Basics of THz QCL
	Active region design
	Waveguide design

	Challenges of THz QCLs
	Operating temperature
	High power and high-quality beam

	VECSEL approach to QCLs
	Thesis overview

	Active metasurface design
	Survey of metasurfaces
	Baseline design of active metasurface
	Bragg scattering suppression
	Self-lasing suppression
	Other metasurface designs
	Fabrication process

	Laser model for metasurface QC-VECSELs
	Derivation of the threshold condition and slope efficiency
	Effect of modal uniformity
	Relationship to conventional formalism
	Effect of metasurface characteristics: R1 and 

	VECSEL cavity design and modeling
	QC-VECSEL cavity design
	Sources of cavity loss
	Modeling of cavity mode by Fox-and-Li method
	Calculation of threshold gain by modified Fox-and-Li method

	External cavity QC-VECSELs with uniform metasurface
	Uniform metasurface design
	Proof-of-concept demonstration of QC-VECSEL
	Uniform metasurface paired with a polarizer
	Experimental results
	Results analysis and discussion

	Uniform metasurface paired with a metal mesh output coupler
	Spectral coverage

	External cavity QC-VECSELs with focusing metasurface
	Focusing metasurface design
	Experimental demonstration
	M2 factor characterization of output beams

	Intra-cryostat cavity QC-VECSELs
	Intra-cryostat cavity design
	Experimental results
	Record-high slope efficiency at 77 K
	Record-high cw power at 77 K


	Polarization-switchable metasurface QC-VECSELs
	Methods of polarization control
	Design and modeling of polarimetric metasurface and QC-VECSEL
	Experimental results
	Polarimetric metasurface self-lasing

	Conclusion and future work
	Drude expression for metal and QC active material
	Bulk Drude expression
	Anisotropic expression of permittivity for QC material with gain

	Metasurface fabrication procedures and recipes
	Linear polarization evaluation: axial ratio
	Laser power calibration
	References



