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Abstract

[TI-nitride surface-emitting lasers are highly attractive as compact and ef-
ficient light sources across the visible and ultraviolet (UV) spectrum, with
applications in high-brightness displays, photolithography, UV curing, and dis-
infection. Despite these prospects, their development has been slowed by chal-
lenges related to current injection, optical confinement, cavity length control,
material defect density, and thermal management.

Blue electrically injected vertical-cavity surface-emitting lasers (VCSELSs)
have come the farthest, with state-of-the-art devices now achieving wall-plug
efficiencies of 27.6% and output powers in the tens of milliwatts, placing them
on the cusp of commercialization. One remaining hurdle is in demonstrating a
robust way of realizing single mode operation and polarization control. In this
thesis, we develop fabrication-friendly design concepts using localized shallow
grating structures as viable strategies to achieve both.

In the ultraviolet, only optically pumped VCSELSs have been realized so far,
representing an important first step toward electrically injected devices. The
poor thermal conductivity of AlGaN, however, means that resistive Joule heat-
ing will cause severe internal heating under electrical injection. Our simulations
show that directly transferring GaN-based VCSEL designs to the UVC regime
results in prohibitively high thermal resistance, but that introducing intracav-
ity heat spreaders can lower device temperatures to lasing-viable levels. We
also develop design concepts for built-in wavelength stabilization, culminating
in the experimental demonstration of optically pumped UVB VCSELSs with the
most inherently temperature-stable emission wavelength reported to date for
any VCSEL no matter material system.

The thesis also addresses UV photonic-crystal surface-emitting lasers (PC-
SELs). A three-dimensional coupled-wave theory framework was implemented
to analyze finite-size loss mechanisms, and was complemented by the develop-
ment of a new k-space weighted loss estimation method, which enables rapid
analytical evaluation of vertical and lateral losses from infinite-structure band
diagrams. These approaches provide powerful tools for understanding loss
mechanisms in finite UV PCSELs, where a trade-off between low losses and
efficient current spreading must be carefully managed.

Together, these contributions advance the understanding of thermal and
optical effects in III-nitride surface emitting lasers and provide strategies and

modeling frameworks to support the development of high-performance blue
VCSELs, and electrically injected UV VCSELs and PCSELs.

Keywords: GaN, AlGaN, Ill-nitrides, blue, UV, VCSEL, PCSEL, thermal
resistance, single-mode, wavelength stabilization, CWT, kSWLE
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Chapter 1

Introduction

When the first laser (light amplification by the stimulated emission of radiation)
was demonstrated in 1960 [1,2], it was hailed in newspapers as “the incredible
laser”. Science fiction writers quickly seized on the idea, turning the new device
into futuristic laser guns and “death rays” (famously featured in the 1964 James
Bond film Goldfinger) that could vaporize anything in their path. Later, lasers
were immortalized in popular culture by the lightsabers carried by Jedi knights
in Star Wars (1977), shaping the public imagination of what a "laser" could be,
but never would be. In reality, the laser’s beginnings were far less dramatic.
One of its pioneers, Arthur Schawlow, jokingly noted at a conference that
a more accurate acronym would actually have been “loser”, short for “light
oscillation by stimulated emission of radiation” [3]. The joke did not stick, but
the name “laser” did, and so did the technology. What was once described as a
“solution looking for a problem” soon became a cornerstone of modern science
and technology.

In the decades that followed, lasers transitioned from laboratory curiosi-
ties to essential tools woven into everyday life. They now scan barcodes at
supermarkets, carry vast amounts of information through optical fibers at the
speed of light, and perform delicate eye surgeries with unrivaled precision. At
the same time, lasers have enabled Nobel-prize-winning research in physics and
chemistry, powered modern manufacturing processes, and opened entirely new
frontiers in medicine and sensing. Today, it is difficult to imagine a world
without them.

Among the many forms of lasers, semiconductor lasers have found
widespread use thanks to their compact size, low cost, high power efficiency,
and compatibility with mass production, which have made them indispensable
in consumer electronics and communication systems. Within this family, the
vertical-cavity surface-emitting laser (VCSEL) has played an important role,
that today forms a fast-growing billion dollar industry [4]. The first infrared
GaAs-VCSELs were conceived in 1979 [5] and commercialized in 1996 [6, 7].
VCSELs combine low threshold currents and circular, low-divergence beams
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with a compact geometry (Fig. 1.1) that enables dense two-dimensional arrays
and on-wafer testing that reduces cost. Furthermore, they can be modulated at
high speed while operating at low currents, often have single longitudinal mode
emission with only a small wavelength shift under varying temperature, and can
be tuned continuously with current. VCSELs can also be designed for single
transverse mode operation. Compared to light-emitting diodes (LEDs), they
provide higher conversion efficiencies at high current densities, enabling higher
output power per chip area. These advantages have led to applications ranging
from short-reach optical communication to 3D sensing in smartphones [8,9].

Krantz Nanoart @ Asa Haglund

5kV

Figure 1.1: Illustration of the extremely small size of a VCSEL aperture (< 10 pm),
shown in comparison to a human hair of ~ 50 pm diameter.

Despite the widespread success of infrared GaAs-based VCSELs, extending
their operation into the green-to-ultraviolet (UV) spectral range has proven
far more difficult. For many years, one of the main challenges was the lack of
suitable semiconductor materials with bandgaps large enough for laser emission
in this spectral range. This situation began to change in the early 1970s with
the pioneering work of Herbert Maruska at RCA Laboratories [10-12]. In
1972, Maruska and colleagues demonstrated the first blue emission from gallium
nitride (GaN) by introducing magnesium acceptors [12]. However, the devices
were extremely dim, and RCA eventually abandoned the project before the
technology could mature [13,14]. For nearly two decades, GaN remained a
difficult material to work with due to the challenges of crystal quality and p-
type doping, and most groups around the world shifted their focus to other
material systems.

Renewed progress came in the 1980s and 1990s through the efforts of Isamu
Akasaki, Hiroshi Amano, and Shuji Nakamura, who succeeded in overcoming
the key barriers of GaN growth and p-type doping [15-19]. Their innovations
enabled the demonstration of the first high-brightness blue LEDs in the mid-
1990s [20-24]. This development completed the trio of red, green, and blue



emitters required for full-color displays, and also enabled efficient white light
sources through the use of blue LEDs with suitable phosphors. These break-
throughs opened the door to energy-efficient solid-state lighting and numerous
new applications. In recognition of this achievement, Akasaki, Amano, and
Nakamura were awarded the Nobel Prize in Physics in 2014 “for the invention
of efficient blue light-emitting diodes, which have enabled bright and energy-
saving white light sources” [13].

Building on the success of the blue LED, efforts soon turned to extending
GaN technology to lasers. The first blue edge-emitting laser was demonstrated
in 1996 [22], only a few years after the blue LED. Development of GaN VCSELs
proved more challenging, with the first demonstration of electrically injected
devices not coming until 2008 [25,26]. Continued progress was slowed by chal-
lenges in achieving highly reflective mirrors, precise cavity control, transverse
current confinement, electrical injection efficiency, and thermal management.
In recent years, however, steady advances have brought blue VCSELs closer to
commercialization. Some of the most impressive demonstrations to date have
been achieved by Sony Corporation in 2024, with VCSELs showing wall-plug
efficiencies (WPE) of up to 22.2% and output powers exceeding 8 mW [27],
and by Meijo University in 2025, with a blue VCSEL reaching a WPE of
27.6%, a maximum output power of 16.2mW, and a threshold current density
of 7.7kWcm™2 |28, 29|, showing that blue VCSELs are now on the cusp of
commercialization.

Progress in the ultraviolet (UV) spectral range has been slower and more
difficult. UV VCSELs face additional challenges due to the wide bandgap re-
quired, especially for emission below 360nm. In this regime, AlGaN alloys
replace GaN/InGaN, but their thermal and electrical conductivities are orders
of magnitude lower, and the electrical injection efficiency has until recently been
only a few percent. Higher defect densities and non-uniform surface morpholo-
gies further complicate device fabrication. In VCSELs, the current injection
and light output occur along the same vertical axis, which makes transverse
current spreading and confinement a challenge without introducing excessive
optical loss, and achieving high-reflectivity mirrors in the deep-UV remains
challenging. As a result, only optically pumped deep-UV devices have been
demonstrated [30-32|, though research continues to push toward electrically
driven UV VCSELs. Recent progress from Meijo and Nagoya has solved part
of this puzzle by demonstrating that high injection efficiencies can be achieved
in optimized AlGaN structures emitting in the UVB and UVC [33-37].

In parallel with these developments, another important branch of surface-
emitting lasers emerged with the photonic-crystal surface-emitting lasers (PC-
SELs). PCSELs combine the high beam quality of VCSELs with power levels
comparable to edge-emitting lasers, making them highly attractive for appli-
cations requiring high-brightness single-mode emission. The first infrared InP-
based PCSELs were demonstrated in 1999 [38]. In recent years, PCSELs have
achieved remarkable performance, with Kyoto University reporting 50 W single-
mode continuous-wave (CW) operation in 2023 [39]. Today, several companies,
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such as Vector Photonics [40,41], as well as the center of excellence (COE) at
Kyoto University [42,43], are actively trying to bring about the commercial-
ization of PCSELs.

As with VCSELs, extending PCSELs into the blue spectral region proved
more difficult. The first demonstrations under electrical pulsed operation came
only in 2008 [44], and progress remained slow. In 2022, Kyoto University
achieved a milestone with a blue PCSEL delivering 320 mW in CW operation.
However, extending the emission wavelength further into the UVC for PCSELs
remains an open challenge, with the only demonstrations to date, reported by
our group, relying on optical pumping [45].

1.1 Applications

Ever since their first demonstrations, many different lasers have been developed,
often driven by curiosity: what can we get to lase? But beyond curiosity, lasers
have found countless areas of application and immense societal impact. Today,
semiconductor lasers are commercially available from the infrared (> 750 nm)
through much of the visible spectrum (400-700 nm), and even into the UVA
(320-400 nm). However, they remain absent in the UVB (280-320 nm) and
UVC (200-280 nm) ranges, where only solid-state lasers and excimer lasers are
currently available. While these systems can fill certain needs, they mostly
generate heat (=~ 99.98%), typically produce poor beam quality, suffer from
high cost, and are bulky compared to semiconductor lasers. This motivates the
development of compact III-nitride devices such as VCSELs and PCSELs, as
energy-efficient and low-cost UV light sources.

One reason UVC light is so useful is that it does not naturally reach the
Earth’s surface due to strong absorption by atmospheric gases like oxygen and
ozone (Fig. 1.2). This has allowed life to evolve without developing resistance
to its effects. As a result, UVC light is highly effective at inactivating bacteria
and viruses by damaging their DNA and RNA, as its wavelength aligns with
the peak absorption of nucleic acids [46]: in a sense a “death ray,” and the
science-fiction writers were right all along! This property makes UVC light
useful for disinfection and sterilization applications, including water purifica-
tion, air treatment in ventilation systems, and surface sterilization of medical
equipment [47]. It also enables solar-blind optical communication, since the
absence of solar background in this spectral range allows high signal-to-noise
detection without sunlight interference [48]. UVC light has gained increasing
attention in recent years due to the COVID-19 pandemic and its proven ability
to inactivate the coronavirus (SARS-CoV-2) [49]. Many of these applications
directly align with the United Nations Sustainable Development Goals [50] and
the Minamata Convention on Mercury, since UVC VCSELs and PCSELSs could
provide compact, energy-efficient, and mercury-free alternatives to conventional
UV lamps.

In the UVB range, lasers could be employed in medical phototherapy, for
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Figure 1.2: Solar spectral irradiance in space (AMO) and at sea level (AM1.5G)
from the ASTM G173-03 reference spectra [51], showing the reduction of irradiance
at Earth’s surface due to atmospheric absorption.

example, in the treatment of skin conditions such as psoriasis or vitiligo, or for
dermatological applications [46]. In the UVA range, light penetrates deeper into
tissue, making them suitable for biomedical imaging and scanning applications,
such as retinal diagnostics. Beyond healthcare, UV VCSELSs also hold promise
in UV curing [46], photolithography [46], and sensing applications such as ozone
detection [52] and atomic clocks [53].

In the blue-violet (=~ 400 — 500 nm), semiconductor lasers enable a wide
array of technologically important applications. Blue VCSELs are attractive
for high-resolution displays and projectors [54], including AR/VR and automo-
tive head-up displays [55,56], where shorter wavelengths allow finer pixelation
and vivid color reproduction. Their low power consumption also makes them
well suited for portable applications such as smart glasses. In addition, be-
cause green and blue light penetrates seawater efficiently, compact VCSELs are
promising candidates for underwater optical communication [57]. Other emerg-
ing applications include adaptive automotive headlights and high-precision 3D
printing.

Photonic-crystal surface-emitting lasers (PCSELs) extend the scope of
short-wavelength semiconductor lasers to also include high-power applica-
tions. By combining the surface-emitting geometry of VCSELs with large-area
photonic-crystal feedback, PCSELs can achieve single-mode operation over
millimeter-scale apertures with high-output powers while maintaining excel-
lent beam quality. This makes them attractive for applications such as pho-
tolithography, disinfection, machining of difficult-to-process materials, high-
brightness solid-state illumination, and underwater light detection and ranging
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(LiDAR) [58].

1.2 Outline of thesis

This thesis contributes to the understanding and development of surface-
emitting lasers in the UV and blue spectral regions, with a focus on their
optical and thermal properties, and provides theoretical tools for future device
optimization.

Chapter 2 reviews key material properties of the III-nitride system, includ-
ing optical, electrical, and thermal aspects relevant to surface-emitting devices.
Chapter 3 introduces the fundamental concepts of VCSEL operation and de-
sign, covering resonant cavity effects, mirror properties, and thermal behavior.
Chapter 4 presents our work on III-nitride VCSELs, addressing design strate-
gies, thermal management, and wavelength stabilization, along with experi-
mental and simulation results. Chapter 5 focuses on photonic-crystal surface-
emitting lasers, discussing their fundamental principles, finite-size effects, and
introducing a new analytical method for estimating lateral and vertical losses.
Chapter 6 concludes the thesis with a summary of the main findings and an out-
look on future challenges in realizing high-performance blue and UVC VCSELs
and PCSELs.



Chapter 2

Properties of the 11I-nitride
material system

The group-III nitride semiconductor system, comprising GaN, AIN, InN, and
their ternary alloys, forms the material foundation for ultraviolet (UV) and blue
surface-emitting lasers. These materials offer wide, direct bandgaps, making
them well suited for optoelectronic devices operating at short wavelengths.
For instance, InGaN QWs have paved the way for energy efficient blue LEDs
that have enabled the LED lighting revolution, and AlGaN QWs have the
promise of enabling UV light sources for applications including disinfection and
water purification as discussed in the introduction. At the same time, several
fundamental material properties set III-nitrides apart from more established
III-V systems such as GaAs or InP, introducing unique challenges and tradeoffs
in the design and realization of laser devices.

When research on III-nitride optoelectronics began, it was widely believed,
based on decades of experience with GaAs-based devices, that efficient laser
action would Only by possible if the dislocation density could be reduced be-
low < 1 x 10em™2 [59-61|. GaAs VCSELs, for instance, degrade rapidly
when grown on defective substrates, and such low dislocation densities were
considered a prerequisite for efficient operation [59-61]. In contrast, epitaxial
[II-nitride films grown on foreign substrates such as sapphire or silicon typi-
cally exhibit threading dislocation densities in the range of 108~ %cm~2. That
[II-nitride LEDs and lasers can operate efficiently under such conditions was
initially viewed as a paradox. This unexpected success is now attributed to
carrier localization in the InGaN quantum well active region, primarily due
to compositional fluctuations in InGaN [62-65]. These fluctuations create lo-
calized potential minima that spatially confine carriers, reducing their overlap
with non-radiative recombination centers such as dislocations. As a result,
even though the material is highly defective by traditional metrics, radiative
recombination remains efficient.
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This dislocation tolerance is just one of several unexpected and unconven-
tional properties that distinguish III-nitride semiconductors from more estab-
lished ITI-V materials. In the following sections, other key characteristics are
examined in more detail, including the high effective carrier masses and their
consequences for optical gain, the challenges of p-type doping and low free
carrier concentrations, the unique polarization fields arising from the wurtzite
crystal structure, and the thermal properties. Together, these properties define
both the opportunities and the design constraints faced in the development of
[II-nitride surface-emitting lasers.

2.1 Crystal structure and polarization effects

Group-III nitrides such as GaN, AIN, and InN crystallize predominantly in the
wurtzite structure under typical growth conditions [66]. This hexagonal phase
is energetically favored over the cubic zincblende polymorph and is character-
ized by two interpenetrating hexagonal close-packed sublattices: one composed
of group-III atoms and the other of nitrogen as shown in Fig. 2.1. The result-
ing lack of inversion symmetry along the [0001] direction, combined with the
large electronegativity difference between group-III elements (In, Ga, Al) and
nitrogen, gives rise to strong internal polarization fields.

The wurtzite lattice features two lattice constants, agp and c¢g, defining
anisotropic material properties. Crystal planes of particular importance in-
clude the polar c-plane (0001), and the nonpolar a-plane (1120) and m-plane
(1010), also indicated in Fig. 2.1. Most devices are grown along the c-plane
due to established growth methods and substrate availability, though this ori-
entation is associated with strong polarization effects.

The lack of centrosymmetry gives rise to a spontaneous polarization along
the c-axis, even in unstrained layers. When heterostructures experience strain,
due to lattice mismatch or thermal expansion mismatch, additional piezoelec-
tric polarization is induced. The resulting polarization fields significantly in-
fluence the electronic band structure in QWs, particularly for c-plane devices.
These fields tilt the conduction and valence band edges and spatially sepa-
rate the electron and hole wavefunctions, as shown in Fig. 2.2(a). This effect,
known as the quantum-confined Stark effect (QCSE), reduces the wavefunction
overlap, decreases radiative efficiency, and redshifts the emission wavelength at
low injection levels.

The magnitude of the polarization fields in III-nitride quantum wells de-
pends on the degree of lattice mismatch between the well and barrier materials.
Since the lattice mismatch between InN and GaN is significantly larger than
that between AIN and GaN, the strain-induced piezoelectric polarization, and
hence the overall polarization field, is typically stronger in InGaN/GaN wells
than in AlGaN/GaN [67]. As a result, QCSE tends to be more pronounced in
InGaN-based structures, leading to a larger redshift and reduced wavefunction
overlap at low excitation levels.
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I[oom]
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Figure 2.1: Wurtzite crystal structrue. The orange atoms represent the Al/Ga/In
sublattice, and the black atoms the N sublattice. The three most important crystal
planes are indicated: red c-plane (0001), blue a-plane (1210), and green m-plane
(1010).

At higher carrier densities, the polarization fields are partially screened by
free carriers, which flattens the bands and reduces the QCSE [68]. As a result,
the emission wavelength blueshifts with increasing current density. This screen-
ing effect can be observed in electroluminescence measurements of InGaN-based
LEDs, as shown in Fig. 2.2(b), where the emission wavelength shifts by up to
20nm. However, it has been suggested that at low current densities, additional
effects may contribute to this blueshift. In-rich composition fluctuations in the
quantum wells can create localized states at lower energies, which dominate
emission at low carrier injection. These states may have a low density of states
and can be easily filled, causing a rapid shift of the emission to higher-energy
states as the carrier density increases. In this interpretation, the strong initial
blueshift at low current densities is driven by state filling, while at moderate to
high current densities, the continued blueshift is primarily governed by carrier
screening of the polarization fields. This dual contribution may explain the
more pronounced blueshift at low current densities and the subsequent flatten-
ing of the curve at moderate and high injection levels observed in Fig. 2.2(b).

A detailed understanding of polarization-induced effects is essential for de-
vice design. In LEDs, which typically operate at low current densities where
polarization fields remain largely unscreened, it is particularly important to
use thin quantum wells. Thin wells reduce the spatial separation between the
electron and hole wavefunctions, which increases their overlap and improves
radiative recombination efficiency. In contrast to LEDs, lasers such as VCSELs
and PCSELs operate at significantly higher current densities, on the order of a
few kA /cm?, where the internal fields are mostly screened. In this regime, the
wavefunction overlap improves, and the emission wavelength shifts toward the
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zero-field case. However, it becomes crucial to account for the blueshift due
to carrier screening when designing the structure, so that the gain peak, cav-
ity resonance, and mirror stopband remain aligned under operating conditions.
This alignment is discussed in further detail in Section 3.4.

Another strategy that has recently gained attention is the use of thick quan-
tum wells, where optical transitions involving higher excited states are less
affected by polarization-induced separation of carriers, thereby reducing the
QCSE shift [69]. Theoretical calculations have also shown that the achievable
gain can be similar in devices employing multiple thin QWs or a single thick
QW [70]. An alternative approach to mitigating the QCSE is to grow the
active region on nonpolar or semipolar crystal planes, where the polarization
fields are significantly reduced or eliminated altogether [71]. While this can
improve performance by restoring symmetric band profiles, such orientations
also introduce challenges in growth and processing.
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Figure 2.2: (a) Illustration of the bandstructure and the tilt caused by the polariza-
tion fields. The electron and hole wavefunctions are also shown to reside in opposite
spatial parts of the QW. (b) Measured electroluminescence peak shift of blue LEDs
with InGaN QWs. The blueshift caused by carrier screening is here 20 nm.

2.2 Optical properties

The III-nitride material system offers direct bandgap with wide tunability,
extending from the infrared (InN, ~ 0.7eV) to the deep ultraviolet (AIN,
~ 6.1eV). This forms the basis for a variety of light-emitting devices. An
overview of the bandgap and corresponding wavelength versus in-plane lattice
constant, ag, for the binary and ternary compounds is shown in Fig. 2.3.

The refractive index of IIl-nitride materials depends on both composition
and wavelength. For wavelengths longer than the absorption edge, i.e., in the
transparent regime, the refractive index generally decreases with increasing
wavelength. Near the absorption edge, strong dispersion occurs due to inter-

10



2.3. Bandstructure

_ - 200
>
= g
o 250 E
= 300 ~
S 1350 £
S 400 2
o 500 2
g 600 %
T "800 2
@ - 1550

0 . :

3 3.2 3.4 3.6

Lattice constant, a, [A]

Figure 2.3: Bandgap energy F,, corresponding emission wavelength, and in-plane
lattice constant ao for IIl-nitride binary compounds (AIN, GaN, InN) and their
ternary alloys (AlGaN, InGaN, AlInN) at room temperature. Spectral regions from
infrared (IR) to ultraviolet (UVA, UVB, UVC) are indicated for reference. Material
parameters are taken from [72].

band transitions, as seen in Fig. 2.4. These trends are important in the design
of optical components that rely on refractive index contrast, such as mirrors,
resonant cavities, and photonic crystals. In addition, the refractive index varies
with temperature |73, 74| and carrier concentration [75], both of which are im-
portant to consider in device design.

The wurtzite crystal structure of III-nitrides gives rise to optical anisotropy,
with the material acting as a positively uniaxial birefringent medium. The or-
dinary refractive index, relevant for transverse electric (TE) polarization light
propagating along the c-axis, is shown in Fig. 2.4. For layers grown along non-
c-axis directions, the optical axis is tilted with respect to the surface normal,
and the polarization of the optical mode can align either parallel (extraordi-
nary) or perpendicular (ordinary) to this axis. Because these two polarizations
experience different refractive indices, the cavity can be engineered to support
only one of them. In VCSELs, this birefringence has been used to achieve po-
larization locking in otherwise rotationally symmetric cavities. This effect has
been demonstrated in devices grown on m-plane substrates, where the optical
axis lies in the wafer plane and breaks the in-plane symmetry [76].

2.3 Bandstructure

In semiconductors, the periodic crystal potential causes the electronic states to
form bands. The energy separation between the conduction and valence bands
defines the bandgap, which determines the material’s optical and electronic
properties.

The wurtzite crystal structure of GaN and AIN leads to an anisotropic

11
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Figure 2.4: The real part of the refractive index, n, (a) and its imaginary part, x,
scaled to be an absorption coefficient & = 4wk/\ (b) of the ordinary refractive index
for GaN (solid), Aly.6Gao.4N (dashed), and AIN (dotted).

bandstructure, meaning the energy-momentum relation differs along the c-axis
(k-) and in-plane directions (k). At the Brillouin zone center (I'-point), the
valence band splits into heavy hole (HH), light hole (LH), and crystal-field
split-off (CH) bands due to spin—orbit and crystal-field interactions. Their
relative ordering depends strongly on alloy composition, strain, and quantum
confinement [77].

Figure 2.5 shows calculated valence band dispersions for unstrained GaN
and AIN using k - p theory [78] with parameters from [67]. In GaN, the HH
band lies highest, while in AIN the CH band is dominant. Transitions from
the conduction band to HH or LH bands produce TE-polarized light (electric
field perpendicular to the c-axis), whereas transitions to the CH band generate
transverse magnetic (TM) polarized light (electric field parallel to the c-axis).
As Al content increases, the shift toward CH-band dominance leads to more
TM-polarized emission, which is poorly confined in vertical-cavity devices like
VCSEL:s.

The crossover point from HH to CH dominance occurs around ~ 4% Al for
unstrained bulk layers, but can shift to ~ 60% under compressive strain [79].
Quantum confinement in thin QWs also affects the band ordering: for wells
thinner than 3 nm, the transition to TM polarization may not occur until = 80%
Al [79]. This interplay between strain, composition, and confinement is critical
in designing efficient deep-UV lasers. Even in UV LEDs, TM polarization is
undesirable, since TM-polarized light propagates in-plane with the quantum
wells, making it difficult to extract.

2.3.1 Effective mass influence on laser thresholds

GaN has a wider bandgap and flatter band curvature near the band edges,
which results in significantly higher effective masses for both electrons and

12
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Figure 2.5: Valence band dispersions for unstrained wurtzite (WZ) GaN (a) and
AIN (b), showing the heavy hole (HH), light hole (LH), and crystal-field split-off
(CH) bands. The energy is plotted as a function of wavevector along the c-axis
direction k. and the in-plane direction k:||. The band ordering and curvature differ
significantly between GalN and AIN due to variations in crystal-field splitting and
spin—orbit interaction. Parameters used for the kp calculations were taken from [67].

holes. These larger effective masses increase the density of states (DoS) near the
band edges, meaning that more carriers must be injected to achieve population
inversion and optical gain over a given energy interval. A simple quantitative
comparison between intrinsic GaAs and GaN using the Bernard—Duraffourg
condition at 0 K shows that the required excess carrier density n scales with
the reduced effective mass m,. of the electron—hole system [80]

NGaN My GaN

— , (2.1)
NGaAs My GaAs

*

were m, = mimgap/(mi + man), m}

is the effective electron mass, my, =
(m?, %% + m7,3/?)2/3 is the combined density-of-states hole mass, m?, is the
heavy hole effective mass, and mj), is the light hole effective mass. The effective
mass is inversely proportional to the curvature of the energy band, and thus
heavier masses correspond to flatter bands and higher DoS near the band edge.
This results in GaN requiring approximately six times higher excess carrier
density than GaAs to achieve optical gain over the same energy bandwidth.
The estimate is approximate and does not take into account differences in the
peak gain amplitude, which is more directly relevant to the lasing threshold.

This inherent requirement for high carrier injection directly impacts the
design of ITI-nitride vertical-cavity and photonic-crystal surface-emitting lasers.
Devices must support higher current densities while maintaining efficient carrier
confinement and minimizing heating. Moreover, the higher effective masses
also correlate with lower carrier mobility, particularly for holes, which further
complicates efficient injection in GaN-based laser structures.

13
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2.4 Electrical properties

A key challenge in III-nitride materials is achieving high free carrier concen-
trations through impurity doping. Intentional n-type doping is typically done
with silicon (Si), which forms shallow donor levels (~ 20 meV for GaN) that are
mostly ionized at room temperature. This enables electron concentrations up
to 1 x 10'? cm™2 without significant degradation of crystal quality. However,
increasing the Al content in AlGaN raises the donor ionization energy, reducing
the activation efficiency, especially for Al mole fractions approaching 80% and
beyond [81,82].

P-type doping is considerably more difficult. Magnesium (Mg) is the most
commonly used acceptor in GaN, but its ionization energy is high (170 meV),
resulting in only a few percent of Mg atoms being ionized at room temperature.
As a result, typical hole concentrations are limited to ~ 1 x 10'¥ cm ™3, even
for high Mg levels. Unintentional background doping often has n-type charac-
ter [83|, which further lowers the effective hole concentration. The difficulty of
achieving p-type conductivity becomes even more pronounced in AlGaN due
to the increasing bandgap, which causes the ionization energy of Mg to in-
crease further with Al content [81,84]. For high-Al content (x > 0.7), hole
concentrations can drop below 1 x 107 cm™3.

Figure 2.6 shows the calculated fraction of ionized donors and acceptors in
Al,Ga; N as a function of Al content at 20 °C and 80 °C, using Fermi—Dirac
statistics and material parameters from [85]. The model assumes donor con-
centration of 2 x 10'® cm ™3 and an acceptor concentrations of 5 x 10'? cm=3,
chosen to yield comparable free carrier densities at room temperature. The
results highlight the steep decline in ionization efficiency with increasing Al
content due to higher dopant ionization energies. At 20°C and an aluminium
composition of 70%, less than 10% of donors and only ~ 0.1% of acceptors are
ionized. While higher temperatures improve activation slightly, p-type doping
remains severely limited.

Because of the low hole concentrations (and low hole mobility) the conduc-
tivity of p-doped layers are low. Therefore, ITO is commonly used on the p-side
to aid lateral current spreading. However, ITO becomes highly absorbing in
the UV and is unsuitable for AlGaN-based emitters. At the same time, p-type
conductivity in AlGaN is even lower than GaN, making injection and current
spreading more difficult. Alternative strategies such as distributed polarization
doping (DPD) and tunnel junctions (TJs) have been developed to address these
challenges. In DPD structures, a spatially graded AlGaN layer generates po-
larization charges that create an internal electric field, which effectively assists
hole transport into the active region. This approach, often combined with Mg
doping, enabled the first electrically pulsed UVB laser diodes [33, 34, 86| and
the first continuous-wave (CW) UVC laser diodes [37]. Tunnel junctions (TJs)
provide another route to bypass p-type limitations by enabling lateral current
spreading in n-type layers. While this approach is particularly attractive for
AlGaN-based UV devices, its feasibility has already been demonstrated in blue

14
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VCSELs by Meijo [87] and UCSB [88]. TJs have also recently been demon-
strated in resonant-cavity UVB LEDs (RCLEDs) [32], which are structurally

similar to VCSELs and show promise for future electrically injected UV VC-
SELs.
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Figure 2.6: Calculated fraction of ionized donors (a) and acceptors (b) in
Al,Ga;_;N as a function of Al mole fraction for 20 °C (blue) and 80 °C (red). The
calculations assume a fixed donor concentration of 2 x 10'® cm ™ and acceptor con-
centration of 5 x 10'? cm ™3, which yield comparable free carrier densities near room
temperature. The decreasing ionization efficiency with increasing Al content high-
lights the growing difficulty of impurity doping in wide-bandgap AlGaN.

2.5 Thermal conductivity

Heat is conducted in semiconductor materials primarily through vibrations of
the crystal lattice, known as phonons. The thermal conductivity of a material is
therefore governed by how efficiently these phonons can propagate. This propa-
gation is limited by scattering processes, including phonon-phonon interactions,
alloy disorder, defects, and interfaces. As the temperature decreases, phonon
scattering rates are reduced, and thermal conductivity typically increases, a
trend observed in many crystalline semiconductors.

In the ITI-nitride system, the binary compounds AIN, GaN, and InN exhibit
high thermal conductivities due to relatively low phonon scattering in their pure
crystalline form. For instance, single-crystalline GaN can reach bulk thermal
conductivities up to ~ 160 K W—! at room temperature, while AIN can exceed
~ 200K W~1! [89]. However, when forming ternary alloys such as AlGaN, In-
GaN, or AlInN, the introduction of alloy disorder significantly increases phonon
scattering and leads to a dramatic reduction in thermal conductivity. For ex-
ample, AlGaN with 50% Al content can have a thermal conductivity more than
ten times lower than either binary endpoint. This reduction is well captured by
Adachi’s model [90], which interpolates the alloy thermal conductivity based
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on the binary values and includes a term for alloy scattering

1 T 1—=x
= + ( ) +x(1 —2)lapB. (2.2)
RA,.By_,C Rac KBC

where kac and kpc are the binary thermal conductivities and the coefficient
I' g accounts for lattice disorder. As shown in Figure 2.7, the thermal con-
ductivity exhibits a characteristic bathtub-shaped dependence on composition,
with a broad minimum at intermediate alloy fractions due to disorder-induced
phonon scattering, as captured by Adachi’s model.

In layered structures such as distributed Bragg reflectors (DBRs), which
consist of alternating materials with differing thermal conductivities and thick-
nesses, the effective thermal conductivity becomes highly anisotropic. Heat
flows laterally (in-plane) through layers in parallel, and vertically through lay-
ers in series. This results in an effective lateral thermal conductivity, x,., and
vertical conductivity, k., given by the weighted arithmetic and harmonic means,
respectively:

dllil + d2/€2
R T T B 2.3
dy + do (2:3)
K d + dy (2.4)

© di/k1 +da /R
where k1 and ko are the thermal conductivities, and d; and ds the thicknesses
of the alternating layers. An implication of this anisotropic averaging is that
the lateral thermal conductivity is always greater than or equal to the vertical
thermal conductivity, as shown in Paper B

max(K1,K2) > Kr > K, > min(ky, k2). (2.5)

This anisotropy is especially relevant in [1I-nitride VCSELs, where low-x DBRs
suppress vertical heat flow and force most of the heat to spread laterally through
the cavity.

Phonon transport across interfaces between different materials in layered
structures may be further impeded by thermal boundary resistance, which
arises due to mismatch in phonon spectra and acoustic impedance. To account
for this, the effective vertical thermal conductivity can be modified as

o dy + do
dl/lil +d2/l€2 +2Rmt,

where R;,: is the thermal boundary resistance across a single interface. The
factor of two accounts for the two interfaces present in each DBR period, and
it is assumed that both interfaces have the same resistance.

In addition, the thermal conductivity in thin layers may be further reduced
if the layer thickness becomes comparable to or smaller than the phonon mean
free path [91]. In this regime, increased phonon-interface scattering reduces the
effective conductivity below the bulk value, a finite-size effect not captured by
the expressions above. This suppression is most significant for very thin layers
such as quantum wells and potentially DBRs.

(2.6)

Rz
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Figure 2.7: Calculated bulk thermal conductivity of ternary III-nitride alloys
Al,Gaj_zN, AlyIn;_ N, and In,Ga;_,N as a function of alloy composition x, based
on Adachi’s model [90] with paramters from [89]. The thermal conductivity is signif-

icantly reduced at intermediate compositions due to alloy scattering, reaching values
more than an order of magnitude lower than in the binary compounds.
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Chapter 3

Vertical-cavity
surface-emitting lasers

3.1 Operating principle

Vertical-cavity surface-emitting lasers (VCSELs) are a class of semiconduc-
tor lasers that emit light perpendicular to the wafer surface, in contrast to
edge-emitting lasers (EELs), where light propagates laterally. The defining
features of VCSELs arise from their small active volume, which enables low
threshold currents, and from their circularly symmetric aperture with low in-
dex contrast, which provides circular beam profiles with low divergence. Their
surface-normal emission also allows wafer-scale testing and high-density two-
dimensional arrays.

The vertical cavity is formed between two highly reflective mirrors, typically
distributed Bragg reflectors (DBRs), and act as a Fabry—Pérot resonator. In
[II-nitride VCSELSs, two common mirror configurations are employed: (i) a
double dielectric design with dielectric DBRs on both sides of the cavity, and
(ii) a hybrid design that combines a dielectric top DBR with a bottom epitaxial
DBR. These structures are shown in Fig. 3.1.

In both designs, current is injected in the periphery of the device via intra-
cavity contacts and spread laterally to the QWs in the center part of the device.
Once the carrier density in the QW increases to the threshold level where the
material gain balances the total optical losses, stimulated emission begins to
build up and gradually surpasses spontaneous emission as the dominant pro-
cess with increasing current injection. The photons are confined vertically
between the top and bottom DBRs and the photon density build up coherently
within the cavity. Above threshold, lasing takes place, and light is emitted
vertically through the partially transmitting outcoupling mirror. Because the
active region is extremely short, typically only a few tens of nanometers, VC-
SELSs require very high mirror reflectivities, typically exceeding 99%, to ensure
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sufficient photon confinement and optical feedback for lasing.

A representative standing wave pattern is shown alongside the hybrid VC-
SEL in Fig. 3.1(b) to illustrate the importance of optical field alignment. Dis-
crete longitudinal cavity modes are supported by the vertical cavity, and the
QWs are typically aligned with antinodes of the standing wave to maximize the
confinement factor, I'gw, and modal gain. Transverse optical and current con-
finement are often in ITI-N VCSELSs achieved by an effective index step created
by a shallow etched structure using etched mesas or oxide apertures [92].

Lateral electrical and A
. i optical confinement
contact Dielectric DBR Contact ~ Pielectric DBR i
Contact | GO ——
z
ContaCt A N o piaxia- o
pad Dielectric DBR

(a) Si carrier (b) Substrate IE]2

Figure 3.1: Common IIl-nitride VCSEL structures. (a) All-dielectric configuration,
consisting of two dielectric DBRs. (b) Hybrid configuration, with a top dielectric
DBR and a bottom epitaxial DBR. In both cases, the vertical optical cavity is formed
between the two DBRs, and current is injected through intracavity contacts. A rep-
resentative standing wave pattern is shown next to the hybrid structure to highlight
the importance of aligning the quantum well (QW) gain region with the antinodes of
the optical field, thereby maximizing the confinement factor and modal gain.

At threshold, the intracavity optical field must reproduce itself after one
round trip in both amplitude and phase, ensuring constructive interference and
high photon density. This requirement leads to the threshold gain condition:

1
FQW

1 1
gth — (Oxi + In ), (3.1)

2L. RiRs

where gy, is the material threshold gain, «a; is the absorption loss, L. is the
cavity length, and R; and Rs are the mirror reflectivities. The phase condition
ensures that the accumulated round-trip phase shift adds up to an integer

multiple of 27 to ensure constructive interference, which in turn sets the allowed
longitudinal resonance wavelengths

2n.L.
m — (¢r + @)/ (27)’

where A, is the wavelength of the m-th longitudinal resonance, n.. is the average
refractive index of the cavity, and ¢, /;, accounts for the wavelength-dependent

kone2Le + o + op = 2mm — Ny, = (3.2)
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phase shift at the top/bottom DBR. When the mirror center wavelength is
designed to coincide with the longitudinal resonance wavelength, the phase
shifts ¢y = ¢p = 0 vanish, and the resonance condition simplifies to nL, =
(m/2)\. For example, m = 5 corresponds to an optical cavity length of nL =
2.5, often referred to as a 2.5\ cavity, while m = 20 corresponds to a 10\
cavity.

For III-nitride VCSELs, additional challenges arise due to the relatively low
refractive index contrast available in epitaxial DBRs and the poor p-type con-
ductivity of (Al)GaN-based materials. These constraints necessitate the use of
dielectric DBRs or hybrid mirror configurations. Thermal management is also
critical, given the lower thermal conductivity of certain dielectric materials and
the relatively high threshold current densities required in these wide-bandgap
devices.

3.2 Distributed Bragg reflectors

Distributed Bragg reflectors, consist of alternating layers of materials with
high and low refractive indices. These layers are each designed to have an
optical thickness of a quarter-wavelength, resulting in constructive interference
and high reflectivity over a range of wavelengths referred to as the stopband,
Alstop [93]. High mirror reflectivity is critical in VCSELs because the optical
gain per round trip is small, typically around, ~ 1 %. This low gain places
stringent demands on the mirror reflectivity, which must often exceed 99 % to
satisfy the amplitude condition for lasing [94]. As illustrated in Fig. 3.2, even
a small decrease in mirror reflectivity significantly increases the threshold gain
required from the quantum wells.
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Figure 3.2: Calculated mirror loss using Eq. (3.1), —In(R1R2)/(2I'qw L.), for a
10A blue VCSEL cavity with Ry = 99.99 %, 'ow = 0.74 %, and L. = 1790 nm.
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3.2.1 Transfer-matrix method

To analyze optical properties of DBRs and VCSEL cavities, the transfer ma-
trix method (TMM) is commonly used. In this formalism, each interface and
propagation region is represented by a matrix, and the total response of the
structure is determined by multiplying these matrices. Example of a TMM
configuration is illustrated in Fig. 3.3(a), where a plane wave is incident on
a multilayer stack with partial reflection and transmission at each interface.
The total matrix M;,; is formed by multiplying the propagation and interface
matrices for all layers

(3.3)

My M
Mot = MNMpy_q...MsMyM; = [ 11 12]

Moy Mao

where M, are the interface and propagation matrices. For propagation through
a layer of refractive index n, thickness d, and incident angle @, the propagation
matrix is

Jkomn cos 0
c y ] (3.4)

Mprop - l 0 e—jkon cos @

For s (TE) and p (TM) polarized light, the interfaces M;, e, differ based on
the Fresnel reflection and transmission coefficients [95]

s 1 n, cos b, +mn;cos; n, cosl, —n;cosb,
Minter = 5 (35)
2n, cos B, |n,cosf,. —n;cosl; n, cosb, + n;cosb
and
p _ 1 n,cos; +n;cosb,. n,cosl; —n;cosb, (3.6)
nter = om,. cos @, |n,cos@; —mn;cosb, n,.cosb +njcosb,|’ '

here n; and 6; are the refractive index and angle of incidence on the left side
of the interface (incident medium), and n, and 6, are the refractive index and
angle of transmission on the right side. The reflectivity of a multilayer DBR
can then be found from the ratio of matrix components in M,
Moy |2
R My | (3.7)

Fig. 3.3(b) shows both the reflectivity and the reflection phase for a 10-pair
SiO5 /HfO2 DBR calculated using the TMM formalism at normal incidence.

TMM can also be used to determine the threshold gain and resonance wave-
length of the VCSEL cavity. Under the condition of no external input, self-
sustained oscillation occurs when

| Maa (Mo, gen)| = 0. (3.8)

This nonlinear equation can be solved iteratively to determine the resonance
wavelength \g and material threshold gain g;5,.
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Figure 3.3: (a) Illustration of transfer-matrix method simulation for a multilayer
dielectric stack, showing an incident plane wave and its reflected, and transmitted
plane waves. (b) Simulated reflectivity (blue) and reflection phase (red) spectrum
at normal incidence for a 10-pair SiO2/HfO2 DBR centered at 450nm. The broad
stopband with high reflectivity is characteristic of a distributed Bragg reflector, while
the phase response provides additional insight into resonance conditions and cavity
dispersion.

An alternative way to estimate the total optical losses in the VCSEL cavity
is to use the spectral linewidth, defined as the full width at half maximum
(FWHM), AXpw i, of the reflectivity dips corresponding to the longitudinal
cavity modes. These dips arise from resonant coupling into longitudinal cavity
modes, where incident light constructively interferes and is temporarily stored
in standing wave patterns inside the cavity. As a result, less light is reflected
at those wavelengths, producing sharp dips in the reflectivity spectrum, as
illustrated in Fig. 3.4(a). The linewidth of these resonances is inversely related
to the photon lifetime, 7,, via an uncertainty relation

YA
2meo T,

A)\FWHM = (39)

Since the photon lifetime is inversely proportional to all optical losses in the
cavity and the group velocity, vy, we can express this as
A A

VgQtot =
2mcy ! 2mnyg

ANrwHM = (Oﬁcav + o + FQWaQw), (3.10)
where a4, is the background absorption in the cavity, o, the mirror loss, cgw
the absorption (or gain) in the quantum wells, I'gw the confinement factor, and
ng the group index, Since this relation is linear in agw, the material threshold
gain can be extracted by simulating the linewidths at two different values of
agQw, one which is agw = 0 (transparency)

_ Adpwam(agw =0) 1
gth = =
AAArwHaM)/Aagw  Tow

(am + am). (3.11)
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Chapter 3. Vertical-cavity surface-emitting lasers

This approach provides an efficient alternative to iterative root-finding methods
for |Ma2(Xo, gen)| = 0. As shown in Fig. 3.4, applying this method to a 450 nm
VCSEL cavity yields a threshold material gain of approximately 1540 cm ™.
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Figure 3.4: TMM-based estimation of threshold gain in a 10A blue (450 nm) VC-
SEL with HfO2/SiO2 DBRs. (a) Simulated reflectivity spectrum showing sharp dips
from longitudinal cavity resonances within the DBR stopband. The dip linewidths
relate to the photon lifetime and thereby total optical losses. (b) Extracted linewidth
(AXFwaM) of the central 10\ mode as a function of absorption in the quantum wells.
The linear slope enables extraction of the threshold material gain using Eq. (3.11),
yielding g¢n &~ 1540 cm ™.

3.2.2 Impact of thickness variations

The exact layer thickness of the individual layers in the DBRs is very important
to get the Bragg wavelength of the DBRs at the same wavelength as that of
the cavity. If they are not aligned, then the DBR will impart a phase shift
proportional to this mismatch. Just a small shift can result in some nm’s
of shift in the resonance wavelength. If the cavity is designed to support a
resonance \,, = 2n.L./m, but the Bragg wavelength of the DBRs deviate from
this value, or vice versa, then the actual resonance will be shifted. In terms of
the design wavelength, \,,, the new wavelength will be shifted according to

= (o ) 2

Ashifted = (3.12)

The shorter the physical cavity (smaller m), the greater impact the phase from
the DBRs will have. For longer cavities (larger m) a mismatch between the
resonance wavelength and the Bragg wavelength has a smaller impact. Also,
since the total phase change across the stopband is 2m, the change in phase
with wavelength can be approximated based on the stopband alone dp/d\ =

—27/A)giop, and analytical expressions for the stopband are readily available
[93].
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3.2. Distributed Bragg reflectors

Not only does a variation in the Bragg wavelength change the resonance
wavelength of the VCSEL, but it also impacts the overlap losses, or material
threshold gain required for lasing. The reflectivity decreases slightly, and the
resonance changes the overlap between the standing wave in the cavity and
important layers, such as the QWs and highly absorptive layers, such as ITO
or tunnel junctions. Figure 3.5(a) shows the impact on a simulated blue 5\
VCSEL with 10/11-pair SiO2(53.7 nm)/HfO2(76.3nm) DBRs as a function of
the DBR thickness variation. In Fig. 3.5(a) we can see that the overall material
threshold gain of the cavity increases a lot by just allowing all DBR layers to
vary by +5 %. This sharp increase occurs because the Bragg wavelength shifts
so far from the cavity resonance at 450 nm that the mode approaches the edge of
the DBR stopband, where the reflectivity drops significantly (Agragg ~ 405 nm
and Aprage ~ 495nm for a F12% variation). A +5% variation of the layer
thickness corresponds to a thickness variation of 3.8 nm/2.7 nm for SiO5/HfO-,
which puts very high requirements for the fabrication of such DBRs for a low-
loss VCSEL. In Fig. 3.5(b) we can also see how the field overlap with the QWs
and the ITO layer for this blue 10\ VCSEL as a function of the DBR thickness

variation.
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Figure 3.5: 10X blue (450nm) VCSEL with 10/11 pair SiO2/HfO2 DBRs. (a)
Material threshold gain variation as a function of the DBR layer thickness variation.
(b) Variation of the QW longitudinal overlap factor I'gw and the field overlap with
the highly absorptive ITO layer.

3.2.3 Phase layer

Terminating a DBR with a metal can be useful: it can improve overall reflec-
tivity by mitigating the effect of surface roughness, which limits the benefit of
adding more DBR pairs; in optically pumped VCSELs it enables reflection and
recycling of pump light that is not absorbed by the QWs on the first pass; and
it is also required when the substrate is removed and the VCSEL is bonded to
a carrier. However, placing a metal directly on the last DBR layer introduces
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Chapter 3. Vertical-cavity surface-emitting lasers

an additional reflection phase that can cause destructive interference within
the stopband, visible as a dip in the reflectivity spectrum. To avoid this, a
so-called phase layer can be inserted between the DBR and the metal as shown
in Fig. 3.6(a). By choosing the phase layer thickness appropriately, the de-
structive interference is shifted outside the stopband, thereby restoring high
reflectivity. The reflection from the metal induces a phase shift o (which is
typically close to 7), the propagation through the phase layer also provides a
phase shift 2kgnprdpr,, and the sum of the phases must equal an integer of 27w

2mrm — 1 — 2
dpr, = , 3.13
PL 2]€0an ( )

where m is an integer, npy, is the refractive index of the phase layer, ¢y is the
reflection phase between the terminating DBR layer and the phase layer, and o5
is the reflection phase between the Al phase layer and the metal reflector. This
equation provides an accurate prediction of the required dp;, when the metal
thickness is thick enough so that there are no reflections from the backside of the
metall that reaches the phase layer. If the metal thickness is not thick enough,
TMM simulations are required for optimizations, but the above equation still
gives a good estimate in these cases as well.

Terminating Ph | Metal 1F
DBR layer ase layer reflector

0.95§

Phase layer, dPL [nm]

---0
62.2
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Reflectivity [-]
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Figure 3.6: (a) Schematic of a phase layer inserted between the terminating DBR
layer and a metal reflector to compensate for the reflection phase and avoid destructive
interference. (b) Calculated reflectivity spectra for a 10 pair SiO2 /Nb2Os DBR with
different SiO2 phase layer thicknesses, showing a reflectivity dip within the stopband
for Onm and 110nm thickness and its suppression with an optimized phase layer
thickness of 62 nm.

3.3 Standing-wave effects

The use of double dielectric DBRs requires the removal of the substrate. This
can, for instance, be realized by a substrate removal technique using electro-
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3.3. Standing-wave effects

chemical etching of (Al)GaN sacrificial layers [96,97]. This enables a post-
growth cavity adjustment by adding spacer layers to align specific layers, such
as quantum wells at field antinodes and highly absorptive layers such as ITO
and etched interfaces at field nodes. However, using spacer layers with a re-
fractive index that differs significantly from the surrounding cavity material
can result in pronounced field peaks in the spacer layers adjacent to the DBRs.
These peaks arise due to multiple internal reflections and interference within
the thin spacer.

For example, using HfO, spacers in a GaN VCSEL, results in a strong index
mismatch between both the spacer and the cavity interface (HfO2-GaN) and
the spacer and the first low-index DBR layer interface (HfO2-SiO3). This leads
to partial reflection at both boundaries and the formation of a resonant field
enhancement, effectively a Fabry—Pérot-like standing wave within the spacer.
This cavity-edge resonance enhances the electric field antinodes near the cavity
edges, as shown in Fig. 3.7(a). As a result, the mode intensity shifts toward
the interfaces, reducing the overlap with the quantum wells.
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Figure 3.7: Simulated standing-wave profiles in a 10\ GaN-based VCSEL with di-
electric DBRs and different spacer layers: (a) HfO2/SiO2 DBRs with HfO2 spacers
(Tow = 0.65%), and (b) Nb20O5/SiO2 DBRs with NbsoOs spacers (I'ow = 0.75%).
The HfO2 design shows strong electric field antinodes at the cavity edges due to reso-
nant enhancement in the spacer layers. In contrast, the better index match of Nb2Os5
with GaN suppresses this effect, resulting in a cavity mode that is more centrally
confined within the active region. Both designs use 11 bottom (high-reflectivity) and
10 top (outcoupling) DBR pairs.

In contrast, the NbyO5/SiO2 design with NbyO5 spacers offers a better in-
dex match with GaN, suppressing this cavity-edge resonance and yielding a
smoother and more centrally confined optical mode with a higher QW con-
finement factor, as seen in Fig. 3.7(b) Specifically, the QW confinement factor
increases from 0.65 % in the HfOs-based design to 0.75 % in the NbyO5-based
design. This corresponds to a ~ 13% reduction in the required material gain
for lasing in the NbyOs5 case, purely due to the I'gy enhancement.
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Chapter 3. Vertical-cavity surface-emitting lasers

3.4 Spectral alignment of mirror stopband, gain
and cavity mode

In VCSELSs, achieving lasing requires careful spectral alignment of three ele-
ments: the longitudinal cavity resonance, determined by the optical thickness
of the cavity and the phase response of the mirrors; the DBR stopband, which
must provide high reflectivity at the resonance wavelength; and the gain spec-
trum of the quantum wells, which must provide sufficient gain at the spectral
position of the cavity mode.

Unlike edge-emitting lasers, which have long cavities supporting a dense
mode spectrum, VCSELSs typically support only a few longitudinal modes. As
shown in Fig. 3.8(b), these resonances (black vertical lines) are discrete and
widely spaced. Lasing occurs only if one of these modes falls within both the
gain spectrum and the mirror’s high-reflectivity region, and if the total round-
trip gain exceeds the losses.
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Figure 3.8: (a) Reflectivity spectra of three representative DBR types designed
for UV-C VCSELs targeting 275nm emission: a 10-pair dielectric (green), a 20-
pair porous (red), and a 30-pair epitaxial (blue). Dielectric DBRs provide the widest
stopband and highest peak reflectivity, offering more flexibility for spectral alignment.
(b) Wavelength-dependent cavity loss (including mirror and internal losses) for the
same DBR types, overlaid with the gain spectrum (purple) and longitudinal cavity
modes (black vertical lines) of a 10\ cavity. Lasing occurs only when a cavity mode
coincides with both the gain peak and a region of low cavity loss, as indicated by the
shaded region where net gain exceeds total loss.

The spectral overlap between cavity mode, gain spectrum, and DBR stop-
band (low loss region) is illustrated in Fig. 3.8 for three types of DBRs used
in III-nitride VCSELs: dielectric, epitaxial, and porous. The wide stopband
of dielectric DBRs makes it easier to spectrally align a cavity mode within the
high-reflectivity region. However, achieving lasing still requires that the gain
peak also coincides with this mode. In contrast, epitaxial and porous DBRs
exhibit narrower stopbands, which restrict the range of viable cavity modes
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3.4. Spectral alignment of mirror stopband, gain and cavity mode

and increase the sensitivity to fabrication variations. During epitaxial growth,
the cavity length commonly varies by AL/L. 2 1%. The resulting shift in the
cavity resonance wavelength can be estimated based on Eq. (3.2) (neglecting
mirror phase) as

AL

L.
A 1% variation in cavity length (AL/L. = 1%) shifts the resonance wavelength
by approximately AA ~ £2.75nm in the UVC (275nm) and A\ ~ +4.5nm in
the blue (450 nm). Figure 3.9 shows the simulated material threshold gain as a
function of cavity length variation for a 275 nm UVC VCSEL with 10/11-pair
SiO5/HfOo DBRs. It is interesting to note that, if the thickness variation is
uniform across the cavity, then the penalty in thickness variation of g;, can be
largely removed by designing the active region to be in the center of the cavity
at an optical antinode. The thickness variation during growth on either side of
the active region then forces the active region to remain in an antinode and the
threshold gain within the designed longitudinal mode number remains close
to constant. However, once the resonance condition changes and the cavity
supports a new longitudinal mode, the standing wave pattern shifts such that
the QWs move from an antinode to a node (or vice versa), causing a sudden
increase in threshold gain. This effect is clearly seen in Fig. 3.9(c), where
the losses remain almost flat within a given mode order, but increase sharply
after a mode jump due to the abrupt change in field overlap with the QWs
and any highly absorptive layers. Positioning the QWs near the center of the
cavity could be realized in designs utilizing tunnel junctions (TJs), where part
of the highly resistive p-side is replaced by n-type (Al)GaN with much higher
conductivity. This allows both sides of the cavity to be of similar thickness,
enabling the QWs to be positioned near the cavity center.

Misalignment between the longitudinal mode and gain peak leads to in-
creased threshold or suppressed lasing altogether. This sensitivity is further
illustrated in Fig. 3.2, where even a ~ 0.5 % drop in reflectivity drastically
increases the required material gain. Such constraints underscore the impor-
tance of precise cavity and mirror design in III-nitride VCSELs, particularly in
the UV-C region where fabrication tolerances are tight [98].

A common complication in this alignment process is the difference between
the gain peak and the spontaneous emission peak measured by electrolumi-
nescence (EL) or photoluminescence (PL). While the spontaneous emission
spectrum is easy to measure experimentally and is often used to infer the gain
characteristics in VCSELSs, it does not directly indicate the spectral position of
maximum gain. This discrepancy arises from the different physical mechanisms
underlying spontaneous and stimulated emission. The spontaneous emission
spectrum is governed by spontaneous recombination and is shaped by the joint
density of states weighted by the carrier occupation probabilities. This tends to
favor transitions at higher photon energies, causing the spontaneous emission
peak to occur at a shorter wavelength. In contrast, the gain spectrum is shaped
by stimulated emission and requires population inversion, formally described

AN =20 (3.14)
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Figure 3.9: Simulated impact of cavity length variation on the optical performance
of a 10A UV-C (275nm) VCSEL withSiO2 /HfO2 DBRs. (a) Material threshold gain
(black) and cavity resonance wavelength shift (A, red) as a function of relative
cavity length variation AL/L., assuming all variation occurs on the n-side. This
corresponds to an asymmetric case where the n-side is much thicker than the p-
side, so growth-induced thickness variation accumulates primarily on the n-side. (b)
Corresponding quantum well (QW) overlap factor (black) and A\ (red) for the same
asymmetric case. (c) Threshold gain (black) and AX (red) for a symmetric case
where the cavity length variation is distributed equally between the n- and p-sides
(of similar thickness). (d) Corresponding QW overlap factor (black) and A\ (red) for
the symmetric case. Sharp jumps in threshold gain result from a shift in longitudinal
mode order, which causes the QWs to transition between node and antinode positions
in the standing wave.

by the Bernard—Duraffourg condition, which states that gain occurs when the
difference between the electron and hole quasi-Fermi levels exceeds the photon
energy. This condition is more easily satisfied at lower photon energies, causing
the gain peak to shift to longer wavelengths. As a result, the gain peak is of-
ten red-shifted relative to the spontaneous emission peak, even under identical
injection conditions.

This distinction is very important in VCSEL fabrication. Since the spon-
taneous emission spectra is easily measured while the gain spectra is not
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3.5. Cavity dispersion

directly measurable in most VCSELs, which can lead to unintentional mis-
alignment. Traditional methods for extracting the gain spectrum, such as the
Hakki—Paoli technique [99], rely on analyzing amplified spontaneous emission
between closely spaced longitudinal modes. While this method is widely used
in edge-emitting lasers, it is generally not applicable to VCSELs due to their
short cavity lengths and sparse longitudinal mode spacing.

In rare cases, gain measurements using Hakki-Paoli have been tested for
specially designed long-cavity VCSELS, where multiple resonances exist within
the gain bandwidth. The only example of Hakki-Paoli method in III-nitride
VCSELs is the study of a 20A\-long GaN VCSEL [25,100]. However, this ap-
proach is not practical for most VCSELs, which typically use much shorter
cavities with large longitudinal mode spacing, making it difficult to resolve
multiple resonances within the gain spectrum. An alternative is the segmented
contact method [101], an electrically pumped analogue of the variable stripe
length technique. Here, the emission length is varied by activating laterally
separated contact segments, allowing gain to be extracted from the resulting
power—length dependence. However, this requires lateral propagation of light
between segments, which can introduce artificial losses unless the structure
includes a built-in waveguide. Since standard VCSEL epi lack such verti-
cal confinement, applying this method to Ill-nitride VCSELs would require
waveguide-like modifications to the cavity.

3.5 Cavity dispersion

A VCSEL is designed to support longitudinal resonances determined by the op-
tical thickness of the cavity, forming a Fabry—Pérot-like structure with standing
waves along the vertical (z) direction. Due to the DBRs, the structure con-
fines light vertically, allowing only discrete values of the out-of-plane wavevec-
tor k, that fulfill the resonance condition. However, the field is not purely
one-dimensional: the transverse mode profile has a finite spatial width, often
Gaussian, which implies a corresponding spread in the in-plane wavevector
components (k, ky).

This situation is analogous to carrier behavior in quantum wells (QWs),
where confinement in one dimension quantizes the allowed energy states in
that direction, but leaves the carriers free to occupy a continuum of in-plane
momentum states. In the optical case, the DBRs act as mirrors that confine the
electromagnetic field along the z-direction, while permitting transverse prop-
agation. As a result, the total wavevector magnitude increases with in-plane
wavevector, and the resonance wavelength shifts to lower values with increasing
angle 6 to the surface normal.

This angular dependence of the resonance is referred to as cavity dispersion.
It is often observed in angle-resolved electroluminescence or photoluminescence
(k-space) measurements, where the emitted light is recorded as a function of
angle and wavelength [30]. Below threshold, the spontaneous emission couples
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Chapter 3. Vertical-cavity surface-emitting lasers

into a continuum of angular modes that match the resonant condition. A typical
k-space measurement reveals parabolic arcs corresponding to these resonances,
as illustrated in Fig. 3.10. Above threshold, the emission narrows in both angle
and wavelength, forming a sharp, non-dispersive vertical line, indicating lasing.

Importantly, this means that angle-integrated spectra (below threshold),
such as those collected by conventional spectrometers without angular resolu-
tion, will average over all emission angles within the numeric aperture. Conse-
quently, the spectral maximum in such measurements may differ by as much as
AN =~ —1nm from the on-axis resonance (§ = 0°). For accurate identification
of the target longitudinal resonance, angle-resolved spectra are required.

The extent of visible cavity dispersion also depends on the width of the
spontaneous emission spectrum, mirror bandwidth, and cavity length. Longer
cavities support more longitudinal modes, making multiple arcs visible. In ad-
dition, dielectric DBRs with broad stopbands allow several of these modes to
fall within the low-loss region, whereas epitaxial or porous DBRs typically have
narrower stopbands, limiting the number of observable resonances. Neverthe-
less, k-space measurements are valuable for all VCSELSs, as they help identify
the lasing mode and allow a reliable threshold determination.
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Figure 3.10: Angle-resolved electroluminescence measurement of a blue 10\ VCSEL
emitting at &~ 450nm, with 10/11-pair SiO2/HfO2 DBRs. The spectrum reveals
characteristic parabolic arcs corresponding to different longitudinal cavity modes.
The overlaid white dashed lines represent the calculated angular dispersion based on
Eq. (3.18), showing excellent agreement with the measured data.

The observed dispersion shape arises from the dependence of the cavity
mode energy on the in-plane wavevector. Starting from the relation for the
wavevector inside the planar cavity k= nck:—é = n¢(kzo, kyo, k20), the photon
energy becomes

k2, + kf,o

, (3.15)
k2o

Eyn = cohnc\kzﬂ = cofmckzo\/l +

32



3.6. Proof of lasing

where k.o is fixed by the longitudinal cavity resonance and ko, kyo de-
pend on the transverse propagation angle. For small angles tan(60;,;) =

k2, + kio /k.o ~ 0;ny with 6;,; the internal propagation angle to the cav-

ity normal/optical axis, and the photon energy becomes
Lo
Eyn ~ cohnekso (1 + §9int>' (3.16)
Expressed in terms of wavelength using E,;, = he/(ne\pn), this gives

Aph A )\z()(l - %efm) (3.17)
where Ao = 2n.L./[m — (o1 + ¢p)/(2m)] is the longitudinal resonance of the
cavity. To connect the internal angle 6;,; to the measurable external emission
angle 0., we apply Snell’s law n.sinf;,; = sinf,;., and for small angles
Oint ~ 0/n., we obtain
162,
)\ph ~ >\ZO (1 - _ﬂ)

5% (3.18)

This parabolic relation explains the characteristic arc shapes observed in angle-
resolved k-space measurements, as illustrated in Fig. 3.10. For completeness,
a more accurate expression without any small-angle approximation is

1
\/1 + tan(arcsin(sin Oq;, /1) )

Aph = Az0 , (3.19)

though for most practical emission angles (+20°), the approximate form is
sufficient.

3.6 Proof of lasing

Demonstrating lasing in novel devices, such as III-nitride VCSELs and PCSELSs,
especially in the UV, requires more than observing a threshold-like behavior
or a spectral peak. In high-Q cavities, spontaneous emission can efficiently
couple into the cavity modes, potentially giving rise to misleading features in
power-dependent spectra. A peak that appears to grow rapidly may resemble
lasing, but without a corresponding increase in the coherence of the emitted
light or a significant linewidth narrowing, this interpretation can be incorrect.

Figure 3.11 shows an example where a narrow cavity resonance is super-
imposed on a broad spontaneous emission spectrum. As excitation increases,
more spontaneous emission is coupled into the cavity mode, causing the peak to
grow. In linear scale, this resembles a threshold-like behavior. However, a loga-
rithmic plot reveals no exponential growth. Depending on how the spectrum is
integrated, such effects can produce an artificial kink in the light—output curve.

33



Chapter 3. Vertical-cavity surface-emitting lasers

o
=)
o
w

0.8

0

0.6

IS
4
o

0.4

PL intensity [arb.u.]
o
v

PL intensity [arb.u.]

S

&
4
=)
&

Optical intensity [arb.u.]
Optical intensity [arb.u.]

/

0.2
330

‘\S_\)/
A

'S4y
( :

— 310 )
300 i i
(a) \Nave\er\g ()

(c) Excitation density

Figure 3.11: Simulated spontaneous emission spectrum superimposed on a cavity
resonance with 2nm FWHM. (a) In linear scale, the growing peak appears to suggest
exponential behavior. (b) In logarithmic scale, the peak grows linearly, indicating
non-exponential growth. (c) Integrated intensity of the peak and full spectrum versus
excitation. A kink-like feature appears when only the peak is integrated, despite the
absence of lasing. This illustrates how spontaneous emission coupled into a high-Q
cavity can mimic threshold-like behavior.

To avoid such misinterpretations, it is important to evaluate several indica-
tors. Nature Photonics provides a well-recognized checklist for evaluating lasing
demonstrations, including evidence of threshold behavior, spectral narrowing,
beam profile characterization, polarization, and coherence measurements [102].
While not all criteria may be practical in every case, combining several provides
more robust support.

Angle-resolved photoluminescence (or electroluminescence) is especially
useful, as it reveals the angular dispersion of the cavity mode and highlights the
transition from spontaneous to lasing emission. Below threshold, the emission
follows the angularly dispersive cavity mode. Above threshold, one observes a
sharp increase in intensity, spectral narrowing, reduced beam divergence, and
the appearance of a non-dispersive lasing peak. The transition from a parabolic
dispersion to a non-dispersive lasing line is a striking feature that provides a
clear and compelling indication of lasing, as illustrated in Fig. 3.12.

3.7 Effective index model and lateral optical
confinement

In VCSELs, the concept of an "effective index" is often used to describe the
lateral behavior of vertically resonant structures [103]. However, this term can
be defined in different ways, and its precise meaning depends on context. One
commonly used definition is the field-weighted average index

o [n)IEE) P
T IE()Pdz

(3.20)

which is often used in waveguide theory. While useful, this definition does not
account for the optical phase shifts introduced by distributed Bragg reflectors
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Figure 3.12: Angle-resolved emission of a UVB VCSEL with 2.5\ cavity and double
dielectric 310nm DBRs. Below threshold, two longitudinal cavity modes are visible
as curved arcs, reflecting the parabolic angular dispersion of the cavity. Above thresh-
old, a sharp, non-dispersive lasing line emerges with significant intensity, linewidth
narrowing, and beam narrowing. In the absence of a lateral aperture, small cavity
thickness variations across the device lead to spatial filamentation, with multiple las-
ing spots emerging simultaneously at different positions on the surface [30]. This
measurement is reproduced from [30].

(DBRs), which extend the effective optical path beyond the physical cavity
thickness.

In contrast, the resonance-based effective index used in Hadley’s effective
index model (EIM) [103,104] is defined via the Fabry—Pérot resonance condition

Am <m_ s0t+s0b)

- 21
"elt T oL, o (3:21)

where )\, is the longitudinal resonance wavelength, L. is the physical cavity
thickness, and ¢/, are the top/bottom DBR phase shifts. This resonance-
based index captures the full optical structure, including DBR penetration and
any local cavity modifications.

3.7.1 Tilt-angle condition for resonant coupling

Lateral variation in the vertical cavity, such as from etching and/or dielectric
deposition, can locally alter the effective optical thickness and hence the res-
onance wavelength [74,92,105]. These spatial resonance shifts are modeled as
lateral variations in n.ss, forming the basis of Hadley’s effective index model
(EIM) [103,104].

If the central region supports a Fabry—Pérot resonance at \., and the pe-
ripheral region supports A\, + A\, with AX > 0. A vertically propagating wave
in the center resonates at \., but if its wavevector tilts to angle 6., the verti-
cal component becomes k, . = 2w cosf./A.. For this wave to couple into the
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peripheral region, it must match the resonance condition there

i—i cost. = )\C—QF—WA)\ — cosf, = ﬁ (3.22)
This expression determines the minimum tilt angle . at which coupling (and
therefore lateral leakage) can occur. Importantly, such leakage is only possible
if AX > 0, i.e. if the peripheral region supports a longer-wavelength (lower-
energy) resonance than the center. In such a case, a portion of the optical
field in the central region can leak laterally, causing increased diffraction loss.
This configuration is referred to as anti-guided, as light preferentially escapes
the central aperture. Conversely, if the central region supports a longer reso-
nance wavelength (AX < 0), the field remains confined, resulting in a guided
configuration. These two cases are illustrated schematically in Fig. 3.13, where
the relative cavity lengths determine whether the mode is laterally confined or
leaks into the periphery.

Guided cavity Anti-guided cavity
Central Peripheral Central Peripheral
AL region region AL region region

k =k
P

Z,C

(a) (b)

Figure 3.13: Schematic of a (a) guided and (b) anti-guided VCSEL cavity. The
lateral depression AL alters the optical thickness, shifting the Fabry—Pérot resonance.
In (a), the central region has a longer cavity length (A. > ),), producing a higher
effective index than the peripheral region, leading to lateral confinement of the mode.
In (b), the central region is thinner (A. < Ap), resulting in light leakage into the
peripheral region, corresponding to an anti-guided configuration. The wavevector
components illustrate how phase matching governs lateral coupling.

3.7.2 Snell’s law analogy and the origin of the effective
index step

Interestingly, the form of the phase-matching expression in Eq. (3.22) resembles
Snell’s law [106]. Although there is no physical material interface between the
central and peripheral regions, we can model the the central region as having
refractive index n., and the peripheral region as n. + An, where the index
contrast is inferred from the red-shifted resonance. If the peripheral region
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supports a longer resonance wavelength, as in the anti-guided case, then light
in the peripheral region will experience total internal reflection (TIR) at angle
6. when incident on the central region. Applying Snell’s law

Tic

nesin(90°) = (n. + An)sin(90° — 6.) — cosf. = et An

(3.23)

Combining this with observation with Eq. (3.22) we can associate the resonance
shift between the two regions to a an effective index difference

An A
— .24
iy (3.24)

Physically, this angle 6. corresponds to the critical angle for total internal
reflection (TIR) at a lateral boundary between effective indices n. + An and
ne. In this analogy, rays in the peripheral (higher-index) region impinging
on the lower-index central region at angles beyond 6. are totally internally
reflected. This Snell-like picture naturally introduces the concepts of anti-
guiding and guiding: if the effective index is higher in the peripheral region than
in the center, light tends to escape laterally, corresponding to an anti-guided
configuration. Conversely, if the effective index is higher in the center, light is
confined, and the structure behaves as a laterally guided cavity. For good lateral
confinement, the central region should therefore have a higher effective index
(i.e., a longer Fabry—Pérot resonance wavelength) than the peripheral region,
ensuring guided operation and minimizing diffraction loss. Note that in this
derivation, a positive index step An > 0 corresponds to an anti-guided cavity,
where the effective index is higher in the peripheral region. This choice is made
to match the condition for lateral leakage. However, in much of the VCSEL
literature and simulation practice, the sign convention is reversed: An > 0 is
typically used to denote a guided cavity with a higher effective index in the
center. This conventional notation will be used throughout the remainder of
this thesis.

3.7.3 Angular diffraction loss in anti-guided VCSELs

To illustrate the resonant diffraction loss mechanism, we approximate the angu-
lar emission of the intracavity field using an Airy-like distribution—motivated
by the diffraction pattern of a circular aperture

2J1(kasin @)

E(6
(0) o kasin 6

(3.25)
where a is the aperture radius, 6 is the propagation angle relative to the optical
axis, and J; is the Bessel function of the first kind of order one. This provides a
simple, yet instructive, model of how the angular content of the field relates to
the possibility of lateral leakage. Specifically, leakage occurs when the angular
components of the field overlap with the resonance condition in the periphery,
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which corresponds to a certain launch angle 6. derived from the effective index
step.

Figure 3.14(a) illustrates the modeled angular content of the field, where
shaded bands indicate the angular ranges that satisfy the resonance condition
for two different values of An.¢¢. The corresponding round-trip loss, estimated
by integrating the angular content over these bands, is shown in Fig. 3.14(b).
This lateral loss increases sharply when the central and peripheral cavities
become resonant at an oblique angle, corresponding to an anti-guided structure
(Anefs < 0). In contrast, in the guided regime (0 < Anery < 0.053), there is
no angle for resonant coupling and lateral leakage is absent. Similar behavior
has been reported in more rigorous numerical studies using three-dimensional
beam-propagation methods (3D-BPM) [92].

The leakage loss exhibits an oscillatory dependence on An.¢¢, due to the
oscillations of the Airy function. These modulations reflect how the angular
components of the field align with the allowed leakage angles. As An.¢¢ be-
comes more negative, the resonant angle shifts to larger values, where the Airy
tail diminishes, reducing the efficiency of power coupling and, thus, the leakage
fraction. Similar oscillatory behavior in simulated diffraction losses has been
reported in the literature [107].

As the effective index step becomes more negative in an anti-guided cavity
(i.e. increasing |Anes¢| with Aners < 0), the peripheral resonance A ., shifts
to longer wavelengths. When this index step becomes sufficiently large in mag-
nitude, the next adjacent peripheral mode, with a shorter wavelength A, 41,
may become closer to the central A.,,, causing the structure to switch from
anti-guided to guided behavior [92]. This switching of the closest peripheral res-
onance occurs when the center mode lies midway between A, ,,, and A, 11, i.e.
| Ap.m — Ae;m| = |Ae;m — Ap,m+1|. The effective index step required to cause this
transition can be approximated using Eq. (3.24) as Anef = —(ne/Ae)(AN/2)
where AXN/2 = (Apm — Apm+1)/2 is the average separation between central
cavity resonance A\., m and the two adjacent peripheral modes. Similarly, for
a guided cavity transitioning to an anti-guided one, the switch occurs when
[Ae,m — Apom| = |Ap.m—1 — Ac,m |, and the required effective index step is again
An = (nc/Ac)(AN/2), where AN/2 = (Apm—1 — Ap.m)/2.

For example, in a 7.5\ VCSEL (m/2 = 7.5) with hybrid DBRs and A, =
420nm and n. = 2.49 (with the structure described in detail in [92]), the
transition from guided to anti-guided behavior occurs near Anss ~ 0.053 (in
addition to the switch at Angsy ~ 0), as illustrated in Fig. 3.14(b). Similarly,
the switch from anti-guided to guided occurs near An.sr ~ —0.053.

While this model does not account for all scattering and diffraction mecha-
nisms, it captures the key trends and physical intuition behind resonant lateral
leakage in anti-guided cavities. Importantly, it highlights how small variations
in Ancys can dramatically impact optical losses. The conditions An.fr =~ 0
and Ancsr ~ (nc/Ac)(AN/2) mark critical transitions between guided and
anti-gudied regimes, and should be avoided in VCSEL designs to minimize
the risk of large diffraction loss. This effect is well documented in litera-
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Figure 3.14: (a) Modeled angular content of the intracavity field, based on the far-
field pattern of a circular aperture (Airy function). The shaded regions correspond
to angular bands around the resonant coupling angle 6. for two different effective
index steps Ancrs = —0.01 and —0.053. (b) Estimated round-trip diffraction loss
as a function of effective index step. The loss is computed as the fraction of the
angular power spectrum that satisfies the resonance condition, integrated over a £1.5°
window around the resonant angle. The central region (0 < Anesr < 0.053), where
no resonant leakage occurs, corresponds to a guided cavity, whereas lateral leakage
increases rapidly in the anti-guided regions (An.sy < 0 and Ancsy 2 0.053). (c-e)
Simulated far-field intensity distributions using 3D-BPM for a 7.5\ blue VCSEL with
hybrid DBRs and a 4 pm aperture, at different effective index steps: (¢) Anesr =
—0.017 (anti-guided), (d) Aners = 0.010 (guided), and (e) Ancry = —0.046 (anti-
guided). Circular rings in (c) and (e) arise from resonant leakage, which is absent in
the guided case (d).

ture [74,92,105], with fabricated devices that use anti-guided cavities show-
ing substantially higher threshold currents (~ 3x) compared to their guided
counterparts [108].

The effect of the resonant leakage can be observed in the far-field emission
of the VCSEL. The trapped light at the resonant angle 6. in the peripheral
cavity exits the VCSEL at an angle that can be approximately determined
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using Snell’s law [92]
Nesin @, = sin 0, (3.26)

For example, Fig. 3.14(c-e) shows the calculated far-field using 3D-BPM for
three different index steps (An = —0.017, An = 0.010, and An = —0.046).
These effective index steps are realized using a standard SiOs aperture [109],
where varying the etch depth of the p-GaN and the thickness of the deposited
dielectric allows tuning Aneg. The circular ring that appears around the main
lobe at angle ,;, in the anti-guided structures is a clear signature of resonant
leakage. By combining Eq. (3.22) and Eq. (3.26), we find that the light orig-
inating from the leakage angle 6. exits at angles 0, = 17° for An = —0.017
and 0, = 28° for An = —0.046, in very good agreement with the far-field pat-
terns obtained from 3D-BPM in Fig. 3.14(c-e). For the guided structure with
An = 0.019, no such leakage angle can be observed in the far-field pattern.

These far-field features correspond to significant differences in simulated
material threshold gain. For the anti-guided case with An = —0.017, the
threshold gain is ~ 5000 cm ™, while for the guided case with An = 0.0190, it
drops to ~ 2400 cm™!. In the strongly anti-guided case with An = —0.046, the
threshold gain is ~ 3200cm~!. These values can be compared to a 1D EIM
simulation of the same structure, which neglects diffraction loss and yields
a material threshold gain of ~ 1900cm~!. The ~ 500cm~! higher loss in
the guided case compared to the 1D model is caused by the small aperture
diameter of 4pum used in the simulations, which increases diffraction losses.
This highlights the threshold penalty associated with resonant lateral leakage
in anti-guided cavities, and the importance of carefully selecting An. ¢ to avoid
such regimes.

3.8 Thermal effects

The thermal behavior of VCSELs plays a crucial role in their performance,
influencing threshold current, wavelength stability, and device lifetime. During
operation, heat is generated through nonradiative recombination and resis-
tive losses. This heat must be effectively dissipated to avoid elevated cavity
temperatures that can degrade performance or inhibit lasing altogether. Heat
management is a bit more challenging in [II-nitride VCSELs compared to EELs
due to the non-electrically conductive and thermally insulating DBR. However,
a VCSEL’s lasing wavelength shifts less with temperature.

This reduced wavelength shift arises because the lasing wavelength in VC-
SELs is primarily set by the optical cavity resonance, which changes only slowly
with temperature. In contrast, the lasing wavelength in EELs closely follows
the gain peak and therefore shifts much more rapidly as temperature increases.
The reduced wavelength shift of VCSELs is highly desirable for applications
such as gas sensing [110], atomic clocks [111], spectroscopy [112], and fiber-
optic communication systems [113,114|, where precise wavelength control is
important.
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As illustrated in Fig. 3.15, both the gain peak and the cavity resonance
shift toward longer wavelengths with increasing temperature. The gain peak
redshifts primarily due to bandgap shrinkage (described by Varshni’s relation)
and the broadening of carrier distributions at elevated temperatures. In con-
trast, the cavity resonance shifts due to an increase in the optical thickness
of the cavity, caused by the positive thermo-optic coefficient (dn/dT" > 0) of
most semiconductor materials. This leads to a redshift in the cavity resonance.
However, the rate of this redshift is typically slower than that of the gain peak.

Increasing temperature Increasing temperature
(a) ? (b) | ?
Gain Gain
b/'\
/ K _ LN .
/ / 7/ A 4 / / A o
T0<T1<T2 T0<T1<T2

Figure 3.15: Illustration of thermal wavelength shifts in VCSELs. (a) If the cavity
mode and gain peak are aligned at room temperature, increasing temperature causes
the gain peak to redshift faster than the cavity mode, leading to detuning and reduced
modal gain. (b) By designing the cavity mode to be slightly detuned from the gain
peak at room temperature, the two can align at the target operating temperature,
maintaining higher modal gain and reducing the threshold current. Colored vertical
lines indicate the cavity resonance wavelength at different temperatures.

The mismatch in thermal shift rates between the cavity and the gain peak
can lead to detuning, where the lasing wavelength no longer coincides with
the maximum gain. This reduces the modal gain and increases the threshold
current, as shown in Fig. 3.15(a). This effect becomes increasingly important
at elevated temperatures, especially in III-nitride VCSELs where longitudinal
mode spacing is large and there may only be one viable resonance within the
gain bandwidth. As a result, even modest thermal shifts can significantly im-
pact performance. To mitigate this, one strategy involves deliberately designing
the VCSEL so that the cavity mode is initially detuned from the gain peak at
room temperature, allowing the two to align at the desired elevated operating
temperature as shown in Fig. 3.15(b). This approach can mitigate thermal
misalignment and stabilize the threshold current over a range of temperatures.

3.8.1 Thermal resistance

A key metric for characterizing the thermal performance of VCSELs is the
thermal resistance, Ry, defined as the temperature rise per unit of dissipated
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power [115]

AT
P, diss '
This value reflects how effectively heat can be extracted from the active region
and depends on both material properties, device geometry, and where heat
is generated. In practice, accessing the internal cavity temperature directly
is difficult, so thermal resistance is typically extracted from the shift in las-
ing wavelength with increasing power and heat-sink temperature. Using the
wavelength as a thermometer, the thermal resistance is often determined via [9]

R, =

(3.27)

AN/ APy;ss

B = "A\TAT,,

(3.28)

Here, AXN/APy;ss is the shift in lasing wavelength with dissipated power, and
AN/ ATy, is the shift of the lasing wavelength with heat sink temperature
(typically extracted in pulsed operation to avoid Joule heating). This method
assumes that the shift in lasing wavelength is dominated by heating of the
active region, and that the resonance wavelength increases linearly with both
dissipated power and heat-sink temperature. However, this assumption is not
valid for VCSEL designs in which the lasing wavelength has been athermalized,
such as the UVB VCSEL described in Paper A. In such structures, the nega-
tive thermo-optic coefficient of materials like HfO5 are used to counteract the
redshift from the cavity, resulting in a stabilized or even blue-shifting lasing
wavelength with temperature, AX < 0. In these cases, the lasing wavelength
is no longer a reliable tool for probing the internal cavity temperature, and
thermal resistance must be evaluated by alternative means.

Thermal resistance in VCSELSs is typically higher than in edge-emitting
lasers due to their compact vertical architecture, which limits pathways for heat
extraction. A major contributor is the use of multilayer DBRs with low effective
thermal conductivity, especially in III-nitride VCSELs, which impedes vertical
heat transport. Efficient heat management often involves placing heat sinks
closer to the active region without disturbing optical properties, optimizing
layer thicknesses, and improving thermal conductivity near the active region.

3.8.2 Pulsed operation

In some VCSEL applications and for first demonstrations, pulsed operation is
used to reduce the effects of self-heating, and avoid processing complexities such
as current spreading, contact formation, and thermal management. To mini-
mize device heating during pulsed operation, one can use the lumped thermal
model [116] to determine pulse durations that ensure both a low peak temper-
ature and negligible residual heating. Instead of solving the partial differential
heat equation, we reduce it to a first-order ordinary differential equation for the
average temperature 7'(¢) in the region of interest, typically the active region
or mesa region. The model is described in Appendix A, and is governed by the
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balance between the input power and the rate at which heat leaves the system,
which is proportional to the temperature difference between the device and its
surroundings, Ty mp-

During the on-pulse heat accumulates, and during the off-pulse the device
cools down with a time-constant

T = Rth,OCpV = Rtthh, (329)

where Cy, = pc,V is the thermal capacitance, which quantifies the amount
of heat required to change the temperature by a certain amount, and Ry,
represents the difficulty of heat flowing out of the system.

The peak temperature rise during the heating pulse is given by AT}, ez =
PyRip[1 — exp(—ton/7)] which yields an upper bound on the allowed time

ATon,maac )

b ] (1—
on =T PoRu

(3.30)
During the off-time, the device cools exponentially. To ensure the tempera-
ture returns to within a fraction ¢ < 1 of ambient, we require ATy ff pmin =
ATy, exp(—torr/T) < AT, which yields a lower bound on the allowed time

toff = —T In(e) (3.31)

Suppose the target is to keep the maximum temperature rise below ATy, ymazr =
10°C, and ensure that the temperature returns to within ¢ = 0.1% of ambient
by the end of the off-period. For a blue (450nm) 10\ VCSEL with Ry, =
710 KW~ and time constant 7 = 200ns (using values from Table 3.1), this
results in ¢,, < 190ns, to5f > 1.4 ps, and a duty cycle of D = to,/(ton +loff) =
10%. It is known that these lumped thermal models generally overestimates
how quickly the system cools-down during the off pulse [116], and the duty
cycle is typically kept below 1% to avoid heating.

Table 3.1: Parameters used for estimating the time-constant in III-nitride VCSELs.
The specific heat, ¢, and density, p, for AIN and GaN are taken from [117]|. For InN
the specific heat is taken from [118] and the density from [119].

Material | AIN | GaN | InN |
c[Jkg " K1 [ 600 | 490 | 320
p [kgm=3] | 3230 | 6150 | 6810
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Chapter 4

Frontiers in II1I-N VCSELSs

VCSELs are a class of semiconductor lasers in which light emission occurs per-
pendicular to the substrate surface. They offer several compelling advantages
over EELs, including low threshold currents, circular and low-divergence out-
put beams, wafer-scale testing capability, and potential for high-density 2D
array integration. These attributes make VCSELs attractive for applications
ranging from high-resolution displays and optical interconnects to biomedical
sensing and atomic clocks.

In the visible and ultraviolet spectral regions, VCSELs based on group-II1
nitrides are of particular interest. GaN-based blue VCSELs have reached a
level of maturity sufficient for introduction to the commercial market, with
perhaps the only remaining hurdles being robust single-mode operation and
reliable polarization control that is required for some applications. In contrast,
UVB and UVC VCSELs remain in earlier stages of research, with devices still
relying on optical pumping. Achieving high-performance, electrically injected
UV VCSELs remains challenging due to several material and structural lim-
itations, including poor mirror reflectivity, inefficient current injection, high
thermal resistance.

This chapter reviews recent progress in IIl-nitride VCSELs and the de-
sign strategies developed to overcome these challenges. Section 4.1 provides
an overview of the state of the art, highlighting approaches for mirror design,
electrical injection, and the best-performing blue and UV devices reported to
date. Section 4.2 focuses on the specific challenges of heat management in UVC
VCSELS, presenting strategies to reduce thermal resistance and improve device
reliability (Paper B). Section 4.3 discusses the implementation of athermal cav-
ity designs based on negative thermo-optic coefficient materials, demonstrat-
ing stable lasing over a wide temperature range (Paper A). Finally, Section
4.4 presents unpublished simulation results addressing polarization control and
single-mode operation strategies.
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4.1 Progress in I1I-nitride VCSELs

Developing VCSELs in the III-nitride material system is particularly challeng-
ing compared with the well-established AlGaAs system, due to large lattice
mismatches between available nitride compounds, poor p-type conductivity,
strong polarization fields, and the absence of native oxides for aperture defi-
nition. As a result, III-nitride VCSELs require fundamentally different design
approaches for DBRs, electrical injection, and aperture formation.

4.1.1 Mirror designs

The first optically pumped IIl-nitride VCSELs used two epitaxial
Aly 40Gag.eoN/Alg.12Gag.ssN DBRs [120], but this approach was quickly aban-
doned due to the poor p-type conductivity of (Al)GaN, which limits vertical
current injection and makes it difficult to spread current laterally in the p-
side. Most designs today use either a hybrid DBR structure which combines
a bottom epitaxial DBR with a top dielectric mirror, or an all-dielectric DBR
design, in which both top and bottom mirrors are dielectric. In both cases,
current is injected through intracavity contacts on both the p- and n-sides. An
exception is a demonstration by Meijo, where an n-doped epitaxial DBR was
used, removing the need for an intracavity contact on the n-side [121].

Hybrid blue-emitting VCSELs typically use a bottom AllnN/GaN DBR,
which can be grown nearly lattice-matched to GaN by adjusting the indium
content to around 18%. This allows high-quality growth of up to 30-40 pairs
using metal-organic vapor phase epitaxy [122-126]. However, the refractive
index contrast is relatively low, which leads to a narrow stopband and many
pairs are required to achieve a reflectivity above 99%.

In contrast, VCSELSs with all-dielectric DBRs, can achieve similar or higher
reflectivity with far fewer pairs and a wider stopband, owing to their much
larger refractive index contrast. Common material combinations include SiO»
as low-index material with high-index materials such as TiOy [127], NbyOs
[109], TaxOs5 [128], ZrO4 [129], and HfO, deposited by sputtering or evapora-
tion. Since these materials are non-crystalline, there are no lattice-matching
requirements.

One drawback shared by both epitaxial and dielectric DBRs is their poor
thermal conductivity, as discussed in paper B, which makes heat extraction
difficult. Increasing the cavity length can help improve lateral heat dissipa-
tion through the high thermally conductive GaN cavity material. However, in
devices with planar DBRs, whether epitaxial or dielectric, the cavity length
can not be increased too much because diffraction losses, which increase with
cavity thickness [130]. To overcome this trade-off, Sony has demonstrated a
VCSEL design using a top dielectric mirror with a curved surface to form a
stable optical resonator [54,131-136]. This allows for much longer cavities of
up to 20 pm (~ 100A) while avoiding large diffraction losses [130]. By enabling
longer cavities with improved thermal spreading, the curved mirror design of-
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fers a promising path forward for high-power and high-temperature operation
in ITI-nitride VCSELs, but care has to be taken to not end up with multiple
longitudinal modes or mode hopping [137].

4.1.2 Approaches for electrical injection

The first electrically injected III-nitride VCSELs, using either a hybrid de-
sign [25] or an all-dielectric design [26], were demonstrated more than a decade
after the first optically pumped devices [58]. This slow progress was not only
due to the challenge of achieving sufficient reflectivity in the mirrors but also
resulted from difficulties in implementing efficient electrical injection. The low
conductivity of p-GaN limits lateral current spreading from the intracavity
p-contacts to the active region, reducing hole injection efficiency. To over-
come this, most device designs incorporate a semi-transparent conductive layer
within the cavity to spread current uniformly into the active region.

The most common solution in blue VCSELs is a thin indium tin oxide
(ITO) layer, which serves as both the p-contact and a lateral current-spreading
layer. ITO is referred to as a transparent conductive oxide indicating a trade-off
between transparency and conductivity, but it has a significant absorption tail
extending into the blue, with absorption coefficients typically above 1000 cm 1.
To limit the absorption in one round-trip, the ITO is kept thin (20-30 nm) and
positioned at an antinode of the standing wave, although such thin layers reduce
conductivity. It is also important to keep the I'TO surface smooth to minimize
scattering losses [138]. Electrical isolation outside of the aperture between the
ITO and p-GaN is achieved either by etching/ion-implantation [26,139-141]
or by adding an insulating layer such as SiO5 between the p-GaN and the
ITO [142].

In the UV the absorption is even higher and ITO is therefore not suitable
for shorter-wavelength UV VCSELs. For UV lasers, TJs have emerged as a
promising alternative, offering the potential for both good conductivity and
high transparency in IIl-nitride devices. While TJs are more difficult to im-
plement at shorter wavelengths, where the wider bandgap of AlIGaN and the
difficulty of achieving efficient p-type doping increase the series resistance, re-
cent advances have demonstrated low-resistance TJs using (In)GaN interlayers
and Al contents up to 58% in homojunctions [143-147|. Recently, TJs have
also been demonstrated in UVB microcavities [32], highlighting their potential
for future electrically injected UVC VCSELs.

4.1.3 State-of-the-art: blue VCSELSs

Figure 4.1(a) shows what has been reported in terms of maximum output power
of electrically injected continuous-wave VCSELSs emitting at blue wavelengths
at room temperature over the years. Blue VCSELs started out being tiny,
very efficient heat sources (low wall-plug efficiencies, WPE), and remained so
for a long time. But recently tremendous progress has been made. Meijo
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University has recently demonstrated blue hybrid VCSELs with a whoop-
ing 27.6% WPE, maximum output power of 16.2mW, and a threshold cur-
rent density of 7.7kA cm™2 [28,29]. These improvements have been enabled
by three key technologies: high quality AlInN/GaN DBRs [148|, nano-height
apertures for transverse optical and current confinement [140], and in-situ cav-
ity length control [122]. Furthermore, single-mode lasing up to 7mW was
achieved using 3.3pm apertures and those lasers had threshold currents of
1.4mA (16kA cm™2) [140,149].

Significant progress has also been made for VCSELSs employing all-dielectric
DBRs. Sony Corporation has demonstrated a 20 pm-thick cavity device with a
curved mirror, achieving a WPE of 22.2% and output powers above 8 mW [27].
By optimizing the aperture size and mirror curvature, they also realized single-
mode operation, reaching a threshold of 1.2mA (9.5kA cm™?2) and an output
power of 7.1mW [132]. More recently, they demonstrated devices with a low
threshold of 0.64 mA (5.1 kA cm~?) while maintaining a high maximum output
power of 7.6 mW [150].
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Figure 4.1: (a) Reported maximum optical output power versus publication year
and (b) maximum optical output power versus threshold current density for electri-
cally injected continuous-wave blue-emitting VCSELs at room temperature. Data are
compiled from [26,28,29,87,88,109,121,122,128,129,132,133,136, 140, 142,149-167],
and the red circle with the text "IR VCSELs" indicate typical values for infrared
VCSELs of similar aperture size of 8 pm in diameter.

Figure 4.1(b) shows what has been achieved in terms of maximum output
power versus threshold current density. Threshold current density is good to
use if one wants to compare lasers with different aperture size, but not always
a precise performance metric, as filamentation due to a lack of optical guiding
and inhomogeneous current injection is common in IIl-nitride VCSELs [168|,
especially in early-stage devices. The data highlight a fundamental design
trade-off between output power and lasing threshold: achieving high output
power requires a less reflective outcoupling mirror (fewer DBR pairs), which
increases optical losses inside the cavity and raises the threshold. Conversely,
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4.1. Progress in III-nitride VCSELSs

minimizing threshold typically involves highly reflective DBRs (more pairs) on
both sides, reducing mirror losses but also lowering outcoupling efficiency and
output power.

As discussed in Section 2.3.1, well-performing GaN VCSELs are expected
to have intrinsically higher threshold current densities due to the larger ef-
fective mass and higher density of states. From Fig. 4.1(b), it is clear that
recent GaN VCSEL developments are indeed moving toward this regime, with
a bit higher thresholds but output powers comparable to GaAs VCSELs.
However, given the shorter wavelength of blue emission, each photon from
a GaN VCSEL carries more energy; thus, for the same external quantum ef-
ficiency, a higher optical output power should be expected (by a factor of
E,n(GaN)/Epn(GaAs) < AGaas/Acan ~ 2). The fact that current devices
still exhibit output powers similar to GaAs VCSELs highlights the potential
for further performance improvements.

4.1.4 State-of-the-art: UV VCSELs

Pushing the emission wavelength from the blue into the UV has proven highly
challenging for many of the same reasons that limit blue VCSEL performance:
inefficient p-type doping of AlGaN [169], poor lateral current spreading, dif-
ficulty achieving high-reflectivity mirrors in the deep-UV [94], and managing
optical losses and series resistance. These challenges become even more severe
at shorter wavelengths, and to date no CW electrically injected UVC VCSELs
have been reported.

The first optically pumped UV VCSELs were demonstrated in 1996 [120].
Despite this early progress, electrically injected VCSELs in the UV have so
far not been realized. Notably, since 2019 there have been demonstrations of
electrically injected UVB (pulsed) and UVC (CW) EELs [33-37], which have
addressed several of the fundamental challenges of electrical injection and poor
material quality in AlGaN. However, electrical injection is inherently more dif-
ficult in VCSELs than in EELs because the injection and optical propagation
occur along the same axis. In EELSs, vertical current injection and horizon-
tal light propagation allow contacts to be placed out of the optical path. In
VCSELSs, by contrast, transverse current spreading must be achieved without
obstructing the vertical optical mode, which becomes increasingly difficult at
shorter wavelengths.

Figure 4.2 summarizes all reported UV VCSEL demonstrations to date,
showing cavity Al-content as a function of lasing wavelength. Although the
first optically pumped UVA VCSEL was demonstraterd in 1996, relatively little
progress was made in pushing to shorter emission wavelengths until 2020 when
the first optically pumped UVB VCSEL was reported by our group [30,170]
and later the first UVC VCSELs by and Xiamen University [31,171] and our
group [98].
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Figure 4.2: Cavity Al-content versus lasing wavelength for all reported UV VCSEL
demonstrations. Open circles: optically pumped devices. Filled circles: electrically
injected devices. Data are compiled from [30,31,98,129,170-185]. The dashed line
marks the approximate absorption edge of the AlGaN cavity and the vertical lines
separates the UVB and UVC regions. The only electrically injected devices reported
to date operate in the UVA region.

4.2 Towards electrically injected UVC VCSELs

Electrically driven VCSELSs operating in the UVC remain an elusive goal. De-
spite significant progress in optically pumped UVC VCSELs [31,98,171], no
device has yet achieved continuous-wave (CW) lasing under electrical injec-
tion.

One critical but often overlooked challenge is thermal management. Heat is
generated through resistive losses (due to the low electrical conductivity of Al-
GaN [169]) and non-radiative recombination, while heat dissipation is hindered
by the poor thermal conductivity of materials like AlGaN and dielectric DBRs.
Elevated temperatures can lead to detuning, increased leakage, and enhanced
non-radiative recombination. Together, these effects can trigger thermal roll-
over, where further increases in current lead to a decrease in output power. If
thermal roll-over occurs before the threshold current is reached, the device will
not achieve lasing under CW operation.

4.2.1 The challenge of heat in UVC VCSELs

We show that simply applying the same cavity design principles used in blue
VCSELs to UVC devices results in prohibitive temperatures. For instance, a
10X cavity of Aly 75Gag 25N with dielectric DBRs is predicted to reach internal
temperatures as high as 370 °C, with a thermal resistance of ~ 4400 K W~ at
80 mW dissipated power, well above the thermal roll-over limit of GaN VCSELs
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(~ 150°C) [109], see Fig. 4.3(a-b). For more details see Paper B.
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Figure 4.3: Simulated steady-state temperature distribution in a 10\ UVC VCSEL
near threshold with a total dissipated power of 80 mW. The white arrows indicate
the heat flux. A red dotted line has been inserted at r = 4 pm to indicate the extent
of the current aperture. (a-b) Cavity consisting of Aly.75Gag.25N. The poor thermal
conductivity of AlGaN leads to an inefficient heat transfer from the active region
resulting in a high temperature of 370 °C (R, = 4400 K/W) in the active region. (c-
d) Part of the n-AlGaN layer has been replaced by a 300-nm thick AlN-layer on both
the n-side (top) and p-side (bottom) of the cavity. The excellent thermal conductivity
of the AIN layers facilitates the lateral transport of heat as indicated by the white
arrows. In this design a maximum internal temperature of only 110 °C (R, = 1140
K/W) is reached in the active region.

4.2.2 Strategies for reducing thermal resistance

In blue GaN VCSELSs, both simulations [186,187| and experiments [109] have
shown that increasing the cavity length significantly reduces the thermal resis-
tance. However, this trend has not been physically explained in the literature.
In Paper B, we present the first analytical model that captures the underlying
mechanism: when vertical heat conduction is limited, as is the case for devices
with low-thermal-conductivity dielectric DBRs, lateral heat spreading becomes
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the dominant dissipation pathway. This lateral conduction results in an inverse
scaling of thermal resistance with cavity length.

We develop a simple cylindrical heat flow model showing how Ry scales
inversely with cavity length when lateral conduction dominates, which is the
case when using low-conductivity DBRs.

Ry, ~ 27?1ch/£ In (%) + Rih sats (4.1)
where L. is the cavity length, x is the effective thermal conductivity, 74, is the
aperture radius, and ry the radial distance to the heat sink. The additive term
Ry sat accounts for saturation effects in long cavities.

Our simulations confirm that increasing the cavity length significantly low-
ers Ryp, up to a point. For GaN VCSELSs, thermal resistance decreases as 1/L..
up to ~ 30\, beyond which it saturates. This saturation arises because the
heat source becomes effectively decoupled from the opposite side of the cavity.
Once the cavity is sufficiently long, heat no longer spreads far enough vertically
to benefit from additional lateral redistribution. The thermal transport then
increasingly resembles that of a disk-shaped heat source placed on the surface
of a semi-infinite medium. In this limit, the saturated thermal resistance can
be approximated analytically by [188]

1
2kdyy’

Rth,sat - (42)
where d,;, is the aperture diameter. This expression provides an excellent
match to the simulated thermal resistance in long GaN-based VCSELs, where
Rin.sat = 390K W™ at 30\, as shown in Fig. 4.4. However, in UVC VCSELSs
with an AlGaN cavity (k = 15W m~! K), the same expression overestimates
the saturated thermal resistance by approximately a factor of two. For example,
simulations give Ry sqt = 2100 K W—!, as shown in Fig. 4.4, compared to the
analytical prediction of Ry, sa¢ &~ 4200 K W~ using Eq. (4.2). This discrepancy
arises because additional heat dissipation paths, such as vertical conduction
through the bottom dielectric DBR and lateral conduction toward the heat
sink at radius 79, become non-negligible in comparison with Eq. (4.2). Since
these paths are not affected by further extension of the cavity above the active
region, they remain constant and act in parallel with the lateral path, effectively
reducing the total saturated thermal resistance below the value predicted by
Eq. (4.2).

However, even with extended cavity lengths of 30\, the low thermal conduc-
tivity of AlGaN limits the reduction in thermal resistance to ~ 2600 K W1,
which remains too high for practical continuous-wave operation. For an 80 mW
dissipated power, this corresponds to an internal temperature of ~ 230°C,
above the roll-over point for typical blue VCSELSs of 150 °C [142]. Additionally,
growing a thick (30\) Aly.75Gag.o5N cavity on an AIN template can introduce
strain relaxation and lead to defect formation. For such long cavities, the use
of curved DBRs may also be required to minimize diffraction losses.
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Figure 4.4: Simulated thermal resistance as a function of optical cavity length for
blue and UVC VCSELs. For both devices, thermal resistance decreases significantly
with cavity length before saturating beyond ~ 30A. The dashed curves show analyti-
cal fits based on the cylindrical heat flow model of Eq. (4.1), which assumes dominant
lateral conduction.

An alternative strategy for reducing thermal resistance is suggested by
Eq. (4.1): decreasing the effective heat spreading distance rg, which is closely
related to the p-contact diameter (which act as a heat sink). Reducing the
p-contact diameter brings it closer to the heat source, improving thermal ex-
traction. In Paper B, we show that a 15% reduction in Ry, can be achieved this
way, significant, though still insufficient to reach lasing-viable temperatures.

4.2.3 Will Al1GaN VCSELs die of heat - or can we save
them?

As discussed in the previous section, conventional design strategies struggle to
reduce the thermal resistance of AlGaN-based UVC VCSELs sufficiently for
CW lasing. Even with extended cavities and a p-contact located closer to the
active region, the internal temperature remains well above typical rollover tem-
peratures under realistic operating conditions. This is due to the low thermal
conductivity of AlGaN, which fundamentally limits heat dissipation through
the cavity. To overcome this thermal bottleneck, we propose embedding high-
thermal-conductivity AIN spacer layers on both sides of the cavity to enhance
lateral heat spreading.

We believe that this structure possible to realize since AIN can be grown
lattice-matched to Alp75Gag2sN on AIN substrates [189]. Although AIN is
electrically insulating, the structure can remain compatible with current injec-
tion by selectively etching the AIN to access the n- and p-contact regions. This
allows electrical access to the underlying AlGaN while retaining the AIN’s role
in lateral heat spreading.
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Using this approach, we simulate a structure with 300 nm thick AIN layers
above and below a 10\ cavity, with the AlGaN thickness adjusted to preserve
the total optical length (10A). The resulting thermal resistance is reduced
from 4400 K W~1! to 1140 K W1, resulting in an internal temperature of only
110°C under 80 mW CW operation, as illustrated in Fig. 4.3(c-d), well below
the rollover point of 150 °C. These results demonstrate that, with appropriate
thermal design, CW lasing in AlGaN VCSEL:s is feasible from a thermal point
of view.

4.3 Athermalization of the lasing wavelength

Precise wavelength control is essential in many VCSEL applications such as gas
sensing [110], atomic clocks [111], spectroscopy [112], and fiber-optic commu-
nication systems [113,114], where the operating wavelength must remain sta-
ble despite temperature fluctuations. In III-nitride VCSELs, the lasing wave-
length typically redshifts with increasing temperature at a rate of 12pmK~! to
18.5pm K~ [76,109,187,190,191], due to the positive thermo-optic coefficient
on /0T > 0 of the (Al)GaN-based cavity.

We have experimentally demonstrated that the redshift caused by the semi-
conductor cavity can be counteracted by properly designed DBRs, enabling a
VCSEL with a temperature-stable lasing wavelength. In Paper A, we devel-
oped an analytical framework for understanding this compensation mechanism
by formulating the cavity resonance condition in terms of the phase penetra-
tion depth into the DBRs. This approach captures how temperature-induced
changes in the mirror phase, arising from the thermo-optic properties of the di-
electric materials, can counteract the thermal redshift of the cavity mode. We
also experimentally demonstrated a 2.5\ UVB VCSEL exhibiting significantly
reduced thermal wavelength shift based on this design.

Here, we extend the discussion by showing that the same compensation can
be understood more directly in terms of the mirror phase shifts themselves.
This equivalent but arguably more intuitive perspective offers additional phys-
ical insight into how cavity and mirror dispersion interact to achieve athermal
behavior.

4.3.1 DBR phase shift compensation

The resonance condition in a VCSEL is obtained by adding all phase accumu-
lation over one round-trip in the cavity. For constructive interference to occur,
and for the formation of standing waves, the phase must repeat itself every
round-trip. This required that the accumulated phase be an integer number of
2.

2koneLe + ©r + pp = 2mm, (4.3)
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where ¢/, is the phase obtained from reflection in the top/bottom DBR. Solv-
ing for the resonance wavelength one obtains

2n.L. N 2n.L.
m — (et + p)/(27) m

where we have assumed that at room temperature (RT'), the Bragg wave-
length of the DBRs are designed to coincide with the cavity resonance yielding
@i /p = 0. At elevated temperatures, the refractive index of both the cavity and
the DBR layers change, affecting the resonance wavelength. At an elevated
temperature, the resonance wavelength can be expressed as

Am(RT) =

, (4.4)

(ne + One /T AT)L,
m — (o1 + pp)/(27)

where dn./dT is the average thermo-optic coefficient of the cavity, and ¢,/
is the phase shift acquired from the top/bottom DBRs. It is possible to ex-
press the resonance wavelength at the elevated temperature based on the room
temeprature resonance using Eq. (4.4)

A (RT + AT) = 2 (4.5)

mAm (RT) + 2L, On./0T AT
m— /7 '

In the 2.5\ (m = 5) UVB VCSELSs of Paper A, the cavity consists mainly of
Alg Gag 4N, which has dn./0T = 5.9 x 107> K~!. From Fig. 4.5(a) we can
also see that over a temperature range of AT = 50°C, the phase of the mirror
reflectance changes marginally. This phase change is p(RT + AT) — ¢(RT) =
—0.0057. Although this is a seemingly small phase change, it is enough to
counteract the expansion of the optical cavity length caused by the AlGaN
cavity, resulting in Ay = 310.07 nm, almost identical to the design wavelength
of A\gr = 310.00nm. Without this phase change, the cavity resonance would
be A\r = 310.38 nm. This brings us to another point. The exact layer thickness
of the DBRs is very important to get the Bragg wavelength of the DBRs at the
same wavelength as that of the cavity. Just a small shift can result in some
nm'’s of shift in the resonance wavelength, as shown in Section 3.2.2.

Am(RT + AT) = (4.6)

4.3.2 The hard-mirror equivalent cavity model

To better understand how mirror phase affects the cavity resonance condi-
tion, we adopt the concept of a hard-mirror equivalent cavity, as illustrated
in Fig. 4.5(b-c). In this model, the distributed Bragg reflectors (DBRs) are
replaced by idealized mirrors with zero phase shift, and the phase normally
imparted by the DBRs is accounted for by extending the cavity length. This
allows us to express the resonance condition in a form that directly incorporates
the impact of DBR phase dispersion.

Within the DBR stopband, the reflection phase varies approximately lin-
early with wavelength. This linear dependence enables us to reformulate the
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Figure 4.5: (a) Calculated reflection phase (red) and reflectivity (blue) of a 10-pair
HfO2/SiO2 DBR designed for a Bragg wavelength of 310 nm. Solid lines correspond to
room temperature (RT), while dashed lines show results at an elevated temperature
of RT +50°C. A 10nm HfO> spacer layer, present in the full VCSEL design, is
included in the calculation. Due to this spacer, the reflection phase at the Bragg
wavelength is non-zero, in contrast to a typical ideal DBR response. (b) Schematic
of a VCSEL cavity, and (c) the corresponding hard-mirror equivalent cavity. In this
equivalent model, the mirrors are treated as ideal reflectors with zero reflection phase.

resonance condition in terms of the phase penetration depth into the mirrors.
From Eq. (4.3), we write

2koneLe + 2(ko — ki)neLy ¢ + 2(ko — ky)neLyp = 2mm, (4.7)

where o, /, = 2(ko — k¢/p)neLp /s is the phase shift incurred by the mirrors,
ey = 27r//\t/b is the Bragg wavevector of the top and bottom DBR, and L,, ;
is the phase penetration depth into the top and bottom DBRs. Although the
penetration depth can be derived from transfer matrix theory [192,193|, a more
physically intuitive form relates it to the linear slope of the phase within the
stopband as L, 1/, = (A2,/(47c))(— Oy /ON). Using Eq. (4.7), we obtain
an explicit formula for the resonance wavelength that includes the DBR phase

contribution on T
Nelief f
Am = — : 4.8
m + 2nc(Lp7t/)\t + Lp,b/>\b) ( )

where Ly = Lo+ Lyt + Ly is the effective cavity length in the hard-mirror
equivalent cavity model. When the cavity resonance is aligned with the Bragg
wavelengths (A\,, = Ay = Ap), this reduces to the standard Fabry—Pérot res-
onance condition \,, = 2a.L./m. This formulation also makes it straight-
forward to analyze how the mirror phase, and its wavelength dependence,
influences the temperature sensitivity of the lasing mode. By differentiating
Eq. (4.8) with respect to temperature, we obtain

d\  d\pp/dT + (2Lyo/Le) dAppr/dT
dr — 1+ 2L,/ L ’

(4.9)
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where we assume identical DBRs with penetration depth Lo, dApp/dT =
(Mo/nco)/(dn./dT) is the Fabry—Pérot resonance shift due to cavity material
alone, and dAppr/dT =~ 2(dy dny/dT +dg dngy/dT') is the Bragg wavelength
shift of the DBRs with temperature.

4.3.3 Engineering an athermal cavity resonance

Equation (4.9) shows that the overall thermal tuning rate arises from two con-
tributions: the intrinsic redshift of the cavity mode due to the positive thermo-
optic coefficient of the semiconductor, and the mirror phase shift arising from
dielectric materials, which can have a negative thermo-optic coefficient. Taken
together, these effects can either reduce, neutralize, or even reverse the redshift,
depending on the sign and magnitude of dAppr/dT .

This leads to two practical strategies for achieving athermal behavior. In
short-cavity designs with dispersive mirrors, the relative contribution of the
DBR phase is significant. Using dielectric DBRs with negative dn/dT, such as
TiOy [113,194,195] or HfO4 [73], the redshift from the cavity can be partially
or fully compensated by a blueshift from the mirrors. For longer cavities, where
the DBR phase contribution is reduced due to a larger L., athermalization can
instead be achieved by embedding dielectric spacer layers (e.g., HfO3) directly
inside the cavity. These layers, chosen for their negative dn/dT, can offset the
positive Fabry—Pérot shift of the semiconductor cavity.

This concept is explored in detail in Paper A [73], where both ather-
malization strategies are analyzed through simulations. In particular, the
short-cavity approach using dielectric DBRs with negative thermo-optic co-
efficients is also experimentally validated for a 2.5\ UVB VCSEL, as shown
in Fig. 4.6. This design yields the most inherently temperature-stable emis-
sion wavelength reported from a VCSEL to date. The device exhibits a total
wavelength shift of less than 0.1 nm over an 80 °C temperature range. Through-
out this range, the thermal tuning rate remains small and negative, with the
largest magnitude occurring near room temperature at —3.4pmK~!, to be
compared with the typical wavelength shift of ~ 15 pm K~ for III-nitride VC-
SELs [76,109,187,190,191].

4.4 Single-mode and polarization stable blue
VCSELs

Achieving single-mode and polarization-stable emission in blue VCSELs re-
mains a significant challenge. Unlike their infrared (GaAs-based) counterparts,
only a handful of viable design strategies have been demonstrated to date. For
[II-nitride VCSELSs, single-mode operation is important in applications such
as underwater optical wireless communication, smart glasses, adaptive laser
headlights, high-resolution projectors, sensing using tunable diode lasing spec-
troscopy (TDLS) and atomic clocks.
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Figure 4.6: Emission spectrum of the 2.56A UVB VCSEL for different substrate
temperatures. The arrows indicate the wavelength shift with temperature of this

device (—3.4pm K~! near room temperature) compared with the 15 pm K~! of typical
I1I-nitride VCSELs [76,109,187,190,191].

In GaN-based VCSELSs, two main approaches have been explored to achieve
single-mode operation. One is to reduce the aperture diameter [140,149], which
limits the lateral extent of the optical cavity so that only the fundamental
transverse mode can be supported. Higher-order modes are cut off due to their
broader spatial variation and inability to satisfy the resonance condition in such
a confined cavity. The mechanism is analogous to optical waveguides, where
only the fundamental mode can propagate if the waveguide core is sufficiently
small relative to the wavelength and index contrast. In VCSELs, the effective
index contrast results from vertical cavity length differences between the center
and periphery, creating lateral confinement. When the aperture and index step
are small enough, only the fundamental mode remains below threshold. How-
ever, this approach increases device resistance due to the narrow current path
and makes the structure more sensitive to thermal lensing, which can shift
the guiding conditions and allow higher-order modes to appear. The small
aperture also limits the achievable output power. In addition, such devices
lack intrinsic polarization control when grown on the c-plane [196]; while a
fixed polarization state may be observed at low drive currents due to residual
strain or birefringence, the polarization is often unstable and can switch unpre-
dictably with current or temperature. Growth on non-c-plane substrates can
introduce intentional birefringence, causing the two orthogonal polarizations
to experience different optical cavity lengths and losses, thereby favoring single
polarization [134]|. In addition, polarization stability has also been reported
for m-plane VCSELSs, where it has been attributed to anisotropy in the gain
between different polarization states rather than cavity effects [197,198]. How-
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ever, c-plane substrates remain the industry standard due to their availability,
lower cost, and established growth processes.

An alternative method is to use a long cavity with a curved bottom mirror,
which introduces a spatially varying phase shift upon reflection. The fundamen-
tal mode has a Gaussian wavefront whose curvature naturally matches that of
the mirror, enabling constructive interference after each round trip. In contrast,
higher-order modes, with broader and less well-matched wavefronts, accumu-
late excess phase shift and suffer higher round-trip loss. This intrinsic mode
filtering enables single-mode operation even for relatively large apertures. How-
ever, fabricating monolithic curved mirrors in GaN is technically demanding.
While the use of long cavities improves thermal management by lowering ther-
mal resistance, reducing device temperature, and mitigating thermal lensing,
it can also lead to mode hopping between adjacent longitudinal cavity modes.
More recent designs address this by introducing a A/2-thick Fabry—Pérot spacer
in the top DBR to stabilize the longitudinal mode (filtering cavity), but the
advantage with broadband dielectric DBR is then lost [137]. As with small-
aperture designs, polarization instability remains a challenge, since the cavity
does not inherently favor one polarization over the other.

To address these limitations, we propose an alternative approach based on
shallow surface reliefs and sub-wavelength gratings, integrated into the top
DBR of the VCSEL structure as shown in Fig. 4.7. While such techniques
have been explored in other wavelength regimes [199-203|, they have not yet
been applied to blue-emitting VCSELs. The surface relief laterally modifies
the mirror reflectivity, promoting single-mode operation by introducing higher
loss for modes with greater lateral extent, see Fig. 4.7(a-b). Meanwhile, a sub-
wavelength grating can enable polarization control by creating a birefringent
response, and thereby a polarization-dependent mirror reflectivity, favoring one
linear polarization over the other, see Fig. 4.7(c-d). In the following subsections,
we present simulation results using the 2D effective-index method [103, 104,
204| illustrating the potential of these concepts for achieving single-mode and
polarization-stable emission in blue VCSELs. It should be noted that this
simulation method does not account for diffraction losses. As a result, the
calculated modal discrimination is likely an underestimation of what can be
expected in a real device.

4.4.1 Surface relief

A surface relief can be used to suppress higher-order lateral modes in blue GaN-
based VCSELs by introducing spatially selective mirror losses in the top DBR.
This is achieved by etching a circular region into the DBR with a diameter
smaller than the aperture, as shown in Fig. 4.7(b). Since higher-order modes
such as LP02 and LP11 extend further out laterally compared to the fundamen-
tal LPO1 mode, they overlap more strongly with the etched peripheral region,
where the reflectivity is reduced. As a result, they experience significantly
higher modal loss than the fundamental mode. This effect is clearly illustrated
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Figure 4.7: a) Schematic of a blue GaN VCSEL with all-dielectric DBRs and a cen-
tral surface-relief grating. (b) Zoom-in showing a conventional surface relief, where
the peripheral part of the final DBR layer has been etched away, leaving a central
raised circular region with high reflectivity and (c) a sub-wavelength grating for po-
larization control. The grating has period p and groove width a, resulting in a duty
cycle of a/p. (d) Zoom-in showing an inverted surface relief, where the final DBR
layer is extended to A/2 thickness and a circular grating is etched into the center to
locally restore high reflectivity.

in Fig. 4.8(a), which shows that a surface-relief diameter slightly larger than
half the aperture diameter (i.e., 3.5 pm for a 6 um aperture) introduces a large
radial loss for higher-order modes.

The strength of the mirror loss introduced by the relief depends on the
number of DBR pairs in the outcoupling mirror and the etch depth. For highly
reflective DBRs (e.g., 10 pairs), a shallow etch of /4 results in only a marginal
change in reflectivity as shown in Fig. 4.8(b). In contrast, when using fewer
pairs (e.g., 8 or 9), etching just one A/4 into the DBR can introduce substantial
mirror loss and modal discrimination as shown in Fig. 4.8(c-d). This behavior
arises from destructive interference: the top NboOs DBR layer is removed and
replaced by a SiOs-air interface, which has a lower refractive index contrast
and introduces a 7 phase shift compared to the unetched NbyOs-air interface
(nNb205 > Ngio2 > Nair = 1). As the DBR is a periodic structure, this leads
to periodic maxima in mirror loss with etch depths equal to odd multiples of
A/4.

However, there is a trade-off. While a lower number of DBR pairs enhances
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higher-order mode suppression, it also increases the threshold gain of the fun-
damental mode, due to higher mirror loss in the center of the cavity as well.
This is visible in Fig. 4.8(b—d), where the material threshold gain of the fun-
damental LP0O1 mode increases with decreasing DBR pair count for all modes.
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Figure 4.8: Blue GaN VCSEL with a surface relief diameter of 3.5 pm, and aperture
diameter of 6 pm. (a) Fundamental mode (LPO01), and the first two higher-order
modes (LP02, and LP11). The black line shows the radially varying cavity losses
caused by the surface relief. Region (i) is un-etched within the aperture, region (ii)
is etched with surface relief and inside the aperture, and region (iii) is outside the
aperture, also with etched mirror. (b-d) Threshold material gain for the three lowest
order modes versus relief depth for different number of NbyO5/SiO2 pairs for the
outcoupling DBR of (b) 10 pairs, (c) 9 pairs, and (d) 8 pairs.

Figure 4.9(a) summarizes the dependence of modal discrimination on the
surface-relief diameter for different DBR configurations. Modal discrimination
is defined here as the difference in material threshold gain between the fun-
damental mode (LP01) and the next supported higher-order mode (LP02 or
LP11), and serves as a metric for how effectively higher-order modes are sup-
pressed. The optimal relief diameter is around 3.51m, yielding the highest
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difference in threshold between LP01 and the next supported mode. Notably,
modal discrimination is low when using a 10-pair DBR, consistent with the lim-
ited reflectivity change achieved by shallow etching. As shown in Fig. 4.9(b),
however, this can be compensated by increasing the etch depth into the DBR
stack. For example, etching 3A/4 or 5\/4 into the DBR with 9 or 10 pairs
can recover similar levels of modal discrimination and threshold gain as the
A/4-etched 8-pair case. This highlights the importance of tailoring both DBR
design and etch depth to balance fundamental mode performance and higher-
order mode suppression.
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Figure 4.9: Blue GaN VCSEL with varying surface relief of diameter for an aperture
diameter 6 um. (a) Defining the surface relief by etching A/4 deep into the outcou-
pling DBR (etching away the top Nb2Os layer), for three different cases: when the
outcoupling DBR has 8 (circles), 9 (squares), and 10 pairs (triangles). (b) Defining
the surface relief by etching A/4 deep into the outcoupling DBR with 8 pairs (circles),
3A/4 into the outcoupling DBR with 9 pairs (squares), and 5\/4 into the outcoupling
DBR with 10 pairs (triangles). These cases yield approximately the same modal dis-
crimination and same threshold material gain for the fundamental mode.

4.4.2 Sub-wavelength grating

A sub-wavelength grating can be introduced into the surface-relief structure
to control the polarization properties of the emitted light. By etching narrow
periodic grooves into the final DBR layer, with a period p much smaller than
the wavelength of light, the grating behaves as an anisotropic medium. The
electric field components polarized parallel (E)) and perpendicular (E1) to
the grooves experience different effective permittivities due to the alternating
dielectric and air regions. This leads to polarization-dependent reflectivity,
enabling selective suppression of one polarization over the other.

The duty cycle of the sub-wavelength grating is defined as d = a/p, where
a is the width of the groove and p is the grating period. A duty cycle of d =0
corresponds to an unpatterned air layer, while d = 1 corresponds to a uniform
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dielectric layer. The effective permittivity for electric fields polarized parallel
to the grooves is given by [201]

€epf)) =1+ d(e—1), (4.10)

while the effective permittivity for the perpendicular polarization is

€

pi et (4.11)

Ceff, L =

where € is the permittivity of the dielectric material (an oxide in this case). As
shown in Fig. 4.10 and Table 4.1, this results in two distinct effective refractive
indices for each polarization, which in turn modifies the reflectivity of the top
DBR in a polarization-selective manner.

2.5

—II(Nb,0,) ——I|(Si0,)
- — L(Nb,O,) — — 1 (Si0,)

15

Effective index [-]

0 20 40 60 80 100
Duty-cycle [%]

Figure 4.10: Effective refractive index of NbyOs and SiOs in a sub-wavelength
grating structure for light polarized parallel (Ej) and perpendicular (E.) to the
grating grooves. At 0% duty cycle the material is a homogeneous air layer, and for
a 100% duty cycle the material is homogenous with refractive index given by the
dielectric.

Table 4.1: Effective refractive index of NboOs and SiO; in a sub-wavelength grating
structure for light polarized parallel (F)) and perpendicular (E1) to the grating
grooves for different duty cycles.

Duty cycle | 0% | 55% | 70% | 100%

NboOs (D | 1 | 1.94 | 212 | 2.45
NbyOs (L) | 1 | 1.36 | 1.55 | 2.45
SiOy () | 1 | 1.28 | 1.35 | 1.47
SiOy (L) | 1 | 1.19 | 1.27 | 1.47

Figure 4.8 shows simulation results for two different surface-relief config-
urations with sub-wavelength gratings: a conventional design with a central

63



Chapter 4. Frontiers in III-N VCSELs

raised surface-relief region, see Fig. 4.11(a,c), and an inverted design where a
central groove is etched into a A/2-thick dielectric layer to restore reflectivity,
see Fig. 4.11(b,d).

In the conventional design, shown in Fig. 4.7(c), the grating is etched into a
protruding central region with high reflectivity. Figure 4.11(a) shows that the
modal discrimination peaks around a duty cycle of 70%, where the difference
in threshold gain between the two polarizations and any higher-order mode is
maximized. Figure 4.11(c) shows the threshold gain as a function of grating
etch depth for a fixed duty cycle of 70%.

In contrast, the inverted design, shown in Fig. 4.7(d), uses a A/2-thick
final DBR layer and etches the grating into the center to restore reflectivity.
This configuration is less sensitive to the etch depth, as shown in Fig. 4.11(d).
For this design, maximum modal discrimination occurs around 55% duty cycle
Fig. 4.11(b), and the polarization perpendicular to the grooves exhibits lower
threshold gain at a grating depth of \/4.

Physical interpretation of polarization selectivity

The reason why the conventional grating design favors E) polarization is be-
cause €| > €. Before etching, the last NbyO5 mirror layer is A\/4 thick, so
reflections from this layer are in phase with the rest of the DBR, leading to
constructive interference and low mirror losses. Etching a grating into the top
DBR introduces anisotropy; both €| and e, are reduced, see Table 4.1, de-
creasing both the optical thickness and the strength of the mirror reflection.
Since €| > €, the optical thickness seen by F, deviates more from the ideal
27 round-trip phase, leading to higher mirror loss for light with perpendicular
polarization, as shown in Fig. 4.12(a,c,e). A secondary reflection, ¢, between
the remaining unetched top NbyO5 layer and the etched NbyO5 grating region,
becomes increasingly out-of-phase with deeper etching for etch depths down to
A/4. This increases mirror losses for both polarizations and reaches a maximum
when the etch depth equals A\/4 as shown in Fig. 4.11(d).

Deeper etching into the SiO2 layer introduces additional reflections (¢s3,
¢4), with ¢3 initially in-phase and then moving slightly out of phase with
depth. Since nj =~ n_ in the SiO2 grating, ¢3 is similar for both polarizations.
However, the reflection magnitude matters: |r| = [(ny —ng)/(n1 +n2)| is larger
for By, where nyy20s,| — nsio2,] = 0.77, compared to £ where nyp205,1 —
nsio2,1 = 0.28. Thus, FE) experiences stronger constructive interference and
lower mirror loss, with little change in modal discrimination (since ¢3 | ~ ¢3 1),
consistent with Fig. 4.11(c).

In the inverted grating, the situation is reversed. The unetched DBR layer
is A\/2 thick, and already exhibits destructive interference for both polariza-
tions. Etching the grating restores constructive interference first for perpen-
dicular light due to its lower optical thickness and higher index contrast, as
seen in Fig. 4.12(b,d,f). The secondary reflection ¢, reaches constructive in-
terference after A/4, resulting in a local minimum in mirror losses, as shown

64



4.4. Single-mode and polarization stable blue VCSELSs

Conventional surface relief + grating Inverted surface relief + grating
1800

=y
[e+]
o
o

—

—LPOT ()]) = = LPO1 (L)
-~ LPO2 (||) LPO2 (L)
= = ——LP11 () = —LP11 (L)

~

—LPO1 an - — LPO1 (L)
LPO2 (||} LPO2 (1)
——LP11 (|) = =LP11 (L)

—
~J
(=]
o
/]
1

1700 1

—_
[=2]
o
o

1600 1

—_
4]
o
o

1500 ¢

1400 1400
1300 ‘ : S S A 1300 == === =7 "8 S :
0 20 40 60 80 100 0 20 40 60 80 100
Duty cycle [%)] Duty cycle [%)]
1800 ‘ T 1800 . .
——LPO1 (||) = = LPO1 (L) ——LPO1 (||) = = LPO1 (L)
1700 LPO2 (|]) LPO2 (1) 1700 | LPO2 (II) LPO2 (1)

——LP11 (|) = = LP11 (1)
1600 | 1600 |

1500 1 1500 1

1400 1 1400 1
1300 ¢ 1300 ¢

1200 1 1200 1

1100 & 1100 1

Material threshold gain, g, [1/cm] < Material threshold gain, g, [1/cm]

0 50 100 150 0 50 100 150
Grating etch depth [nm] Grating etch depth [nm]

< Material threshold gain, g, [1/cm] o Material threshold gain, g, [1/cm]

-
—_~

o
-

Figure 4.11: Simulated material threshold gain for different transverse modes in
blue VCSELSs with two types of surface-relief designs with a sub-wavelength grating:
(a, c) conventional surface relief with a central protrusion, and (b, d) inverted surface
relief, where the final DBR layer is A\/2 thick and a A\/4-deep etch is used to restore
high reflectivity in the center. The top row (a, b) shows the dependence of material
threshold gain on the grating duty cycle for a fixed etch depth of A/4. For the
conventional design (a), optimal modal discrimination is observed around 70% duty
cycle, while the inverted design (b) yields maximum discrimination near 55%. The
bottom row (c, d) shows the threshold gain as a function of etch depth, with (c)
using a fixed duty cycle of 70% for the conventional design and (d) using 55% for
the inverted design. Solid and dashed lines represent the two orthogonal polarization
directions. Simulations are based on a blue GaN VCSEL with a 3.5 pm surface-relief
diameter, 6 pm aperture diameter, and an 8-pair Nb2O5/SiO2 outcoupling DBR.

in Fig. 4.11(d), opposite to the conventional case. Etching through the top
NbsOs5 layer introduces additional mirror reflections ¢3 and ¢4. As before,
¢3 starts out in-phase and changes slowly/little when etching deeper into the
SiO2 layer since ng;o2,| & nsio2,1 =~ nsio2 in the SiO2 grating. However,
reflectivity again matters: for 55% duty cycle, the index contrast for E| is
NNp205,|| — NSio2,|| = 0.66, while for /| it is only nyp205,1 — nsioz2, 1. = 0.17.
This makes constructive interference more effective for F, leading to a lower
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mirror loss for £ compared to £/, when etching through the NbaOj layer and
into the SiO; layer, and a reversal in the lowest loss mode F to FE) as shown
in Fig. 4.11(d).
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Figure 4.12: Schematic and phase analysis for VCSELs with sub-wavelength grating
structures. (a), (c), and (e) show the conventional surface-relief + grating design,
while (b), (d), and (f) show the inverted surface-relief + grating design. (a)—(b)
illustrate shallow etching into the top Nb2Os layer, while (c)—(d) show deeper etching
through Nb2Os and into the SiO2 layer. (e)—(f) plot the phase ¢; of reflections
from the central etched region as a function of etch depth. When ¢ is near an
integer multiple of 27, reflections are in-phase and losses are low; when ¢ is near
an odd multiple of 7, reflections interfere destructively, increasing mirror loss. Solid
lines represent unetched dielectric layers; dashed and dotted lines correspond to light
polarized parallel (||) and perpendicular (L) to the grating grooves.
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Chapter 5

Photonic-crystal
surface-emitting lasers

High power or high beam quality — for most semiconductor lasers, you can
have one or the other. EELs can deliver watts of output but with a highly
divergent beam, while VCSELSs produce clean, narrow beams but at much lower
powers. What if a single device could give you both? A PCSEL can achieve
exactly this combination, attracting growing attention in recent years. Initially
demonstrated in the infrared, and more recently in the visible, PCSELSs raise
the question: can this technology also be pushed into the UV?

This chapter begins with a brief overview of the state of the art in PC-
SEL research, followed by a discussion of fundamental operating principles.
We then introduce the finite-size three-dimensional coupled-wave theory (3D-
CWT) framework for modeling real, finite-sized PCSELSs. This model is com-
pared to an alternative approach, k-space weighted loss estimation (kSWLE),
with a focus is on comparing and understanding the predicted losses of the
optical modes by the two models as a function of photonic crystal geometry.

5.1 Introduction

To understand what sets PCSELs apart, it helps to have a look at how light
stays within the cavity. Confining light, vertically and laterally, is essential
for a laser to reach threshold and to control its spatial confinement and beam
quality. EELs and VCSELs achieve this in very different ways, and PCSELs
introduce a third approach. This difference in confinement mechanism is at the
heart of why PCSELs can combine the strengths of both EELs and VCSELs.

In an EEL as shown in Fig. 5.1(a), vertical confinement is provided by a
ridge waveguide: the core region has a higher refractive index than the cladding
layers, so light is guided by total internal reflection and remains in the higher-
index region, as if “attracted” to it. In optical terms, this higher-index region
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acts like a potential well for light: as long as the boundaries change slowly,
light remains trapped inside. Lateral confinement is partial and mainly comes
from reflections at the cleaved mirror facets.

In a VCSEL, see Fig. 5.1(b), vertical confinement is provided by two highly
reflective DBRs, forming a short Fabry—Pérot cavity. Lateral confinement is
typically achieved with an aperture structure, which creates an effective index
step in the transverse plane. This can be interpreted in the “effective index”
picture (Secion 3.7) as a form of waveguiding. However, it arises from changes
in mode phase and diffraction loss that have a lens-like effect, rather than from
a bulk refractive-index increase as in the slab waveguide of an edge-emitting
laser (EEL).

In a PCSEL, see Fig. 5.1(c), vertical confinement is again provided by
waveguiding, as in an EEL, with a high-index core layer bounded by lower-
index cladding layers. Lateral confinement, however, comes from the photonic
crystal, a two-dimensional periodic modulation of the refractive index, which
provides two-dimensional distributed feedback. The photonic crystal selectively
couples guided waves together that satisfy the in-plane Bragg condition, lead-
ing to a discrete set of in-plane modes. Like a grating, it also couples part of
the light out vertically giving rise to the surface emission. These modes form
the allowed “guided” solutions, known as bands, of the 2D feedback system,
and lasing occurs when one of them experiences sufficient gain to overcome its
losses.

PCSELs inherit many benefits from both EELs and VCSELs. Due to the
2D feedback, the device area can be made larger than in EELs, enabling higher
output powers. The large area also allows very small beam divergence, typically
< 1°. This is much smaller than the typical = 10° for VCSELs that are limited
by not being able to scale up the aperture due to the onset of multiple modes.
PCSELs can be single mode even for large apertures if one mode is engineered
to have lower losses than the others. From a fabrication perspective, their
surface emission also enables wafer-level testing, similar to VCSELs.

Photonic Emission
crystal

Emission

(c)

Figure 5.1: Schematic of: (a) EEL [205], (b) VCSEL, and (c) PCSEL.

There are many ways to model the band structure of an infinitely extend-
ing photonic crystal, including guided-mode expansion (GME) [206], rigorous
coupled-wave analysis (RCWA) [207], finite-difference time-domain (FDTD)
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[208], and coupled-wave theory (CWT) [209,210]. However, real PCSELs have
a photonic crystal of a finite lateral size, and to estimate optical losses in such
lasers, both vertical radiation and lateral leakage must be carefully considered.
In an ideal, infinitely extended PCSEL where the unit cell and its pertur-
bation (e.g., a perfectly circular air hole) preserve the full lattice symmetry,
certain modes are symmetry-protected and cannot couple to vertical radiation.
In a finite device, however, the boundaries act as a perturbation, mixing the
guided modes with other, potentially leaky modes, and introducing nonzero
outcoupling rates [210]. This effect becomes increasingly important for smaller
devices, making finite-size modeling essential for accurate loss estimation.

While FDTD can, in principle, capture both vertical and lateral losses, its
prohibitive demands on simulation time and computer memory make it unsuit-
able for realistic PCSELSs containing millions of unit cells [211,212]. A practical
alternative is finite three-dimensional coupled-wave theory (finite-CWT) [210],
which can account for both vertical and lateral losses.

There is also another way, as implied by the title of Haggstrom’s 2007
article [213], “Problem solving is often a matter of cooking up an appropriate
Markov chain”, almost anything can be tackled with a Markov chain, even the
vertical and lateral losses in a PCSEL. More recently, this idea has been applied
in the form of probabilistic Markov chain (PMC) modeling, where the photonic
crystal is represented as a network of scattering sites that redistribute light
according to coupling probabilities [214-217]. Its main limitation is that it does
not explicitly track phase and interference effects between propagating waves.
Such effects is, perhaps, to some extent implicitly included in the coupling
constants which are used as coupling probabilities in the model.

The main drawback of finite-CW'T, on the other hand, is that its underlying
infinite photonic crystal bandstructure model relies on certain simplifications,
as discussed in Paper C. This motivates the need for a more flexible framework
in which more accurate infinite-structure models can be used. This motivation
led to the development of kKSWLE, a general method that enables the calcula-
tion of vertical and lateral losses for any underlying bandstructure model.

5.2 State-of-the-art: PCSELs

The first demonstration of lasing in a PCSEL was achieved in 1999 by Imada
et al. using an InP-based structure emitting in the infrared (IR) at ~1.27 pm
[38]. This proof-of-concept established the viability of using a two-dimensional
photonic crystal for both optical feedback and vertical outcoupling. Since then,
the PCSEL concept has been extended across the near-IR and visible spectrum.
The state-of-the-art IR PCSELs have demonstrated remarkable performance,
with output powers exceeding 50 W in CW, single-mode operation and beam
divergences as narrow as < 0.05°, as achieved by Kyoto University [39]. These
devices benefit from the high material quality, mature fabrication processes in
GaAs-based systems and used a square double lattice photonic crystal.

71



Chapter 5. Photonic-crystal surface-emitting lasers

Figure 5.2 summarizes the evolution of III-nitride-based PCSELSs over the
past 20 years, highlighting the shift from optically pumped and electrically
driven blue and UVA devices to optically pumped emitters in the UVC range.
Solid markers indicate electrically injected devices, while open markers denote
optically pumped devices. Transitioning toward shorter wavelengths, blue-
emitting PCSELSs based on InGaN quantum wells were first demonstrated in
2008 [44]|. However, significant breakthroughs in performance came much later.
In 2022, a high-power blue PCSEL emitting at 438 nm demonstrated 1 W out-
put under pulsed operation and 320 mW in CW, establishing it as the highest-
performing III-nitride PCSEL to date [58]. The device maintained high beam
quality (M? ~ 1) and narrow divergence (0.2°), making it suitable for applica-
tions in laser lighting, display technologies, and machining of difficult-to-process
materials such as copper and carbon-fiber reinforced plastics.

Green PCSELs were demonstrated more recently in 2024 [218|, overcoming
significant challenges such as the “green gap” [219] and increased strain in the
quantum wells. These devices, operating near 520 nm, have been reported with
tens of milliwatts of output power under pulsed operation, marking progress
but still trailing the performance of their blue counterparts.

Pushing further into the ultraviolet, PCSELs are now being explored based
on AlGaN. Our group recently demonstrated the first UVC-emitting PCSELs
under optical pumping, achieving single-mode operation around 279 nm with
beam divergence below 1°. These devices incorporate a hexagonal photonic
crystal, etched into the p-side of the device in contrast to many other PCSELs
that have an overgrown photonic crystal on the n-side. Our ongoing work aims
to realize electrically injected UVC PCSELs, but this is complicated by the
limited current spreading in AlGaN, as discussed in Section 2.4, which makes
it difficult to achieve uniform injection across large apertures. This constraint
likely necessitates reducing the PCSEL diameter; however, shrinking the device
also increases optical lateral losses, and excessive losses may prevent lasing
altogether. This trade-off between electrical injection uniformity and lateral
optical losses motivates detailed investigations of in-plane loss mechanisms,
e.g. using finte-CW'T simulations.

5.3 PCSEL operation

Lasing threshold of a PCSEL is determined by the total loss of the laser. The
total loss includes both the vertical radiation and lateral loss

1
gth = —(O[,,,ad + At + Qabs + Oéscat)a (5.1)

Fow
where «;..q is the radiation loss, «;,; is the lateral in-plane loss, agps is the ab-
sorption loss, and a4+ is the scattering losses caused by lattice imperfections,
hole roughness, or any other material defects in the semiconductor crystal or
dielectrics. In many existing PCSEL simulation models (assuming an infinite
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Figure 5.2: Timeline of demonstrated Ill-nitride PCSELs across the UV-visible
spectrum [44,45,58,218,220-224|. Vertical axis shows emission wavelength; horizontal
axis shows the year of demonstration. Solid markers = electrical injection; open
markers = optical pumping.

PCSEL lattice) only .4 is considered. Only considering vertical radiation is
insufficient to determine the actual lasing mode since the lateral loss is absent.
Especially in UVC PCSELs were the PCSEL has to be made smaller due to
limited current injection, lateral loss plays a large role, or when highly symmet-
ric hole shapes (such as circular holes) are used, then infinite PCSEL models
predict zero radiation loss, which isn’t true, and the field perturbation around
the edges of the PCSEL causes radiation despite having symmetry protected
modes.

In this section we discuss the photonic bandstructure, working principle
of the PCSEL, and the origin of vertical radiation loss and the role of mode
symmetries on the radiation losses. Lateral loss, however, is considered in the
following sections of this chapter.

5.3.1 Bandstructure 101: a DBR analogy

Before discussing the two-dimensional photonic crystals used in PCSELs, it is
useful to revisit the one-dimensional DBR, already familiar from VCSELs, as
a simple example of a periodic optical system. In VCSELs, a DBR is typically
analysed in terms of its reflectivity spectrum, where a broad high-reflectivity
stopband enables low-threshold lasing. This same periodicity, when viewed
from the perspective of an infinite structure, i.e. a DBR with an infinite number
of DBR pairs, naturally leads to the concept of a photonic bandstructure, a
central concept for understanding PCSEL:s.

A DBR consists of alternating layers with low and high refractive indices,
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nr and ny, and thicknesses dp = A\g/4ny and dg = Ag/4ng. The structure
repeats with period a = dj, + dy. By Bloch’s theorem, in any periodic medium
the electric field satisfies

E(z+a) = e7*59E(2), (5.2)

where kp is the Bloch wavevector, which may be real (for propagating modes)
or complex (for evanescent modes).

Using the transfer matrix method (TMM) discussed in Section 3.2.1, we
can also express the periodicity of the electric field as

E(x+a) = ME(x), (5.3)

where M is the transfer matrix for a single unit cell (one period of the infinite
DBR) which can be expressed as

M = Minter,ng,nl Mprop,ng Minter,nl,ng Mprop,nl, (54)

with Minter and Mp,op as defined in Section 3.2.1. Applying Bloch’s theorem
to Eq. (5.3) gives _
ME(z) = e?*2° (), (5.5)

which is an eigenvalue problem for M, with eigenvalues
e = etikBa, (5.6)
For the 2x2 matrix M, the eigenvalues satisfy the characteristic equation
p? — Tr(M)p + det(M) = 0, (5.7)

where T'r(M) = Mj1 + Mss is the trace of M. For a lossless DBR, det(M) =1,
so the eigenvalues lie on the unit circle in the complex plane. Solving Eq. (5.7)
yields the dispersion relation

cos(kpa) = %TT(M) _ %(M11 + My), (5.8)
This expression directly relates the Bloch wavevector kg to the layer pa-
rameters, and thus defines the photonic bandstructure of the infinite DBR.
When |cos(kpa)] < 1, kp is real and Bloch modes can propagate; when
|cos(kpa)] > 1, kp is complex and the mode is evanescent, corresponding
to a photonic bandgap.

Figure 5.3(a,c) shows an example for a HfO5/SiO DBR. The shaded region
marks the stopband in which no propagating Bloch modes exist. For a finite
DBR with a given number of periods, the same stopband appears as a high-
reflectivity region in the TMM-calculated spectrum, see Fig. 5.3(b,d), with
slight deviations at the edges due to the finite number of periods. This direct
correspondence between the infinite-structure bandgap and the finite-structure
reflectivity stopband illustrates how the bandstructure perspective naturally
generalises from the familiar 1D DBR to the 2D photonic crystals used in
PCSELs, which will be discussed in the following sections.
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Figure 5.3: Illustration of the connection between the photonic bandstructure of
an infinite DBR and the reflectivity spectrum of a finite DBR. (a) Schematic of
an infinite periodic SiO2 /HfO2 DBR. (b) Example of a finite DBR structure with 11
pairs of SiO2 /HfO2 on an AlGaN substrate. (c) Photonic band diagram of the infinite
SiO2 /HfO2 DBR, calculated using the transfer matrix formalism and Bloch’s theorem.
The shaded region indicates the photonic bandgap, where the Bloch wavevector kg
is complex and no propagating Bloch modes exist. (d) Reflectivity spectrum of the
finite 11-pair DBR calculated using the transfer matrix method. The high-reflectivity
stopband (shaded) corresponds directly to the infinite-structure bandgap in (c). Small
deviations from unity reflectivity near the band edges arise from the finite number of
DBR periods.

5.3.2 Photonic band structure and 2D feedback in PC-
SELs

In the broadest sense, photonic crystals are periodic dielectric structures com-
posed of alternating regions with high and low refractive index, with a pe-
riodicity on the order of the wavelength of light. Such structures resemble
large-scale versions of atomic crystals, where the periodic potential modulates
electron propagation. In photonic crystals, however, it is the periodic modu-
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lation of the refractive index that governs photon propagation. This analogy
highlights the close connection between photonic and semiconductor crystals,
and there is a significant overlap in terminology and outcomes between these
two fields.

In contrast to VCSELs, PCSELs do not rely on DBRs for feedback. Instead,
they exploit the photonic bandstructure of a two-dimensional photonic crystal
slab. At high-symmetry points of the Brillouin zone, such as the I'-point, see
Fig. 5.4, the group velocity of the Bloch modes approaches zero, leading to
standing waves and a high-quality cavity that confines the optical mode. This
mechanism provides strong in-plane feedback and enables large-area coherent
oscillation. This allows PCSELs to support narrow-linewidth single-mode las-
ing across apertures much larger than those achievable in conventional VCSELSs.

N

o
=3

Frequency [c/a]
o o
£ D

Figure 5.4: (a) Photonic bandstructure of a hexagonal photonic crystal slab along
the X —I"—J directions, calculated using a 2D finite-element method (FEM) model in
COMSOL. (b) First Brillouin zone of the hexagonal lattice, indicating the symmetry
points. (c¢) Zoom-in around the second-order I'-point, showing the six lowest-order
bands. The red dots mark the zero-group-velocity points where Bloch modes form
standing waves, providing the feedback mechanism for PCSEL operation.

PCSEL:s are typically designed to operate at the second-order I'-point, since
this provides both strong in-plane feedback from Bragg scattering in multi-
ple directions (60°, 120°, and 180° couplings for a hexagonal lattice) and the
vertical outcoupling occurs via first-order diffraction into the surface-normal
direction [225]. In contrast, lasing at the X- or J-points also occurs at zero-
group-velocity states but involves feedback only along restricted directions: at
the X-point, coupling is limited to one-dimensional feedback along I' — X, es-
sentially forming six independent DFB-like cavities, while at the J-point lasing
arises from two sets of 120° couplings [225,226]. These geometries support
tilted rather than surface-normal emission and do not offer the same coherence
over large apertures. Higher-order I'-points are also avoided, as they would
require a larger lattice constant and lead to multiple diffraction orders that
reduce the radiative efficiency.

The strength of the in-plane feedback in a PCSEL depends both on the
photonic crystal design and vertical waveguide structure. Stronger periodic
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modulation, determined by the hole fill factor and the refractive index contrast,
increases the coupling between forward- and back-propagating waves. The
mode overlap with the photonic crystal, I'p¢, is also important since only the
fraction of the optical mode residing in the photonic crystal layer contributes
effectively to the feedback process. Finally, the device diameter 2L sets the
interaction length over which feedback can accumulate, with larger apertures
enabling stronger feedback and lower lateral losses.

5.3.3 Bandgap narrowing analogy

In semiconductors, disorder creates potential fluctuations which allow states to
exist in regions where none previously did. These tail states, which can local-
ize electrons and holes, effectively cause a narrowing of the electronic bandgap.
In PCSELSs, modes (states) represent coherent standing waves formed through
Bragg diffraction. Here, disorder (e.g. irregularities in the hole shapes and
placement, or crystal defects which can cause scattering) may disrupt the con-
structive interference required for coupling between specific reciprocal lattice
vectors (like higher-order wavevector components) as discussed in Paper C.
So rather than creating new states (as in semiconductors), disorder suppresses
coupling to higher-order wavevector components by degrading phase coherence.
A weaker optical feedback brings the photonic bands closer together, resulting
in a smaller photonic bandgap. For example, this occurs when I'p¢ is reduced
by moving the photonic crystal further away from the active region, which
weakens the two-dimensional feedback. In this sense, the behavior resembles
electronic bandgap narrowing. However, the underlying mechanism is differ-
ent: one creates new localized states, while the other reduces the strength of
feedback by disrupting coherent contributions from higher-order components.
This bandgap narrowing effect can for example be simulated by moving the
PC away from the active region were the mode is located to decrease I'pc. As
shown in Fig. 5.5 this has the effect of narrowing the separation between the
bands in analogy to the bandgap narrowing of the bandgap in semiconductors.

5.3.4 Vertical outcoupling via diffraction in PCSELs

The 2D-photonic crystal also functions as a grating coupler [227|, providing
spatially coherent coupling across the device and enabling narrow-divergence
surface emission. At the I'-point, the lasing mode can be regarded as a standing
wave formed by degenerate counter-propagating in-plane guided Bloch modes
with a propagation constant approximately given by the waveguide mode [ =~
Nef ko, where neyy is the effective index of the mode and kg is the free-space
wavevector. Although such a mode carries no net in-plane momentum at the
I'-point, it can still couple to radiation modes via Bragg diffraction from the
photonic crystal.

For any guided mode inside the waveguide to radiate vertically, the in-
plane component of its wavevector must match that of a radiated (or scat-
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Figure 5.5: Infinite PCSEL bandstructure for a hexagonal lattice in the vicinity of
the second-order I'-point. Everything is the same in the simulations shown, including
the fill-factor, F'F' = 15%, except that the proximity of the PC layer is moved further
away from the active region were the mode intensity is largest, thus decreasing the
overlap between the mode and the PC layer, thereby reducing the feedback strength.
(a) FPC = 5.3%. (b) FPC = 3.0%. (C) FPC = 1.0%.

tered /diffracted) mode in the external medium. This requirement, known as
phase matching or in-plane momentum conservation, follows from Maxwell’s
equations, which demand continuity of the tangential electric and magnetic
field components across an interface. In the presence of a photonic crystal, dis-
crete reciprocal lattice vectors |G| are available to provide or remove in-plane
momentum in integer multiples of ¢|G|, where ¢ is the diffraction order. The
general phase-matching condition can be expressed as

kom sinf = B — q|G|, (59)

where n; denotes the refractive index of the medium into which radiation occurs
(air or substrate) and 6 is the diffraction angle relative to the surface normal.
The sign of ¢ indicates whether the grating momentum is added or subtracted
from the guided mode’s propagation constant.

The k-space diagram in Fig. 5.6 illustrates these conditions: the circles
represent the maximum allowed in-plane wavevector for radiation into each
medium, kgng;, and kong,p. For diffraction to occur, the total in-plane wavevec-
tor of the diffracted mode, 8 — ¢|G|, must lie within the corresponding circle.

For the mode to remain guided in the slab waveguide, its propagation con-
stant must satisfy 8 = konerr > konsup > konair, which ensures confinement
by total internal reflection. This inequality implies that any radiated diffrac-
tion order must have less in-plane momentum than the guided mode, which in
turn motivates the use of the minus sign in Eq. (5.9) for emission.

In a PCSEL, it is typically desirable to have emission in the surface-normal
direction (i.e. = 0), which simplifies Eq. (5.9) to

Ao
Neff

a=q for square lattice, (5.10)
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Figure 5.6: k-space diagram showing possible diffraction orders of a PCSEL. A
guided wave incident upon a grating will couple some energy into diffracted waves.
The angle at which diffracted beams leave is determined by the phase matching
conditions. The circle radii represent the maximum allowed in-plane wavevector for
radiation into each medium (air or substrate), i.e. konair and komsus.
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where |G| = 27 /a for a square lattice, |G| = 47/(v/3a) for a hexagonal lattice,

and a is the lattice constant, i.e., the center-to-center spacing between adjacent

holes. In addition to requiring surface-normal emission, it is also desirable to

restrict the output to a single diffraction order, so that only one beam emerges

from the PCSEL. This condition is satisfied when ¢ = 1. Then, higher orders

(¢ > 2) fall outside the allowed k-space region for radiation into air, as seen in
Fig. 5.6. This is because the magnitude of 8 — ¢q|G| exceeds kongi-

Using a subwavelength lattice (a < Ao/ness for square, a < 2)\0/(\/§neff)
for hexagonal) ensures that only the ¢ = 1 order is phase-matched for vertical
outcoupling. From a fabrication perspective, this requirement forces the lattice
constant to shrink as A\g decreases. In the UVC, where )\ is short (< 280 nm),
the smaller lattice constant makes hole etching more challenging and increases

for hexagonal lattice, (5.11)
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the risk of neighboring holes merging since the holes have not perfectly vertical
side-walls, especially during deep etching. At the top surface where the etching
starts, the hole diameter can be wider than intended due to lateral etching,
so adjacent holes may touch at the surface even if the diameter deeper in the
etch is close to the target. The hexagonal lattice offers a modest advantage:
for the same diffraction condition, its lattice constant is 2/v/3 = 1.154 times
larger than in a square lattice, relaxing fabrication tolerances.

5.3.5 Radiation loss and the role of symmetry

The efficiency of vertical radiation outcoupling in PCSELs depends on both
the photonic lattice’s Fourier spectrum and the spatial symmetry of the opti-
cal mode. At the I'-point, symmetry arguments predict that in a hexagonal
lattice with circular symmetric holes, the modes such as A, By, Bo, and C are
non-radiative, while D; and D are radiative. Sometimes these arguments are
illustrated by plotting selected field components, for example the real parts of
the in-plane electric fields (E,, E,) and the real part of the out-of-plane mag-
netic field (H,). An example is shown in Fig. 5.7(a-b) for the non-radiative
A mode and the radiative D7 mode. However, such partial field plots can be
misleading, since they do not represent the full power flow or phase relations.
Examining only selected components (E,, E,, or H,) is insufficient to deter-
mine radiative losses, because the net Poynting flux depends on the complete
vector field and relative phase. To rigorously assess whether a mode is radia-
tive or non-radiative, one must evaluate the vertical component of the Poynting
vector

1 * *
S, = §Re(ExHy — E,H}), (5.12)

where S, describes the power flow in the vertical direction. Figures 5.7(c—d)
illustrate this for the A and D; modes. Although both appear antisymmetric
in H,, the the computed Poynting flux reveals a key difference: destructive
interference cancels the outgoing contributions for the A mode, while for the
D1 mode they add constructively, leading to strong vertical radiation.

In approximate models such as finite-CW'T that are needed to simulate
finite-sized PCSELs, the full vectorial fields are not solved. Instead, only the
in-plane electric fields are retained, and radiation loss is estimated from the
overlap of these fields with vertical radiation channels. The radiated power is

taken as )

| By Bt (5.13)

where Ej| is the in-plane electric field of the mode and E,.q4 is the field pat-
tern of the radiated plane wave. While this neglects the full vectorial nature
of Poynting analysis, it captures the essential symmetry-based selection rules
that govern vertical leakage, and has been shown to agree well with full-wave
simulations [228].

Radiated power o
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Figure 5.7: 3D COMSOL finite element method simulations of the non-radiative A
mode (a,c) and the radiative D; mode (b,d). (a—b) In-plane electric field Re(E,, Ey)
(arrows) and magnetic field Re(H.) (color map), which exhibit similar symmetry
features for both modes. The black circles indicate air holes in the photonic crystal
lattice. (c—d) Corresponding normalized vertical Poynting vector S.. For the A mode
(c), destructive interference of the radiated contributions cancels the net power flow,
resulting in negligible radiation. For the D; mode (d), the radiative contributions
add constructively, leading to strong vertical leakage.

5.4 Finite-size three-dimensional coupled-wave
theory

To model the optical properties of PCSELs, we have implemented a three-
dimensional coupled-wave theory (3D-CWT) framework based on the method
developed by Yong Liang et al. [209,210,228|. Unlike full-field numerical meth-
ods such as FDTD or FEM, which are computationally demanding for large-
area photonic structures, the 3D-CWT offers a semi-analytical approach that
efficiently captures the essential physics near the second-order I'-point. It ex-
tends conventional coupled-wave theory [229] by including in-plane distributed
feedback from the photonic crystal together with vertical emission into free
space, enabling the calculation of both lateral-leakage and vertical radiation
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loss.

The electromagnetic field is expanded into six in-plane Bloch waves (Ry, S1,
Ry, S2, Rs, S3) near the second-order I'-point. These waves couple through
both the photonic-crystal periodicity and the cavity geometry, and their com-
mon vertical profile is computed using the transfer-matrix method [230]. The
finite-size problem is formulated as a generalized eigenvalue equation, dis-
cretized on a staggered-hexagonal grid to account for the device geometry [228|,
as shown in Fig. 5.8. This formulation describes the evolution of the wave am-
plitudes across the lateral plane. For modes at the I'-point, the generalized
eigenvalue problem becomes [210)]

Ry 'Ry ] L OR, 0z — Y2 OR, /9y
S S —188,/0x + 2 08, /0y
(1 dosr) | 2| = € | 2| +3 | 3 PRel0r % DRaJOY | 500
2 2 —188,/0z — 2 98, /dy
R Rs ORs /O
55 ] |53 | — 985/

Here, the 6x6 matrix C contains the coupling coefficients between the waves
and incorporates vertical radiation losses [210]. The real part of the eigenvalue
corresponds to the frequency detuning ¢ from the Bragg condition, while the
imaginary part oy, represents the total modal loss, including both vertical
radiation and lateral leakage. This formulation enables the calculation of field
profiles, far-field patterns, and threshold modal gain, and has been shown to
agree well with experimental observations [210]. As shown in Paper C, the
total loss, ayo¢, can be separated into vertical and lateral components:

_ [[2Im (AgCA)dzdy
JI S5 JAG) [Pdady

(5.15)

rad

and

3
S 0/0z; (|R;|? —|9:|?) dad
Ut = Zj_lff /0z; (| i |S5] ) Z y’ (5.16)

SIS0 |AG) 2dady

where A = [Ry, S, Ra, So, R3, S3]7 contains the wave amplitudes in each cell.

In the infinite-size limit, the lateral derivatives vanish and Eq. (5.14) sim-
plifies to (v + jared)A = CA. By using this form, it is possible to calculate
the dispersion relation of an infinite PCSEL structure by introducing a small
perturbation to the in-plane wavevector Ak around the second-order T point.
However, this «,.q excludes finite-size effects, which can substantially increase
the radiation loss of the highly symmetric A, By, Bs, and C modes in a hexag-
onal lattice.
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Figure 5.8: Illustration of 3D-CWT for a hexagonal-lattice PCSEL. (a) Real-space
lattice. (b) Reciprocal lattice with forward (R;) and backward (S;) fundamental
waves along the three principal axes. (c—d) Finite-size computation domain: the
lattice is discretized over a circular device of radius L = Nh (h is the grid spacing;
N = 2 in (c) for clarity; N > 7 results in good convergence). Black solid markers
denote positions where the the fields for the infinite PCSEL are solved to obtain
the 6x6 coupling matrix C (these points are not part of the finite-difference grid).
These points represent a domain that contains many real-space PCSEL unit cells
(with lattice constant a), and is therefore much larger than a single unit cell. Colored
hollow points are the finite-difference grid on which the finite PCSEL problem is
solved. As shown in (d), each border region supports six outward-propagating waves
(both R; and S;) that couple to neighboring cells; at the outer boundary we impose
a non-reflecting condition so all power crossing this boundary leaves the PCSEL.
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5.4.1 Discretization
To solve Eq. (5.14) numerically we must first discretize it, i.e.

stored values at
cell interfaces

. A,y . A, A,y
(5 + iOétot) §M A2 = Ci M A2 + ) D A2 5 (517)
—_——— —_———
interpolated values derivatives
at cell centers at cell centers
where A, = [R7, ST, Ry, S R STT are the fundamental wave ampli-

tudes stored at the borders of cell m, see Fig. 5.8(b-d), and m is the cell
number. The block matrix C is given by

C o)
C= C , (5.18)
o .

where C is the 6x6 matrix obtained by solving the infinite PCSEL structure
problem [210]. The matrix M can be populated

1, ifr=sandm=n
M6m+r, 6n+s — or r = s and (p, Q)m = (p7 q)n + dT?
0, otherwise,

where r,s = 1, ..., 6 are the row and column indices for the 6x6 cell block with
row m and column n, and (p, ).,/ are the spatial coordinates of the current
cell (m) and any cell (n). The vector d, specifies the direction for each wave
component, as illustrated in Fig. 5.8(b-d), and is used to check if cells are
adjacent or not, and is given by

((1,0), r=1(Ry),

(_1a0)7 =2 (81)7

~J(0,1), r=3 (Rz),
dr= (0,—1), =4 (S,), (5.19)

(17 1)7 r=>5 (R3),

\(—1, —1), r==~6 (53)

The matrix D is analogous to M, but with off-diagonal entries set to —1.
For a grid with NV subdivisions (L = Nh, and h is the distance between two grid
points as defined in Fig. 5.8(c)), the total number of cells is 3N (N +1)+1. The
full matrices M, D and C are therefore of size 6[3N(N + 1) + 1] x 6[3N(N +
1) +1].
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Equation 5.17 is a generalized eigenvalue problem, but it can be converted
to a standard eigenvalue problem by multiplying both sides by 2M !

Al Al 9 Al
(6 + icvor) | A2 :M—1<CM Az +i>D Az ) (5.20)

which can be solved with standard eigenvalue solvers, with computation times
of a few seconds. The wavelength of the modes can be computed from the
obtained frequency deviation J as

_ 2mneys
B Bo+0d

As an example, Fig. 5.9 shows a finite-size 3D-CWT simulation obtained
by solving Eq. (5.20) for a UVC PCSEL with a = 136 nm, F'F' = 15%, and
diameter 2L = 300pm. The normalized threshold gain ay,:L is shown as
a function of mode frequency deviation in Fig. 5.9(b). To identify which of
these finite-size solutions correspond to the fundamental modes (A — Ds), a
mode decomposition is carried out following the procedure described in Paper
C. Figure 5.9(c) shows the fractional power overlap with the infinite-structure
eigenmodes, while Fig. 5.9(d) shows the corresponding near-field patterns. For
this large PCSEL diameter, the fundamental finite-size modes closely resemble
the infinite ones. The A, By, Bs, and C' modes can be identified, as indicated
by the colored frames in Fig. 5.9(d). Additional modes are also visible, in-
cluding the whispering-gallery W-mode [210,231| (mode index 2), higher-order
C-modes (indices 5 and 6), and higher-order B; and Bs modes (indices 7 and
8).

A

(5.21)

5.5 Loss dependence on PCSEL diameter

The total modal losses in a PCSEL depend strongly on the finite device size.
As the diameter decreases, both lateral and radiation losses increase, even for
modes that would be perfectly bound in the infinite structure. This finite-
size dependence is crucial to explain why PCSELs with circular holes can emit
light: in an infinite PCSEL model, the modes would still lase internally but
with zero outcoupling, i.e. no external emission would be observed. Finite
device boundaries provide the necessary perturbation for outcoupling to occur.

To illustrate, we simulated a UVC PCSEL with a hexagonal lattice of cir-
cular air holes, varying the device diameter. The results (Fig. 5.10) show that
for large diameters, the total loss is dominated by radiation, and the six fun-
damental modes A — D5y exhibit negligible lateral leakage. As the diameter is
reduced, however, the finite PCSEL boundary perturbs the in-plane fields, and
both lateral and radiation losses increase.

The lateral losses in Fig. 5.10(b) follow a scaling of approximately ~ 1/L?.
This can be understood from a simple boundary argument: the fraction of the

85



Chapter 5. Photonic-crystal surface-emitting lasers

150 P L 25

XXX s

Position [um]
o

-150 0 150

—_

D ~
o o

n
o
Fractional power (%)

Mode index
o (o] o ~ D [6)] I w N

L
N
o

I
w
o

_
—_

1 1

—
)
-—
-
o
w
&
\

A B1 B2 C D1 D2
(c) Infinite PCSEL modes (d

Figure 5.9: A finite-size 3D-CWT simulation of a UVC PCSEL. (a) Discretization of
the computational domain with device diameter 2L = 300 pm and grid size N = 9. (b)
Normalized threshold gain ayo¢ L from Eq. (5.20) as a function of normalized frequency
deviation 6L. (c) Mode decomposition of the first 12 lowest-loss finite solutions into
the eigenmodes of the infinite structure (A — D), showing the (rounded) fractional
power contained in each band. (d) Near-field mode profiles of the lowest-loss modes
with mode index 1-9. The fundamental modes C' (index 1, green), Bi (index 4,
yellow), Bs (index 3, orange), and A (index 9, blue) are highlighted by squares.
FF =15%, a = 136 nm, and I'pc = 5.3%.

mode field leaking out from the device boundary scales with the perimeter-to-
area ratio 2w L/(wL?) ~ 1/L. Since the power loss is quadratic in the field
amplitude, the resulting power loss scales as ~ 1/L2.
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5.6. Far-field emission pattern for identification of lasing modes

The radiation losses in Fig. 5.10(c) also show an approximate ~ 1/L? depen-
dence for modes By, By, and C. This behavior can be interpreted as diffraction
from a finite aperture: a mode confined to a disk of diameter 2L produces an
angular spread of # ~ \/(2L). The total radiated power is obtained by integrat-
ing the radiation intensity over the divergence cone. Assuming the intensity is
approximately constant, I, across this narrow cone, we can write

27 0
Prog = IO/ dgp/ sin¥dd = 2r (1 — cos ) ~ w162, (5.22)
0 0

where the last step uses the small-angle approximation cosf ~ 1 — 62/2. The
radiation loss coefficient is then obtained by normalizing the radiated power to
the mode energy U and group velocity v,

Prad 2 A\ 2
i x mlph* (E) ) (5.23)

At ™~

Ug

consistent with the observed ~ 1/L? trend for the By, Bs, and C' modes in

Fig. 5.10(c). Thus, both lateral and radiation losses in finite PCSELS naturally

follow an inverse-square scaling with device size, explaining why small devices
experience large losses.

5.6 Far-field emission pattern for identification
of lasing modes

When measuring the bandstructure below threshold in real devices, the bands
are typically broad, making it difficult to resolve the exact wavelength of each
mode [45]. Above threshold, the lasing line may also shift relative to the below-
threshold photonic bandstructure. Such shifts can arise from spatial variations
in lattice constant, fill-factor, hole depth, hole tilt, or other imperfections across
the PCSEL area. For devices with circular holes, most emission originates from
the edges of the device with radius L. If lasing begins only locally rather than
uniformly across the PCSEL, the emission may instead come from regions other
than the perimeter at radius L. In that case, the measured lasing wavelength
may deviate from the below-threshold bandstructure due to spatial gradients
in fabrication parameters.

Since it may be challenging to identify the lasing modes experimentally by
bandstructure measurements, an alternative approach is needed. One way is
to experimentally measure the far-field emission pattern and its polarization
components and compare those to simulated ones. Finite-CW'T simulations
allow calculation of the far-field intensity and polarization for the A— D5 modes,
assuming the lattice orientation shown in Fig. 5.8(a-b). Proper experimental
alignment is therefore important to enable comparison with simulations. Non-
radiative modes exhibit characteristic doughnut-shaped far-fields, which can be
understood from the radiation loss dispersion (Fig. 5.16). Near the I'-point,

87



Chapter 5. Photonic-crystal surface-emitting lasers

50 100 150 200
(a) PCSEL diameter, 2L [um]
2500 —. 300
— c N
£ 2000 S, N
S, = /
= ' ¢ 200
S° 1500 d
- [}
7)) /2]
3 1000 =
= § 100
8 , 5
& 500 S
A i P B < 0 st P |
50 100 150 200 50 100 150 200
(b) PCSEL diameter, 2L [um] (C) PCSEL diameter, 2L [um]

Figure 5.10: Simulated total (a), lateral (b), and radiation (c) modal losses of a
UVC PCSEL with a hexagonal lattice of circular air holes, shown as a function of
device diameter for the six fundamental modes A — Dy. F'F = 15%, a = 136 nm, and

Ipc =5.3%.

the loss dispersion is approximately parabolic, leading to negligible emission
at I' and a ring-shaped doughnut pattern see Fig. 5.11. Weak side lobes in
the calculated far-field originate from numerical artifacts due to the abrupt
truncation of the radiation field in the simulation [210].

While most lasing modes can be distinguished by analyzing the far-field
emission and its polarization components, in a hexagonal lattice the By and C'
modes cannot be uniquely identified in this way, since both exhibit very similar
doughnut-shaped far-field and close to identical polarization-resolved patterns
as shown in Fig. 5.11.

Further insights into how the PCSEL lase can be obtained by studying the
FWHM of the far-field. The FWHM scales with PCSEL diameter, following
the classical diffraction “rule-of-thumb” for a circular aperture

Ao
= (= .24
OrwHM 02[ ; (5.24)

where C is a fitting constant. Analytically, diffraction of a plane wave through
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Figure 5.11: Simulated far-field emission of modes A—Dy. Each column corresponds
to one mode. The first row shows the total far-field, while the second and third rows
show the x- and y-polarized components, respectively. F'F = 15%, a = 136 nm, and
I'pc = 5.3%.

a circular aperture gives C' = 2.44 [95]. For the C-mode, the simulated far-field
fits well with C' = 2.32, as shown in Fig. 5.12, confirming the expected inverse
scaling of beam divergence with aperture size. This explains why PCSELs,
with diameters typically exceeding 100 pm, can achieve extremely small beam
divergence compared to VCSELs, which typically have diameters below 10 pm.
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Figure 5.12: (a) Simulated FWHM beam divergence of the C-mode as a function of
PCSEL diameter, 2L. (b) Far-field intensity of the C-mode showing the characteristic
doughnut-shaped profile (linear-scale). F'F' = 15%, a = 136 nm, and I'pc = 5.3%.
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5.7 Hexagonal vs square lattices and hole shape
effects

The in-plane coupling strength in a photonic crystal laser depends both on
the lattice geometry including hole shape and I'pe. In a square lattice, the
fundamental couplings can be divided into 1D coupling at 180° (k1p) and
2D coupling at 90° (k2p). In contrast, a hexagonal lattice gives rise to three
types of coupling due to its higher symmetry: 1D coupling at 180° (k1p), and
2D couplings at 60° (k2p,) and 120° (kaps), as illustrated in Fig. 5.13. A
key distinction between a square and hexagonal lattice is that the 2D cou-
pling coefficients are generally stronger in hexagonal lattices than in square
lattices [58,221]. This is because the hexagonal lattice supports two indepen-
dent channels for 2D feedback (k2p, and kapp), while the square lattice has
only one (k2p). The coupling coefficients can be calculated from the Fourier
components of the unit cell’s permittivity distribution as [229,232,233]

™
AO\/ €avg

where eg are the Fourier coefficients of the permittivity of the unit cell. For
the square lattice, the lowest-order couplings are given by kop = I'pokg (|G| =
V2py) and k1p = I'pcra(|G| = 28y), where By = 2m/a. For the hexagonal
lattice, the 2D couplings at 60° and 120° arise from kop, = I'poka (|G| = Bo)
and kopy = I'pcka (|G| = V350), while 1D (180°) coupling is given by k1p =
I'pora(|G| = 2p6y), with By = 47/(v/3a). Figure 5.14 compares the calculated
k1p and kop values for square and hexagonal lattices as a function of fill factor.
Both lattices achieve similar maximum 2D coupling strengths, but the presence
of two strong 2D channels in the hexagonal lattice makes its overall 2D feedback
more robust. This property can be useful in novel material systems for first
demonstrations, where hole roughness, fabrication non-uniformities, or material
defects may otherwise disrupt the delicate balance required for 2D oscillation.

Since the number of non-radiative modes in a square lattice is smaller than
in a hexagonal lattice, it is easier to enhance the radiation constants of all
non-radiative modes in the square lattice by breaking the lattice symmetry.
For square lattices, increasing asymmetry from circular holes to equilateral
triangular holes and finally right-angled isosceles triangular holes lifts the de-
generacy of the A and B bands, resulting in a larger separation in radiation
losses between them. This makes the square lattice more favorable for mode
discrimination and single-mode operation as long as a strong enough 2D cou-
pling can be obtained. Figures 5.15 and 5.16 illustrate this effect for square
and hexagonal lattices, respectively. In both cases, the top row shows the
Fourier coefficients for three hole shapes, circular cylinder, equilateral triangle,
and right-angled isosceles triangle, representing increasing levels of asymmetry.
The middle row shows the corresponding band structures, while the bottom
row shows the calculated radiation losses. In the square lattice, introducing
asymmetry breaks the degeneracy of the A and B modes, allowing one mode

Rg = €G, (5.25)
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Figure 5.13: Coupling channels in square and hexagonal photonic crystal lattices.
1D coupling at 180° (a) and 2D coupling at 90° (b) for a square lattice. 1D coupling
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1500 . 1500 .
E : —"2p E -
=.1000} : 1p =.1000} :
c I I= !
8 1 © |
[2]) I 2} 1
2 500 , S 500 .
(&) 1 (&) |
[e)) 1 o ! 1
é 0 1 g 0 1
g. 1 \ g- 1
o ! Qo '
O ' O '
-500 L ‘ -500 L ‘ o
0 20 40 60 0 20 40 60
(a) Fill-factor [%] (b) Fill-factor [%]

Figure 5.14: Coupling constants as a function of air-hole fill factor for circular
holes. (a) Square lattice: 1D coupling at 180° (k1p) and 2D coupling at 90° (k2p).
(b) Hexagonal lattice: 1D coupling at 180° (k1p), and 2D couplings at 60° (k2pa)
and 120° (k2ps). The vertical dotted line indicates F'F' = 15%.
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to act as a low-loss lasing mode while pushing the others to higher losses. In
contrast, in the hexagonal lattice, the higher symmetry ensures that the A, By,
Bs, and C modes remain nearly degenerate even with asymmetric hole shapes,
leading to vanishing radiation loss differences. Thus, square lattices are better
suited for single-mode operation, whereas hexagonal lattices provide stronger
intrinsic 2D feedback but less flexibility in selecting the lasing mode.
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Figure 5.15: Square-lattice UVC PCSEL with fill factor F'F' = 15% and lattice con-
stant a = 118 nm for three air-hole shapes: circular, equilateral triangular, and right-
isosceles triangular, as indicated by the insets. (a—c) Coupling coefficients, shown
versus reciprocal lattice indices m and n [209] (d—f) Bandstructures. (g-i) Radiation
losses. FF = 15%, a = 118 nm, and I'pc = 5.3%.

Recent work has also demonstrated that double-square-lattice PCSELs can
overcome the symmetry limitations of single square lattices [39,58]. By com-
bining two square lattices with a small displacement, the degeneracy between
the A and B bands can be lifted, while also enhancing the vertical radiation
loss of the lowest-loss mode. This strategy enables both single-mode lasing
and high output power, as the lasing mode maintains a loss margin relative to
competing modes while still coupling efficiently to free space.
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Figure 5.16: Hexagonal-lattice UVC PCSEL with fill factor FF = 15% and lat-
tice constant a = 136 nm for three air-hole shapes: circular, equilateral triangular,
and right-isosceles triangular, as indicated by the insets. (a—c) Coupling coefficients,
shown versus reciprocal lattice indices m and n [210]. (d-f) Bandstructures. (g—i)
Radiation losses. FF = 15%, a = 136 nm, and I'pc = 5.3%.

5.8 k-space weighted loss estimation

The main drawback of finite-CW'T, despite its efficiency, is that it relies on sim-
plified assumptions in the underlying infinite-structure band model. This limits
its accuracy when compared with more rigorous infinite-structure approaches
such as GME or RCWA. To overcome this limitation, the k-space weighted loss
estimation (kSWLE) method was developed together with Chemnitz University
of Technology as a general framework for calculating vertical and lateral losses
of finite-size PCSELSs directly from their infinite-structure bandstructure. Be-
cause quantities such as dispersion, group velocity, and outcoupling strength
are readily obtained from infinite-structure calculations, kKSWLE provides a
versatile bridge between band models and finite-size loss estimation.
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5.8.1 kSWLE framework

The key physical idea behind kSWLE is that a finite device cannot sustain a
perfectly sharp I'-point mode. Truncation at the cavity boundary introduces
diffraction, which broadens the optical field in reciprocal space. As a result,
the lasing mode is no longer associated with a single Bloch state of the infinite
photonic crystal, but instead occupies a distribution of in-plane wavevectors.
Finite-CW'T simulations confirm that this k-space distribution is well de-
scribed by a circularly symmetric Gaussian centered at the I'-point, with a
width inversely proportional to the device radius, o = 7/(2L). An example
is shown in Fig. 5.17, where the Fourier-transformed finite-CWT mode closely
follows a Gaussian fit. This observation motivates the approximation used in
kSWLE, where the in-plane field distribution of a finite mode is modeled as

1 k|
I(k) = ex (——) op =m/(2L). 5.26
1
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Figure 5.17: Fourier-transformed in-plane field profile of the finite-CW'T B; mode
(solid black) for a device radius of L = 100 pm, compared with a Gaussian fit (dashed
red) using o, = w/(2L). The close agreement shows that the k-space distribution of
the finite-size mode is well described by a Gaussian envelope, providing a simple and
accurate choice for I(k) in the kKSWLE framework.

An example of a bandstructure is shown in Fig. 5.18, where the wavelength,
vertical loss , and group velocity dispersions are plotted for the fundamental
bands. These dispersions illustrate the physical basis of the kKSSWLE framework.
Although the A, B;, By, and C modes are non-radiative exactly at the I'-
point, they become radiative for finite in-plane wavevectors, meaning that their
overall radiative losses differ depending on the detailed shape of the imaginary
dispersion surface. Likewise, the real part of the dispersion is different for
each band, and its slope determines the group velocity that governs lateral
leakage. Consequently, even modes that are symmetry-protected at k& = 0
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acquire different effective losses once the Gaussian distribution strays away
from T'.
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Figure 5.18: 2D infinite PCSEL bandstructure for a hexagonal lattice with circular
air holes, calculated using 3D-CWT. The plots show (a) wavelength dispersion, (b)
vertical loss dispersion, and (¢) normalised group velocity dispersion for the funda-
mental bands. The dark cylinder indicates the reciprocal-space region, o, = 7/(2L),
corresponding to a device radius of L = 50 pm, which provides the dominant contri-
bution to the finite-size losses in Eqgs. (5.27) and (5.28). In (b), the losses of each
band are offset by 50cm ™' relative to the band below for clarity, while in (c) the
group velocities of each band are offset by 0.2|vg,|/co. FF = 15%, a = 136 nm, and
I'pc = 5.3%.

With this picture in mind, the finite-size losses can be expressed as
Gaussian-weighted averages over the bandstructure quantities. The vertical
loss is obtained from the imaginary part of the frequency, Imw(k)], which
quantifies outcoupling into radiation modes. The lateral loss, is associated
with energy transport out of the device boundary and is proportional to the
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group velocity |Viw(k)|. Both quantities are readily available from infinite pho-
tonic crystal bandstructure calculations, whether obtained by CWT, GME, or
other methods. By integrating the bandstructure properties over the Gaussian
distribution, one obtains

1
ayery = — [ I(k)2Im[w(k)|dk,dk,, (5.27)
Uph
1 | Viw(k)|
= — [ 100N e ke 2
Qlat o (k) 5T dkydk, (5.28)

where vy, = co/neyys is the phase velocity of the guided mode. The denominator
of ¢ contains a factor of 2L, corresponding to the characteristic escape length
across the device. This choice affects only the absolute magnitude of the lateral
loss but not its scaling with radius, as shown in Section 5.8.2. The total modal
loss is simply the sum,

Qtot = Olyert + Qat- (529)

The resulting loss behavior is illustrated in Fig. 5.19, which shows the cal-
culated total, lateral, and vertical losses as a function of device diameter for the
six different modes A — D5. All losses decrease with increasing radius, except
for the D radiation loss, reflecting the narrowing of the k-space envelope and
the reduced overlap with lossy states.

These results also highlight a key distinction between finite-CW'T and
kSWLE. In finite-CWT, the bands By/By and D;/Ds remain degenerate at
I' and are predicted to have identical losses. In contrast, kKSWLE explicitly
accounts for the dispersion near the I'-point, which lifts this degeneracy and
predicts distinct radiative and lateral losses for these modes.

5.8.2 Scaling laws

As discussed in the previous subsection, the finite-size mode can be described
as a Gaussian envelope in reciprocal space, whose width narrows as the device
radius increases. In the large-radius limit, this narrowing ensures that the
mode is strongly localized near the I'-point, where the band dispersion can be
approximated by a parabolic expansion

Re[w(k)] ~ wo + gk‘2, Im[w(k)] ~ 70 + ékQ, (5.30)
where k = |k|. Here, b describes the curvature of the real part of the dispersion,
while [ characterizes the curvature of the imaginary part, which governs the
vertical loss rate. The constant 7 represents the loss at the I'-point: it vanishes
for non-radiative bands such as A — (', but is finite for radiative D modes.

Using these parabolic forms together with the Gaussian distribution 7(k),
the integrals in Eqs. (5.27) and (5.28) can be evaluated analytically. This leads
to closed-form scaling laws for the two main contributions to the modal loss

Quat X BL72,  aupers o< IL72. (5.31)
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Figure 5.19: An example of finite-size losses using the kKSWLE method. The plots
show (a) total modal losses, (b) lateral losses, and (c) radiation (vertical) losses as
a function of PCSEL diameter for the fundamental bands. F'F = 15%, a = 136 nm,

and I'pc = 5.3%.

The physical origin of this L~2 behavior can be understood from the narrowing
of the Gaussian envelope in reciprocal space as the device radius increases.
Since its width scales as o, ~ 1/L, the relevant region of the bandstructure
shrinks towards the I'-point. For lateral losses, the group velocity varies linearly
in k, giving |Viw(k)| ~ 1/L, which when combined with the escape length 2L
in the denominator of Eq. (5.28) leads to e oc 1/L2. For vertical losses, the
imaginary part of the frequency grows quadratically with &, i.e. Imfw(k)] ~
k? ~ 1/L?, producing the same scaling. While the prefactors depend on the
band curvature parameters b and [, the L~2 dependence itself is independent of
such details, at least until other effects such as material absorption or disorder-
induced scattering begin to dominate.
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Chapter 6

Summary and outlook

This thesis has addressed thermal and optical effects in III-nitride surface-
emitting lasers. By combining experimental characterization, device-level mod-
eling, and theoretical development, the work has aimed to clarify many of the
key challenges facing these devices and to identify opportunities for future im-
provement.

One area facing many challenges is the development of electrically injected
UVB and UVC VCSELs. So far, only optically pumped VCSELs emitting
in the UVB and UVC have been demonstrated, showing that achieving high-
reflectivity mirrors, high-quality cavities, and accurate cavity length control in
the UV is now possible. However, electrically injected UV VCSELSs remain
an elusive goal. Key issues include achieving a conductive and transparent
p-side for efficient current spreading, together with robust electrical and op-
tical confinement schemes. An often overlooked but equally critical challenge
is the poor thermal conductivity of Al-rich AlGaN, which we show in Paper
B will become a bottleneck for CW operation. This thesis has demonstrated
strategies for reducing thermal resistance, which will be essential in the devel-
opment of future electrically injected UV devices. Chapter 4.2 and Paper B
presented simulations showing how cavity length, mirror design, and contact
placement affect the thermal resistance of blue and UV VCSELs. In Chapter
4.3 and Paper A, we developed design concepts for achieving an athermalized
emission wavelength in VCSELs using a hard-mirror equivalent cavity model,
and we experimentally demonstrated this approach in an optically pumped
UVB VCSEL with strongly reduced temperature sensitivity of the lasing wave-
length. Together, these contributions show both how thermal resistance can
be mitigated by design, and how its impact on wavelength stability can be
counteracted.

For blue VCSELSs, recent demonstrations of high-efficiency devices indicate
that these devices are approaching commercialization. Remaining challenges
include scaling to larger apertures while maintaining single-mode operation and
optimizing current confinement schemes. It is still not clear which mirror con-
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figuration, hybrid or all-dielectric, will ultimately prove most advantageous, as
both approaches show promising results [28,150]. Likewise, the optimal aper-
ture design is still unclear: shallow etches provide both lateral guiding and
confinement [140] but may struggle at high current densities, while combined
etched—dielectric schemes offer stronger electrical confinement [109] but intro-
duce fabrication challenges related to alignment. Continued progress in these
areas will determine how rapidly blue VCSELs can penetrate applications such
as high-resolution displays, augmented reality, and underwater optical commu-
nication. In this context, the work presented in Chapter 4.4 addressed how
to obtain sigle-mode operation in blue VCSELs. Two different approaches
were explored, based on surface-relief structuring and sub-wavelength gratings,
demonstrating that transverse mode and polarization control is possible us-
ing such structures. This demonstrates that relatively simple-to-implement
fabrication schemes can provide an effective path toward high-performance,
single-mode blue VCSELs.

PCSELs provide a complementary route to high-power surface-emitting
lasers with excellent beam quality, but extending them into the ultraviolet
remains highly challenging. To date, the only demonstration in the UVC rely
on optical pumping [45]|, and key issues such as electrical injection, thermal
management, and mode control remain unresolved. These difficulties are ex-
acerbated by the smaller lattice constant at short wavelengths, which imposes
tight fabrication constraints. In the UVC, hexagonal lattices are typically pre-
ferred because they permit larger lattice spacing and are therefore easier to fab-
ricate, while also making it easier to achieve sufficiently strong two-dimensional
coupling. However, their high symmetry makes it very challenging to introduce
controlled asymmetries for robust single-mode operation. In parallel, efficient
electrical injection remains an open issue due to the poor conductivity of Al-
rich AlGaN, calling for novel current-spreading concepts, such as distributed
polarization doping [33,34]. In addition, lateral current spreading poses a fur-
ther challenge, and is even more demanding in PCSELs than in EELs, since
the current must be distributed over much larger areas. At the same time,
finite-size effects grow increasingly important in the UVC, since smaller de-
vice dimensions and higher intrinsic losses strongly influence threshold and
mode competition. The methods developed in Chapter 5, including 3D-CWT
and the kKSWLE framework, provide powerful tools to quantify these effects,
offering guidance for the design of practical UV PCSELs. If such strategies
can be realized, UV PCSELs could emerge as compact, efficient sources for
photolithography, disinfection and sterilization applications, including water
purification, air treatment in ventilation systems, and surface sterilization of
medical equipment.

100



Chapter 7

Summary of papers

Paper A

Athermalization of the lasing wavelength in

vertical-cavity surface-emitting lasers
Laser & Photonics Reviews, 17, 2300009, 2023.

A concept for vertical-cavity surface-emitting lasers (VCSELs) is proposed
and demonstrated to obtain a lasing wavelength with unprecedented tempera-
ture stability. The concept is based on incorporating a dielectric material with
a negative thermo-optic coefficient, dn/dT', in the distributed Bragg reflectors
(DBRs) to compensate the positive dn/dT of the semiconductor cavity. In a
short cavity, the optical field has a significant overlap with the DBRs, and the
redshift of the lasing wavelength caused by the semiconductor cavity can be
compensated by the negative dn/dT of the DBRs. Here, proof of this concept
is presented for optically-pumped VCSELs emitting at 310 nm, demonstrating
a lasing wavelength that even blueshifts by less than 0.1 nm over an 80°C
range with a maximum slope of —3.4pmK~!. This is to be compared with a
redshift of 1-1.5 nm over the same temperature range reported for III-nitride
blue-emitting VCSELs. Furthermore, this method can also be implemented in
VCSELSs with longer cavity lengths by including a dielectric layer between the
semiconductor and the DBR. The approach used here to obtain a temperature-
stable lasing wavelength is generic and can therefore be applied to VCSELSs in
all material systems and lasing wavelengths.

My contributions: I carried out the analytical modeling, effective-index
simulations, optical and temperature-dependent photoluminescence measure-
ments, and calculations of the carrier-induced refractive index change. I also
wrote the manuscript and Supplementary Information with input from the co-
authors.
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Paper B

Improving thermal resistance in IlI-nitride blue

and UV vertical-cavity surface-emitting lasers
Optics Fxpress, 33, 34242-34254, 2025.

Different mirror concepts are being explored in parallel for III-N vertical-
cavity surface-emitting lasers (VCSELs), each with their own pros and cons.
A general belief is that epitaxial distributed Bragg reflectors (DBRs) offer a
VCSEL with superior thermal performance compared to all-dielectric DBRs.
We here show that this is not the case for GaN-based VCSELs designed for 440
nm emission with cavity lengths > 10\ due to a laterally dominated heat flow
caused by the high thermal conductivity of GaN cavity material in contrast to
the lower thermally conductive DBRs. If the same cavity design that is used for
blue GaN VCSEL:s is applied to ultraviolet-C (UVC) AlGaN-VCSELs this will
lead to detrimentally high internal temperatures (up to 370 °C) due to the very
low thermal conductivity of AlGaN which would prevent lasing. Increasing the
cavity length to 30\ reduces the thermal resistance from 4400 K/W to 2600
K/W, but this is not enough. To drastically lower the internal temperature, we
propose adding 300 nm AIN spacer layers to the AlGaN cavity, which reduces
thermal resistance to 1100 K/W, which is similar to that of blue VCSELs. The
low thermal resistance of this design shows promise for realizing electrically
injected, continuous-wave AlGaN-based UVC VCSELs.

My contributions: I carried out all thermal modeling, simulations, and data
analysis. I wrote the original draft of the paper and Supplementary Informa-
tion, and edited them based on feedback from the co-authors.
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Paper C

Finite-size effects in photonic-crystal surface-
emitting lasers — critical discussion of different ap-

proximations
Submitted to Optics Express, 2025.

We present a comparative study of vertical and lateral loss estimation in
photonic-crystal surface-emitting lasers (PCSELSs), focusing on how finite-size
effects are influenced by the choice of an infinite-structure band model. Finite
coupled-wave theory (finite-CWT) provides accurate simulations for realisti-
cally sized devices but relies on the simplified infinite-CWT model. To comple-
ment this, we introduce k-space weighted loss estimation (kSWLE), a frame-
work that estimates outcoupling and in-plane leakage using arbitrary infinite
bandstructure models and allows deriving analytical expressions for the scal-
ing behavior in the limit of large-sized PCSELs. We apply kSWLE with both
CWT and guided-mode expansion (GME) models and show that the underlying
bandstructure significantly affects predicted losses and spectral characteristics.
In regimes where the lasing mode is dominated by a single band, kKSWLE re-
produces similar scaling trends as finite-CW'T. However, for small devices or
at specific fill factors, broader spectral distributions lead to ambiguous mode
classification and limit the applicability of both methods. The results highlight
the strengths and limitations of different bandstructure models and establish

kSWLE as a practical tool for evaluating size-dependent loss mechanisms in
PCSELs.

My contributions: I implemented the 3D finite-CWT method and per-
formed the finite-size simulations. The mode decomposition and the develop-
ment of the kSWLE framework were carried out together with the co-authors,
and Moritz Riedel performed the GME simulations. I also wrote the manuscript
and Supplementary Information with input from the co-authors.
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Chapter 8

Appendices

Appendix A - for pulsed heating at infinity

The change in thermal energy stored in the system (VCSEL) is governed by
the balance between input heating power P(t) and the rate of heat dissipation.
The thermal energy is related to the average temperature as

Q(t) = pe, V(1) (8.1)

where p is the material density, ¢, is the specific heat capacity, V is the volume
of the region, and T'(¢) is the average temperature. Differentiating and equating
with net heat input yields

% = P(t) — Quoss(t). (8.2)

To model thermal loss, we use the definition of the thermal resistance, assuming

T(t) — Tamp

Q 0ss(t) = 5 8.3
loss(t) o (8.3)
leading to the full ODE
dT T(t) — Tamp
V—=P(t) - ———. 8.4
peV G = P() = = (8.4)
This equation has an analytical solution when P(t) = Py is a constant
T(t) = Topp + PoRen {1 . exp(—t/f)} . (8.5)
with time constant
T = Rthcth = RthpCpV, (86)

where Cy, = pc,V is the thermal capacitance, which quantifies the amount
of heat required to change the temperature by a certain amount, and Ry,
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represents the difficulty of heat flowing out of the system. Together, these
parameters determine the rate at which the system responds to heating and
cooling. During the off-phase (e.g., between pulses), when P(t) = 0, the cooling
behavior is

T(t) = Tamp + (To — Tamp) exp(—t/T), (8.7)

where Tj is the device temperature at the start of the cooling phase. This model
captures the essential heating and cooling dynamics under pulsed conditions
and enables insight into the characteristic response time of the structure.
The on-pulse is defined as t,, = a7, and the off-pulse as t,s; = b7, and the
duty cycle can be expressed as
ton a

D= = 8.8
ton+toff a+b ( )

Recurrence relation

It is possible to derive the minimum and maximum temperature after an infinite
amount of heating and cooling cycles analytically using a recurrence relation. If
T,, is the temperature at the start of the n-th cycle, just before heating starts,
Th,0on is the temperature at the end of the on-phase, and T}, 11 = T}, o7 is the
temperature after the off-phase (i.e. the start of the next cycle), then during
the on-time (t,, = a7) we have

Ty on = Ty + Rin Py [1 - exp(—a)] . (8.9)
During the off-time (t,¢¢ = b7), the system cools exponentially
Tot1 = Tomp + (Th,on — Tams) €xp(—b). (8.10)
If we choose to express everything relative to the ambient temperature Ty,
AT, =T, — Tomp, (8.11)
the recurrence relation becomes

ATy = (ATn + R Po[1 — exp(—a)]) exp(—b) = rAT, + Ar, (8.12)

where A = Ry, Po(1 — exp(—a)) and r = exp(—b), so that 0 < r < 1 is intro-
duced for convenience. This captures the cumulative heating: each cycle adds
a fixed amount of heat during the on-pulse, and then some fraction of it de-
cays during the off-time. This is a first-order linear inhomogeneous recurrence
relation the solution and has a standard solution

AT, = Cr" +T, (8.13)
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where the first term on the righ-hand-side is the homogenoeus solution, and
the second term the particular solution. To find the particular solution, we
assume a constant solution AT, ; = AT,, =T,

4 BoPo[1—exp(—a)]
T,=rT,+Ar =T, = T = T — oxp(—b) . (8.14)

For the homogeneous solution we have
AT, 1 = AT, — AT" = Cr™. (8.15)

Now we apply the initial condition (device temperature is equal to the ambient
temperature before pulsed operation) AT (t =0) =0

0=Cr'+T,— C=-T,. (8.16)
The full solution becomes

RuyPo[1 = exp(—a)|

AT, =T,(1—-r") = = oxp(—D)

[1 - exp(—bn)]. (8.17)

After an infinite amount of on and off cycles, the temperature rise at the end
of the off-pulse becomes

RuyPo[1 = exp(—a))

AT, = lim AT, = 1
of f T i 1 — exp(—b) (8.18)
At the end of the following on-cycle, the temperature becomes
0o 00 2 - exp(—b)
ATO’n = ATOff + RthPO |:]_ — exp(—a)} = RthPO |:]_ — exp(—a)] m
(8.19)

The analytical expressions derived above describe the steady-state minimum
and maximum temperatures under periodic pulsed heating using a lumped ther-
mal model. In this model, heat accumulation and dissipation are treated as
exponential processes governed by a single thermal time constant 7. Interest-
ingly, even when the off-time ¢,7s > 7, the model predicts a nonzero residual
temperature rise after each cooling phase. This is because, under the exponen-
tial decay assumption, no finite cooling period fully removes the injected heat,
a small fraction always remains. Over an infinite number of pulses, these resid-
ual contributions accumulate and converge to a steady-state minimum tem-
perature. While this behavior is mathematically consistent with the lumped
model, it slightly overestimates cumulative heating in the regime where the
off-time is much longer than the heating time and thermal response time.
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