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Abstract

Semiconductor lasers are compact, coherent light sources that have
enabled or transformed a wide range of applications since their invention
in the 1960s. They have rapidly matured at visible and infrared wave-
lengths; however, their progress at ultraviolet-C (UV-C, A\g<<280 nm)
wavelengths has been considerably slower. To date, continuous-wave
electrically driven UV-C edge-emitting lasers have been reported, but
vertical-cavity surface-emitting lasers have only been demonstrated un-
der optical pumping. Photonic-crystal surface-emitting lasers (PCSELs),
on the other hand, are a new type of semiconductor laser and have
recently attracted attention for their unique optical properties. They
combine watt-level single-mode output powers and circularly symmetric
beams with low divergence angles below 1°. PCSELs have demonstrated
strong performance at visible and infrared wavelengths, but were not
realized in the UV-C before this work.

In this thesis, we demonstrate the first UV-C PCSELs operating at
room temperature under pulsed optical pumping. We investigate the
influence of photonic crystal design parameters, including hole filling
factor, lattice constant, etch depth, and lateral photonic crystal size,
on lasing characteristics and address the challenges in achieving lasing
under electrical injection. Our results indicate that the lasing threshold
of PCSELs decreases with increasing device size. Therefore, a larger
size is beneficial for low-threshold operation. However, for large sizes
(>100 pm), current injection across the device area is challenging due
to the poor electrical conductivity of Al-rich AlGaN, which may prevent
lasing. To reduce the current spreading distance and improve current
uniformity, we introduce a ring-shaped photonic crystal design, where a
central circular region is etched to accommodate an additional n-contact.
These findings help better understand III-nitride-based UV-C PCSELs
and open a pathway toward future electrically driven devices.

Keywords: PCSEL, photonic crystal, AlGaN, III-nitride, UV-C, deep-
UV, zero group velocity
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Chapter 1

Introduction

1.1 Ultraviolet Light

Light is much more than what our eyes can see. Although our percep-
tion is limited to visible light, we experience other wavelengths in our
daily lives as well. The electromagnetic spectrum spans wavelengths
from gamma rays with extremely short wavelengths to radio waves with
wavelengths extending to kilometers and beyond (Figure 1.1). Ultra-
violet (UV) wavelengths lie just beyond the visible region and carry
higher energy than visible light. They range from 100 nm to 400 nm
and are usually divided into three regions: UV-A (320-400 nm), UV-B
(280-320 nm), and UV-C (100-280 nm), with the 100-200 nm region
generally called the vacuum UV.

WWWWWIWVVNVNAN N N7 T~ —

Gamma rays  X-rays uv II Infrared Microwaves Radio waves

0.0001 nm 0.01 nm 10 nm 1000 nm 0.1 cm 1m 100 m
| |
I |
100 nm 280 nm 320 nm 400 nm

Figure 1.1: The electromagnetic spectrum from gamma rays to radio waves
with a zoomed-in view of the UV region (100-400 nm) showing UV-A (320-
400 nm), UV-B (280-320 nm) and UV-C (100-280 nm).
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For many people, UV light is a term they first hear in warnings
about dangerous solar radiation and in the efforts they make to protect
themselves from its effects. The Sun emits radiation across all three re-
gions [1]. Most of the UV-A radiation passes through the atmosphere,
whereas a substantial portion of the UV-B is filtered out and all the
UV-C is absorbed by the ozone layer. We use sunscreens, UV-filtering
coatings and protective eyewear, and all this effort is to further reduce
the relatively small portion of UV radiation that reaches the Earth’s sur-
face. This is because the energy of UV light is high enough to damage
cellular DNA and can be harmful to humans [2]. On the other hand,
the same high energy (around 265 nm and below) is also very effective
at killing viruses and bacteria [3]. UV light also has uses in many mod-
ern technologies, including lithography and polymer curing, as well as
medical skin treatment and gas sensing (Figure 1.2).

3D printing

‘Water (rapid prototyping,
purification lightweight contruction)
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o) recycling)
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+ management  Sterilization s 1o fluorescent labels)
%D (LISA) (food, medical Plant lighting
.'3 equipment) (phyt.ochemicals, Medical
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(gases, multiresistant germs, DNA) ID cards)
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200 250 300 350 400 (nm)
UV-C UV-B UV-A

Figure 1.2: Overview of common UV applications with required wavelength
ranges and relative powers [4].
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1.2 Ultraviolet Light Sources

For a long time, mercury lamps were the primary light source in many
UV applications, especially for killing germs [5]. They were cheap and
reliable, and no other UV light source could compete with them. How-
ever, they pose environmental and health risks due to the mercury they
contain, which is a toxic heavy metal [6]. This concern motivated re-
searchers to develop a mercury-free UV light source that could replace
them.

In recent years, IIl-nitride-based UV light-emitting diodes (LEDs)
have emerged as a more compact, efficient and safer alternative to tra-
ditional mercury lamps [7]. They consist of alloys of Al, Ga, In and
N, and in the early stages of development of III-nitrides, achieving suf-
ficient p-type conductivity was a major challenge and remained so for
a long time [8]. It was finally solved by Japanese scientists in the late
1980s [9], which eventually led to blue LEDs [10]. This breakthrough
was awarded a Nobel Prize in Physics in 2014. Since then, researchers
have pushed the emission wavelength toward shorter wavelengths by in-
creasing the Al concentration and have successfully demonstrated UV
devices [11,12], despite much lower p- and n-type conductivities [13| and
external quantum efficiencies (EQE) [14, 15]. The emission wavelengths
of UV LEDs have currently reached down to 210 nm [16], which is the
direct band-to-band transition in AIN.

UV LEDs have offered a potential solution for applications that do
not require high power, a highly focused beam or a narrow linewidth [17].
Some applications, however, such as photolithography [18,19], surgical
procedures [20], or micro-machining [21, 22|, require lasers to achieve
high resolution and precision. The situation for UV lasers is similar to
UV LEDs. The UV laser market has long been dominated by a limited
number of sources such as frequency-converted diode-pumped solid-state
lasers and excimer lasers. Depending on the application and the target
wavelength, different gain materials are used for these lasers (Figure 1.3).
However, these lasers are expensive, bulky and exhibit low wall-plug effi-
ciency. Therefore, they are not an optimal solution to an application that
would benefit from a compact UV laser. III-nitride-based semiconductor
lasers offer a promising alternative.

Although UV semiconductor lasers have not yet matured enough to
replace conventional lasers, they are following a similar development path
to that of UV LEDs. GaN-based edge-emitting lasers (EELs) at UV-A
wavelengths above 370 nm progressed relatively quickly compared to UV-
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Figure 1.3: Different types of conventional excimer and frequency-converted
solid-state lasers used at UV wavelengths along with the III-nitride composition
required for the same target wavelength for semiconductor lasers [23].

B and UV-C, and have now reached watt-class output powers [24,25].
The main reasons are high conductivity, lower dislocation density, lower
optical losses and higher EQE compared to UV-B and UV-C laser diodes
[26]. GaN-based EELSs are readily available on the market [27].

In the UV-B region, after demonstrating lasing under pulsed current
injection in 2020 [28|, Meijo University has achieved another milestone
by demonstrating lasing under continuous-wave (CW) operation at room
temperature [29]. Recently, another group from Michigan University has
demonstrated pulsed UV-B lasing from an EEL grown by molecular beam
epitaxy [30]. These represent a significant progress in UV lasers, given
that the EQE in the UV-B is lower than in UV-A and UV-C [15].

In the UV-C region, Nagoya University demonstrated the first elec-
trically driven semiconductor-based EEL in 2019 [31]. This device was
grown on bulk single-crystal AIN and operated at room temperature un-
der pulsed current injection. Using an AIN substrate, which provides a
lower dislocation density for Al-rich compositions compared to foreign
substrates, such as sapphire [32], reduced threading dislocation density
and enabled lasing. Another important approach that enabled UV-C las-
ing was the use of a distributed polarization-doped (DPD) p-side, where
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the material composition gradually changes across the layer, leading to a
polarization field that generates free carriers [33], instead of an impurity-
doped layer with Mg. Although Mg doping is effective in GaN, it yields
much lower conductivity in Al-rich [II-nitrides due to the high ionization
energy at room temperature [34,35]. After the initial pulsed demonstra-
tion, Nagoya University achieved CW lasing at 5°C with heat sinking
by optimizing the epitaxial growth conditions to reduce point defects,
which are known to cause non-radiative recombination, and by adjust-
ing the layer thicknesses and compositions to increase the quantum well
confinement factor [36]. Later, they demonstrated CW lasing at room
temperature by reducing the stress and dislocation formation caused by
steep mesa sidewalls through a slanted mesa profile and placing the con-
tacts close to the mesa to decrease lateral series resistance [37]|. Building
on these, ULTEC inc, a Japanese startup founded by the same group,
has announced the first commercially available UV-C laser diodes [38].
In the case of vertical-cavity surface-emitting lasers (VCSELSs), las-
ing has been demonstrated in UV-A under CW current injection at room
temperature [39] but demonstrations in UV-B and UV-C so far have been
limited to pulsed optical pumping [40-42]. We have seen electrical injec-
tion only in UV-A and UV-B resonant-cavity LEDs [43,44], which can be
considered an intermediate step between LEDs and VCSELs. One of the
biggest challenges in UV VCSELs is achieving high-reflectivity mirrors
(>99%) in the III-nitride material system while at the same time having
good electrical conductivity and transverse electrical confinement with
low optical losses. Current solutions for the mirrors are epitaxially grown
distributed Bragg reflectors (DBRs) [45, 46|, porous DBRs [47, 48] and
dielectric DBRs [49,50]. Alternatively, hybrid devices, which incorporate
two types of DBRs, generally a dielectric DBR combined with a porous
or an epitaxial DBR, have also been implemented [51,52]. In epitaxially
grown DBRs, a large number of pairs is needed to achieve a high reflec-
tivity due to the low refractive index contrast. This low contrast also
narrows the stopband, making it difficult to align the peak wavelength
of the reflectivity spectrum with the resonance wavelength. Some groups
have addressed this issue by performing in-situ reflectance measurements
during DBR growth to control the position of the stopband [53]. On the
other hand, porous DBRs have a higher refractive index contrast, but
they are more difficult to fabricate and controlling the uniformity of the
porosity is challenging [54]. Optical performance may also be affected by
scattering [55]. Dielectric DBRs are promising due to their high refrac-
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Figure 1.4: Emission wavelengths of III-nitride-based PCSELSs reported by
different groups [63-73|. To avoid crowding, only the earliest demonstration
for each group or collaboration is displayed when multiple similar reports are
available. The shape indicates reporting group (circles: other groups, stars:
our group); the marker fill indicates the pumping method (solid: electrical
injection, open: optical pumping).

tive index contrast. However, substrate removal is necessary to access
both sides and deposit the layers. Additionally, the presence of dielectric
materials on both sides complicates current injection, especially for Al-
rich AlGaN devices, and the low thermal conductivity of these materials
can pose problems for heat management [56,57].

As these UV laser technologies continue to advance, another type
of semiconductor laser, the photonic-crystal surface-emitting laser (PC-
SEL), is attracting attention [58-61]. PCSELSs are a relatively new type
of semiconductor laser that can deliver higher powers while maintain-
ing single-mode operation and a circularly symmetric beam with a low
divergence angle (<1°) [62]. PCSELs emit from the surface, like VC-
SELs, but their epitaxial stack is analogous to that of a conventional
distributed-feedback (DFB) laser. A simple stack comprises a planar
waveguide and a layer with an alternating refractive index that perturbs
the guided mode. DFB lasers have a one-dimensional (1D) grating for in-
plane feedback, whereas PCSELS have a two-dimensional (2D) photonic
crystal for both in-plane feedback and vertical outcoupling.

The PCSEL concept has been applied to different material systems
and has enabled lasing in multiple wavelength ranges, including visi-
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ble [69,71,73-76] and infrared [77-83]. To date, only a limited num-
ber of reports have demonstrated III-nitride devices using 2D photonic
crystals for lasing, with a few at UV wavelengths and the majority at
blue wavelengths (Figure 1.4). Demonstrations at UV wavelengths are
comparatively rare, mostly due to inherent limitations of Al-rich III-
nitride materials such as low electrical conductivity, low material gain
and low refractive index. On top of that, the photonic crystal feature
size scales with the operating wavelength, requiring smaller features for
shorter wavelengths. This makes the fabrication more challenging and
the device more sensitive to fabrication imperfections. Before this thesis
work, one report has shown lasing at 367 nm by using a nanowire-based
2D photonic crystal [84]. Recently, our group at Chalmers University of
Technology demonstrated the first UV-C PCSELs with low-divergence
far fields and 2D lasing under optical pumping at room temperature
[Paper A].

1.3 Outline

This thesis aims to provide a general overview of PCSELs, detail the first
demonstrations in the UV-C regime, and discuss the challenges in future
electrically driven PCSELs. Chapter 2 covers a brief introduction to
the III-nitride material system. Chapter 3 provides a general intro-
duction to PCSELs and explains their operating principles. Chapter 4
introduces the first optically pumped UV-C PCSEL demonstrations us-
ing hexagonal and square lattices of circular holes. Chapter 5 addresses
the challenges in electrically driven devices, focusing on the regrowth-free
fabrication method used in our optically pumped devices and introduces
a novel device concept based on a ring-shaped photonic crystal, which
has the potential to reduce current spreading length and improve current
uniformity. Finally, Chapter 6 summarizes the thesis and outlines the
future trajectory of UV-C PCSEL development using the regrowth-free
method.
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Chapter 2

(General Properties of
I1I-nitride Materials

2.1 Crystal structure

[TI-nitride materials are binary compounds formed by group-III elements
(Al, Ga, In) with the group-V element nitrogen (N), and their ternary
and quaternary alloys [13|. These materials exhibit three crystalline
forms: wurtzite, zincblende and rock salt. The rock salt crystal forms
only under extreme pressures and is not possible to grow epitaxially. Ex-
perimental transition pressures into the rock salt phase are on the order
of several tens of gigapascals [85-87|. The zincblende form is metastable
under normal pressure and temperature but can be stabilized by epi-
taxial growth on certain planes of cubic substrates, such as (011) in Si
or GaAs. It consists of two interlacing face-centered cubic sublattices,
one for the group-III elements and one for the group-V element. Among
the three crystal structures, wurtzite is the only thermodynamically sta-
ble phase at normal conditions and consists of two interlacing hexagonal
close-packed sublattices. Although wurtzite and zincblende appear sim-
ilar, the stacking of close-packed planes in zincblende has a 60° rotation
around the [111] axis relative to the [0001] axis in wurtzite, also known as
the c-axis (Figure 2.1). The focus of this thesis is on wurtzite [1I-nitrides,
as they are the most common form.

Waurtzite crystals are defined by three structural parameters: two lat-
tice constants, a (basal plane side length), ¢ (unit cell height) and u, a
dimensionless structural parameter that represents the ratio of the bond
length in the c-axis to the lattice constant c. Wurtzite III-nitrides lack



Chapter 2. General Properties of I1I-nitride Materials

Wurtzite Zincblende

Figure 2.1: (a) Schematic showing the atomic sites for wurtzite and
zincblende crystals. (b) View along the [0001] direction in wurtzite and [111]
direction in zincblende.

inversion symmetry, meaning that the [0001] and [0001] directions are
different, leading to a polarity in the crystal (Figure 2.2). The bond-
ing asymmetry in the crystal leads to a built-in spontaneous polariza-
tion (Psp) along the c-axis. AIN has the highest spontaneous polariza-
tion among the Ill-nitrides (AIN: —0.081 C/m?, GaN: —0.029 C/m?,
InN: —0.032 C/m?) due to its highly ionic AI-N bond, which causes a
deviation of the structural parameter u from the ideal wurtzite value [88].
When the crystal is strained, it induces an additional piezoelectric po-
larization (P,;), and the total polarization is the sum of these two po-
larization vectors.

The built-in polarization creates an internal electric field and the
magnitude of the electric field is different for different crystallographic
orientations, which leads to polar, semipolar and nonpolar planes. The
plane perpendicular to the c-axis, known as the c-plane (0001), is the
primary polar orientation in ITI-nitrides (Figure 2.3), as the polarization
vector is normal to this plane. In contrast, in the m-plane (1100) and
a-plane (1120), the polarization vector lies within the plane and has
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Ga-polarity  N-polarity
o Al,Ga,In [0001]
ON T
@ Charge center

[0001]

Figure 2.2: Schematic showing the Ga- and N-polar crystals along the [0001]
and [0001] directions. The red arrows indicate the polarization directions.

no component normal to the surface. Therefore, these crystallographic
planes are considered nonpolar. In other crystallographic planes, the
polarization vector is tilted relative to the c-axis; therefore, it has both
in-plane and normal components. These are called semipolar planes.

2.2 Optical properties

[II-nitrides are direct band gap materials that have continuously varying
band gap energies that range from 0.7 €V for InN to 3.4 €V for GaN and
6.1 eV for AIN at room temperature. With this wide range, they span
from UV-C wavelengths (~210 nm) to infrared (~1500-1700 nm). The
band gap of different compositions of ternary alloys of AlGaN, InGaN
and AlInN can be calculated using

Ejz)=xE,a+(1—2)E;p—bx(l—2x) (2.1)

where E,(x) is the band gap of the corresponding ternary alloy, E, 4 and

E, p are the band gaps of the corresponding binaries. b is the bowing

Polar Semipolar Nonpolar
; (2021)
; ; a-plane
.. (1120)
m-plane
(1700)

Figure 2.3: Crystallographic planes in wurtzite III-nitrides showing the polar,
semipolar and nonpolar orientations.
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parameter and is 0.7 €V, 1.4 eV and 2.5 eV for AlGaN, InGaN and AllnN,
respectively [89]. Figure 2.4 shows the band gap energies, corresponding
emission wavelengths and lattice constants (basal plane side length, a)
of wurtzite AIN, GaN, InN and their alloys for different compositions.

5 6 200 R
K0 \g/
EB A 300 o
% 3 400 %0

500 =
) 600 £
&0 800 .
T =
g 1550
aal

0 |
30 3.1 32 33 34 35 36

Lattice constant (A)

Figure 2.4: Band gap energies, corresponding emission wavelengths and lat-
tice constants (basal plane side length) of wurtzite AIN, GaN, InN and their
alloys for different compositions. The data is taken from [89].

The band structure of ITI-nitrides is influenced by strain, which shifts
the bands and changes band gap energies [90]. This is particularly impor-
tant because III-nitrides are usually grown on foreign substrates, such as
sapphire and SiC, introducing strain caused by lattice mismatch. Strain
also develops because of lattice mismatch within the epitaxial struc-
ture. Additional strain can also be introduced during wafer cooling af-
ter growth, due to differences in the thermal expansion coefficients of
the substrate and the epitaxial layers [91]. These combined sources of
strain modify the band gap; for example, the band gap of GaN grown
on sapphire is 17 meV higher than that of free-standing GaN as a result
of compressive strain [92]. The band gap, and therefore the emission
wavelength, is also affected by temperature, red-shifting with increas-
ing temperature. From 7 K to 295 K, the band gap of AlGaN shifts
by approximately 0.065 eV, independent of composition [93]. For higher
temperatures up to 800 K, the shift can be as high as 0.35-0.37 €V for
different Al compositions [94].

In addition, the hexagonal anisotropy in wurtzite also has an influ-
ence on the band structure and causes splitting of the top three valence
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2.2. Optical properties

bands due to crystal field and spin-orbit coupling [4]: heavy-hole, light-
hole, and crystal-field split-off, also referred to as A, B, and C bands,
when ordered in energy in GaN (Figure 2.5). In AIN, due to a large
negative crystal field, the bands shift and the order becomes crystal-
field split-off, heavy-hole and light-hole for A, B, and C, respectively.
In GaN, the transition from the conduction band to the A band emits
light polarized perpendicular to the c-axis, i.e., in the c-plane, yielding
transverse-electric (TE) polarization. In contrast, the transition from
the conduction band to the B or C band can emit light with polariza-
tions both perpendicular and parallel to the c-axis, giving rise to both
TE and transverse-magnetic (TM) polarized emission. The ratio of TM
to TE emission increases with increasing Al composition [95]. In a device
grown on the c-plane, extracting TM emission is more difficult because
TM waves are trapped in the layers by total internal reflection and prop-
agate laterally, thereby reducing light extraction efficiency. Transitions
from the conduction band to the subbands also have different matrix
elements [96], resulting in different optical gains for different transitions.

a. b.
GaN AIN
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Figure 2.5: Schematic of the valence band splitting in wurtzite a. GaN and
b. AIN.

The curvature of these bands influences the material gain and dif-
ferential gain in III-nitrides. The bands are relatively flat, for instance,
compared to those of GaAs, leading to higher effective electron and hole
masses [97]. This, in turn, leads to a higher density of states, which
increases the theoretical maximum material gain, but also increases the
carrier density required to reach transparency and lowers the differential
gain [98]. This limitation is compounded by the polarization field caused
by the lack of inversion symmetry. At the device level, the gain is fur-
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ther degraded by low dopant activation efficiencies, which lead to reduced
carrier injection efficiency and therefore fewer carriers, low electron-hole
wavefunction overlap in the quantum wells (QWs) due to the polariza-
tion field and poor crystal quality with high defect density. In the c-
plane in QWs and heterostructures, the internal electric field induced
by spontaneous polarization and/or piezoelectric polarization increases
the carrier lifetime, separates the electron and the hole wavefunctions
and decreases the band gap energy, causing a redshift in the absorption
and emission wavelengths. This is known as the quantum-confined Stark
effect (QCSE) [99,100]. The electric field reduces the electron-hole wave-
function overlap, thereby lowering the radiative recombination rate. Fig-
ure 2.6 illustrates a GaN quantum well between two AlGaN layers along
the c-axis, showing the tilting of the electron and hole energy levels, the
decrease in the band gap energy and the wavefunction overlap. At high
current or pump power densities, the internal field is reduced and the
QCSE is screened; thus, the emission blue-shifts toward the zero-field
transition energy [101,102]. At the operating conditions of semiconduc-
tor lasers, typically on the order of kA /cm? current densities, the QCSE
becomes negligible. Heavy doping levels around 10" ¢cm™3 also result in
the screening of the effect due to the electric field induced by the free
carriers [103].

Polar Nonpolar
AlGaN GaN AlGaN AlGaN GaN AlGaN
[0001] | | [1100]
— —
Pspﬂ— : E I Eg1<EgZI E E
E, /DV ““““ =&,

Figure 2.6: Schematic of the energy band diagrams of GaN/AlGaN QWs for
polar and nonpolar orientations.

A way to mitigate the effect of the QCSE on the wavefunction overlap
is to use thin QWs [104], which are typically less than 3 nm in III-nitride
devices. Thick QWs provide higher confinement factors but suffer from
low matrix elements [98|. However, recent research shows that thick QWs
can also be beneficial for high optical gain and low threshold [105,106].
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In thick QWs, the QCSE is screened by the carriers in the fundamental
state, which enhances the wavefunction overlap of the excited states,
thus enabling higher optical gains.

The effects of the built-in electric field can also be reduced by growing
epitaxial layers on nonpolar or semipolar crystallographic planes [107].
Although this approach increases the optical matrix element, epitaxial
growth is complex and crystals grown on nonpolar and semipolar planes
often have higher defect densities compared to those grown on the c-
plane [108|. In addition, the available substrate sizes for non-polar and
semipolar orientations are limited, which substantially increases costs
and reduces yield. Due to these practical reasons, as well as the avail-
ability of substrates and well-established buffer layers, most III-nitride
devices are grown on the c-plane.

2.3 Electrical properties and doping

The electrical properties of III-nitrides make them ideal for applications
that require high power and high speeds. This is mostly due to their
large band gaps, which yield high breakdown voltages; the relatively
high electron mobility of GaN, which enables fast switching and high-
frequency operations; and their thermal properties, which allow for stable
device performance at high temperatures and power levels. However,
the free carrier concentration is generally lower than that of other IT1I-V
semiconductors at room temperature, especially for p-type, due to the
large band gap and the deep acceptor levels. This makes efficient doping
challenging for III-nitrides, particularly for Al-rich compositions [13].

Early GaN crystals had unintentional n-doping that could reach a
concentration of 1017-10'” e¢m™3, most likely due to donor impurities
such as oxygen and silicon that are incorporated during growth [34,109].
This issue was later resolved by improving the growth conditions. Now,
with intentional Si doping, the most common donor type in GaN, a
doping concentration of ~10' ecm™ can be achieved [110]. At higher
Si doping concentrations, the thickness of the layer that can be grown
without degrading the quality of the material or introducing a crack is
limited because of the strain introduced by heavy Si doping [111].

For p-type doping, the most commonly used acceptor in GaN is Mg.
Achieving p-type conductivity requires activation of Mg by breaking the
Mg-H bond that is formed during the growth because of the Hy carrier
gas. Excess hydrogen is then removed by a high-temperature annealing
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3 can be achieved at room tem-

step. A hole concentration of ~10' cm~
perature in GaN grown by metal-organic chemical vapor deposition [112].
Because the activation energy of Mg in GaN is approximately 150—
200 meV, less than 1% of the acceptors are ionized at room temperature.
This low activation efficiency issue becomes more pronounced for AlGaN
alloys, especially with high Al compositions. The activation energy in-
creases with increasing Al composition, reaching about 500-600 meV for
AIN. Since the acceptor energy level is so deep, only an extremely low
fraction (107?) of acceptors are ionized at room temperature [113]. The
resistivity of p-doped AIN is on the order of mega-ohms, which is es-
sentially insulating. Although the ionized carrier concentration is higher
in Al-rich AlGaN alloys compared to AIN, it is still very low. To in-
crease the hole concentration, researchers have recently adopted DPD
to eliminate the limitations of impurity doping [31]. With a 50-nm-
thick distributed-polarization-doped layer of Al,Ga;_,.N with a graded
Al composition from x = 1.00 to x = 0.70, a free carrier concentration
larger than 10'® cm™ can be achieved [114]. This approach has sig-
nificantly improved the p-type conductivity in devices based on Al-rich
AlGaN alloys and enabled lasing at UV-C wavelengths [31].

When it comes to n-doping of Al-rich AlGaN alloys, although it
is relatively easier for low Al compositions, it becomes more difficult
for Al compositions higher than ~80% [115]. For AlGaN alloys up to
80% Al composition, Si is a shallow donor with an activation energy
of ~15 meV [34], which increases rapidly for higher compositions and
becomes a deep-level donor. For MOCVD-grown AlGaN, the electron
concentration can exceed 10! ¢cm™ [116]. The main limiting factor
for this Al-composition range is the self-compensating defect formed by
group-IIl-vacancy complexes with Si, which reduces net donor concen-
tration. For higher Al contents, the electrical properties degrade (i.e,
lower electron concentration, lower mobility, lower conductivity) due to
the increasing donor activation energy, degradation in material qual-
ity, DX center formation that acts as a compensation center and self-
compensating effects.

On the InN side, the low growth temperature and the large lattice
mismatch with available substrates make it difficult to obtain high-quality
single-crystal material. To date, reported InN materials often show very
high unintentional n-doping that can reach 10?! cm™3 [117]. This is
mainly because in InN the Fermi stabilization energy (Erg) lies above
the conductive band edge and when the Fermi level is below the Fermi
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2.3. Electrical properties and doping

stabilization energy (Er < Epg), donor-like native defects form [118].
As these defects form, the Fermi level moves toward the Fermi stabiliza-
tion level, which leads to very high unintentional n-type carrier concen-
trations and limits the maximum intentional doping levels that can be
achieved. Pinning the Fermi level in the conduction band also prevents
achieving p-type conductivity. Although some reports claim p-type dop-
ing [119], reproducible and reliable p-doped InN planar films still remain
challenging.
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Chapter 3

Photonic-Crystal
Surface-Emitting Lasers

3.1 PCSEL History

PCSELSs combine the unique properties of other types of semiconductor
lasers, such as the large gain area of EELs and the circularly symmet-
ric beam profile of VCSELs. A comparative overview of these lasers is
shown in Figure 3.1. The PCSEL concept was first introduced by two
different groups in 1999 [120, 121]. Meier et al. used an organic gain
medium and achieved lasing using a 2D photonic crystal. However, their
device operated at the X-point in the band structure, where coupling
occurs only in 1D and therefore a 2D standing field cannot form. Imada
et al. used an InP-based device and designed the photonic crystal to op-
erate at the I'-point, allowing a 2D standing field and emission from the
surface. Their early device relied on wafer fusion to encapsulate the pho-
tonic crystal. This approach was later replaced by epitaxial overgrowth
techniques, which enabled the first blue PCSEL in the GaN material
system [64]. The first blue PCSEL had a hexagonal lattice with cir-
cular holes and a threshold current density of about 67 kA /cm?. The
high threshold current density was attributed to the low photonic-crystal
confinement factor and the losses associated with the SiO9 in the holes.
Later, employing a square lattice with asymmetric holes enabled watt-
level output powers in the GaAs material system [122]. Adjusting the
degree of the asymmetry of the holes allows controlling the radiative
losses [123]|. The square lattice provides greater flexibility for breaking
symmetry and tailoring outcoupling, whereas the high degree of sym-
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Figure 3.1: Comparison of EELs, VCSELs and PCSELs.

metry of the hexagonal lattice limits control over outcoupling [69]. In
addition to these two conventional lattices, other lattice types and hole
geometries have been utilized to control radiation losses and engineer the
optical modes [72,124-127]. Examples of different lattices are shown in
Figure 3.2. To scale up the device area while maintaining single-mode
lasing, Noda’s group at Kyoto University adopted the double-lattice ap-
proach, in which higher-order modes experience destructive interference
and are therefore canceled [128]. The addition of the second lattice en-
hances the modal discrimination and enables single-mode operation at
larger sizes, leading to higher output powers. Benefiting from this, the
double-lattice design has led to watt-level output power in the GaN ma-
terial system at blue wavelengths [69]. With the optimized regrowth con-
dition and waveguide design, the threshold current density was reduced
to ~3 kA /ecm?. Another approach to increase the device size without
introducing higher-order modes is to use open-Dirac cavities, where the
fundamental mode exhibits a flat field profile across the photonic crystal
that suppresses spatial hole burning [129].

Without increasing the size of an individual PCSEL, it is also possible
to increase the output power of PCSELSs by coupling them together in
a 2D array [130,131]. Such a configuration allows the devices to benefit
from the lateral losses of the neighboring devices and to increase power
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more efficiently [132]. More recently, output powers have been further
increased with PCSELs achieving 1.8 kW under pulsed operation by
employing multiple active layers through a tunnel junction [133]. Besides
scaling for higher power, more sophisticated functionality has also been
explored, such as beam steering and tailored beam patterns [134-136].
This is achieved by shifting the positions of individual holes, thereby
modulating the phase. In addition, PCSELs are capable of delivering a
very narrow spectral linewidth due to their large area [59], with recent
work reporting values as low as 1 kHz at watt-level output powers [137].

a. b. C. d.

Figure 3.2: Different lattice types used in PCSELs: a. hexagonal, b.. honey-
comb, c., square and d. double-square lattice. The areas indicated by a white
dashed line show the unit cell.

In PCSELSs, the photonic crystal diffracts light equally in both the
upward and downward directions. Therefore, in an ideal device, the
wall-plug efficiency is limited to 50% if one emission direction is lost. To
overcome this and increase efficiency, a DBR has been incorporated to
redirect one of the emission directions [138]. In addition, PCSELs usually
have a non-uniform current distribution, which results in a temperature
gradient across the device. This causes a change in refractive index,
which then leads to different resonant frequencies in different spatial
regions of the device. By spatially correcting the lattice constant to
compensate for the current-induced refractive index change, a laterally
larger standing field can be maintained. This approach has enabled 3-
mm-sized GaAs-based devices with a divergence angle of 0.05° and an
output power of 50 W under CW operation [139].

3.2 PCSEL Fundamentals

3.2.1 Vertical mode profile

In PCSELSs, unlike conventional semiconductor lasers, the optical cav-
ity is created by a 2D photonic crystal. The photonic crystals support
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Figure 3.3: a. Schematic of the UV-C PCSEL and its epitaxial layers. b.
Refractive-index profile overlaid with the vertical mode intensity for a PCSEL
with a 300-nm-deep photonic crystal and a 10% hole filling factor.

modes with vanishing group velocities, which form a 2D standing wave.
This standing wave is diffracted by the photonic crystal through Bragg
diffraction and emitted from the surface. As in EELs, the waveguide and
the cladding layers provide vertical confinement. A simple PCSEL struc-
ture comprises a waveguide between two cladding layers and a photonic
crystal placed close to the waveguide to ensure that the optical mode
has an overlap with the photonic crystal.

Figure 3.3a shows the schematic and the epitaxial layer stack of
the UV-C PCSELSs used in this work. From bottom to top, the lay-
ers consist of a sapphire substrate, followed by a 1730 nm bottom AIN
cladding, a 76-nm-thick Al 79Gag.30N waveguide core with three 2-nm-
thick Aly 40Gag.goN QWs separated by 5-nm-thick Al 70Gag.30N barriers,
and a top AIN cladding. Two top cladding thicknesses (d ;) were used:
100 nm and 320 nm, with 320 nm used unless stated otherwise. The
devices have hexagonal or square lattices of circular holes, with different
lattice constants (a) and etch depths (teten). teten indicates the height
of the photonic crystal mesa, while t,. is the depth inside the holes as
illustrated in Figure 3.3a.
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3.2. PCSEL Fundamentals

Figure 3.3b shows the refractive index profile overlaid with the fun-
damental mode intensity profile along the vertical direction calculated
using the Transfer Matrix Method [140]. The refractive indices used
for the calculations are 2.28, 2.46 and 2.64 for AIN, Aly70Gag.30N and
Alp.40Gag.goN, respectively, at a wavelength of 275 nm. The layers are
terminated with 200 nm air at the top and 500 nm AIN cladding at the
bottom. The photonic crystal depth (tpc) is 300 nm with a hole fill-
ing factor (F'F') of 10%, defined as the ratio of the air hole area to the
unit cell area. The refractive index of the photonic crystal layer can be
approximated as the weighted average of the refractive indices of AIN
(naN) and air (ngir): nain X (1 — FF) 4+ nae X (FF). Here, the lattice
type is not relevant as the photonic crystal layer is modeled using an ef-
fective refractive index based on F'F'. The photonic crystal confinement
factor, I'pc and QW confinement factor, I'qw were calculated using

/5(z)\E(z)|2dz
I'pc = 22C (3.1)

/ £(2)|E(2)|* dz 7
all

/ ()| E(2)[2 d2
QW

Fqw = ;
JECLEORE

where FE(z) is the electric field amplitude and £(z) is the relative
permittivity as a function of the vertical coordinate. I'pc and I'qw are
estimated to be 5.4% and 5.8%, respectively. For a PCSEL with a thinner
top AIN cladding layer (e.g., dgny = 100 nm) the air/surface interface
could perturb the evanescent tail of the optical mode, push the mode
down and reduce the confinement factors. For d 4y = 320 nm, the layer
is sufficiently thick for the optical mode to fully decay before reaching the
interface, so the confinement factors are not affected by the air. These
confinement factors are important for the lasing threshold of PCSELs
and will be discussed later in this thesis. The threshold condition in
PCSELs can be written as

TQw Jmat = Qver + Qlat + Q4. (3.3)

Here, gmat is the threshold material gain, aye, represents the vertical
losses, which correspond to radiation losses, «g,¢ represents the lateral
losses due to finite size and «; represents the internal losses caused by
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scattering or optical absorption, as depicted in Figure 3.4. The radiative
efficiency of a PCSEL, 7.4, can be defined as the ratio of the vertical
radiation loss to the total loss. I'qw directly affects the modal gain,
whereas I'pc influences the loss terms awer and aga. A higher Doy
increases the modal gain, therefore reduces the required material gain.
A higher I'pc decreases oy, as the in-plane coupling strength increases,
but it also increases radiative losses oo as the mode is diffracted more
strongly.

Taver

AR n o Qyer
rad —

Figure 3.4: Loss mechanisms and radiative efficiency in PCSELs.

3.2.2 Photonic crystals and photonic band structure

2D photonic crystals have periodically alternating refractive indices
which create a photonic band structure [141,142|. This is analogous
to the electronic band structure created by the periodic arrangement of
atoms in a lattice. The photonic band structure shows the allowed eigen-
modes together with their frequencies and wave vectors and governs their
propagation. To calculate the band structure of a photonic crystal, we
start with Maxwell’s curl equations for an isotropic and non-magnetic
((permeability identical to vacuum/free space)) medium in the absence
of a source or a sink.

OH(r,t) OE(r,t)
ot ot

where £(r) is the varying relative electric permittivity as a function of
position, €qg is the permittivity of free space and ug is the permeability
of free space.

Assuming fields that vary as e*?, after eliminating the electric field
and removing the time dependence, we obtain the master equation

V x (Lv x H(r)) - (f)zﬂ(r), (3.5)

e(r) c

where ¢ = 1/,/gop0 is the speed of light in vacuum.

VXE(r,t)+uo =0, VxH(r,t)—epe(r) =0, (3.4)

W
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Since the refractive index profile is periodic, we can use Bloch’s the-
orem to write magnetic fields as:

Hy (r) = e®Tuy(r), (3.6)

where k is the wave vector and ug(r) is a function that describes the
periodicity of the lattice.

For a 2D photonic crystal that is uniform along the z-axis, the field
can be expressed as two independent polarizations: transverse electric
(TE), where the magnetic field is out-of-plane and transverse magnetic
(TM), where the electric field is out-of-plane. In the TE case, we can
reduce the master equation to the Hermitian scalar wave equation

V(s vim) = (9) ) (3.7)

— . 2 r —= — > r). .
e(r) c

Any arbitrary reciprocal lattice vector G can be written using the recip-

rocal lattice basis vectors K and Ky as

G = mK; + nKo, m,n € 7Z. (3.8)

The inverse relative permittivity that describes the periodic variation
can be written as a Fourier series using the reciprocal lattice vector G

as .
iG-r
— = > uge" ", (3.9)
%

and the scalar Bloch function that describes the periodicity of the lattice
can be written using G as

ui(r) =) ca(k)e®T, (3.10)
G

where ug and cg (k) are the Fourier coefficients of the permittivity and
the magnetic field, respectively. By substituting Eq. 3.9 and Eq. 3.10 into
Eq. 3.7, it can be converted into an algebraic eigenvalue problem. The
most widely adopted way to solve Eq. 3.7 is the Plane Wave Expansion
(PWE) method [143].

To apply the 2D PWE method to calculate the band structure of a
3D PCSEL, which incorporates a vertical structure and a 2D photonic
crystal pattern, a 2D photonic crystal can be used with effective permit-
tivities estimated using the two conditions provided in [144],
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FFe,+ (1 — FF)ey, = n2g, (3.11)

Ae = ¢gp — &g, (3.12)

here, Ae denotes the effective permittivity difference multiplied by
I'pc. Using neg = 2.31, I'p¢ = 5.4% and FFF = 10%, the calculated
values are ¢, = 5.1321 for the air hole and ¢, = 5.3588 for AIN.

Figure 3.5a and 3.5b present a hexagonal lattice and its reciprocal
lattice, respectively; and Figure 3.5c presents the TE-mode photonic
band structure along the symmetry points, calculated using the 2D PWE
method [145]. Figure 3.5d displays the 3D band structure as a comple-
mentary view. Figure 3.6a to Figure 3.6d illustrate the corresponding
results for a square lattice, calculated with the same numerical parame-
ters. The six-fold symmetry of the hexagonal lattice produces six band-
edge modes at the I'-point (labeled A, By, By, C, D1, Do, in increasing
energy order), where the group velocity of light (v, = dw/dk) vanishes,
while the square lattice yields four band-edge modes (labeled A, B, C,
D, in increasing energy order) due to its four-fold symmetry.

The out-of-plane (H,) magnetic field distribution of these modes,
calculated using the finite element solver COMSOL Multiphysics® [146],
is shown in Figure 3.7. The in-plane electric fields are overlaid as an
arrow plot. In the hexagonal photonic crystal, the A, By, Bs and C
modes have perfectly antisymmetric electric fields that undergo destruc-
tive interference and thus cancel out along the normal direction (Fig-
ure 3.7a). Therefore, in an infinite photonic crystal with circular holes,
they are confined in the structure and have zero radiation losses, i.e.,
ayer = 0 [147]. Such modes are called non-leaky modes. In practice,
however, photonic crystals have finite sizes. Their boundaries introduce
field asymmetry and lead to radiation. Imperfections caused by fabri-
cation and any non-uniformity in the structure also create local field
asymmetry and contribute to radiation. In the D; and Dy modes, the
electric fields are not antisymmetric; therefore, they do not experience
complete destructive interference and leak out. These modes are leaky
modes and they exhibit higher radiation losses compared to the other
band-edge modes. This increases their lasing threshold, and they there-
fore are generally not favored for lasing [148]. For a finite-sized photonic
crystal with circular holes, ayer and g, scale approximately with 1/ L?
and 1/L3, respectively, where L is the size of the photonic crystal [149].
For the non-leaky band-edge modes, ayer decreases as the device size
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Figure 3.5: a. Hexagonal lattice with circular holes and b. its reciprocal
space. The reciprocal lattice positions G are indicated by the black dots. c.
2D and d. 3D band structures of an AIN /air photonic crystal with a hexagonal
lattice of circular holes and 10% F'F, calculated using the 2D PWE method.
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Figure 3.6: a. Square lattice with circular holes and b. its reciprocal space.
The reciprocal lattice positions G are indicated by the black dots. c. 2D and
d. 3D band structures of an AIN/air photonic crystal with a square lattice of
circular holes and 10% F'F', calculated using the 2D PWE method.

increases, indicating that the power outcoupled, therefore, the slope effi-
ciency decreases. Ultimately, it would approach zero as the size becomes
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infinitely large. In the case of the square lattice (Figure 3.7b), the A
and B modes are antisymmetric, therefore non-leaky and do not outcou-
ple in an infinite photonic crystal, whereas the C and D modes are not
antisymmetric and exhibit radiation losses [150].

Figure 3.7: Out-of-plane magnetic field distributions (colors) and the in-plane
electric field vectors (arrows) of the band-edge modes of an infinite photonic
crystal with a. a hexagonal (FF = 10%) and b. a square lattice (FF = 10%)
of circular holes.

3.2.3 Coupling mechanisms

In a 2D photonic crystal with reciprocal lattice basis vectors K; and Ko,
coupling occurs if the following two conditions are satisfied

kg =k; + mK; + nKos, m,n € 7, (3.13)

wq = wj. (3.14)

Here, kq and k; represent the diffracted and incident wave vectors, re-
spectively, while wg and w; denote the frequencies of the diffracted and
incident waves.

In conventional 1D DFBs, coupling occurs only along a single axis
due to the 1D periodicity and 1D propagation, resulting in the coupling
of forward- and backward-propagating waves along the same axis [151].
2D photonic crystals support coupling in multiple directions due to their
2D periodicity. In hexagonal lattices, coupling can occur at 60°, 120°,
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180° and normal to the surface (Figure 3.8). The 60° (kq = k; + K2 and
kg = ki—l—Kl—Kg) and 120° (kd =k;+Ki1+Ksand kg = ki+2K1—K2)
cases result in 2D oscillations, thereby generating 2D standing fields. The
180° case corresponds to coupling along the same axis as the incident
wave, as in 1D DFBs. This leads to 1D oscillations, which could prevent
the formation of a 2D standing wave.

[ ]

Figure 3.8: Vector diagram of (a) in-plane (60°, 120°, 180°) and (b) out-of-
plane coupling in hexagonal lattice photonic crystals.

Figure 3.9: Vector diagram of (a) in-plane (90°, 180°) and (b) out-of-plane
couplings in square lattice photonic crystals.

In square lattices, coupling occurs in 90° (kg = k; + K; — Ko and
ka = k; + K1 +K>) and 180°(kq = k; +2K;) (Figure 3.9). 90° coupling
is responsible for 2D fields whereas 180° leads to 1D oscillations. The 90°
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coupling forms a 2D standing wave, while the 180° case is similar to the
180° case in hexagonal lattices and 1D DFBs. If coupling predominantly
occurs at 180°, in both square and hexagonal lattices, the photonic crys-
tal behaves as a 1D DFB [65, 152|, which leads to a highly divergent
emission [79]. In that case, mode competition may arise between waves
oscillating in different crystallographic directions, leading to multimode
lasing [153]. In PCSELSs, 2D oscillations are desired because they lead
to a 2D standing field and low-divergence emission.

To better understand whether a device will show dominant 1D or 2D
lasing, it can be helpful to have a closer look at the coupling constants,
which quantify the strength of Bragg scattering and the rate of energy
transfer between the modes [154]|. For a hexagonal lattice, they can be
derived from the frequencies of the band-edge modes at the I'-point using
the equations given in [155]

2(—wa — wp +we + wp)
K1 = , 3.15
! wA + 2wp +we + 2wp o ( )

2(—wa + wp —we + wp)
Ky = , 3.16
2 wa + 2wp + we + 2wp bo ( )

_ wA —2wp —we +2wp

— : 3.17
wA+2wB+wc+2wD60 ( )

K3

where [y = 471'/\/§a, and w4, wp, wc and wp are the frequencies
of the band-edge modes. wp and wp represent the frequencies of the
degenerate modes B1-Bo and D-Ds, respectively. The x; and k9 are the
coupling constants representing the waves that couple at 60° and 120°,
i.e., responsible for 2D oscillations. k3 is the coupling constant that
represents counter-propagating waves, i.e., 180 degree coupling, that are
responsible for 1D oscillations.

Figure 3.10 shows the calculated band-edge frequencies using the 2D
PWE and the calculated coupling constants calculated using Eq. 3.15—
3.17. The PCSEL used in the simulation has (¢ = 140 nm, dqyn =
100 nm, tpc = 70 nm) and the permittivities were estimated using Eq.
3.11 and 3.12. For low F'Fs (<10%), the 1D and 2D coupling con-
stants have similar values and increase up to 10% FF. This indicates
competition between 1D and 2D coupling for the low F'F regime. At ap-
proximately 10% FF, the 1D coupling constant k3 reaches its maximum
value while the 2D coupling constants continue to increase.
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Figure 3.10: a. Calculated band-edge frequencies at the I'-point for a PCSEL
with a hexagonal lattice (a = 140 nm, da;ny = 100 nm, tpc = 70 nm) as a
function of F'F' using the 2D PWE and b. coupling constants of the same
PCSEL as a function of F'F, derived from the band-edge frequencies.
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Chapter 4

Optically Pumped UV-C
Photonic-Crystal
Surface-Emitting Lasers

4.1 Regrowth-free Approach

The fabrication method is a regrowth-free approach that eliminates the
need for a complex regrowth step that affects the final photonic crystal
dimensions and simplifies the overall process. In addition, if any gain
peak variation occurs across the wafer, the lattice constant of the pho-
tonic crystal can be precisely matched to the gain peak since the etching
is done after the QWs are grown. However, this also makes the QWs
vulnerable to deep, harsh etching. If the photonic crystal is etched too
deep, it can cause plasma-induced damage to the QWs and introduce
non-radiative recombination centers [156-158|. Such damage may de-
grade the PL emission of the QWs, reduce device performance or even
prevent lasing.

In contrast, in regrown PCSELs, the photonic crystal is etched prior
to the growth of the active layers. A key advantage of regrown PCSELs
is that, since the active layer is not present during etching, it doesn’t
pose the risk of plasma-induced damage to the QWs. However, in these
devices, the gain spectrum of the active layers must be matched to the
lattice constant. If the gain spectrum varies across the wafer and does
not match the lattice constant, the threshold current or pump power
density may increase.
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4.1.1 Fabrication

In this thesis, two different epitaxial materials are used, both sharing
the same design except for the top AIN cladding thickness, which is
100 nm for one and 320 nm for the other. The epitaxial layer stacks of
the optically pumped UV-C PCSELs were grown on high-temperature-
annealed AIN on a sapphire substrate by metal-organic chemical vapour
deposition [159,160]. Atomic force microscope (AFM) measurements
were performed over 25 x 25 um? and 5 x 5 pum? areas on the as-grown
surface of the epitaxial material with a 320 nm cladding, as shown in
Figure 4.1. The root mean square (RMS) roughness was measured to be
2.2 nm over a 25 x 25 um? area. The mean peak-to-valley height (R.)
was 6.5 nm. While RMS roughness provides a statistical measure of the
surface morphology, R, is especially important since the photonic crystal
is etched directly into the top cladding layer. When the peak-to-valley
height is high, the photonic crystal may have different distances to the
optical mode across the device. Depending on the origin and location
of non-uniformities within the layers, they may induce variations in I'pc
across the photonic crystal area.

a. b.
0 16.0 nm
14.0
5 12.0
10 10.0
8.0
15 6.0
90 40
2.0
25 0.0

Figure 4.1: Atomic force microscopy measurements showing the surface mor-
phology of the as-grown material over scan areas of a. 25um? and b. 5um?.

The process flow is illustrated in Figure 4.2. Fabrication begins with
a 3-minute acetone/isopropanol (IPA) cleaning, followed by a 1-minute
dip in buffered oxide etchant (BOE). Photonic crystal patterns were
defined by electron-beam lithography using an 80-nm-thick e-beam re-
sist, hydrogen silsesquioxane (HSQ). HSQ is a high-resolution negative
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resist that converts to SiO, when exposed to e-beam or thermally an-
nealed [161,162|. It exhibits high dry-etching resistance. After the lithog-
raphy step, the resist was developed using a NaCl/NaOH developer for
2 minutes. Although the salty developer requires higher doses in the
e-beam exposure, it provides superior resolution compared to tetram-
ethylammonium hydroxide (TMAH)-based developers [163]. Using the
resist as a hard mask, the photonic crystals were directly transferred
into the top AIN cladding layer by Cls/Ar dry etching (Cly: 30 scem,
Ar: 15 sccm, ICP power: 300 W, RIE power: 38 W, pressure: 2 mTorr)
down to different depths (i.e., different values of tesp). After photonic
crystal etching, the remaining resist was removed with BOE.

Resist coating e-beam exposure
Resist removal Dry etching Development

e e

thick tpc.qw — low PC confinement (I'pc)

thin tpc.qw — plasma damage to QW

Figure 4.2: Process flow for optically pumped UV-C PCSELs.

4.1.2 Optical confinement

In the regrowth-free approach, the etch depth is important because it
directly affects I'p¢ and I'qw. Shallow photonic crystal etching results
in a low I'pc and, consequently, a poor photonic crystal overlap. A poor
overlap leads to an increased threshold [164].

Figure 4.3 shows I'pc and I'qw as a function of photonic crystal
depth for different values of F'F', calculated using Eq. 3.1 and Eq. 3.2,
for a 320-nm-thick top cladding. For a fixed depth of 300 nm, I'pc is
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Figure 4.3: a. I'pc and b. I'qw for PCSELs with different values of F'F' as
a function of photonic crystal depth, for a 320-nm-thick top cladding.

increasing with decreasing F'F, for example I'pc is 7.5% for a 5% F'F,
and 3.5% for a 20%. This is due to the decrease in the effective re-
fractive index for larger F'F's, which essentially pushes the optical mode
down and causes poorer photonic crystal overlap. I'pc increases with
increasing photonic crystal depth for all values of F'F', since an increas-
ing etch depth places the photonic crystal closer to the field intensity
in the waveguide. For a photonic crystal depth of 200 nm, which leaves
a distance of 150 nm between the bottom of the photonic crystal hole
and the first QW, I'pc is ~0.4% for F'F' = 5%. Therefore, it is essential
to have sufficient photonic crystal depth to not suffer from poor con-
finement and an increased threshold. I'qw, on the other hand, is less
sensitive to photonic crystal depth. When the depth is 300 nm and the
FF = 20%, it reaches a maximum value of 5.9%. The lowest I'qw is
5.5% when F'F = 5% and the depth is 100 nm, which is the shallowest
depth explored here.

4.2 Optically Pumped UV-C PCSEL Character-
ization

Figures 4.4a and 4.4b show the top-view SEM images of two PCSELs
with hexagonal and square lattices after photonic crystal etching and
resist removal. Among the fabricated PCSELs, these two specific devices
will hereafter be referred to as H-PCSEL and S-PCSEL, respectively.
Both devices have a photonic crystal mesa diameter of 120 pm. The
lattice constants are 138 nm for H-PCSEL and 120 nm for S-PCSEL.
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The photonic crystal hole diameters at the top are 98 nm and 83 nm for
the H-PCSEL and the S-PCSEL, respectively. Different hole sizes were
intentionally fabricated with the aim of obtaining similar F'F' values for
both PCSELs. The etching depth t.:., measured using the step height
outside the photonic crystal region is 361 nm. Although the holes were
designed to be circular, they became slightly hexagonal after etching.
This can be explained by the Cly plasma etch rate dependency on the
crystallographic orientation in AIN, which has previously been reported
when etching GaN [165].

a. b.

a=138 nm a=120 nm

* * —

100 nm 100 nm

100 nm

Figure 4.4: Top-view SEM images of PCSELs with a. a hexagonal (H-
PCSEL, a = 138 nm) b. a square lattice (S-PCSEL, ¢ = 120 nm). c., d.
Representative cross-sectional SEM images showing the photonic crystal etch
profiles, obtained from a hexagonal and a square lattice PCSEL etched under
similar conditions.

Figures 4.4c and 4.4d show representative cross-sectional SEM images
that were obtained from different PCSELs etched under similar condi-
tions. tetep, Was measured to be 324 nm, which yielded a tpc of 290 nm.
In the cross-section views, the photonic crystals have steep sidewalls ap-
proximately in the top 150 nm and gradually taper toward the bottom,
narrowing to ~20 nm. This tapered profile yields a depth-dependent F'F'
in the vertical direction, making it difficult to define a single value. All
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the stated F'F values represent the F'F' at the top of the photonic crys-
tal, even though the effective F'F' at the bottom of the photonic crystal
is smaller.
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Figure 4.5: Illustration of the experimental setup configurations for a. real-
space (near field) and b. k-space (far field, band structure) measurements. c.
Example of two far-field measurements obtained with and without using the
slit at the entrance of the spectrometer.
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The PCSELs were pumped optically from the photonic crystal side
with a 266-nm pulsed frequency-quadrupled Nd:YAG laser (repetition
rate: 100 Hz, pulse width: 0.55 ns) at room temperature. The char-
acterizations were performed using an imaging spectrometer (Princeton
Instruments SpectraPro HRS-750). The experimental setup is illustrated
in Figure 4.5. Two main configurations were used in the setup: i) real-
space and ii) k-space measurement configurations. Figure 4.5a depicts
the real-space imaging configuration. To capture the k-space informa-
tion, which corresponds to the far-field emission pattern because a lens
naturally performs a spatial Fourier transform, mapping propagation an-
gles to spatial positions at its back focal plane, the lens 1.2 was removed,
as shown in Figure 4.5b, which allowed imaging the Fourier plane on
the spectrometer entrance. All the light within the numerical aperture
(NA = 0.39) was collected with an objective (Thorlabs LMU-20X-UVB)
and imaged onto a CCD. The pump beam reflected by the sample was
filtered by the long-pass filter before entering the spectrometer. For the
band structure measurements, the k-space configuration was used with a
slit at the entrance of the spectrometer that allowed only the light within
+0.25° to pass (Figure 4.5¢). The light is then resolved into wavelengths
by a grating. The LED was used to visually locate the PCSELs and to
ensure that the pump beam is aligned with the device area.

4.3 Proof of Lasing

4.3.1 Input vs. output intensity

The PCSELs were optically pumped over a range of pump power densi-
ties with a slightly elliptical pump beam spot size of 304 x 237 um? at
full-width half-maximum (FWHM). Figure 4.6 shows the output inten-
sity as a function of pump power density. The output intensity is inte-
grated over 120 pm around the lasing peaks. Both PCSELs exhibit sim-
ilar lasing thresholds, 5.1 MW /cm? for the H-PCSEL and 5.4 MW /cm?
for the S-PCSEL. It is worth noting that the pump wavelength is ab-
sorbed only by the QWs, whereas the barriers are transparent. Electron-
hole pairs are generated only in the QWs; therefore, the barriers do not
contribute through diffusion.

A portion of the pump beam is reflected by the photonic crystal.
Figure 4.7 shows the reflectance of PCSELs with two different F'F's
(dain: 100 nm, tepep: 70 nm) measured using white light reflectance
spectroscopy. At the pump wavelength of 266 nm, the reflectivity is 17%
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Figure 4.6: Output intensity as a function of pump power density for a. the
H-PCSEL and b. the S-PCSEL.

for 18% FF and 20% for 13% FF. These values are comparable to the
reflection from a planar AIN surface, which is approximately 15%, calcu-

lated using ((na;ny —1)/(nan +1))2. Thus, the effect of the reflection by
different photonic crystals on pump power reaching the QWs is minimal.
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Figure 4.7: Measured reflectance of PCSELs with a hexagonal lattice (a =
140 nm, FF = 13%, 18%).

4.3.2 Photonic band structure and spectrum

When pumped below threshold, the PCSELs show distinct bands as seen
in the simulation. Figure 4.8a shows the measured band structure of the
H-PCSEL at 0.7 x threshold. The six band-edge modes are clearly visible
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along the I'-J and I'-X directions. Here, the emission angle can also be
translated into the in-plane wave vector k| using k| = 2)7\T—0” sin(6). At the
[-point, the two uppermost modes (Dj, D2) have higher intensities at
the I'-point compared to the other band-edge modes since they exhibit
higher vertical radiation losses, i.e., higher aye, as explained in Section
3.2.2. The A mode, on the other hand, has lower vertical losses; therefore,
it has a weaker intensity. In the square lattice, the four bands are visible
along the I'-X and I'-M directions. Similarly, the uppermost D mode
band has a higher intensity compared to the others, while the A mode
is weaker.
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Figure 4.8: Below-threshold band structure of a. the H-PCSEL along the I'-J
and I'-X directions and b. the S-PCSEL along the I'-X and I'-M directions,
measured at ~0.7 x threshold.

Both PCSELs exhibit dark lines in their band structures. In the
H-PCSEL case, it is mainly along the I'-J direction, while in the S-
PCSEL case, it is along the I'-X direction. These dark lines are attributed
to higher-order vertical modes arising from the sapphire substrate and
the thick AIN cladding [166]. The vertical structure supports multiple
vertical modes due to the cladding and substrate, each of which creates
its own band structure. This manifests as anti-crossing points in the band
structure and the group velocity vanishes at these points. If sufficient
gain is achieved, lasing may occur at the anti-crossing points.
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Figure 4.9: Measured band structures of a. the H-PCSEL and b. the S-
PCSEL. The left panels show below-threshold (~0.7 xthreshold) and the right
panels show above-threshold (~2 xthreshold) band structures. Emission spec-
tra at ~2 xthreshold for c. the H-PCSEL and d. the S-PCSEL.

When pumped above threshold, both PCSELSs show non-dispersive
lasing peaks. Figures 4.9a and 4.9b show the below- and above-threshold
band structure measurements of the H-PCSEL and the S-PCSEL, along
the I'-J and I'-X directions. The left-hand side of both figures shows
below-threshold measurements and the right-hand side of the figures
shows above-threshold measurements. For the H-PCSEL, the lasing peak
appears close to the By, Bo and C modes. In the S-PCSEL case, lasing
occurs close to the A and B modes and has a much higher beam diver-
gence. However, identifying the lasing mode is challenging because the
band-edge modes at the I'-point are spectrally close, making it difficult
to resolve individual modes. Corresponding spectra (~2 X threshold)
of both devices are given in Figures 4.9c and 4.9d. The H-PCSEL ex-
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hibits a single lasing peak at 277.5 nm with a linewidth of 91 pm. The
S-PCSEL, on the other hand, exhibits multiple lasing peaks, indicating
multimode lasing. The strongest lasing peak is positioned at 278.3 nm
with a linewidth of 93 pm.

4.3.3 Near-field and far-field emission patterns

Figure 4.10 shows the near-field patterns of the H-PCSEL and the S-
PCSEL measured at ~2 x threshold, respectively. The H-PCSEL shows
stronger outcoupling near the center of the photonic crystal area. How-
ever, in an infinite photonic crystal, the modes are symmetry-protected
due to the symmetry of circular holes therefore do not radiate. At finite
sizes, the edges of the photonic crystal break the symmetry of the field
distribution, allowing the modes to radiate vertically. Therefore, the ra-
diation rate increases toward the edge of the photonic crystal [150]. The
observed stronger central outcoupling in the H-PCSEL may therefore
be caused by non-uniformities introduced by epitaxial growth and/or
fabrication, which break the symmetry and enable outcoupling. In the
S-PCSEL case, the outcoupling seems strongest near the edge of the
photonic crystal.

-0.0

Figure 4.10: Near-field images of a. the H-PCSEL and b. the S-PCSEL
measured at ~2 X threshold.

Figure 4.11 shows the far-field emission patterns of the H-PCSEL
and the S-PCSEL measured below threshold (0.7 x) and above threshold
(~2 x). Below threshold, both devices exhibit highly divergent emissions
(Figures 4.11a and 4.11b). However, unlike conventional LEDs, which
typically have a Lambertian emission profile, the emission from PCSELs
is still modulated by the photonic crystal. This can yield higher direc-
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Figure 4.11: Far-field emission patterns of PCSELSs: below threshold (~0.7 x)
for a. the H-PCSEL, b. the S-PCSEL and above threshold (~2 x) for c. the
H-PCSEL, d. the S-PCSEL.

tionality in PCSELs than in LEDs, even in the spontaneous emission
regime [167].

When pumped above threshold (~2 x), the H-PCSEL exhibits a
doughnut-shaped emission pattern with a divergence angle of less than
1°. This is because of the circular holes that result in destructive inter-
ference along the normal for modes A, By, Bg, and C. [125,168]. When
the symmetry is broken, it results in a single Gaussian-like emission pat-
tern [169]. The far-field emission pattern of the S-PCSEL, on the other
hand, is highly divergent, extending up to 20° in the I'-X directions.
This highly divergent emission indicates poor 2D coupling and strong 1D
coupling. Thus, the 2D square lattice is acting as a 1D grating. Other
fabricated PCSELSs with square lattices showed similar patterns. There-
fore, the following chapters and Paper A-C focus on hexagonal lattices,
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Figure 4.12: Polarization-resolved far-field emission patterns at ~2 x thresh-
old of the H-PCSEL: a. I'-X-polarized and b. I'-J-polarized.

which are better suited to achieving 2D lasing with the desired emission
properties, such as a circularly symmetric beam with low divergence.

The identification of the lasing mode is challenging due to the nar-
row spectral spacing and broad emission of the band-edge modes at the
['-point, which prevents them from being distinguished by wavelength
alone. Each band-edge mode produces a distinct polarization-resolved
far-field pattern with different numbers of intensity lobes aligned in dif-
ferent photonic crystal orientations, which are investigated in more detail
in Paper B. To identify the lasing mode of the H-PCSEL, we performed
polarization-resolved far-field measurements. Figure 4.12 shows the mea-
sured polarizations above threshold (~2 x) along the I'-J and I'-X di-
rections. The polarizer was oriented in the x- and y-directions, which
correspond to the I'-X and I'-J directions, respectively. The polariza-
tion measurements indicate lasing in the B; mode, whose orientation
matches the polarization characteristics of hexagonal-lattice PCSELs, as
discussed in Paper B.

4.4 Influence of Photonic Crystal Design Param-
eters

To understand how PCSELs work and optimize their performance, it
is essential to understand how design parameters affect their charac-
teristics. This section focuses on the influence of the etch depth, lattice
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constant and F'F' on the band structure and lasing performance of UV-C
PCSELs.

4.4.1 Effect of etch depth and lattice constant

To effectively utilize the gain that can be obtained from the QWs, the
resonant wavelength must be aligned with the gain peak of the QWs.
Optimizing the detuning between the optical mode and the gain peak
enhances the modal gain and consequently lowers the threshold [50].
This is particularly challenging for III-nitride-based PCSELs, where the
emission blue-shifts due to the QCSE at low current densities and due
to the band filling at high current densities [170], driven by the high
threshold carrier densities typical of Al-rich AlGaN-based laser diodes
[28,29, 36].
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Figure 4.13: a. PL emission spectra of the QWs of the as-grown material
measured at different pump power densities and b. the PL peak wavelengths
as a function of pump power density.

Figure 4.13a shows the measured PL spectra of the QWs of the as-
grown material at different pump power densities. At 60 kW /cm?, the
PL peak is located at 285.1 nm with a FWHM of approximately 13 nm.
The peak wavelength shifts from 285.1 nm at 60 kW /cm? to 277.6 nm
at ~2.3 MW /cm? (Figure 4.13b), i.e. blue-shifts with increasing pump
power density. Beyond this point, further increasing the pump power
density does not affect the peak wavelength. The total blueshift within
the used pump power density range is 7.5 nm. For detuning, the im-
portant PL is at the pump power densities close to the threshold. In
threshold ranges (5-6 MW /cm?) observed in the optically pumped PC-
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SELs investigated in this thesis, the QCSE has already been screened
and the PL does not shift. However, for devices with lower threshold,
the shift might be important for detuning.
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Figure 4.14: The measured band structure below threshold for PCSELs with
lattice constants of 138 nm, 140 nm and 142 nm for ..., values of 330 nm,
361 nm, and 397 nm.

In PCSELs, the resonant wavelength is mainly determined by the lat-
tice constant. Figure 4.14 summarizes the below-threshold band struc-
ture of 9 PCSELs with lattice constants of 138 nm, 140 nm and 142 nm
for tesen, values of 330 nm, 361 nm, and 397 nm, measured at 0.5 x thresh-
old. The device with tg e, = 361 nm and a = 138 nm corresponds to
the H-PCSEL, described earlier. All PCSELs have similar hole diam-
eters around 98-102 nm. The bands red-shift as the lattice constant
increases. The shift is approximately 1.5 nm for every nm change in the
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lattice constant. Considering that the PL FWHM is about 10 nm and the
gain bandwidth at the loss level of the laser is very likely even narrower,
the choice of lattice constant in PCSELSs is thus important. When the
resonance wavelength determined by the lattice constant deviates from
the gain peak, the lasing threshold can increase substantially [Paper B].

Another important design parameter is the photonic crystal hole
depth. Band splitting increases as t., (and therefore ¢pc) increases.
This may be beneficial for single-mode operation as it widens modal

spacing. Furthermore, the depth also influences the lasing mode selec-
tion. Figure 4.15a shows the measured band structure along the I'-J
direction below and at ~2 x threshold for the PCSEL with t.., =
397 nm and a = 138 nm shown in Figure 4.14. The PCSEL exhibits two
lasing peaks in the band structure. The weaker one is at 276.8 nm near
the B; mode and the stronger one is at 277.6 nm in the A mode. This
is in contrast to the H-PCSEL discussed in Sections 4.2 and 4.3, which
has the same lattice constant and hole diameter but a shallower etch
depth, where only a single lasing peak was observed in the B; mode.
Similar lasing mode switching between band-edge modes for different
photonic crystal etch depths has been reported in double square-lattice
PCSELs [171]. One possible explanation for lasing in the A mode is
that the deeper etching increases the effective hole size that the optical
mode interacts with. Figure 4.15a shows the far-field emission pattern
measured at ~2 x threshold. The PCSEL displays a highly divergent
pattern with branches in the I'-J direction extending >10°. Similar pat-
terns have been reported previously when lasing occurs in the A mode
[Paper A, 172].

4.4.2 Effect of filling factor

The F'F' of the photonic crystal in PCSELs strongly influences coupling
and mode selection, as discussed in more detail in Paper A. Figure 4.16
presents top-view SEM images of two fabricated PCSELs with F'F' val-
ues of 10% and 24%. The PCSELs were fabricated using the epitaxial
material with d ;ny = 100 nm and an etch depth (feser) of 70 nm. A thin
top AIN cladding layer (100 nm instead of 320 nm) and shallow photonic
crystal etching enable precise control of the F'F.

Figures 4.17a and 4.17c display the band structure measurements be-
low and above threshold for two different fill factors, respectively. For F'F’
— 10%, the lasing mode is close to the By, By and C modes, whereas for
FF = 24%, the lasing mode appears in the A mode. The different F'F's
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Figure 4.15: a. Below- and above-threshold (~2 x) band structure measure-
ments of PCSEL (tcter, = 397 nm, a = 138 nm) along the I'-J direction and b.
far-field emission pattern (~2 x threshold).

also result in distinct far-field emission patterns. Both devices display
divergent emissions with three dual branches in the I'-J directions (Fig-
ure 4.17b and 4.17d). However, in the 10% F'F case, the dual branches
are closer together in angle compared to the 24% F'F case. This emis-
sion pattern resembles that of the S-PCSEL (see Figure 4.11d), where
two orthogonal dual branches appear due to the four-fold symmetry. In
addition, in the other investigated PCSELs with similar F'F' ~10%, some
devices displayed only one of the three branches, and some displayed two
of the three branches. This indicates dominant 1D coupling for the low
F'F regime and mode competition between the oscillations in different I'-
J directions [Paper A]. In the 24% F'F' case, the far-field emission pattern
is identical to that of the deeply etched photonic crystals in Figure 4.15b,

a. b.

Figure 4.16: Top-view SEM images of PCSELs with a. 10% F'F and b. 24%
FF.
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where the lasing is observed in the A mode. The lasing in the A-mode at
24% F'F can be explained by its decreasing lateral losses with increasing
FF, combined with its low vertical losses [Paper A]. At the same time,
the vertical losses of other band-edge modes increase with F'F', making
them less favorable. The increase in the 2D coupling constants (k1 and
k2) can further promote this (Figure 3.10b).
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Figure 4.17: Below- and above-threshold (~2 x) band structure measure-
ments of PCSELs (d;x=100 nm, tctc, =70 nm, a=140 nm) with a. 10% FF
and c. 24% F'F along the I'-J direction. Far-field emission patterns for b. 10%
FF and d. 24% FF.

Although the coupling constant simulations support 2D oscillation
dominance, they don’t provide sufficient information for low F'F' (~10%)
regimes. To confirm the 1D oscillation domination for the PCSELs with
low F'F's, we fabricated two orthogonal 1D gratings with a periodicity
of 120 nm and a duty cycle of 55%, as shown in Figure 4.18a and
4.18b. Figures 4.18c and 4.18d show the far-field emission pattern of the
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Figure 4.18: a., c. SEM images and b., d. above threshold far-field emission
patterns of two orthogonal 1D gratings with a periodicity of 120 nm.

1D gratings above threshold. Each grating produces a highly divergent
emission pattern that extends to higher angles in the direction orthogonal
to its grating vector. In the direction parallel to the grating vector, the
divergence angle is ~1°. This is because the grating only allows a discrete
k vector along its periodicity, while in other directions it is unrestricted,
which results in emission over a broader range of angles. The far fields
for the 1D gratings are identical to that of the PCSEL shown in Figure
4.17b, except that the PCSEL produces three patterns due to its six-
fold symmetry of the hexagonal lattice used. This suggests that the 2D
photonic crystal acts as a 1D grating for low F'F's and therefore produces
patterns similar to 1D gratings.
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Chapter 5

Towards Electrically-Driven
UV-C Photonic-Crystal
Surface-Emitting Lasers

We have demonstrated the first UV-C PCSELs under optical pumping at
room temperature. As with most semiconductor lasers, the ultimate goal
is to achieve lasing under current injection. This goal, however, is chal-
lenging due to fabrication difficulties, small feature sizes required due to
the short operating wavelengths and current material limitations. These

constraints make it necessary to use a different design and fabrication
approach for UV-C PCSELs compared to long-wavelength PCSELs.

5.1 Challenges for Electrically Driven UV-C PC-
SELSs

Most PCSELs operating at longer wavelengths (e.g., visible and infrared)
utilize the regrowth approach, in which the photonic crystal is first
etched, and subsequent layers including the active region with QWs are
then grown. This is generally enabled by optimized growth conditions,
low band gaps, and mature materials technology, resulting in high elec-
trical conductivity and low dislocation density. In contrast, regrowth of
Al-rich AlGaN has been challenging and may result in defect formation
and cracking [173-175].

UV-C devices require Al-rich (>60% Al) AlGaN for optical trans-
parency and are typically grown on AIN templates on sapphire or on bulk
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AIN substrates. Both substrate options are currently non-conductive,
which requires placing the p- and n-contacts on the same side. In
contrast, GaAs- or InP-based PCSELs use thick, conductive substrates
[122,176] that allow a bottom-side contact, which leads to a better cur-
rent distribution through current spreading in the substrate.

In AlGaN devices, the substrate can be removed using methods such
as laser lift-off [177,178], water lift-off [179,180] and electrochemical etch-
ing [40,181]. Removing the substrate provides access to the electrically
conductive n-layer, which would allow the contacts to be placed on the
N-polar side and allow for a more vertical current injection and thereby
potentially improve current spreading. However, removing the substrate
may cause the released membrane to bow due to relaxation of the strain
in the material. The effect of this bowing on PCSEL performance at
the UV-C wavelengths is currently unclear. In addition, even with sub-
strate removal, the current still needs to be spread in a thin Al-rich layer
and both sides cannot be fully metalized, as this would prevent surface
emission. A potential solution would be to employ metal finger contacts
on the N-polar side, which can improve current distribution and still al-
low surface emission. Sputtering a conductive AlGaN layer [182] onto
the released membrane to increase its thickness, combined with N-polar
contacts, would further enhance current spreading. In addition, sub-
strate removal opens up another possibility: the photonic crystal could
be etched directly on the exposed N-polar surface of the released mem-
brane. However, etching the photonic crystal on the n-side exposes a
different crystal polarity. This introduces different dry-etching charac-
teristics, surface properties and fabrication challenges.

In the regrowth-free approach we employed, the p-side is fully met-
alized and the n-contact is placed in the surrounding area next to the
device. This design serves two purposes: i) improved current distribution
on the p-side, where the conductivity is significantly lower compared to
the n-side; ii) eliminating the need for substrate removal. To achieve de-
cent photonic crystal confinement, the holes need to be sufficiently close
to the optical mode, i.e., to the waveguide core. On the other hand, the
p-metal layer on top of the photonic crystal must be far enough away
from the mode to not cause too high optical absorption losses. There-
fore, the photonic crystal holes must be etched deep enough, i.e., to the
waveguide core. On the other hand, the p-metal layer on top of the
photonic crystal must be far enough away from the mode to not cause
too high optical absorption losses. Thus, the photonic crystal holes must
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be etched deep enough. Care must be taken such that the metal, when
deposited, does not go too deep into the photonic crystal holes, since
this will increase optical absorption. One solution is to fill the holes with
a dielectric material, which would prevent the metal from reaching into
the holes. This approach, however, requires an etch-back step to allow a
metal contact to be placed on the p-surface. In addition, since dielectric
materials have a higher refractive index than vacuum/air, the optical
mode may extend further toward the metal contact if the holes are filled
with a dielectric. This might be helpful for a higher I'pc, but may in-
crease absorption losses due to the mode getting closer to the metal.
Therefore, an even deeper photonic crystal etching may be required un-
less the dielectric only closes the holes without completely filling them,
thus leaving a small air hole at the bottom of the hole. Alternatively,
tilted metal evaporation can be used to prevent metal deposition into
the holes.

In terms of electrical characteristics, the p- and n-sides present differ-
ent difficulties. On the p-side, in addition to the decrease in the current
injection area and the resulting increase in series resistance, the photonic
crystal etching may induce damage to the p-side and degrade the con-
ductivity, leading to an additional voltage drop or even non-conductive
material. On the n-side, placing the contact around the device area
means that the current needs to be spread in a thin n-doped epitax-
ial layer, which will result in nonuniform current distribution across the
device area if the device area is large.

5.2 Etch-Induced Damage to p-Side Conductiv-
ity

So far, electrically driven AlGaN-based EELs at UV-C wavelengths have
been demonstrated only with a DPD layer. A limited number of studies
focusing on UV-C devices with a DPD layer have been conducted so far
and the effects of etching a photonic crystal into a DPD layer have not
been explored. To investigate how much the electrical characteristics are
affected by etching into a DPD on the p-side, we fabricated UV-C LEDs
with and without photonic crystals etched into the DPD.
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5.2.1 Device structure and fabrication

The epitaxial layers were grown on a double-growth-annealing (DGA)
AIN /sapphire template. Table 5.1 shows the epitaxial layers used to
investigate the effect of etch-induced damage to the p-side, and Figure 5.1
shows the process flow to fabricate electrically driven structures with and
without a photonic crystal etched into the DPD.

Table 5.1: Epitaxial layers showing composition (x), thickness (d), and de-
scription.

Layer x (%) d (nm) Description
GaN:Mg 0 50 Cap
Al,Ga;_,N — GaN 80 — 0 5 Transition
AIN — AL, Ga;_,N | 100 — 80 320 DPD
AIN 100 2 Electron blocking layer
Al,Ga;_,N 63 50 Last barrier
Al,Ga;_,N 50 4.5 QW
Al,Gaq_,N:Si 63 5 Barrier
Al,Ga; N 50 4.5 QW
Al,Gaq_,N:Si 63 50 First barrier
Al,Gay_,N:Si 76 800 n-side current-spreading layer
Al,Ga;_,N 76 100 Buffer
AIN — AlL,Ga;_,N | 100 — 76 25 Buffer transition
AIN 100 400 Smooth buffer
DGA AIN /sapphire — - -

The process flow starts with dry etching of the epitaxial layers to a
depth of approximately 600 nm using a Cly/SiCly /Ny plasma to access
the n-doped layer for the n-contact. Following the etching, the sample
was dipped in BOE for 1 minute to remove surface oxides. Immediately
after the BOE dip, the sample was transferred to the e-beam evapo-
rator chamber for n-metal deposition. An n-metal stack consisting of
V/AL/Ni/Au with thicknesses of 15/90/20/30 nm was deposited. The
n-contacts were annealed at 900°C for 1 minute in Ny ambient. For the
photonic crystal etching, we used a different approach compared to the
optically pumped UV-C PCSEL fabrication. Here, a ~90-nm-thick SiO»
layer was first deposited by sputtering. A positive e-beam resist ARP was
spun onto the sample and baked for 5 minutes at 180°C. To increase the
adhesion of the resist to SiO9, the sample was coated with an adhesion
promoter, hexamethyldisilazane (HMDS), prior to resist spinning,.
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Figure 5.1: Process flow of electrically driven UV-C LEDs with photonic
crystals.

In the last step of resist coating, a conductive polymer, Espacer, was
spin-coated to prevent charging during e-beam exposure. A hexagonal
lattice of circular holes with hole diameters 64 nm and 95 nm, lattice con-
stants of 125 nm, 250 nm, 500 nm and 1000 nm, and device diameters of
40 pm, 100 pm and 200 pm were exposed using electron-beam lithogra-
phy. The values of these parameters are summarized in Table 5.2. After
the exposure, the Espacer layer was removed by dipping in deionized
water for 20 seconds. The resist was then developed for 90 seconds in n-
amyl acetate. After the development, the photonic crystal patterns were
transferred into the SiO9 layer by dry etching using CH4/CHF3 plasma.
The photonic crystal patterns in the SiOy layer were subsequently trans-
ferred into the epitaxial material using Cls /Ar plasma etching to a depth
of about 250 nm using the same conditions as for the optically pumped
UV-C PCSEL photonic crystal etching step. The remaining SiOs was
removed with BOE. For passivation, another 100-nm-thick SiO9 layer
was deposited by e-beam evaporation. The p-contact areas were opened
by lift-off. Opening the contact area by lift-off rather than selective wet
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or dry etching of SiO5 ensured no SiOy was left in the holes. Finally, a
p-metal stack consisting of 30-nm-thick Ni and 300-nm-thick Au was de-
posited at a 45° angle using e-beam evaporation. The sample was rotated
at b rpm during the deposition. The tilted evaporation was performed
to prevent the metal from going too deep into the holes. The p-contacts
were annealed at 500°C for 5 minutes. An optical microscope image of
the final devices after p-contact annealing is shown in Figure 5.2.

Table 5.2: Parameter values for the fabricated UV-C LEDs with a hexagonal
lattice. Hole diameters correspond to the diameter of the fabricated circular
air holes at the top of the photonic crystal after etching.

Parameter Values
Device diameter, L (pum) 40, 100, 200
Lattice constant, a (nm) | 125, 250, 500, 1000
Hole diameter, ¢ (nm) 64, 95
a b.

n-contact

50 pm

Figure 5.2: a. Optical microscope image of an electrically driven UV-C LED
with a photonic crystal after fabrication. b. Top-view SEM images of photonic
crystals with lattice constants of 125 nm, 250 nm, 500 nm and 1000 nm.

5.2.2 Characterization

Figure 5.3 summarizes the CW JV curves measured at room tempera-
ture. The JV characteristics are similar for the LEDs with/without a
photonic crystal when a is equal to 500 nm or 1000 nm, regardless of
hole diameter or device size, since the comparison is based on current
density rather than total current. Note that the LEDs with a photonic
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crystal having a lattice constant of a = 125 nm and a hole diameter of
¢ = 95 nm could not be successfully processed because the lithography
step failed and the patterns were not properly transferred. The voltage
range is 8-10 V at a current density of 20 A/cm?. For such large lattice
constants, the F'F' is only between 0.3% and 3.2%. For these small val-
ues of F'F', the photonic crystal etching does not significantly affect the
p-layer conductivity, and the operating voltage does not change. When
a is reduced to 250 nm, the operating voltage of the photonic crystal
LEDs is still similar to that of the reference LEDs for a hole diameter of
¢ = 64 nm (FF = 6%). However, when ¢ = 95 nm (corresponding to
an F'F of 13%), the operating voltage increases by approximately 0.6 V
at a current density of 20 A /cm?. For a = 125 nm (FF = 24%), the op-
erating voltage increases even more, by about 2.2 V at the same current
density. These results indicate that small lattice constants (i.e., small a)
and large air holes (i.e., large F'F') increase the series resistance of the
p-side.

Considering the lattice constant range required for UV-C wavelengths
(a<<140 nm) and an F'F of approximately 10% for sufficient 2D coupling,
electrically driven UV-C PCSELs are expected to experience a voltage
penalty due to increased series resistance. In addition, etching deeper
holes to achieve a higher I'pc may further increase series resistance and
the operating voltage. This is just an initial study on the plasma-induced
damage on DPD layers, and more experiments are needed to understand
how the resistance and operating voltage are affected by the decreased
cross-sectional area, degradation in the DPD due to plasma damage, such
as trap formation, sidewall damage, depletion regions, local polarization
field and hole density changes.
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Figure 5.3: CW JV curves of UV-C LEDs with photonic crystal diameters of
40 pm (a. ¢ = 64 nm, b. ¢ = 95 nm), 100 pm (c. ¢ = 64 nm, d. ¢ = 95 nm)
and 200 pym (e. ¢ = 64 nm, f. ¢ = 95 nm) measured at room temperature.
Black curves show the reference LEDs without a photonic crystal.
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5.3 Lateral Current Spreading on n-Side

5.3.1 Ring-shaped geometry to reduce current spreading

distance
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Figure 5.4: Comparison of lateral current spreading distances in an EEL
(left), a conventional PCSEL (middle) and a ring-shaped PCSEL (right). The
green curves indicate the representative intensity envelope of the expected las-
ing mode.

Figure 5.4 illustrates the comparison of the lateral current spreading dis-
tance in EELs and conventional PCSELs. In EELs, the lateral current
spreading distance is on the order of 5-10 pum [36], whereas in PCSELs,
it can range from tens to hundreds of micrometers due to the large lat-
eral extension of the device (which is needed to reduce lateral optical
losses). Current UV-C laser technology mostly relies on non-conductive
substrates. Without a thick conductive substrate, the injected current
must be distributed laterally in the epitaxial layers across the device
area. On the n-side, AlGaN with an Al content above 60% can typically
be grown only to a limited thickness before cracking or defect forma-
tion occurs [173], which limits the achievable conductivity and increases
resistance. This high resistance can lead to a nonuniform current distri-
bution across the device, which in turn can result in a nonuniform gain
profile and variations in refractive index. These can increase the lasing
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threshold and potentially promote higher-order modes [139, 183].

To address these challenges, we introduce a ring-shaped PCSEL ge-
ometry [Paper C|, in which a circular area is removed from the center to
accommodate an additional contact (see Figure 5.4). The ring-shaped
approach reduces lateral current spreading distance by 50% and thereby
offers improved current uniformity.

The ring-shaped PCSEL concept is based on the assumption of a
mode that has zero intensity in the center of the device and thus is
not affected by an etched hole placed there. The W-mode is one such
mode; see the green curve in Figure 5.4 (right) that has been predicted
in PCSELs [147], which is a combination of the B; and By modes of
an infinitely large PCSEL. The other band-edge modes (A, By, Bo, C,
D1, and Dj) exhibit a Gaussian-like intensity envelope, with maximum
intensity in the center of the PCSEL and will thus be strongly affected
by an etched hole in the center. We test this approach experimentally
and validate its feasibility using optically pumped ring-shaped PCSELSs

5.3.2 Device structure and fabrication

The ring-shaped PCSELSs were fabricated using the same epitaxial ma-
terial as used for the H-PCSEL and the S-PCSEL shown in Chapter
4. Fabrication started with the definition of the ring-shaped circular
mesas in HSQ by electron-beam lithography, followed by resist devel-
opment with the salty developer. The areas in the central region and
outside the mesas were then dry-etched to a depth of 315 nm using
Cly/Ar plasma under the same etching conditions as previously used
for optically pumped PCSELs. Following this etching, the remaining
HSQ was removed with BOE. A hexagonal lattice of circular holes (a
= 138 nm) was patterned on the circular mesas with a new layer of
HSQ using electron-beam lithography. After development, the photonic
crystals were dry-etched into the mesas to a depth of ~285 nm. In
the photonic crystal etching step, the areas in the center and outside
the mesas were also etched, resulting in a total mesa height of approx-
imately 600 nm. This depth ensures that the inner etched area reaches
the bottom cladding, which is needed to electrically contact this region
in future electrically driven PCSELSs.
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Figure 5.5: Schematic of optically pumped ring-shaped UV-C PCSELs with
an outer diameter D and an inner diameter d. The top-view SEM image shows
a ring-shaped PCSEL with D = 100 ym and d = 0.1D.

The ring-shaped PCSELs have an outer diameter D and an inner
diameter d, which is defined as a fixed fraction of the outer diameter
D (e.g., d = 0.1D). When d = 0, it represents a conventional PCSEL
where the inner area is not etched. Figure 5.5 shows the schematic of
the ring-shaped PCSELs and the top-view SEM image of a ring-shaped
PCSEL (D = 100 pum, d = 0.1D) after the photonic crystal etching and
resist removal.

5.3.3 Characterization

The ring-shaped PCSELs were optically pumped at room temperature
with a pump beam spot size of 176 x 118 um? at FWHM. Figure 5.6
shows the output intensity as a function of pump power density for 100-
pm conventional PCSELs (d = 0) and ring-shaped PCSELs with d =
0, 0.05D, 0.10D, 0.20D and 0.30D. The conventional PCSEL exhibits
a lasing threshold around 5 MW /cm?. For the ring-shaped PCSELs
with d = 0.05D the threshold is slightly higher, about 5.5 MW /cm?.
However, when d = 0.10D, the threshold is again about ~5 MW /cm?.
This suggests that up to d = 0.10D, the presence of the etched area
does not significantly affect the threshold, indicating that ring-shaped
PCSELs with certain inner hole sizes do not suffer from optical losses
due to the etched area. When d = 0.20D, the threshold increases to
8 MW /cm?, and when d = 0.30D, the threshold is ~11 MW /cm?, which
is more than twice the threshold observed in the conventional PCSEL,
indicating a rapid increase in threshold with increasing inner diameter

d.
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Figure 5.6: Output intensity as a function of pump power density for ring-
shaped PCSELs with D = 100 pgm and different inner diameters d.

In terms of optical performance, the ring-shaped PCSEL exhibits low
divergence angles <1°, as shown in Paper C. Therefore, the ring-shaped
geometry offers an alternative design choice for future electrically driven
UV-C PCSELSs since it reduces the lateral current spreading distance by
about 50%.
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In this thesis, we have demonstrated the first UV-C PCSELs operating at
room temperature under pulsed optical pumping. The fabrication relies
on a regrowth-free method where the photonic crystals with hexagonal
and square lattices are directly etched into the top cladding layer. This
approach is compatible with the epitaxial structures used in existing
UV-C EELs.

The photonic crystal design parameters, such as filling factor, lattice
constant and etch depth, influence the lasing mode, mode-gain over-
lap and 1D-2D coupling strength, and therefore the overall device per-
formance. Optimization of these parameters is critical, as non-optimal
values can lead to highly divergent far-field emission or a higher lasing
threshold. Paper A provides a detailed investigation of the effect of filling
factor and identifies the lasing mode by estimating vertical and lateral
losses, and Paper B studies the effects of photonic crystal size and lattice
constant, aiming to achieve low-threshold operation while maintaining
low divergence angles, which will be essential in electrically driven de-
vices. Here, we also introduce a more sophisticated method to identify
the lasing mode, namely polarization-resolved far-field measurements.

Although the regrowth-free approach is directly applicable to an EEL
structure, several challenges must be addressed on the path toward elec-
trical injection. Al-rich Al1GaN materials have low electrical conductivity,
and etching a photonic crystal into the top cladding further degrades the
electrical properties of the p-side, where current UV-C EELs employ a
DPD layer. The etching process introduces a voltage penalty that in-
creases with decreasing lattice constant, and deeper etching to achieve
better photonic crystal confinement may worsen this problem. More
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work is required to develop designs and etch processes that minimize the
etch-induced damage.

In addition, currently available substrates are non-conductive, mean-
ing the n-contact needs to be placed on the epitaxial side of the wafer
on an area that is etched down to access the n-AlGaN layer. Paper
C addresses this issue by introducing a ring-shaped PCSEL concept,
where a central area is etched to reduce the current spreading distance
by about 50%. However, this may limit the scalability of single-mode
devices, as the ring-shaped PCSEL relies on modes with an annular in-
tensity envelope, which may not offer the same flexibility. For example,
state-of-the-art PCSELs in the blue and infrared regions use a square
double lattice to engineer coupling strength, enhance modal discrimi-
nation, and therefore allow scaling the device size. It is currently an
open question whether the ring-shaped PCSEL concept would allow such
strategies.

An alternative solution that avoids compromising the flexibility to
tailor the lattice is to remove the substrate. Accessing the backside of
the device with this method enables a contact geometry with fingers
reaching the device center to improve current uniformity, as is done in
large-area GaAs-PCSELs. This would help with the current uniformity
without etching a hole in the center as in the ring-shaped approach.
Another possibility to reduce resistivity and improve current uniformity
is to use a thicker current-spreading layer, though this is currently strain-
limited in doped Al-rich AlGaN. An electrically conductive and UV-C-
transparent substrate would bypass these challenges, as it has in other
material systems, such as GaAs and InP. Addressing the electrical and

architectural bottlenecks will be essential for future electrically driven
UV-C PCSELs.
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Summary of Papers

Paper A

Deep-UV photonic crystal surface-emitting lasers,
Laser & Photonics Reviews, 20, e00271, 2026.

In this paper, we demonstrate the first deep-UV photonic crystal
surface-emitting lasers operating under pulsed optical pumping at room
temperature. We analyzed the effect of the filling factor and showed that
it affects the lasing mode selection and the far field emission pattern.
Low filling factors (10%) resulted in lasing through 1D oscillations,
whereas large filling factors (22%) yielded a high 2D coupling rate but a
lasing mode that is highly divergent (>10°). Filling factors about 15%
resulted in 2D coupling and a doughnut-shaped emission pattern with
a divergence angle of <1°. We also estimated the lateral and vertical
losses using the k-space-weighted loss estimation method.

My contributions: I designed the photonic crystals, prepared
the layout, developed the process to fabricate the photonic crystals,
and fabricated the PCSELs in the cleanroom. I performed the charac-
terization of all PCSELs and analyzed the data. I wrote most of the
manuscript and relevant parts of the supplementary information, and
incorporated feedback from the co-authors.
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Paper B

Influence of photonic crystal size and lattice constant on the
lasing performance of UV-C PCSELs,
ACS Photonics, accepted for publication, 2026.

UV-C PCSELs with photonic crystals etched deep enough for future
electrically driven devices are demonstrated. How the lasing character-
istics in optically pumped devices depend on design parameters, such
as the photonic crystal lattice constant and photonic crystal size, is
investigated through experiments and simulations. It is shown that the
PCSELs are very sensitive to the lattice constant, where only a narrow
range from 137 to 140 nm results in low-threshold devices. Also, the
PCSEL size influences the threshold, which increases drastically for
PCSELs <70 pm. Finally, the origin of high-angle lasing modes and
how they can be suppressed by a small PCSEL size is explained. For a
device size around 70-90 pm in diameter, both a low-divergence far-field
emission and a relatively low threshold can be achieved. Our findings
provide a deeper understanding of UV-C PCSELs and pave the way
for the development of future electrically driven high-power light sources.

My contributions: I designed the photonic crystals, prepared
the layout and fabricated the PCSELs, and characterized the photonic
crystal. I performed all PCSEL characterization, including measuring
thresholds, band structures and polarization-resolved far-fields. I wrote
the manuscript and the relevant parts of the supplementary information,
and implemented the feedback from the co-authors.
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Paper C

Ring-shaped UV-C photonic-crystal surface-emitting lasers,
submitted.

A big challenge in the realization of electrically injected PCSELs
is the low electrical conductivity of Al-rich IIl-nitride materials that
limits the current spreading in laterally large-sized PCSELs. Decreasing
the current spreading distance without degrading the optical properties
is essential for electrically injected lasers. Here, we introduce the
ring-shaped PCSEL concept, where a circular area is etched away in
the center to provide additional contact area and reduce the lateral
current-spreading distance by ~50%. The ring-shaped PCSELSs rely on
optical modes with an annular intensity profile. Therefore, they do not
experience much increased optical losses due to the etched area. We
investigate lasing characteristics for different inner and outer photonic
crystal diameters under optical pumping to validate this ring-PCSEL
concept. Modal losses, and thereby threshold, increase with decreasing
outer diameter and increasing inner diameter of the photonic crystal.
For outer photonic crystal diameters larger than 80 pm and inner
photonic crystal diameters smaller than 20% of the outer diameter (<
16 pm), the ring-shaped PCSELs exhibit divergence angles below 1°
and thresholds comparable to conventional disk-shaped PCSELs. The
ring-shaped PCSELs thus offer a geometry that can reduce current
spreading distance by ~50% and pave the way for future electrically
driven UV-C PCSELs.

My contributions: I prepared the device layout, fabricated the
devices and performed the characterization. I drafted the manuscript
and the relevant parts of the supplementary information, and imple-
mented the feedback from the co-authors.
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