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Abstract

II-nitride materials are used for ultraviolet (UV) and visible light emitters. One such
light source is the vertical-cavity surface-emitting laser (VCSEL) that could find applica-
tions within areas ranging from sterilization and medical treatment to car headlights and
augmented reality displays. These devices are not yet commercialized, because of chal-
lenging mirror formation and electrical injection. However, due to the recent substantial
performance improvement of blue-emitting VCSELSs, it might not be long before they are
available. UV VCSELSs, on the other hand, are far from ready. Until recently, there were
no VCSELSs emitting in the UVB (280-320 nm) or at shorter wavelengths.

In this thesis, the first UVB VCSELs are demonstrated. These optically pumped de-
vices emitting at wavelengths around 310 nm were realized by removing the substrate
from high Al-content AlGaN structures using electrochemical etching, which allowed for
the deposition of a high-reflectivity dielectric distributed Bragg reflector (DBR) on each
side of the cavity. Thresholds below 1 MW/cm? were achieved by optimizing the sacri-
ficial layer to achieve smooth etched surfaces and by accurately setting the cavity length
and thereby the detuning.

Furthermore, electrically conductive DBRs for blue VCSELs were investigated. In-
sertion of interlayers in AIN/GaN DBRs increased the vertical resistance while measure-
ments and simulations of ZnO/GaN multilayers showed that the resistance is similar to,
or lower than, the lowest reported for pure IlI-nitride DBRs, as a result of the partial
cancellation of polarization fields.

Finally, vertical cavities based on dislocation-free GaN microprism are demonstrated.
The quality factor is strongly dependent on the prism diameter and is around 500 at yellow
wavelengths for prisms with a 1-um diameter. Simulations show that the quality factor
should be approximately four times larger in the targeted blue wavelength regime.

These results serve as building blocks for future dislocation-free small-footprint
VCSELs grown on low-cost substrates as well as short-cavity blue VCSELs with electri-
cally conductive DBRs. Additionally, the UV VCSEL demonstration is an important step
towards a compact, energy-efficient light source with attractive beam characteristics using
a technology with great potential for realizing VCSELS in almost the full UV spectrum.

Keywords: vertical-cavity surface-emitting laser, GaN, AlGaN, electrochemical etching, ultravi-
olet, distributed Bragg reflector, electrical conductivity, nanostructures, microcavity
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Chapter 1

Introduction

Ever since the first laser was demonstrated in 1960 [1, 2], the range of applications have
continuously expanded and lasers are today used for countless purposes in consumer
products, manufacturing, and research. There is a plethora of laser types and their appli-
cations depend on the properties of the device as well as of the coherent light its emits.
Semiconductor lasers are preferred in many applications due to their compact size, low
power consumption, and low cost. The vertical-cavity surface-emitting laser (VCSEL)
is a type of semiconductor laser that today forms a fast-growing billion dollar industry
[3]. The commercial success of GaAs-based infrared-emitting VCSELs was from an
early stage driven by applications in short-reach optical data communication and com-
puter mice and, more lately, by an increasing demand in 3D sensing applications such
as face recognition [3-5]. The widespread use in completely different areas stem from
the numerous beneficial traits of VCSELs. These include their very small footprints,
low threshold currents and resulting low power consumption, and circular-symmetric and
low-divergence output beams. VCSELs are also easily fabricated in 2D arrays, which
lowers fabrication cost due to the possibility of on-wafer testing. Furthermore, VCSELs
can be modulated at high speed at low currents, typically have single longitudinal mode
emission that shows a relatively small wavelength shift with temperature and can be tuned
continuously with current. Additionally, VCSELSs can be made for single transverse-
mode operation. Compared to light-emitting diodes (LEDs), VCSELSs can provide higher
conversion efficiencies at high current densities giving larger achievable output power per
chip area [4].

Infrared GaAs-based VCSELSs were first conceived by Iga et al. in 1979 and commer-
cialized in 1996 [6-8], but despite its great success, the counterparts in the ultraviolet
(UV) to green spectral region are still not commercially available. In the early 1990s,
when GaAs-based VCSELs were rapidly improving in performance and moving closer
to volume production, there were still no semiconductor materials suitable for compet-
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itive UV to green LEDs and lasers. This changed due to the work of Isamu Akasaki,
Hiroshi Amano, Shuji Nakamura et al., in which the crystal quality and p-type doping
of GaN [9-12] were improved, enabling Nakamura et al. to demonstrate the first blue-
emitting high brightness LEDs and lasers in the mid-1990s [13-17]. The realization of
high-brightness blue-emitting LEDs also allowed for energy-efficient white light LEDs,
and in 2014, Akasaki, Amano, and Nakamura were awarded the Nobel Prize in Physics
for their work. Following the break-through in blue LEDs and lasers, research on GaN-
based materials and devices intensified and the III-nitrides, which is the semiconductor
group that GaN belongs to, are today the completely dominating semiconductor materials
for UV and visible light emitters.

Also III-nitride-based VCSELSs gained considerable attention and in 2008 the first
electrically injected blue-emitting devices were realized [18, 19]. However, the con-
tinued progress has been hampered by challenges in, for example, mirror fabrication,
electrical injection, and thermal management. Nevertheless, in the last few years, the
performance of the best devices has improved significantly with achieved output powers
of up to 24 mW, threshold current densities of a few kA/cm?, and wall-plug efficiencies
around 10%. Furthermore, yields of over 80% over a 2-inch wafer and 1000 hours contin-
uous operation at room temperature have been demonstrated [20-22]. These results holds
promise for near-time commercialization. In contrast, limited progress has been made for
UV-emitting VCSELSs. For wavelengths shorter than around 360 nm, these must be made
using AlGaN, and the shorter the UV-emission wavelength, the higher the Al content must
be. So far, AlGaN VCSELs have mainly been constrained to low Al content and solely
to optically pumping. Nevertheless, research in both blue- and UV-emitting VCSELSs re-
mains intense and is fueled by the great potential of III-nitride VCSELSs in numerous and
wide-ranging areas.

1.1 Applications

Which applications III-nitride VCSELs will be used for will heavily depend on the
achievable performance characteristics, such as optical output power, threshold current,
and wavelength stability. Furthermore, factors such as reproducibility, lifetime, and man-
ufacturing cost will play important roles. Different applications will also demand differ-
ent emission wavelengths. In the visible spectrum, III-nitride VCSELs can enable wave-
lengths from blue to green and potentially orange, which together with the red-emitting
VCSELs already available using other materials systems would provide VCSEL emis-
sion extending over the entire visible range. Additionally, [II-nitride VCSELSs could, at
least in theory, be made with emission wavelengths almost anywhere in the non-vacuum
compatible UV spectrum. This spectral range is often divided into three bands: UVA
(320-400 nm), UVB (280-320nm), and UVC (200-280 nm). Certain application areas,
such as sensing, demand a wide range of wavelengths, while others, such as disinfection
(UVC) and solid-state lighting (blue), are limited to a specific part of the spectrum.
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Infrared VCSELSs are employed in several different sensing applications, such as time-
of-flight distance measurement, 3D imaging, computer mice, and gas analysis [5]. Op-
tical gas sensing, such as tunable laser diode spectroscopy, has the benefit of being fast,
non-destructive and typically having high sensitivity and gas specificity. In the UV, e.g.
ozone, SO, NO,, benzene, toluene, and xylene have strong absorption bands and so far
deuterium or mercury lamps have most often been used as light sources. UV LEDs are
emerging as alternative light sources that benefit from low operating voltages, long life
times, low production cost, relatively narrow and stable emission spectrum with freedom
to choose the peak spectral position, no warm-up times, less heat generation, compact-
ness, better mechanical stability and absence of toxic mercury [23-25]. VCSELs share
most of the benefits of LEDs but could also provide an even narrower emission spectrum,
faster modulation speed, and more efficient fiber coupling. The low power consump-
tion and the symmetric and low-divergent beam can make VCSELs more suitable than
Fabry-Pérot or distributed feedback lasers.

Due to their high reliability and low power consumption, infrared VCSELSs have also
been used in chip-scale atomic clocks [26]. UVA VCSELSs could in a similar way support
the development of compact Yb* atomic clocks as the 369 nm pump laser previously
employed prevents both a low power consumption and miniaturization [27, 28].

UV and visible light can be used to excite fluorescence in biological compounds such
as amino acids, vitamins, and proteins, including enzymes, and can therefore be used
for medical analysis, for example in cancer diagnosis [29-31]. Lasers are often used
for fluorescent excitation, e.g. for time-resolved measurements [29, 32], and VCSELs
could provide a compact laser with potential for point-of-care testing and lab-on-a-chip
integration. Furthermore, the compact size and low power consumption could allow for
VCSEL:s to be used in in-vivo treatment and diagnostics as an alternative with better high-
speed performance and more directed beam than (micro-)LEDs [33, 34]. Thus, VCSELs
could replace blue LEDs that, for example, have been used for neuron stimulation in
cochlear implants [35-37].

Both UVA and UVB light are used for treatment of skin deceases such as vitiligo and
psoriasis. Around 2% of all people suffer from vitiligo and 2-3% from psoriasis. UVA
light in combination with the chemical compound psoralen can be used for treatment of
both these diseases, but due to several side effects, such as an increased risk for skin can-
cer, it has to a large extent been replaced by narrow-band UVB phototherapy. The narrow-
band UVB phototherapy usually consist of exposure to light with wavelengths around 310
nm, typically using fluorescent lamps, or in the case of targeted therapies, excimer lasers
[38-40]. UVB LEDs are emerging as an alternative light source but VCSELSs could pro-
vide additional benefits such as higher irradiance, more directional output beams, and a
combination of targeted and large area treatment using arrays of individual addressable
devices.

UVB light can also be used to improve agricultural products. For example, UVB ex-
posure can enhance plants’ production of secondary metabolites, which may have several
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health benefits including antioxidant and anticarcinogenic effects [41]. Furthermore, ex-
posure of egg laying hens to UVB light showed an increase in egg yolk vitamin D content
[42]. VCSELs could potentially find use in agricultural UVB system that would bene-
fit from more directional light and narrower emission spectrum than what is typically
achieved for LEDs.

Maybe the most important application of UV light is the disinfection of air, water,
and surfaces [43-45]. The germicidal effect is a result of the photochemical changes of
microorganism DNA or RNA upon UV exposure that prevents the bacteria and viruses
from reproducing themselves. The germicidal effect is mainly present for UVB and UVC
wavelengths and is strongest in the UVC, around 260-265 nm, but also depends on the
specific organisms [45]. The importance of improved means to reduce the spread of in-
fectious diseases has become obvious during the ongoing Covid-19 pandemic. UVC light
exposure can be used for intermediate exposure of commonly touched surfaces, or con-
tinuous exposure of air in ventilation systems, to inactivate SARS-CoV-2 or any viruses
and bacteria of future pandemics [43]. Furthermore, the World Health Organization has
estimated that as much as half a million deaths annually can be attributed to unsafe drink-
ing water in low- and middle-income countries [46], which could be significantly reduced
by a wider roll-out of UV disinfection solutions for water. UV VCSEL arrays, similar
in layout to the high-power infrared VCSEL modules delivering power densities above
100 W/cm? for heat treatment applications [47], could facilitate new energy-efficient and
small foot-print UV disinfection solutions with high throughput for both small and large
scale water treatment as well as for air and surface disinfection systems.

Both UV and visible light is regularly used for curing of resins to form polymer ma-
terials such as inks, plastics, coatings, and adhesives. This process is employed in a wide
range of fields, including dental, 2D and 3D printing, and medical applications [48-50].
VCSELs could potentially provide low-cost and compact but still high-throughput sys-
tems for homogeneous curing of coatings, provide targeted curing through fiber-coupling
in dentistry or medicine, be used in digital light processing 3D printing [49], and allow
for higher resolution classical 2D printing.

Phosphor-coated blue-emitting LEDs are today dominating white-light generation, but
the number of lumens achievable per chip area is limited by a droop in efficiency at
high current densities. Lasers can achieve higher efficiencies at high current densities,
which make them suitable for compact, directional and high brightness light sources such
as flashlights, floodlights, and adaptive headlights for cars. The higher optical output
power per chip area could also lead to considerable cost savings [51]. In contrast to
edge-emitting lasers, VCSELs can easily be fabricated in 2D arrays and allows for low-
cost manufacturing due to on-wafer testing, and together with the highly directional and
circular-symmetric beams, VCSELs could be used to realize the full potential of laser-
based solid-state lighting [33].

By virtue of their compact size, 2D-array compatibility, beneficial beam properties,
low power consumption, as well as the higher brightness and spectral purity compared
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to LEDs, VCSEL could also be used in numerous displays applications ranging from
picoprojectors, very large-sized high-brightness displays to wearable electronics such as
retinal scanning displays for augmented and virtual reality [22, 52].

The high modulations speeds at small currents also make VCSELSs suitable for visible
light communication (VLC). VLC can be used to provide high-speed data communication
with an added layer of security and VCSELSs could be used as a higher speed alternative to
LEDs in indoor VLC light sources [53]. Potentially, VCSELs with UVC emission could
also be used in solar blind non-line-of-sight communication and blue- or green-emitting
devices in underwater optical wireless communication [54-56].

The above discussed areas are just a sample of possible future applications of UV- and
blue-emitting VCSELs. As predictions like these are highly speculative in nature, some
of these applications will not materialize while others may become commercial drivers.
Furthermore, just like few people a decade or two ago predicted the advent of 3D-sensing
infrared VCSEL arrays in smartphones, there might be large volume applications of UV
and blue VCSELSs not yet foreseen. Nevertheless, based on the many beneficial traits of
VCSELs and the huge technological importance of light in the UV to green spectrum, it is
very likely that such light sources will find multiple applications, which prompt research
efforts dedicated to these devices.

1.2 This thesis

Motivated by the various potential applications of III-nitride VCSELSs, this thesis is de-
voted to work that can support the improvement in performance of both UV- and blue-
emitting VCSELs. In Chapter 2, the most important properties of the III-nitride materials
are explained, and this is followed by an introduction to VCSELS in Chapter 3. Chapter 4
gives a detailed overview of the III-nitride VCSEL field, including the different device ge-
ometries demonstrated, the main challenges, the state-of-the-art performance, and what
solutions that can be used to extend the emission to shorter wavelengths. These three
chapters provides a foundation for the research work presented in the appended papers,
which are introduced and discussed in the three following chapters. Chapter 5 concerns
the demonstration of the first optically pumped UVB VCSEL, its lasing performance,
and an investigation of what is needed to realize UVC VCSELs using the same methods.
Chapter 6 introduces two different types of electrically conductive distributed Bragg re-
flectors (DBRs); AIN/GaN DBRs and the influence of compositional interlayer, and the
first investigation of the vertical electrical conductivity of ZnO/GaN multilayers. Chap-
ter 7 shows how nanowire-based GaN prisms can be used to form dislocation-free vertical
cavities. All the results are summarized in Chapter 8 where additional work needed and
the future directions of the field will also be discussed. Finally, in Chapter 9, a summary
of the appended papers is presented.
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Chapter 2

III-nitride materials

The IlI-nitride materials system is a group of materials that consist of one or multiple
of the metals Al, Ga, and In, which have three valence electrons, combined with the five
valence electron element nitrogen. AIN, GaN, and InN, as well as their alloys, have direct
bandgaps that can be tuned for emission from the far UVC to infrared wavelengths, as
shown in Fig. 2.1. These properties have made III-nitrides very attractive for optoelec-
tronic devices, especially for emission in the UV to green spectral range where there is a
lack of other inorganic semiconductor materials suitable for efficient light generation.

2.1 Crystal structure

The thermodynamically stable crystal structure of the III-nitrides under ambient condi-
tions is wurtzite, which is also the stable structure for the II-VI material ZnO. As shown
in Fig. 2.2, wurtzite consists of two hexagonal closed-packed planes, each with only one
type of atoms and with a lattice constant a, repeated in an AaBb stacking order. The out-
of-plane lattice constant is ¢ and the spacing between aligned planes of different atom
types is 5¢/8 or 3¢/8. Crystal directions and planes are denoted using the four lattice
vectors aj, az, a3, and c¢. Figure 2.2 also shows the orientation of the polar c-plane, the
nonpolar a- and m-plane, and an example of a semipolar plane (s-plane), the r-plane. Fur-
thermore, the direction of what is denoted as the metal-face (or Ga-face, Al-face, etc.),
and the N-face in the non-centrosymmetric structure is also shown. Analogously, crystals
or surfaces that are grown or oriented in these directions are often called metal-polar or
N-polar [58].
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Figure 2.1: Bandgap energy and wavelength of IlI-nitride materials and ZnO versus in-plane
lattice constant. Material data is taken from Ref. |57].
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Figure 2.2: The wurtzite crystal structure and four important crystal planes.
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2.2 Growth

Two of the most common methods of growing III-nitride heterostructures are metalor-
ganic vapour-phase epitaxy (MOVPE) and molecular beam epitaxy (MBE). In MOVPE,
which is also called metalorganic chemical vapour deposition (MOCVD), the growth is
driven by chemical processes in which precursor gases react at the substrate surface held
in a chamber under moderate pressures and elevated temperatures. Metalorganic gases
such as triethylgallium (TEG), trimethylgallium (TMGa), or trimethylaluminium (TMALI)
are used as metal precursors and NHj3 as precursor for nitrogen, while N, and H; are used
as carrier gases. In contrast, MBE is done in ultra-high vacuum chambers where the met-
als atoms are provided by high-purity solid sources that are heated in effusion cells to
create molecular beams that impinge on the heated substrate surface. For growth of III-
nitrides using plasma-assisted MBE (PAMBE), the metal atoms react with active nitrogen
that is introduced in the chamber using a plasma source.

One of the main challenges in epitaxial growth is achieving low-defect-density crys-
tals. Low-defect growth is especially challenging when the materials have large differ-
ences in their in-plane lattice constant. The larger the lattice mismatch, and the thicker the
grown layer, the more likely the crystal is to crack or form dislocations that can impede
device performance. The relatively large lattice mismatches of the III-nitrides, as shown
in Fig. 2.1, put limitations on what heterostructures can be grown with relatively high
quality. Additionally, due to the high cost of free-standing substrates of GaN and AIN,
most devices are grown on GaN- or AIN-on-sapphire templates, which have relatively
high threading dislocation densities in the range of 107-10'° cm~2 [59, 60]. UVB devices
need thick layers of AlGaN with close to 50% Al content and therefore have a large lat-
tice mismatch to both GaN and AIN. As a result, high quality growth becomes especially
challenging and often leads to lower efficiencies for UVB LEDs and higher threshold
currents for UVB lasers than for their UVA and UVC counterparts [59, 61, 62]. Low
dislocation densities can be especially important for lasers as high dislocation-density
substrates may reduce both device lifetime and efficiency [63]. As a consequence, com-
mercial blue edge-emitting lasers are typically grown on relatively small and expensive
free-standing GaN substrates and the same is true for state-of-the-art III-nitride VCSELs
[20-22]. As dislocation management still is one of the largest challenges for III-nitride
growth, it remains an active research area with many different solutions used, including
buffer layers [9], superlattices [64-67], relaxed AlIGaN pseudosubstrates [64], epitaxial
lateral overgrowth (ELO) [68, 69], high-temperature annealing [70], and nanostructures
[71-73].

2.3 Electrical properties

Another major challenge with III-nitride growth is achieving high electron and hole con-
centrations using impurity doping. Typically, n-doping is done using Si and dopant con-
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centrations up to over 10'° cm™ are regularly realized without significant degradation in

crystal quality. The relatively low ionization energy for Si in GaN results in electron con-
centrations similar to that of the Si concentration. However, as the Al content increases,
so does the ionization energy of the dopants, which leads to less efficient doping, espe-
cially for Al contents over 80% [74, 75]. Achieving high p-doping, which is typically
done using Mg, is considerably more challenging because the relatively high ionization
energy and compensating defects limit the hole concentrations to the order of 10'® cm™3.
Also in the case for p-doping, the difficulty in reaching high hole concentrations increase
significantly with Al content due to higher ionization energies [74, 76].

Another property with a large influence on the electrical properties of IlI-nitrides are
polarization fields. The asymmetry of the wurtzite crystal structure gives electrical fields
that are dependent on the crystal orientations. The III-nitrides have large electronegativity
differences, which makes these polarization fields relatively large. Inside bulk materials,
the polarization fields cancel, but at interfaces of a heterostructure, they give rise to effec-
tive sheet charge densities that consist of two components. The first is the spontaneous
polarization charge and is independent on the strain in the structure and the second is the
piezoelectric polarization charge that is proportional to the strain. The total sheet charge
density at a c-plane interface between two wurtzite layers A and B, where layer A is
in-plane pseudomorphically strained to B, can be calculated using the formula

o:};Ap—Ps‘;Jrz(em—cﬁe%) 4B an 2.1
€33 aa

where a is the in-plane lattice constant and Fy, is the spontaneous polarization charge
densities of the two materials, and where e3; and e33 are the piezoelectric constants and
c13 and c33 are the elastic constants for layer A. These interface charges, together with
band offsets, give rise to band bending and potential barriers that can impede electron
flow perpendicular to the interfaces. Polarization charges also give rise to the quantum-
confined Stark effect, where the radiative recombination rate is reduced and the emission
wavelength is redshifted. This effect is especially prominent for wide quantum wells
(QWs) but is reduced at high carrier densities. It may be completely or partly avoided by
using nonpolar or semipolar structures [58].

2.4 Optical properties

GaN has a bandgap of around 3.4eV at room temperature corresponding to emission
in the UVA near 360nm. InGaN alloys are used in the QWs to achieve emission in
the visible and near UVA, while AlGaN alloys are used to obtain emission at shorter
wavelengths in the UVB and UVC. The recombination rate is often roughly approximated
by

R=An+Bn*+Cn’, (2.2)

10
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Figure 2.3: Thermal conductivity of AlGaN calculated using the material parameters in
Ref. |81].

where n is the carrier density and A, B, and C are constants. Bn? is the radiative recom-
bination rate while An comes from the trap-assisted Shockley-Read-Hall recombination
rate and Cn® from Auger recombination rate, both non-radiative [58, 77]. High levels of
trap-assisted non-radiative recombination will lead to poor efficiency in LEDs and higher
thresholds in lasers. One important performance metric is the internal quantum efficiency
(IQE), which is the ratio of radiative to total recombination. InGaN QWSs can have IQEs
above 90%, even when grown on relatively high dislocation density GaN-on-sapphire
templates. This is attributed to carrier localization as a result of In fluctuations [77-79].
However, for InGaN QWs with lower In content and emission of around 400 nm and be-
low, as well as for AlGaN QWs, the carrier localization is less and UV-emitting devices
are, consequently, more sensitive to dislocations than blue-emitting devices [59, 79]. In
addition to dislocations, point defects in the active region can increase the non-radiative
recombination efficiency. Specifically, surface defects in GaN that are trapped during
growth of InGaN QWs can have a detrimental effect on the radiative efficiency. However,
this can be avoided by trapping the defects before the growth of the QWs using an InGaN
underlayer [80].

2.5 Thermal properties

The binary compounds AIN, GaN, and InN have significantly higher thermal conductivity
than ternary materials AlGaN, InGaN, and AlInN, as shown in Fig. 2.3. This is due to
alloy scattering, and for AlGaN with around 50% Al content the thermal conductivity
drops to below 1/10 of the values of the binary compounds [81]. The thermal conductivity
will also depend on the deposition method and material quality as well as on the doping
and thickness of the layers [82].

11
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2.6 Growth of nanostructures

The traditional growth method is to grow homogeneous layers on top of a planar substrate,
so called two-dimensional growth. However, it is possible to grow three-dimensional
nanometer- or micrometer-sized structures by choosing appropriate growth substrate and
growth conditions, and/or by pattering the substrates. These structures have the benefit
that they can incorporate more strain and can achieve nonpolar or semipolar planes even
when grown on a c-plane substrate [83, 84]. Furthermore, they can be used for small-
footprint devices and can filter out threading dislocations [71-73]. It is possible to achieve
controlled 3D growth using selective area growth where the growth substrates is patterned
or partially covered by a mask to control the location where growth can start. Selective
area growth can be used to create ordered array of nanowires but also ELO AIN- or
GaN-on-sapphire templates with lower dislocation densities than what is achievable with
two-dimensional growth on non-structured sapphire wafers [68, 69, 71-73].

12
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Fundamentals of vertical-cavity
surface-emitting lasers

Figure 3.1 shows an example of a vertical-cavity surface-emitting laser structure. For
VCSELSs, the optical feedback is given by two mirrors that are parallel with the wafer
plane and in this way forms a vertical cavity. One of the main challenges with VCSELs
is that the vertical geometry, where the active region is perpendicular to the direction of
light propagation, results in small round-trip gain. Therefore, the round-trip losses must
be kept low, which is achieved using high-reflectivity mirrors. Typically, the mirrors em-
ployed are DBRs which use multiple reflections and constructive interference to achieve
high reflectivity at specific wavelengths. If the top mirror has the lowest reflectivity of the
two DBRs, the vast majority of the light is emitted through the top and the VCSEL is re-
ferred to as a top-emitting device, and if the bottom mirror has the lowest reflectivity, the
majority is emitted through the substrate and the device is referred to as bottom-emitting.
The gain is provided by an active region consisting of a few QWs that is positioned at an
optical antinode of the standing wave within the cavity while lossy layers are positioned
at optical nodes. Electrical contacts are used to pump the active region and structures to
laterally confine the light as well as the current are also included. For initial demonstra-
tions, with the goal to demonstrate that the cavity is of sufficiently high quality to support
lasing, the structure is usually optically pumped using a shorter wavelength laser instead
of using electrical contacts for pumping. This simplifies the epitaxial structure and device
layout.

The vertical geometry and emission direction of the VCSEL have several benefits.
In contrast to edge-emitting lasers, these devices can be characterized before dicing the
wafer, which allows for significant savings in manufacturing cost. Furthermore, this al-
lows for easy fabrication of two-dimensional VCSEL arrays. The footprint, and thus the
active region of a VCSEL, is also much smaller than that of edge-emitting lasers which

13
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Figure 3.1: Example of a VCSEL structure with intracavity contacts. The red curve shows a
standing electric field profile along the VCSEL z-axis.

results in a low threshold current. Additionally, the small device volume makes it possible
to achieve high speed modulation even at lower currents and the short cavity length leads
to a large mode spacing. The large mode spacing ensures single longitudinal mode lasing
since only one of the longitudinal modes typically will overlap with the gain spectra and
DBR stopband. It is also possible to achieve single transverse mode operation and, as a
result of the lasing area being defined in the wafer plane, the emission is typically circular
symmetric with a low divergence [4].

Although having many benefits, the VCSEL structure entails some manufacturing
challenges. These include high-reflectivity mirrors, a high sensitivity to cavity length
variations, and to achieve optical guiding and homogeneous current injection.

3.1 Distributed Bragg reflectors

DBRs consist of stacks of two alternating high and low refractive index materials where
the thickness of each layer corresponds to a quarter of the target wavelength. The peak
reflectivity and stopband width depends on the number of material pairs and the refractive
index contrast between them, as shown in Fig. 3.2.

Reflection and transmission from multilayered structures such as DBRs can be simu-
lated with the transfer matrix method (TMM). The transfer matrices for reflection at each
interface and for propagation in each material are multiplied together to give the overall
transfer matrix of the system,

Tiot = TnTn—1.. Z12 13, (3.1)

where each 7; corresponds to either the transmission through a layer or reflection at an
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Figure 3.2: Simulated reflectivity of an epitaxial DBR, with refractive indexes of 2.45 (GaN)
and 2.1 (AIN or ZnO), and a dielectric DBR, with refractive indexes 2.1 (HfO,) and 1.5 (SiO,).
Each is simulated for 10 and 20 pairs.

interface according to
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Here B =27n/A — jo/2 is the complex propagation constant, ¢ is the thickness of the
layer, 0 is the propagation angle in the layer relative to the interface normal. ¢ and r are
the complex and angle-dependent Fresnel transmission and reflection coefficients. 7 is
the real part of the refractive index of the material and & the absorption coefficient. From
the matrix elements of Ty, the reflectivity of the structure is given by

2
Tiot,12

3.3
Tiot 11 (3-3)

R =

and the transmission can also be extracted [85]. By simulating cavities at multiple wave-
lengths, TMM can also be used to the extract resonance wavelength and the quality factor,
which is directly related to the cavity losses, from the reflection dip or transmission peak
of the spectrum. Other simulation methods such as the effective index method can be
used to obtain additional data such as the lasing threshold material gain [86].
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Figure 3.3: Schematic material gain spectra (green) for different carrier concentrations and
an example of how the threshold material gain can vary with the spectral position of the reso-
nance wavelength (dashed blue). The green dashed arrow denotes the direction of increased
carrier concentration and the red vertical lines show an example of the spectral positions of
three different longitudinal modes.

3.2 Gain

The material gain needed in the QWs to compensate for the losses and for the device to
reach the lasing threshold is given by

1 L 1 1
=—|(op—+—In—n 3.4
8th r( ngff+2Lgf anRz)’ (3.4)

where ' =T,I,d, /L, rr is the total optical confinement factor, d,, is the total thickness of
the QWs, L,y is the the effective cavity length, I, is the relative confinement factor that
is a measure of how well the antinode of the longitudinal optical field overlaps with the
QWs, and I is the transverse overlap of the field and active region. Furthermore, o; is
the average internal loss in the cavity layers, L is the thickness of the cavity layers, and
R; and R, are the reflectivities of the two mirrors [4].

Figure 3.3 shows schematic material gain spectra for different carrier concentrations
together with a curve illustrating how the threshold material gain can vary with spectral
position of the resonance wavelength. Assuming that the mode overlap with the active
region and lossy layers is constant, the spectral region with low threshold material gain
will be determined by the DBR stopband. The material gain will increase and blue shift
with increasing carrier concentration but the shape of the curve depends on the active
region design. Standard VCSELs have only one longitudinal mode within the part of the
spectrum with positive material gain. The material gain experienced by this mode will
both be determined by the carrier concentration and spectral position of the resonance,
and the material gain that the mode experience needs to reach the threshold material
gain to achieve lasing. If the resonance is very close to or below the bandgap, lasing
will not be possible, independently of the carrier concentration as the maximum modal
gain is too low. If the resonance, on the other hand, is at a too short wavelength, a
high carrier concentration is needed to achieve a positive material gain but the maximum
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theoretical gain can be large. Depending on the required threshold gain of the laser,
different positions of the cavity resonance relative to the material gain spectra may be
optimum. Therefore, it is imperative to have good control of the resonance wavelength to
achieve low lasing thresholds.

3.3 Resonance wavelength

The resonance wavelength of a VCSEL is sensitive to the cavity length, which is mainly
determined by the optical thickness of the epitaxially grown layers between the two mir-
rors but also by the thicknesses of the DBR layers as the electric field extends into the
mirrors. Assuming a cavity consisting of a cavity layer with thickness L and refractive
index n between two DBRs, the resonance wavelengths are given by

_ 2nLeff
m-+ Zn(Lp[/At +Lpb/afb) ’

Ao (3.5)

where L, and L,;, are the DBR penetration depths, Lerr = L+ Ly, + Ly, is the effective
cavity length, and A, and A, are the center wavelengths of the top and bottom DBRs [87].
Thus, the resonance wavelength will both depend on the cavity layer thickness and the
DBR center wavelengths. Typically, the cavity thickness and the DBRs are designed such
that A, = A, = A3, which gives the simpler expression A,, = 2nL/m [87]. As the optical
length, nL, of the cavity layer for m = 1is A /2, this is often called a 0.5A cavity and, sim-
ilarly, for example m = 5 corresponds to a 2.5A cavity. However, the realized resonance
wavelength may deviate from the target if there are physical thickness deviations in the
growth or optical thickness variations due to refractive index differences, e.g. as a result
of deviations in the Al content for AlGaN layers. These effects are discussed in detail for
UVB VCSELs in Chapter 5.

3.4 Thermal effects

How fast the temperature of the device will rise with increased pumping is determined by
the fraction of the pumping power that is dissipated as heat and by the thermal resistance
of the device. The thermal resistance is strongly dependent on the device design and
the thermal conductivity of the different materials used. Metals and binary semiconduc-
tors typically have high thermal conductivities, while the thermal conductivity of ternary
materials are lower (see Fig. 2.3). Furthermore, the thermal conductivity of dielectric
materials is even worse. Therefore, especially when using dielectric mirrors, it can be
beneficial to use longer cavities to reduce the thermal resistance.

The operating temperature of the device will affect both the resonance wavelength and
the gain spectrum. In semiconductor materials, the refractive index typically increase
with increasing temperature, leading to a red-shift of the resonance wavelength. Due to
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a decreasing bandgap with temperature, the gain spectrum also redshifts with increasing
temperature. However, the gain spectrum generally shifts faster than the resonance wave-
length and it is, therefore, important to consider operating temperature as well as cold
cavity detuning between the gain peak and the resonance wavelength to optimize perfor-
mance [87]. Additionally, the gain peak is lowered and the carrier leakage from the QWs
is increased with temperature, which makes it important to limit self-heating [77, 87].

3.5 Optical guiding

The light in VCSELS is confined vertically by the use of DBRs, but horizontal optical
confinement is crucial as well since lateral leakage also has a large impact on the opti-
cal losses. If the effective cavity length is longer in the central part of the cavity than
in the peripheral parts, i.e. a convex structure, the structure works as a waveguide and
reduces lateral leakage. In contrast, an antiguiding concave structure can have signifi-
cant optical leakage losses [88]. The difference in cavity length between the center and
peripheral regions is connected to the effective refractive index differences between the
regions according to

Acenter — Afperipheral - Anege

A Neft

(3.6)

The value of the effective refractive index difference determines if the structure is guiding
or antiguiding, what modes that are supported, how temperature-dependent the perfor-
mance characteristics are, and influences the threshold material gain. A too large optical
guiding can lead to high diffraction losses, and to achieve guided single transverse mode
VCSELs, both small index differences and small aperture diameters should be used [21,
86, 88, 89].

3.6 Cavity quality factor

The cavity quality (Q) factor is often defined as the ratio of the stored energy in the
resonator to the energy losses per cycle. It can also be calculated using the linewidth
of the resonances’ spectral peak or from the complex eigenvalues of the solutions to the
electromagnetic wave equations,

/
Weay o A 0]
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o 3.7
Here @, is the resonance frequency, W, the stored energy, P the total loss, Aw and
AA the full width at half maximum (FWHM) of the resonance, and ® = @’ + jo” the
complex eigenfrequency where @ = ®, and where ®” represents the losses. All these
three methods give very similar results as long as the material dispersion is relatively low
[90]. The first can be calculated, if the field profile is know, by integrating the stored
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energy in the cavity and by estimating the cavity loss, for example by tuning a gain layer
to compensate for the losses. The second can be extracted from simulated or experimen-
tally measured emission, transmission, or reflection spectra. The third is calculated after
numerically solving the eigenfrequency problem for the cavity.
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Chapter 4

III-nitride vertical-cavity
surface-emitting lasers

After the pioneering work by Nakamura, Amano, and Akasaki et al. that led to the first
demonstrations of efficient GaN-based LEDs and lasers in 1994-1996 [13-17], research
on optoelectronic GaN-based devices increased significantly. Driven by the then highly
attractive applications such as high-density optical disc storage and high-resolution print-
ing, a considerable effort was also aimed at VCSELs and within a few years, optically
pumped devices were demonstrated. First, at wavelengths just above 360 nm by using a
thick GaN cavity as the active material [91] and later at blue wavelengths using InGaN
active regions [92]. Despite continued efforts and the successful commercialization of
LEDs and edge-emitting lasers, it took until 2008 before the first electrically injected
GaN-based VCSELs were realized [18, 19] and there are still today no commercially
available III-nitride VCSELs. In the UV range, progress has been even slower, and only
small improvements in performance and in expanding the wavelength range has been
achieved since the first demonstrations at the end of the 1990s. To better understand the
partly slow or limited progress for III-nitride-based VCSELs, this chapter will discuss the
challenges related to the reflectors, electrical injection and optical guiding, and it will end
with a review of the state of the art for both visible- and UV-emitting VCSELSs.

4.1 Reflectors

Unlike the AlGaAs materials system, the III-nitrides suffer from large differences in in-
plane lattice constants that puts constraints on the epitaxial growth. Furthermore, large
band offsets, poor p-type conductivity, and polarization charges limit the vertical con-
ductivity of IIl-nitride layer stacks. These challenges have impeded the realization of
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electrically conductive III-nitride DBRs with high reflectivity and wide stopbands and in-
stead spurred researchers to investigate multiple different fabrication routes as seen in the
many different device schemes that have been successfully demonstrated for III-nitride
VCSELs. Figure 4.1 shows schematics of the major schemes for III-nitride VCSELSs, but
the list would be significantly longer if all their variations would also be depicted. Due
to their different benefits and limitations, there is still no obvious superior solution and
parallel development remains active.

Even though the first optically pumped III-nitride VCSEL used two epitaxially grown
DBRs [91], similar to the typical GaAs-based VCSELs, this was quickly abandoned as
the poor p-type conductivity does not only prevent vertical injection but also prevents
efficient p-side lateral current spreading. Instead, at least one dielectric DBR is used
since these are compatible with an intracavity current spreading layer such as indium
tin oxide (ITO). Furthermore, dielectric DBRs are significantly easier to fabricate and
typically yields a broader reflectivity stopband and are therefore also used for devices
using tunnel junctions (TJs) for electrical injection. Most IlI-nitride VCSELSs can be
divided into two broad categories, the hybrid type, which has a p-side dielectric DBR and
an n-side epitaxial DBR, and the double-dielectric-DBR VCSEL.

Figure 4.1a-c show examples of hybrid VCSELSs and Figure 4.1d,e show examples of
double-dielectric-DBR VCSELs. Even though hybrid devices, such as the one shown
in Fig. 4.1a, do not need to be bonded to a carrier substrate, it is often done any-
way (Fig. 4.1b) to improve the thermal performance. This can also improve the light-
extraction as the dielectric DBR typically has a higher reflectivity than the epitaxial DBR,
and in these cases, the substrate is usually thinned down and an anti-reflective coating is
deposited to further increase outcoupling.

Both the hybrid and the double-dielectric-DBR VCSELSs have dielectric p-side DBRs,
current confinement and current spreading layers as well as p-side intracavity contacts.
For the VCSELs with double-dielectric DBRs, also the n-contact has to be intracavity
while the hybrid VCSELs may use n-contacts outside the cavity, as in Fig. 4.1¢, if the
epitaxial DBR is electrically conductive. The benefits and challenges with electrically
conductive DBRs are discussed in detail in Chapter 6.

The typical double-dielectric-DBR VCSEL scheme is shown in Fig. 4.1d. Compared
to the hybrid approach, this has the benefit of a wider stopband and an easier achiev-
able high reflectivity (see Fig. 3.2) but it also increases the fabrication complexity as
the growth substrate needs to be removed. One other option to achieve a VCSEL with
double-dielectric DBRs is to use ELO, see Fig. 4.1¢e, but this comes with several growth
challenges. A scheme that does not belong to either the typical hybrid or double-dielectric
classification is the one using a high contrast grating (HCG) either on the n-side (Fig. 4.1f)
or the p-side.

Figure 4.2 shows the spectral range for which the different types of injection solutions
and mirrors are suitable. In the following, an overview of the different types is given and
their suitability in the UV spectral region is highlighted.
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Figure 4.1: lll-nitride VCSELs with different reflector schemes. (a) Hybrid VCSEL, (b)
bonded hybrid VCSEL, (c) hybrid VCSEL with electrically conductive n-side DBR and back-
side contact, (d) double-dielectric-DBR VCSEL, (e) ELO VCSEL, and (f) HCG VCSEL.
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Figure 4.2: Spectral range for which different electrical injection schemes and reflector solu-
tions are suitable. The vertical dashed lines mark approximate bandgaps of different AlGaN
compositions and dielectric materials. The given refractive indexes are for a wavelength of
370 nm.

4.1.1 Epitaxial DBRs

The refractive index difference between the two layers in epitaxial DBRs is limited by
which layers that can be grown on top of each other without introducing an unacceptable
amount of defects. Defects, such as cracks or dislocations, can reduce the DBR reflectiv-
ity or lower the quality of other device layers grown on top. For IlI-nitrides, the lattice
mismatch can be significant and the development of IlI-nitride DBRs demands a trade-
off between refractive index contrast, defects, complexity of growth, and in the case of
nanoporous or air-gap DBRs, post-growth fabrication. Hence, numerous different types
of epitaxial III-nitride DBRs have been demonstrated, most of which can be electrically
conductive, but with rather low electrical conductivity as discussed in Chapter 6.

Al(Ga)N/(Al)GaN

There have been many demonstrations of AlGaN-based DBRs, with a wide range of
Al contents in the DBR bilayers and grown using both MBE and MOVPE [93-100].
The AIN/GaN combination offers the highest refractive index contrast, allowing for high
reflectivity and a wide stopband using as few as around 20 pairs. Consequently, this type
of DBR was used in one of the first electrically injected continuous-wave blue-emitting
VCSELs [18]. However, due to the large in-plane lattice mismatch of AIN and GaN,
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the growth is challenging and the layers may easily crack. Stress management can help
against cracking or threading dislocation formation, e.g. by growing directly on SiC
without any buffer layer [95], growing on GaN/AlGaN superlattices [100], or using thin
strain-compensating interlayers in between the DBR layers [18, 66, 67, 101].

By exchanging one or both of the binary materials with the ternary compound AlGaN,
the lattice mismatch decreases and reduces the probability of cracking or threading dis-
location generation. The more similar the Al contents of the two layers are, the eas-
ier the growth becomes, but at the same time the refractive index contrast is reduced
(see Fig. 4.2). Thus, for low contrast Al(Ga)N/(Al)GaN DBRs, it is more challenging
to reach high reflectivities and the stopband will be narrower. A 99% reflectivity has
been achieved using AIN/GaN [95], but also using AlggoGag20N/Alg 138Gag g2 N [102]
and AIN/Alp 43Gag 57N [103] DBRs.

For UV VCSELs with emission wavelengths below approximately 360 nm, AIN/GaN
DBRs are not longer an option due to the bandgap absorption of GaN, as shown in
Fig. 4.2. AIN/AlGaN DBRs can still be useful and Al(Ga)N/AlGaN DBRs have been
demonstrated with reflectivities of 9% down to 347 nm [102, 103]. However, despite
substantial efforts, there are no demonstrations of AIN/AlIGaN DBRs in the UVB or UVC
range with a reflectivity of 99% or above [96-99]. The highest reported reflectivity is 98%
at 273 nm using either a 25-pair AIN/Alg ¢5Gag 35N DBR or a 50-pair AIN/Alg 70Gag 30N
DBR, both with stopband widths below 10 nm [97, 99]. The difficulties in reaching above
99% reflectivity in this spectral range stem from the small achievable refractive index dif-
ference that shrinks as the wavelength becomes shorter and a higher Al content is needed
to reduce absorption.

AliInN/GaN

By using an In content of approximately 18%, it is possible to grow AlInN lattice-
matched to GaN (see Fig. 2.1) and this is used to grow close to strain-free AlInN/GaN
DBRs. Although the refractive index contrast is only approximately half that of
AIN/GaN, which means that around 40 DBR pairs are needed to reach a reflectivity above
99%, the low strain may allow for crack-free growth. However, due to primarily the large
difference in optimum growth temperatures of AIN and InN, the growth of AlInN is
hampered by phase-separation, slow growth rates, generation of threading dislocations,
and In incorporation having a high sensitivity to growth conditions [104-106]. Despite
this, AlInN/GaN DBRs with reflectivities above 99% have been achieved, mainly us-
ing MOVPE, with the first demonstrations at Ecole polytechnique fédérale de Lausanne
(EPFL) [94, 107]. EPFL also used their DBR in an electrically injected blue-emitting
VCSELs [108]. In the last few years, AIInN/GaN has arguably been the most success-
ful II-nitride epitaxial DBR, primarily due to the work by Meijo University and Stanley
Electric, which have improved the DBR quality by, e.g., the use of in-situ curvature mon-
itoring and GaN cap layers grown at similar conditions that are used for AlInN growth
[105, 106]. Furthermore, they have incorporated their AlInN/GaN DBRs in blue-emitting
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VCSELs [21, 109] showing record-high output powers. Recently, also Nichia Corpora-
tion demonstrated blue and green VCSELs with record-high wall-plug efficiencies using
the same type of DBRs [22].

Unfortunately, the usefulness of AIInN/GaN DBRs in the visible and UVA does not
transfer to shorter wavelengths. Although a reflectivity above 99% has been achieved
down to approximately 340 nm using an Alg gsIng.15sN/Alg20Gag goN structure [110], the
lattice matching benefits mostly disappear if used in shorter wavelengths devices. AlInN
and AlGaN can still be grown lattice-matched to each other but much of the AlInN/GaN
benefit comes from being lattice-matched to the GaN substrate or template. In the UVB
and UVC, AIN substrates or templates are usually used and AlInN/AlGaN will no longer
provide any significant advantage over AIN/AlGaN.

Nanoporous or air-gap DBRs

Electrochemical etching can be used to selectively porosify or completely remove highly
n-doped Ill-nitride layers [111, 112]. In Chapter 5, the principles of electrochemical
etching and its use in lifting off UV structures are explained. However, many groups
have also used this process to create air-gap [27] or nanoporous DBRs [113-117]. A
nanoporous layer has an effective refractive index layer between that of the semiconduc-
tor and air, which depends on the degree of porosity. A GaN structure with alternating
doped and undoped layers can be turned into nanoporous or air-gap DBRs by carefully
selecting doping levels, etching voltage and layer thicknesses. These DBRs are rela-
tively easy to grow and have a potential for a high refractive index contrast. However,
the porosity may be sensitive to process conditions or sample inhomogeneities, it de-
mands additional processing steps, and for high porosities and especially air-gap DBRs,
the structural stability may be compromised. Large pores could also lead to losses due to
optical scattering. Nevertheless, reflectivities above 99% have been demonstrated using
nanoporous DBRs in the visible spectral region and these have been used in electrically
injected blue-emitting VCSELs where the DBRs’ anisotropy also can be used for polar-
ization pinning [118, 119]. Furthermore, Aly9sGag9sN nanoporous DBRs with above
99.5% reflectivity and an air-gap DBR have been incorporated into optically pumped
UVA-emitting VCSELs [27, 120]. Air-gap DBRs may also be formed using wet etching
of AlInN in hot nitric acid, but the chemical stability of AlInN gives etch rates of only
around 200 nm/h [121], compared to electrochemical etching with etch rates that can be
in the order of 10 um/min [112].

To be used as reflectors in the UVB and UVC, high Al-content layers are needed.
Complete etching of up to 50% and porosification up to 60% Al-content AlGaN have
previously been demonstrated [112, 122, 123], and we have recently seen that it is pos-
sible to porosify AlIGaN with at least 76% Al content as shown in Fig. 4.3. A porous
AlGaN DBR is, thus, a relatively promising option for deep-UV DBRs. Reflectivities as
high as 93% have been reported at 276 nm from a porous Aly 47Gag 53N DBR [124] and
89% at 324 nm from a porous Alg Gag4N DBR [122]. However, reaching reproducible
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Figure 4.3: Cross-sectional view scanning electron microscopy (SEM) images of
Alg.76Gap.24N with Si-doping of approximately 3 x 10'® cm=3, porosified using electrochem-
ical etching in 0.3 M HNO3 at 30, 45, or 55 V.

reflectivities of 99% using porous AlGaN DBRs will be challenging as AlGaN suffers
from more sample inhomogeneities than GaN. Furthermore, shorter wavelengths will be
more sensitive to scattering from DBR pores which could lead to increased optical losses.

ZnO/GaN

An alternative to pure IlI-nitride DBRs is a ZnO/GaN DBR. ZnO/GaN has the benefit of
a similar refractive index contrast as AIN/GaN but at the same time a smaller in-plane
lattice-mismatch when grown on the c-plane, 1.9% instead of 2.5%. ZnO has a similar
bandgap as GaN and the wavelength range that ZnO/GaN DBRs can be used for extends
into the UVA. Furthermore, the ZnO/GaN material pair has several beneficial electrical
properties, as discussed in Chapter 6, which makes it ideal for electrical injection through
the DBR. In 2016, Adolph et al. demonstrated the first ZnO/GaN DBRs grown using hy-
brid PAMBE, where both the ZnO and GaN were grown in the same chamber, reaching
reflectivities up to 77% [125]. However, the development of the growth of these het-
erostructures is still in its infancy, and more work is needed to improve the optical quality
to be able to reach 99% reflectivity.

4.1.2 Dielectric DBRs

Compared to epitaxial DBRs, the fabrication of dielectric DBRs is less complex. The
materials used are often amorphous or poly-crystalline and are deposited by sputtering or
evaporation. Because of this, there is no need for lattice matching, and the two dielectric
materials of the DBR can be chosen from a wide range of available oxides but also e.g.
AIN and SiNy, as shown in Fig. 4.2. The bandgap energies and refractive indexes (at a
wavelength of around 370 nm) are taken from Refs. [126-138] except for the bandgap of
HfO, and the refractive index of SiO, and HfO, which are from our own measurements.
It is important to note that the refractive index varies with wavelength, especially close to
the bandgap. Furthermore, the dielectrics’ material properties strongly depend on deposi-
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tion conditions and the values in Fig. 4.2 should therefore be taken as rough estimates. In
general, SiO; is used as the low-index material because it has a very large bandgap, and
thus also a low refractive index, and is straightforward to deposit using several different
methods. For the high-index material, SiN,, HfO,, ZrO;, Ta;Os, Nb,Os, and TiO, have
been successfully implemented in blue VCSELSs [108, 109, 139-142].

For short UV wavelengths, there are fewer transparent dielectric materials to choose
from. Hafnium dioxide has both a large enough bandgap and refractive index to allow for
the fabrication of HfO,/SiO, DBRs with above 99% reflectivity in the UVB and the part
of the UVC spectrum that is most interesting for sterilization applications (250-280 nm).
Nevertheless, HfO, and other materials can suffer from deposition condition dependent
sub-bandgap absorption, and our work on reducing this is presented in Chapter 5.

Although dielectric DBRs typically are superior to epitaxial DBRs in terms of ease of
deposition, stopband width, and number of pairs needed, they can add additional device
processing challenges. When an n-side dielectric DBR is used, either ELO or substrate
removal is needed.

Substrate removal techniques

There are numerous techniques that have been used to remove the growth substrate of
II-nitride devices. Laser lift-off is used extensively in fabrication of blue LEDs [143]
but has also been explored for III-nitride VCSELSs [19, 142, 144]. It uses a high intensity
laser beam, directed at the backside of the sample, that is absorbed at the GaN/sapphire
interface to thermally decompose the GaN and in this way releases the GaN film from the
sapphire substrate. For VCSELSs, it is combined with a chemical-mechanical polishing
step to shorten the cavity length and achieve a smooth surface. Laser lift-off can lead to
cracks in the film due to stress release during substrate removal, a problem that is espe-
cially pronounced for film thicknesses of a few micrometers or less [145]. Furthermore,
laser lift-off is not compatible with free-standing GaN substrates, which is used in the
top-performing GaN-based VCSELs [21, 22, 139]. Instead, when using GaN substrates,
the entire thickness needs to be thinned down using polishing. This leads to poor thick-
ness control and, in turn, poor wavelength control, which impedes mass production [22,
139, 146].

For AlGaN-based devices, the issues with cracking after laser lift-off worsens and rigid
Al-residues can form on the exposed surface [147]. Laser lift-off has been used to form
double-dielectric-DBR microcavities for wavelenghts around 300 nm but the resulting
root-mean-square (RMS) roughness of 20 nm or higher prevented lasing [148, 149]. In
these demonstrations, chemical-mechanical polishing was not used after lift-off as it is
especially challenging for highly strained AlGaN-based devices due to the bowing of the
sample after release. In a later demonstration, post lift-off polishing was employed and it
resulted in very large variations in cavity length [149].

More promising is the use of electrochemical or photoelectrochemical etching. Elec-
trochemical etching is discussed more in Chapter 5, and photoelectrochemical etching is
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a similar process in which the sample is exposed to above bandgap light illumination to
increase the carrier concentration and in this way enhance the etching. In short, these
methods rely on the selective removal of a layer with high carrier concentration placed
between the device layers and the substrate, where the carrier concentration is controlled
through doping or illumination. These methods have the benefits of an excellent thick-
ness control set by the epitaxial growth, allowing for the reuse of expensive GaN or AIN
substrates, and can be tuned to achieve smooth surfaces. Additionally, electrochemi-
cal etching is compatible with high Al-content III-nitride device fabrication, including
VCSELs. Photoelectrochemical etching has been used to create non- and semipolar blue-
emitting VCSELs [150-153] and electrochemical etching enabled the demonstration of
the first optically pumped UVB VCSEL, as discussed in Chapter 5.

Epitaxial lateral overgrowth

High-quality active regions can not be grown directly on dielectric materials, but using
ELO, it possible to benefit from the high optical performance of dielectric DBRs without
the need for complex substrate removal. Nevertheless, the epitaxial growth becomes
more complex. First, the dielectric DBR is deposited and patterned on the II-nitride
substrate. Next, the epitaxial growth of GaN is initiated and it will mainly start at the
openings between the DBR stacks. After a while, the growth will also progress laterally
and eventually bury the DBR mesa, as seen in Fig. 4.1e. Sony used ELO in their first
blue-emitting VCSEL demonstration [140] but has since then instead focused on devices
fabricated using chemical-mechanical polishing [139], perhaps due to the complexity of
ELO growth. Furthermore, ELO may be difficult to use for short cavity VCSELs due to
the ratio between the vertical and lateral growth rate and can lead to problems with cavity
length control [154]. ELO of AlGaN can lead to different alloy compositions on different
facets and ELO of high Al-content AlGaN or AIN is typically done at high temperatures
(>1150°) and can suffer from slow lateral growth rates and parasitic growth on the mask
[155, 156]. Thus, successful overgrowth of DBRs is likely more challenging for AIGaN
devices than for GaN.

4.1.3 High contrast gratings

HCGs are periodic structures with features of near sub-wavelength size. By controlling
the period, thickness, and duty-cycle, very high reflectivities can be achieved. HCGs can
also be used for polarization and transverse mode control and post-growth wavelength
setting of multiple wavelengths across one sample using a single patterning step [157].
Recently, the first electrically injected HCG GaN-based VCSEL was demonstrated, us-
ing a TiO, grating on GaN [142]. Moreover, HCGs can take many forms, e.g. as air-
suspended gratings or monolithic gratings that are etched directly in the the III-nitride
cavity layer [88, 158, 159]. There is nothing fundamental hindering the use of HCGs for
VCSELSs covering the entire UV range. However, due to the very small process toler-
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Figure 4.4: (a) Schematic cross-sectional view of a VCSEL using ITO as p-side contact
and current spreader. (b) Magnified view of the aperture region where the brown layer is an
insulating dielectric or passivated GaN.

ances of the sub-wavelength structures, it is challenging to achieve 99% reflectivity. This
becomes increasingly more difficult the shorter the target wavelength is and is further
complicated by the lack of high bandgap materials with high refractive index. Due to
the complex fabrication, HCGs are usually used together with a traditional epitaxial or
dielectric DBR, as shown in Fig. 4.1f.

4.2 Electrical injection schemes

It took over a decade from the first optically pumped III-nitride VCSEL [91] until the first
demonstrations of electrically injected devices [18, 19]. The slow progress did not only
stem from difficulties in achieving the higher reflectivity mirrors needed to sustain lasing
from electrically injected cavities for which the achievable gain is typically lower than in
optically pumped devices. It also arose from challenges related to the low electrical con-
ductivity of p-GaN. The low conductivity prevents contacts directly to the p-GaN outside
the aperture of the VCSEL, as the lateral current spreading will be insufficient. Instead,
two different methods that support p-side current spreading have been implemented.

4.2.1 Indium tin oxide

The first and so far most widely used solution for electrical injection of IlI-nitride
VCSELs is indium tin oxide. ITO, which is a transparent conductive oxide, has for a
long time been used for transparent p-contacts to p-GaN. In VCSELSs, ITO is used both
as a p-contact and a p-side current spreader, as shown in Fig. 4.4. Current confinement
can be accomplished by preventing electrical contact between the ITO and p-GaN out-
side the aperture, either by using an insulating oxide or by insulating the p-GaN using ion
implantation or intentional dry etching damage [18, 19, 21, 150]. Note that the ITO layer
is inside the cavity and adds additional optical losses. Although the bandgap lies below
350 nm, ITO has a significant absorption tail that extends into the blue spectral regime
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Figure 4.5: Atomic force microscopy (AFM) images of 30-nm thick e-beam deposited single-
layer ITO on (a-d) Si using different deposition rates and (e) on p-GaN. The value at the top
left corner is the RMS roughness over the 2 x 2 um. scan area.

with absorption coefficients typically above 1000cm™! [160]. To reduce the absorption,
it is important to align the ITO layer to an optical node by using a dielectric spacer be-
fore the DBR. Furthermore, there is a trade-off between optical loss and lateral current
spreading in the ITO-layer, and the thicknesses used are commonly 20-30 nm.

To reduce optical losses, it is also important that the surface of the ITO is smooth
because roughness may propagate into the DBR on top and result in scattering at all in-
terfaces. Leonard et al. showed that it is possible to get a roughness of 1 nm or less using
two temperature steps during electron-beam deposition [160]. However, my experiments
show that our 5nm/25nm room temperature/300°C ITO layer, also e-beam deposited,
had more than twice the absorption compared to a single 30-nm layer deposited at 300°C,
based on transmission and reflection measurements after a post-deposition 8-minute an-
nealing at 600°C in nitrogen atmosphere. Instead, lower roughness with maintained low
absorption (below 3000cm™! at 420nm) and resistivity was achieved for single layers
using lower deposition rates, as shown in Fig. 4.5. The morphology also depends on the
substrate and ITO deposited on different p-GaN samples had RMS roughnesses between
1 and 2nm.

ITO has been used in microcavities emitting at 375 nm where the high absorption of
7000 cm™! is likely one of the reasons why the device did not lase [27]. It might find
use in near UVA VCSELs, but for VCSELSs emitting at shorter wavelengths than 370 nm,
tunnel junctions seems to be the best, if not the only, option.
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Figure 4.6: (a) Structure of a VCSEL using a buried tunnel junction for electrical injection. (b)
Magnified view of the buried tunnel junction region. (c) Band diagram illustrating the tunneling
processes in a reversed biased GaN homojunction.

4.2.2 Tunnel junctions

More recently, tunnel junctions have emerged as an alternative to ITO for electrical in-
jection in IIl-nitride VCSELs. As depicted in Fig. 4.6, an n-(Al)GaN layer is grown on
top of the p-(Al)GaN to support p-side current spreading, and electrons and holes are
generated at the TJ. The generation is achieved by reverse biasing of a pn-junction that is
doped high enough to give a sufficiently narrow depletion region and allow for significant
tunneling when the n-side conduction band and p-side valence band align. To enhance
tunneling and reduce the voltage penalty of the TJ, it is common to make use of an InGaN
interlayer between the p- and n-GaN, or in the case of AlGaN-devices, a GaN interlayer.
The smaller bandgap lowers the energy barrier for tunneling and the polarization charges
decrease the depletion width [161]. For VCSELSs, there is a need to confine the current
by insulating the area outside the aperture before growthing the top n-GaN. This can be
done by etching away the high-doped layers, creating a buried tunnel junction (BTJ), or
by ion implantation.

The first TJ III-nitride VCSEL was demonstrated in 2015, when Leonard et al. imple-
mented a hybrid MOVPE-MBE grown TJ in a non-polar VCSEL in which the aperture
was defined using ion implantation [162]. Since then, TJ VCSELSs grown using only
MOVPE on c-, s- and m-planes have all been demonstrated, including devices with BTJs
and InGaN interlayers [151, 152, 162-164]. The output powers are still lower than the
best demonstrations using ITO by almost an order of magnitude [21, 151], but the results
hold promise for high-performing devices not limited by the ITO absorption and with
improved reliability [163].

Unlike ITO, there is no fundamental obstacle that limits the use of TJs for UV
VCSELs. However, it becomes increasingly more challenging to grow low-resistance
TJs for shorter wavelengths. This is due to the larger bandgap of AIGaN and increased
difficulties with p-doping. Despite these challenges, there have recently been significant
improvements in AlGaN TJs and both homojunctions with Al-content up to 58% and TJs
with (In)GaN interlayers have been demonstrated, all the way down to UVC wavelengths
[165-169]. The best results have been achieved using interlayers. Ohio State Univer-
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sity has shown TJ LEDs with emission wavelengths from 365 nm to 257 nm with less
than 2 x 1073 Q cm? differential series resistance and sustaining up to 1kA/cm?, using
MBE-grown TJs with a 4 nm thick InGaN interlayer with approximately 20% In content
[169]. The Technische Universitit Berlin has demonstrated fully MOVPE-grown LEDs
emitting at 268 nm having 8 nm GaN interlayers and a differential series resistance of ap-
proximately 5 x 1073 Q cm? at 350 A/cm? [166]. As the focus so far has been on LEDs
and to some extent edge-emitting lasers, there is less data on the surface smoothness and
exact amount of optical absorption in AlGaN TJs. Nevertheless, a 2 nm InGaN interlayer
has been used for blue-emitting VCSELs and it was shown that despite the high absorp-
tion of the interlayer, the small thickness allows for efficient alignment to an electric field
minimum in the cavity. Lower modal absorption can be achieved compared to using an
ITO contact, although the alignment tolerance is smaller [164]. The recent AlGaN TJ
results hold great promise, but significant efforts are still needed for AlGaN TJs to meet
the tough requirements for the integration into VCSELSs. These include reaching an RMS
roughness close to or below 2 nm, round-trip absorption of less than 1% when placed in
an optical node, sustaining current densities of around 10 kA/cm? and having differential
resistances below 107> Q.cm? (1 V per 1 kA/cm?).

4.3 Optical guiding

Lateral optical losses due to insufficient waveguiding can be detrimental to the VCSEL
performance. Hashemi et al. showed that many of the early III-nitride VCSELSs structures
actually had antiguided cavities resulting in high threshold material gain [88, 170]. An-
tiguiding can be avoided by using convex structures in VCSELs, as shown in Fig. 4.4b,
and can be realized by either an etched shallow relief or BTJ. Ion-implantation can also
be used to reduce the refractive index and provide lateral confinement [21, 89, 150], but
can also lead to increased absorption losses in the implanted regions.

For very long cavities and small apertures, diffraction losses can become consid-
erable. Sony Corporation has managed to solve this problem in their VCSELs with
double-dielectric DBRs fabricated by chemical-mechanical polishing in which they use
one curved mirror to form cavities with reduced diffraction losses [139].

It is common for II-nitride VCSELSs to show a stochastic spatial intensity distribu-
tion that deviate significantly from the theoretical Laguerre-Gaussian modes expected for
circular-symmetric resonators [118, 150, 171-173]. The origin of this type of filamen-
tary lasing is not yet fully understood but could be a result of lateral variations in modal
gain or effective cavity length, stemming from variations in material gain, absorption,
alloy composition, carrier injection, and cavity thickness. For AlGaN-based VCSELs,
the lasing wavelengths are shorter and the material inhomogeneities are larger, making
these issues more pronounced than for GaN-based devices, as discussed in Chapter 5. In-
tentional index guiding has been shown to reduce filamentation [173, 174] but optically
pumped devices often lack any physical apertures for optical and carrier confinement and
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Figure 4.7: Output power versus reported year for electrically injected continuous-wave blue-
emitting VCSELs at room temperature [19-22, 109, 139-141, 146, 151, 163, 164, 175-187|.

are mainly optically guided by differences in gain and temperature resulting from the
pumping and sample inhomogeneities.

4.4 State-of-the-art III-nitride VCSELs

The performance of blue-emitting VCSELSs has advanced tremendously in just a couple of
years as is obvious from Fig. 4.7, which shows the reported output powers of electrically
injected continuous-wave VCSELSs emitting at blue wavelengths at room temperature
versus the year of the demonstration. Perhaps the most impressive results are by Stanley
Electric and Meijo University, who by using an AlInN/GaN hybrid-type VCSEL with a
5nm deep etched relief to define the 7 um aperture and an ITO p-contact have achieved
record output powers of 23.7mW at room temperature. These devices have wall-plug
efficiencies of 10%, differential quantum efficiencies of 43.6%, threshold currents of
8.2mA (21 kA/cm?), and lased up to 140°C with output powers above 3 mW. Further-
more, single-mode lasing up to 7mW was achieved using 3.3 um apertures for devices
with threshold currents of 1.4 mA (16 kA/cm?) [21]. The same groups have used similar
structures but with SiO,-defined apertures to demonstrate in-phase supermode operating
VCSELs with very small 2.8° beam-divergence using a floral-patterned aperture [184],
1.2 W output power 16x16 VCSEL arrays [188], and a 2.6 mW output power VCSEL
having an electrically conductive AIInN/GaN mirror and a backside n-contact [185]. Fur-
thermore, Nichia Corporation has reported hybrid-type AlInN/GaN DBR VCSELs with
record wall-plug efficiencies of 13.6% for devices emitting at blue wavelengths and 3.7%
for green-emitting devices. These single-mode blue and green VCSELs have threshold
currents of 1 mA (3.2kA/cm?) and 2.8 mA (14.3 kA/cm?) and output powers of 3 mW
and 1.5 mW, respectively. The blue devices had a yield of more than 80% over a 2" wafer
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and survived 1000 hours of continuous operation at room temperature. [22].

Also VCSELs with double-dielectric DBRs have recently shown great improvement in
performance where Sony Corporation has demonstrated a 4.0 mA (8.0 kA/cm?) threshold
current and 15.4 mW output power multimode VCSEL using 20-um thick cavity and a
curved mirror. A single-mode 1.2 mA (9.5 kA/cm?) threshold and 7.1 mW output power
device was also demonstrated by tuning the aperture diameter and radius of curvature
of the mirror [20]. Furthermore, Sony has used the same principle to demonstrate a
green-emitting semipolar VCSEL with an output power of around 80 uW. Despite the
still relatively low output power, they used it to show a proof-of-concept all-VCSEL-
based white light source by combining it with blue- and red-emitting VCSELs [189].
Before Sony and Nichia, only Xiamen University had achieved continuous-wave green
lasing, in their case using InGaN quantum-dot active regions [190].

Notably, the best results achieved were on free-standing GaN substrates [20-22, 146].
Free-standing GaN has low defect densities but the wafers are typically expensive and
limited in size compared to GaN-on-sapphire templates. Although there are not many
reports on the long term stability of III-nitride VCSELs, low-defect-density substrates
as well as TJ contacts instead of ITO have been reported to increase device lifetimes
[146, 163]. Low-defect nano- and microstructures, such as the microprisms discussed
in Chapter 7, could potentially provide an alternative to the still expensive free-standing
GaN substrates.

4.4.1 UV-emitting

As may be obvious to the reader after reaching this far in the chapter, UV VCSELs
share most of the challenges of blue-emitting devices but also suffer from additional
obstacles. It is telling that the challenges with AlGaN materials prevented electrically
injected lasing even for edge-emitting lasers until 2019 when pulsed injection UVB and
UVC laser diodes were demonstrated [61, 199, 200]. All UV VCSEL demonstrations
are summarized in Fig. 4.8 where filled circles denote electrically injected devices and
open circles optically pumped VCSELs. The only electrically injected VCSEL is a UV-
blue-emitting device with a 6 um long cavity length. A few of the lasing longitudinal
modes are in the near-UV where the ITO absorption still was low enough to allow for
lasing [141]. For even shorter wavelengths, the high absorption of ITO will be a severe
limitation and probably was one of the reasons why resonant-cavity LEDs with emission
around 370 nm did not lase [201, 202]. Zhang et al. used a TJ to drive a VCSEL structure
emitting around 370 nm, but the device broke down before lasing was achieved [120].
Nevertheless, the recent progress in AlGaN TJs suggest they can become a viable solution
for current injection in UV VCSELs.

In comparison, there have been more success for optically pumped devices and sev-
eral groups have achieved lasing for wavelengths below the bandgap of GaN. However,
this was achieved as early as in the mid 1990s [91], and before 2020, little progress had
been made to extend the emission to shorter wavelengths. Previously, only one report had
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Figure 4.8: Al content in the cavity versus lasing wavelength for UV VCSELs [27, 91, 92, 120,
141, 191-198]. Open circles mark optically pumped devices and connected markers indicate
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claimed lasing below 360nm [191]. In that demonstration, they optically pumped dry-
etched micropillars consisting of an Al 49Gag 51N/Alg 16Gag 84N DBR and a HfO,/Si0,
DBR sandwiching an Alp,5Gag 75N/GaN superlattice cavity with AllnGaN QWs. Al-
though lasing was claimed, the emerging emission peak did not completely dominate the
emission above threshold and the linewidth of the peak was as wide as 2nm. Further-
more, there is no discussion on how the large amount of GaN in the cavity, which is
highly absorptive at the 344 nm emission wavelength, is compatible with lasing. Thus,
the claim of lasing can be questioned.

To realize UVB and UVC lasing, there is a need to increase the Al-content in III-nitride
device layers as the cavity otherwise would be highly absorptive. Until our demonstration
of the first high Al-content VCSEL presented in Paper A, there were no demonstrations
of either UVB or UVC VCSELs. This was due to the problems with achieving high
reflectivity III-nitride DBRs with large Al content for use in hybrid-type devices and
the difficulties with lifting off high Al-content AlGaN layers for VCSELs with double-
dielectric DBRs. Recently, after our UVB VCSEL demonstration, Xiamen University
reported a device having a weak lasing peak at 276 nm. However, the cavity length of the
double-dielectric-DBR VCSEL after laser lift-off and chemical-mechanical polishing was
140-700 nm [198]. Therefore, it is doubtful that lasing occurred in more than a selected
area where the spectral position of the cavity mode by chance overlapped sufficiently with
the gain spectra. In the next chapter, I will discuss how we realized the UVB VCSELs
and the importance of the superior cavity length control that is possible to achieve using
electrochemical etching.
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Optically pumped ultraviolet
vertical-cavity surface-emitting
lasers

Methods to embed high Al-content AlIGaN layers between two high-reflectivity DBRs are
needed to realize VCSELs in the UVB and UVC spectral region. As will be explained
in this chapter, it is possible to use electrochemical etching, which can provide precise
cavity thickness control and smooth surfaces, to underetch high Al-content AlGaN layers
for use in double-dielectric-DBR VCSELs. The AlGaN epitaxial structures in this work
were grown using MOVPE by Johannes Enslin at the Technische Universitit Berlin on
substrates provided by the Ferdinand-Braun-Institut in Berlin.

5.1 Electrochemical etching and bonding

Electrochemical etching is a doping-selective method to etch semiconductors. It relies
on bias voltage dependent anodic oxidation of a semiconductor surface in an electrolyte
followed by dissolution of the oxidized material. Figure 5.1a shows the band diagram
of the interface between the electrolyte and the semiconductor. The interface behaves
as a Schottky junction with a band alignment at equilibrium determined by the semicon-
ductor Fermi level and electrolyte redox level [203, 204]. When a voltage is applied,
the band bending will increase, and when it is large enough, holes will be generated
in the space-charge region either through Zener tunneling of electrons from the valence
to conduction band or by impact ionization during avalanche breakdown. Tunneling is
considered the main mechanism for hole generation in narrow depletion region materials
such as highly n-doped GaN, while the influence of impact ionization is more important

37



Chapter 5. Optically pumped ultraviolet vertical-cavity surface-emitting lasers

graphite electrode

Impact ionization ©

Y

Al mirror
and
bond metal

Photoresist

sacrificial
layer

—— etching

current spreading layer \"etch stop
substrate layer

t =0 min

‘e @

Exposed AlGaN

Figure 5.1: (a) Schematic band diagram of a biased semiconductor-electrolyte interface. (b)
Schematic of the electrochemical etching of a sacrificial layer to release a VCSEL structure
from its substrate. (c) Optical microscope image of four mesas before etching. (d) In-situ
optical microscope image after about 10 minutes of etching. (e) Optical microscope image
after 35 minutes of etching.

for wider depletion regions and might be relevant for lower doped and larger bandgap
AlGaN. The generated holes will accumulate at the interface and facilitate oxidation of
the semiconductor surface. The electrolyte, often an acid and in our case HNO3, dis-
solves the oxidized material. In the case of electrochemical etching of III-nitrides, the
byproducts at the sample are dissolved metal ions and nitrogen gas, and at the cathode
hydrogen gas. Also oxygen gas may be formed by the unintended electrolysis of water
[112, 116, 204, 205].

Depending on the material properties and etching parameters, different etching
regimes can be observed, as shown in Fig. 5.2. The most important factors are bias
voltage, n-doping, and, in the case of AlGaN, Al content. With increasing bias voltage
and n-doping, the etching regime will transition from no etching, to porosification, and
eventually electropolishing, i.e. complete removal of the semiconductor [116, 204, 205].
For higher Al content, higher voltages are needed to reach the electropolishing regime
[112].

To create a UV VCSEL, the VCSEL structure is underetched as shown in Fig. 5.1b
where a sacrificial layer that has higher doping and lower Al content than the surrounding
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Figure 5.2: Etching regime of AlGaN as function of etching voltage and Al content. The mark
in red shows the samples that are displayed in the SEM images to the right. Figure adapted
from Ref. [112].

layers is selectively etched away. A sealing ring is used to prevent the acid from reaching
the metal contact used for biasing. In Fig. 5.1c and Fig. 5.1¢, optical microscope images
of four devices are shown before and after a 35 minute long etching step. Figure 5.1d
shows an in-situ microscope image taken after approximately 10 minutes of etching when
the 120 um-diameter circular mesas have just been completely underetched but where the
larger square mesas are only partially released. The etching starts at an exposed mesa
edge and progresses laterally until the device is completely released, as seen in Fig. 5.1¢
on the color shifts at the mesa edges. The unidirectional etching prevents etch fronts from
merging in the mesa center, which would leave residues of the sacrificial layer. Below
the sacrificial layer, there is an etch stop layer with lower doping and below the etch stop
layer, a current spreading layer with intermediate doping is used to spread the current
during the electrochemical etching. Depending on the bias voltage, the current spreading
layer may become porosified, as seen in Fig. 5.1d where the bright etch fronts extend
outside the mesas and in Fig. 5.12 where the etch fronts in the current spreading layers
from the different mesas have merged. The mesas are held in place after electrochemical
etching and resist stripping by the DBR that wraps around the mesa sidewalls. These
DBR supports are broken during thermocompression bonding which is followed by a
second DBR deposition to form the final VCSELs.

Another possibility is to bond the devices before electrochemical etching, instead of
after. However, having the carrier substrate covering the top of the chip during etching can
reduce the electrolyte access to the devices and increase the voltage drop in the acid. In
addition, gas formed during the electrochemical reaction is trapped between the chips and
can further slow down the etching or exert a mechanical force on the bonded chips. These
effects can result in inhomogeneous and insufficient etching, especially in the center of
the sample, which results in poor transfer yield as seen when comparing Fig. 5.3a, which
shows bonding results for devices bonded before etching, and Fig. 5.3b where the devices
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Figure 5.3: Optical microscope images of GaN membranes bonded either (a) before elec-
trochemical etching or (b) after. (c,d) Optical microscope images of bonded UVB VCSEL
structures underetched using different types of sacrificial layer.
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Figure 5.4: SEM images of an Au-Au interface after thermocompression bonding at (a)
200°C and (b) 300°C. (c,d) Optical microscope images of UVB VCSELs after the final DBR
deposition. (c) Without a SiO, layer between the Al mirror and bonding metals. (d) With a
SiO; layer between the Al mirror and bonding metals.

were bonded after etching. The disadvantage with bonding after sacrificial layer removal
is that the device geometry and DBR support must be optimized to prevent loss of mesas
during etching. The optimal design will depend on the epitaxial structure and etching
parameters and this is seen from the difference in yield for the samples in Fig. 5.3c and
Fig. 5.3d, which only differ in the design of the sacrificial layer used.

The SEM images in Fig. 5.4a and Fig. 5.4b show the importance of using tempera-
tures above 200°C to get an Au-Au thermocompression bonding interface with few voids.
However, when using an Al-mirror on the first DBR to boost the power reflectance for the
pump beam, the Al can alloy with the Ti and Au bonding metals. Alloying can happen
either during bonding or when the samples are unintentionally heated during the top DBR
sputtering and is observed as a color shift of the metal after processing. Nevertheless, by
adding a SiO, layer between the Al and bonding metals, the Al remains intact. This is
seen when comparing the VCSEL without this layer in Fig. 5.4b, which has a dark color,
with the VCSEL with the SiO; layer in Fig. 5.4c, which has the brighter color of the
as-deposited Al.

When removing the substrate, it is crucial to achieve smooth etched surfaces to mini-
mize optical scattering losses. Figure 5.5 shows the roughness of the N-polar Aly ¢Gag 4N
surface, which is created by the removal of the sacrificial layer, of different VCSEL struc-
tures after bonding but before the top DBR deposition. The epitaxial structures have dif-
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Figure 5.5: AFM and top-view SEM images of the N-polar AlycGap4N surface, which is
exposed after electrochemical etching, and cross-sectional SEM images of the VCSEL struc-
tures, taken after bonding but before top DBR deposition. (a-c) Using a 13% Al-content sacri-
ficial layer, (d-f) using a 22% Al-content sacrificial layer, and (g-j) using an 11/39% Al-content
multilayer at the top of a 39% sacrificial layer. The dashed lines mark the interfaces between
the bottom DBR, the AlGaN cavity, and the platinum layers deposited on the top as protection
during focused-ion-beam milling. (k) TEM image of the interface between the top DBR and
etched N-polar surface and (I) of the entire AlGaN cavity between the two DBRs (only the first
SiO; layers are visible).
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ferent sacrificial layers but are otherwise identical and were etched using the same voltage
and acid concentration. The Si concentration were 2x 10! cm =3 in all sacrificial layers.
In an initial fabrication run, the sacrificial layer was a 130-nm thick Aly ;3Gag g7N layer
and the RMS roughness of the etched surface was approximately 6 nm over 5 x 5 um?.
A smoother surface with an RMS of 4 nm was achieved for an Al 2,Gag 7N sacrificial
layer. The Alp22Gag 73N sample did not show the relatively large striations marks along
the etching direction that are visible for the Al 13Gag g7N sample in Fig. 5.5a. Further-
more, the higher Al content improved the morphology of the as-grown structure, which
for the Aly 3Gagg7N sacrificial layer sample showed roughening due to partial relax-
ation. This improvement is visible when comparing the bottom DBR-cavity interfaces
in Fig. 5.5¢ and Fig. 5.5f. Even smoother interfaces were achieved for the VCSELSs in
Paper A for which an Al 1;Gag g9N/Alg 39Gag 61 N multilayer allowed for a preferential
etching at the interface between the cavity layers and sacrificial layers, while maintaining
the structural quality of the device layers grown on top. On a small scale, there is still
visible roughness as seen in the AFM image in Fig. 5.5¢ and the transmission electron
microscopy (TEM) image in Fig 5.5k. However, the correlation length of these structures,
extracted from the AFM measurements, is below 50 nm, which is considerably smaller
than the lasing wavelength and should therefore only give a modest contribution to the
scattering losses [160]. On a larger scale, as seen in Fig. 5.5j, the morphology shows
hillocks similar but inverted to those of the as-grown structures, which were grown on
AlGaN pseudosubstrates.

5.2 Proof of lasing

To confirm lasing in standard lasers with well-known behaviour it is often sufficient to
observe a threshold in output power versus pump power and a clear spectral narrowing.
However, for lasing in novel devices, more detailed analysis is warranted to unambigu-
ously verify lasing as thresholds in emission intensity and moderate linewidth narrowing,
for example, can be a result of stimulated emission without sufficient optical feedback to
provide a net round-trip gain [206-208]. To support reporting and evaluation of lasing
claims, Nature Photonics provides a useful checklist of points to evaluate when claiming
lasing [209]. All points might not be relevant for every demonstration, but they serve as
practical guidelines. The listed points include the observation of a threshold in output
power and spectral narrowing as well as measurements of the coherence/polarization and
the beam profile. Additionally, a lasing claim should include a description of operating
conditions as well as a theoretical analysis to confirm that the results are plausible and
rule out alternate explanations. It is also helpful to include data about the number of
devices fabricated and characterized as well as information about their lifetimes.

A valuable characterization tool to address multiple of these points is angle-resolved
photoluminescence (PL). Like ordinary PL, both the intensity and linewidth can be
tracked, but it also gives information about the beam divergence. In Fig. 5.6, the angle-
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Figure 5.6: Measured angle-resolved PL spectra with optical intensity in logarithmic scale of
a UVB VCSEL below and above the threshold pump power P,;,. The white curves show the
position of the longitudinal mode simulated using TMM.

resolved spectrum of a UVB VCSEL is shown both below and above threshold, including
TMM simulations of the angular dispersion of the cavity mode. The cavity mode shape
is explained by the fact that the out-of-plane wavevector needs to have a certain value to
maintain resonance while the in-plane wavevector will increase with the emission angle,
thus giving rise to an increased magnitude of the total wavevector and a decrease in wave-
length with angle. Below threshold, the emission is dominated by the angular-dispersive
cavity mode. If the cavity resonance has a large blue shift relative to the PL peak of the
as-grown epitaxy, coupling between the cavity mode and QW emission is poor, and at
low pump powers, the spectrum would instead be dominated by non-dispersive emission
similar to that of a sample without a cavity. Above threshold, a lasing peak with nar-
row linewidth and narrow beam width is visible. The lasing emission is directly distin-
guishable from any spontaneous emission unfiltered by the cavity or coupled into cavity
modes. Angle-resolved PL, therefore, greatly aides the evaluation of VCSEL lasing and
can be used to rule out other explanations such as amplified spontaneous emission and
non-vertical cavities, which were debated in the early days of optically pumped III-nitride
vertical cavity devices [91, 194, 210-213]. Furthermore, it can provide a more convinc-
ing proof of lasing for demonstrations with only moderate linewidth narrowing and with
peak intensities in the same order of magnitude as the background spontaneous emission
[191, 198].
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Figure 5.7: (a) Measured angle-resolved spectrum for a UVB VCSEL with a longer cavity
length than targeted. (b) Simulated resonance wavelength of a VCSEL cavity as a function
of thickness deviation of the cavity layers for different Al content in the top and bottom AlGaN
cavity layers. (c) Simulated resonance wavelength of an Aly sGag4N VCSEL as a function of
thickness deviation of the cavity layer for two different cavity lengths.

5.3 Cavity length, resonance wavelength, and filamenta-
tion

A precise control of the cavity length is crucial to tailor the detuning between gain peak
and resonance wavelength and to obtain the right spatial overlap between the standing
optical field and the gain and loss regions. The importance of this precise control is seen
in Fig. 5.7. Figure 5.7a shows the angle-resolved PL spectrum of a VCSEL which had
a longer cavity length, and as a result, a longer resonance wavelength than the intended
320 nm. These devices did not lase as the PL peak of the as-grown sample was around
320nm and the gain at 330 nm, therefore, is insufficient to support lasing even at high
pump powers. As shown from the TMM simulations presented in Fig. 5.7b, the deviation
in resonance wavelength of the 2.5A cavity could be due to thicker cavity layers and/or
lower Al-contents than intended. Inaccuracies in assumed refractive indexes or thickness
deviations of especially the first DBR layers could also influence the resonance. However,
the Al contents extracted from X-ray diffraction measurements differ from the design by
a at most a few percent, the measured DBR stopband matches well with the simulated,
VCSELs fabricated in different batches but using the same epitaxial structure have a re-
producible detuning, and the detuning is different for VCSELSs fabricated using structures
from different growth runs, indicating that it is not due to inaccurate refractive index. The
physical thickness deviation is, therefore, likely the major contribution to the deviation in
resonance wavelength as the other sources are estimated to only contribute with a few nm
or less in resonance shift. Note that the resonance shift of the cavity of between 0.5 and
0.6 nm per nanometer thickness deviation agrees well with the result received by taking
the derivative of Eq. (3.5) and assuming a DBR penetration depth of A /4An [85]. It is
possible to set the resonance to other values than that given by the epitaxial thicknesses
by changing the thickness of the first DBR layers or adding a dielectric layer between the
AlGaN and the DBR, as described in Paper B.
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Figure 5.8: (a) AFM image of a 5nm deep relief etched into Aly ¢Gag4N. (b) SEM image of
a 25nm deep relief etched into Aly ¢Gag.4N.

In addition to macroscopic deviations in cavity length, also local lateral variations will
influence the lasing characteristics. These variations, together with the lack of intentional
optical guiding structures and other sample inhomogeneities that give lateral fluctuations
in modal gain, can give rise to filamentary lasing. A route to instead promote lasing
of well-defined lateral modes is to add relief structures inside the cavity to introduce
intentional optical guiding. These can be etched into the AlGaN cavity as shown in
Fig. 5.8 by slow (0.4 nm/s) Cl,/Ar reactive ion etching. However, for the relatively short
2.5\ cavities, the unintentional lateral cavity variations are themselves similar to what
would be needed to achieve the An/n = 1% index guiding which is typically used [88, 89].
Thicker cavities are less sensitive to cavity length variations, as shown in Fig. 5.7¢c, and
filamentation could then potentially be easier to suppress as long as the lateral thickness
variations do not scale with cavity length.

Another benefit with a long cavity length is that it can improve the thermal perfor-
mance, which has been shown for GaN-based VCSELs by multiple groups [181, 214,
215]. The poor thermal conductivity of especially dielectric DBRs means that the major-
ity of the generated heat will need to flow laterally. The high thermal resistance of the
DBRs will be an even bigger problem for UV VCSELs where a large part of the cavity
will consist of low thermal conductivity AlGaN, and not GaN, as is the case for near UVA
and visible-emitting VCSELs. However, this problem could be reduced by using a small
bottom DBR radius and an intracavity heat spreading layer [216, 217].

One interesting feature with our 2.54-cavity VCSELSs is that the lasing wavelengths
are surprisingly stable with temperature and show an average lasing wavelength shift of
approximately -0.001 nm/K from room temperature to 66°C. This value has a different
sign and is about one order of magnitude smaller than what is typically measured for
blue-emitting VCSELs [109]. The reason for this is attributed to a relatively large and
negative thermo-optic coefficient of HfO,, which was measured by ellipsometry. As these
short-cavity VCSELSs have a significant part of the optical field intensity in the dielectric
mirrors, the decreased refractive index with temperature in the HfO, layers compensates
for the increase in refractive index in the AlGaN and SiO, layers, resulting in only a
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Figure 5.9: (a) Cross-sectional SEM image of an underetched AIN membrane. (b) Measured
reflectivity spectrum of a 10 pair HfO,/SiO, UVC DBR deposited on a Si wafer.

minor net change in resonance wavelength.

5.4 Towards optically pumped UVC VCSELSs

The methods used to fabricate optically pumped UVB VCSELs can also be extended to
UVC VCSELs. We have previously demonstrated complete electrochemical etching of
AlGaN with up to 50% Al content, but these structures were grown on AlGaN pseu-
dosubstrates with Aly5GagsN top membranes [112]. Our experience is that it can be
difficult to reach complete etching, even at significantly higher voltages, for structures
grown on AIN templates and with higher Al-content membranes. The reason for this is
still unknown, but could be due to the influence of strain on the electrical and mechanical
properties, doping incorporation, or process related complications. Nevertheless, elec-
trochemical release of an AIN membrane was achieved by using a thin Aly33Gag N
sacrificial layer etched at 60 V. The release of the AIN membrane was done using a lower
acid concentration compared to that used for the UVB structures, as the resulting slower
dissolution of the metaloxides can promote electropolishing over porosification [218].
However, too low acid concentrations leads to a build-up of Ga-oxides and prevents etch-
ing. The underetched AIN membrane, shown in cross-section in Fig. 5.9a, had an RMS
surface roughness of the etched N-polar surface that was similar to the as-grown metal-
polar surface of the epitaxial structure.

To extend the VCSEL emission to UVC wavelengths also requires dielectric DBRs
with above 99% reflectivity. SiO, has a negligible absorption even in the UVC, but
HfO; can have significant sub-bandgap absorption when the deposition process is not
optimized. By increasing the oxygen to argon ratio during sputtering, we reduced the
HfO, absorption and achieved a DBR with over 99% reflectivity in the entire 260-300 nm
range, as shown in Fig. 5.9b [219].
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Electrically conductive
GaN-based distributed Bragg
reflectors

Most IlI-nitride VCSELSs use intracavity contacts, as shown in Fig. 6.1a. If, however,
the n-side mirror is made to be electrically conductive, it would be possible to place the
n-contact outside the cavity, either as in Fig. 6.1b or by using a backside contact as in
Fig. 6.1c. Such solutions could lead to improved current spreading and lower device re-
sistance as well as allow for shorter cavities lengths [185, 186]. Although shorter cavities
can increase the thermal resistance, it may also reduce the internal absorption losses and
in this way reduce the device threshold. Furthermore, a short cavity can be beneficial for
high speed applications as this would lead to a higher optical confinement factor and a
shorter photon lifetime, and an in turn potentially higher modulation bandwidth, without
the threshold current penalty that results from shortening the photon lifetime by reducing
the DBR reflectivity [220-222].

Unfortunately, the Ill-nitrides suffer from large band offsets and polarization fields,
and donors with high ionization energies in high Al-content layers. This complicates the
growth of DBRs that have both high reflectively and low electrical resistance perpen-
dicular to the layers. Furthermore, there is a trade-off between electrical conductivity
and optical losses as graded interfaces reduce reflectivity and high doping increases op-
tical absorption. Nevertheless, several types of electrically conductive DBRs have been
reported and two types have also been incorporated in VCSELs.

The first type is AlInN/GaN, where Meijo University has managed to achieve spe-
cific series resistances (series resistance multiplied with the mesa area) down to 1.7 X
10~*Q cm? for 10 pairs using compositional gradients and modulation doping at the DBR
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Figure 6.1: (a) Schematic of a hybrid VCSEL having electrically insulating DBRs and in-
tracavity contacts. (b,c) Hybrid VCSEL with electrically conductive epitaxial n-side DBR and
n-contact outside the cavity on the (b) frontside or (c) backside of the wafer.

interfaces [186, 223, 224]. To reach the high reflectivity that is required for VCSELs,
about 40 pairs are needed, but even for such a DBR, the specific series resistance will be
below 1073Q cm?. Meijo University used conductive 40-pair AlInN/GaN DBRs in 4A-
cavity VCSELSs reaching output powers up to 2.6 mW [185, 186]. However, the output
power was still lower than for similar structures with non-conducting DBRs. This was
attributed to higher surface roughness and lower efficiency of the QWs as a result of the
high doping levels in the DBR and shows that additional optimization of the growth is
needed [185]. Furthermore, a 1.5A-cavity device showed lower maximal output power,
mainly due to a high thermal resistance resulting from the thin cavity and low thermal
conductivity of the ternary AlInN layers in the DBR [186]. This problem could be re-
duced by using only binary materials in the DBR [214], such as AIN/GaN or ZnO/GaN.

The second type of electrically conductive mirror that have been successfully incor-
porated in IlI-nitride VCSELSs is the nanoporous DBR. Yale University demonstrated a
VCSEL operated in pulsed mode with an increase in turn-on voltage of 0.4 V and in dif-
ferential resistance of only 4 Q when using a contact outside the cavity instead of the
intracavity contact [119]. Important to note is that the lateral porosification of the DBR
only extended across parts of the device mesa and it is, therefore, not possible to rule
out that at least a part of the injected current circumvents the DBR by laterally spreading
in the intact n-GaN layers below the DBR and in the 64 cavity. Nevertheless, similar
voltage penalties have been seen for vertical injection through a comparable DBR used
in LEDs, where the porosification extended across the entire device mesa, but the large
difference between current aperture and mesa area prevents a direct calculation of the
specific series resistance of the DBR [225]. Porous structures can have both high thermal
and electrical conductivity but as both decrease with increasing porosity, there is trade-
off between thermal and electrical performance and high optical performance, i.e. high
refractive index contrast [226].

There have also been a few demonstrations of electrically conductive Al(Ga)N/GaN
DBRs [95, 227-229]. The lowest specific series resistance, 2 X 10~% Q cm?, was achieved
using an Al content of only 12%, resulting in a reflectivity of only 92% due to the small
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Figure 6.2: Measured specific contact resistivity as a function of annealing temperature in
a nitrogen atmosphere for Ta/Al/Ta, Al, and Ti/Al/Ti/Au contacts deposited on dry etched and
as-grown n-GaN with an electron concentration of n = 1-3 x 10'8 cm—3.

refractive index contrast [229]. The only demonstration of a reflectivity above 99% was
using AIN/GaN, with a specific series resistance of around 0.1 Q cm? extracted from the
current-voltage characteristics [95]. As mentioned in Chapter 4, the complex growth of
the large lattice mismatch AIN/GaN may require insertion of strain-compensating layers,
and this motivates the investigation in Paper C on how the vertical resistance is affected
by compositional interlayers.

A new type of an electrically conductive DBR is ZnO/GaN, which in addition to a
similar large refractive index contrast and smaller lattice mismatch than AIN/GaN, has
several properties that makes it ideal for vertical injection. ZnO and GaN are easily
n-doped, have a small conduction band offset, and, as discussed in Paper D, strained
structures have much smaller polarization charges at the interfaces than pure III-nitride
DBRs.

All ZnO/GaN and AIN/GaN samples investigated were grown using PAMBE at
Chalmers. The ZnO/GaN was grown by David Adolph using a hybrid MBE and the
AIN/GaN DBRs by Martin Stattin using a nitride-dedicated system.

6.1 Characterization of electrically conductive DBRs

To electrically characterize DBRs accurately, it is important to use low-resistance ohmic
contacts. However, as the structures have significant built-in strain and differences in ther-
mal expansion, the rapid thermal annealing at temperatures above 800°C and fast ramps
typically used for III-nitride n-contacts, could potentially degrade the DBR quality. To
avoid annealing at unnecessarily high temperatures, the contact resistance of three differ-
ent metal stacks annealed at low temperature was investigated. Based on previous reports
in literature [230, 231], Al (150 nm) and Ta/Al/Ta (7/280/20 nm) together with the stan-
dard high-temperature annealed Ti/Al/Ti/Au (5/10/20/200 nm) contact were chosen, and
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the results are shown in Fig. 6.2. Contacts to both dry etched and as-grown surfaces were
investigated as the DBRs to be characterized were grown on low electrically conductiv-
ity substrates and the bottom contact, therefore, needs to be placed on an etched GaN
layer (see Fig. 6.3). In the contact tests, the contacts were all deposited on commercially
available GaN-on-sapphire templates with electron concentration of n = 1-3 x 10'8 cm 3,
and each sample was annealed in a nitrogen ambient step-wise from 300°C, using a 30-s
annealing duration for Ti/Al/Ti/Au and a 60-s annealing duration for Al and Ta/Al/Ta.
As the Al contact showed the lowest contact resistance at low temperatures, these were
chosen for the DBR characterization. When deposited on the DBRs, the Al contact was
ohmic already as-deposited with a resistance around 10~*Q cm?. As this was low enough
to only give a minor contribution to the total resistance, no annealing was performed.

The device structures used to characterize the DBRs’ resistances are shown in Fig. 6.3.
It is obvious, that if the vertical resistance through the DBR is dominating, as is the
case for the AIN/GaN DBRs, the measured specific series resistance, R;A, should be
independent of the mesa area. However, the expected trend is less obvious if instead
the contact and lateral resistance are dominating, which is the case for the ZnO/GaN
DBRs. The lateral and contact contributions can be estimated using the same equations
used for circular transfer length method (TLM) measurements. Assuming constant sheet
resistance, these contributions are given by [232]

_ Ray (Libo(ri/Li) | L Ko(ra/Ls) r
Rlc o 21 (n Il(l”l/L,) + I¥) Kl(r‘g/L,) +1n (r1>) ’ (6.1)

I and K denotes modified Bessel functions of the first and second kind and L; the transfer
length, which is typically in the order of a few micrometer and a characteristic of how
far from the contact edge the current flows. If r =r; =~ r, > d and L, (see Fig. 6.3),
the Bessel functions approach unity and by using the Taylor expansion of the natural
logarithm [232], Eq. (6.1) simplifies to

Rsh
2rr

Rie =1 (d+2L). 6.2)
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Figure 6.4: Measured and calculated specific series resistance of three ZnO/GaN pairs for
a distance between contact edge and mesa (r, —r and r —r; in Fig. 6.3) of 3um and 10 um.

Thus, R;.A varies linearly with r since A = 77> and the measured specific series resistance
should increase approximately linearly with increasing mesa radius if these contributions
are dominating. The relatively large contribution from especially the lateral resistance in
the ZnO/GaN samples is evident from the comparison in Fig. 6.4 between measurements
on a sample, which had a spacing between contact and mesa edge of 10 um (d = 20 um),
and a sample with mesa to contact edge spacing of 3 um. The latter sample design is
what is presented in Paper D. It is clear that the resistance of the ZnO/GaN multilayer is
so small that the electrical measurements only provide an upper limit of the actual vertical
resistance. Note that the calculations of the lateral and contact resistances in Fig. 6.4 are
done using the exact Eq. (6.1) with Ry, and L, extracted from TLM measurements.

6.2 Electrical simulations

To get a better estimate of the vertical resistance in ZnO/GaN DBRs, drift-diffusion sim-
ulations were performed as presented in Paper D. Spontaneous and piezoelectric polar-
ization fields have a large influence on the electrical resistance and their implementation
deserves extra attention. Typically, these effects are included in simulations by adding in-
terface charges using Eq. (2.1) with material constants from e.g. Ref. [233]. However, in
2016, Dreyer et al. showed that two separate misinterpretations of the material constants
have resulted in a general error in the implemented polarization charges. Due to inap-
propriate use of a zincblende reference structure in the calculations of the spontaneous
polarization constants, a correction term should be added to the polarization charge [234],

V31 1
APcorr,sp = 67 (* ) ) (6-3)

27 2
2 \a; a;

51



Chapter 6. Electrically conductive GaN-based distributed Bragg reflectors

107

S With P,
- Without P.o

102
10°
10

10°
10

107

-8
10
10" 10" 10" 10%
Electron concentration in ZnO (cm™)

Specific series resistance, RyA (€ cm?)

Figure 6.5: Simulated specific series resistance for three pairs of ZnO/GaN with and without
the Peror term added to the interface charges.

where e is the electron charge and a,, and a,, are the in-plane lattice constants of the two
materials. The second mistake, which is relevant for strained structures, is to use the so
called "proper" instead of the "improper" piezoelectric constants for the strained material
n. For es3 there is no difference, but for e31, these constants are related according to

nimp _ nprop e\/§

631 —6‘3] P§)+T512 5 (64)
n

where €3 and P}}, are the values of the material constants most often found in literature.

The addition of AFeosp and the use of the improper rather than proper e3;, will add
a term, Peyor to Eq. (2.1). Luckily, in the most common situations of pseudomorphic
growth of II-nitrides, these two contributions almost cancel each other out and there is
only a relatively minor change in total polarization charge, especially considering that
experimentally measured polarization charges often are considerably lower than what is
theoretically estimated, which may be due to experimental uncertainties or, for example,
compensation by interface traps. Nevertheless, for relaxed structures, Peyor Will make a
significant difference [48].

In the case of ZnO/GaN interfaces, even for strained structures, the addition of Peyor
will result in noticeable changes in resistance, as shown in Fig 6.5. It is a result of the
relatively small total polarization charge and band offset. It should be noted that no empir-
ical scaling factor, sometimes used to account for the compensation of charges observed
experimentally, was used in the simulations. Thus, it is reasonable to assume that, espe-
cially at low doping concentrations, the real resistance could be lower than simulated. At
larger electron concentrations and low resistances, the resistance could instead be under-
estimated due to not accounting sufficiently for mobility-reducing material imperfections.
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Microcavities based on
dislocation-free GaN prisms

Nanowire-based materials provides a platform for making devices with small footprints
and the possibility of incorporating more strain than what is achievable using traditional
growth [83, 84]. Perhaps most promising, is that it is possible to completely prevent
threading dislocations to extend into the nanostructures [71-73]. Thus, these type of
structures could allow for large and low-cost templates, such as GaN on sapphire or even
GaN on Si, to be used instead of expensive free-standing GaN substrates typically em-
ployed for blue-emitting state-of-the-art VCSELSs and commercial laser diodes.

Numerous types of nanowire-based IlI-nitride lasers have been reported, including
horizontal Fabry-Pérot lasers [235-237], random lasers [238], photonic crystal surface- or
edge-emitting lasers [239, 240], whispering-gallery mode lasers [241, 242], and vertical-
cavity devices [191, 242-246]. In the case of vertical-cavity nanowire lasers, these have
been optically pumped and mainly excited by pumping the entire GaN cavity. For a
device to be suited for electrical injection, the cavity must have sufficiently small losses
to support lasing using only a few QWs. This is unlikely to be met for vertical cavities
without high-reflectivity mirrors, i.e. using single facet reflections [242, 245, 246] will
make lasing under electrical injection extremely challenging.

An optically pumped nanopillar VCSEL with a QW active region has been reported,
but in addition to having a weak lasing peak with a FWHM as large as approximately 2
nm above threshold, the nanopillar structures were fabricated using a top-down approach
[191]. Top-down approaches, in which the nanostructures are created using subtractive
processes such as dry etching, can lead to damaged and rough surfaces as well as inclined
sidewalls. These problems can be solved by combining dry etching with anisotropic wet
etching to create smooth vertical facets [236, 247]. Nevertheless, top-down fabrication
can only achieve limited dislocation filtering. For making completely dislocation-free

53



Chapter 7. Microcavities based on dislocation-free GaN prisms

structures, the bottom-up approach, where the nanostructures are created directly during
growth must be used. Thus, to reap the full benefits of both VCSELs and nanowires,
a structure that can support lasing in a vertical cavity while possible to create using the
bottom-up approach is needed.

II-nitride nanowire structures usually have pyramidal-shaped tips [72, 73, 239-241,
244, 248] These prevent the perpendicular reflections that are needed to reduce losses
and form the vertical cavity. However, Maryam Khalilian et al. at Lund University, have
developed nanowire-based GaN hexagonal prisms grown using MOVPE (see Fig. 7.1a),
which are both completely dislocation-free and have flat c-plane top facets [71]. The flat
top make these structures a promising basis for dislocation-free VCSELs grown on low
cost substrates. Figure 7.1b shows a proposed schematic of a future electrically injected

prism VCSEL.
b p%

—

ITO

- planarization

- SiN, mask

l light

Figure 7.1: (a) SEM image of as-grown hexagonal GaN microprisms. (b) Schematic of a
proposed electrically injected microprism VCSEL.

7.1 Microcavity fabrication and characterization

The different steps used to grow GaN microprisms are illustrated in Fig. 7.2a-h. First, a
SiN, mask is deposited and patterned to define the area where the selective area growth
will take place. Thereafter, an annealing step, crucial for the threading dislocation filter-
ing, is performed and results in an inverted pyramidal shape. The selective area growth
starts with a nucleation step and vertical nanowire growth. By changing the growth pa-
rameters, the structure is grown radially before a high temperature reformation step is
used to transform the pointed tip structure to a flat top prism [71]. The reformation relies
on the minimization of the surface energy that can be described by the Wulff equilib-
rium shape model and surface diffusion kinetics [71, 249]. The structure is finalized by
growing a thin layer of GaN on top to achieve an atomically flat surface [71].
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Figure 7.2: Growth and fabrication of microprism vertical cavities. (a) A silicon nitride mask
on a GaN-on-sapphire template is (b) patterned with holes. (c) Inverted pyramidal structures
are created by annealing before (d) nucleation and (e) nanowire growth. (f) The structure is
grown radially before (g) reformation and (h) growth of a thin GaN layer on the c-facet. (i,j)
Individual prisms are transferred to a DBR using a micromanipulator before (k) the cavity is
finalized with a top DBR. (I) Cross-sectional scanning TEM image of a prism wrapped with a
top DBR (left) and a simulated electrical field profile (right).
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The unconventional structure of the prism prompts the question if the structural quality
of the cavity is sufficient to support lasing. To answer this, prism microcavities were
formed by embedding single prisms between two dielectric DBRs as shown in Fig. 7.2.

The Q factor of an optically cavity is often extracted by experimentally measuring
the FWHM of a cavity resonance and applying Eq. (3.7). However, when the cavity
contains active layers that are excited, the extracted Q will depend on the absorption or
gain in these layers and will, thus, depend on pumping power [250]. For lasers, a rough
estimation of the Q of the passive cavity (excluding any contribution from the QWs) can
be measured slightly below threshold, where the active region is assumed to be pumped
to transparency. Nevertheless, it is not uncommon that the Q factor is estimated using the
FWHM above threshold [191, 245], but as these values will deviate significantly from
the Q of the passive cavity, comparisons between values reported in literature should be
made with care.

A way to exclude the influence of pumping power when measuring the intrinsic struc-
tural quality factor of the cavity is to investigate the FWHM of resonances at spectral
positions where the losses and gain of the cavity material is negligible, e.g. at a sufficient
spectral distance below the bandgap. In our case, we used the fact that the yellow lumi-
nescence (YL) often seen for GaN material is not associated with any absorption at these
wavelengths. The YL is believed to originate from deep acceptor defects related to Ga
vacancies or carbon, perhaps in the form of complexes formed with oxygen. Furthermore,
the yellow luminescence emits over a wide spectral region [251]. Therefore, the cavities
were fabricated to have a resonance at 550 nm. However, future devices with QWs would
target emission at blue wavelengths.

7.2 Microcavity simulations

Simulations of microcavities were performed using the commercially available software
COMSOL Multiphysics. The software allows for efficient meshing and numerical solu-
tions using the finite element method. It was used to compute the solutions to the fre-
quency domain wave equations that can be derived from Maxwell’s equations assuming
the solutions consist of time-harmonic electromagnetic fields [252]. COMSOL was con-
trolled using LiveLink for MATLAB and the code, that initially was developed for simu-
lations of threshold material gain of similar structures [253], was in this work expanded
and modified to give the Q factor of the passive prism microcavities. To limit the com-
putational complexity and allow for sweeps of structural parameters within reasonable
time frames, the structures are approximated by circular symmetric cavities, which still
gives similar lateral mode profiles and reflection at facets as hexagonal structures [253,
254]. Figure 7.3 shows electric field profiles of different sized prism cavities. All field
profiles are the physical solutions to quasi-3D finite element frequency-domain method
(Q3D-FEM) with the highest Q. The Q factor is calculated using the solutions’ eigen-
values according to Eq. (3.7). Note that in the supplementary of Paper E, the notation
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follows COMSOL’s convention where the eigenvalue A corresponds to — j@ in Eq. (3.7).

d = 1500 nm

Figure 7.3: Simulated electrical field profiles in linear scale for circularly-symmetric micro-
cavities with different prism diameters.
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Chapter 8

Summary and future directions

Driven by applications within a wide range of areas, significant effort has been put into
the development of IlI-nitride VCSELs. Due to challenges related primarily to mirror
formation and electrical injection, numerous different device architectures have been pur-
sued, each with different advantages and disadvantages. For blue-emitting VCSELs, the
performance has improved significantly in the last few years and it is anticipated that
the first commercial devices will be available within only a few years from now. As
the field continues to mature, it is possible that the research and development converge
towards a single superior device architecture. More likely, however, is that the paral-
lel development will continue. As VCSELs are moving closer to being commercially
available, the performance characteristics needed for different applications will become
clearer. Depending on these characteristics, different solutions could be favored. For
example, for high power applications, thermal performance will be crucial and devices
with very long cavity lengths will be preferred, while for sensitive sensing applications
requiring single-mode emission and precise wavelength control, shorter cavity lengths
are likely needed. The trade-off between diverse performance requirements also needs to
be balanced against production cost, which strongly depends on device complexity and
yield for that device concept. Thus, it is not unlikely that multiple types of IlI-nitride
VCSELs will reach the market in the future.

In contrast to blue-emitting devices, UV VCSELs still have a long way to go. Nev-
ertheless, our demonstration of the first optically pumped UVB VCSEL, provides a key
step towards VCSELSs that together can cover a large part of the UV spectral range, as the
use of electrochemical etching to create cavities with high Al-content AlGaN layers in be-
tween two dielectric DBRs also should be extendable to UVC devices. The development
of UV VCSELSs will also be spurred by the rapid technological improvements in growth
and processing of UV LEDs and edge-emitting laser diodes. Furthermore, the ongoing
pandemic has raised awareness of the importance of sterilization of air and surfaces and
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will give a boost to the development of AIGaN emitters.

To become useful in real-world settings, VCSELs need to be electrically injected and
as tunnel junctions seem to the by far most promising option for UV VCSELSs, the con-
tinued improvement of high Al-content tunnel junctions is imperative. It is likely that
these junctions will use a low bandgap interlayer and an optimization of doping, alloy
composition, and thicknesses will be needed to find a balance between optical absorption
and electrical performance. As the devices become electrically injected, optimization
of thermal performance is necessary and intracavity heat spreaders are likely needed to
divert heat away from the low thermal conductivity AlGaN layers.

Due to the importance of low threading dislocation densities, it is reasonable to expect
that expensive free-standing AIN substrates in the future will be used for UV VCSELs,
at least in the UVC. In that case, electrochemical etching would be beneficial compared
to other mirror and substrate-removal technologies that are not compatible with substrate
reuse.

In addition to VCSELs, the methods to underetch and bond AlGaN membranes
with DBR mirrors or single dielectric layers could potentially be used for UV and
blue vertical-external-cavity surface-emitting lasers (VECSELSs) or opto-mechanical can-
tilevers. Furthermore, free-hanging III-nitride half-VCSELSs released by electrochemical
etching could be transfer-printed onto waveguides with diffractive gratings to be used as
light sources in wide-bandgap photonic integrated circuits.[255, 256]

Although the performance of II-nitride VCSELs without electrically conductive
DBRs are still superior, continued improvements in growth could make electrically con-
ductive DBRs competitive for blue-emitting VCSELs. AlInN/GaN and low Al-content
AlGaN/GaN DBRs will continue to have lower vertical resistance than AIN/GaN but the
introduction of modulation doping and compositional gradients could potentially lower
the resistance enough for the optical benefits of AIN/GaN DBRs to outweigh the resis-
tance penalty. Another option would be to still place the VCSEL n-contact in the cavity
or on one of the intermediate GaN layers in an electrically conductive AIN/GaN DBR.
This could help with current spreading in short-cavity VCSELSs but without the current
having to pass vertically through 20 mirror pairs or more.

In theory, ZnO/GaN is a highly competitive alternative as an electrically conductive
n-type DBR in VCSELs. The measured resistance is indeed comparable or better than the
best pure III-nitride DBRs but the reflectivity is still not sufficient for VCSELSs. The low
reflectivity is likely not due to fundamental issues but due to limited work on the hybrid
growth of ZnO and GaN. Hopefully, the beneficial properties of ZnO/GaN heterostruc-
tures could prompt investments in hybrid MBE systems to tap into the full potential of
ZnO/GaN DBRs. Furthermore, as ZnO can easily be wet etched, it could potentially be
used as a sacrificial layer for substrate removal, air-gap DBRs, or current confinement.

ZnO/GaN is not the only type of semiconductor material pair outside the AllInGaN
system that can be used for DBRs in the UV-visible range. BAIN/AIN and hBN/BAIN
DBRs, which can be used in the UVB and UVC, have also been demonstrated and lattice-
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matched AIPN/GaN DBRs have been proposed [257-259]. Moreover, SiC/AlGaN struc-
tures have been suggested for use as electrically conductive DBRs and doping-induced
refractive index differences can be used to create GaN/GaN DBRs [260, 261]. Neverthe-
less, all these would need to see significant improvements in performance to be suitable
for incorporation into VCSELSs.

For lasers based on GaN microprisms, the natural next step after the investigations of
the Q factor of microprism vertical cavities would be to grow QWs on the c-facet similar
to that done for LEDs in Ref. [262]. Optically-pumped lasers could then be fabricated by
using the same process steps as for the empty cavities in this work but with adjusted DBR
layer thicknesses. Extension to electrically injected devices (see Fig. 7.1) demands a more
complex processes flow. Although significant process development will be needed, the
process can in principle use straightforward fabrication steps such as contact formation,
planarization, bonding, and substrate removal using e.g. electrochemical etching or laser
lift-off. Due to the devices’” small lateral scale and the sensitivity of device performance
on the cavity geometry, the process development should continuously be coordinated with
simulations to decide on e.g. how far down the top DBR should wrap around the prism
and what cladding layer material and thickness is optimal. Optimization of the prism
growth, including height control and increasing the lateral size, will also be crucial for
the device performance. There is still much more development needed, but GaN prisms
could in the future enable dislocation-free small footprint VCSELs grown on large, low-
cost substrates. The well-defined facets also open up for investigations of the coupling
between adjacent prisms and its influence on the device characteristics.
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Chapter 9

Summary of papers

Paper A

A 310 nm optically pumped AlGaN vertical-cavity surface-emitting laser

Filip Hjort, Johannes Enslin, Munise Cobet, Michael A. Bergmann, Johan Gustavsson,
Tim Kolbe, Arne Knauer, Felix Nippert, Ines Héusler, Markus R. Wagner, Tim Wernicke,
Michael Kneissl, and Asa Haglund

ACS Photonics, vol. 8, issue 1, pp. 135-141, 2021.

Demonstration of an optically pumped UVB-emitting VCSELs. It is the first VCSEL with
a high Al content and it has a shorter emission wavelength than any previously reported
VCSEL. A cavity with over 99% reflectivity dielectric HfO,/SiO, mirrors on each side of
the cavity was realized by employing doping-selective electrochemical etching to remove
the AlGaN substrate. By using a multilayer sacrificial layer, an etched surface as smooth
as the as-grown layers was achieved, and this allowed for the formation of a high-quality
cavity that supported lasing. Lasing was confirmed by a clear threshold in output power
as well as a transition to polarized emission and narrowing of linewidths and beam widths
at threshold, all observed using angular-resolved photoluminescence measurements.

My contribution: I developed the VCSEL fabrication process, including the creation
and transfer by thermo-compression bonding of smooth AlGaN-membrane half-VCSEL
structures that allowed for the double-dielectric DBR device geometry. I performed the
device processing, with partial assistance from Johannes Enslin and Michael Bergmann,
and did the SEM, AFM, reflectivity and parts of the photoluminescence measurement and
most of the data processing and analysis. I also wrote the manuscript with input from the
other co-authors.
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Paper B

Low-threshold UVB VCSEL:s enabled by post-growth cavity length adjustment and
smooth surfaces

Giulia Cardinali, Filip Hjort, Nando Prokop, Johannes Enslin, Munise Cobet, Michael
A. Bergmann, Johan Gustavsson, Joachim Ciers, Ines Héusler, Tim Kolbe, Tim Wernicke,
Asa Haglund, and Michael Kneissl

Manuscript

Investigation of the influence of surface roughness and detuning between cavity reso-
nance wavelength and PL peak of the as-grown sample on the UVB VCSEL lasing
characteristics. VCSELSs fabricated using a multilayered sacrificial layer showed a re-
duced surface roughness after electrochemical etching, and therefore lower threshold
power density compared to VCSELSs fabricated using a bulk sacrificial layer. Further-
more, by adding HfO, cavity length adjustment layers inside the cavity to reduce the
detuning, the threshold power density can be decreased with an order of magnitude to
below 1 MW/cm?, compared to the sample without a cavity length adjustment layers.

My contribution: I decided which cavity length adjustment layers to use, fabricated the
VCSELSs and performed initial optical measurements. I contributed to the data analysis
and paper layout, wrote parts of the paper, and gave feedback on the rest of the paper.

Paper C

Effect of compositional interlayers on the vertical electrical conductivity of Si-doped
AIN/GaN distributed Bragg reflectors grown on SiC

Ehsan Hashemi, Filip Hjort, Martin Stattin, Tommy Ive, Olof Bicke, Antiope Lotsari,
Mats Halvarsson, David Adolph, Vincent Desmaris, Denis Meledin, and Asa Haglund

Applied Physics Express, vol. 10, p. 055501, 2017.

Investigation of the impact of compositional interlayers on the vertical electrical resis-
tance of AIN/GaN DBRs. A sample without interlayers had a specific series resistance of
0.044 Q cm? through 8 pairs, which is comparable to previously reported electrically con-
ductive AIN/GaN DBRs. Compositional interlayers, consisting of 1.5 nm graded AIGaN
or 0.5 nm/0.5 nm or 2 nm/2 nm AIN/GaN, had 4 to 10 times higher resistance. The results
show that insertion of interlayers to, for example, compensate for strain, may reduce the
vertical conductivity.

My contribution: I, together with Ehsan Hashemi, developed low-temperature annealed
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n-contacts to n-GaN and processed the AIN/GaN samples. I measured the I-V charac-
teristics of the samples with different compositional interlayers as well as processed and
analyzed the data. I contributed to the discussion on what to include and gave feedback
on the paper.

Paper D

Vertical electrical conductivity of ZnO/GaN multilayers for application in dis-
tributed Bragg reflectors

Filip Hjort, Ehsan Hashemi, David Adolph, Tommy Ive, Olof Bicke, Mats Halvarsson,
and Asa Haglund

IEEFE Journal of Quantum Electronics, vol. 54, no. 4, p. 2400406, 2018.

The first investigation of the electrical properties of recently developed ZnO/GaN mul-
tilayers that could find use as DBRs in GaN-based VCSELs. The measured resistance
is dominated by lateral and contact resistance and the vertical electrical conductivity of
three pairs of in-plane strained ZnO/GaN is determined to be around 10~* Q cm? or lower.
This is similar to, or lower, than the lowest values for pure III-nitride DBRs and, accord-
ing to electrical simulations, the actual vertical resistance can be orders of magnitudes
lower. The low resistance of the strained multilayer stack is identified to be a result of the
partial cancellation of the piezoelectric and spontaneous polarization components at the
ZnO/GaN interfaces.

My contribution: I, together with Ehsan Hashemi, developed the low-temperature an-
nealed n-contacts to n-GaN and processed the ZnO/GaN samples. I measured the I-V
characteristics, analyzed the data, identified the beneficial cancellation of polarization
components in strained ZnO/GaN DBRs, developed the electrical simulations of multi-
layered ZnO/GaN in TCAD, and performed the electrical simulations. I also wrote the
manuscript with input from the other co-authors.

Paper E

Optical microprism cavities based on dislocation-free GaN

Filip Hjort, Maryam Khalilian, Jérgen Bengtsson, Marcus Bengths, Johan Gustavsson,
Anders Gustafsson, Lars Samuelson, and Asa Haglund

Applied Physics Letters, vol. 117, no. 23, p. 231107, 2020.

Completely dislocation-free hexagonal GaN microprisms are used to form optical ver-
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tical cavities by embedding the prisms between two dielectric DBRs. The Q factor of
the cavities is investigated using cathodoluminescence measurements and both quasi-3D
finite element frequency-domain method (Q3D-FEM) and 3D beam propagation method
simulations. The filtered yellow luminescence show resonances with linewidths that de-
crease with increasing prism width. 1000 nm wide prisms have Q factors of around 500,
with good agreement between measurements and simulations. Furthermore, Q3D-FEM
simulations show that the Q factor should be approximately four times higher at blue
wavelengths, which is the target spectral regime for future devices.

My contribution: I designed the cavity and fabricated the mirrors that together with the
GaN prisms form the microcavity. I supported the development of the base code for Q3D-
FEM simulations, further developed the code, and performed all Q3D-FEM simulations
in the paper and the data analysis. I wrote the manuscript with input from the other
co-authors.
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