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Abstract

The Vertical-Cavity Surface-Emitting Laser (VCSEL) made from GaAs-based ma-
terials is an established infrared light source, and is produced in large volumes for
short-distance optical links, computer mice, and thermal processing systems. A wide
range of applications, such as high-resolution printing, general lighting, and biomedi-
cal diagnosis and treatment could benefit from using a VCSEL with blue or ultraviolet
emission. A promising solution is the use of GaN-based materials, where only a few
research groups have so far demonstrated electrically pumped GaN VCSELs with
optical output powers in the milliwatt-range and threshold current densities <10
kA /em?, unfortunately though the devices degrade after a few minutes. The major
challenges are achieving broadband high-reflectivity mirrors, vertical and lateral car-
rier confinement, efficient lateral current spreading, accurate cavity length control,
and lateral optical mode confinement.

This thesis is focused on exploring the lateral optical guiding and feedback struc-
tures for GaN VCSELs. By numerical simulations, the most commonly used GaN
VCSEL cavities were investigated and it was shown that many structures used for
lateral current confinement result in unintentionally anti-guided resonators with as-
sociated high optical losses. Such resonators have a built-in modal discrimination
but the threshold gain is highly dependent on nanometer-sized changes in the struc-
ture. In addition, the anti-guided resonators have a strong temperature dependent
characteristic, since thermal lensing suppresses the lateral optical leakage. Both dis-
tributed Bragg reflectors (DBRs) and high contrast gratings (HCGs) were explored
as optical feedback structures. The effect of compositional interlayers on the verti-
cal electrical conductivity of Si-doped AIN/GaN DBRs was investigated. The DBR
with no interlayers showed state-of-the-art resistivity for an AIN/GaN DBR as low
as 0.044 Qcm? for 8 mirror pairs. The DBRs with compositional interlayers had
resistivities between 0.16-0.34 Qcm?, indicating that the incorporation of interlayers
can impair the vertical current transport. An alternative to a DBR, a high contrast
grating (HCG) in TiOgz/air was demonstrated for the first time. The fabricated HCG
showed a high reflectivity of >95 % over a 25 nm wavelength span.

Keywords: vertical-cavity surface-emitting laser, gallium nitride, current aperture,
optical antiguiding, TiO2, high contrast grating, conductive DBR, thermal lensing
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Chapter 1

Introduction

There are two major types of semiconductor devices, the vertical-cavity surface-
emitting laser (VCSEL) and the edge emitting laser (EEL). In VCSELs the beam
emission is perpendicular to the plane of the epitaxial layers, while EELs emit
through the cleaved facets perpendicular to the plane of the epitaxial layers. A
VCSEL has a short cavity length (few 100’s of nm to ~1 pm), which results in
a small active volume and thus ultralow threshold currents and single longitudinal
mode characteristics [1]. The injected carriers and generated photons are strongly
confined to small volumes both vertically and horizontally, leading to efficient and
high modulation speed at low drive currents [2]. The VCSEL provides a circular
symmetric low-divergent output beam which is suitable for coupling to multimode
optical fibers. The possibility of on-wafer testing before separating and mounting the
lasers results in low-cost production. VCSELs are also very suitable for formation of
densely packed two-dimensional (2D) laser arrays [3].

The VCSELs are known since 1977, when Professor Kenichi Iga from Tokyo
Institute of Technology established the concept and practically realized this new
type of semiconductor laser [4, 5|, which has over the years become the backbone
light source of our data networks. In earlier research by Ivars Melngailis in 1965 [6],
lasing parallel to the current injection was achieved for the first time. nowadays,
the standard VCSELSs emitting at infrared wavelengths (850 nm and even 980 nm)
are now fully mature devices, and every year they are produced in millions. A
key enabler has been the nearly lattice-matched AlGaAs material system, which is
well-suited for monolithic growth of the multilayer VCSEL structure. The success
of GaAs-based VCSELs has tempted both academia and industry to expand the
emission wavelength range towards shorter and longer wavelengths. Unfortunately,
the material systems required to achieve this are not as favorable.

VCSELs emitting in the visible regime are of high interest for many applications
but require a completely different class of materials with large direct bandgaps. The
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growth of high quality (low defect density) multilayer structures in those materi-
als, is much more challenging, at least with today’s technologies. The three main
types of wide bandgap semiconductor materials are the group II-chalcogenides such
as zinc-selenide (ZnSe), the group II-oxides such as zinc-oxide (ZnO), and the group
III-nitrides such as gallium-nitride (GaN) [7]. In the II-VI material system, an elec-
trically injected VCSEL emitting at 484 nm has been demonstrated at 77 K [§].
However, a major difficulty with the II-chalcogenides is the degradation under cur-
rent injection. The II-oxides on the other hand suffer from the challenge of achieving
high p-type doping levels. Today, the IIl-nitrides are the dominating material sys-
tem. This thanks to the revolutionary work in the late 80’s and early 90’s to achieve
p-type GaN and high power light emitting devices [9, 10]. Work that in 2014 was
awarded with the Nobel prize in physics.

1.1 Applications

There is a need for compact, efficient, and low cost light emitters in the visible
wavelength regime, where they will also enable new applications [11-16].

For example, in visible light communication (VLC) one can make use of the
unregulated bandwidth of the electromagnetic spectrum to send and receive data
in free-space, or underwater, with no interference and high security [17, 18]. GaN-
based laser based light sources can enable efficient and high speed communication
links thanks to their larger bandwidth and fast frequency response compared to the
micro-light emitting diode (LED) systems that have so far been used in state-of-the-
art VLCs [19, 20]. GaN-based edge-emitting lasers have been used to transmit 4
Gbit/s in a 0.15 m free-space link [21] and more advanced modulation schemes have
been applied to reach 9 Gbit/s over 5 m in free-space [22]. A VCSEL could offer
additional advantages compared to an edge-emitting laser, as mentioned above [23].

In solid-state-lighting (SSL) [24, 25], white light illumination is usually obtained
using phosphor to convert part of the blue light from an LED into the other parts
of the visible spectrum to achieve overall white emission. However, blue LEDs suffer
from efficiency droop; a reduction of the radiative recombination efficiency at high
current densities due to Auger recombination [26]. Hence to keep the efficiently high
while generating enough lumens, a bulb must contain many LEDs inside, where each
LED is operated at a low current density (<10 A/cm?). This leads to lower lumen
per LED chip area, which directly result in higher cost. In contrast to LEDs, laser
devices operate under stimulated emission above threshold and therefore the Auger
process is clamped at threshold. A high-power conversion efficiency (higher lumens)
could be achieved at much higher current densities for the same chip size, resulting
potentially in a higher output power and lower cost for laser-based lighting systems
[27, 28]. VCSEL based SSL can offer a more directional and circularly-symmetric
output beam with lower cost and little power consumption. Smart lighting systems
can be designed with dynamic emission patterns by controlling individual lasers in
a two-dimensional VCSEL array. In addition, a white VCSEL-based light sources
could increase the functionality by an illumination source and a VLC [17, 29].
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Red-green-blue (RGB) GaN-VCSELs could also be of interest for full-color laser
display applications, such as head-up and near-eye displays [30], and picoprojec-
tors [31], which do not require too high optical output power and where a low power
consumption is a key factor [32]. By using lasers in these applications, higher reso-
lution, higher brightness, and more compact carry-on devices can be obtained.

In bio-sensors and medical diagnosis and treatment, the interest for visible short
wavelength lasers in the range of 400-500 nm is rapidly growing. Some of the exam-
ples include chemical tracking and biological agent detection based on exciting the
dye molecule fluorescein around 494 nm and study the fluorescence [11, 33]. In opto-
genetics, stem cells can be genetically modified to render them sensitive to blue light;
thereby, events in specific cells of living tissue can be controlled, with applications
in artificial ears or eyes. Blue resonant light-emitters could enable novel designs and
facilitate system integration into the body. In medical diagnosis, skin and esophagus
cancer detection have become possible, without the use of biopsy, by using laser-
induced fluorescence at a wavelength of 410 nm [34, 35]. This non-invasive technique
is fast, reliable and reduces both pain and recovery time for the patient. Many of
those applications would be interesting to integrate in a lab-on-chip, where the 2D
array capability of the VCSEL would offer additional advantages [36].

These are only a few of the many applications for ultraviolet-blue-green VCSELs
that can be foreseen, and many more will appear once such light sources actually
exist.

1.2 Scope and outline of thesis

This thesis is devoted to GaN-based VCSELs. Chapter two presents some of the
important material properties of the group IlI-nitride semiconductors. The state-of-
the-art of electrically injected GaN-based VCSELSs is summarized in Chapter three
with a comparison between the competing technologies. In addition, some of the
remaining challenges related to achieving better performing devices are introduced.
In Chapter four, our work on how current aperture schemes can dramatically change
the optical guiding, and thus the threshold current, is presented. Chapter five fo-
cuses on the effect of strain-compensating interlayers on the electrical conductivity
of AIN/GaN distributed Bragg reflectors (DBRs). In Chapter six, a new method to
fabricate a top reflector for nitride VCSELSs based on a titanium-dioxide (TiO2)/air
high contrast grating is demonstrated. At the end an outlook about the prospects
of III-nitride based VCSELs is given.






Chapter 2

I1I-nitride material properties

2.1 Crystal structure and features

ITI-nitride semiconductors such as GaN, or more generally (Al, In, Ga)-N alloys, are
polytypic, [37], and can have a wurtzite or zincblende crystal structure. The wurtzite
structure is thermodynamically stable under ambient conditions and is therefore the
most common polytype. The zincblende structure can be stabilized by epitaxial
growth of thin films on specific crystal planes of cubic substrates such as Si [3§],
SiC [39], and GaAs [40].

The zincblende structure has a cubic unit cell with a crystal structure identical to
that of diamond (two interpenetrating face-centered cubic sublattices with an offset
of one-quarter of distance along a body diagonal). Wurtzite, the more important
polytype of IIl-nitrides, has on the other hand a hexagonal unit cell and thus two
lattice constants, ¢ and a. The crystal structure, which is shown in a stick and ball
representation in Fig. 2.1, is formed by two interpenetrating hexagonal close-packed
(hcp) sublattices, each with one type of atom, displaced with an offset of %c along
the c-axis. Therefore it can be identified by alternating biatomic close-packed (0001)
planes of Ga and N pairs [37]. The three most important crystal planes are: (0001)
the c-plane, (1100) the m-plane, and (1120) the a-plane, as illustrated in Fig. 2.1.

2.2 Origin of internal polarization fields

The wurtzite crystal is non-centrosymmetric. Due to the lack of an inversion symme-
try plane and the difference in the electronegativity of the different atoms, the crystal
is polar along the c-axis, resulting in Ga polar and N polar orientations [41]. This
polarity leads to strong polarization fields in polar III-nitride semiconductors along
the c-axis, both spontaneous and strain-induced piezoelectric polarization fields.
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Figure 2.1: A stick and ball representation of the wurtzite crystal unit cell with Ga,
Al, or In polarity, i.e., GaN (0001).

Even in an ideal wurtzite structure a non-vanishing spontaneous polarization
is present due to the difference in electronegativity (electron cloud being closer to
the nitrogen atoms). If the crystal is strained along the (0001)-plane, due to the
difference between the lattice parameters or the thermal expansion coefficients in the
hetero-structure, the piezoelectric effect can induce a polarization field. Therefore
the piezoelectric polarization field is different depending on the type of the strain
being tensile or compressive. The direction of the piezoelectric polarization field is
presented in Fig. 2.2 for a Ga polarity with an in-plane compressive strain. The
details of both types of polarization fields are discussed in refs. [37, 42].

The polarization fields are important to consider since they affect both optical
and electrical properties of the materials.

2.3 Optical properties of III-nitride compounds

The wurtzite crystal structure of GaN, AIN, and InN offers an alloy system where
the direct bandgaps can be tuned from 0.7 to 6 eV, corresponding to the emission
wavelengths from infrared (1.7 pm) to ultraviolet (210 nm), see Fig. 2.3. A chal-
lenge however for hetero-structures in I1l-nitride-based materials is the large lattice
mismatch between different compounds. As seen in Fig. 2.3 it is only ternary AlInN
with 18% In composition that is lattice matched to GaN. There is also a lack of
high quality, low cost substrates to grow IIl-nitrides on. In this figure, the most
commonly used substrates are shown, except sapphire which has a lattice constant
of ap=4.765 A, which falls outside of the graph.
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Figure 2.2: A tetrahedron with Ga polarity is shown in two different situations;
without strain (light gray) and with compressive strain applied (black) in the c-
plane.
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Figure 2.3: Room temperature bandgap of wurtzite III-nitride compounds versus
the basal plane lattice constant agp. The square markers represent the important
substrates.

Furthermore, the Ill-nitrides are uniaxially optically birefringent, due to the
polarity of the wurtzite crystal along the c-axis and anisotropy of the band structures
resulting in anisotropic complex refractive index [43-45].

The internal electric fields, in the order of 10 MV /cm that arise from the polar-
ization fields in polar materials are large enough to separate the electron and holes
towards opposite sides of a quantum-well (QW), as illustrated in Fig. 2.4. This ef-
fect, known as the Quantum Confined Stark Effect (QCSE), leads to a reduction of
photon emission rate as the overlap between the electron and hole wave functions is
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Figure 2.4: Energy band diagram of a c-plane InGaN QW with GaN barriers. Due
to quantum confined Stark effect (QCSE) the overlap between the electron (¥.) and
hole (¥}, ) wave functions is reduced. E. and FE, are the conduction and valence band
edge, respectively.

reduced and also to a red shift in the photoluminescence peak [46-48]. However at
high injection current densities, typical for laser operation, these internal fields can
be screened by the injected carriers [49].

2.4 Electrical properties

As-grown undoped GaN has typically a large unintentional background electron con-
centration of about 10'® cm™3, which is attributed to the formation of nitrogen
vacancies or unintentional incorporation of oxygen impurities in the lattice, acting
like donors [50]. Intentional n-type doping is often done by incorporation of Si im-
purities, which have a fairly low ionization energy of 20 meV [51], resulting in most
donors being ionized at room temperature. Typical electron mobility values lie in
the order of 500 cm?V~!s™! at room temperature. On the other hand, p-type doping
of GaN is reputedly very challenging. Mg impurities are often used as acceptors to
dope the GaN but their rather high ionization energy of 170 meV [52] leads to only
a partial ionization of typically a few percent at room temperature. Moreover, the
background electron concentration lowers the actual hole concentration, and hinders
high p-doping levels. The difficulty to p-dope GaN is a major problem for most
optoelectronic devices.
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ITI-nitride VCSELs

The attractive properties of VCSELs that were discussed in Chapter 1 are the main
driving forces for the development of these devices also in the IIl-nitride material
system. Looking at the history of GaN-based light emitters, major breakthroughs
came in 1989 when Hiroshi Amano et al. [9] showed p-type conductivity in Mg-
doped GaN material, which led to the first demonstration of high power GaN LEDs
in 1991 by Shuji Nakamura [10]. In 1996 Nakamura also demonstrated the first
continuous-wave (CW) operation of a GaN-based edge emitting laser diode at room-
temperature (RT) [53]. Already in 1999 Nichia Corp. commercialized their first
prototypes of GaN based edge emitting laser diodes. Soon lasers emitting at the
wavelength of 405 nm with optical output power of several hundreds of milliwatts and
lifetime over ten thousand hours were available from multiple commercial venders.
As a result, the first Blu-ray optical data storage system was introduced in 2004
using InGaN laser diodes emitting at 405 nm [54].

The progress in I1I-nitride VCSELSs has however been much slower, starting with
a few sporadic demonstrations of lasing under optical pumping [55, 56] in addition to
a few simulation reports proposing different structures for nitride VCSELSs [57, 58]. In
2008, in separate works, researchers from National Chiao Tung University (NCTU)
in Taiwan, first, and Nichia Corp. in Japan, second, finally showed the two first
electrically injected GaN-VCSELs under CW operation at 77 K [59] and at RT [60],
respectively. The long time span between the GaN edge emitting laser and the
VCSEL shows that the GaN technology was not mature and developed enough to
meet the tough requirements of VCSELs. Improvements in threshold current density,
optical output power, and lifetime of today’s III-nitride VCSELSs are required before
they can be of any real practical and commercial importance. To develop GaN-
based VCSELSs the focus should first be to minimize the optical losses in the cavity
so that a high quality factor cavity (Q) and a low threshold current density can
be achieved. The sources of the optical losses in the VCSEL cavity are usually a
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Figure 3.1: GaN VCSEL structure in a hybrid DBR scheme.

low reflectivity DBR, optical absorption, scattering losses due to inhomogeneities,
etc. Furthermore, it is crucial to also address the hot-cavity properties at high
operating injection current density, where self-heating can lead to higher losses due
to temperature dependent material properties. The temperature effects have to be
accounted for to be able to obtain a CW operation at elevated ambient temperatures,
higher peak optical output power, and a longer lifetime.

This chapter will start with a summary and comparison of the cutting-edge tech-
nologies used in electrically injected devices by different groups, followed by a dis-
cussion on the major challenges in GaN-based VCSELs. The chapter will end by
highlighting some additional challenges that still need to be addressed in future VC-
SELs.

3.1 GaN-VCSELs: state-of-the-art results and technolo-
gies

Figures 3.1 and 3.2 illustrate the two different device concepts that have been used for
electrically injected GaN VCSELs. Either a hybrid DBR scheme has been used, i.e., a
top dielectric DBR combined with a bottom III-nitride-based epitaxial DBR [61-63],
or a double dielectric scheme using both a top and a bottom dielectric DBR [64-68].
The two DBR approaches are outlined in more detail in Section 3.1.1 and 3.1.2.
All DBRs used so far in GaN VCSELs have been electrically insulating (except one
recent report from Meijo University [69]). Thus, intracavity contacts are required
together with long cavity lengths to reduce the lateral resistance. Another special
feature with the GaN VCSEL is the use of a transparent current spreading layer
(usually indium-tin-oxide, ITO) between the p-GaN and the dielectric DBR. This is
required to spread the current laterally since p-GaN has a low electrical conductivity.
The current is confined to the center by using a dielectric aperture in most cases.
Table. 3.1 summarized available details of the electrically injected VCSEL structures
published so far. All structures are grown on c-plane except the structures made by
UCSB which are grown on the non-polar m-plane. As can be seen in the table, there
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Figure 3.2: GaN VCSEL structures in double dielectric DBR scheme using, (a)
substrate removal approach, (b) epitaxial lateral overgrowth approach.

is not much consensus on which is the best structure for a GaN VCSEL, indicating
that GaN VCSELs are still in the early stage of their development.

The performance characteristics of the published devices, in terms of output
power and threshold current density are plotted in Fig. 3.3. To be able to compare
results with different aperture sizes, current density is plotted instead of current.
However, it is important to note that in most of these published GaN-VCSELSs the
emission profile across the whole aperture is not very uniform due to inhomogeneous
current injection and filamentary lasing. As seen in Fig. 3.3, there are now several
reports with milliwatt class optical output power and decent current densities, where
the best performance characteristics have been presented by National Chiao Tung
University [70] in Taiwan, and Meijo University [71], Sony [72], and Nichia [64] in
Japan.

Two of the major issues in VCSEL design is to ensure a spatial alignment between
the standing optical fields and the thin active region (i.e., the peak of the standing
optical field has to be well-aligned to the position of the QWs), and also a spectral
matching between the material gain spectrum of the active region, the reflectance
spectrum of the mirrors, and the resonance wavelength of the cavity. Both the hybrid
DBR and double dielectric DBR schemes have some advantages and disadvantages
with regard to these spatial and spectral alignment requirements, which will be
further discussed in the following sections.

3.1.1 Hybrid DBR design

High reflectivity, broadband epitaxial mirrors are not easy to achieve in the I1I-nitride
material system due to a lack of two lattice matched materials with large refractive
index difference. Two approaches have mainly been explored, Al(Ga)N/(Al)GaN and
AlInN/GaN. AlGaN DBRs offer high refractive index contrast if the binary material
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Figure 3.3: Optical output power and current density of electrically injected GaN-
VCSELSs published to date [59-79]. Filled markers illustrate CW operation and open
markers are pulsed operation. The colors indicate the lasing wavelength, violet (405
422 nm), blue (446-463 nm), and green (503 nm). The markers shown at zero output
power denote the reports where the output power is only given in arbitrary units.

compounds AIN/GaN are used, see Table 3.2, but suffer from large difference in
in-plane lattice constant of ~2.5%. Strain compensating structures are therefore
included in the DBR to minimize crack formation. AlInN/GaN is lattice matched if
the In composition is near 18%, but offer a much lower refractive index contrast and
such a DBR therefore require many more DBR pairs to achieve high reflectivity and
thus results in a narrowband reflectivity.

Three groups have so far been able to grow high quality nitride-based DBRs
and therefore have taken the hybrid DBR approach: National Chiao Tung Univer-
sity (NCTU) in Taiwan with an AIN/GaN DBR [80], EPFL in Switzerland with
an AlInN/GaN DBR [81], and Meijo university in Japan with undoped and doped
AlInN/GaN DBRs [63, 69]. The AIN/GaN option required special structures to re-
duce the tensile stress, a short-period superlattice (SPSL) of AIN/GaN was placed
after every fifth DBR period for the first 20 pairs and after every third DBR period
for the last 9 pairs. This DBR showed a peak reflectivity of 99.4% and a full width
at half maximum (FWHM) of 25 nm. Gatien Cosendey and coworkers at EPFL
took a lattice-matched approach using a combination of Alg g2Ing 18N and GaN for
their bottom DBR. The relatively low refractive index contrast between these two
compounds requires a large number of at least 46 mirror pairs in the DBR for a wave-
length of 420 nm and 54 mirror pairs for a wavelength of 450 nm. The EPFL team
has demonstrated peak reflectivity of 99.6% with a stopband width of 26 nm [81] and
the Meijo group has been able to obtain a peak reflectivity of 99.7% at a wavelength
of 410 nm [71]. The top DBR in the hybrid design is made of dielectric materials and
therefore a 99.9% reflectivity with a broad stopband can easily be achieved thanks
to the high refractive index contrast between the dielectric materials. In the hybrid
DBR design, it is most likely that the epitaxial nitride-based DBR has a lower peak
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3. III-NITRIDE VCSELS

reflectivity than the dielectric DBR, and therefore it is most suited for bottom emit-
ting configuration. This has been observed from a VCSEL by the Meijo group where
3 mW of optical output power was achieved from the bottom epitaxial DBR, while
the optical output power from the dielectric DBR side was five times lower [71].

Table 3.2: Material data at room temperature.

Material Refractive index Lattice
at 420 nm constant, ag (A)

AIN 2.18 3.112

Alg.g2Ing.18N 2.3 3.189

GaN 2.49 3.189

3.1.2 Double dielectric DBR design

The challenges with the epitaxial growth of high quality III-nitride DBRs have stimu-
lated the development of the double dielectric DBR scheme. With dielectric materials
lattice matching is not a prerequisite. In addition, a large refractive index contrast
(44% if SiO2/TiO; used) can be achieved which results in very broadband reflectivi-
ties. This is very favorable for GaN VCSELs which require a good matching between
the peak reflectivity, optical gain, and the resonance wavelength, something not easy
to achieve for a cavity length of about 1um, see Section 3.2.

two main approaches have so far been proposed to incorporate dielectric DBRs on
both sides of the VCSEL cavity in the double dielectric DBR scheme, see Fig. 3.2. In
one approach the growth substrate is removed to deposit a second dielectric DBR on
the bottom of the n-GaN contact layer, where a prior flipchip bonding is required to
provide a supporting substrate while handling the thin epi layers after the substrate
removal. Second approach relies on an epitaxial lateral overgrowth (ELO) technique.
In both techniques, maintaining a precise control of the cavity length can be chal-
lenging. To remove the growth substrate, different methods such as laser-induced
lift-off (LLO), chemical and mechanical polishing (CMP), and bandgap-selective sac-
rificial photoelectrochemical etching (PEC) have been used. Among these, the PEC
has by far been the most promising method providing accurate cavity length control
by using a sacrificial etch stop layer. In the latest GaN VCSELs, the structures are
often grown on free-standing (F'S) GaN substrates for higher structural quality. In
these cases, the LLLO method could not be easily applied as there is no light absorp-
tion contrast between epitaxial GaN and the GaN substrate for the heat generation
and material decomposition. To use CMP technique to thin-down the FS-GaN sub-
strates is not preferred since the hardness of GaN materials easily leads to large
thickness variation across a large-area substrate. In the ELOG method, no sub-
strate removal/bonding is necessary but the growth needs to be optimized so that
the desired ratio between the vertical and lateral growth rates can be achieved and
precisely controlled.

An intrinsic challenge that remain with the double dielectric DBR scheme, is the
poor heat dissipation capability since the Ill-nitride cavity is sandwiched between
two DBRs with very low thermal conductivity. This can easily result in rapid temper-
ature increase in the cavity close to the active region. To achieve CW operation can
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therefore be challenging in the double dielectric DBR scheme. The problems regard-
ing the temperature effects in GaN VCSELs are discussed further in Section. 3.2.6.

3.2 Additional challenges to be addressed

In order to improve the performance of GaN-VCSELSs, a few remaining issues should
be addressed besides the ones already mentioned in the previous sections.

3.2.1 Long or short cavity length

In most of the reported electrically injected GaN-VCSELSs a cavity length of between
7X to 20\ have been used, mainly due to ~1pm n-GaN layer thickness in the cavity.
To shrink the n-GaN thickness there are several limitations which are explained as
follows.

As discussed earlier, the GaN-VCSELs have been imposed to intracavity contacts
due to the lack on conductive DBRs (undoped and dielectric). The use of intracavity
contacts requires a not too thin n-GaN layer to keep the lateral resistance from the
n-contact to the center of the VCSEL low. Moreover, in the double dielectric scheme,
thicker n-GaNN layers have been preferred in order to protect the delicate active region
from the harsh substrate removal processes (such as LLO and CMP), and also to
avoid possible stress fractures in the GaN film during the bonding process [82]. In
addition, an alternative approach to trying to uphold the precise overlap between
the gain spectrum, mirror reflectance spectrum, and cavity resonance wavelength is
to make the VCSEL cavity longer to shrink the longitudinal mode spacing. For a
long cavity, the many longitudinal modes ensure that at least some always overlap
with the material gain, and even when the gain spectrum shifts due to temperature
effects some modes will still be lasing. This is the approach taken by a group at
Panasonic [65] who used a cavity length of about 35\. Of course, the optical losses
in long cavity design will most likely be larger and the threshold current to achieve
lasing will thus not be the lowest possible. On the other hand, the threshold gain in a
long cavity design is less sensitive to fluctuations in cavity length, which can be large
in the case when CMP has been used to remove the substrate [83]. Finally, in the
double dielectric scheme, a longer cavity can be beneficial. Increasing the thickness
of the epi-layers beneath the dielectric DBR layer can improve the dissipation of
the generated heat more efficiently ensuring lasing under CW operation at elevated
ambient temperatures.

Since this layer is doped, the free carrier absorption, which is an optical loss
process, can be overall high for a very thick n-GaN layer. The effect of n-GaN layer
thickness on the device performance can be explored. Using the 2D effective index
method explained in [84] we have calculated the threshold gain as a function of the
absorption coefficient and n-GaN layer thickness, illustrated in Fig. 3.4a. Moreover,
current transport simulations conducted by our partners at Politecnico di Torino
show that the n-GaN thickness in a hybrid VCSEL mesa with intracavity contacts
can be reduced to about 500 nm and still avoid a too high resistance, as shown in
Fig. 3.4b.
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Another drawback with using a ~1um thick n-GaN layer is difficulty in con-
trolling the absolute cavity length accurately. The effect of small variations in n-
GaN thicknessfor a hybrid VCSEL with a 42-pair AlInN/GaN DBR is illustrated in
Fig. 3.5, which shows that the thickness of the n-GaN layer has to be controlled to
within £20 nm.

3.2.2 Carrier leakage across active region

Injected carriers should be confined both radially (to the center of the structure)
and longitudinally (in the multiple QW layers). Apart from the radial carrier con-
finement, which will be discussed in Sec. 3.2.7, the longitudinal (vertical) carrier
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Figure 3.4: (a) Threshold gain values for the same VCSEL structure with various n-
GaN thicknesses with different assumptions on the free carrier absorption coefficient
a of the n-GaN layer. (b) Current-voltage curves for a hybrid VCSEL mesa obtained
from APSYS simulations, with various n-GaN thicknesses.
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injection/distribution among the multiple QWs can be problematic due to several
issues such as the strong imbalance between electron and hole mobilities, large band
offsets, and the internal polarization fields. In order to minimize a large carrier
leakage across the active region, electron blocking layers (EBLs). They are realized
by inserting extra potential barriers for electrons between the QWs and the p-GaN
layer. An efficient EBL design, which can effectively hinder the electron leakage and
not much affect the hole injection, seem to be very crucial to obtain higher radia-
tive recombination rates in QWs and low threshold operation. Many different EBL
designs have been tested and their effect on VCSEL performance have been studied
such as p-doping of the EBL [85], compositionally graded EBL [86], and multiple
barrier EBL [87]. The different EBL designs used in GaN VCLSLs are summarized
in Table 3.1.

3.2.3 Optical gain

As can be seen in Table 3.1, the earliest reports on electrically injected GaN-VCSELSs
had a high number of QWs, maybe to achieve a maximum optical gain per round
tip and increasing the overlap of the standing optical field with the gain region.
However it was later shown that due to nonuniform carrier distribution across the
multiple QWs, only the QWs which are closest to the p-GaN layer can be pumped
above their transparency and contribute to the optical gain. The QWs on the n-side
will then be absorbing, reducing the net gain [88, 89]. Higher optical gain can be
obtained by growing on nonpolar or semipolar planes which can provide a better
overlap between the electron and hole wavefunctions as the effects from the internal
built-in polarization fields are much less or non-existing [74, 90].

3.2.4 Transparent contacts

In the beginning of this chapter, it was already discussed that transparent current
spreading layers are necessary in GaN-VCSELs to minimize the current crowding
due to the inefficient lateral current transport in the p-GaN layer. A high quality
current spreading layer should ideally provide high transparency, high conductivity,
and ohmic contact to p-GaN which can withstand high injection current densities
used in GaN VCSELs. Indium-tin-oxide (ITO), in amorphous or poly crystalline
forms, has so far been used in almost all of the realized GaN-VCSELs because of its
high electrical conductivity and optical (semi-)transparency. The only exception is
the incorporation of tunnel junction (TJ) in an m-plane GaN VCSEL published by
UCSB [77]. Despite this wide usage, the properties of ITO are not ideal and has a
direct negative impact on the device performance. ITO has an optical absorption
coefficient of >1000 cm—1 at blue wavelength range, and there is even a trade-off
between ITO transparency and its conductivity. Therefore, to minimize the optical
absorption of the ITO layer, thickness ~30 nm has often been used, and the layer
should be placed in an optical field node of the VCSEL cavity. unfortunately, there
is still a risk of increased optical absorption loss if the cavity length deviates from
the design by a small margin.
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ITO deposition, usually done by physical vapor deposition (PVD) techniques to
achieve high quality [91], can lead to p-GaN plasma damage [92]. This sets a limita-
tion to the maximum plasma power that should be used for ITO deposition which can
lead to increased porosity (less quality) of the ITO film. If plasma damage occurs, the
contact resistivity between the ITO and p-GaN will be very high which can worsen
the current injection and increase the heat generation in the device and lead to break
down of the device. Some companies have mastered the ITO deposition on p-GaN
surfaces [93, 94]. Although they do not reveal their exact process strategies, it is likely
that they make use of a multilayer ITO in which the first layers are more porous to
avoid plasma passivation of the p-GaN layer, and the upper layers are more dense for
their increased conductivity with a sheet resistance down to ~15 Q/sq. It is shown
that a smooth ITO layer, preferably with a roughness(root-mean-square)<1 nm, is
necessary to keep scattering losses low enough in the VCSEL [95].

Investigations on alternative solutions for an efficient current spreading layer for
GaN VCSEL:s is still on going. Even though I'TO might still be a reasonable candidate
for GaN VCSELSs in the visible spectral range, but its optical absorption loss in the
ultraviolet (UV) regime is highly increased [96]. There have been many attempts to
realize other types of transparent current spreading layers such as graphene (2D ma-
terials) [97], Al-doped ZnO [98], thin metal films [99, 100], etc, mainly in GaN-based
LEDs. Thin metal layers have a trade-off between low sheet resistance, low resistive
contacts to p-GaN, and a low optical absorption [101]. In addition, high quality,
single layer graphene has been transferred to p-GaN, showing 97.7% transmittance
in the visible wavelength range. As a result of the high contact resistivity the trans-
ferred graphene did not withstand high injection currents [97, 102]. Recently, in
order to improve the contact resistivity, there have been attempts to directly grow
single or multilayer graphene on p-GaN [103, 104].

The most promising approach to date to replace ITO is the tunnel junction
(TJ). TJs are a standard technology in InP-based VCSELs which share some of the
challenges with GaN-based VCSELs [105]. By incorporation of a thin TJ structure,
the top part of the GaN VCSEL structure, which usually consists of a p-type GaN
layer and ITO, can be replaced by a much more conductive n-GaN layer. The n-GaN
layer is not only less resistive but also less optically absorptive than the p-GaN and
ITO. By suppressing the current crowding effect in the resistive p-GaN layer, there
will be no need for a current spreading layer, such as ITO. The TJ can make the
current transport much more efficient, with the expense of slightly adding to the
overall series resistance of the device.

To conclude, so far ITO has shown the best performance in terms of electrical
conductivity, contact resistance, and optical transparency. The research is still on-
going to find another material with better electrical and optical properties than ITO
or to pursue a technological change in the structure so that a current spreading layer
would not be needed anymore.

3.2.5 Defects

The high density of defects in the epitaxial III-nitride layers can limit the optical
and electrical performance in VCSELs, for example by increasing the scattering loss.
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Dislocations can form current leakage paths, making the realization of effective cur-
rent injection much more challenging. In QWs, they can contribute to the increased
rate of unwanted non-radiative recombination. So far in GaN based LEDs, grown
on foreign substrates such as sapphire, high internal quantum efficiencies have been
achieved despite the high dislocation density, which has been attributed to the lo-
calization effects, in which the dislocations sites are screened and have a reduced
impact [106, 107]. However, for lasers it is still essential to decrease the dislocation
density levels since the operating injection current densities are much higher in lasers.
By using GaN substrates instead of sapphire, devices with better performance are
therefore expected [73].

3.2.6 Temperature effects

In GaN-VCSELSs, several factors such as a large contact resistivity (mainly between
ITO and p-GaN) and the inefficient current transport properties (due to current
crowding and carrier leakage, see Section 3.2.2) lead to an increased operating volt-
age and high injection current density for lasing. Thus, efficient heat dissipation is
essential, otherwise the large resistive heat generation can degrade the device rapidly
and prevent it from lasing under CW operation.

The short lifetime of today’s GaN-VCSELs is mostly attributed to this excessive
heat generation. The heating effects may not only modify the guiding properties of
the cavity (see Chapter 4 and Paper C), but can also decrease the optical material
gain in the QWs, as well as reducing the modal gain since the spectral overlap between
the gain peak and the resonance change with temperature. Due to the temperature
effects, the VCSEL can prematurely reach the thermal roll-over point, limiting the
maximum achievable output power.

In the hybrid DBR scheme, heat dissipation can for example occur through the
substrates to reduce the temperature rise. Devices grown on sapphire substrates,
with poor thermal conductivity, may therefore not be preferred.

If a double dielectric scheme is used, the bottom dielectric DBR can be etched into
a small diameter mesa and plated with metals to improve thermal dissipation [66, 67].
As it was discussed earlier in Section 3.2.1, a long cavity length could also be useful
to more efficiently remove the heat from the central part of the cavity. In addition,
long cavities will decrease the longitudinal mode spacing, allowing many modes to
overlap with the optical gain spectrum, which makes the laser less sensitive to the
temperature induced gain shift. In [65], a cavity length as long as 35\ has been used
for this purpose. However the problem with reduced QW material gain at higher
temperature still remains. Regarding this, the group at UCSB have never been able
to show CW operation for their m-plane GaN-VCSELs, most probably due to poor
thermal dissipation in their double dielectric structures.

3.2.7 Lateral current and optical confinement schemes

It is essential to confine both the current and the optical field laterally to the center
of the VCSEL to increase the overlap between gain and optical field, and to be
able to achieve the high threshold current densities required for lasing, typically 10
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kA/cm?. The confinement technique that is widely used in GaAs-based VCSELs,
partial oxidation of a high Al-content layer, is not easily implemented in ITI-nitride-
based materials. Therefore, many groups have formed an electrical aperture between
the p-GaN and the ITO, mostly by using a low index dielectric material that blocks
the current, and opening a hole in its center to pass the current through. However,
this scheme results in a non-planar structure that is depressed in the center, i.e.,
has a downward step profile. We have investigated the optical properties of such
cavities in terms of guiding properties and losses using our in-house developed VCSEL
simulation tools that are based on the effective index method (EIM) and 3D coupled-
cavity beam propagation method. We found that the non-planar centrally depressed
structures yield an anti-guided cavity with associated high losses, see Chapter 4. To
achieve GaN-VCSELs with low threshold currents such structures should be avoided.
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Chapter 4

Guiding/Antiguiding effects in GaN VCSELs

Achieving a high enough current density to reach lasing obliges the introduction of
an aperture to confine the current to the central part of the device. However, the
intracavity aperture also manipulates the optical properties of the laser cavity, both
because the cavity structure changes and because the confined current changes the
refractive index profile, since it depends on both temperature and carrier distribution.
It turns out that both structural and thermal modifications have a strong influence
on the ability of the cavity to guide the light, i.e., to minimize radiation loss in the
transverse direction. This chapter describes these effects, how they can be modeled,
and the strong impact they can have on the laser performance.

Previously, current apertures in GaN-based light emitting devices had mainly
been divided into three schemes: (1) dielectric SiN, or SiO2 apertures; (2) epitaxial
AIN [108, 109] and AlInN [110] apertures using regrowth; (3) oxide apertures through
selective oxidation of AlInN [111]. In schemes (1) and (2), the idea was to obtain a
transverse current confinement by deposition of an electrically non-conducting layer
and then making an opening (a few micrometer in diameter) in the center to pass the
current through. The surface of the resulting structure was no longer planar but had
a negative (downward) step profile, referred to as a "depression" in the structure, see
Fig. 4.1. In scheme (3), a continuous AlInN layer was grown in between the p-GaN
layers, which was then selectively oxidized from the mesa sides. In this case, the
surface of the structure will be planar and flat, assuming the oxidation does not lead
to strong expansion or contraction of the oxidized material.

Most of the reported GaN-based VCSELSs before 2014 [59, 60, 65, 66, 74] have
employed only scheme (1), probably due to the difficulty of controlling the oxidation
and/or the regrowth processes in schemes (2) and (3). The only exception was the
work by Cosendey and coworkers at EPFL [62], in which the transverse current
confinement was obtained using p-GaN surface passivation by reactive ion etching
(RIE) with an Ar/CHF3 plasma. The RIE treatment slightly etched the material
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Figure 4.1: Central depression of the top surface in a device with a SiOg aperture.
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Figure 4.2: Central elevation of the top surface in the device with RIE-treated GaN.

outside the aperture region so that the top surface of the structure had a shallow
elevation of about 10 nm in the center, shown in Fig. 4.2. As will be shown,
the degree of depression or elevation of these non-planar structures is simply and
directly related to the ability of the laser cavity to work as a good waveguide. This
is of great importance for efficient operation of semiconductor lasers by providing a
better overlap between the photons and the charge carriers and reducing excessive
transverse radiation loss.

4.1 Intuitive picture of the structural sensitivity of guid-
ing

Good guiding of the light, propagating in the laser cavity, is obtained when the so-
called effective index of the structure at the center of the device is higher than that
in the periphery. In the case of structures with depression in the center, the layers
that are deposited after the formation of the aperture, e.g. ITO layer and dielectric
DBR, will basically preserve this shape having a similar depression equal to the
thickness of the aperture layer. However, in such non-planar multilayer structures
there will be some cross-sections in which the refractive index of the material in the
periphery is larger than that of the central part, as shown by the red dashed lines
in Fig. 4.3. There is therefore a large risk that if the standing optical field is strong
at these cross-sections, the overall device will act like an anti-guided structure. An
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| Dielectric Aperture

Region Il } Region |

!
3 (Periphery) 1(Center)

Figure 4.3: Schematic illustration of part of the VCSEL structure where the intro-
duction of an aperture has resulted in a depression by ¢ in the central part. At
the cross-sections shown by red dashed-lines the refractive index in the periphery is
larger than in the center, which can possibly lead to antiguiding. Also shown is the
refractive index profile at the center of the device and the amplitude of the optical
field along the symmetry (z-)axis.

anti-guided structure will lead to a higher lateral radiation loss and thereby higher
threshold currents and lower output powers, if lasing at all is possible.

4.2 Optical guiding study

In order to theoretically investigate the behavior of the cavities with different pla-
nar and non-planar structures, a numerical simulation model based on a quasi-2D
effective index method (EIM) was applied to calculate the cold-cavity index guiding,
Aneg, values [84]. The Anes parameter depends on the cavity structure and the
modal field distribution. It was found to be a very reliable indicator of the cavity’s
ability to guide the light and prevent lateral loss, as will be shown. The EIM can
also provide accurate threshold gain values for every transverse mode if the struc-
ture is weakly positively index guided, i.e., 0<Anes<0.03. Under such conditions,
the lateral radiation loss is negligible. In other cases, i.e. for strong positive guiding
and negative guiding (anti-guiding), another model based on a three-dimensional
(3D) Beam Propagation Method (BPM) was used. It requires a substantially longer
computation time, but accounting for lateral radiation loss mechanisms including
diffraction and lateral leakage, the latter which signifies the excessive lateral loss
that occurs in antiguided cavities [112].
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Figure 4.4: Longitudinal profiles of the refractive index (black) and standing optical
field (red) calculated with EIM in a GaN-VCSEL structure. (a) Region I, which is
the center of the device, (b) zoom-in of region I (c¢) zoom-in of region 11, which is the
periphery of the device. (Note the low-index SiO2 aperture between the p-GaN and

ITO.

Using the 2D-EIM model described in [84], the Aneg value is calculated by per-
forming a 1D-simulation in the center of the structure and another one in the periph-
ery (where the aperture is incorporated). From each of these runs, a list of different
parameters is calculated: cavity resonance wavelength, Ao, threshold material gain
in QW, gup, variation in the real part of the effective dielectric constant, ARe(ecyy),
weighted dielectric constant, (€), and cavity quality factor, @}, among others. The
index guiding value is then calculated as,

ARe(eeff)center - ARe(eeff)pem'phery (4 1)

Ane = )
1 2 x 4/(€)

Figure 4.4 illustrates the standing optical fields that are obtained for a VCSEL
structure in the two regions. Region I is the center of the device inside the aperture
and region II is in the periphery of the device where a dielectric SiO2 layer exists
between the p-GaN and the ITO layers.

24



4.2. OPTICAL GUIDING STUDY

(a) Potential [V]

y |

-10-]

|

L
0™

10

s
rlpm] 200 T L5

(b) Electron concentration [10//m3] (c) Hole concentration [102Y/m3]

Figure 4.5: Current transport simulation results using APSYS software, under drive
conditions of 10 V potential difference between p- and n- contacts corresponding to
a total current ~8 mA through a circular aperture with a 2 pm radius.

4.2.1 Hot-cavity: The effect of self-heating

A realistic investigation of GaN-based lasers under operation should in principle in-
clude the significant temperature rise inside the cavity. Large self-heating occurs in
the cavity since the required injected current densities and the existing internal re-
sistances are both high. Self-heating in semiconductor lasers can have a large impact
on the optical properties of the device due to the temperature-induced change in
the refractive index. Besides, the bandgap of semiconductors shrinks with increasing
temperature. Therefore, it was well justified to extend the previous simulations by
including the temperature effects. This was particularly motivated by the previous
observation that even small variations in structure, i.e., refractive index, could lead
to large variation in the optical properties.

The temperature study started with a current transport simulation, performed
by our collaborators in Politecnico di Torino, for reasonable working voltages (10 V
applied voltage corresponding to more than 100 kA /cm?). The results of their sim-
ulation are presented in Fig. 4.5. The calculated current densities were used to
calculate the spatially varying internal Joule heating parameter, @ s, defined as

= 3
QJ = ﬁ + Ji, (4.2)
On  Op

— — "
where J,, and J, are the electron and hole current densities and o, and o, are
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Figure 4.6: (a) Temperature distribution (from Joule heating) in the cavity, and (b,c)
temperature profiles in two representative horizontal and vertical cross sections.

their respective conductivities. Solving the heat transfer equation with the calculated
Joule heating as the source, the 2D temperature distribution was obtained, which is
shown in Fig. 4.6.

The next step was to incorporate the temperature distribution curves into the 2D
optical model and recalculate the effective refractive index changes in the presence
of the temperature-induced change of the refractive index in the materials. For
this, tabulated values for the thermo-optic coefficients of the cavity materials were
used. The modified effective index distribution due to the self-heating is illustrated
in Fig. 4.7.

The same temperature effects were also incorporated into the 3D optical model
based on BPM, thus likewise modifying the refractive index distribution, after which
the losses and the threshold material gains were calculated in the same manner as
in the cold-cavity case. The final results are presented in paper C.
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Figure 4.8: Calculated threshold gain for the fundamental mode in the different laser
cavities. Small markers are for cold-cavities, whereas the corresponding larger mark-
ers indicate the results when thermal effects are included. The structural depression
parameter J is shown with negative numbers for elevated structures. Type A-E are
the structural types of laser cavities shown in paper B and C.
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4.3

The main conclusions

Figure 4.8 shows the threshold gain values for a large number of simulated cavities,
both cold-cavity and with self-heating included, as functions of Aneg. Also indicated
is the profile step § of the cavity structure. It is evident from the figure that Aneg is a
very good measure of the waveguiding ability of the cold cavity (Aneg is a property
of the cold cavity for every structure), with An.s=0 marking the border between
antiguided, high threshold gain, and guided, low threshold gain, regimes. The figure
together with other results from the simulations enable some important conclusions
to be drawn.
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The guiding character of GaN-VCSELs can change strongly even for very small
structural changes.

The transition region close to Aneg=0 between the guiding and the anti-guiding
cavities should be avoided due to the risk of having very high lateral losses.

Cavities with fairly strong antiguiding have
— Higher threshold gain than guided cavities, which further is temperature
dependent and decreases with increased self-heating.
— Built-in modal discrimination that is largely insensitive to self-heating.
Cavities in guided regime have
— The lowest threshold gain, which further does not depend at all on self-
heating.
— Lack of modal discrimination (in this case modal discrimination can pos-

sibly be obtained with e.g. shallow surface structures [113]).

These findings have already had an impact, as several groups worldwide have
implemented GaN cavities intentionally designed along these guidelines to en-
able lasing with reasonable threshold currents [62, 76, 78, 114, 115].



Chapter 5

Electrically conductive epitaxial III-nitride
DBRs

5.1 GalN-based DBRs

Epitaxially grown DBRs can be advantageous for monolithic integration, and could
possibly provide both high electrical and thermal conductivity. To achieve the high
peak reflectivities (>99.5%) that are required for VCSELs, a high crystalline quality
is important. This requires two epitaxial materials with small lattice mismatch,
similar thermal expansion coefficients, and growth conditions that are suitable for
both compounds, such as temperature [116]. Moreover, a high quality substrate with
the right lattice parameter is also required. However, there is a lack of high quality
low-cost substrates for III-nitride DBR growth, and foreign substrates are therefore
used, which increases the complexity of the growth.

There is a tradeoff between the available refractive index contrast, lattice mis-
match, and growth conditions to achieve high quality DBRs. As discussed in Chap-
ter 3, two main III-nitride based DBR schemes have been implemented, Al,GaixN/
AlyGai.yN and AliIn; xN/GaN. The AliIn;xN/GaN system is lattice-matched for
x ~ 0.18, while the available refractive index contrast is 7.2% at 420 nm, and 6.4%
at 450 nm. In the Al,Gai1xN/Al,Ga;.yN scheme, one can achieve a relatively higher
refractive index contrast of 12 to 17% in the 420-450 nm wavelength range for the
most extreme AIN/GaN case (z = 1,y = 0). However, for AIN/GaN DBR the lattice
mismatch is as high as 2.5%, which easily can build-up in-plane tensile strain in the
AIN layer and crack formation.

The AliGai-xN/ AlyGai.yN based DBR have been explored more extensively
compared to AlInN/GaN DBRs. The growth window for AlInN is small and the
growth rates to achieve high quality material has been low, when compared to Al-
GaN layers. However, in [117], it has been shown that by relatively high growth
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temperature, and very low In/Al supply ratio the growth rate of AlInN layers can
be increased up to ~0.5um per hour.

5.2 Mitigation of strain in AIN/GaN DBRs

As mentioned, the AIN/GaN DBR suffer from a 2.5% in-plane lattice mismatch
where the high built in strain can easily result in crack formation. One option to
mitigate the cracking is to use ternary AlGaN instead of binary AIN/GaN, but a
larger number of pairs is then necessary to reach high enough reflectivity due to
the lower index contrast, and the stopband width will thus be narrower. Different
types of interlayers can be used at the interfaces to reduce strain in the DBR. For
example, short-period superlattices (SLs) in AIN/GaN can be inserted either below
the DBR structure [118], or incorporated inside the DBR [119]. Strain management
can also be done by using low-temperature AIN interlayers [120]. The drawback of
using strain compensating interlayers is their possible reduction of the overall DBR
reflectivity, which has to be taken into account when designing the DBR [121].

Crack-free AIN/GaN DBRs without interlayers have also been shown by growth
on SiC substrate, [122] and AIN substrates [123]. Selective-area-growth has also been
applied to grow crack-free DBRs in areas up to 150x150 um [124], sufficiently large
for VCSELSs.

5.3 Electrically conductive GaN-based DBRs

Most of the demonstrated electrically injected GaN-based VCSELs have so far suf-
fered from lack of electrically conductive DBRs and therefore they have been imposed
to use intracavity contacts with rather thick cavities to have reasonably efficient cur-
rent injection into the device. The problems associated with long cavity designs are
discussed in Chapter. 3. The main challenges to obtain electrically conductive III-
nitride DBRs are the poor electrical conductivity of the individual layers, the large
conduction band offsets, and the strong polarization fields along (0001) that limit
the vertical current injection through these DBR.

There have only been a few reports on electrical conductivity in III-nitride-based
DBRs. In 2002 Arita et al. [125], reported an n-type 26 pairs Aly4Gaog.sN/GaN DBR
with a series resistance of 180 Q at high current densities. A 20 pairs Alp.4Gag.sN/GaN
DBR with RUGATE profile [126], showed a specific series resistance of 0.8 Qcm? at
high current densities. Ive et al. [127], demonstrated a highly reflective (>99%)
crack free 20.5 pairs AIN/GaN DBR grown on SiC having a specific series resis-
tances extracted from the IV-characteristics to be 0.1 Qcm?.  Moreover, a dif-
ferential specific series resistance of 2x10~* Qcm?, has been reported, for a 40-
pair Alg.12Gag.ssN/GaN DBR with a peak reflectivity of 92% at a wavelength of
380 nm [128]. The low Al-content AlGaN layers reduce the conduction band offset
and thus contribute to high vertical conductivity, while the reflectivity is insufficient
due to the low index contrast. Recently, Takeuchi and coworkers [69, 129], have
obtained a specific series resistance of 1.7x10™% Qcm? using a 10-pair AlInN/GaN
DBR with a specific modulation doping. They also incorporated a full 46-pair DBR
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Figure 5.1: Si-doped AIN/GaN DBRs with different compositional interlayer
schemes: (a) without interlayers (b) 2/2 nm AIN/GaN interlayers (c¢) 0.5/0.5 nm
AIN/GaN interlayers, and (d) graded interlayers.

of the same type in a VCSEL, where the resistance of the full DBR was estimated
to be 7.8x10™* Qcm®.

5.4 Electrical characterization of the n-type AIN/GalN
DBRs

At Chalmers University of Technology, research on epitaxial growth of undoped and
doped AIN/GaN DBRs was pursued by PA-MBE. The structures were grown on
SiC substrates, aiming to achieve a strain compensated state where the strain in the
AIN and GaN layers are balanced. N-type doping using Si impurities with a dopant
concentration of up to 2x10'° em™3 was obtained.

In our study, four different DBR samples (A-D), each with 10.5 DBR-pairs, were
grown with different interlayers at the heterointerfaces to explore their effect on
the electrical conductivity of the DBRs, see Fig. 5.1. Sample A has no interlayers,
samples B and C have one pair of AIN/GaN interlayers with thicknesses of 2 nm/2
nm and 0.5 nm/0.5 nm at each interface, respectively, and sample D has graded
interlayers from GaN to AIN over 1.5 nm thickness, achieved by digital intermixing
of Ga and Al sources. The transmission electron microscopy (TEM) images showed
smooth layers with abrupt interfaces in the DBR structures, see Fig. 5.2. Optical
microscope images of the surface for all samples are shown in Fig. 5.4. Cracks with
micrometer lengths and sub-micrometer thicknesses covered all the samples and were
present both prior and after processing. The corresponding atomic force microscopy
(AFM) images of samples A-D for a scan size of 5umx5um are shown in Fig. 5.5.

In order to measure the vertical resistivity of the 10.5 pair DBR samples, circular
mesa structures with radii 45, 50, 75 and 100 pm were etched by RIE-ICP through
8 AIN/GaN pairs. Since the substrates used in this study had a limited bulk con-
ductivity, it was not possible to form an ohmic contact neither on the top nor the
bottom of the SiC substrate [130]. Therefore, mesas were dry etched on the samples
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Figure 5.2: High-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) images of (a) sample A, (b) sample B, and (c) sample C.
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Figure 5.3: Cross-sectional SEM image of the remaining (a) 3.5 DBR pairs and (b)
2.5 DBR pairs, after dry etching of 7 or 8 pairs, respectively.

through 7 or 8 DBR pairs and the etch was stopped within an n-GaN layer. The
SEM images showing the etch depths are shown in Fig. 5.3.

Next, ohmic contacts were to be deposited on top of the mesa as well as on
the etched surface next to the mesa on the remaining 2.5 or 3.5 DBR-pairs. To
obtain ohmic contact with low resistivity between metal and n-GaN, the contacts
are usually annealed at high temperatures of approximately 700-900°C depending
on the metal contact scheme and the doping concentration in the n-GaN layer. Such
high annealing temperature can even exceed the growth temperature of the DBR
layers. It was therefore much safer to find a metal contact scheme, for which thermal
annealing could be avoided or at least only be done at more moderate temperatures
below 600°C. Different metallization schemes were tested, where a 150 nm-thick Al
contact yielded ohmic behavior with a specific contact resistivity of ~10~% Qcm?
without any annealing [131].
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Figure 5.4: Optical microscopy pictures of Sample A-D. Cracks with micrometer

lengths and sub-micrometer thicknesses are visible on all samples both before and
after processing.
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Figure 5.5: AFM images of samples A-D for a scan size of 5pumx5um showing cracks
with micrometer length and sub-micrometer thickness.
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Figure 5.6: Low temperature dependence of the resistivity for a mesa structure with
100 pm radius for samples A and D.

5.5 The main findings of the study

I-V measurements were performed from RT down to 4 K, and specific series resis-
tances were calculated for the four samples A—D. By comparing I-V characteristics of
similar sized circular transmission-line method (TLM) patterns and mesas, the lat-
eral and contact resistances are estimated to be <10% of the total measured series
resistance. Sample A had a mean specific series resistance of 0.044 Qcm? for 8 DBR
pairs at low current densities. At higher current densities (of interest for VCSEL)
the series resistance was reduced by ~70%. Interestingly, sample A which had no
interlayers showed lower resistivity compared to sample B-D with interlayers. This
concludes that the incorporation of interlayers, necessary for strain compensation,
can impair the vertical current transport through the DBR structure.

There was a concern regarding the contribution of the cracks and defects on the
DBR samples to the overall conductivity. We have found multiple reasons to believe
that in fact those cracks have not had any significant impact on the current paths:

e The mean specific series resistance for sample A (0.044 Qcm? for 8 DBR pairs
at low current densities) is comparable to the lowest values reported for similar
n-type AIN/GaN DBRs that were crack-free [127].

e In the low temperature I-V characteristics down to 4 K, the resistivity increased
only by a factor of 3, see Fig. 5.6, which is also very similar to that of the
previously reported n-type AIN/GaN DBRs [127].

e The mean specific series resistance, RsA do not change with mesa size. This
proves that the current injection through the DBR structures have been uniform
across the entire mesa area.

Thus we believe that the cracks are not the major contributor to the vertical electrical
conductivity in our DBRs. Even though the DBRs with no interlayers showed state-
of-the-art conductivity for AIN/GaN DBRs, a lot more can be explored to increase
the conductivity such as compositional gradients, modulation doping, and utilizing
the polarization fields.
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Chapter 6

High contrast grating reflectors for GaN
VCSELs

The behavior of optical gratings has been known for a long time since their discovery
in the 16th century and they have been used to a wide extent in monochromators,
spectrometers, and optical filters. The principle behind these periodically varying
structures is based on diffraction, the splitting of a light beam into several diffracted
beams propagating in different directions. Thus they are often referred to as diffrac-
tion gratings. By definition, in the diffraction regime the grating period, A, is larger
than the wavelength of light, A\. The recent progress in micro/nano fabrication has
made it possible to shrink the dimensions of gratings, where the period can become
close to the light wavelength. It was found that structures in this so-called near sub-
wavelength regime (A < X) has different optical features and therefore the gratings
has become a very interesting topic again in the 21st century for new applications.
Moreover, in the extreme case of the deep sub-wavelength region (A < \) the grating
dimensions are too small and they appear as a homogeneous medium to the incident
light.

In 2004, Hasnain and coworkers proposed that if a one-dimensional (1D) near
sub-wavelength grating structure with high-index grating bars is fully surrounded by
low-index media (such as air), the grating structure can have extraordinary optical
features such as high reflectivity > 99% over a broad bandwidth, AX (AXN/A>30%),
and high quality factor resonance, Q >107. These gratings were called high contrast
gratings (HCGs) since the high index contrast was claimed to be the essential factor
for these significant properties. Since then the HCG field has rapidly expanded with
both experimental demonstrations and theoretical explanations for the spectacular
reflectance properties of HCGs.

The high reflectivity over a broad bandwidth have made HCG structures great
candidates to substitute the DBRs in VCSELs. The HCGs in fact can provide a
couple of extra advantages compared to the already well-established DBRs, such as
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polarization selectivity, wavelength setting capability for multiple-wavelength VC-
SEL array, transverse mode control for single-mode devices, improved tuning speed
and range for tunable VCSELs, among others. Another feature related to VCSELs
is the possibility for beam steering and focusing [132, 133].

Beside replacing DBRs, HCGs can have some other interesting applications due
the ultra-high Q-factor resonances such as HCG-based resonance cavities with surface
normal emission for displays, sensing, and communication applications [134].

6.1 Structural description

The schematic of a part of HCG structure is illustrated in Fig. 6.1, assuming an
infinite number of grating beams which are infinitely long, or at least that the grating
extends far beyond the area illuminated by the incident light beam. The grating
structure has a thickness of ¢4, width of w, and period of A. The duty cycle or the fill
factor is defined as the ratio between the grating beam width and the period (w/A).
The grating material is normally chosen to have a high refractive index of ngy, which
is surrounded by a low index material n;, preferably air, which has the lowest index.
In the case of having an air-suspended HCG, i.e., grating beams entirely surrounded
by air, the parameter aj is referred to as the airgap. The two polarizations of
a normally incident plane wave, transverse-electric (TE) and transverse-magnetic
(TM), are defined as having the electric field parallel to the grating beams and
perpendicular to the grating beams, respectively, as shown in the figure.

The fundamental working mechanism of HCGs have been explained and analyt-
ical formalisms have been published, which are reviewed thoroughly in [135]. Two
main physical pictures have often been introduced: one based on guided-mode res-
onance (GMR), also called leaky modes, and the other based on waveguide array
mode, also known as Bloch mode theory. A simplified intuitive picture using the lat-
ter approach can be obtained where the grating is seen as a periodic array of short
slab waveguides, supporting two waveguide array modes. As explained before, when
A shrinks to values near A only the 0-th diffraction order can carry significant energy,
either in reflection or transmission. This is called the dual mode regime where only
two waveguide array modes are propagating inside the grating and the 0-th order
diffracted beam is propagating outside the grating. If the parameters of the grating
are designed properly, e.g. the grating thickness is set such the accumulated phases
of the waves passing through the grating beams and the air spacing in between them
allow for a destructive interference at the output plane, the optical power will be
launched back to the low index medium and thus reflectivity will, in theory, be equal
to unity.

6.2 HCGs as broadband reflectors for VCSELs

Up to now, only a few electrically-pumped HCG-VCSELs have been realized, and
mainly in infrared wavelength regime. There are a few examples where the HCG
is incorporated as part of the top reflector in combination with a few DBR pairs,
for emission wavelengths at 850 nm [136], 980 nm [137], and 1550 nm [138], using
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direction of light propagation

Figure 6.1: Schematic of HCG with a high index grating material (ng), low index
material (n;), and substrate index (ns). HCG parameters are the layer thicknesses
ty and ap, period A and duty cycle w/A.

AlGaAs/air, GaAs/oxide, and InP/air HCGs, respectively. However it was shown in
two other experiments that the top DBR can be completely substituted by a HCG
with high enough reflectivity, in devices employing GaAs/air HCG at 980 nm [139]
and 1060 nm [140], and Si/SiO2; HCG at 1320 nm [141] wavelength. Worth to
mention is also an optically pumped VCSEL using two HCGs as the top and the
bottom reflectors, which proves the concept of DBR-free VCSELs [142].

Thus there are hopes that HCGs can be a solution for one of the key challenges in
GaN-based VCSELs at UV-blue-green emission wavelengths, the realization of high
quality feedback mirrors. This is very demanding in GaN-based DBRs due to relative
small index-contrast and/or the large lattice mismatch in this material system. In
addition to the high reflectivity and wide reflectivity stopband, HCGs can offer post-
epitaxial wavelength setting [139], which can be desirable for GaN-VCSELs suffering
from growth inhomogeneities.

Some groups have consequently attempted to realize III-nitride membrane type
HCG structures for the visible regime, in spite of difficulties in this material sys-
tem to obtain wet etch selectivity and thereby achieve an airgap below the grating
in a simple way. For instance, bandgap-selective PEC etching of InGaN superlat-
tice layers has been performed to make AlGaN gratings, but with limited airgap
height [143], and a focused-ion-beam (FIB) etching process was employed to drill a
large airgap underneath a GaN grating pattern [144]. In addition, GaN HCGs using
GaN-on-Si have been demonstrated by backside Si wafer etching [145, 146]. However
the integration to VCSELs will be very difficult since high enough quality growth
of epi-on-Si is still extremely challenging. Due to this technological problem, Lee
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Figure 6.2: Schematic of HCG fabrication steps.

et al. [147], have proposed a GaN grating reflector with no airgap. Although this
scheme is more mechanically rigid, the fabrication tolerance for reflectivities higher
than 99% will be much smaller, suggesting that the air-suspended type should be
preferred. Another example with no air-suspension is an optically pumped GaN-
based VCSEL using a photonic crystal HCG [148], in which the grating pattern is
drilled down to about 0.5 pm through the multiple quantum wells.

In this chapter, the details about design and fabrication of a free-standing di-
electric HCG suitable for the visible regime, made of TiO2 material, are discussed.
Among the dielectrics, TiO2 has a high refractive index of about 2.6, similar to that
of GaN, with a negligible absorption for wavelengths longer than 400 nm. As a di-
electric sacrificial-etch layer SiO2 is suitable, providing an extremely high wet etch
selectivity. This scheme leads to a robust way of direct integration to different ma-
terial systems since the lattice matching is not a prerequisite and the residual stress
in the dielectric films can be tailor-made to a value that, in the end, yields grating
beams that do not buckle or bend.

6.3 Fabrication of TiO,/air HCG

The fabrication steps of the TiO2/air HCG are summarized schematically in Fig. 6.2.
In our case, the as-deposited TiO2 film using the standard deposition parameters
resulted in very good optical (high refractive index and low absorption) and chemical
(high wet-etch selectivity) properties, but the mechanical residual stress had to be
modified. This modification in the deposition parameters led to different dry etching
behavior by the film, so thereby the process parameters of the dry etching had to be
optimized as well. Moreover, both the residual stress and the dry etching behavior
significantly depended on an optional annealing process. This interplay and mutual
dependence between the processes were the main challenges of this work.
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Dielectric stack deposition

The first step in the fabrication is the deposition of the dielectric stack. As seen in
Fig. 6.2, in addition to the SiO» sacrificial layer and the TiO2 grating, an extra SiO2
layer is used to improve the dry etch profile of the TiO2 gratings. The fabrication
details of the dielectric stack are summarized in Table 6.1. The SiO2 was deposited
by PECVD since it yielded a less dense film, suitable for removal by wet etching.
Sputtering was the only available method for TiO2 deposition, where the RF bias
power could be varied to modify the residual stress of the film.

Table 6.1: Fabrication details of the dielectric stack.

No. Process step

Tool

Process parameters

bowing (stress)
measurement of 2-inch

Tencor surface

Si substrate profilometer
PECVD-
SiO2 deposition plas(r)n);flzti 100 standard recipe
system

bowing (stress)

Tencor surface

3 measurement after -
.. profilometer
deposition
Sputtering- 1 kW dc power, 5-10~2 mbar, 40 sccm
4 TiOg deposition FHR Ar flow, 4 sccm O2 flow, 300-400 W
MS150 RF bias power
bowing (stress) Tencor surface
5 measurement after -
.. profilometer
deposition
Sputtering- o
6 SiO5 deposition FHR. 1 kW RF power, 1.2:107° mbar, 40
MS150 sccm Ar flow, 15 sccm O2 flow

Controlling the residual stress

The residual stress measurement done by simple wafer bow technique revealed >-+300
MPa tensile stress in the initial TiO2 film. However the incorporated stress in the
final fabricated gratings could change during the subsequent process steps, and a
more sophisticated technique will be required to determine the stress locally near each
structure [149]. Nevertheless, in the first attempt to cope with the high residual stress
in the TiO2 film, a stress-relieving trench around the grating was deployed, which in
some cases helped to reduce the bending of the grating beams, but unfortunately led
to tilting or sagging of the whole structure, see Figs. 6.3c and 6.3d. Therefore, the
deposition conditions of the TiO2 film were instead optimized, to reduce the tensile
residual stress. Among the tested parameters, the dc power, the RF bias, and the
temperature (during deposition)- no dependence of the film stress on the dc power
was observed.

Thermal annealing can strongly affect stress in the TiO2 film and make it more
tensile. Thus to produce a low stress film it was important to minimize the self-
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Figure 6.3: SEM images of released TiO2 gratings with too large stress in the film
(+300 MPa). (a,b) Severe bending of TiOs grating beams which can even lead to
breaking. (c,d) Released TiO gratings with stress-relieving trenches which reduced
the bending to some extent, but instead caused tilting and sagging of the whole
structure.

heating that can occur during the TiO2 sputtering, in which the substrate tempera-
ture could rise up to 300°C in a 30 minutes deposition which was required to achieve
the desired TiO2 thickness. Several deposition interruptions were used (5 minutes
deposition/ 5 minutes cool down in load lock and open air in total) to minimize the
heating. In addition, the wafer was mounted with thermal tape on a copper chuck
to improve the heat dissipation, as illustrated in Fig. 6.4a. The mounting could also
result in a more uniform temperature distribution across the wafer and an thereby
improved stress uniformity.

Beside the self heating, an RF bias power supplied to the substrate holder could
strongly affect the stress in the film, where a higher RF bias power resulted in more
compressively stressed films. A number of tests were carried out with different RF
bias values, and the resulting stress in the TiO. film, measured by wafer bowing
technique is shown in Fig. 6.4b. The optimum RF bias was around 300 W, which
resulted in a slightly compressive stress in the film. No bending or buckling could be
observed in the released gratings whose TiO2 films had an initial compressive stress
ranging from 0 to -100 MPa.

Pattern definition and Ni lift-off

The HCGs were defined on the sample using electron beam (e-beam) lithography. A
bilayer of hydrogen silesquioxan (HSQ) and poly-methyl-methacrylate (PMMA-A2)
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Figure 6.4: (a)Schematic of the mounting of the wafers on the copper heat sink to
improve the heat dissipation and minimize self-heating during TiO2 deposition. (b)
Stress in the TiO2 film as a function of different RF power supplied to the substrate.

was utilized as it has proven well-suited for sub-10 nm resolution of the Ni pattern
after lift-off [150]. A 50 nm thick Ni layer was evaporated onto the developed resist
using an e-beam evaporation system followed by lift-off to create the required hard
mask for the etching process.

Dry etching

The full description of the dry etching is in Paper E. In brief, the metal-oxides are
etched with fluorine based gases, among which CHF3 has the advantage of forming
controlled amount of fluoro-carbon polymers that can help protecting the side walls.
With the right amount of CHF3 and the right value of the plasma power good
directionality can be obtained. By having a low pressure (<5 mTorr) and certain
amount of electrode RF power (75 W) and ICP power (125 W) a good control of
the etch rate and vertical sidewalls of TiO2 grating can be obtained, even when the
dielectric film is not annealed.

After etching the cross-sections of the gratings were characterized using Scanning
Electron Microscopy (SEM) to measure the duty cycle of the grating, to check the
slope of the sidewalls of the grating, and to ensure that the etch had continued deep
into the sacrificial SiO2 layer. With a too shallow etch into the bottom SiO2 layer
the wet etch of the sacrificial layer would be more difficult and time consuming.

Sacrificial layer removal by wet etching

The Ni hard mask was first removed in a °C-Cr/Ni wet etch solution for 15 minutes
Next, the sacrificial SiO2 layer was removed in a diluted mixture of Buffered-Oxide-
Etch (BOE) and water with a 1:5 ratio for 4 minutes to selectively etch away the
SiO2 and release the grating structures. Finally the sample underwent a critical
point drying, to prevent the grating bars from bonding to the substrate by capillary
forces.
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Figure 6.5: (a) Schematic of the micro-reflectance setup. (b) For calculating the
absolute reflectance three reflectance spectra were captured in the regions on the
sample indicated by circles, the sizes of which roughly indicate the diameter of the
incident light beam; region 1 on the grating; region 2 on the adjacent bare TiO2
surface; and region 3 on the Al reference mirror.

6.4 Characterization of TiO,/air HCG

The fabricated HCGs have a small diameter, usually <20pm, and they are designed
for normal incident reflection since they are intended for placement on top of the
VCSEL mesa. This makes it challenging to measure the reflectivity spectrum of
the HCGs. In such characterization the incoming light must have a spot size less
than the diameter of the HCG, and impinge on the grating surface with a normal
angle. Therefore, lenses are used to focus the incoming light down to the desired
size. However, in this case, the numerical aperture of the lens determines the range
of the angles within which the incoming light hits the grating surface. Therefore, a
narrow pinhole has to be used to limit the acceptance angle as much as possible.

As is illustrated in schematic in Fig. 6.5a, a micro-reflectance measurement setup
was used to evaluate the optical performance of the realized HCGs. In this setup,
incoming light from a Xe white light source is tightly focused with a lens, a circular
pinhole and a microscope objective (100X, numerical aperture=0.5) to a spot size of
about 5-10 pum on the grating. This is sufficiently small since the characterized grat-
ings had a diameter of 12 um. A second pinhole (1.5 mm opening) is placed beneath
the objective at a distance of 7 mm from the sample surface to limit the acceptance
angle of the incident and collected light. The acceptance angle in horizontal direc-
tion is defined by this aperture (—6° < 6, < +6°), while the acceptance angle in
vertical direction is defined by the 300 pm narrow entrance slit of the spectrometer
(0 < 61). Moreover, a polarizer is inserted in the light path to allow for measur-
ing the reflectivity of TE and TM polarized light, i.e., characterize the polarization
dependent reflectivity spectrum.

In order to define the absolute reflectance value (or the 0-th order reflected diffrac-
tion efficiency, to be precise) from the HCG, a reflectivity spectrum is recorded not
only from the HCG, but also from an Al-reference mirror and from the TiO2/SiO2
stack nearby the HCG, as indicated in Fig. 6.5b. The spectrum acquired from the
HCG is divided by the reflectivity spectrum of the Al reference mirror. However,
the obtained value will be overestimated due to the fact that Al has a reflectivity of
only ~90% in the visible spectrum. Therefore, by measuring the reflectivity of the
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Figure 6.6: Measured reflectance spectra of the TiOy HCG with a period of 370
nm, a duty cycle of about 45%, a grating layer thickness of 210 nm and an airgap
of 340 nm, for both TM and TE polarized light, and (a) simulations assuming only
normally incident light and no Si substrate and (b) simulations accounting for a finite
acceptance angle of 6° and the underlying Si substrate.

Ti02/SiO; stack adjacent to the grating (region 2 in Fig. 6.5b) and comparing it with
its numerically simulated reflectivity spectrum, an almost wavelength independent
normalization factor of 1.2 is easily estimated that accounts for the imperfect Al-
reference. The measured spectrum from the grating is then divided not only by the
Al reference mirror reflectance but also by the normalization factor to realistically
calculate the absolute values for the reflectance spectrum.

Figure 6.6 contains the extracted reflectance spectra for both TM and TE po-
larized light. Peak reflectance values exceeding 95% near the center wavelength of
435 nm with a FWHM for the stopband of about 80 nm are achieved for the TM
polarized light. The peak reflectance for the TE polarized light is however only 30%
lower which is a much smaller difference than the theoretical predictions indicate.
This is because it is not possible to isolate the reflectivity of the HCG from that
of the structure beneath. The HCG is poorly reflective for TE polarized light and
therefore a large reflection comes from the air/Si substrate interface. To get a good
agreement between measured reflectivity spectrum and simulated it is important to
also consider the finite acceptance angle of 6° in the measurement set-up, which is
included in the simulations by averaging the reflectance values for different angles
of the incoming light. The difference between including and not including non-
normally incident light and the underlying Si substrate in the simulations can be
seen by comparing Figs. 6.6a and 6.6b. A very good match between the the rigorous
coupled-wave analysis (RCWA) simulations and the measurements can be obtained
when the Si substrate and the acceptance angle is accounted for in the model. In this
simulation the refractive index dispersion of TiO3 is incorporated from the measured
ellipsometry data.
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Chapter 7

Outlook and future directions

The future for the GaN-based VCSELSs is very bright thanks to the many possible
applications, both expected and unforeseen ones. To get an idea about how long
time it will take until the GaN VCSEL is commercially available and produced in
large volumes, one can take a glimpse at the history of the GaAs-based VCSEL. The
GaAs-based VCSELs were outlined briefly in the introduction chapter, starting with
the first demonstrations by Iga in 1977. However, it was not until 18 years later that
Honeywell (later acquired by Finisar Co.) commercialized them, showing the time
and the effort it usually takes from a demo to a reliable high-performance device.
The fact that three large companies (Nichia, Panasonic, and Sony) have put so much
effort in violet-blue-green GaN-based VCSELs indicates that they believe that there
is a big commercial value in this field. In addition, the increased number of research
groups that have demonstrated lasing action during recent years, and the increased
number of contributions at conferences show the interest this field has arisen. It is
expected that many more applications for UV-blue-green VCSELs will appear once
such light sources are commercially available.

The prospects of the GaN-based VCSELs and the future directions depend on
understanding the challenges and shortcomings of the current technologies. Based on
the challenges that were explicitly introduced in Chapter 3, here follows an outlook
and suggestions for future work for the electrically pumped GaN-based VCSELs.

Developing an efficient scheme to laterally confine the current with low electrical
and optical loss is essential to achieve high-performing devices. In long wavelength
InP-based VCSELSs, buried tunnel junction (BTJ) structures have proved to be a
smart way to confine the current to the center of the device [105]. In addition, it
enables the resistive p-type layer to be replaced by highly-conductive n-type mate-
rial. This would also be a great benefit in the GaN-VCSEL, since it would provide
efficient lateral current spreading without the use of ITO. The ITO has a high optical
absorption and poor electrical contact to p-GaN, as described in Section 3.2.4, and
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is a major contributor to the poor performance of GaN-VCSELs. In addition, a TJ
would remove the need for contacts to p-GaN, since there will be n-GaN on top of
the device instead, allowing for low-resistive ohmic contacts to be formed. Tunnel
junctions in III-nitride materials is a challenge to achieve due to the wide bandgaps
of the materials combined with low doping concentrations, in particular p-type dop-
ing. However, in recent years a lot of progress have been done in the field, where
low-resistance tunnel junctions have been demonstrated using strained InGaN [151—
153], Gd-nano islands [154, 155], and highly doped GaN [156, 157]. The GaN TJs
are perhaps the most promising considering that also the optical losses have to be
kept low. The Ohio group has showed a highly doped GaN TJ with a very differen-
tial resistance of 1075 Qcm? and ability to withstand high current densities of 150
kA /cm? [158]. GaN TJs have also been implemented in LEDs by the EPFL team
where they have demonstrated a differential resistance of the TJ of 1074 Qcm?, and
ability to withstand high current densities exceeding 20 kA /cm?, necessary for the
implementation in VCSELs. There has so far only been one demonstration of a TJ
GaN VCSEL by the USCB team [77], but there will most likely be more in the near
future. A BTJ may be a good scheme for lateral current confinement, but it may
race concerns about how it affects the optical properties of the device, such as optical
absorption and optical guiding. We have seen that an elevation in the center of the
structures, as the one created by a BTJ, can modify the optical guiding properties
of the VCSEL [112] and would thus be very important to consider.

The work on electrically conductive I1I-nitride-based DBRs is still of interest to
pursue even though the recent low resistivity n-type AlInN/GaN DBRs by Meijo
University has almost reached the level to be practically used in GaN VCSELs [69].
The remaining challenge in the conductive AlInN/GaN DBR is the narrow reflectiv-
ity stopband and the high number of DBRs needed (>46 pairs). Any deviation in
thickness of the DBR layers will translate into a deviation in the center position of the
stopband, for example a 3% thickness deviation, results in a 3% shift of the center po-
sition of the DBR stop-band, which corresponds to 12.5 nm if the mirror is designed
for 420 nm. A broader stopband DBR makes the spectral alignment between DBR
reflectivities more easy as well as their matching with gain spectrum and cavity reso-
nance. The newly demonstrated ZnO/GaN DBRs [159] seem to be promising as the
research is still ongoing on combining the epitaxy of those materials. ZnO and GaN
are nearly lattice matched and the available refractive index contrast can provide
sufficient reflectivity with 20 DBR pairs and a wider stopband. The low conduction
band offset and high doping levels that can be obtained are promising for the ver-
tical conduction in such DBRs. Another interesting path for conductive III-nitride
DBRs, is the combination of normal GaN layers and nano-porous GaN, obtained
using conductivity based electrochemical etching (ECE). The ECE has been used to
make GaN/airgap DBRs [160] as well as GaN/porous-GaN DBRs [161], were in the
former the available index contrast is maximized and in the latter sufficiently index
contrast (controlled by the porous size) can be obtained. The GaN/porous-GaN
DBRs are promising as they can be expected to provide larger thermal conductiv-
ity and more mechanically stable structures as compared to GaN/airgap DBRs, in
addition to simple growth due to absence of lattice strain. Furthermore, the incor-
poration of doped n-GaN layers should also lead to electrical conductivity in the
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GaN /porous-GaN DBRs [162].

The double dielectric VCSEL scheme is also of interest to pursue, since dielec-
tric DBRs provides high peak reflectivities and broad stopbands. Substrate lift-off
technique have been presented in Chapter 3, where the following approaches are very
interesting; the bandgap-selective PEC method [67], high wet etch selectivity between
GaN and AlInN [163] and GaN and ZnO [164]. In addition, the conductivity-selective
electrochemical etching of n-GaN layers can also be useful for substrate lift-off [165].

An alternative to DBRs is high contrast gratings, where in addition to high
peak reflectivities and wide stopbands also polarization selection, transverse mode
control and wavelength setting by the grating parameters can be achieved, as outlined
in Chapter 6. The ZnO/GaN hetero-epitaxy [166] can be interesting to fabricate
novel free-standing GaN-based HCG structures for GaN VCSELs, owing to the high
wet etch selectivity between ZnO and GaN. Another approach is to use monolithic
high contrast grating (MHCG), which recently were proposed [167]. It is shown
theoretically that a very high reflectivity >99.9% can be obtained even without any
airgap in the HCG structure. The MHCGs, as opposed to ordinary HCGs, are more
mechanically rigid and better for current injection. However, due to the lack of high
index contrast in the vertical direction, the fabrication tolerance window for these
type of structures is expected to be more narrow

Finally, electrically pumped GaN-based VCSELs in the violet-blue spectral range
have reached reasonably good performances in terms of milliwatt-class optical output
power (~3 mW) at moderate injection current densities (~10 kA/cm?). There is
however still work that needs to be done when it comes to the electrical injection
in the devices. GaN-VCSELs usually degrade after just a few minutes of operation,
due to the poor electrical contact between the p-GaN and the ITO. This is an issue
that must be solved before GaN VCSELs can be of real use in applications. Spurred
by the progress in violet-blue-emitting VCSELs, the trend is now to push to shorter
wavelength in the UV range [168, 169]. The realization of electrically injected AlGaN-
VCSELs is very challenging due the difficulties in terms of p-type doping and material
quality, for instance in DBRs, but can open up a new range of applications in the
UV regime such as in bio/chemical photonics, water purification, medical devices,
and material processing [170].
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Chapter 8

Summary of Papers

Paper A

"Engineering the Lateral Optical Guiding in Gallium Nitride-Based Vertical-
Cavity Surface-Emitting Laser Cavities to Reach the Lowest Threshold
Gain", Japanese Journal of Applied Physics, , vol. 52, no. 8S, p. 08JG04, May 2013.

By using numerical simulations (2D effective index method and a 3D coupled-cavity
beam propagation method), it is shown that the standard approach used by most
groups to confine the current to the center of the VCSEL by using a dielectric aper-
ture, will result in optically antiguided structures with high optical losses and thus
very high threshold gains. To avoid the detrimental effect of lateral leakage and
high diffraction loss, new structures are proposed where an elevation near the optical
axis is achieved by additional processing. The proposed structures are estimated to
reduce the threshold material gain by a factor of three, from 6000 to 2000 cm™*.

My contribution: I, together with Asa Haglund, came up with the original idea
that minor structural changes in the realization of current apertures may have a
massive effect on optical loss. I developed an intuitive physical model that explained
this phenomenon as a transition between a guiding and antiguiding cavity. This
motivated and guided the in-depth numerical work described in Papers A-C. More
specifically, in Paper A, I proposed suitable cavity structures to be studied and
performed the simulations based on 2D effective index method and analyzed the
2D and 3D simulation results. I wrote the manuscript, with feedback from the co-
authors.
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Paper B

" Analysis of structurally sensitive loss in GalN-based VCSEL cavities and
its effect on modal discrimination",Optics Fxpress, vol. 22, no. 1, pp. 411-426,
Jan. 2014.

Motivated by the optical guiding and anti-guiding phenomenon studied in Paper A, a
set of cavity structures with different guiding properties are explored in more detail
by estimating the contributions of outcoupling (mirror) loss, material absorption,
and lateral loss to the total optical loss. It is shown that the lateral loss is extremely
sensitive to nanometer-sized changes in the cavity structure. Moreover, the remark-
able reduction of the threshold gain with increased anti-guiding effect is analyzed.
It is shown that for strong enough anti-guiding, the resonant lateral leakage loss de-
creases which leads to more tolerable threshold gain values. This anti-guided regime
was previously suggested for robust single-mode operation due to a very strong sup-
pression of higher order modes. Using simple analytical formulas, based on analogies
with slab waveguides, a factor of ~4 increase in modal discrimination was expected.
However, our simulations indicate that for the VCSEL cavities the increased lat-
eral losses for the first higher order mode is typically 50-100%, thereby the modal
discrimination is high but less significant than expected.

My contribution: I proposed the set of different cavity structures to be studied
and performed the simulations based on 2D effective index method. I contributed
to the analysis and wrote the paper together with Jérgen Bengtsson, with feedback
from the co-authors.

Paper C

"Thermal lensing effects on lateral leakage in GalN-based vertical-cavity
surface-emitting laser cavities", Submitted to Optics Ezxpress, Nov. 2016.

This paper is an extension of paper A and B by including thermal lensing effects on
the guiding and anti-guiding properties. Threshold material gain, optical loss, and
modal discrimination are recalculated to realistically account for the substantial Joule
heating in the GaN VCSEL cavities. The induced thermal lensing does surprisingly
not make antiguided cavities more positively guided, so that they would approach
the unguided regime with extremely high lateral leakage. Instead, thermal lensing
strongly suppresses the lateral leakage for both anti-guided and guided cavities. This
is explained in terms of lowered launch of power from the central part of the cavity
and/or lower total internal reflection in the peripheral part; the former effect is active
in all cavities whereas the latter only contributes to the very strongly reduced leakage
in weakly antiguided cavities. Thermal lensing suppresses lateral leakage both for
the fundamental and the first higher order mode, but a strong modal discrimination
is still achieved for the antiguided cavities. Thus, strongly antiguided cavities could
be used to achieve single-mode devices, but at the cost of slightly higher threshold
gain and stronger temperature dependent performance characteristics.
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My contribution: I proposed the different cavity structures to be studied and per-
formed the simulations based on 2D effective index method. I provided input in terms
of device structure and operating conditions for the electrical current transport cal-
culations and contributed with data on thermo-optic coefficients for the temperature
dependent refractive index profile calculations. I participated in the analysis and
wrote the paper together with Jorgen Bengtsson, with feedback from the co-authors.

Paper D

"Effect of compositional interlayers on the vertical electrical conductivity
of Si-doped AIN/GaN distributed-Bragg reflectors grown on SiC", Sub-
mitted to APL Photonics, Nov. 2016.

A highly reflective and electrically conductive DBR is one of the major challenges
in GaN-VCSELs. In this paper the electrical characteristics of Si-doped AIN/GaN
DBRs grown by plasma-assisted molecular beam epitaxy on SiC substrates are exper-
imentally investigated with a focus on the effect from strain-compensating interlayers
on the vertical conductivity. The DBRs without interlayers yield a state-of-the-art
specific resistance of 0.044 Qcm?, while DBRs with interlayers show higher resistances
between 0.16 to 0.34 Qcm?.

My contribution: I, together with Filip Hjort, developed a contact technology for
non-alloyed contacts to n-GaN and processed mesa structures from the epitaxially
grown n-doped AIN/GaN DBRs to perform vertical I-V measurements through the
DBRs. I contributed to the DBR characterizations, data analysis, and wrote the
paper with feedback from the co-authors.

Paper E

"TiO2 membrane high-contrast grating reflectors for GaN-based vertical-
cavity light emitters", Journal of Vacuum Science & Technology B, vol. 33, no. 5,
p- 050603, Sept. 2015.

To circumvent the difficulties in creating free-standing HCGs in III-nitride-based
materials due to their resistance to wet-chemical etching, it was here proposed to
instead use dielectric materials. TiO2 was used as the grating material since it offers
a similar refractive index contrast as free-standing gratings in GaN and yields a high
wet etch selectivity to the sacrificial layer of SiO2 used below. The developed fabri-
cation process yields grating bars with low built-in stress and thus no bending, and
with a near-ideal rectangular cross sectional profile. This is the first demonstration
of TiO2-based HCGs and the measured optical reflectivity spectra of the fabricated
high contrast gratings show very good agreement with simulations, with a high re-
flectivity of >95% over a 25 nm wavelength span centered around 435 nm for the
transverse-magnetic polarized light.
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8. SUMMARY OF PAPERS

My contribution: I did the vast majority of the work for this paper. I designed the
HCGs based on rigorous coupled wave analysis. I developed the fabrication process
involving deposition of low stress TiO2, e-beam lithography using bilayer resist to
define the grating bars, and dry etching optimization to create vertical sidewalls. I
measured the reflectivity spectra of the HCGs using a micro-reflectance setup and
compared them to my simulated spectra. I wrote the paper with feedback from the
co-authors.
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