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SUMMARY

This thesis describes the design of an ultraviolet (Msfficalcavity surface
emitting laser diode (VCSEL). The goal of the research presented in this thesis was to
design a VCSEL with an emission wavelength
based chigscale atomic clock. Advanced semiconductor devinelgtion tools have been
used for a theoretical study of IN VCSELs by selconsistent electroptothermal
numerical simulations. Critical factors that limit device performance have been identified
such as resistive lateral hole current spreadingdayih high optical loss, low reflectivity
bottom distributed Bragg reflectors (DBRS), high thermal resistance, and electron leakage.

Mitigation strategies for the abovementioned critical problems will be discussed in detalil.

After introducing the deviceimulation techniques, this dissertation will discuss the
primary problems faced in the design of WACSELSs. Critical components of this VCSEL
the bottom and top DBRs, thecpo nt a c t | ayer, spacer | ayers
antinode with the actie regions, and the electron blocking layers will be studied, and

optimum designs will be presented for each of these layers.

The most critical bottleneck to the realization ofNIIUV-VCSELSs is in obtaining
a bottom (prside) DBR with suitably high reflegity (>99.8%). Several options have been
explored in this thesis, such as airgap DBRs, ternary DBRs (AlGaN and AlInN), as well as
a novel hybrid metagpitaxial DBR. This hybrid DBR uses a metal deposited underneath
an epitaxial DBR stack to boost theleetivity of the mirror, while also being able to
achieve a higher yield than a dielectric bottom DBR, since the cavity length is set

epitaxially and is hence relatively independent of the polishing thickness.
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We find that “ t r an sypically @&ised ih blue ¥CSElessare ( | i k €
unsuitable for UV wavelengths, and hence an alternative hole current spreading structure
is presenteda modulatiordoped shorperiod superlattice (SPSL). This leads to greatly

reduced optical loss while still maintainisgitably high lateral hole conductivity.

Electron leakage is a significant problem in altNlllight emitters, and this is a
natural consequence of the large asymmetry in majority carrier conductivities et p
ndoped spaae=ez>»,). Fuhemors we fiod that the optimum design of the
electron blocking layer (EBL) is strongly dependent on the devices operating current
density. Hence, we find that LEDs, edgmitting LDs and VCSELs all have different
optimum EBL designs due to vastly diféat operating current densities of each of these

devices.

VCSELSs operate at very high current densities, makinghsglfing a significant
problem, which ultimately serves as the upper limit for the maximum optical output power.
Several different thermal amagement strategies (changing both the geometry and
materials of certain layers) will be studied with smihsistent electroptothermal

simulations.

Lastly, microcavity LEDs (MCLEDs) that were grown and fabricated by our
experimentalcollaborators were characterized at low temperatures under pulsed and
continuouswave operation ( and emission spectra). These results will be presented at

the end of this thesis.
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CHAPTER 1. INTRODUCTION

Over the pat couple of decades, devices made oNitlide materials have been
widely used as light sources from the ultraviolet (UV) to the visible portion of the
electromagnetic spectrum, as well as for kiglhver electronic devicesFor the
development of blue EDs, Shuji Nakamura, Isamu Akasaki and Hiroshi Amano were
awarded the 2014 Nobel Prize in Physidse primary breakthroughs which paved the way
for the development of the blue laser diode (LD) and light emitting diode (LED) were the
realization of pdoping in GaN[1] and the growth of higlguality InGaN active layerg].

The first laser diode made with the-NI (AllnGaN) material system operating at room
temperature was demonstrated by Nakametraal in 1996 [3]. Since then, further
improvementdn the 1l-N material system have enabled the development of ultraviolet
(UV)-green light emittersThe [1I-N materials have a direct bandgap ranging from 0.74 eV
for InN, to 6.2 eV for AIN. The wide bandgap of AlinGaN alloys makes this material useful
for UV optoelectronic devicell], as well as for high powetevices due to its very high

breakdown electric fiel§b].

Despite the many attractive properties ofNlimaterials, several issues are holding
back device development with these materials, suchtagh lattice mismatch between
binary compound$6], which leads to biaxial strain and produces defects which act as
nonradiative recombination centers and r ec(
problem associated with bipolar - devices is the difficulty in achieving-goped

materid with high conductivity. This is because the acceptor species (Magnesium in this



case) has a very high activation energy, which further increases with the bandgap of AlGaN

alloys[7], and due to the hole mobility being lower than that of elec{&in§9].

The objective of the proposed research is to develop a narrow linewidth Vertical
Cavity Surface Emitting Laser diode (VCSEL) operating at a wavelength of 369.5 nm for
use inYb-basedatomic clocksVCSELSs have several advantages over exigdting laser
diodes such as lower threshold currents, circular output beams, single longitudinal mode
operation, wafescale testing and narrower beam divergence. VCSELs were first
demonstratethy Sodaet al. for infrared wavelength in 197[0]. VCSELs have various
applications such as optiefiber data transmission, pumping solid state lasers, optical

scanners, etc.

The following chapters will contain a discussion of design teclesido solve some
of the issues that plague UV and visible light emitting devices such as laser diodes (LDs)
and light emitting diodes (LEDs) by numerical simulation. Advanced semiconductor
device simulation tools have been used for a theoretical studyl-6f VCSELSs.
Restrictions imposed by material properties and by current growth techniques have been
identified by experimental collaborators, and practical solutions to critical problems faced
in the development of UV laser diodes are proposed in fullideration thereof. The
proposed work deals exclusively with device design rather than development of either
numerical software or physical models. Existing simulation techniques used for this work
are well established, and combine the principles of semiatar physics, photonics and
guantum mechanics to analyze critical factors influencing the performance-Mf Il

VCSELs.



1.1 Key Objectives and Themes of this Dissertation

This dissertation has two themethe obvious one is to design a BXCSEL for an
Yb-ion atomic clock, but the more important overarching theme is to show the reader how

to go about the daunting task of designing a laser diode.

The first step is to do a literature survey of the problem and try and understand why
exi sting s ol fortthe probem dt bamd (Chapieo 3). kynderstanding material
properties and limitations is a part of this (Chapter 2). The next step is to think about what
software tools will be needed to start. This requires a thorough understanding of the
physics- to know what assumptionare valid and which equations need to be solved
(Chapter 4). Now we move on to one of the most challenging-siggstifying the key
factors affecting device design. This involves identifying the key problems (chapte 5)
they thermal and/or optical and/or electrical problems or even just experimental limitations
(e.g. strain and refractive index contrast). Once the kelehettks (suiproblems) have
been identified, solutions must be thought of with the help of an imagination and numerical
simulations. It is often not useful to run full electptothermal simulations right away.
Initially, to get an understanding of theagnitude of the suproblem, you may only need
to run a much smaller, faster and more targeted simulation with better control of variables.
That’'s how the DBR de siordynif the eeflectivitye spectrai mp | e 1
simulations (takes less than 5 sed®) look promising des oneneed to bother with full
laser simulations which can take from 45 minutes to over a day depending on the

complexity of the geometry and/or physics.



The next step is the most compleit involves understanding howertain design
changes affect the electopto-thermal system, i.e. the coupling between electrical, optical
and thermal equations being solvéth example of such a problemtige design o€urrent
spreadinglayer, becauseits thicknessand material propertiesffect lateral current
spreading (gain), Joule heating and the optical ldseally, the optical problem tends to
bethemost importantsince having lower loss improves the laser in every single way. The
thermalproblemis usuallythe easiest and hence it isualy betterto deal with it last.

Chapters 6 to provide solutions to the key problems identified in Chapter 5



CHAPTER 2. CHALLENGES UNIQUE TO THE I11-N

MATERIAL SYSTEM

The llI-Nitride material has some unique characteristics that make it harder to work
with than conventional IlV materials (IIFAsP material system), such as high lattice
mismatch betweerinary compoundg6], spontaneous and piezoelectric polarization
charges at heterojunctiofikl], poor pdoping efficiency[7], [12] and optically lossy
doped layer$13]. Each of these problems and their
will be briefly discussed in this chapter and will be followed by a rdetailed discussion

of solutions to these problems in later chapters of this thesis.

2.1 Lattice Mismatch Between Binary I11-N Compounds

One of the primary advantages of the AlGaAs material system which led to its
widespread use in highly efficient infrared VCSELSs is the fact that GaAs and AlAs are
almost perfectly lattice match¢ti]. This seemingly simple fact has two big implications
for a laser designebetter carrier and optical confinement with minimal defect generation
caused by biaxial stnai Carrier confinement is achieved by growing adjacent layers with
a large bandgap discontinuity, and optical confinement is achieved through a high
refractive index contrast between adjacent layers. AlAs and GaAs have an index contrast

of 20% at 900 nnMil5], and andgap discontinuities as high as 0.7[&#]!

The IlI-N material gstem, on the other hand, is highly straiméth AIN grown on

GaN experiencing tensile strain of 2.416p, and InN on GaN experiences compressive



strain of 11.16%. This is illustrated kigure 1, which pbts the bandgaps (and equivalent

photon energies) and lattice constants of commonly usaddédmiconductors.

Energy gap of the ITI-V as a function of lattice parameter
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Figure 1 — Bandgap and emission wavelength vs lattice constants of 111-V
semiconductors. Image from Caro Bayo, M. A., Theory of elasticity and electric

polarization, PhD Thesis, University College Cork (2013) [17].

The biaxial tensile strain in AlGaN grown on GaN causes extended defects which

can propagate vertically wup to the acti

internal quantum efficienc (QE) and t he devi ce’ gadiatige |

recombination centers, which competes for bound carriers with radiative recombination.
These defects introduce energetic states within the bandgap of the active region. Th
dominant norradiativerecombination mechanism due to extended defects is thought to be
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IQE is described iiil8], and its effect on the nonradiative recombination lifetime in bulk

GaN is described ifilL9].

Thus, the strain severely limits the aluminum mole fraction in the electron blocking
layer (EBL) and in tB DBR. This leads to poor injection efficiency due to electron leakage
and poor DBR reflectivity, since more aluminum incorporations allows us to increase the
refractive index contrast, and hence the reflectivity. This will be discussed in more detail

in the chapters pertaining to EBL and DBR design.

2.2 Spontaneous and Piezoelectric Polarization Charge

An ideal wurtzite crystal has a c/a ratio afifo (which equals 1.633), but the ratios
for AIN, GaN and InN are 1.601, 1.627 and 1.612 respect{26ly This difference is due
to the electronegativity differences between the group Il and group V atoms that bond to
one another. This generates a dipole, which leads toizailan charges at any interface
between two different N alloys. This interfacial polarization charge has a great impact
on the device’s optical and el ectrical
componentsthe piezoelectric polarization clggr which arises due to the lattice mismatch,
and spontaneous polarization charge which is caused by the abovementioned difference in
the electronegativity. The total polarization charge is a sum of these two components. A
detailed discussion on how to aalate the polarization charge in-MN materials can be

found in[21].

Polarization charge has deleterious effects on the performanceé\blight emitting

devices due to two primary reaseneduction of the QW gain by reducing the overlap



bet ween bound el ectron and hol e wavefunct

efficiency by exacerbating electron leakage.

The builtin electric fields due to the aboventi®ned polarization charge at the two
QWI/QB interfaces separates electron and hole wavefunctions, thus reducing the overlap
integral. As per Fermi’'s Golden Rule, the i
the squared of the overlap integral tife electron and hole wavefunctions. The
wavefunctions and eigenstates of a QW with and without the-ibudtectric field are

shown inFigure2 (from [11]).

Conduction band energy

ergy

den

Valence ban

Figure 2 — Bound states in the conduction (top) and valence (bottom) bands of a QW
without (left) and with (right) built-in electric fields due to polarization charge.
Image from Hyun Ryou et al, IEEE J. Sel. Top. Quantum Electronvol. 15, no. 4,

pp. 10801091, Jul. 2009 [11].



A common technique to mitigate the Quantum Confined Stark Effect (QCSE) and
improve wavefunction overlap is to use narrow QWs (<3 nm). However, there are two
downsides to thispproach a reduction in the optical confinement factor, and a greater
volumetric carrier density in the QW. The increased volumetric carrier density is
deleterious because it increases the carrier loss due to Auger recombination and it increases
electronleakage, by shifting the electron qu&sirmi energy up, and hence reducing the
effective barrier height for electron escape. The polarization charge also bends the band
edges near the interface to further increase carrier leakage. However, despite these

disadvantages, the use of narrow QWs-plane material is still the best option.

In addition to reducing the gain, the polarization charge also severely affects electron
leakage by trapping carriers at the interface, and hence changing the effectereheaght
(Ec-Efn) for electron leakage by thermionic emission. This will be discussed in much

greater detail in the chapter regarding the design of the EBL.

Some other methods proposed and demonstrated to mitigate the QCSE is to use
material grown on thaonpolar or sempolar planes (@lane[22] or m-plane[23], [24]).
However, despite the advantages of lower haifields, semipolar and nofpolar lasers
still have two to three times higher threshold current densities than the flasedaser
diodes[24]. The reason for this is thought to be poorer crystal qualitgarc-plane

material.

Another difficult technique to mitigate the QCSE involve the growth of quaternary
AlInGaN alloys to enable polarization charge matching between the QW arfj@3DB

[26]. However, he growth of highguality AlInN layers isextremelychallenging due to



the different optimum growth temperatures of InN and AIN, and the compositio
inhomogeneity in AlInN which results from the large disparity in covalent bond lengths
between the two binary compouri@3]. Another method to reduce the electric field in the

QW is to reduce the mole fraction difference between the QW aBd bQt this
consequently reduces the energetic barrier for bound carriers, and thus enhances carrier

leakage out of the QW.

2.3 Poor P-type Conductivity

The high resistivity of gloped material (compared tedoped material) has been a
longstanding problem foresearchers working on bipolar devices made with thal Il
material systenin intrinsic material, electrons haveddimes higher mobilities than holes
[28], and this difference is exacerbated in doped material, with electron mobilities in n
type materia[8] being about 3@10 times higher than hole mobilities iatype material
[9]. Silicon, a donor, has an activation energy of about 20 2@y while magnesiunthe
acceptorof choice has an activation energy of 166 meV in GaR|, and this activation
energy further increases with aluminum content inG&lxN alloys [30]. 166 meV
corresponds to an energy ok® (at RT), making thermal ionization of the acceptor very
inefficient. Thus, the poor free hole concentration and the low hole mobility makes p

Alo.15Ga.gd\ more than 50 times more resistive thafllp1:Gap.sd\.

Assuming a Fermbirac distribution, theslectrically active acceptor concentration, or

simply the free hole concentration is givendoyation (1)
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where N\ is the acceptor concentration, ig the degeneracy factor for the impurity levels,
Ea is the acceptor activation/ionization energy, ang 8 the hole quadiermi energy

level.

There are several important consequences of pogrgconductivity, such as large
potential drops in the -guasineutral region IO NR) , which increases
operating bias, causes increased Joule heating which reduces the gain and enhances
electron leakage. Poordgoping efficiency increases electron leakage due to two primary
reasons: it reduces tharrier for electron leakage at the QB/EBL interface, and enhances
the bound carrier asymmetry by increasing the barrier to hole injection aQQNREBL
interface. Both these points regarding electron leakage will be discussed in more detail in

the chaper pertaining to EBL design.
2.4 Optical Loss in p-Doped I11-N Material

p-doped AlGaN has an absorption coefficient that is ¢theetimes higher than-n
AlGaN QNRs based on the model foundiB] and data if31]. However, the loss in the
p++ contact layer is of far greater importance than the QNR, and this point will be discussed
in more detail in chapter 5h€ reason for higher loss irnpaterials may be explained by
the fact thaheavy nagnesiundoping (>1e18cm?3) createsoptically active defect§32].

The high acceptor activation energy of Mg in AlGaN implies that a much higher

11



concentration of magnesium is required in otdesichieve a suitably low resistivity. This

further increases the concentration of the aforementioned optically active defects.
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CHAPTER 3. CURRENT STATE-OF-THE-ART IN I11-N VCSELS

Now that the reader is familiar with the problems that plagudl light emitting
devices, and the challenges involved with realizing-WE€SELs,the current progress in

developinglll -N visible VCSELs will bereviewed n this section.

3.1 Literature Survey of 111-N VCSELs

The VCSEL being designed in tipsojectoperates at a wavelength of 38&m and
will be used in chipscale atomic clocks. The first electricabymped VCSEL based on
the IlI-N material system was demonstrated in 2008 by Ni¢Bg&, with a lasing
wavelength of 414 nm, under roetemperature (RT) continuowgave (CW) operation. It
was grown on a sapphire substrate and used dielectric DBRs on both sides. To deposit a
dielectric mirror on the bottomn{side), the substrate removed by laserdfft after
bonding the gside to a support substrate. Subsequently Nichia managed to increase the
maximum output optical power under RT CW operation and reduce the threshold current
by using a native GaN subs&#§84], [35] which has a reduced dislocation density on the
order of 16cm. The GaN substrate could not be removed by lasaffifand hence had
to be thinned by chemical mechanical polishing (CMP). This caused an increase in the
variation of the VCSEL's cavity | ength,
grown on saphire. A similar approach was used by Panasonic to fabricate a VCSEL
emi tting | i g hi36]under RCWAopetaliod. Tieyntoo fabricated a device
bonded upside down to a support substrate and thinned the substrate by CMP before
depositing a dielectric DBR stack on thaide. All these devices extradtbeat from the

p-side as a result of the fhghip process. The primary disadvantages of this method are the

13
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difficulty in precisely controlling the cavity length since polishing lacks the precision of
epitaxy by MOCVD or MBE, and the necessity of obtagnia smooth surface after

polishing in order to minimize scattering losses at the cavity and dielectric DBR interface.

An alternative approach to achieving VCSELs with double dielectric DBR stacks
was demonstrated by Sony, who made use of epitaxial lateeagjrowth (ELOG) to
overcome the drawbacks mentioned above. The ELOG method has been effectively used
by Sony to obtain milliwatt class blue VCSEL3Y], [38]. In this process, the SHSiN
bottom dielectric BR stack is embedded in@aN grown by ELOJ38]. This method
allows more precise cavity length control than that obtained by CMP, thus increasing the
yield. GaN is highly absorptive in the UV spectrum, and hence a tensile strained AlGaN
cavity (on a GaN substrate) is needed in UVSELs. ELOG is easier to realize with GaN
than with AlGaN due a reduced lateral growth rate for AlIGaN and because the AlGaN
polycrystals tend to stick to the dielectric ma$B8]. The advantages of using double
dielectric DBRs over hybrid DBRs include higher reflectivity and wider stopbands
obtained due to the increased refractive index contrast between the twtridielaterials.
This leads to lower threshold currents (due to higher reflectivity), and the wider stopband
i mproves the VCSEL'’ s robustness against f
thickness by ensuring that the lasing wavelength is always withine DBR’ s st opk

while simultaneously extending the VCSEL’ s

The three groups discussed above (Nichia, Panasonic and Sony) all used double
dielectric DBRs. Another class of VCSELs use hybrid DBRs, which means thasitie p
DBR is a dielectric DBR, while the bottoraside AlinGaN DBR is grown epitaxially. The

use of epitaxial DBRs allows precise cavity length control and it reduces the complexity of

14



the fabrication process by eliminating the lalg#off and/or polishing stps. However, the
primary challenge in achieving indiufree epitaxial DBRs is in managing the biaxial
tensile strain when AlGaN is grown on GaN. Thenlitride material is highly strained,
with AIN grown on GaN experiencing tensile strain of 2.48%This makes it challenging

to grow crackiree AlGaN-based DBRs with a sufficient number of pairs to overcome the
low refractive index contrast and achieve 99% reflectivity. The only report to date of an
electricallypumped VCSEL operating CW at RT which uses an indiva® AlIGaN/GaN

or AlGaN/AlGaN DBR is by Luet al.at a wavelength of 412 nfA0], in which the bottom

DBR consisted of 29 pairs of AIN/GaM1]. They claim that the insertion of superlattice

layers every 5.5 pairs helps to suppress crack generation.

Another class of epitaxial DBRs are made of lattita&tched AlGaN/AlInN, which
solves the abovementioned problems associated with the high strain, such as cracking.
These materials have high refractive index contrasts and are hence able to attain
reflectivities exceeding 99%, at wavelengths extending from the UV to the visible portion
of the electromagnetic spectrum by tuning the aluminum mole fraction. EPFL obtained
DBRs whose reflectivity exceeded420ehdm at A=
reflectivity of 99 [48]%heonly ctherg@ups tavdemdnstrdte? p a i
latticematched AllnN/GaN DBRs are at Meijo Ueitsity and Nagoya University44].
In fact, they recently demonsteak blue VCSELSs with a record high optical output power
of 15.7 mwW at 20 [@5]. Blsing these nTirromrs, \EPFL bbtaihdd @n C
electricallypumped VCSEL operating at TRin pulsed mode[46], while Nagoya
University and Meijo University obtained a VCSEL which lased at RT under CW

operation47]. However, the growth of gh-quality AlInN layers is challenging due to the
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different optimum growth temperatures of InN and AIN, and the composition
inhomogeneity in AlInN which results from the large disparity in covalent bond lengths
between the two binary compouri@3]. In our experience, the ability to grow AlInN (with
more than 6% indium) also strongly depends on the geometry of the MOCVD reactor.

Thus, AliInN/AlIGaN DBRs will not be discussed in this dissertation.

3.2 Why are all I11-N VCSELs in the literature only at visible wavelengths and not

uv?

All the VCSELSs cited previously are at visible wavelengths (406-d%0 nm). This
is because UV lighemitters have several drawbacks over their visible (vigrieéen)
counterparts, such as poorer conductivity-iayers,reduced internal quantum efficiency
(IQE) of the quantum wells (QWS), high tensile strain of the AlGaN epitaxial layers on a
GaN substrate, and higher optical losses at UV wavelengths. The activation energy for Mg
(acceptor species) increases with the lgapdof AkGaixN [30], [48], [49]. Visible 1lI-N
light-emitters use GafWased cavities, which have more conductiviaygrs than the

AlGaN-based cavities used in UV devices.

Further mor e, vV tbasedcavities dressemtially latticendched to
FS-GaN substrates or GaN templates, but growing Albabked cavities on GaN leads to
large tensile strain (2.41% tensile strain for AIN on G&N which leads to cracks being
formed on the wafer. Several groups have reported that InGaN quantum wells have the
highes IQE for the violetblue portion of the electromagnetic spectrum, and the SRH

recombination lifetime reduces with the reduction in the indium content in the QWSs used
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in UV deviced50], [51]. This enables increased gain for visible LDs compared to UV laser

diodes.

InGaN QWs show strong viokitiue light emission despite threading dislocation
densties (TDDs) exceeding 2@m? The prevailing explanation for this observation is
indium fluctuations in the QW, which generates localized excitons in regions with higher
indium, thus preventing those bound carriers from recombiningautiatively at a dfect
site[52]-{54]. As the indium content reduces for UV light emitters, so does the potential
barrier height due to reduced indium fluctuations, leading to increasedadiative
recombination atlefectsdue to an increase in the effective diffusion length of bound
carriers in theplane of QW However, at this point, this theory of indium segregation

increasing the IQE has no conclusive evidence.

Finally, materials commonly used in visible VCSEire far more optically lossy at
A= 370 nm than at A= 420 nm. Tyqutracregion vy ,
(QNR) material’s bandgap and the photon
visible lightemitters. This is because the alummnmole fraction is limited by the critical
thickness of AlGaN grown on GaN. The absorption loss in ITO approximately doubles

from 2900 cmt to 5800 cmt as the wavelength reduces from 410 nm to 3705%]) [56].

However, despite these drawbacks, UV edgetting laserdiodes have been
demonstrated by PAR(57], [58], Nichia [59] and Hamamats{60]-{62]. PARC got
around the problem of growing a craftke thick AlIGaN cladding by using a@@m thick
Ino.o2Gan.9dN compliance layer on top of the GaN substrate/template. Hamamatsu created

an AlGaN template on a GaN substrate by heftacet controlled epitaxial lateral
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overgrowth (heterd-ACELO) [63]-{65]. This relaxed AlGaN templat@lowed them to

grow thick AkGaxN claddings with x>0.2.
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CHAPTER 4. SIMULATION TECHNIQUES AND MATERIAL

PARAMETERS

4.1 VCSEL Simulation Model and Techniques

There are several commercial tools available for the simulation of laser diodes such

as Crossli plymopshFsCS bt aurus TCAD by Synoj
and Photon Design’s PICWave. All these essce
will be discussed in this chapter. Most of these tools are based on the Mihgesgram

[66], [67] developed at the University of Illinoénd the laser simulation tool developed at

ETH Zurich[68], [69]. Amongthe reportegbroprietary simulations tools for M optical

devicestwo groups stand ocuWitzigmannet al. have developed a tool to study the gain

spectra of InGaN/GaN MQW light emittgf&0], andKarbownik and Sarzala have created

a tool to simulateidge waveguide IIN laserq71].

The equations solved by the laser simulation tools used in this dissertation are the (1)
Poisson equation, (2) Charge carrier continuity equations, (3ntQuawell (QW)
scattering equations to model the capture of carriers into the QW, (4) QW gain calculation
using Fermi’'s Golden Rul e, (5) Photon rat
compute the optical modes, and (7) Thermodynamic mb@sit continity equation) to
calculate the lattice temperature due to-kekiting. To consider the effects of sé¢léating
in VCSELSs, a lattice heat flow equation based on diffusive transport is solved. The
complexity of a laser diode simulati@and a visual aid tanderstand how the various

equations are coupled to one anoibdiustratedin Figure3.
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Figure 3 — Coupling between equations used in laser diode simulations

4.1.1 Charge TransporModels

The Poissonequation, along with the carrier continuity equation are the
fundamental equations to describe charge transport in thédlmwegime. The Poisson
equation(equation 2) calculates the electrésia c  p o,iwlilathecoatihuity@quations

compute the holéequation 3and electron current densitigsjuation 4)

n RB nn ¢ 0 0 (2

wher e € i s Dbfithe semieondontoy is theselettrgnic charge, p and hole are
the hole and electron densities respectively, aptlaNd Ny are the ionized donor and

acceptor concentrations respectively.
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where *PA T #® are the hole and electron current densities respectively, ang Bhe

electronhole recombination rate.

A thermionic emission boundary condition is used to describe charge transport across an
abrupt heterojunctiorj72]. The thermionic emission current from a narrbandgap

material into a widdandgap material is described in equatior{{8}:

* 'Y Q Q (5)

Where A is the effective Richardson constanis the carrier temperature (assumed equal

to the lattice temperature in simulation results presented in this dissertation), k is the
Boltzmann constant) k is the conduction band offset between the narrow and wide
bandgap materials forming the heteterface, while%s " and% " is the conduction

band edge and electron quésimi energyin the narrow bandgafN) and wide bandgap

(W) material. The thermionic emission current has an exponential dependence on the

energetidarrier height and tengpature.
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4.1.2 Calculation of QW Gain

Carriersmove by drift and diffusioin the bulk regions and are then injected into
the QW by thermionic emission, where the carrier be either be scattered into a bound state
or back into the bulk (carrier leakage) by thermionic emissitie. net capture rate for

carriers into 2D bound statdem continuum 3D states by equatiof68]:

# p Q P (6)

for electrons and si mil arghand%; are thdhadettrers (r ep
quasi Fermi energies for free and bound electrons respecti¥ebna ri° are the free and

bound electron concentrations?™Ns the is the sum of all bound states in the QW per unit

v 0 | u meejs eftective electron capture time aihis meant to represent thime-scale

for scattering processes due to cargarrier and carriephonon interactiont facilitate

the transfer of electrons from continuum into bound states.

The carriers in bound states are spatidlbtributedin the QW as pethe carrier
wavefunctions that was calculated by a 1D Schrodinger Equation soiw@ng through
the MQW active regionThe 1D Schrodinger Equation and theaind density of stateare

numerically solved byhe k-p method witla 6x6 Hamiltonian for wurtzite materigl4].

The reduced density of statgsiantizedsubbandenergiesand spatiallydependent
carrierdensitear e t hen f ed i nt[05]téacalcutate thesgaiGforleacle N R u |

mode.The stimulated emission coefficient in the QW is calculated as per equ@8h 7
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where - }; is the optical matrix element, D(E) is the reduced density of states, L(E) is the

gainbroadening function, n is the refractive index,imthe freee | ect r on mas s,

the photon’s angul ar frequency.

4.1.3 Optical Model

Finding the optical modes in the cavity involves solving the Helmholtz equation

(equation 9)

nyr Q¢ - r (9)

where ¢ coul d Iezxtortorithee magheticcfield vieator, i is thd refractive

i ndex prenibthd effect@endiklectric constant. Only the solution to the vector
Helmholtz equation can account for diffraction losses at interfaces. The numerical method
to for solving he vector Helmholtz equation is describeft8)]. The vectorial eigensolver
takes longer to compute thtre effective indexmethod (EIM)[76]. The optimum method

for our design optimization is thus to run the vectorial eigensolver just once, follpwed

the EIMfind the diffraction losgdifference between the losses computed by the vectorial

solver and the EIM solver). This diffraction lossncthen be added to future EIM
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simulations. Thus, the judicious use of vectorial eigensolvers can greatly reduce the time

need for VCSEL prototyping.

Finally, the electrical and optical simulations are coupled through the photon rate

eqguation (equation 10)

ay o
Qo

g O0°YOo Y o (10)

where Sis the electromagnetic energy in tiemo d € js theseigenvalue® is the rate

of spontaneous emission into ¥émode. 2 s also the net loss rate of photons.
4.1.4 Thermal Model

Current injectioncauses sellfieating under current injection due to rradiative
recombination and Joule heating. This leads to an increase in the active region temperature,
which exacerbates carrier leakage and reduces the modallbairsteadystate hermal

diffusion equation for the lattice temperature is given by equation 11

nding 1 (11)
O 5 g Y % % YO O BYO  BYo  (12)

where Q, T and Kk are the é&mwadtureqrednihe therrhal on d
conductivity, respectivel y. J, M and n (or
concentration, Ris the net rate of nonradiative recombinatipnandd, are the electron

and hole quasdiermi potentials, and P the thermoelectric power.
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The first two terms inequation 12are the Joule heating terms, the third term
describes the heating effect due to nonradiative recombination throughout the device, and
the last two terms account for Thomson and Peltier heator® ahetailed explanation of

these heat generation terms may be fourj@di

4.2 Simulation of a DBR Reflectivity Spectrum

The DBR reflectivity spectra have been calculated by thertéhsmission Matrix
Method (TMM) with complex impedances. A detailed explanation of the reflectivity
calculation for DBRs using this method can be founf¥&} and will be briefly discussed
in this section. The use of complex impedas allows us to account for absorption losses
in the reflectivity calculation. Including the absorption losses is essential for modelling
DBRs in which the bandgap of one or both layers is close to the photon energy, or when
the layers are heavily dopemhd free carrier absorption is significaM/avelength
dispersion of the real and imaginary part of the refractive index has been congidefed ) )
The strain dependence of the refractive indices is an important consideration since the
strain determineshe position (in wavelength or energy space) of the excitonic resonance

peaks in the dielectric function.

Figure4 shows a schematic of antlayer DBR. Layer m+1 is th@ecident medium
(can be air or the cavity), and layer 0 is the substrate. The complex impedancé'of the i

layer (Z) can be calculated mquation 13

) . (13)
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of the electric permittivity of the"ilayer of the DBR stack, respectively.
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ray =

Figure 4 — Schematic of an m-layer DBR

To start the reflectivity computation, we first initialize the inpapedance of the
0" layer Zno = Zsubsrate Where Zupsrawis the impedance of the substrate. Then we
recursively calculate the input impedance till tidaiyer (Zn.) , using Z»i-1, as shown in
equation 14Start with i=1 and keep incrementintlii=m. k; and | is the wavevector and
the thickness of th&'ilayer, respectively.
Gz ¢ AW G OEd

©h o TETATGE @z OEdn (14)

The total input impedance of the DBR is,& and Zic is the impedance of the incident
medium, which could be air or the AlGaN cavity. The reflectivity (%) is then calculated

with equation 15

Es
0%«

&
Y —/—/——m— ZpT1nmn (14)
W

Es
5¢

This process is repeated over a range of wavelengths tioegetflectivity spectrum.
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4.3 Material Parameters

4.3.1 Electricaland GainParameters

The majority carrier mobilities are taken from our experimental data, which closely
matchpublished dat8], [9], with pnh= 11.25 crd/(V.s) in p- Alo.1:Gav.sdN and = 338.5
c?/(V.s) in i Alo.1/GapsdN. The minority carrier mobiliesand lifetimes are taken from
[79]. The polarization charga heterojunctionkas been calculated according21], and
adjusted to 50% of the full interfacial polarization charge to account for indium fluctuations
in the quantum well§80]. The band offset ratidEc:AEv used in these simulations is
betwesn 65:35 to 70:30 depending on the compositions of the materials used to form the

heterqunctions [81].

The k-p band structure parameters can be fourj@]inThe SRH recombination
lifetime in the QWsemitting light at a center wavelength of 370 hn ssrHl.5 ns, which
is lower than that for blue laser diodes, but is consistent with observations of reduced SRH
lifetimes in quantum wells with reduced indium contdb0], [51]. The Auger
recombination coefficient reduces as the bandgap increasestdingly,its impact is
reduced for UV light emitters compared to visible light emitters. The Auger recombination
coefficient used in these simulations1i§32 cmf/s, which is consistent with the values
obtained from first principle calculations by Kioupakisal [82] and Bertazzet al.[83]
for the InGaN composition used in these simulationsiridaculations included indirect
Auger processes caused by carphonon scatteringgnd alloy disordefrThe QWs in the
blue laser diodes (wavelength of 415 nm) have an increased SRH lifetime of 10 ns, and an

increased Auger recombination coefficient of*46m®s, which is consistent with the

27



references mentioned above. Blue QWs have different nonradiative recombination
coefficients than QWs emitting light with a center wavelength of 370 nm due to increased

indium content.

4.3.2 Thermal Conductivity

Thethermal conductivity of AlGa.xN alloys has been computed as 8], and
is 196 W/(km) for GaN. The thermal conductivity of AlInN latticeatched to GaN is
4.87 W/(K-m) [85]. However, several studies suggest that the thermal conductivity of GaN
depends on the growth conditions and defect concentrations, with values ranging from 130
W/(m-K) [86], [87] to 220 W/(mK) [88], a range of over 40%®ne of the most thorough
studies of the thermal conductivity of GaN substrates as a function of dislocation density
was reported if89], where they found that the thermal conductivity remains at 230 W/(m
K) up to a dislocation density of 46m?, and then logarithmically reduces to ~110 W/(m
K) at a dislocation density of 30cm?. Thus, thevalue of 196 W/(rrK) that we have

picked for the thermal conductivity of GaN is reasonable.

4.3.3 Optical Parameters

The strainwavelengthand bandgap dependent real part of the refractive indices of
AllnGaN alloys are calculated accordind®0], while the doping, strajrwavelengtrand
bandgap dependent imaginary pdrthe refractive indices are calculated according to a
modified version of13]. The modification t¢13] was done to match the absorption losses

of our own material, and to that of commercial substrate vendors.
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CHAPTER 5. PRIMARY CHALLENGES INVOLVED IN THE

DESIGN OF UV-A VCSELS

Chapter 2 described the problems associated with creapituglectronicsdevices
made of IIIN materials, and this chapter will focus on dev{t®/-VCSEL) design
challengeswhich are intimately linked to material propest Three primary challenges
have been identified, and they are: (1) optical loss (primarily in p++ contact layer and if
present, ITO, and thesideDBR), (2) carrier leakage, and BighthermalresistanceThe
optical loss increases the operating eatrwhich reduces the peak output optical power
andthe wall plug efficiency. Electron leakage reduces the injection efficiency, and high
thermal resistance limits the peak output optical power by determining the current at which
thermal rollover occurs (slope efficienclyopsto zero).Each of these issues Wwibe

discussed in more detail in subsequent chapters.

5.1 How to Design a Better Laser Diode

Figure5 shows a typical plot of the modal gain vs input current (currentlapes
8 pm) . Th e laskeirFigureb is notoriportartatethis time and the shape of the
gain vs Jeurve is similar for all laser diodes. Note thiéhan)/dl keeps dropping as the
operating current increases. This means that reducing thedaskead tosupetlinear
reductions in the threshold current. Furthermore, a lower threshold current means that the
maximum optical output powaéncreasedefore tlermal rollover Thus, reducing the loss

would allow the threshold current to faltaregion 1 inFigure5, which is far preferable
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to operatingn region 2 Thisreduce self-heating (more gain) and electron leakage (better

injection efficiency) due greater energetic barrier height at low cotse

In the worst case, the optical loss can be the difference between obtainingoa laser

a microcavity LED, and in the best case t he
1400
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Figure 5 — Modal gain (left axis, solid line) and temperature in the active region

(right axis, dotted line) vs input current solid lines)

5.2 Reducing the Optical Loss

In edgeemitting laser diodes, light propagates in the plane of the active region, thus

enabling high roundrip gains. VCSELSs, on thother hand, have a much smaller reund
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trip gain due to the fact that the light propagates perpendicular to the active region, and
hence only sees the gain region #3% of the optical cavity. Therefore, VCSELs must
have very high reflectivity mirrors 89% reflectance) at the ends of the cagitygl a low
internal losswhile edgeemitting LDs can achieve lasing even with antireflective coatings
on one end, or simple facet cleaves on either end which act as mirrors w0920

reflectivity.

This makes it crucial to minimize the mirror loss and absorption loss within the cavity
in order to achieve RT CW lasing operation in VCSELSs. Our prototypical VCSEL is shown
in Tablel, with a DBR reflectivity of 99.8%and we have identified the main sources of

optical lossm Table2.

Assuming 10 pairs of Hf&JSiO, as the top and bottom DBRs, calculations suggest
that about 40% of the loss can be attributed to the mirrors, &®f#eof the total loss can
be attributed to the-pontact layersg 15 nm thick TO current spreading layer aad20
nm thick p++ AlGaN cap lger). Strategies to redutiee optical loss in the contact layers
are discussed in Chapter 6, where a modulatimped shorperiod superlattice has been
proposed as a lateral hole current spreading layer instead offdT@V-VCSELs
Alternative strategito obtain a high reflectivity bottom DBR is discussed in Chapter 7,
where a hybrid epitaxial and metal mirror is propesad epitaxial DBR to provide a
reflectivity of >90% and a planar métairror underneath provides the remaining 90%

reflectivity.
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Table 1 — Layers in a prototypical UV VCSEL.

Layer Material Thickness (nm)
Top DBR 10x HfGx / SiCe 10x 42/ 63
Spacer HfO> 32

ITO ITO 15

p++ AlGaN Alo.0sGa.oN 20

P-QNR Alo.1:Gap s\ 114

Inverse Taper Al:Gap.eN-

Taper Alo1Gay s\ along eaxis 10

EBL AloGayeN 5

MQW 6X Alo1GaedN /5X InoosGavesN  6/2.5
n-QNR Alo.1/Gan s\ 291
Bottom DBR 10x HfGz / SiCe 10x 42/ 63
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Table 2 — Contributors to optical loss in a typical VCSEL

Layer Optical Loss (cri) % of Total Loss
ITO 6.1 10.9
p++ AlGaN 21.3 38.2
p-AlGaN 5.9 10.6
Mirrors 22.5 40.3

5.3 Dealing with Electron Leakage

Electron leakage reduces the injection efficiency of ldser and leads to poor
thermal stability (high d). Vezellesiet al.demonstrated by numerical simulation that when
p-type conductivity is lower than-type conductivity, holes are not supplied to the active
region at the same rate as electrons, cawdeugrons to leak out of the active region and
recombine nofradiatively in the pPQNR and at the anode, resulting in efficiency draop
LEDs and reduced gain in LDBowever, by making the electron and hole conductivities

equal, electron leakage was redd@nd efficiency droop was suppresged.

We find that the optimum EBL design str

operating current density, and thus we find different optimum EBL designs for LEDs, edge
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emitting LDs and \LSELs. Chapter &kes a detailed look at design technigieestem
electron leakage, and suggests guidelines on optimum EBL design i kgt emitting

device.

5.4 Thermal Resistance

The thermal resistance ultimateliynits the maximum optical power quit of a
VCSEL due to selheatingundercurrent injectionSelfheating degrades the performance
for threereasons: (1) increased carrier leakage by thermionic emission, (2) reduction in the
maximum gain due tgainbroadening by carriecarrier and carer-phonon scattering, and
(3) increasednonradiative recombination effect3he simulationsin this thesis only
account for point (1), which is a good fiustder approximation as that is the largest

contributor to gain reduction at higddmperaturefo?2], [93].

Chapter 9 compares the most common heatsinking techniques employed by various
groups in academia and industry working orNIVCSELs- ELOG VCSELs (Sony37]),
flip-chip double dielectric DBR VCSELs (Nichia5]) and hybrid DBR VCSELs (Nagoya
University[47]), and optimum desigrage suggesteohsed on selfonsistent electropto

thermal simulations of VCSHL.in each of these categories

34



CHAPTER 6. HOLE CURRENT SPREADING LAYER AND P-

CONTACT AND P-CAP LAYERS

The ITO is the pcontact layer and serves as a lateral hole current spreadingTlayer.
achieve sufficient refictivity (>99%) for a VCSEL, insulating dielectric DBRs must be
deposited on the top {§ide). This necessitates a lateral current injection scheme for hole
injection. To achieve efficient hole injection, a highly conductive current spreading layer
is nee@d to pump the optical mode and minimize current crowding near the apéktiure

[I1-N VCSELSs reported to date use ITO as thepptact layer.

Table 2shows that the loss due to p++ cap layer is more than that in th&@ KgO.
loss coefficient of ITO is higher than the p+tAGavoN caplayem t A =buthe0 nm
| TO is better ‘“hidden’ in the node onf the
to the overall loss than the p++ AlGaN layer. The optical loss is calculated by weighing

the | ayer’s absorption coefficient with it

6.1 Why is ITO unsuitable for UV-VCSELS?

6.1.1 High Loss Coefficient of ITO

Gaased VC®Blomnaand cravity | ightrancitiionagl
usiendium tin oxide (I TO) as -stihped 5cjuy,r r[e3n7t] ,s pl
[ 47], fldd]st ohi gh el ectrical conductivity ai
spectrum. However, I TO i's unsuitable in th
absorption | osses. The At=ypi®c dls adlesta@efedni aln3 (

cm whiilt sharpdy=i-6@®as=e37Mmoaccording to
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measurements, which is consistentFiwji6trhe mor

[55]. [56]
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Figure 6 — Absorption coefficient vs wavelength for an ITO film measured by Lai et

al. [56]and Konig et al. [55].

6.1.2 Optical Loss iEExtremelySensitive to Thickne$ductuations

The use of TO in the VCSELmay be acceptableiifis placed perfectly at the node, but

any thickness fluctuations during growth can shift the ITO out of the node of the standing
wave profile.Forthe VCSEL shown inTable3, the spacer and@NR thickness has

been varied to simulate the effects of a 5 nm misalignment of theTRi®excess-p

QNR thickness is denoted Ago. Theincrease n t he optrb=xOadandl1l®dss f or
nm is tabulated iTable 4The consequences of this increase in the loss can be the

difference between lasing or not, as showhRigure?.

36



Table 3 — Epitaxial structure of a VCSEL

Layer Material Thickness (nm)

Top DBR 10x HfGx / SiCe 10x 42/ 63

Spacer HfO> 34/ 29

ITO ITO 12

p++ AlGaN Alo.06Ga.oaN 20

P-QNR Alo1Gao.sN 110/ 115
Inverse Taper AlxGay7sN-

Taper Alo1GaedN along caxis 15

EBL Alo.xGay7sN S

MQW 6X Alo1:Ga s /5X InpoafGavesN  6/2.5

n-QNR Alo.1/Gan s\ 291

Bottom DBR 30x Alo.osGap.9dN/Alo.3Gan.7N 30x 34.1/ 36.7

Silver Silver 40 nm
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Table 4 — Effect of thickness fluctuations on the modal loss due to ITO misalignment

% increase in

Arro
Modal Loss (crt) loss compared
(nm) to Amo=0nm
0 49 -
5 57 16.3%
10 79 61.2
0.25
—Theatsink = 310K A7 =5m
—Theatsink = 10K By =0nm 385
0.2 —Theasink = 300K Ay =5nm
g 260 E
<015 360
= e
: §
< g
ks £
S 0.1 5
335 -
OQ- P 335
0.05 JPLaP
S 310
ol=
0 10 20 30 40

Current Density (chmz)

Figure 7 — Optical power (solid line, left axis) and active region temperature (dotted

line, right axis) vs input current for various heatsink temperatures and Aito.
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6.2 Optical Loss in p++ Contact Layer

Among epitaxial material in thoptical cavity, the p++ cap layer is the most optically
lossy. Ths thin layer must have degenerate dopingatilitate the formation of an ohmic
p-contact to ITO.As discussed in section 2.4, the optical loss incremsts doping
concentration and reding bandgap. For an assumed Mg concentratid©’® cm, the
optical absorption coefficient and difference between the bandgap and photon energy is

plotted inFigure8.
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Figure 8 — Absorption coefficient and difference between the bandgap and photon

energy (A =370 nm) for AlGaN alloys used as p++ cap layer.

The right axis ofigure8 helps understand another reason why visible VCSELSs have

been achieved, but not UV VCSELSs. In visible VCSELSs, GaN is used as the material for
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the QNR, and this isattice matched to the substrate At 4=2 0 n m, Geaudé’iss band
0.44 eV above the photon energy. To get the same differeiice 370 nm, we require

AloGaygN, which is highly tensile strained when grown on GaN and is hence susceptible

to cracking. tnce, we must use lossier material forgkeap layer and thONRs in UV

VCSELscompared tavhat is used in visible VCSELs.

6.3 Modulation-Doped Short-Period Superlattices

6.3.1 Introduction

To avoid the high optical losses in UV VCSELSs caused by ITO, a modulation doped
shortperiod superlattice (MEBPSL) has been proposéthis allows the p++ AlGaN cap
layer to occupy the node of the optical mode (which was previously occupied by the ITO),
andmakes thenodalloss less sensitive to thickness fluctuations. An-BBSLhas two
advantages: (1) holes in the unintentionally doped (uid) narrow bandgap material suffer
less ionized impurity scattering, and (2) absorption loss in the narrow bandtaahis
reduced due to lower acceptor concentrations. Ftheped material has a wider bandgap,

thus minimizing the absorption loss (compared-titoping the narrow bandgap material).

This technique of using MiI3PSLs has been used before to improvedhduactivity
[95]97] by increasing hole mobilities (in the didyer)by a factor of three to six, and the
improvements in the lateral conductivity has been studied theoreticg]irModulation
dopedp-GaN/uid GaN has been studied both experimentally and theoreticd®8]in
where & improvement in the conductivity by a factor of 40 has been observed for the
modulation doped nanostructure, compared to a uniformly dojegaNplayer.This work

is discussed in more detail [ib00], and it shall be reviewed in this section
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Thecrosssection view of the VCSEL is shownhiigure9. The curreniconfinement
aperture is assumed to be created by nitrogen implantation, and has a diameter of 8 um,
and is 125 nm thick. Other groups have used bf@h] or aluminum implantatiofiL02]

to create a current aperture.

< : 116 pum | D

< 112 um | y

i sum——)

: { 1.5 nm Uid'Alg.ogGao.gzN
Anode I 32nm HfO, Spacer | Anode

r

Structure A
25 x | 2.5 nm p'Alo_lsGaglg4N

20nm p+ Alg 1,Gag 3sN Contact Layer Structure B
100nm Current Spreading Layer
172 nm p- Alg.1,GagssN 25 x| 2.5 nm p-Alg16Gag.saN
20nm p-Alg,GaosN EBL +3xMQW 1.5 nm p-Alg 03Gag.o;N
Cathode | [cathode N Structure C

305 nm n- Alg 1,GagesN
100 nm p-AID_lzGaoAggN

10 x HfO, / SiO, DBR

Figure 9 — Cross section view of the VCSEL in cylindrical co-ordinates. The MQW

consists of 3 pairs of Ino.ossGao.gssN QWs and Alo.12Gao.ssN QBs. Image from [100].

The free hole concentrations in thé\jy.12=Ga.sd\ quasineutral region (QNR) and
the electron blocking layer (EBL) is approximately 5.4X10n3. The mobility of pdoped
Alo1GasN and AbosGaoN is 12 cmi/(V-s) and 13 crfi(V-s) respectively.
Unintentionally doped (uid) AbsGan.oN has a hole mobility of 4800 cn#/(V-s), with
the wide range of hole mobilities in the uldyer accounting for mobility degradation due

to imperfect modulation doping. The- Mlo1GansdN QNR has a free electron
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concentration of 1.8x#®cn® (Si concentration of 3x2®cm®). The electron mobility in
n-Alo1.GansdN is 330 cnd/(V-s). These majority carrier mobilities and free carrier
concentrations have been derived fronll iHeeasurements of the material grown by our
group. The minority carrier diffusion lengths as a function of doping concentration and

type (Mg or Si) are taken frofif9].

6.3.2 Types of Hole Current Spreading Layers

Three different types of AlGaN current spreading layers (CSLs) are shown in
Figure9. For comparison, the-L-V characteristics of a reference VCSEL with 20 nm thick
ITO has also been shownhkigure10. 20 nm is the thinnest ITO contact layer reported to

date[47], and hence this ITO thickss is used in the reference VCSEL.

Structure A is a modulation doped SPSL (MPSL) and it consists of 25 pairs of
Mg-doped Ab.16Gan.sdN (2.5 nm) and uidAlo.0Gan.o2N (1.5 nm). 25 pairs of this SL add
up to a total thickness of 100 nm for the cursgreading layer. Ithis sectionthe mobility
of the uidAlGaN layer has been assumed to be 60 and 28@\¢1s). The effect of varying
the uid AlposGanoN | ayer ' s mo b350 cintt(\Wys) willdoé deseribed inlth@
next section Structure B igdentical to structure A, except that even the 1.5 nm thick
Alo.odGan.oN is Mg-doped and is hence a uniformly doped SPSSRSL). The optical
absorption coefficient and carrier mobilities in the #Ga. 9N layers have been adjusted
to reflect the chage in the Mg concentration. Structure C employs 100 nm of bulk p

Alo.12Ga.sdN.
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with 41, =200 cm?/V-s

Optical Power (mW)

Current (mA)

Figure 10 — Simulated optical power (solid lines) and voltage (dotted lines) vs
current for laser diodes with different current spreading layers: MD-SPSL (red
circles), uniformly doped p-SPSL (green squares), bulk AlGaN (blue triangles) and

20 nm thick ITO (magenta stars). Image from [100].

Figure10shows the correspondinglLV characteristics of VCSELs with different
CSLs.Figurellis a plot of the vertical component of the hole current densitpratthe
p-QNR just before the EBL, at an input current of 3 mA. The current is primarily vertical
in the pONR (3>Jadia) Since pAIGaN is approximately 780 times more resistive than
n-AlGaN. Thus, 3 in the pQNR is essentially the hole current ihgiinjected into the
active regionFigurellalso shows the transverse mode pattern for the Stperimposed
on Z to illustrate the overlap between the optical madd the current density. The greater
the overlap, the lower the threshold current required to achieve lasing. Note that all the

CSLs only pump the edge of the optical modarious optical modes were computed
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(HE11, EH11, HE21, EH12, TEO1 and TMO01), ame found that the TEO1 mode lased

first.

—¥- Ref Structure: 20 nm ITO

=2 Structure C: Bulk

-@- Structure B: p-SPSL

_‘_Structure A: MD-SPSL

15 | ™ with 41, =60 cm?/V-s
Structure A: MD-SPSL
with 41, =200 cm?/V-s
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Figure 11 — Vertical component of the hole current density vector (left axis) for
different CSLs in the p- Alo12Gao.ssN QNR near the EBL at an input current of 3

mA, and the radial profile of the TEO1 mode (right axis). Image from [100].

Structure A hadie lowest threshold current since it has minimum current crowding
at the aperture (among the AlGaN CSLs) and lower optical losses than ITO, due to which
the optical mode is pumped more efficiently. ITO has the best lateral current spreading,
but still shovs a high threshold current due to the high optical I88sicture B (BESPSL)
has the poorest performance among Aldmsed CSLs. We believe this is because

Structure B has higher optical losses than Structure C due tdolted Ab.osGan.oN,
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which is optcally lossier than Mgloped Ab.12Ga sdN. Also, the doped SPSL adds a series
resistance at each heterointerface, while not significantly improving lateral current
spreading (compared to bulk AlGaN), as evidenced by-theurves inFigure 10, since

the mobility is degraded in both the low and high bandgap materials due-itoigty

scattering. Current across a heterojunction is limited by thermionic emission,igvhizh

the case for bulk material.
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Figure 12 — Free hole carrier densities in the CSLs for an MD-SPSL (red crosses)

and a uniformly doped p-SPSL (green squares). Image from [100].

Figurel2 shows the hole concentrations in the-narow bandgap material due to
modulation doping in the-BPSL and MESPSL. As expected, the hole concentration is
greater for the uniformly doped-$PSL by an amount equal to the activated acceptor
concentration, but the degradation in mobility has a far bigger impact than the increase in

the hole concentratierthe vertical mobility reduces by a factor of 15, while the hole
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concentration only increasdy a factor of 1.3 for a uniformly doped SPSL compared to

the MD-SPSL.

6.3.3 Sensitivity to the mobility of the uid narrow bandgap layers in the SPSL

Due to the Mg memory effe¢103], [104] perfect modulation doping with sharp
doping profiles is extremely challenging tealize with MOCVD. Thus, there will be
residual Mg doping in the AbsGa.o2N layer, leading to an increase in impurity scattering,
causing mobility degradation. Remote ionized impurity scattering, alloy disorder and
residual impurities are other mecisms leading to mobility degradation in the
AloodGan.oN layer. The relative contributions of these scattering mechanisms at low

temperatures have been discussgd05].

Previous attempts attgpe modulation doped superlattices unambiguously show
an improvement in conductivity (3 to 6 times higher conductivity) over uniformly doped
superlatices [95]{97]. The biggest improvement in conductivity (40 times bigh
conductivity than bulk g5aN) has been observed for a modulation doped structure with
alternating layers of ®&aN/uidGaN, in which the authors achieved mobilities of ~180
cm?/(V-s) in the uidlayer[99]. The effect of mobility degradation on the threshold current
and radial current spreading has bstmlied in this section. Intrinsic #&dsGay.oN in the
previous section had a hole mobility of 200%4-s) while p Alo.0sGaneN had a hole
mobility of 13 cn?/(V-s). To account for mobility degradation due to the aforementioned
scattering mechanismd)e hole mobility in the uidnarrow bandgap layer of the MD
SPSL has been varied between3I® cn?/(V-s), and its effect on the threshold current

and slope efficiency is shown kgurel3.
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Figure 13 — Threshold current and slope efficiencies of VCSELSs with MD-SPSLs

having different hole mobilities in the narrow bandgap uid- Alo.0csGao.g2N layer.

Image from [100].

Thus, even if the hole mobility in the uidyer of the MDSPSL is 60 crii(V-s)- a
value that has been experimentally demonsti@ejd [99], leads to a 31% reduction in the
threshold current, and an 82% increase in the slope efficiency compared to a bulk AlGaN
CSL, and a 31% lower threshold current, and 170%ravement in the slope efficiency

compared to the reference VCSEL with 20 nm of ITO.
6.3.4 How to Grow MDSPSLs?

Modulationdoped SPSLs must be-geown on top of the Nmplanted aperture.
MD-SPSLs are extremely challenging to grow by MOCVD due to the Mg meefi@t

[103], [104] and greater diffusion coefficients for magnesium in MOCG¥Dwn material
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due to higher growth temperatures. This precludes us from obtaining the sharp doping
profiles needed for modulation doping by MOCVD. However, molecular beam epitaxy
(MBE) does not suffer from the memory effect. Also, crystal growth temperatures for MBE
are 208-300«C lower than MOCVD, thus reducing the diffusion of magnesium into the
narrow bandgap layer. Magnesium has a higher diffusion coefficient at . Q@@ical
MOCVD growth temperatures), and it reduces by over an order of magnitude for a growth
temperature of 70680Q«C (typical MBE growth temperatur¢106]{108]. Highquality

MBE re-growths at lowetemperatures have been demonstrated in laser diddéaverni

et al regrew a thick gAl)GaN layer with MBE on top of an MOCVD grown active region
and n(Al)GaN layers[109], [110] and obtained sharp magnesium doping profiles, as
determined by SIMS measuremefit89]. In [111], a complete blue LD has been grown

by MBE, with a threshold current density which is comparable to MO@%iwn LDs.

This shows that the higher point defect density in-temperature growth by MBis not
catastrophic to lasing in terms of optical losses and material quality. -Q¢Rpand
regrown CSL layers are not depleted, so additionatradiative recombination centers
due to the higher point defect density is not as deleterious as it wanddlen were it in

the active region.

Hence, a promising approach is that theamd pQNRs, the EBL and the active
region of the VCSEL can be grown by MOCVD. The 100 nm thick-S®5L could then

be regrown by MBE after the current aperture definitiomobyimplantation.
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6.3.5 Summary

In summary, MBSPSLs can help create efficient SWWCSELs and UVYRCLEDs,
where ITO cannot be used due to its high absorption loss in the UV spectrum. Modulation
doping helps create highly conductive channels for lateral holertarwhich allows the
optical mode to be more efficiently pumped by reducing current crowding near the aperture

edge.Some passagesd figuresn section 6.have beemeproducedrom [100].

Thus, he use of MBSPSLs allows us to avoid all the drawbacks associated with ITO

which were discussed in section 6.1.
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CHAPTER 7. BOTTOM (N-SIDE) MIRROR

As shown in

Table2, the bottom mirror loss sdominant contributor to theveralloptical loss, and the
sensitivity of the total modal loss to the mirror reflectivity is further emphasizedyure
14The top mirror i s a-thiskiHi®Oeahd SiGwittbageflectivityp ai r s

of 99.93%.
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Figure 14 — Total modal loss (ai+ am) for the VCSEL as a function of the bottom

mirror reflectivity.

Thus, the total losalmost doubles if the bottom mirror reflectivity drops from
100% to 99.5%Reaizing a suitabldottom mirrorhas beerhe most challenging part of

this project. In thischapter techniques to obtain suitabtigelectric bottom DBRs and

50



epitaxial DBRs will be discussed, with the final sectescribing a novel epitaxial
DBR/metal mirror This novel mirrormitigates theprimary drawbacks of both the
previously mentioned techniguesavity length control for a bottom dielectric DBR and
thelow reflectivity of epitaxial DBRsSeveral paragrapland figuresn this chapter have

beencopied from[112].

7.1 Dielectric Bottom DBR

Dielectric DBRs have very high reflectivities due to the large index contrast between
the deposited oxideAn oxidedepositionis also easier and faster than an epitaxial growth.
p-material is usually grown last ansure high ntarial quality in the active region. Thus,
n-material is grown first, followed by the active regamd then finally the ymaterial.The
p-side mirror is always a high reflectivity dielectric DBR stack ofQeSiO, [113] or
Nb2Os/SIiOz [33], [37], [47]0or ZrO/SiO. [94] for blue VCSELs and Hf&)SIO, [114],

[115] for UV light emitters.There have been two main approaches to obtaining high

reflectivity bottom mirrors: epitaxial AllnGaN DBRs and dielectric DBRs.

We were able to dgeve a reflectancgreater than 99.95% for thespde dielectric
DBRat A = 370 comprisedlohl0 pairsiyBaRemvelength layers of Hf©

and SiQ. The reflectivity spectrum is shown kigure15.
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Figure 15 — Reflectivity spectrum of a 10 pair dielectric DBR (Credit to Dr. Kao and

Dr. Liu). Image from [20].

VCSELs grown on GaN substratestiwa dielectric DBR on the bottom can be
realized primarily by two methods: substrate thinning by chemical mechanical polishing
(CMP)[34]36], [116], [117]or by epitaxial lateral overgrowth (ELO@7], [38]. After
bonding the VCSEL to a Si support substrate, CMP can be used to thin the substrate,
followed by a dielectric DBR depositioThe primary disadvantages of this method are the
difficulty in precisely controlling the cavity length since polishing lacks the precision of
epitaxy by MOCVD or MBE, and the necessity of obtaining a smooth surface after

polishing in order to minimizecattering losses at the cavity and dielectric DBR interface.

The ELOG method has been effectively used by Sony to obtain milliwatt class blue

VCSELs [37], [38]. In this process, the Si3iNx bottom dielectricDBR stack is
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embedded in4GaN grown by ELOG118]. This method allows more precise cavity length

control than that obtained by CMP, thus increasing the yield. The advantages of using
double dielectric DBRs over hybrid DBRs include higtedtectivity and wider stopbands

obtained due to the increased refractive index contrast between the two dielectric materials.

This leads to lower threshold currents (due to higher reflectivity), and the wider stopband

i mproves the VCSE4d flgtuationsbiru satenad sosnposatignaand
thickness by ensuring that the |l asing wave

while simultaneously extending the VCSEL’ s

However,we were unable to precisely control the bauade etching or polishing

processwhich made the cavity resonance wavelength uncontrollable.

ELOG is easier to realize with GaN than with AlGaN due a reduced lateral growth
rate for AlIGaN and because the AlGaN polycrystals tend to stick to the dielaessis
[39]. Since GaN is absorbing in the LA/spectrum, we had to try ELOG witH@aNand
we were unsuccessfukor these reasons, weanted to find suitable alternatives to a

dielectric DBR on the 1side.

7.2 Epitaxial Bottom DBR

A DBR consists of alternating layers of high and low refractive index materials that
are each quartevavelengthhick. Higher reflectivity can be obtained by using more pairs
and/or by increasing the refractive index contrast between the two materials. Increasing the
number of GaN/AlGaN mirror pairs increases the strain and the likelihood of the wafer
crackingasth®BR st ack’ s thickness approaches the

l ncreasing the refractive index contrast i
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refractive index which can be accomplished by increasing the aluminum mole fraction in
the AIGaN or AllInN alloy. However, this leads to a reduction in the critical thickness (if

grown on GaN) and hence approaches the limit of cracking with fewer pairs.

However, we can use certaiechniquego increase the refractive index contrast
between thalternating high and low index materials. We a#ihize excitonic resonances
to increase the refractive index (section 7.2.1) and use heavy doping to reduce the refractive
index (section 7.2.2) othe AlGaN alloy.Thesetechniquesncrease the refractiviedex
contrast without increasing the tensile strdihe use of epitaxial DBRs allows precise
cavity length control and it reduces the complexity of the fabrication process by eliminating
the lasetfliftoff and/or polishing stepsThis can potentially gratly improve the vyield

compared to alternate methods.

7.2.1 Exploiting near band edge excitonic resonances to enhance the refractive index

AlGaxN ternary semiconductors have a direct bandgap over the entire alloy
composition range, and thus exhibit pronounced absorption in the vicinity of the bandgap,
which leads to a sharp increase in the real and imaginary parts of the refractive index near
theband edge, as shownkigurel6 (a,b). Near band edge excitonic resonances influence
the real part of Al GaN’ s di el eslhatplyincceaseunct i

the high index materi al s refractive iIndex
refractive index contrast) through judicious choice of the DBR matdbefgending on the
desired center wavelength, the aluminum compositiagheohigh refractive index material

is chosen to find the optimum tradff between increasing the refractive index contrast

and increased absorption | oss, which all ow
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Figure 16 — Real (left axis, solid lines) and imaginary (right axis, dotted lines) parts
of the refractive indices of AlxGai-xN for: (a) 0 <x <0.3 on GaN and (b) 0.7<x<1
on AIN. The refractive index contrast between (c) AlxGaixN (0 < x <0.3) and GaN,

and (d) AlxGaixN (0.7 <x<1) and AIN [112].

Using numerical simulation, we have investigated the todfibetween increased

refractive index contrast and increased absorption losses as the photon energy approaches
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the bandgap, along waitits impact on peak reflectivity and stopband width, for both UV

C and UVVA DBRs, as shown ifigure 17.

Three DBRs have been grown by our group, so our simulations in this section will
be restricted to these DBRs: (1)g8ir GaN/Ab.1.2Gay.sdN DBR with a peak reflectivity at
368 nm (DBR A),(2) 45pair Alo.osGa.9eN/ Alo3Gap7N DBR with a peak reflectivity at
368 nm (DBR B), and (3) 3@air AIN/ Alo.sssGan.139N DBR with a peak reflectivity at 226
nm (DBR C). InFigure 17, the dotted lines show the experimental data, with the solid lines
representing simulation results. As showrkrigure 17, as the center waveigth shifts to
shorter and longer wavelengths than designed, the peak reflectivity reduces. The
reflectivity on the short wavelength side reduces due to increased absorption loss in the
narrow bandgap material, and the reflectivity reduces on the longetemgth side due to

reduced refractive index contrast, as indicate&igyre 17 (c, d).

As clearly seen ifrigure 17, the DBRs at wavelengths of 368 nm and 226 nm are
grown with the optimum materials to take maximum advantage of the increased refractive
index contrast created by the excitonic resonance. Details regarding\hk gomditions
and growth techniques of DBRs A, B, and C can be fourjdlifi]{121], respectively.
Shifting the center wavelength from 368 nm to 390 nm (redshift of 190 meV) led to a
14.9% and 2.5% drop in the reflectivity of DBR A and DBR B, respectively, as seen in
Figure 17 (a, b). A similar drop in the reflectivity is also seen in the dg¥pDBR C in
Figure 17 (c). The simulated reflectivity spectra assume that the incident medium is air,

since that is the incident medium in our experimental apparatus.
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Figure 17 — Simulated (solid lines) and experimental (dotted lines) reflectivity
spectra of: (a) DBR A (experimental data from [119]), (b) DBR B (experimental

data from [120]), and (c) DBR C (experimental data from [121]). Image from [112].
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7.2.2 Heavy ntypedoping to reduce the refractive index

The index contrast can also be increased by reducing the refractive index of the low
index layer through heavy-type doping (5x18 — 10%° cnv®). This technique was first
used in lI-nitride laser diodes by Perlat al.who used the reduction in the refractive index
due to n++ doping to reduce the leakage of the optical mode into the substrate in-an edge
emitting blue laser diodfl22]. Growing a thick AlGaN cladding layer on GaN forms
cracks due to the high tensile strain which degrades the quality of the active region and
reduces the device’ s |lifetime. Hence this
index cantrast for n++ GaN compared teGaN) underneath a relatively thin 0.6 pm n
AloodGan.oN cladding layer allowed them to grow high quality material while also
improving the optical confinement, due to which they could achieve a 54% reduction in

the threshlal current density.

Heavy doping affects the dielectric function, and hence the refractive index, by
modifying the plasmonic frequency through free carrier concentration. The modified

dielectric constant is given by equatidisand 16

- R L 15
] P (15)
£Q
16
] R (16)
whereR i s t he di el gicst rtihce cpolnasstnaantf,r esquency, v

constant, e is the electronic charge, n is the carrier concentration, @thenfree carrier

effective mass. Further details regarding
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doping concentradin can be found ifiL23], and a similar reduction in the refractive index
for heavily doped indium phosphide has also been repfB2. Another reason for the
reduction in heavily doped fiBiagNBussteirModsr act i v

effect)[125], [126]

To model DBRs incorporating n++ AlGaN, we have calibrated our model with our
own experimental data, as showrigurel8, and we have obtained values that are within
the range of those reported i22]. Heavy doping also increases the free carkisogption
loss, so we have modified the loss coefficients used in our simulations[a2 Pebased
on the difference between the bandgap of AlGaN and the photon energy. As per our
experimental data shown Figurel8 (a,b), we obtained a refractive index contrast of 2%
at A=370 nm bet we enaGarN ahd m+a A &Gy With Npgd= Al
1x10° cm3, and a contrast of 1.5% foroN++= 2x10° cm®, which explains why the DBR
with higher doping in the n++ layer exhibits a higher peak reflectivity. This is within the
range of index contrast obtained [it22]. Figure 18 (a, b) shows an increase in the
reflectivity at 368375 nm for A AloosGanedN / n++ Al osGaod\ as the doping

concentration incigses.

Figure 18 shows the reflectance spectrum of apélir DBR of Ab.oGa.od\/ n++
Alo.15GansdN, which should theoretically have a peak reflectivity of 98.4%, assuming
perfect interfaces, and no fluetiions in layer thicknesses or alloy compositions. However,
the dotted lines show the experimental reflectivity spectrum, with a peak reflectivity of

94.5% at a wavelength of 369 nm.
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Figure 18 — Simulated (solid lines) and experimental (dotted lines) reflectivity

spectra of: (a) 20 x Alo.osGao.esN/n++Alo.0sGao.osN with Npn++=2x10%° cm3, (b)

Nb,n++=10% cm3, (c) 40 x Alo.02Gao.9sN/n++Alo.15Gao.ssN, and (d) comparison of 40 x

Alo.02Gao.9sN/ Alo.1sGao.ssN DBRs with and without n++doping in the Alo.1sGao.ssN

layers [112].
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The photon energy associated with a wavelength of 369 nm is further from the band
edge of Ab.15Gan.sdN than for Ab.osGan.osN, and thus we find the contrdsttween n++ and
unintentionally doped (uid) AhsGapgsN to be 1.5% rather than 2%, as seen for
Alo.osGa.9dN. The reduced index contrast obtained by heavy doping as the photon energy
shifts away from the bandgap of AlGaN is consistent with experimesgalts obtained

by Perlinet al.[122].

Figure 18 (d) compares the reflectivity spectrum of -déirs of Ab.oGay.odN/
Alo.15Gan.sdN, both with and without heavy doping in the wider bandgap material. Heavily
doping the Ad.1sGan.edN layer increases the reflectivity from 97.3% @uddo.15Gan.ssN) to
98.4%. A 1.1% improvement in the reflectivity is very significant for VCSELSs, and it leads
to a 41% reduction in the optical loss through the mirror (assuming the other mirror to be
perfectly reflective)! The improved index contrast also slightly increthsewidth of the

reflectivity spectrum’s stopband.

7.3 Use of Metal Mirrors

Metals exhibit very low indices of refraction (n<0.1) in a certain range of
wavelengths, where the real part of the dielectric function is neda@83}, [129] The
complex refractive index of silver is showrAigure19(a). In the UVA to infrared portion
of the spectrum the reflectivity at the AlGaN/Ag interface edse®%. For the U\C to
UV-A portion of the spectrum (18860 nm), aluminum is preferable to silver. The choice
of metal depends on the wavelength of interest, but for the rest of this paper we will use

silver as an example. For wavelengths shorter th&nn®8, silver can be replaced by
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aluminum. The reflectivity for light incident normal to this interface can be calculated

through the Fresnel reflection coefficient and is approximately given by
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Figure 19 — (a) Real (left axis, solid lines) and imaginary (right axis, dotted lines)
parts of the refractive indices of silver as per Babar and Weaver [128] and McPeak
et al.[129], and (b) measured reflectance as a function of rms roughness at a

wavelength of 450 nm, reproduced from [130]. Image from [112].
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At A =370 n[ted], [ n@E@560.69, kg=1.72 and for AJ1Ga.oN,
Naican=2.6, yielding a reflection coefficient of ~94% at the AlGaN/Ag interface for
normally incident light on a perfectly smooth interface. PARC has tsedoncept in
edgeemitting laser diodegl31], [132]to replace the A\lGaN cladding layer with silver.

This greatly relieves the tensile strain compared to conventional thick AlIGaN claddings,
improves the confinement factor, and reduces the series resistance associated with thick

poorly conducting fAlGaN layers.

A rough metal surface will cause additional optical losses due to diffraction and
increased absorption due to the excitation of susfdasmonpolaritons (SPPg130]. The
reduction in the reflection coefficient due to a rough sapphire/metal (silver and aluminum)
interface has been shown experimentally and by 3D Hbifference TimeDomain
(FDTD) at a wavelength of 450 nm jb30], for rms roughness values of 1, 7 and 13 nm.
The experimentatesults have been reproducedHFigure 19 (b). The data shows that
photons with a wavelength of 450 nm excite more SPPs in silver than in aluminum. We
don’'t exepewltt s hat a A=370 nm to be radical
dielectric function of silver and aluminum is negative at both wavelendg8® nm and

370 nm.

7.4 Epitaxial/Metal Hybrid Mirror

As seen in section 7.2ve cannot achieve a high enbugflectivity for a VCSEL using
only epitaxial DBRs due to the low refractive index contrast and high tensile straimeBut

have been able to demonstrateBR whosereflectivity exceedss94% Thus, situating a
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planar silver mirror underneath the epiEXDBR stack will yield a mirror that has an

overall reflectivity that exceeds 99%. We call thisylrid epitaxial/metal mirrof112].

In the besttase scenario (where absorption loss in the DBR is minimal), the number
of pairs needed to achieve a reflectance of 99% is roughly twice the number of pairs
required to obtain 90% reflectance. For example, if a 25 pair DBR is needed to obtain a
reflectivity of 90%, then 50 pairs would be needed to obtain 99%. Most of the DBRs
mentioned in section 1 consist of over 40 pairs. The reflectivity at an AIGaN/Ag interface
is approximately 94% at 370 nm, which is clearly insufficient for a VCSEL. However, if
we deposit an Ag film underneath an epitaxial DBR stack with a reflectivitPuf, 9ve
can obtain a reflectivity exceeding 99%. This is because the DBR stack reflects 90% of the
light, so now the Ag mirror only absorbs less than 1% of the total incident radiation. A
similar concept has been used for GaAs based VCSELs in thd ®3kt[134] AlAs and
GaAs are almost lattice matched and have a high refractive index contrast, due to which
obtaining a craciree conducting epitaxial DBR with a reflectivity exceeding 99% is far
less challenging for the HAs material system than for the-M material system. Thus,

this hybrid semiconductor/metal DBR is more important fonitiide VCSELSs.

Figure 20 shows a comparison of the reflectivity spectra of apéaib
AlooGa.odN/Alo.GaweN DBR on top of a GaN substrate and a -p2br
Alo.oGa.odN/AloGapeN DBR with silver underneath it. These simulations assume the
incident medium to be AkGa.oN. Note how they have the same peak reflectivity, but the
silver-backed epitaxial mirror has a wider stopband and 30 fewer pairs, due to which it is

~ 2um thinner.
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Figure 20 — Simulated reflectivity spectra of a 55 x Alo.02Gao.gsN/n++Alo.2GaosN
DBR with GaN underneath it (black), and a 25 x Alo.02Gao.9sN/n++Alo2GaosN DBR
with silver underneath it (red). The inset shows a zoomed in image of the peak of the

reflectivity spectra. The incident medium is Alo1GaosN. Image from [112].

By using this technique, the epitaxial stack can be made thinner (since only a
reflectance of 90% is required) which reduces the crack density and hence improves the
material quality. This leads to lowdhermal resistance, and mitigates the deleterious
effects of sekheating, while simultaneously increasing the stopband width, thus making
the VCSEL more robust against temperature and layer thickness fluctuations. Like
VCSELs with double dielectric DBRghis method still requires complicated etching,

polishing and lapping steps, but this semiconductetal hybrid DBR has one major
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advantage over a dielectric DBR statie cavity length is independent of the polishing
precision. One of the biggest draadks of VCSELs with double dielectric DBRs is the
|l ow yield since the cavity |l ength must be

at the wavelength that the quantum wells are optimized for.
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Figure 21 — (a) Schematic of hybrid semiconductor/Ag DBR. (b) Simulated
reflectivity spectra of 25 X Alo.02Gao.gsN/n++Alo.2GaosN DBR with Ag underneath
the DBR, with t= 3 um (black), t= 1 um (red), t= 0 um (green), and t=-0.427 nm

(blue). Image from [112].
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However, with the hybrid semiconductor/metal DBR, the precisely controllable
epitaxial DBR sets the cavity length, rather than the polishing precision. We believe that
this would increase the VCSEL vyielthis hybrid mirror isschematically showin Figure
21 (a). Asshown inFigure21( b ) , even | eaving some of t he
removing a part of the DBR (negative “t’)
reduction in the DBR thickness by t8.42 7 um corresponds to a r
leaving only 19 pairs instead of 25 pairs, which leads to a reduction in the reflectivity from
99. 25% to 99 %. Leaving more than a micr ome
the epitaxial DBR and the Agfim ( positive “t’) | eads to a r
due to the formation of a second cavity between silver and the epitaxial DBR, which causes
the transmission peaks seenHFigure21 ( b ) . A negative *‘t’ caus
reflectivity, and the extent of the reduction depends on how many pairs of the epitaxial
DBR are removed. Thickness control by CMP is on the order of a few hundred nanometers
at best[135], but more accurate methods exist, such as a conductivity selective
electrochemical etch, which can remove a highly doped GaN substrate but leave behind
the undoped AlGaN DBIRL36], or a bandgap selective photoelectrochemical (PEC) etch,
in which the AlGaN DBR stack is grown on InGaN on a GaN subdtt8{g, [138] The
PEC etch removes the InGaN layer and would thus detach the cavity from the substrate.
These methods can work for devices grown orG@a8l, but if sapphire is used, then laser
liftoff followed by CMP is another reliable method to achieve better control over the

thickness of the removed materfias], [139].
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7.5 Summary

In summary, we have presented a strategybtain a high reflectivity bottom mirror
with the hybrid epitaxialmetal mirror. For the epitaxial DBR, we camcrease the
refractive index cot r a st by exploiting excitonic res
tandem with heavily doping the low index material to further reduce its refractive index.
Finally, using a silver mirror underneath the epitaxial DBR stack has three advafiages
itmitigat es the problem of cracking by reducin
(2) reducing the thermal resistar(o® substrate)and increasing the device yield compared
to VCSELs with double dielectric mirrors, since now the cavity length lsydbie epitaxial

mirrors and not the precision of the polishing process.

This approach solves the problems associated with epitaxial DBRs (low
reflectivity) andwith dielectric bottom DBRs (poor cavity length contraith an elegant

and simple solution
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CHAPTER 8. DESIGN OF ELECTRON BLOCKING LAYERS

FOR I1I-N LIGHT EMITTING DEVICES

If there is anything the reader should take away from this chapter, it is that designing
the optimumelectron blocking laye§BL) for your device iar easieif the fundamental
physicsof charge transport in the vicinity of EBE understood. Thus, emgsis has been
placed on trying to develop physicalintuition. This chaptedargely derives from our

previously published workL40].

8.1 Why does Electron Leakage Occur in 111-N Light Emitting Devices?

Electron leakage is known to greatly reduce the injection efficiency of these laser
diodes (LDs) and LED$93], [141], [142]. The overflow of electrons out of the active
region into the adjacentfype quasneutral region (QNR) is enhanced by the spontaneous
and piezoelectric polarization charge at the quantum well (QW)/quantum barrier (QB) and
last QB/EBL interfaces, and blyd asymmetry between the majority carrier conductivities
in n- and pdoped material§l43], [144] In intrinsic lll-N materials.electrons have-3
times higher mobilities than hold28], and this difference is exacerbated in doped
material, with electron mobilities in-type materia[8] being about 3@0 times higher
than hole mobilities in yoype materia[9]. Silicon, a donor, has an activation energy of
about 20 me\[29], while magnesium, an acceptor, has an activation energy of 166 meV
in GaN[12], and this activation energy further increases with aluminium content@aAl
xN alloys[30]. Together, these factors imply far superior conductivity foype material

than for ptype material.
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In a perfectly symmetric LED structure (with no EBL), Vezelktsal.demonstrated
by numerical simulation that whentgpe conductivity is lower than-type conductivity,
holes are not supplied to the active region at the same rate as electrons, causing electrons
to leak out of the active region and recombine-radiatively in the pQNR and at the
anode, resulting in efficiency droop; however, by making the electron and hole
conductivities equal, electron leakage was reduced and efficiency droop was suppressed
[91]. Fundamentally, carrierebkage is a natural consequence of asymmetric majority

carrier conductivities in the quaseutral regions.

8.2 Consequences of Electron Leakage and a Literature Review of Various EBL

Designs

Section 8.1shows that an EBL is necessary to obtain efficieaNIlight emitters,
but it does not necessarily imply that the most commonly used rectangular EBL (a thin
layer of wide bandgap material between the last QB and@&R) is optimal. In fact, the
rectangular EBL used in the first electrically pumped blue laser diode in (396 still
the most common type of EBL used in cutting edge vertiagity surfaceemitting lasers
(VCSELSY [36], [46], [47], [94], [145H147] and edgesmitting LDs [148{150].
However, this EBL has several drawbacks caused by the interfacial sheet polarization
charges at the la@B/EBL and pQNR/EBL interfaces that will be discussed in more detalil

in the following section of this chapter

It has been shown by numerical simulation that this problem can be alleviated by
using a polarizatiomatched quaternary AllnGaN EBL with judbasly chosen

aluminium and indium mole fraction§l51], [152] However, growing AllInGaN
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compounds with high indium content is challenging due to the difference in optimum
growth temperatures and pressure conditions for InN and AIN, and it is for this reason that

the EBLs disassed in this paper are restricted to AlGaN alloys. Superlattice EBLs have

also been shown to block electrons more effectively than conventional rectangular EBLs

in edgeemitting LDs[153] and VCSEL$154]. As will be discussed ilater in this chapter

our group has used tapered EBLs to reduce the threshold current tenattgey LDs

[155], [156] and this improvernt has also been explained by numerical simuldtiéf],

[158]. It will also be shown thahe inverse tapered EBL appears to work best for VCSELS,

and a similar concept has also been used by our group for deep UV LEDs aedttigg

LDs, where the inverse taper can help improvAlpGa N’ s ¢ d1dg{1elf i vi t y

through volumetric redistributionf @olarization charge.

Considerable theoretical and experimental work has been reported on EBLs designed
for LEDs, which operate at far lower current densities than laser diodes. Graded and step
graded EBLY162]{168], superlattice EBL$169]H{171] and AllnGaN or AliInN EBLs
[172]{174] have been used in UV and visible LEDs to mitigate droop. The primary
purpose of thishaptelis to understand the physics and principles behind EBL design, such
as the effects of the EBL on hole and electron transport, parasitic invengtos taused
primarily by the interfacial polarization charges, and on bound carrier densities in the active

region.

8.3 Epitaxial Description and Geometry of the VCSEL

The cross section of the VCSEL is showrkigure22. It uses 10 pairs of dielectric

distributed Bragg reflectors (DBRSs) of alternating quarter wavelength thickatiDSiQ,
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on both the top and the bottom sides. The dielectric DBR on the bottom carizexirea
either by chemicamechanical polishin{5], [36], or by epitaxial lateral overgrowfB7].

The p and RQNRs are made of Al:GasdN, and are 170 nm and 304 nm thick,
respectively. These values slightly chanigpending on the EBL used. The active region
has three 2 nm thick drssGa.0s9N QWS that are strained with respect to GaN, and 6 nm

thick Alo.12Gan.sdN QBs.

< sum )

10 x HfO, / SiO, DBR

10 x 6 nm p-Aly 1:GaggsN

Anode I 32nm HfO, Spacer | Anode /

20nm p+ Alg.1,GaossN Contact Layer

4 nm uid'Alﬂ_ﬂAGaﬂ_gﬁN

100nm Current Spreading Layer
160-170nm p- Al 1,Gag zsN f—p
EBL +3xMQW

Cathode | | Cathode

304 nm n- Alg;,Gap ggN

N implanted current
aperture

10 x HfO, / SiO, DBR

Figure 22 — Prototypical VCSEL structure. Image from [140].

The different types of EBLs being studied are illustratedFigure 22. The
rectangular EBL comprises of 20 nm thick«@&.xN (0.12<x<0.4). The inverse tapered
EBL is graded from AlGa..xN (0.2<x<0.4) down to Al1:Ga.sN in the growth direction.

The inverse tapered step graded EBL is similar to the imntepszed EBL, except that
instead of an abrupt increase in the aluminium mole fraction from the QB to widest

bandgap material in the EBL, it is done in a series ofsst€pe current spreading layer
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consists of 10 pairs of modulation doped.AGa.sd\ (6 Nm)/ Ab.osGav.9dN (4 nm)[100].
ITO has very high optical absorption losses at 37(Q18] due to which an AlGaMvased

current spreading layer is preferable in UV VCSELs. The 8 um current aperture can be

defined by nitrogelil 76] or boron implantatiofil01].

1 n-QNR —
EBL
MQW

o | p-QNR

]
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m

N

Position

v

Figure 23 — Types of EBLSs studied: (top) Rectangular EBL, (middle) Inverse

Tapered EBL and (bottom) Inverse Tapered Step Graded EBL. Image from [140].

These simulations consider the incomplete ionization of each dopant species. The
free electron concentration in theQNR is about1.8x13® cm®, and the free hole
concentration in the-pegions is .4 x 137 cn®at room temperature, which is consistent

with our Hall data. The EBLs are alldoped with ionized acceptor concentrations-&f 3
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x 10t cm3, depending on the Al mole frtion. All other parameters and their references

have been discussadchapter 4.3.

8.4 Types of EBLSs: Results and Discussion

Our hypothesis is that the quantum efficiencies of LEDs and LDs benefit from
different EBL designs because they operate at veryrdiffepeak current densities.
Evidence for this claim will be provided in this section. LEDs operate at current densities
of a few hundred A/cA(limited due to droop), edgemitting LDs operate at current
densities of 1.% kA/cn? [57], [59], [177] while VCSELs can go over 20 kA/Grat the
aperture edg37]. VCSELs operate at higher current densities tham-edytting LDs
because of the lateral current injection schédigcussed in chapter.68pur simulations
show that this causes severe current crowding near the aperture edge and the current density
rapidly decays towards theentreof the VCSEL along the radial direction, as evidenced

by Figure24.

Various optical modes were computed (HE11l, EH11, HE21, EH12, TEOl1l and
TMO01), and we found that hTEO1 mode lased first. The mode profile is showFigure
24. In VCSELs, we find that the maximum electron leakage occurs at a radial distance
bet ween 3thet@apérpmré¢ is at a radial di st
diagrams for VCSELs have been shown along a vertical cutline at a radial distance of 3.5

pm from the centre.

Edgeemitting LDs have a vertical current injection scheme, which makes thatcurre

density more uniform, leading to lower peak current densities. This wide spread in peak
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current densities for different ligl@mitting devices presents an incentive to investigate the

efficacy of different EBL designs as a function of operating cudensity.

+Jg

-
w
T

+JZ
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Current Density (kA/cmz)
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Figure 24 — Radial and vertical current density profiles (left axis) at 3.4 mA
superimposed on the TEO1 optical mode (right axis). This figure shows the current
crowding at the aperture in a VCSEL. Negative Jr implies current flows in the -r

direction. Image from [140].

The drawbacks of the typicedctangular EBL will first be discussed, followed by
the inverse taperdeéBL (IT-EBL) and tke Inverse Tapered Step Graded EBL (ITEBL).
The applicability of the last two types of EBLs will be discussed for vanegsnes of

operating current densities.
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8.4.1 TheRectangular EBland its Drawbacks

The rectangular EBL is the most commonly used EBLI#N light emitters, and
it is a thin layer of widédbandgap material between the active region and-Q&lR that

inhibits electrons from leaking out of the active region into tiype QNR.

However, this type of EBL has several problems associateditwiitat can be
understood by looking closely Bigure25 (a). The simulation reveals an accumulation of
holes at the {)NR/EBL interface, and a parasitic inversiopdaformed by the pileup of
electrons at the EBL/QB interface. This is due primarily to the discontinuities in the
conduction and valence band energies and is exacerbated by the polarization sheet charges
at the top and bottom EBL interfaces. This advgrsdfects the injection efficiency
because the accumulation of positively charged holes above the EBL electrostatically
facilitates the leakage of negatively charged electrons from the active region over the EBL.
Thermionic emission current exhibits anénse exponential dependence on barrier height
(IEn-Ev|), making the hole injection current very sensitive to the valence band offset at the

p-QNR/EBL interface.

The increasingly poor injection of holes into the active region in combination with
the block d hol es’ el ectrostatic assistance of
significantly to the monotonic degradation of th¥ tharacteristics irFigure 26 as tle

aluminum mole fraction in the EBL increases.
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Figure 25 — Band diagram at 3.4 mA for a VCSEL with (a) a rectangular Alo.sGao.7N
EBL, and (b) a rectangular Alo.4GaosN EBL. Bound carrier concentrations in the

QWs are not position dependent. Image from [140]. Image from [140].
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Figure 26 — L-1-V characteristics of VCSELSs with rectangular EBLs with different

AlGaN compositions. Image from [140].

The positive sheet charge associated with interfacial polarization has two more effects that
are deleterioussevere band bending in the last QB due to high polarizatiargeinduced

electric fields that enhances electron escape, and it also causes an electrostatic
redistribution of bound charge carriers in the QWSs, particularly the QW ondfue pas
eviderced inFigure27. The pside QW has far more electrons than holes. This may be
explained by the Coulombic force exerted by the positive sheet chiatije @ B/EBL
interface. When the number of bound electrons greatly exceed the number of bound holes,
the excess electrons cannot recombine radiatively and hence leads to a reduction in the
injection efficiency.Figure 27 shows that as the aluminium mole fraction in the EBL
increases, the carrier mismatch in thsigle QW is exacerbated due to an increase in the

sheet charge density at the QB/EBL inteeaThe middle and-side QWs have much
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lower carrier mismatch than thesple QWSs. This is due to thespi de QW' s bou

electrons screening the other two QWs from the sheet charge at the QB/EBL interface. The
VCSEL with no EBL has the least carrier misotatbut it has highest electron leakage
current, which explains the thrge fourfold increase in the threshold current, as shown in
Figure26 and Figure 28. The L:I characteristics keep improving as the aluminium mole
fraction in the EBL increases (up tooAiGae3N). This improvement is shown Figure

26, and can be explained Bygure28, which suggests that the benefit of reduced electron
leakage current due to an increased conduction band offset by increasing the aluminium
mole fraction in the EBL outweighs the drawbacks such as increasing the bouaed carri
mismatch, forming deeper parasitic inversion layers and increasing the barrier to hole
injection. Eventually, however, this trend reverses once the aluminium content exceeds a

certain threshold, as explained in the follows&gtion

E: —©—No EBL

A\O_ZGaU_SN EBL

80 —w—Al, ,Ga, N EBL

——Al . .Ga, . NEBL

—a—A\OAGaO_EN EBL

O L
p-side QW Middle QW n-side QW

Figure 27 — Carrier mismatch in the three QWs for VCSELSs with different AlGaN
rectangular EBLs. now is the bound electron density in that QW, and pow is the

bound hole density. Image from [140].
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Figure 28 — Electron leakage as a function of input current for VCSELSs with

different rectangular EBLs. Image from [140].

8.4.1.1 Whydodepleted EBk (too much Al%)ead to poor device performarkce

The L-I characteristics of the AkGa.eN rectangular EBLKigure26) reverses the
trend ofmore aluminium leading to lower threshold currents and higher slope efficiencies.
Simulation results suggest that there are two reasons for this: (1) the increased barrier to
hole diffusion leads to the depletion of the EBligure 25 (b)), and (2) more electron
leakage than Al:Ga.7N and AbssGaned\N EBLs (Figure 28). Figure 25 (b) shows that
most of the applied bias is dropped across the depleted EBL, leading to high electric fields
across it(electric field isproportional to de/dx). This electric field causes a depletion of
free holes in the depleted EBLhe depleted EBL irFigure 25 (b) has two orders of

magnitude feweholes in the EBL. For the undepleted EBLFigure25 (a), most of the
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potential is dropped across the active redtbe bands in the EBL are relatively flathe
increased electric field across the depleted EBL, and the reduced hole current density
enhances electron leakage. At 3.6 mA, tHe itegration over the-@NR of the SRH
recombination rate increases by a factor of 6.4 in the case of the depleted BB xto

10" s'cm for the depleted Al.Ga.eN EBL, and only 2.8 x 18§ s*cm! for the undepleted
Alo3Gap/N EBL. A higher integrated SRH recombination rate in th@NR is clearly

indicative of more electrons spilling out of the active regio the pQNR.

However, fromFigure29, we can infer that the increased barrier height for hole
diffusion from the pQNR to the QWs is the primary & for greatly degraded-ILV
characteristics of the VCSEL with a depleted EBligure29 shows that the vertical hole
current density calculatedjus 0. 5 pm away from the apertur
kA/cm? down to 5.2 kA/crf) for the depleted Al:GayeN EBL compared to an undepleted
rectangular Al:Ga.7N EBL. This argument is also corroborated by the observation that a
rectangular EBL wh Alo.sGayeN has lesser electron leakage than @®@k.eN EBL, but
it still has far worse H characteristics, so the enhanced electron leakage alone is not a
sufficient reason to explain the AGaasN EBL’ s i nferior perform
devices with undepleted fdGa.7N and Ab.3sGa.sN EBLs. The device with a depleted
EBL may have a lower threshold current than one without an EBL due to reduced electron
leakagg(Figure26), but it has a much smaller slope efficiency which can be attributed to
the low hole current density. Thus, the depletion of the rectangular EBL further enhances
the asymmetry between hole and electron current densitidartihat reduces the injection

efficiency.
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Figure 29 — Vertical hole current densities 0.5 um away from the aperture edge
(r=3.5 um) at an input current of 3.4 mA, for a rectangular Alo.sGao.7N EBL (red), a
rectangular Alo.sGaosN EBL (green) and an inverse-tapered (IT) Alo.sGao7N EBL
(black). Right y-axis is a plot of the bandgap (black dotted line) vs vertical position.

Image from [140].

8.4.2 InverseTapered EBL (ITEBL)

The inverseapered (IT) EBL substantially reduces the barrier to hole injection by
employing compositionally graded material at th@ WR/EBL interface instead of an
abrupt heterojunction, hence increasing the hole current density. The band diagram is
shovn in Figure 30. Note the smooth band profile at theQNR/EBL interface.
Compositional grading also makes it more difficult to deplete the EBL by removing the
barrierto hole diffusion at the @QNR/EBL interface, thus allowing holes to be injected

even for an AJ.Ga 6N IT EBL, as shown ifFigure31
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Figure 30 —Band diagram at an input current of 3.4 mA for a VCSEL with an

AlosGao7N inverse-tapered EBL. Bound carrier concentrations are not position

dependent. Image from [140].

The negative sheet charge density is volumetrically redistributed along the taper,
and the simulations show that the fiede concentration in the tapered region is actually
three times higher than that in th&R, as made evident IFygure25 (a) andrigure30.

This is because the negative charge makes it energetically favourable for holes to enter the
tapered region from the@QNR. However, the parasitic inversion layer due to the positive
sheetcharge at the QB/EBL interface still exists. A similar concept has been used by our
group in the past for dedpV laser diodes to enable efficient hole injection. This is done

by pulling holes from the more efficiently Midpped narrowbandgap layers thrgh the

taper into the active regidf60]. This was done because achieving higtopductivity in

AlxGaxN alloys with x>0.5 is very difficult due to high Mg activation energs£y.
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Figure 31 — L-1-V characteristics of VCSELSs with inverse-tapered and rectangular

EBLs. Image from [140].

Figure 31 shows that an inverdepered EBL always has better-I1V
characteristics than a rectangular EBL with the same aluminium composition. This is
because holes can be easily injected into thegeaotgion without having to overcome a
large valence band offset in the device with an inveapered EBL Eigure30). Figure31
shows that the inverdgapered EBL has higher slope efficiencies than a rectangular EBL
with the same peak aluminium mole fraction, which we believe can be attributed to reduced

electron leakage anddreased hole current density, as showRigure32 andFigure29

respectively.
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Figure 32 — (a) Percentage of electron leakage current in VCSELSs with different
rectangular and inverse-tapered EBLSs as a function of current, and (b) electron

leakage current in the p-QNR as a function of radial position at 3.4 mA. Image from

[140].

An inverse tapered EBL has lower electron leakage tharectangular EBL
because: (Lrigure29 shows that it has 16% higher hole current densities in the region of
higher gain (closer to the peak of thatical mode), which enhances the rate of stimulated
recombination, thus resulting in increased slope efficiencies, and (2) the reduced electric
field across the EBL which reduces downward bhaadding, thus resulting in an increased
barrier height for @ctrons in the EB1167 meV for the AJsGa 7N rectangular EBL and
209 meV for the AlsGa.7N inverse tapered EBL at 3.4 mA. This leads to the-fold
reduction in electron leakage for the invetapered EBL as compared to a rectangular

EBL of the ame peak AlGaN composition, as seelfrigure32. Figure32 (b) shows the
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total electron current density along a radial cutline just 10 nm above thenBBe p
QNR. This inversdapered EBL has also been used to improve the injection efficiency and

reduce droop in LEDEL63], [167], [168]

8.4.3 InverseTapered Steyisraded EBL(ITSG EBL)

This EBL is similar to the inversepered EBL, except that now instead of abruptly
increasing the aluminium mole fraction from the QB to the EBL, the transition is made in
a series of steps. The idea behindgshis type of EBL is to supress the parasitic inversion
layer at the EBL/QB interface (reduced electron accumulation), and thus increase the
ef fecti ve bgadifferance rbetweeanithg ltanduction band edgeaid the
electron quasfermi energy &) for electrons at the QB/EBL interface, which reduces
electron leakage. However, it will be shown in this section that whether the-above
mentioned advantages are realized or not strongly depends on the operating current density,
since that affects+k To illustrate this point, we shall study the efficacy of the Inverse
Tapered Stefsraded (ITSG) EBL for VCSELs (higher operating current density) and

edgeemitting laser diodes (lower operating current density).
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Figure 33 — Band diagram for a VCSEL with a 40/20/16 inverse-tapered step-graded

(ITSG) EBL. Image from [140].

8.4.3.1 VCSELs

A 40/20/16 ITSGEBL means the AlGaN steps consist of AGa.sdN, Alo2Gay.eN
and Ab.4Ga.eN along the growth directigrand the band diagram is shownFigure 33.
Each step is 4 nm thick. A variety of compositions was simulated, with both 2 and 3 steps.
They were all inferior to the inverdapered EBL, and for the sake of clarity, only the two
best L-I-V curves have been compared to theEBL in Figure34. The ITSGEBL does

not show any improved over the-BBL. The sum of the electron concentrations in the

steps i s roughly the same as Figue25) ectr ol
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andFigure30. Hence, the problem of electron accumulation in the fieras/ersion layer
has not been solved. This is further seerigure 33 andFigure 30, where the effective
bar ri ergaththe EBLIQB intdrface is almost the same for ITSBL and the IF
EBL. Nearly identical kI curves for VCSELs with [Tand ITSGEBLSs in Figure 34

corroborates this analysis.
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Figure 34 — L-1-V characteristics of VCSELs with an inverse-tapered step-graded

(ITSG) EBLs. Image from [140].

8.4.3.2 EdgeEmitting FabryPerot Laser Diode

Our experimental and simulation results for blue (415 nm)-edy#ing LDs with
redangular (A) and stegraded EBLs (B) are shown kigure35 (b). The types of EBLs

simulated for this edgemitting laser diode are shown kigure 35 (a). Both simulation
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and experiment shows that a stgpded EBL can reduce the threshold current density by
as much as 369d55], [156]in edgeemitting LDs, and this also been explained through
numerical simulation if157], [158] By grading the fQNR/EBL interface (EBL (C)),

along with step grading the EBL/QB interface, the threshold current density can be further

reduced by 14%, as shownRigure35 (b).

Thus, simulation and experiment show that step grading the EBL/QB interface has
a significant impact on edgamitting laser diodes. The reason for this is cleagnsin
Figure36. The step grading reduces the accumulation of electrons in the parasitic inversion
layer by over an order of magnitude. In the device with EBL Apérasitic inversion layer
is formed since &rises above E which reduces the energetic barrier for electrons leaking

out of the active region.

On the other hand;igure 36 (b,c) shows that EBLs (B) and (C) always have E
above E in the QB and EBL, which is why no parasitic inversion layer is observed. The
barrier to electrons presented by the EBL at the EBL/QB interface is 208 meV, 307 meV
and 319 meV for EBLsSA) , (B), and (C) respectiunwnely.
for EBLs (B) and (C) leads to a reduction in electron leakage and explains the dramatic

reduction of the threshold current density by 54%, as seeigume35 (b).

This is a very impressive simulation resuhe fact that it can catch a reduction in

the threshold current density by >50% when only one layer has been changed.
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a current density of 4.23 kA/cm? for blue edge-emitting laser diodes with (a)

rectangular EBL (A), (b) step-graded EBL (B) and (c) ITSG-EBL (C) [140].
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8.4.4 Application of These Theories to Various Optical Devioé3esign Optimum EBLSs

There is a big difference between the current tigacprofile for edgeemitting
LDs and VCSELs. As previously shownkigure24, VCSELSs suffer from severe current
crowding at the current aperture, so only the edge of the optical mode is pumped. This
causes very high peak current densities near the aperture, oftem HbdwA/cn? at
threshold. At this increased current density, IE pushed above dnear the EBL/QB
interface, and this leads to the formation of parasitic inversion layers, in both abrupt and

step graded EBLs in the case of VCSELs.

Edgeemitting LDs, onthe other hand, have very uniform current profiles, and
hence much lower peak threshold current densitiegidige28 andFigure32 show, the
percentage of electron leakage current increases monotonically with the input current
density, making VCSELSs leakier than edguitting laser diodes at threshold. For exampl
an input current of 4 mA corresponds to a uniform current density of 7.95 kAtmoss
an 8 um aperture. However, in our VCSEL simulation, the current density at 4 mA is 13
kA/cm? just 0.5 um away from the aperture edge! Thus, the improvement obteitiea

stepgraded EBL in edgemitting LDs does not translate to VCSELSs.

Stepgraded EBLs have been shown to work well for LEDg16d@], [166] LEDs
operate at far lower current densities than LDs, where electron leakage is less of a concern.
Due to a reduced fraction of electron leakage current, the parasitic inversion layer formed
at the two EBL heterojunctions has a far bigger impact omjhetion efficiency in LEDs

than in LDs. Smoothly grading the material between the QB and the peak bandgap of the
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EBL greatly suppresses the parasitic inversion layer at the QB/EBL interface, and this

technique has been utilized[t62] to obtain a fowfold improvement in output power.

8.5 Summary

In conclusion, several types of EBLs have been investigated by numerical
simulation. An EBL consists of two critical junctiorthe pQNR/ EBL interface and the

EBL/QB interface.

The pQNR/EBL interface should always be graded, for both LEDs and laser
diodes. This grading aids hole transport into the active region by removing abrupt
heterojunctions that serve as potential energy barriers to hole injection into the MQW
activeregion anddistributes negtive polarization charge throughout the tapered volume
which electrostatically draws in holes from the highly conductiv®@hpmic contact.
Efficient injection of holes into the active region reduces electron leakage, prevents

depletion of the EBL and impves quantum efficiency.

Designing the EBL/QB interface is subtler and the optimum design is strongly
influenced by the intended operating current density of the laser. The high current densities
that VCSELSs operate at make suppressing the parasitisiondayer infeasible. Hence,
we need to increase the conductlmand offset at the EBL and last quantum barrier
interface to minimize electron leakage currents by thermionic emission, and an-inverse
tapered EBL is optimum. However, edgmitters benefitrom inversetapered stejgraded
EBL since they operate at lower current densities than VCSELs, and step grading the
EBL/QB interface can supress the electron concentration in the parasitic inversion layer by

over an order of magnitude. This enables a reolum the electron leakage current, which
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allowed our laser diode to achieve a 54% reduction in the threshold current density! This
is because devices with suppressed parasitic inversion layers present an increased potential
barrier to electrons, thusestming electron leakage out of the active region. This was

demonstrated experimentally and explained by numerical simulation.

LEDs operate at far lower current densities, and hence benefit from more gradual
steps, or even continuous grading to greatlyress the parasitic inversion layer while
simultaneously reducing the barrier to hole injection. Thus, the optimum design of the

EBL/QB interface strongly depends on the intended operating current density.
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CHAPTER 9. THERMAL DESIGN OF

I11-N VCSELS
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The maxi mum outoput power of VCSELs is ¢
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power, threshold current, sl ope efficiency
region temperature detunes the peak gain wze

and the device | ifetime.

9.1 Objectives and Limitations of Electro-Opto-Thermal Simulations

There have been several papers reporting the thermal characteristicsAsf Il
VCSEL [184]{187], but very few such studies exist for-Nl VCSELs. Some notable
thermal analysis on HN VCSELs have been performedth by simulation and
experimentally by Mei et a]188]. Further theoretical studies of the thermal resistance of
GaN VCSELs has been performed by FEM189]. However, both theestudies neglect
Joule heating, which is significant in the resistiv&aN layers, and the thin ITO layers.
Also, they assume uniform current spreading in the current aperture, while our simulations

show severe curng crowding near the edge of the aperiigsee Chapter 6yhich leads to
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localized hotspots. Hence, we find that the most reliable method to model the thermal

resistance is to use sebnsistent electropto-thermal simulations.

Self-consistent electropto-thermal simulationshave too manyunknown and
unreportedparameters such as diameters of various layers, heatsink material, interface
resistances etc. Hence, trying to make the simulation exactly match exparidatatis a
pointless activity. Insteadeasonable values should be used for the paramatetshey
should be held constant for all simulations. This allows us to (1) extract and identify trends,
and (2) identify key design parameters which have the largest influence on thermal
resistance. Tib is the true value of numerical simulation in the design of semiconductor

devices.

Modelling the DBR is computationally expensive, and hence we have replaced the

DBR with a bulk material whose thermal conductivity is given by:

Q
Q

(18)

| >
| >

where d and @ are the layer thicknesses.
Since the optical power is much smaller than the electrical power, the thesstdncés

calculated as pexquation 19:

(19)

where AT is defined aaximurhaetiveddagibrieneperatureané b et we

the heatsink s t emperature (i mposed as a Dirichl
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9.2 Device Epitaxial Structure and Geometry

Table 5 shows the epitaxial structure, along with the diameters, thermal
conductivities and doping concentrations in the various layégre 37 shows the
structures of three typical VCSEL structures: (a) hybrid VCSEL with an epitaxial bottom
(n-side) DBR anda dielectrictop (p-side) DBR, (b) flipchip VCSEL with a dielectric
bottom (pside) DBR and either an epitax@l dielectric top (rside) DBR, and (c) double

dielectric VCSEL fabricated with the ELOG technique.

The epitaxial structure of47] is a reference structure, and then only the DBR
materials, AGaN thickness, the bonding material for fipipped VCSELs and the
substate thickneshave beemodified. The active region, ITO thicknessiGaN thickness
and the electron blocking layer (EBL) have been kept constant to ensure antapples
apples comparison of various thermal designs. We find that through optimum thermal
desgn we can achieve an increase in the maximum output power by well overi200%
some cases

8x Dielectric
DBR
rp—cumac\
+——ITO

——si0, n-GaN

T EBL+5 QW active region EBL+5 QW active
| EBL+S QW active region a € ot
nGan (L] n-GaN

si0;
« o
46 n-doped L p-metal and o
AllnN/GaN DBR bonding metal L4 9x Dielectric
DBR
4 n-daped GaN substrate

Dielectric DBR

Epitaxial or
dielectric DBR

n-contact

n-doped GaN substrate Support Substrate (Silicon/Copper)

n-contact and thermode Heatsink/Thermade n-cantact and thermade

(a) (b) (c)

Figure 37 — Schematics of three types of VCSELSs: (a) hybrid DBR VCSEL, (b) flip-

chip VCSEL and (c) ELOG VCSEL.
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Table 5 - VCSEL epitaxial layers and parameters for reference structure

Thermal
Layer Material Thickness nm Conductivity
W/(m-K)
Top DBR 1 8 X NOs/SIO; 40/69 1.4
Spacer Nb2Os 22 1.4
CSL ITO 20 3.958
p++ contact p++ GaN 10 130
p-ONR p-GaN 52 130
EBL p-Alo.2Gap.sN 20 17.9
QB uid-GaN 6 130
MQW 5x uid 3/6 13.2/130
InGaN/GaN
n-GaN n-GaN 54 130
Bottom DBR 46 X 43/40 4.87/130
Alo.16Gan.sN/GaN
Substrate GaN 330 130
a2 Referencdg190]

QNR: quasineutral region
uid: unintentionally doped

VCSELs of type (b) and (c) have differerQNR thicknesses and bottom
mirrors. Differences in materials and thicknesses from the reference VCSEI

be specified in the appropriate section




VCSELs of type (a) with an AlInN/GaN bottom mirror have been demonstrated by
EPFL[46], Nagoya and Meijo universiti¢47], [145]. NCTU demonstrated a hybrid DBR

VCSEL with an AIN/GaN bottom mirrdi13].

VCSELs of type (b) need to have the substrate thinned or removed, and this can be
done in two waysthrough chemicaimechanical polishing (CMP) or laser {dff. The
CMP approach has been demonstrated by Pang8&hiand Nichia[34], while the laser
lift -off technique to remove the substrate has been used by N&3jiaand Xiamen
University [139]. An epitaxial top mirror in a VCSEL of type (b) has been reported in

[191].

The only group to demonstrate VCSELs of type (c) using epitaxial lateral

overgrowth (ELOG) is Sonja7], [38].

The VCSEL designof choice (among the 3) igrimarily determned by the
technology availabléo a grougo get a good+side mirror, and the thermal resistaica
secondary design consideratidtence, instead of comparing ttiegee designslirectly,
this chaptewill optimize each of tha separatelyo minimize hethermal resistancdhe
VCSELs in this s ec406nm)buftitdestyntecanigees are egually| e ( ?

applicable to UYWWCSEL in the right circumstances.

All VCSELs in this section have a dielectric DBlRameterof 10y nmand a current

apeature that iBpy m diameter
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In the following L:1-T plots, the dotted lines and right axis always corresponds to
the maximum temperature in the active regidhe left axis and solid lines denote the

optical power.

9.2.1 Hybrid VCSEL

This VCSEL uses ra epitaxial bottom mirroand is described byable 5. The
AlInN layers in the DBR e problematic due to its very low thermal conductivity, as shown
in Figure38.t is fairly obvious that the4DBR diameter should we asdda as possible to
minimize the themal resistancerhis is described in great detail [i(b88]. In this section,

the effect of thesubstrate thickness on the kcharacteristics will be studied.

~35 :
5 —Al Ga, N
- 3 o« Alyging N
b
32.5‘
2 ol
s 2
g
315
o
O 1r
©
€05/
@
-
F oo . . .
0 0.2 0.4 0.6 0.8 1

Aluminium Mole Fraction in AlGaN and AllnN

Figure 38 — Thermal conductivity of AlxGaixN as a function of Al mole fraction x
[84]. The red dot is the thermal conductivity of Alo.slno2N lattice matched to GaN

[85].
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The thermal resistance is further degratbe§ t he presence of a
substrate. Simulations have been with a device whd@¥R has aliameter 640 it
substrate thicknesses of 100 pm, 200 pPpm anc

in Table6.

There are a couple of interesting features to not€igure 39. Thinning the
substrate by nihdelse inthe nariraudoutputoptieal power by upwards
of 50%! The reason for this is a drop in the thermal resistance, as shéwguiie39 (b).
Also, the Rhermal-l plot shows thaRwmermarkeeps increasing witburrent andshows a kink

at threshold.

Compared to the referenceTable6Sh@nNsthatat h a
hybrid VCSEL with a 200 20%and36% lowkerdtteermagim s ub
resistancaespectively This is responsible for lower temperaturesthe active region,
whichreducee | ectron | eakage out of the region art

efficiency.
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Figure 39 — (a) L-I-T plots and (b) thermal resistance vs input current for the

hybrid DBR VCSEL for different thicknesses of the GaN substrate.
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The reason fothe kink is that the rate of stimulated emission greatly increases at
threshold, and hence locks the rate of-raxtiative recombination in the active region. In
other words, the internal quantum efficiency (IQE) keeps increasinginyttt current

beyond threhold, with the sharpest change in IQE at the threshold current.

The reason that:Rmakeeps increasing with current is becausee(itjanced electron
leakage leads to nenadiative recombination in the@NR, and (2)the resistance of the p
QNR due tgpoor pdoping efficiency and low hole mobility leads to significant potential
drops across the “ QNR”-ndutval). Tleséitwo factormaeasen o | or

temperaturen the players due to both SRH recombination and Joule heating.

Table 6 — Thermal resistance at the threshold current for hybrid VCSELSs with

various GaN substrate thicknesses.

Thermal
{substrate Resistance at
VCSEL ID Threshold
M m

K/W
Hybrid A 300 1142
Hybrid B 200 907
Hybrid C 100 731

104



9.2.2 Flip-Chip VCSEL with a Dielectric-pide DBR

Reducing the diameter of thespdle DBR is the obvious and easy way to reduce the
thermal resistancé p-DBR diameteroiOp m h a s b e,anmd thewrsentapeeude
di amet er In this se&ionutmempact of radius of the heatsink aneb@nding
metalsupport substrat¢he cavity thicknesand thematerial of thesupport substrateill
be explored in detailhe epitaxial stack is the same as thatable5, except that it is flip
chippedonto a heatsink ¢gide down)All support substrate@oth silicon and coppegre

assumed to be 100 pym thick.

Table 7 Device description and thermal resistance of the various flip-chip VCSELSs

Heatsink Heatsink Thermal
Cavity Length Diameter Material Resistance at
VCSEL ID Threshold
M m M m

K/W
FC-1 0.229 20 Silicon 572
FC-2 0.229 30 Silicon 306
FC-3 0.229 40 Silicon 144
FC-4 0.229 30 Copper 178
FC-5 3.5 30 Silicon 153
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Figure 40 — (a) L-I-T plots and (b) thermal resistance vs input current for the flip-

chip Dielectric p-DBR VCSEL.
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Figure 41 — (a) L-I-T plots and (b) thermal resistance vs input current for the flip-

chip Dielectric p-DBR VCSEL with different cavity lengths.



As evident fromFigure40, the diameter of the heatsink plays a very important role in
the overall thermal resistance. This is because heat must escape from around the dielectric

DBR.

Furthermore, replacing the silicon bonding substrate with copper can also reduce the
thermalres st ance by 42% f or a 3[86]apdiNickid34) boed e r .

thar VCSELSs to silicon support substrates.

Figure4l1shows tlat increasing the cavity length on thaside can also greatly reduce
the thermal resistance by as much as 50%, leading to an increase in the optical power by
>200%. This is despite the fact that heat is extracted from-¢idep These VCSELSs also
have falower thermal resistances than the hybrid VCSELSs of section 9.2.1. This is because

there is no AlInN layer in the thermal path.

9.2.3 ELOG VCSEL

The final type of VCSEL that will be studied is the ELOG VCSEL. This VCSEL
design is best demonstrated®gny[37], [38]. Reducing the radius of the dielectric DBR
to improve the thermal resistance is once agawious. In this section, the effect of the
cavity lengthand the device diameter will be studied. TheideDBR’ diameter is fixed

at 10 upm.

The ELOG VCSELs are describedTable8. It is readily apparent frofRigure42
that the diameter of the overgrowrGaN makes the largest difference in the overall

thermal resistance, followed by egviength.
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Table 8 — The device description and thermal resistance of the various ELOG

VCSELs
n-GaN QNR Thermal
Cavity Length Diameter Resistance at
VCSELID Threshold
M m M m

K/W
ELOGA 1.8 20 705
ELOG-B 0.37 30 453
ELOG-C 1.8 30 371
ELOG-D 3 30 330
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Figure 42 — (a) L-I-T plots and (b) thermal resistance vs input current for ELOG

VCSELs.
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9.3 Effect of Gap Between p-contact and Edge of Current Aperture and Heatsink

Location

In this section, wahall return to UWCSELSs that useralTO current spreading layer and
ahybrid epitaxiall/ metal mirror (section 7.

in Table9 and acrosssection view of the VCSEL is shown kigure43.

Anode and thermode (if p-side heat sink)

/ Cathode

Dielectric DBR

Current aperture
Epitaxial bottom mirror

s Silver  Th Ermal-r:le (if n-side heat sink)
: : X 5 ' n

r {pm)

Figure 43 — Cross-section view of UV-VCSEL. "X' is the spacing between the end of

the p-metal (in the lateral direction) and the end of the current aperture.

As ‘X’ increases, t he.Wspeculatethatsthe mainrdason ma n ¢
for this performanciitist hat a hi g h e r higherdelearicatesistacethroughe ads t
a thin 10 nmiTO layer (lateralhole current spreading)lhis increase in resistance ¢gearly
seenin Figure 44 (b) and Figure 45 (b). This leads to increased Joule heating and all the
downsides associated with operatirige tdevice at a higher temperatufiéhus, thermal
management is another reason why ITO is unsuitable fed&lites. A thicker ITO layer will

reduce setheating but will increase the optical loss.
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Table 9 — Epitaxial structure of UV-VCSEL with hybrid epitaxial/metal n-side DBR.

Layer Material Thickness (nm)
TopPBR 10x ,H$JOO 42/ 63
Spacer Hf O 35

CSL I TO 10

p++ Ga N/ S8 N, 2/ 18
PQNR ALGEN 111
Taper Inverseo_ggplﬁ.’pp15

QNR al-aoxnigs c

EBL Ab G Ns 5
MQW 6 % @3 N 6
n-QNR S % &I N 2
nAl GaN AL GaN 291

Bottom DBR 30xo0.B48 be /o0 GalN 34.1/ 36

Silver Silver 40
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In VCSELs with the above structure, there are possible heatsink locatiorsn
the pside or the rside. Both shall be compared in this section. For a device with a p (n)

side heatsink, the p (imyetal serves a dual purposebash an electrode and a thermode.

ASs

X

I ncr e as e-sidelieatsink, doedues theettsermal iresididasaseen

by the temperature in the active region with the dotted lines)

05r

—x =400 nm (a) (b)
—x= 350 nm 385 6
0.4+—x =250 nm
—x= 150 nm
g x=0nm - =
Eo3 360 = %5 _
5 @
g T . =310K 2 o —x =400 nm
D_O_ heatsink g.;_ g —x= 350 nm
£o2 5 O 4] —x =250 nm |
= >
53 3367 —x= 150 nm
L2t x=0nm
0.1 .,cé = 3 L R s
310 0 10 20 30
0 ‘ Current Density (kA/cmz)
0 10 20 30 40

Current Density (kAfcmz)

Figure 44 — (a) L-1-T and (b) 1-V plots of hybrid epitaxial/metal DBR with p-side

heatsink.

Device characteristics ¢(L-V-T) with a pside and an+side heatsink are shown in
Figure 44 and Figure 45 respectively.Every parameteiin the devices is kept constant,
e X ¢ e pnd the heatsink positian order to ensure a meaningful comparisasclearly
seen a device with a{side heatsink is far superior to a device with aside hatsink for the
same value of * xside headtdink is clases thépeancas saairees af heat
generatior Joule heating in the ITO and@NR layers, andheating due to SRH recombination

in the active region.
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Figure 45 — (a) L-1-T and (b) I-V plots of hybrid epitaxial/metal DBR with n-side

heatsink.

9.4 Summary

Hybrid DBR VCSELSs can be improved by substrate thinnrdmgelongated VCSEL
cavity (nQNR), an increased heatsifdvergrown rRGaN)diameter, and the use of a
metal support substrate can all greatly improve the performanceMflig-chip
(ELOG) VCSELs.All of these improvementsan lead to over 200%creases the
maximum output optical power before thermal rollovidrese genat findingsand
principlesare equally applicable to UVCSELSs despite the simulationmssection9.2

being of violet VCSELs

Finally,t he par ameter ‘' x’ i s a cruci al design
layers, and the heatsink should be as closeesources of heat as possible to minimize
the thermal resistanc&his requires utilizing a flgghip process to heatsink thesjle

(rather than the-side)of the device, as demonstrated®gnasoni¢36] and Nichia[34].
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CHAPTER 10. LOW TEMPERATURE I-V AND SPECTRAL

CHARACTERIZATION OF MICROCAVITY LEDS

When designing novel lasers|s easier tdirst achieve lasing at lower temperatures.
This is becauseeducing the temperatunmproves the internal quantum efficiency of the
deviceby suppressing neradiative SRH recombination, and it also improves the
injection efficiencydue to reduced leakage currebysthermionic emissioat lower
temperatureddowever, if the temperatugets too low, carrier freezeut occurs
(inability to thermally ionizedopant atoms to achieve efficient doping). Thus, as
discussedh this chapterywe have found the optimum temperaturéerms of

electroluminescence (EL) intensity to be 481D K.

Thecryogenic #V andthe ELemission spectra measurements were performeiaeby
authoronalLakeshore TTPX cryogenic probe statidore detailson the epitaxial
structure, growth techniquesnd a description of the equipmersedcan be found in

[20].

This thesis focusses dineoretical design techniques for lasers, but some interesting
features were observed when the author was measuring the dawigdisose features

shall be the focus of this chapter.

10.1 Cryogenic I-V and Spectral Measurements of ‘Good’ RCLEDs

These MCLEDs ws 20 nm thick ITGas a current spreading layer, a dielectric DBR
as the pside DBR, a&40-pair GaN/Ab.1.Ga.sd\ epitaxial DBR on the4side and acurrent

aperture formed by Mmplantation20]. A good LED is defined as omeéhich can be driven
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at high currentlensities (J>15 kA/cAfor through an aperturdiameter o8 )iwithout

dying right away.

10.1.1 I-V Characterization

As expected, the'V characteristics degrade the temperature reduces, and this is due to
higher series resistance (low free hole concentrpimd an increased bandgdphis is
shown inFigure46. It is clear that carrier freezmut only becomes a problem once the

temperature drops below 200 K.

Voltage (V) Voltage (V)

Figure 46 — 1-V curves of the MCLEDs at different temperatures on a linear (left)
and semilog (right) plots. This data was collected with the assistance of Dr. S.C.

Shen, Hoon Jeong, and Jialin Wang.

10.1.2 EL Spectral Measurements

The emission speatm was measured withan Ocean Optics spectrometer
(HR2000CGUV-NIR). The temperature and current dependent EL emission spdstrum

shown inFigure47.
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Figure 47 — EL emission spectra of the MCLED at different temperatures and
injection currents. (Image created by Dr. Liu [20]). This data was collected with the

assistance of Dr. S.C. Shen, Hoon Jeong, and Jialin Wang.

The optical fiber was unmoved between measurements, so it is a fair assumption that the
relative intensityratios correspondto the relative external quantum efficiency of the
MCLED. Between180-300 K, the peak emission walength gradually blue shifts, which

is most like due to the refractive index reducwgh temperatureThe thermeoptical

coefficient is[192].
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Figure 48 — EL emission wavelength and normalized intensity vs temperature for an
injection current of 5 mA. This data was collected with the assistance of Dr. S.C.

Shen, Hoon Jeong, and Jialin Wang.

As seen irFigure48, there is an abrupt dregff in intensity andhe center emission
wavelengthas the temperature reduces from 180 K to 150Hs same trend is observed

at all three levels of current injection.

One possible explanation for this observation coulthbdetuning of the MQW s
gain spectrum and the cavity modde rRDBR has a very narrow stopband due to a low
index contrast anatan hence only support one longitudinal m@idee spectral range is
>10nm) TherDBR’ s refl ectivity r api EduredOiTlrerel s of
is a strong correlation between the temperature at which theiemvgavelength abruptly

changes anthe temperature at whichthenBR* s r ef | ect i Mheoveyall shar pl
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reflectivity depends on the index contrast as well as the absorptipasagsown ifrigure

49,

Reflection Coefficient (%)

40xGaNIAI0I12Gao'88N DBR

100 T T 0.15
90 0.14
80 Slightly higher R at ~230 K than 0.13

300K due to reduced absorption
70 0.12 5
60 0.1
High absorption loss
50 Reduced R due to smaller index contrast and and sharply reduced 0.1
detuning of the DBR resonance from 370 nm contrast
40 L ! 0.09
100 150 200 250 300 350 400

Temperature (K)

Figure 49 — Reflectivity for L =370 nm (blue, left axis) and index contrast ni-n2 (red,

right axis) of the n-DBR as a function of temperature.

At high temperatures, the absorption loesreases (due to bandgap narrowing and

increased freearrier absorption)and this limits the overall peak reflectivity.

At low temperatures, the index contrast gets too sraatl hence theverall reflectivity

drops despitéhe DBR contributing aelatvely low absorption loss.

10.2 Room-Temperature I-V Measurements of ‘Bad’ Devices (Hysteresis)

A few batches of devicesith new sidewall etch recipésd very poor performance

(high turnon voltage, low currendrive capability, short device lifetimetc). It may be

possible to screen bad wafers by observing theehlysteresis curvesGood devices



showed practically no ideyhsad very difieiers cuwes ifotf e
voltagesweeps in opposite directions. We suspect this is due to charge trapping effects at

exposed sidewalls.

Current (A)
Current (A)

-6 5 -4 -3 2 -1 0 0 1 2 3 4 5 6
Voltage (V) Voltage (V)

Figure 50 — Hysteresis sweeps on a ‘good’ LED in (a) reverse and (b) forward bias.

This data was collected with the assistance of Dr. S.C. Shen, Hoon Jeong, and Jialin

Wang.
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Figure 51 — Hysteresis sweeps on a ‘bad’ LED in (a) reverse and (b) forward bias.
This data was collected with the assistance of Dr. S.C. Shen, Hoon Jeong, and Jialin

Wang.
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Figure50showstV sweeps of ‘good’ devices usmder bo

the lack of hysteresis the FV curveswhen sweepindrom and to O V.

Figure51, on the other hand, is a bad device and shows significant hysterdmsd-w

plots, which, as mentioned earlier, might be due to charge trapping.
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CHAPTER 11. CONCLUSION

11.1 Summary

The design methodology and results shall be summarized to give an overview of the
problem ando reviewthe design techniques twvercome these challeng&shapter 2
discussed some challenges with theNlinaterial system such #e high lattice mismatch
between binary compounds (limits refractive index contrast and bfisets), poor p
conductivity (affect the injection efficiency), and high optical loss. Chapter 3 then reviewed
the stateof-the-art 11I-N VCSELSs, andt had examples of the three mostnemon III-N
VCSEL types (hybrid DBR, fligchip double dielectric DBRNnd a double dielectric DBR
obtained through ELOG), and why these are more challertgingplementfor UV-
VCSELs thanfor blue VCSELs. Chapter describedthe simulation methodshe key

eqguations that need to be solved and the material parameters.

Themost cruciaimpediments taealizinga UV-VCSEL were identified in chapter 5,
and theséncluded high optical loss due to an ITO current spreading layerphiigtalloss
in the nside DBR, poor injection efficiency due to electron leakage and to design a thermal

management strategy for the most common type - MCSELSs.

The use of a wdulatiordoped shorperiod superlattickole current spreading layer
wassuggestedh chapter @s afar siperior alternative to the commonly used ITO (ITO is

much less lossy for visible wavelengths than forWa&elengthks

Chapter 7 described techniques to increases the refractive index contrast between

AlGaN alloys without introducingny additional tensile strain. This is done by exploiting
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nearbandedgeexcitonic resonand® increase the refractive indekthe high indexayer.

Simultaneousl! vy, the | ow index | ayer’-s refr
type doping. Thisr educes the refractive index by i
frequencyand ‘ ef f e c t BussteinrMosb effectd dua o bapndilling). These

techniques can boost the reflectivity of an epitaxial DBR if the material compositions and
doping concenttaons are judiciously selecteftill, epitaxial AlIGaN (indiumfree) DBRs

struggle to achieve reflectivities >99% due to the tensile sffams, we propose substrate

thinning and then depositing a planar metallic mirror underneath an epitaxial staokto b

the overall reflectivityTo get 99% reflectivity, the epitaxial stack only needs a reflectivity

of 90%, and the remaining 9% sovidedby the metallic mirror. This is a high yield

process since theavity length is set bprecisely controllablepitaxy, and this mirrdr s

reflectivity spectrums robust against fluctuationssabstrate thickness due to imprecision

in the polishing process.

Chapter8 discusses the topic of electron leakagdil-N light emitting deviceslt is
found that the most comonly used type of EBL (rectangular EBL) has several
disadvantages artdere is no reason to use it except for reasons pertaining to easier growth.
We find that the optimum EBL design strongl
current density. VSELs needmInverseTapered EBL (highest J operation), while edge
emitting LDs greatly benefit from an InverSapered Steyisraded EBL. This was
experimentally and theoretically shown to reduce the threshold current by ~50% due to

suppression of the paras electron inversion layer at the EBL/QB interface.

Chapter 9 dealt with thermal desigrf the VCSEL, andelectrooptothermal

simulations wergperformed for the three most commbh-N VCSEL designghybrid
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DBR, flip-chip double dielectric DBR and a wlde dielectric DBR obtained through
ELOG). Since the design choice is primarily determined by the technology options
available to the groupptimum thermal strategi€and key thermal design parametdos)

all three types have been identified and disedsSelf-heating limits the maximum optical
power output of the LD, arnithe thermal resistance is heraceery importantonsideration

for achievingcontinuouswave laser operation.

Finally, chapter 10 described some interesting observation when performing EL
spectral characterization and/Icurves over a range of temperatures (150 K to 300 K).
There was an abrupt change in the center emission wavel@ngtimtensity when the
temperature dnged from 180 K to 150 K. Simulations suggest that the reflectivity of the
n-DBR also abruptlyreduced in that temperature range. Finally, poor quality devices
tended to show hystesis when the voltage was swept to and from 0 V in either direction

which might be due charge trapping at defech sidewalls.

11.2 Future Research Directions

At this pont, the key factors precluding a demonstration oFWESELs is to find a
reliable method for substrate removal (allows either a dielectscdden DBR or a
epitaial/metal hybrid mirrorjandthe growth of high quality AlGaN template® allow
the incorporation of more aluminum in the EBL and the D&M/ topossibly realize UY

B laser diodes.

Finally, another excitingossibility for a designer is the use of both MBE and
MOCYVD in a single device. They each have certain advantages over the other. MOCVD

grows higher quality material and active regions, M&E canobtain sharp Mg doping
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profiles 1o Mg memory effecdue b lower growth temperaturgdMBE canalsogrow
Gafree alloydlike AlInN (though some horizontal MOCVD reactors can do this, taal
tunnel diodesHigher freehole concentration than MOCVBrown p-material). Thus, it
might be possible to grow an AlGaNIAN DBR with MBE, and then go a regrowth of
the rest of the cavity by MOCV.O his would solve the problem tife n-sideDBR. Also,
perhaps the cavity could be grownM{PCVD, andthen the MBDSPSL, or a tunnel diode
could be regrownwith MBE right at theend to act as the hole current spreading layer.
Thus, having access to both MBE and MOCVD can potentially open up exatiions

for UV laser designers in the future.
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