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Abstract

Development of Growth and Fabrication Technology for Gallium Nitride-
Based Vertical Cavity Surface Emitting Lasers
by
Tal Margalith

Since their introduction, the demand for GaN light emitting diodes (LEDs)
has skyrocketed for applications in lighting and displays. For many of these
applications, the directionality and low cost provided by resonant cavity LEDs
(RCLEDs) and the yet unrealized GaN vertical cavity laser (VCSEL) are attractive.

These devices however — VCSELSs in particular — require an extreme degree
of precision in their fabrication in order to avoid any show-stopping losses.
Unfortunately, the lack of a lattice matched substrate, the extreme resistivity of the
p-dope‘d layers, and the resistance of GaN to conventional wet etching, preclude
taking some of the more common approaches (such as incorporating an epitaxial
DBR) to making these devices.

This work discusses the research on development and optimization of
technologies to overcome these inherent difficulties in device fabrication. We
present a structure that incorporates two dielectric mirrors after flip-chip bonding
and the removal of the original substrate. A transparent current spreading contact is
used to overcome the resistivity of the p-GaN, although an alternative method of
current confinement using ion implantation is also explored. The resulting RCLED
allows us to more thoroughly analyze our design and make a prediction as to how

much further the structures must be pushed before lasing threshold is realized.



Table of Contents

Chapter 1: Introduction

1.1
1.2
1.3
1.4

OVEIVIEW .. oiiieivennieererirerencereenmensseestensensrossesaossssessersosnse
Why Then, Do We Want a VCSEL?.......ccccccvvvivinnniene
The Difficulties Involved.........ccccirrniinnininincnniiiinnnennnn
An Overview of the Dissertation........c..cceeeeveenrerrececenane

Chapter 2: Introducing the Device — Growth and
the Gain Budget

2.1
2.2
23
24
25

OVEIVIEW....uvieirenrerenirenneranettissssisnisssieseessesessssnsnsanies
Epitaxial Details ......ccccoeveiriinmeniiinniniinnninnceiinneenne
Estimating the Gain Budget.......c..ccovuiivinvnniinninnnnennne
PICS 3D Simulations........ccccccveeieriniinisinuneeeencenessssnnnes

Chapter 3: Cavity Design

3.1
3.2
33
34

4.1
4.2

OVEIVIEW....oeiirecrrnniieccsrnnretiiisscsserisssssssesssessssssseseesns
J1Y/ 35 (o) ¢ 00OOO RPN
Incorporating the Substrate..........cccoeeeviriinnneiernnnnenne.
Removing the Substrate. ........c.ccevveeieriiininevenneecnnesinanee
3.4.1 Photoelectrochemical etching.........ccccccuervirunnnenane.
3.4.2 Laser-assisted debonding

Current Spreading............cecevviiieiinninniinnneniienneniennn
% 30728 SR 1 X © TSRO

..................................................

xi

.....................................

............ 3

............ 54



4.3  Current APErturing ........cccovvvrerrrerrinierernirrieenneeesssinseeseneensesns 88

4.3.1 PECetching....ccccceremrneririrircniniiiincictciniinieeecccnsenneenees 88
4.3.2 Ion implantation..........cccceiveviieiiiininienincninnniienneeenneeees 89
4.4 SUIMIMATY cccuueerrnnreeeissrnrniesierseesesssssiesssssssseeressssssssssnsiessessssssasas 98

Chapter 5: The Completed Device

5.1 OVEIVIEW..ceneeiiieeeiieceniiecreeceeeeneeeasissseenmotnsasssseessssassssassreeensasesas 103
5.2 Device Fabrication.......cccevvrieriieiinierieiieiennnecsnmeessiniesiasccesssmnssees 103
5.3 Device ReSUILS..c..uuuiiiiiiiirrereneereeeereicmenrerresvttasiesterensssssennasssesas 107
5.4 DISCUSSION ceuuivrrrieirrrrrrrieereeereeeeeeeesareeesrnsasrmassmsascessosssssessessnsassres 113
5.5 Reassessing the Gain Budget..........ccooveinniniiininninnniinininncnnnn, 123

Chapter 6: Summary and Future Directions

6.1  SUMMAIY ..cccooinrenrerentrnerereierteesentiatesssasssresssssessssssssassesssssssnes 126
6.2 Future DIireCtions........ccccuvererrnecreriiiuneececcssinereeesinissssnsssesessennns 127
6.2.1 Cavity length ......c.ccovnviriiiininiiinnneerees 127
6.2.2 The P-CONLACE.....c..coreruirirrerrrurineeirresisriseneeessreessssesnsessanes 129
6.2.3  INternal IOSSES ......ccerireriiirmurinnreiiicsieiisnnieeesnnreciansneeanes 130
6.2.4 Dreaming-on: long term ProsSpects .........ccovvvuererenererenvenees 131

Appendix A: Process Follower
A.1 Resonant Cavity Diodes with an ITO Disk Contact................... 134

Appendix B: Angled DBR Routine...........................uuvcucueeucnennn. 140

xii



List of Figures

Chapter 1
1.1 Lattice constant and bandgap energy diagram..........cccccovivunerriinunnns 2
1.2 UCSB edge-emitting 1aser piCture ........ccoevvueieiviiienneeensiiinneneneennns 3
1.3  Application: display/bulb ..........cccovmiiimriciniinneeinienniniinienenieennnen. 5
1.4 ApPliCation: Prilter .......cccovemmiieerinieinieinsiiinnnriniesisesssesssssnsessanens 5
1.5  AppLication: SIOTAZE .......ccceerumiirrnriirsiieiisiiisesitieesnrssnennessesssnaesesans 6
1.6  Brown University RCLED design .......cccoevviivuiinnnnnennineennccnnenenes 7
1.7  GaAs VCSEL schematiCs....c..ccoervmriiiniiiiniieriiinineeenencnienneeenenans 9
Chapter 2
2.1 Cross-section schematic of the final device, and SEM .................... 16
2.2  Gain length comparison between edge-emitter and VCSEL............ 17
2.3  MOCYVD layer structure (indicating optional SL) ......ccccccceeviuveennn. 18
24  TEM comparison of thin and thick epi structures...........cccceeeuvrenenn. 22
2.5  Potential loss mechaniSms ........cccccocvrieriiciiinrnnrinineennniieeenennenenaen 25
2.6  Light scattering as a function of surface roughness.........c.ccceceueeeee. 26
2.7  Plot of abrupt aperture scattering loss as a function of

cavity length and aperture Size ...........c.coveineeiierenienninnesiienniiecscneenneeene 28
2.8  Effect of tilt angle as a function of aperture size ...........cccouveeruveennne 30
2.9  Effect of tilt angle as a function of aperture size (zoom) ................. 30
2.10 Resistances in the VCSEL Structure............cccvvvieeierssineneencncicinnne 32
2.11 Local gain for the 40cm™ loss PICS3D simulation............cceurueunenen 34
2.12 LI for the 40 cm™ loss PICS3D simulation .........cccceveeveceerennrnenan 35
Chapter 3
3.1  Reflectivity vs. number of periods.......cceevvvrreirrrenrerinsunecsaeesinenanans 43
3.2  Sandia mirror and stress reducCtion..........cceeeueeeesnerrisnnrnncssneeesnnnnes 44
3.3  ONRn, alpha plot for Ta205 .........cccverevriicmreinirninriiiensenissnneose 46
3.4  ANDO spectra taken during deposition of original signal, signal

at 11.5 periods, and difference. .......ceeiveiveiiemniniieiiinnennineeeneenee e 47

xiii



3.5 Mirror reflectivity for dielectric DBR......ccocovvvieeiieieiiriiiinnrneecnenan. 48
3.6  AFMs of mirror on sapphire and on ITO ........ccccovvmvviiiiiniunnnnecen 48
3.7 Reflectivity for a mirror on ITO ..........cevevivvviiniiiiniiirinininnnncieeninnns 49
3.8  Curved backside mirror cavity schematic ........cccccevvuuvivviniisinnnennee. 50
3.9 AFM of lens (a) before reflow, (b) after reflow with Al layer,

and (c) reflowed W/0 Al JaYer .....cccccvvermirririrniviininrierinnnicenieenne e 52
3.10 Optical micrograph of Ienses ..........ccciievinniiiiiiinnnninnenienininenne, 52
3.11 Lambda 9 plot of PMMA densification..........cceccvvvivuniirinnrniininsnenen 53
3.12 PEC chemistry schematiC .......ccovurieerircniviiiinncriiinnnneecinneneeneens 55
3.13 Bandgap selectivity of PECE.........ccccoovvviiivniiiiiiiiniicninieene, 56
3.14  PEC SEUP...ccuviiiiiiiiitniiciiiiininnsiteincciniittrestteesennsssnsensisssassesanes 57
3.15 SEM of Sum pillar w/o sapphire, and close-up .........occeevvuvvericnnnne. 58
3.16 AFM of rough pillar (PEC)......cooeevviiriiiiimiriiiicriiinreecncccnnenienees 58
3.17 Schematic of laser assisted debonding ..........ccecvviivinriinnriiinennenens 60
3.18 Optical micrograph of flipped, debonded die..........ccovrvivurnrieenncnen. 61
3.19 Shockwave/cracking SChEMALIC ........cccevverinreirieirinneneeinniinieenneceenn. 61
3.20 Different trench patterns — (a) semicircular, (b) linear,

(€) hexagonal........ccovveeriiiiriccirieinie et 62
3.21 Close-up of hexagonal trench ........ccceevuiiinrinnieininiinieeinneeincnnnenn. 63
3.22 PL spectra before and after debonding.........ccccevvvvvvireeinevnueecnnnnen. 64
3.23 Polished Spum pillar and ClOSEUP .....c.cccvvuvervrnniicvirirmrereeiiniiniernnneenan. 66
3.24 Silica-polished AFM ........coooneuiiiiniinicrnninenniicinienninccnecssesesssenes 67
Chapter 4
T 4.1 Table — mobilities for III-V p-doped semiconductors.........c..cueeenens 72
4.1 I-V curves for LEDs with p-SLS .........coiinviiiiniiiiiiiiiiinniccinennnnee 73
4.2  Schematic of ring contact and lack of current spreading ................. 74
4.3 ITO transparency — 0.25 vs. 6 sccm O,, R, T, R+T, no RTA........... 77
44  ITO transparency — post-RTA films......ccccevviivviiiennnininneieniennaneen, 77
4.5  ITO transparency — RTA temperature optimization .............cccceeeuee 78
4.6  ITO transparency — variation in ITO deposition temperature........... 79
4.7  ITO transparency vs. Ni/AU.......cccocvvieiiiininininissinneensnnnessneesinnannns 81
4.8  VASE measurement of ITO...........cooceeiivriinirissinininsinnninssnneeensennnns 81
49  I-V curves for ITO and Ni/Au devices. ......cccoeeerrrrerirrnnrerscreeeerennnes 82
4.10 Picture of “spotty emission” from square LEDs.......c.ccccovnveeeiiunnns 82

xiv



4.11 Uniform luminescence from ITO LEDs.........ccccceiiiiceririicnnienienann. 83
4.12 Pictures comparing uniformity of emission from ITO and

NI/AUTING. coeererreiiieiiiiiieiiinieeite ettt cssas s saaress e et ssssanaesasanes 83
4.13 Band diagram for the ITO contact .........cccouuvvriviieriinieceiiiieininnnnnenee 84
4.14  R+T for TIN/ITO.....ccoiviveriiiimniiniiiniestnresnnecsnencasesesssssseesseesne 86
4.15 I-V curves for TiN,Pd/Au, and ITO only .......cccceerrrrcmnerrenrcinennnnenns 86
4.16 Schematic of PECE aperture.........ccouveueeieiiniiinrictiicisnnneesccsrannessns 89
4.17 SEMs of QW undercutting ..........cccceeveveeeiniennriinneciciiisinesnessnneessns 89
4.18 Schematic of implant deviCe ........cccocvvmiirerirrisnenninniecniincceeneene 90
4.19 SRIM range plot for 180 keV Al in GaN .........ccccvvvviniiirninnneenienenns 92
420 I-V for implanted 20um LED .......ccoovciiiiiniiiinnnnrinneeinniccccinneenne 93
421 TLM for 10" dosage before and after RTA ......cccceveeenreeneererenennas 93
422 Process schematic for implantation and regrowth ........cccccocvveeennnn. 95
4.23 SIMS of implanted SITUCIUIES .......c.veveuiirrieneniiiiniiniiieiiicee e 96
424 Optical micrograph of light confinement in aperture.............ccccc.... 97
425 p-p TLM for 10" and 10" cm™ samples........ceceerruevererrerernerererennes 98
426 I-V characteristics for 10'* and 10" cm™ samples .........c.ccocreueee.... 98
Chapter 5
5.1 Process SChematiC.......ccoueieeneiinneeeinniericiniiiine et sarasesnens 104
5.2  SEM of poor pad metal deposition..........ccovuveiennniriniiniinniceensienens 106
53 L-I-V curve series for 10gm .......ccoeuiiiiiiiiiiniiniiiininnnnnneeceeiinineeensenn 108
54  L-I-V curve series for 10um ITO, short pulses .......cccccccevreeenruenaene. 108
55 L-I-V curve series for 2um ITO, 5 vs. 10 QW .....cccoevvvvvriirrnnnennnn.. 110
5.6  L-I-V curve series for varying aperture Sizes .........c..ccccerevcreeeeeenns 110
5.7  L-I-V curve series for Sum implant devices........ccccceeeeveererevnnenannne. 111
5.8 Spectrum for a 10 pm deviCe ........couveeeieerrrmricieennienieiiee e 112
59  Zoomed-in spectra from 10pm device .......uieevniiirineeenieeiinineninnes 112
5.10 Plot of S21% with R=0.99, 0.73 .....cccoeverreerrurrrurrererereeressasesecrreresens 114
5.11 Simulated spectrum with lateral modes........ccccoeeirimiercneriiinenenans 117
5.12 Simulated spectrum with added enveloping and baseline................ 118
5.13  5.15 Z00MEd-IN...cccoiniurinuriiniiiirinneninitieiinrreesisrisssieisressasssssees 118
5.14 Spectral linewidth as a function of pulse width....................cc.......e. 119
5.15 Spectral linewidth as a function of current...........ccccceeervereniennnnne. 119
5.16 Boxcar spectrum with 0.35 and 0.4 mm Slits......cc.ccevurevurnccrcnnnenes 122

XV



5.17 Boxcar spectrum with 0.35 and 0.3 mm slits..........ccoveeiveieivnvennnnenn. 122

5.18 p- vs. n-GaN tranSmiSSION .....cccueeeerruniirisiisienecesiuiienniessneserenesnennns 124
Chapter 6

6.1 Schematic of device on LEO wing, photo.........cccevuneviieririnnrnnnnn. 129
6.2  Yan Gao’s pic of PEC etched DBR ........ccccceiiniiniiirnimineennienniinnens 132

Xvi



Chapter 1: Introduction

1.1 Overview

The interest in gallium nitride based optoelectronics is not a recent
phenomenon. As industry pushes towards increased capacity in optical storage,
finer scale laser printing, higher efficiency lighting sources and displays, and
biomedical sensors detecting UV-induced fluorescence, the need for a compact,
easily operated, and highly durable short wavelength light source becomes
apparent. The (Ga,Al,In)N system seems ideal for the task. As traditional for
dissertations on the subject of GaN-based devices, Figure 1.1 presents a “World
Map” for this semiconductor system. As we move along the line between GalN and
InN, we cover emission from 365 to 650 nm, while adding aluminum to the system
extends the spectral range down to 200 nm in the UV. While these wavelengths are
also achievable using II-VI materials such as ZnCdSSe'?, GaN has proven to be
much more durable and less susceptible to defects.

For these reasons, research on gallium nitride has been iﬁ progress since the
late 1960’s**, with tremendous advances on optoelectronic devices being made

since 1989, when the problem of p-doping in the material was overcome by
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Figure 1.1: Lattice constant and bandgap energy diagram for the (Al,B,In,Ga)N system.

Akasaki et al using low-energy electron beam irradiation (LEEBI)’, and Nakamura
et al realized high quality epitaxial growth through the use of a low-temperature
buffer layer.® The first light emitting diode (LED) was fabricated in 1991 by
Nakamura’, followed in 1996 by the first edge-emitting laser®, continuous wave
(cw) operation of a laser diode (LD)’, and high-power UV LED'. In 1998,
Nakamura et al reported successful operation of a GaN LD for more than 10,000
hours, demonstrating the commercial viability of these devices."

UCSB achieved its first demonstration of a current injection LD in 1997."
Although the device, grown by metalorganic chemical vapor deposition (MOCVD),
exhibited a high threshold current denisty (J,, = 12.6 kA/cm?), it demonstrated
significant maturity in the epitaxial layers (Fig. 1.2). Since then, tremendous
progress has been made toward understanding and improving these structures.

Improvement in facet design through the use of chemical assisted ion beam etching



(CAIBE), cleaving", and focused ion beam (FIB) polishing'* have enabled better
extraction of the gain and loss parameters from the laser material.'* The
incorporation of lateral epitaxial overgrowth (LEO) has elucidated the roll of
defects in our devices.”” Studies on the incorporation of magnesium in GaN for p-
doping have yielded an understanding of the conductivity in those layers and the
detrimental potential of precipitate formation.'® As is the case in every
semiconductor system, edge-emitting lasers provide the best way to characterize
the material, so it is on the shoulders of these experiments that the work on the

- GaN-based vertical cavity surface emitting laser (VCSEL) has been based.

Figure 1.2: Demonstration of the first UCSB edge-emitting GaN laser diode.

1.2 Why Then, Do We Want a VCSEL?

In the gallium arsenide and indium phosphide systems, VCSELs are rapidly
gaining in prominence due to some notable advantages over edge-emitting lasers.
The relatively small size (um) and vertical geometry of these devices allows for a

large packing density on a single wafer while simultaneously providing for



unidirectional emission (edge-emitters require wafer dicing in order to extract the
light) and vertical integration capabilities — such as with detectors or amplifiers.
The added benefit of on-wafer testing — again due to the lack of dicing for light
extraction - the high packing density, and the relative ease of fabrication make
VCSELSs more economical than edge-emitters in a production environment. GaAs
and InP VCSELs typically have a short cavity length, on the order of one A,
resulting in single-mode emission. In InP, this is a requirement when coupling
these devices to optical communications networks. VCSELs can also be operated at
a higher modulation rate than their edge-emitting counterparts — again useful for
networking. Finally, while threshold current densities may be similar for both
VCSELs and edge-emitters, the smaller size dictates that VCSELs have a lower
threshold current of operation.

While fiber-based optical networking would not be the primary goal of a
GaN-based VCSEL, the advantages of this laser geometry remain the same.
Applications such as full-color displays and lighting can benefit greatly from the
ability to form device arrays, for lower costs and coverage of greater areas. When
the improved directionality and power efficiency of a VCSEL over an LED are
taken into account, the benefits for these technologies are even more apparent (Fig.
1.3). Using VCSELs, displays can have better resolution and lighting can be
brighter. Improved resolution is again a driving force in printing applications (Fig.
1.4)"7, where the low numerical aperture (NA) of the output beam, also directly a
function of the shorter wavelength, allows for a smaller spot size. Large device
arrays can help increase printing throughput. Finally, optical storage on a digital

versatile disk (DVD) can be increased sixfold by having again, a smaller spot
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size'® (Fig. 1.5) — the new Blu-ray DVD standard announced in February of 2002
will have 23-27 GB of data space on a 12 cm diameter disk, using a 405 nm LD. Of
course, the small footprint of the VCSEL and the ease of integration onto a larger
chip (via flip-chip bonding, for example) will help miniaturize these applications,

leading to the ultimately desirable lower production costs.

R mem

Figure 1.5: A shorter wavelength translates into a smaller spot size, allowing for a greater density of
pits on an optical storage disk.'®

1.3 The Difficulties Involved

An axiom of research is that the more desirable a result, the harder it is to
obtain. The GaN VCSEL is no exception. As of this writing, there have been no
reports of a current-injection device. Several groups have reported optically
pumped lasing.'®® The structures however, are far from optimized for electrical
operation. They typically have low (<99%) reflectivity epitaxial or dielectric
mirrors and a large number of quantum wells (21 in the case of ['?]), such that even
if all the wells were pumped, the loss due to the mirrors would be too great. The

gain budget is discussed in greater detail in Chapter 2.



A number of groups have reported on preliminary LED and resonant cavity
LED (RCLED) work with prospects toward a current-injection VCSEL. One group
has demonstrated operation of an RCLED with a structure very similar to the
design presented in this thesis (Fig. 1.6), incorporating dielectric mirrors and an
indium tin oxide (ITO) contact.”’ However, they were unable to reach current
densities necessary for lasing threshold. A number of efforts are focusing on the

use of epitaxially grown DBRs?*?

, although as discussed in Chapter 3, only one
group has managed to produce a high reflectivity AIGaN/GaN mirror, and the
increased surface roughness which results from such a thick growth probably
introduces significant scattering losses.” Recently, research has focused on the
use of tunnel junctions for current spreading, again with promising preliminary
results.?*? It should be noted however, that only the group at Brown University
has presented on a complete device.

In order to understand the difficulties involved in fabricating a VCSEL in

the nitride system, let us first take a look at some working, more “conventional”

Figure 1.6: Device schematic of an RCLED fabricated at Brown University. The design
incorporates two dielectric mirrors and an indium tin oxide (ITO) p-contact.?' Figure reprinted by
permission, courtesy of A.V. Nurmikko.



GaAs -based devices. Figure 1.7 shows a schematic of a number of different
VCSEL designs common in GaAs. While subtle differences exist between designs,
they do share the common element of epitaxially-grown mirror stacks, lattice-
matched to the underlying GaAs substrate. Two of the devices feature a contact on
the substrate and conduction into the active region through the mirrors. The third
device incorporates an oxide aperture for current confinement. These features are
as-of-yet unavailable in the nitride system.

GaN and its alloys are typically heteroepitaxially grown on sapphire, a

2 This difference in

substrate with a 1.2% lattice mismatch to the layers above.
lattice constant severely limits the quality and thickness of epitaxial mirrors,
typically AlGaN/GaN (although recent work suggests that this problem can be
overcome?®). Sapphire is also insulating, such that even if we could grow the
DBRs, a backside contact would not be possible. While growth can be done on a
conductive silicon carbide substrate, SiC is an inappropriate choice for inclusion in
a VCSEL cavity due to its opaqueness. With no epitaxial mirrors, the alternative is
dielectric stacks. This raises the issue of placement of the bottom mirror, especially
since the sapphire substrate is not easily removed by polishing or etching. Also, as
these mirror stacks are insulating, we must incorporate intracavity contacts in the
device design, in a manner similar to the device in Fig. 1.7(c). While this is not
particularly difficult, it should again be noted that the device in Fig. 1.7(c) uses an
oxide aperture to confine the current to the device’s axial center. GaN and its
alloys however, are particularly resistant to oxidation, so this type of aperture is
unavailable. A common alternative to an oxide aperture is aperturing via a

selective wet etch. Again, this is difficult when working with III-N compounds,



which are highly resistant to conventional wet etching. The problem is further
complicated by the relatively low conductivity of p-doped GaN, since we cannot
simply rely on current spreading in the semiconductor layers. When also adding in
traditional issues faced in VCSEL fabrication, such as heating, scattering, and
absorption, the GaN-based VCSEL seems a daunting task, requiring some tricky
engineering. It is a progression, with each solution or choice contributing to a
subsequent node in the design flow. The aim of this work has been to come up
with engineering solutions to these problems, breaking down the list of issues into

separate components — gain budget and MOCVD growth, cavity design, and the p-

'&f: 3 kﬁ-‘r‘w’w& fu-: £.
D pieieD, Lesc. €
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Figure 1.7: Three common GaAs-based VCL schematics. (a) An etched mesa structure (bottom
emitting): current is conducted through the mirrors and via a substrate-backside contact; optical
index guiding provided by the mesa walls. (b) Proton implanted: current is again conducted through
the mirrors and substrate while confined by a semi-insulating implanted region. (c) Dielectric
apertured with intracavity drive layers: current is confined by the dielectric aperture which also
provides some optical index guiding.®



contact — tackling each one individually with the intention of, at the end, combining
the pieces into a whole device. As such, the body of this thesis is broken down into
four sections, three dealing with the individual issues, and the last discussing the

completed device.

1.4 An Overview of the Dissertation

Chapter 2 covers the growth of the lasers by MOCVD and the gain-budget
considerations. The device design being worked toward in this dissertation is
introduced, and the growth parameters are described. Chapter 2 also touches on the
issue of defect densities in GaN devices and their impact on a VCSEL. Based on
the work done on edge-emitters at UCSB, predictions are made about the expected
performance and parameters of a VCSEL fabricated from similar material.

Chapter 3 outlines the extensive issue of the cavity structure — the mirrors
and their placement relative to the active medium. The choice of fabrication
method for the reflectors, epitaxial growth or dielectric deposition, is addressed.
Problems with the production of high quality, high reflectivity epitaxial stacks are
addressed, along with poténtial near-term solutions. The decision to use dielectric
mirrors in the device structure is explained, discussing the advantages of these
DBRs and the method of their fabrication, as developed by Oded Buchinsky in
1998. The incorporation of the mirrors in the VCSEL design is dealt with next.
The choice of sapphire as a substrate requires us to either include it in the device
cavity, or remove it prior to the deposition of the backside mirror. Chapter 3
discusses in brief the possible use of backside microlenses, which would allow for

the sapphire to be a passive element within the cavity. It then covers two options of
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ridding the device of its original substrate: backside illuminated photo-
electrochemical etching (BIPEC etching) of a sacrificial layer, and laser-assisted
debonding of the sapphire from the GaN film. Again, the advantages and problems
of each method are discussed. Finally, Chapter 3 addresses the need for polishing
the backside of the structures in order to minimize scattering losses due to surface
roughness. What appears to be surface-termination dependant chem-mechanical
polishing action has been observed in GaN, and the results of this study are also
presented.

Chapter 4 deals with the problems brought on by the poor lateral
conductivity of the p-GaN. As with the cavity design, we are again faced with
choosing between two options: spreading the current by the use of a transparent
conductor, or confining the current to the axial center by using an aperturing
technique. The efforts made on both fronts are discussed — the use of ITO as a
transparent, current-spreading contact, and current aperturing by both
photoelectrochemical etching and aluminum ion implantation.

The components are assembled in Chapter 5, which presents the results of
the completed device. Light-current-voltage characteristics are shown, as well as
spectral data. Chapter 5 also discusses the issue of heating within the device, the
limits it places on measurement techniques, and how this problem is overcome. The
discussion of losses in the device, first introduced in Chapter 2, is continued in the
context of specific measurement results.

Finally, Chapter 6 summarizes the work and presents a possible roadmap
for further research on these devices, and for those interested in trying this on their

own, a process follower has been attached in the appendices.
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Chapter 2: Introducing the Device -
Growth and the Gain Budget

2.1 Overview

Before dissecting the device into its separate components, as covered in
Chapters 3 and 4, the overall design should be introduced, so as the bigger picture
can be seen and the work in the later chapters be motivated. Figure 2.1 presents a
cross-section schematic of the device structure addressed in this dissertation, as
well as an SEM micrograph of a diode just prior to flip-chip bonding (see Chapter 5
for details on fabrication). Some of the salient features of this design include the
incorporation of two high-reflectivity dielectric mirrors, the use of either a current-
spreading indium tin oxide (ITO) transparent contact (shown) or ion implantation
for current confinement, flip-chip bonding onto a heat-sink, and the removal of the
original sapphire substrate.

While the end design is somewhat different than traditional GaAs or InP
based VCSELs (Figure 1.7), the overall objective is the same: to minimize the
losses in a cavity with a short gain medium so that the lasing threshold can be

reached. This minimization is far more critical in a VCSEL as compared to an
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edge-emitting LD; Figure 2.2 illustrates this point. The short amplification length
(i.e. small per-pass gain) requires that losses such as transmission through the

mirrors, absorption in contacts, and scattering from rough interfaces be much

Light emission

g Bottom DBR

_ sl Active

n-Contact

Aperture O.D. =
2,5, 10pm

Figure 2.1: Cross-section device schematic and a SEM micrograph of a 10 um aperture device prior
to flip-chip bonding.
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smaller than those tolerable in edge-emitting LDs. Of course the gain can be
increased through higher current injection, but only to a point, after which heating
effects dominate.

To predict the performance of the final device, it is necessary to draw up a
gain budget, estimating the potential losses and comparing them to the per-pass
amplification in the active region. This chapter addresses the gain — based on
measurements of edge-emitting lasers — and the potential losses are predicted and
estimated. VCSEL operation characteristics are also predicted. First though, the
epitaxial structure is presented and the design of the layers for current-injection

vertical devices is discussed.

Edge-emitter VCSEL

Figure 2.2: Hlustration of gain-length difference between edge-emitter and VCSEL.

2.2 Epitaxial Details

In order to facilitate any upcoming discussions of the material, let us first
take a look at the epitaxial structure and the growth details. Figure 2.3 details the
layer structure of the device presented in Figure 2.1, grown by metalorganic
chemical vapor deposition (MOCVD) on double-side polished sapphire substrates

(Chapter 3). Typically, the films consist of 5 pm of GaN:Si (with an optional
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insertion of 1000A of InGaN:Si), five to ten 40A In,,Ga,,N wells separated by
80A In,,Gag s, N:Si barriers, a 200A Al,,GaygN electron-barrier layer, and 5000A
of GaN:Mg.

Usually, a 2.5 pym thick GaN:Si template is grown first in a vertical
geometry reactor (System IV) on full 2-inch diameter wafers. The template is then
cleaved/broken into two 20 x 30 mm?® pieces. The remainder of the epitaxial
structure is grown on each of the two pieces in a horizontal reactor (System II).
Although the thickness uniformity of the films grown in this system is significantly
worse than for films grown in the vertical geometry reactor, InGaN films are of
higher quality. While great progress has been made on finding suitable growth
conditions for InGaN in System IV, films still exhibit a large density of growth pits
— potential scattering centers.

Atmospheric pressure MOCVD is employed for all layers except the

AlGaN barrier, which is deposited at 300 Torr. GaN:Si is grown at thermocouple

200A Al, ,GaN:Mg

40A Ing ,(GaN wells
3-10QW 454 Ing g35GaN:Si barriers
(top barrier is undoped)

. 253mGaNsi | B0ALTGaN:si

S . | Optional InGaN S.L.
-~ 2.5-3um GaN:Si

sapphire
| [

Figure 2.3: MOCVD layer structure for the device in Figure 2.1
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temperatures of around 1060°C, the InGaN and AlGaN at around 800°C, as
dictated by calibration runs, and the GaN:Mg is grown at around 1040°C.
Hydrogen and Nitrogen are used as carrier gasses for the metalorganics.
Trimethyl-gallium (TMGa), trimethyl-indium (TMIn), and trimethyl-aluminum
(TMAL) provide the group-III elements. Ammonia (NH;) serves as the nitrogen
source. Disilane (Si,H,) and biscyclopentadienyl-magnesium (Cp,Mg) yield the
dopants. The electron concentration in the GaN:Si is about 1x10' cm™. The
dopant level in the p-layer is estimated at around 5x10' cm™, and the hole
concentration (in bulk material) is approximately 7x10'7 cm™ after activation at
950°C for 3 minutes.'

The configuration of the active region is based on numerous studies
conducted during the, optimization of edge-emitting LDs.”'® Photoluminescence
(PL) measurements, X-ray spectroscopy, and atomic force microscopy were all
employed to determine the optimal thicknesses of the wells and barriers, the
composition and silicon doping levels of the barriers, and the growth rate. Brighter
PL is an indication of improved carrier confinement, while AFM scans check for
excessive pitting (occurring at high indium concentrations) where recombination
can take place, or for surface roughness (also a function of In concentration as well
as doping levels) which can lead to increased scattering. Since the results of these
measurements do not depend on the final direction of light emission, they should be
applicable to VCSELs as well. Although the optimal UCSB edge-emitter cavity
has only 3 QWs, the VCSEL structures incorporated either 5 or 10. Although
difficult to quantify due to the significant scatter in the LD data available, the

number of wells is a balancing act between having a gain-length which is too short,
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and incorporating more wells that can be pumped. The problem in the latter case is
that any unpumped well is a band-edge absorber. Simulations of devices with 5
QWs (see below) show that all wells have a positive gain.

The most notable difference between the epitaxial composition of the GaN
devices explored and more conventional III-V VCSEL structures is the overall film
thickness. Typical cavity lengths are on the order of 1-3 wavelengths, ensuring that
the active region is at both the peak of the electric field, and at the peak of the
optical standing wave. This degree of precision is easy to achieve using molecular
beam epitaxy (MBE) — the predominant growth technique for GaAs-based
VCSELs. In the III-N system however, the short wavelength of operation
translates into shorter relative lengths, i.e. whereas one wavelength of 1.55 ym in
InP implies a 490 nm thick layer, one wavelength in GaN translates to 160 nm of
material. In MOCVD of GaN, heteroepitaxy on sapphire necessitates at least 1 pm
of growth just to coalesce the island structure of the low-temperature nucleation
layer.'"'* Adding to that the 50 nm of active region, and a minimum of 500 nm of
p-doped GaN (see below), already brings the total cavity length to 10 A. This
difference is not necessarily problematic, as discussed in Section 2.3. However, it
is important to note that the thickness uniformity in the horizontal MOCVD reactor
is poor, with film thickness varying from 1.5 pm to 2.5 pym over 2 cm for a
nominally 2 pm thick film. As such, it is difficult to accurately place the active
region within the cavity. With the shift to a more uniform vertical MOCVD
geometry, and with an effort on developing epitaxial mirrors, this problem should

be overcome.
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Initially, the growth structures employed in our experiments consisted of a
significantly thinner, 2 um n-doped layer, and p-GaN caps ranging in thickness
from 1230 to 2870A (3AM/4 to 7AM/4). However, ITO-contacted devices fabricated on
these wafers would short when biased to carry more than 250 pA (320 A/cm’ for a
10 uym aperture), while metal devices fared only slightly better, capable of
conducting up to SmA. Subsequently, the n-GaN layer was thickened to >5 ym
and the p-GaN to 5000A. As will be shown in Chapter 5, these increases yielded
devices capable of handling up to 40 mA, equivalent to 51 kA/cm® for a 10 ym
aperture (with ITO contacts). It was suspected that a combination of reduced
threading dislocation density in the thicker films and reduced heating due to the
thicker p-GaN was the reason for this improvement in device performance.

Figure 2.4 shows transmission electron microscope (TEM) images of two of
the thinner (2-3 pm) films and of the thick (5.5 pm) growth structure. While a
higher concentration of threading dislocations appears to be present in the thinnest
film (various areas were imaged to ensure trends), it is difficult to conclude that the
material quality is significantly higher in the thick film. This implies that given
processing constraints, such as the substrate removal discussed in the next chapter,
a thinner n-GaN layer can be employed.

As for heating, if we assume that the heat is predominantly generated in the
resistive p-GaN layer (but absorbed in the InGaN active region, where the thermal
conductivity is lower, 0.2 W/cmK, as compared with 1.3 W/cmK for GaN"), and
that the layer is essentially a uniform disk, then the temperature rise should scale
inversely with layer thickness. Heat, Q, is defined as,

Q=mC,AT @.1)
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Figure 2.4: Cross-section TEMs of 3 device films: (a) a 3 pm, 5 QW structure, (a) a 4 ym, 5 QW
structure, and (a) a 7 ym, 10 QW structure.

where C, is the heat capacity of the material, and m is the mass, equal to p, the
density, times the volume. For 2 cylinders of equal radii, mass, and heat capacity,

for a given dissipated power one can set the heat equations equal to each other,

0,=pV,C, AT, =pV,C,AT, = 0, 22)
yielding,
Yi_n_AL (2.3)
v, b, AT

So, the temperature rise should be greater for the thinner film. If we compare the
power-at-failure for devices on the two structures, based on their I-V

characteristics, we see that devices on the thinner p-GaN shorted at 43 mW, while
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those on the structure with the thicker p-layer short at around 175 mW. This is
slightly more than 4 times as high — indicating that there is some non-ideality

involved.

2.3 Estimating the Gain Budget

Since the gain and loss in the device are so heavily dependent on the quality
of the crystal structure, estimates for these parameters are again based on those
extracted from edge-emitters fabricated at UCSB from similar material. Our goal is
to predict a threshold current density for our devices based on the threshold gain.

The two parameters can be related via a logarithmic fit:

J
(&)= 8 In=t, (2.4)

o
where g, is the gain parameter and J,, is the transparency current density. <g,>, the
threshold gain, is equivalent to the sum of the losses in the cavity,

(84)=Tg, =0, +a,. (2.5)
o; represents the internal losses in the device. o, is the mirror loss, related to the

cavity length and reflectivity at the mirrors:

1, 1
o =—In—. 2.6
m=7Mg (2.6)

For the edge-emitters, it was estimated that g, = 59 cm™, J, = 5.5 kA/em?,
and that the internal losses, o, equal 26 cm™.'® The fitted values however, depend
on estimates of the mirror reflectivity. Unfortunately, the quality of edge-emitter
facets varied between devices due to difficuities in reactive ion etching (RIE) of the
bar ends, resulting in a fair amount of scatter in the data (as such, in his thesis,

Mike Mack calculated g, = 92 cm™, J, = 4 kA/cm?, and o, = 54 cm™'). Assuming a
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reflectivity of 99.5% and a cavity length of 5 pm, we calculate @, = 20 cm™ from
Eqn. (2.6). Together with the internal loss of 26 cm™, the threshold modal gain is
46 cm’ and the expected threshold current density is about 12 kA/cm?®.

Estimating the confinement factor,

L
r=-T,, 2.7

to be ' = 0.014, taking a T,,, factor of 1.5'7 and unity confinement in the axial
directions, we back-calculate a material gain of about 3300 cm™ at threshold. With
this gain, we expect a per-pass amplification of e*“~ =1.007 fora 5 QW device.
To achieve lasing, the losses in the system must be kept below 0.7% per-
pass. Possible loss mechanisms that would be more significant in vertical devices
include: scattering from rough interfaces, such as at the sputtered ITO contact or at
the polished interface between the GaN and the second DBR, absorption in
unpumped wells, dispersion losses due to a long, weakly guided cavity, and mode-
walkoff due to any nonplanarity of the mirrors (Figure 2.5). Moreover, heating due
to the p-GaN resistivity or to a high contact voltage may reduce the available gain
at a given current density. In designing the VCSEL, it is important to ascertain the

relative weight of each of these losses.'

Mirrors
The most obvious sources of potential loss in a VCSEL structure are the

mirrors, where the short amplification length requires very high reflectivities for

! The author feels it should be noted that some of this analysis was conducted postmortem once it
became clear that the devices presented in Chapter 5 were not lasing. Of course, as shown in
Chapters 3 and 4, great care was taken to keep these to a minimum from the get-go.

24



Light emission

e PO

Tilt angle

A(‘:ti\"e 3

Cavity length
(diffraction) ITO
(absorption, scatter)

Figure 2.5: Potential loss mechanisms in the VCSEL design from Figure 2.1.

threshold to be reached. For a 0.7% per-pass gain, if the backside mirror has a
reflectivity of 99.8%, then the sum of the transmission loss of the front mirror and
the internal optical losses cannot exceed 0.5% (i.e. for no internal loss, the frontside
mirror must still have R = 99.5%). In fact, for the o, = 0 case, the worst either

mirror can be is 99.65% reflective.

Optical Scattering

The scattering from a slightly roughened film is approximated as:

2
S= vaanered = (ﬂ) s if T, >> A (2.8)
Encidem z’

where 8 is the r.m.s. surface roughness, A is the operating wavelength, and 7, is the
correlation length, and assuming normal incidence and a high reflectivity scattering

surface.'® Eqn 2.8 is plotted in Figure 2.6. We note that for the loss to be kept
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Figure 2.6: Light scatter loss as a function of r.m.s. surface roughness.

below 0.1%, no interface can be rougher than 0.5 nm (r.m.s.). As grown epitaxial
films less than 10 ym in thickness typically have r.m.s. surface roughnesses of
around 3A. One of the potential problems of incorporating epitaxial mirrors or
HVPE films for homoepitaxy is the greater surface roughness due to the increase in

film thickness.

Diffraction due to a long cavity

Typically, longer wavelength (980-1550 nm) VCSEL designs rely on a
cavity length on the order of a few wavelengths to ensure that the diffraction losses
are kept to a minimum. Since the design shown in Figure 2.1 involves a weak
gain-guided structure, we desire to know how much additional loss might be
incurred by the spreading out of the optical mode over the length of the cavity.

The loss per pass can be defined as an overlap integral,
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pp =1- | ”dxdy\ll‘f)\lf]' / m dxdy|¥[ | (2.9)
where D is the free-space propagator defined as,
D=F" Exp{~j (k2 +k>?)/8nF}F. (2.10)
F represents a Fourier transform. F is the Fresnel number, and is defined as,
a‘n
F=—2 2.11
L 2.11)

where a is the mode width and L_is the cavity length."

This analysis can be taken one step further by taking the ITO contact as an
abrupt aperture, which introduces a phase shift to the mode function,
Exp{ jo(x, y)} For an abrupt aperture,

kyAnL, r<a

2.12
0 rza ( )

¢(r)={

where An is the change in effective index as a result of the aperture, from the
device core to the outer pillar. Based on simulations using Vertical, this difference
is quite small, about 1.925x10”. This is not particularly surprising, given that most
of the cavity is GaN, with the ITO only about 0.5% of the total thickness.

The shape of the mode is determined by solving the waveguide equation®,

¥, 10¥ 1%
arr r dr r*a¢’

+4°¥.=0 (2.13)

which leads to Bessel function solutions of the form,

Jo(ur) r<a

K,(wr) rza .14

¥(r)= {

In his thesis, Eric Hegblom generalized the solution, providing a general formula

for the scattering loss per pass for abrupt, circular apertures™:
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Figure 2.7 plots o, as a function of the device aperture size, for 4, 6, and 10 pm
cavities. The smaller the aperture diameter, the greater the impact of cavity length
on the scattering loss. The implication is that we desire either large devices, or a
very thin cavity. Additionally, a shorter cavity would increase the optical

confinement, which in turn would allow for greater losses without jeopardizing the

threshold condition.
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Figure 2.7: Scattering loss (% per pass) as a function of aperture diameter, for varying cavity
lengths.
Mirror angle

The calculation of scattering loss in the previous section assumes that the
mirrors are parallel — a reasonable assumption for the case of epitaxially grown

DBRs, where the only tilt between the reflectors would be a result of growth non-
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uniformity and thus potentially small. However, as discussed in Chapter 3, the
removal of the sapphire substrate necessitates some polishing in order to reduce the
potential of surface roughness induced scattering. It is useful then, to consider the
effect of mirror tilt on the overall reflectivity of the mirror.

The task is then to reflect the mode off of a mirror and overlap it with the

original wavefunction to determine the loss:

2

Ry =Ry *|dexdy‘P'M‘P|2/IJIdxdy|‘P|2

(2.16)

where,
M=F"'RFd Q.17

M incorporates both the reflection and the effect of the mirror angle, which is to
introduce a spatially-dependant phase shift, ®, defined as,

& = Exp{~jk,n; xTan(6)} (2.18)
A phase shift in real space results in a translation in Fourier space. The reflection
from the DBR essentially creates a mode with the opposite phase shift, but also
takes into account any polarization caused by the mirror. In our case there is no
dependence on polarization, so the average of the components is used. 6 represents
the off-plane tilt angle of the mirror in radians.

A finite-difference mode solver was used in conjunction with a
waveguiding routine and a reflection analyzer to calculate the effective reflectivity,
R, as a function of tilt angle for a 30A cavity with a ~100% reflective dielectric
DBR (the routine is included in Appendix B). The results are shown in Figures 2.8
and 2.9 for devices with 2, 5, and 10 pm diameter ITO apertures. For large area

devices, a small degree of tilt quickly introduces a catastrophic loss — keeping in

29



) N ) 1 | . | 1 1 I

10um aperture
= = = 5pm aperture

2 = = =-=2um aperture
5
b
=
%}
&
o
S
=
E
5]
Z
Y
b \ -
L \ -~
0 C 1| 11 ! | ! L 1 | ]
0 0.2 0.4 0.6 0.8 1

Tilt Angle of the DBR (°)

Figure 2.8: Normalized reflectivity as a function of a tilt angle in one of the mirrors. The cavity
length is taken to be 30A. The aperture is defined by an ITO contact.
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Figure 2.9: Zoomed-in view of Figure 2.8, focusing on small tilt angles.
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mind that the minimum allowed reflectivity for the 0.7% gain condition is 99.3%,
assuming that all other losses are zero. This means the non-planarity must be
below 0.05°. While smaller devices are less susceptible to this loss mechanism, as
mentioned above, a smaller aperture requires an overall thinner cavity to avoid

additional diffraction losses.

Resistance

While not technically an optical loss mechanism, device-heating hampers
lasing by increasing the current required to achieve the threshold gain. The source
of heating in the device is resistive — both from lateral conduction in the n-GaN,
and conduction both vertically and laterally in the highly resistive p-GaN. Figure
2.10 breaks down the conduction path in an ITO contacted device into some
simplified circuit elements. For devices with implant apertures (see Chapter 4), the
spreading resistance in the ITO is replaced by the lateral resistance of the p-doped
regrown GaN.

We can estimate the resistance of each of these elements from,

conduction distance
R(Q) = p(Q cm) X 2.19
@) p( ) cross - sectional area ( )

where p is the resistivity of the material:

1
qu;n;

p, = (2.20)

Since these devices are circular in shape, the cross-sectional area is dependent on

the radius in cases of lateral conduction. As such, the lateral resistance becomes:

T dr p r,
R = =——In| = 2.21
lateral ;!.pt-27tr 271'[ ('i) ( )
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Figure 2.10: Resistances in VCSEL structure.

where t is the thickness of the given layer. Resistance in the vertical direction is

simply:

vertical — ”Pr:z (2.22)
taking the radius of the contact to be r,, and assuming no current spreading.

For the carrier concentrations and layer thicknesses given in Section 2.2, we
can roughly estimate the vertical p-resistance to be 61 Q for a 10 pm diameter
contact, and the vertical n-resistance to be around 1.1 Q. For a smaller, 2 pm
diameter device, the vertical p and n resistances are higher, 1.5 k€ and 16 Q,
respectively.

In the lateral direction, n-GaN resistance is around 7 €2 for a 10 pm device
where the distance between the p and n contacts is 10 pm, and the below-mesa n-

GaN thickness (t) is 5 pm. Of course, this is most likely an underestimate

considering that current flow is probably not uniform over that entire thickness. As
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such, moving the contacts closer together is desirable. However, the resistance is
still small as compared to the vertical resistivity of the p-GaN.

Lateral resistance in the p-GaN is alleviated by the use of the current
spreading ITO contact, which has a resistivity of 5x10* Q cm. However, for the
implant-apertured devices presented in Chapter 4, lateral conductivity takes place
in a 1200A regrown p-GaN layer over a distance of 5 pm. In this case, we estimate
the lateral resistance to be around 13 kQ. Since thickening the p-GaN would
increase the vertical resistance, the mask design also included devices with a
shorter lateral conduction path. However, the biggest impact on device
performance (for all device types) would be a reduction in the p-resistivity through
an increase in the hole concentration or the mobility. Heating is directly
proportional to the dissipated power (AT = PpZ.; Z; is the thermal impedance),
which is directly proportional to the resistance (P = I’R). A 50% reduction in

resistivity should then translate into a 50% reduction in the temperature rise.

2.4 PICS 3D Simulations

The PICS 3D software package from Crosslight Systems?' models laser
diode performance by self-consistently combining band-structure and gain-
calculations with two-dimensional simulations of the wave guiding, carrier
transport, and heat flux.'> Dr. Joachim Piprek, using parameters taken from UCSB
edge-emitters, has modeled the behavior of a VCSEL based on the design presented
in Figure 2.1. The result is an additional prediction of the characteristics of a
working laser, and should give us an idea of where any improvements in either the

material or the structure are necessary.
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In particular, the internal loss, o, and the Shockley-Read-Hall (SRH)
recombination lifetime were varied, as these have the greatest effect on the final
device performance. In the first model, the internal loss and the SRH lifetime were
take to be 20 cm™, and 1 nsec, respectively. The second simulation used values of
40 cm’, and 0.1 nsec. There is a great deal of uncertainty in the value of these
parameters, and the numbers used for the SRH lifetime reflect both modeling of
UCSB LDs and Nichia devices, while the initial value for the internal loss
represents an intermediate of Amber Abare’s and Mike Mack’s estimated c;.

Figure 2.11 shows the local gain as a function of depth for the high
loss/short lifetime case. A primary concern in the design of a VCSEL is that all
wells should contribute to the gain in the device. Otherwise, the unpumped well
would simply be absorbing. In 5 QW edge-emitters, it was shown that only 2-3 of
the wells contribute to lasing, but as evidenced in the figure, this is not a problem in

our structures. Similar performance was observed for the low loss case.
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Figure 2.11: Simulated local gain in the quantum wells above lasing threshold
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Figure 2.12: Simulated L-I characteristic for a device with o, =40 cm™ and 0.1 nsec SRH lifetime.

The striking difference between the two simulations however, was in the
prediction of threshold currents for 10 pm diameter ITO aperture devices. As seen
in Figure 2.12, the light versus current (L-I) characteristic curve turns up at around
1 A, equivalent to a current density of nearly 1 MA/cm®. For the low loss case, the
threshold current value drops down to 160 mA (200 kA/cm?), and down to 20 mA
(25 kA/cm?®) for zero loss and 1 nsec carrier lifetime. While the threshold current
density from the high-loss case is very difficult to achieve — even under short pulse
operation — diodes with 2 pm diameter apertures can be operated up to 127 kA/cm’
before heating effects result in a downturn of the L-I curve (as will be shown in

Chapter 5).

2.5 Summary
The difficuities in processing GaN-based devices result in a rather tricky
device structure. Additionally, the tight gain budget in the VCSEL geometry

necessitates an extremely high degree of optimization during design and
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fabrication. Of course, since the devices presented in Chapter 5 are not lasing, yet
are operating at current densities higher than those predicted, the implication is that
the internal losses in these structures are higher than in the edge-emitters. The next
two chapters focus on the individual pieces of the diode structure, but the lack of
clean material data makes predicting the performance of the VCSEL a difficult
task. Care must be taken to minimize the losses, with the intention of extracting

accurate parameters from a working device.
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Chapter 3: Cavity Design

3.1 Overview

VCSEL design begins by determining the cavity — how to incorporate the
gain medium between two reflectors such that the losses are minimized and
photons can be made to travel multiple times through the active region, stimulating
the emission of other photons from electron-hole recombination. Typically this is
done by first epitaxially growing a DBR, followed by a thin n-doped region, one
half of the cladding/carrier confinement structure, a handful of quantum wells and
barriers as the active region, and finally the other half of the cladding and a thin p-
doped layer. One then can choose to use a dielectric mirror and an intracavity
contact, or to grow the top (p-side) mirror in a manner similar to the bottom one. In
GaN growth however, the lack of a good epitaxially lattice-matched substrate
complicates traditional design.

Growth of GaN and its alloys is typically done on either sapphire or silicon
carbide (6H-SiC) substrates. These substrates have hexagonal symmetry and are
used since GaN typically favors the 6-fold symmetric wurtzitic phase (see Fig.
1.1).! Ideally, bulk AIN or GaN wafers would be used for epitaxial growth, but the

technique of creating free-standing GaN and AIN is still in the proof-of-concept
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stage.”® Other substrates have been given consideration, such as lithium gailate
(LiGa0,), lithium aluminate (LiAlO,), and zinc oxide, all of which are well lattice-
matched to GaN. However, these materials decompose at high temperatures and
typically have multiple crystalline domains such that subsequent growth quality is
low.*® High quality sapphire and SiC are readily available, and both materials are
durable enough for MOCVD growth at 1100°C. SiC is better lattice-matched to
GaN, can be n-doped for substrate-backside contacting, and has a higher thermal
conductivity — useful in high-power devices — but 2 wafers are still more costly
than sapphire and SiC is not transparent in the visible wavelength range, precluding
the fabrication of bottom-emitting devices. Furthermore, epitaxial growth on SiC is
typically limited to a maximum thickness of a few microns before severe tensile
cracking occurs. While growth tricks, such as the incorporation of low temperature
(LT) interlayers’, can reduce the cracking problem, this thickness limit hinders
successful incorporation of thick epitaxial mirror stacks (see below). As such, the
work presented in this thesis was done with sapphire as the substrate. Growth of
thick films (>6 pm) presents no problems, and the transparency of sapphire for
wavelengths well into the UV allow for bottom-side emission. We are, however,
limited in our capabilities of growing Al,Ga N films with high aluminum
percentages, due to tensile cracking for compositions higher than x = 0.2 - 0.3.
Additionally, the thicker the layer the more prone it is to cracking.."HZ It should be
noted that both sapphire and SiC are highly resistant to conventional wet etching.
While unimportant if incorporating an epitaxially-grown bottom (n-side) mirror,
this chemical stability poses a significant hurdle if removal of the substrate is

required.
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In this chapter, the development of a dielectric mirror as an alternative to
epitaxial stacks is presented. The chapter also covers the methods in which the
sapphire substrate is either included in the cavity or removed - designs that are the
consequences of using dielectric DBRs. Finally, the reduction of scattering losses

through polishing is discussed.

3.2 Mirrors

Our choice of substrate directly impacts our choice for the n-side DBR —
selecting between an epitaxial stack and a dielectric one (metal reflectors are far too
absorbing at around 400 nm and not sufficiently reflective). The choice of p-side
mirror is also affected, although in that case one also has to consider the issue of
contact formation — p-doping for conduction through the mirror versus intracavity
contacts and a dielectric stack. This is discussed in greater detail in the next
chapter.

Before the issue of specific materials is addressed, let us first take a look at
some of the basic parameters that determine a mirror’s characteristics. The
reflectivity of a mirror is a function of the difference in index of refraction between
the two layer types in a stack and the number of periods (m) used, as given by
Equation 3.1:

) 1— 2m \2
Rppr = IrDBRl = [1—;%'%327] . (3.1)
VAL

The higher the index contrast, the fewer periods are needed to reach

reflectivities exceeding 99%. It is important to remember that the short
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amplification length in a VCSEL structure (refer to Chapter 2) necessitates these
high reflectivities in order to overcome any losses and reach threshold.

(3.1) assumes that each layer is A/4n thick, so that we have constructive
interference and a maximum amplitude reflectivity is obtained. The spectral width

of the stop-band — the high-reflectivity region — of a DBR is also dependent on the

index constrast:

225, AN
Aa’sluphaml = ——E—E_’ (32)
Tn,,
where n; is given by,
-1
|
n,=2—+—1\, 3.3
7 ("l ”2) G

and An=n, —n,.

Given the difficulties in growing uniform active regions, a mirror with a
wider stop-band would allow for a greater variation in the emission wavelength.
Finally, it is important to take into account the penetration of the optical mode into
the mirror stack, as this will define the cavity length and subsequently the mode
spacing. The penetration depth into the mirror is given by,

Lqr = z—/};’om- 3.4

In our device design, an epitaxial stack would have to be composed of GaN,
AIN, and/or AlGaN in order to avoid absorbing the InGaN active region emission.
As mentioned, because AlGaN is in tension when grown on GaN on sapphire, the
maximum aluminum percentage that can be grown without cracking is
approximately 30%, especially when considering that each AlGaN layer would be

about 430A, and each GaN layer 400A. The refractive indices of GaN and
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Al, ;Ga,;N are about 2.5 and 2.3 respectively at a wavelength of 400 nm."*"* Thus
to achieve an amplitude reflectivity of 99.5%, we would need about 40 periods, or
80 alternating layers, making the mirror about 3 um tall (Figure 3.1). Even if we
were able to grow a stack of GaN/AIN, the index difference would still be only 0.4
(ng,n = 2.5, nyy = 2.1), translating into a 19 period mirror. In the case of

Al,;Ga,,N/GaN, the stop-band of the DBR would only be about 21 nm wide.
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Figure 3.1: Power reflectivity as a function of the number of mirror periods for epitaxial
(Aly3Gay ;N/GaN) and dielectric (Ta,04/Si0,) stacks.

Some progress has been made in fabricating high-reflectivity epitaxial
stacks.'>'® Of particular interest is the effort by Waldrip et al. at Sandia National
Laboratories.'® Using an in-situ stress monitor, they incorporate thin (15 nm) LT
AIN interlayers every 20 periods, which drops the tensile stress in the stack and
eliminates cracking. They achieve a reflectivity of about 99% with a 13 nm stop-

band, after 60 periods of GaN/Al,,Ga,gN — thicker than theoretically predicted due
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to scatter from interface roughness between each layer (Figure 3.2). The overall
film thickness was 5.7 pm.
While epitaxial mirrors are definitely on the agenda for future VCSEL work

at UCSB, we have focused our efforts on fabricating high-reflectivity dielectric
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Figure 3.2: (Top) In-situ stress evolution measurements for (a) Al,,Ga,N/GaN with one AIN
interlayer and (b) with 3 interlayers. (Bottom) Reflectivity of the 60-period DBR with 3 AIN
interlayers.'® Figure reprinted by permission, courtesy of K. Waldrip.
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stacks. Dielectrics are advantageous due to their relative ease of deposition and
high-index contrast. As such, the overall mirror is thinner — on the order of 1 pm -
since fewer periods are needed to achieve >99% reflectivity (Fig. 3.1).

Dr. Oded Buchinsky performed the bulk of the work done developing these
stacks. Silicon dioxide (SiO,) was chosen as the low index material (n = 1.47), and
tantalum pentoxide (Ta,Os) as the high-index counterpart (n = 2.2). Other
candidates for the high-index dielectric included zirconium dioxide (ZrO,),
hafnium dioxide (HfO,), and titanium dioxide (TiO,). However, HfO, and ZrO,
have indices lower than Ta,Os, n = 2.05 and 2.0, respectively, while TiO, (n = 2.5)
has an absorption edge at 450 nm.'"'® As the gain budget of the VCSEL is so tight,
any absorption loss in the mirror would make reaching threshold more difficult.

Figure 3.3 shows measured indices and absorption coefficients for Ta,0;
single layers deposited at both room temperature and 250°C, as well as for a HfO,
film for comparison. These were acquired using variable angle scanning
ellipsometry (VASE) on films deposited on silicon by electron beam (e-beam)
evaporation, in a partial O, ambient (estimated at 10> torr) to control the
stochiometry. Ta,Os deposited at 250°C exhibits almost no absorption between 350
and 500 nm (incidentally, SiO, absorbs even less).

When depositing a full dielectric stack, it is of utmost importance to align
the peak reflectivity with the emission wavelength of the active region, as measured
by electroluminescence (EL) from the LED on which the mirror will be deposited.
To achieve this we incorporated in-situ optical monitoring during the e-beam
deposition. A HgXe lamp is used as an illumination source. Via a multi-mode

fiber, the light is reflected from the backside of a reference piece of sapphire and
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Figure 3.3: Index of refraction and absorption values for single films of Ta,O; deposited at room
temperature and 250°C, and for HfO,.

sent back to an optical spectrum analyzer (ANDO AQ-6315E OSA), where it is
monitored at the EL wavelength. As the mirror is built, the signal intensity at the
OSA oscillates, according to interference conditions for normal incidence
reflection. As a thickness of Ag, /4n is reached, the magnitude of the intensity levels
off, at which point the shutter is closed and chamber is reset for the next material.
However, even in cases where the initial signal intensity is maximized — a factor of
the lamp settings, the quality of the fiber facets (cleaved prior to deposition), and
the coupling at the chamber port — this technique can only provide control over the
first 3 to 4 periods, after which an average thickness is used for each material. Two
crystal monitors, one for each material, are used to ensure that the assumed
thicknesses will not vary over the course of the deposition. Figure 3.4 shows the

signals acquired by the OSA after 11.5 mirror periods: the reference signal (A),
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Figure 3.4: An example of the OSA traces after 11.5 mirror periods.

taken prior to deposition, the signal after deposition (B), and the difference, (B-A).
It should be noted that the lamp intensity drops off sharply below 410 nm. This
leads to an increase in signal noise, and to the lopsided look of the difference curve
in Fig 3.4.

Figure 3.5 presents measured reflectivity curves for a pair of 11.5 period
DBRs deposited at both 225°C and room temperature, again in an oxygen ambient.
Each mirror was assessed using a calibration standard in a Perkin-Elmer Lambda-9
spectrophotometer, and found to have a reflectivity in excess of 99.5% over a
wavelength range of approximately 70 nm. Of course, it is not clear whether a
duplicate mirror deposited on GaN or indium tin oxide (ITO) should have the same
reflectivity. It is possible that the surface roughness from the growth steps in GaN

(around a monolayer in height), or from the amorphous nature of the sputtered ITO
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Figure 3.5: Measured reflectivity curves for 11.5 period Ta,05/SiO, DBRs deposited at 225°C and at
room temperature.

Figure 3.6: AFM scans of a DBR on (a) sapphire, and (b) ITO on GaN. The r.m.s. roughness for (a)
was 1.2 nm over a 5x5 pm scan, and 6.2 nm over a 3x3 pm scan for (b).

(see Chapter 4) will translate through the stack, reducing the quality of the interface
between high and low index layers and increasing scattering losses. Figure 3.6

shows atomic force microscope (AFM) scans of a DBR on (a) sapphire and on (b)
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Figure 3.7: Reflectivity of an 11.5 period Ta,0,/SiO, DBR deposited at 250°C on 200A/16A
ITO/TiN on sapphire.

the ITO contact in the device aperture. An increase in surface roughness is clearly
visible when the mirror is placed on a device. However, a reflectivity measurement
of a dielectric stack (11.5 periods) on 200A ITO and 16A TiN shows that the

reflectivity is not adversely impacted (Figure 3.7).

3.3 Incorporating the Substrate

Given that two dielectric mirrors are to be used in the device design, the
issue of the sapphire substrate must be addressed. One possible option is to include
the sapphire substrate as a passive section within the cavity, realizing that sapphire
is transparent in the blue and UV wavelengths and using double-side polished
wafers to minimize light scatter. As can be seen in Figure 3.8, a curved bottom

mirror must be used in order to keep the loss due to the tilt between the two
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Figure 3.8: Cavity schematic for a VCSEL with a curved backside mirror.

surfaces of the substrate (0.001 radians) as small as possible. This loss is extremely
high in the case of a planar mirror on either side of the cavity, but can be
significantly reduced by the use of a concave mirror on the backside of the
substrate.'” We aim for a radius of curvature of about 420 pum, slightly larger than
the substrate thickness (380 pum). This constraint results from the need to keep the
cavity stable, while keeping the beam waist as small as possible. If the waist is too
small, the cavity will not support a standing mode, while too large a beam diameter
will lead to absorption of a fraction of the light by the top contact. The radius of

the beam waist can be estimated as follows:

Tn

%
w, =(i] -1, 36)

where n is the index of refraction of sapphire (1.76), t is the substrate thickness, and

r is the radius of curvature. At a wavelength of 410 nm, w, is approximately 2.5

50



pm. To fabricate this curved mirror, we use a poly(methyl-methacrylate) (PMMA)
microlens, then deposit a dielectric stack on top. PMMA is also transparent at the
relevant wavelengths, and has an index of 1.5, close to that of sapphire and SiO,.
The microlenses are fabricated by blanket coating the backside of the
sapphire with SiO,, then spinning on the PMMA, followed by e-beam evaporation
of 1000A of aluminum. Pillars are then fabricated by wet etching the Al in a
circular pattern, then exposing the PMMA with deep UV and developing. The
aluminum serves to protect the PMMA from intermixing with the photoresist (PR)
during patterning, and as a mask during the DUV exposure. The SiO, is then dry-
etched to the sapphire in an Ar/SF, plasma, again using the Al and PR layers as a
mask. Finally, the resist and aluminum are removed, and the PMMA is reflowed at
300°C for 30 minutes. The beading of PMMA at the SiO, step-edge forms the
lenses. Assuming that the volume of PMMA is the same before (cylinder) and after
(hemisphere) reflow, the height of the lens, h, after the anneal should be twice the

original film thickness, t:

|

=xrit=V nroh, 3.7

Vv, ==
after reflow 2

before reflow
which implies,
h=2t

The use of the aluminum layer as an intermix barrier between the PMMA
and PR is critical for the fabrication of smooth lenses. Without it, it is necessary to
use an oxygen plasma to completely remove all of the PR, which absorbs at A ~
400 nm. This O, “descum” damages the PMMA, such that the polymer does not
reflow smoothly. Figure 3.9 shows an AFM scan of the lens surface both prior to

(a) and after the reflow for the case without the Al layer used (b) and with (c). The
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Figure 3.9: 2x2 um AFM scans of PMMA lenses. (a) Before reflow. (b) Reflown; no intermix layer
used. (c) Reflown; Al layer used in between PMMA and PR. Z-ranges for (a), (b), and (c) are 300,
100 and 10 nm, respectively. R.M.S. roughness of the protected lens is 0.4 nm.

Figure 3.10: Optical micrograph of PMMA lenses on sapphire.
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mean surface roughness of the lens is less than 0.4 nm after reflow when using the
intermix barrier layer. Figure 3.10 shows an optical microscope picture of the
lenses.

While fabricating smooth microlenses is relatively straightforward,
implementing this design is not. The first problem is achieving the proper radius of
curvature after the 300°C reflow. Figure 3.11 plots the transmission (taken using
the Lambda 9 spectrophotometer) through a PMMA film on sapphire after
successive anneals. As the film is annealed, the fringes spread out, indicating that
the PMMA is undergoing densification. This invalidates the assumption made in
Equation. 3.7. The second problem is the alignment of the lens to the device

aperture (so that absorption by the pad metal is avoided). Parallax in the mask

L I LB I L LR B L] T IIAI I IAI T T AII 4 lj
As applied
t=3.07 pm

r 1x300°C/5'
t=2.35 pm

2x300°C/5'
t=1.82 ym

Transmission
TP

3x300°C/5'
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Figure 3.11: Transmission for a PMMA film subjected to successive anneals of 300°C for 5
minutes. The fringes move further apart as annealed, signifying a shrinking cavity, i.e.
densification. The PMMA was spun at 3500 rpm for 40 seconds, then baked at 200°C for 2 minutes
for an initial thickness of 3.07 pm.
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