ABSTRACT

FRAJTAG, PAVEL.Light-emitting Diodes Based on Epitaxy on Npalar Sidewalls and
[l -Nitrides Nanowires. (Under the direction of Dr. N.A:Masry and Dr. S.M. Bedair).

Light emitting diodes (LEDs) grown on the etched 1patar plane sidewall spes of
polar cplane GaN/sapphire templates by metal organic chemical vapor deposition
(MOCVD) demonstrated that sidewall epitaxy significantly reduces the quantum confined
Stark Effect found in quantum wells (QWSs) grown oeplane substrates. Preferatsemi
/nonpolar crystallographic plane formation during LED structure depositions on etched
sidewall stripes, propagation of dislocations during sidewall epitaxy and effeefpeiype
doping on growth mechanisms together with incorporation of indiunsidewalls were
studied.

Epitaxial growth of GaN films on GaN nanowir@$Ws) lead tothe development of
an embedded void approach (EV#gchniquefor defect reduction in GaN epitaxial films
grown on sapphire substrateGaN NWSs were created by the maskss dry etching
technique. The etched, then anneahdd/s form semipolar and nofpolar plane facets with
hexagonal symmetry. The different growth rates on the different plane facets rasult
forming void networksThis technique relies on the generatidrhigh densities of embedded
micro-voids (~10%cn?), a few microns long and less than a micron in diameter. These voids
are located near the sapphire substrate, where high densities of dislocations areAresent.
network of embedded voids oftefree sufaces that act as dislocation sinks or termination
sites for the dislocations generated at the GaN/sapphire inteRaselts confirm the
uniform reductiorof the dislocation density over large area substrateppyoximatelhthree

orders of magnitude dralower surface roughness than the GaN starting material.



A light-emitting diode (LED structure with multiple quantum wells (MQWSs)
conformally grown on semipolar and nonpolar plane facete-GAN nanowires (NWSs),
followed by deposition of fully coaleed pGaN on theseNWs was demonstrated as an
another application dhe EVA techniqueOvergrowth onthé&N\Ws6 t i ps resul t s
of high density voids, about one micron in height, in the GaN filne light output intensity
of NWs LEDs is more tharthree timesgreaterthan correspondingi plane LEDs grown
simultaneously. We believe thresults from a reducedefect density, increased effective
area of conformally grown MQWSs, absence of polar plane orientation, and improved light
extraction.

Most devce structures are based on epitaxial growth of lattice matched thin films. In
lattice mismatched systems, there is a critical layer thickimgsiselow which the epitaxial
layer is strained and the strain is gerigraking shared by the film and the strate. The
value ofh. can be a few nanometers for systems with lattice mismatch of a few percent. For
thicknesg > h¢, misfit dislocations appear at the interfaEebedded void approactevates
the restriction and eliminates the problems encountergihgl the growth in lattice

mismatched systems.
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BACKGROUND

Group 11V compounds, such as gallium nitride (GaN) and aluminum nitride (AIN)
based compounds, continue to be investigated for their use as direct bandgap semiconductors
in optoelectronic devices, such as lightigting diodes (LEDs) and laser diodes (LDs), and in
microelectronics, such as radi@quency (RF) devices and transistors. Groumittides
have typically been grown heteroepitaxially in the [0001] directiopldoe) on nomative
substrates. They abject to the welknown disadvantages attending heteroepitaxy, i.e.,
mismatches in lattice constants and mismatches in thermal expansion coefficients. The
selection of the substrate is thought to make the greatest impact on the performance of certain
devices, such as LEDs, and may be influenced by a variety of factors, such as cost, diameter,
availability, consistency of quality, thermal and structural properties, and resistivity. There is
no single, conventional substrate for which all of these parasnisteptimal;, a compromise
must be made that strikes a balance between material quality and device performance of the
deposited Group Hhitrides, device reliability and manufacturability. High quality GaN was
first achieved on sapphire and silicon d¢debsubstrates; these substrates are currently the
industry standard. While there has been a considerable effort to develop native substrates
(e.g., homoepitaxy of GaN on GaN or of AIN on AIN) on more closely lattiaéched
substrates, nothing commerciailiable so fathasbeen producedAfter much intense effort,
bulk native substrates remain prohibitively expensive and available only in limited sizes
(about 1 iA). Also, for deep UV devices, such as UV LEDs, AIN substrates exhibit

significant UV absorpon.



The performance of Group ititrides in optoelectronic devices such as UV emitters
is greatly influenced by the density of threading dislocations in these heteroepitaxial films.
For example, research efforts in the development of Groupitliide UV devices have
resulted in devices operating over a wide range of UV wavelengths [1]. However, the
relatively high dislocation densities in,&a.xN may be a limiting factor in the internal
guantum efficiency (IQE) of these devices. Quantum efficienziedeep UV LEDs are
lower than 1%, suggesting the presence ofraalative carrier recombination in &a N
with high values of. Also, GaNbased power and higgpeed devices gain considerable
momentum. Defect reduction in these devices will lead ¢héri breakdown of voltage,
reduced leakage current, better yield and reliability, low noise figures, and other improved
characteristics. Various approaches have been taken for reducings diefesity in GaN
and AlLGaN films, including lateral epitaxiabvergrowth (LEO) or epitaxial lateral
overgrowth (ELOG), lateral overgrowth in grooves and trenches, stralager
superlattices, pulsed atomic layer epitaxy (ALE), S#HNH; treatment for partial Hsitu
surface etching, Si doping andhet effects [2]. So far, thesapproaches have limited
success. While low densities of dislocation have been achieved via LEO [6], such an
approach produces regions with both high and low dislocation density, i.euniform
dislocation density. Moreover, LEO isgblematic due to the interaction of Al with the
SiO, mask materials, typically used in this technique. Both Si apdar® sources of
contamination in the higtemperature grown AGa.xN layers. Alternatively, dislocation
density may be locally reduced butilizing re-growth of ALGaxN on etched

grooves/strips structures. The threading dislocations incline toward the center of the



grooves, forming localized areas of low dislocation density in the range’ ahibabove
the sidewalls of the grooves. Th¢.Ga.xN material, grown directly on-plane surfaces,
has a dislocation density in the range of A2 [7-8]. There is also severe roughness at the
planes where the two fronts coalesce. The use of strain€&AN/AIN superlattices was
found to beneffective in reducing edge dislocations and found to have only partial success
in reducingscrew and mixed dislocations in,&a-xN. The use of pulsed ALE to reduce
strain and allow faster migration of Al species has not been found to result in disiocat
reduction [9]. Other attempts to reduce defect density include the #ghB slibstrates, an
epitaxial technique using Al Ga.xN strainedlayers [10], an intermediate buffer layer
[11] and others [1]. However, dislocation densifyl0° cmi? was reoorted for these films.
In general, approaches to achieve a low dislocation density in GaN templates over large area
substrates have limited success. Areas with both low and high dislocation dergiffes (
cm?) still persist. The current epitaxial growtlof GaN and AlGa.xN templates with
uniform low density of dislocations has not been reported.

It is widely accepted that silicon has numerous advantages as a sutifsttadece
for Group IIFNitride heteroepitaxy. It is an extremely mature substratentdogy, where
wafers 300 mm in diameter and larger are readily availdahe to the maturity of the
silicon wafer industry, substrate quality is extremely higdo other electronic or
optoelectronic substrate platform can compete with silicon in tgarde The availability of
very largediameter, higlkguality silicon substrates suggests that Gaisilicon approach
is one of the only platforms with an immediate roadmap to wafer sizes 150 mm in diameter

and beyond. From a manufacturing standpoint, adngasilicon as the substrate would also



leverage the capability to use existing high volume silicon process services and assembly
houses (e.g., wafer thinning, via technology, dicing, etc.). Recently, several companies have
been investigating growth of Gadh silicon substrates. For example, Nitronex has reported
0.8 &m t{rdeGaN on (I1psitidon substrates with defect density in theri®
range. Azzurro has reported the growth of thick GaN on eir@ek(111), (100) and (110)
silicon substrees, and has also fabricated blue and green LEDs on silicon substrates. The
output of these LEDs is very low compared to those on SiC or sapphire substrates. The
defect density in these GaN on silicon structures was not reported but is thought to be high.
Unfortunately, the growth of GaN on silicon has posed many challenges due to the thermal
and lattice mismatches between these materials.

Accordingly, there is an ongoing need for Ghaked structures and methods for
their fabricationwith areducel defectdensityfor acceptable device quality. There is a need
for providing lowdefect density GaN and A&a.xN in which the defect density is uniform.
There is also a nedd successfullyfabricae low-defect density GaN and &axN on a

wider range of substes, particularly lowcost, highquality substrates such as silicon.
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INTRODUCTION

Rapid progress in the development of nitride based optoelectronic devices relies on
lattice mismatched substratesmd multilayer structures. Due to the absence of a-cost
effective latticematched substrate, sapphire, SiC and recently silicon are considered as
foreign substrates. As an example, lattice mismatches of 16% and 13% betwegthaties c
sapphire substrateend GaN and AIN layers exist, respectively. As a result, the growth of
nitride films directly on such substrates leads the initial stage of the growthp the
formation of threedimensional (3D) islandsThese slightly twisted/tilted islands coalesce
leading to the formation of threading dislocations [1]. The threading dislocation density
(TDD) is in the range of 10" cm?in common heterepitaxially grown GaN on sapphire
or SiC substrates.

Even if GaN or AIN substrates are available, the presehoee columnv- element
in the nitride compound makes it very difficult to have laticatched multayer
heterostructures. For example, the lattice mismatch between GaN and InN or AIN is about
+12% and-2%, respectively. Dislocations in 300" cm? are observed in multayer thick
nitride films.

In recent years, there have been many studies on the properties of dislocations in
nitride films and their influence on the performance of nitbdsed device structures. Many
of these studies indicate thaither the threading dislocations are electrically active, or point
defects and impurities accumulated at dislocations are electrically active
[2-5]. Therefore, it has been predicted that dislocations may act agadiative

recombination centers andathscattering at charged dislocations can be an important



mobility-limiting mechanism in a twaimensional (2D) electron gas-83. Electrical activity

of dislocations has also been confirmed by electrical characterization [7]. Furthermore, the
minority carier diffusion length has been directly related to the separation between
dislocations [1611].

Dislocations anatherdefects reducthe efficiency and performance of several types
of devices, in particular, optoelectronics. It has been found recendy threading
dislocations reduce the light output of UV LEDs {1&#]. For example, AlGa. N based
deepUV LEDs have very low external quantum efficiencibgdg) of about 1% [15]. For
laser diodes, a low density of dislocations is essentidhtextersion of their lifetime [16].

Also, the performance of power devices and switches depend on the defect density in GaN
and Al,Ga,.yN. For example, defects will reduce breakdown voltage and, yeldl increase

both leakage and dark currents. In high speedcdsylow defect density will redudee

noise figures and improve device reliability. Having determined that threading dislocations
play an important role, methods for their reduction need to be developed to ensure successful
nitride based devices [1].

A marked local reduction in threading dislocation density has been observed in
laterally overgrown layerasing thelateral epitaxial overgrowth (LEO) technique [17]. AIN
interlayers between high temperature GaN layers have been shown to significantlytlieduce
screw dislocation density and improve the electron mobility in the GaN filrL9L8The
usage of a thin @\, layer and silane treatments has also been considere@l[20 he
hydride vapour phase epitaxy{PE) technique is recognized today as thestrappropriate

growth technology to achieve highuality freestanding GaN [22]. HVPEpromotes



a mechanism of DD reduction with increasing thickness at a rate that follow$ apower
law (with h being the thickness of the layer). However, this meisadther inefficient and
very thick layers (>1mm) are required to redtleeTDD below 10 cm?[23].

Many of these techniques can introduce undesirable doping or stresses in the epitaxial
films or result in adjacent regions with high and low defect dgrig]. Most of these
techniques rely on dislocatiafislocation interactions and are effective only in films where
high density of dislocations exist [21]. To reduce defects to therti® range or less, most
of these techniques are less effective sistcationdislocation interactions becomes less
likely unless very thick films (>1000m) are grown as in the HVPE case{2Z].

The growth of lltnitrides on low defealensitynanaolumnshas also been proposed
to reduce defects. The growth of GaN naslumns on lane sapphire or Si substrate is
appealing because the nanocolumns can be dislodati@mnue to the lateral strain relaxation
in the column geometry [225]. However, for device fabrication, a planar geometry is
preferred. Therefore, coatence overgrowth on such highystatquality GaN nanocolumns
becomes an important issue. With coalescence overgrowthdisbecationdensity GaN
templates can be prepared for device fabrication. The growth of coalesced films with good
surface morphologgnd low defect density is an unsolved problem224

The two principal approaches for improving ligdmitting diode (LED) efficiency are
l)increasng t he i nternal iy whchis determmddfby aysta qualiyy, ( d
and the epitaxial layer structure, and 2) increasing light extraction efficiengy.den-
External g u a n §uismreladd fto tiseseetwocefficiefctes o | | Quw=s d

dint.- Cextraction[26]. High values of internal quantum efficiency have already been reported, but



further improvements can be achieved by minimizing the impact of the polarization field and
guantum confined Stark Effect (QCSE), which @ase the radiative recombination

efficiency within the quantum wells (QWSs). Polarization effects can be eliminated by
growing devices on alternative orientations of bulk GaN crystals suchdiﬁ}{m-planes,

{1120} a-planes, or reduced by growing on semipolar pld2&@$. However, the limited
availability of low defect density, nonpolar GaN substrates has hindered the development of
high power optical devices. LEDs based on sidewallame epitaxy of etched Gabapphire
templates have been reported as an alternative to these expensive stand alone nonpolar
substrate§28].

There is also room for improvement of the light extraction efficiency. The difference
in refractive indices of GaN (n~2.5) and air leads tiglat escape cone with a critical angle
of about 23[29]. Several approaches have been implemented to improve the light extraction
efficiency such as surface roughenif9], photonic crystald30], and transparent ZnO
nanorods[31]. It is difficult to achieve good, repeatable roughness using the surface
roughening approach. The photonic crystals (PCs) approach requires well controlled
dimensions utilizing lithography and the grating must be in close proximity to the multiple
guantum wells (MQWSs) for effient coupling which imposes several restrictions in device

design[32].
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CHAPTER I: A conceptual design of magéss sidewall epitaxy
[-1: Abstract

A conceptual design of sidewall epitaxy (SWEpi) without masking for optoelectronic
devices is proposed. A ligiemitting diode (LED) structure deposited ofGaN nonpolar
(& and m) planes, as sidewall stripes etched from polglace nGaN tenplates, is
investigated. Nonpolar planes caliminate the piezoelectric field polarization effefts?],
which are present in LED devices groalong the polar [0001]-direction[3]. The design of
SWEpi allows a fabrication of sidewall LEDs, which hagetive emitting layer in
perpendicular direction to the substrate. This could increase the light escape cones through
the sidewalls of these LEDs. Thuketapproach ofSWEpion nonrpolar planes from polar
planesGaN, while using the existing statd#-the-art technology for growth of-plane LED
structures,could solve the mblem with expensive substrates, and also enhance both

guantum and extraction efficiencies of the LED devices.

[-2: Introduction

Semipolar and nonpolar GaN have attracted signifiaftention in recent years due
to several advantages such as reduced internal electric field and optical polarization
anisotropy toward the surface. Epitaxial films growth has traditionally been performed along
the polar [0001] alirection, which resultsni large polarization fields [3]. The fundamental
issue limiting the efficiency of lighémitting diodes (LEDs) and lasers is the piezoelectric
field polarization effects, which is the result of growing strain mismatched layers on the

c-axis of the wurtzi¢ crystal system. The resultant fields lead to the Quantum Confined Stark
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Effect, which decreases the radiative recombination efficiency. Additionally, the peak
emission wave length of LEDs, grown oiplane GaN, blue shifts with increasing the drive
current due to screening of the internal field. These polarization effects can be eliminated by
growing devices on nonpolar planes or partially reduced by growing devices on semipolar

planes [12]. Alternative orientations of GaN crystals in the case of nonguknes are

{110(} m-planes anc{11_2(} aplanes and in the case of semipolar planes preferable planes

can be as foIIow{ll_Zz}, {11_21}, {ﬂo# , {]_:LO% , and{]iOi} . In nonpolar planes the GaN
polar axis lies within the planes of the device layers, thus avoiding the polarization effect. In

semipolar planes, for exampl{diO:} , the piezoelectric field can be reduced to 40%. Other

highly symmetical semipolar orientation%ll_ZL} and {]_:LO% can avoid the polarization

effect as in the case of ngolar planes [L2].
However, the limited availability of low defect density Apolar GaN substrates has

hindered the development of higpower optical devices. Growth of npolar GaN on

dissimilar substrates such asphane 6HSIC, rplane sapphire{loq LIAIO 2 and others

yields films with threading dislocation densities in the ordef@f cm? and basal plane
stacking faults densities on the order of 2. The electroluminescence (EL) emission
power of LEDs fabricated on hetesobstrates such asptane GaN on-plane sapphire is
fairly low [4].

Several techniques designed to enhance the emission powebdeveeported. For

example, the application of lateral epitaxial growth (LEO) to reduce dislocations in selected
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areas has been reported. The use of LEO by roggahic chemical vapor deposition
(MOCVD) on 10mm film aplane GaN followed by hydride vapphase epitaxy (HVPE)
resulted in low output power 1.5 mW, and external quantum efficiency. The most successful
approach reported so far is the use eplane free standing substrate obtained by cutting
slices from eplane thick GaNHVPE films [5]. These abstrates are expensive; small in size
and unlikely will lead to a commercial product. Thus, it can be concluded that current
techniques such as molecular beam epitaxy (MBE), MOCVD combined with LEO are not yet
capable of producing ngpmolar LED structuresthat can achieve EQE exceeding the
performance of the currentptane polar devices. Growth on npaolar planes suffers from
the following:

1 lack of suitable substrate of good quality such-plane sapphire and 68iC,

1 narrow growth windows to cortl defects and to maintain a good surface

morphology,

1 lack of stability of some nepolar planes such as thekne,

1 very small and expensive substrates.

Here,a conceptual design of unmasked sidewall epitaxy (SW&pLED structures
on a norpolar (& and m) plane sidewall stripestched from glane GaNtemplateggrown
on sapphire substratés presentedThe design of SWEpi allows a fabrication of sidewall
LEDs, which have active emitting layer in perpendicular direction to the substrate. This
could increase the light escape coges ver ned by &, thatrdependsoa the an gl ¢
refractive ind& of the semiconductor materidlight outside the escape cone is repeatedly

reflected into the GaN film and then reabsorbed by the active layer or metal caméaess
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it escapes thrah the sidewalls of the devic&hus, he approach ofSWEpi on nonpolar
planes from polar GaN could solve thelplem with expensive substrates and enhance both

guantum and extraction efficiencies of the LED devices.

[-3: Concept and discussion
Sidewal growth of LED structureson a norpolar (& and m) planesin principle
is a threestage process as shownFigures I-1(a)-(c). Figurel-1(d) shows a schematic of an

LED fabrication step, wherep junction is formed.

Regular Growth on c-plane Etching to Expose m-plane/a-plane
T Etched to expose
C% p
n-GaN 2.1nm n-GaN El-l)l:}ne/a;phne
. L [Too]/M120]  [0001]
C plil.lle o C-Plalle . | m-p]ane /a-plmle
L c-plane 1-GaN c-plane

Sidewall Growth of LEDs Top Surface Etching to form p-njnc.

Direction
of current
_ _ injection
[1010]/ [1120] SO |-, = L ; ................... »
= o Bl p-contact
m-plane/a-plane n-contact f

n-GaN

Figure 1-1: Schematic of steps to perform lateral growtih.BD structuresonnon
polar @ or m) planes. Steps are(@) growth ofn-GaN on eplane sapphire or bulkaxis
substrats, (b) etching to exposaonpolar (a or m) planes, (c) lateral growth of. ED
structure, and (d) etching of top surfaces to form junctions.Note that the lateral growth
can be done on eithémn- or p-) type GaN.
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The processstarts with the growth o& thick GaN templateon cplane sapphire
followed bythe inductively coupleplasma- reactive ion etching (IGRIE) technique using
nickel or photoresist masks to etch strgmternsseveral micronsleeporiented along non
polar plans i.e.along the(a- or m) planes. This is followed by regrowth dfED structures
on the etchedon-polar(a or m) planes and botatched and neetchedpolar (¢) planes at
the same time.

Fabrication of the sidewall LEDs include standard lithography techniques for creating
n-/p-GaN contacts. Figure2 shows a 3D schematic of the fabricatetbgiall LED with the
proposed dimensions and emitting layers deposited on theolanmplane sidewall as an

example.

L)
% |3 um
| %%

&

)
0?0?0?0?9?0?0,

Figure 1-2: A 3D schematic of théabricated sidewall LED with emitting layers deposited on
the nonpolar mplane sidewallandthe estimated dimensions

Growth of devices om-GaN nonpolar planes using large areé c-planesapphire

substrategequires preciselgtripepatterned templates in normal direcsdo m-planes or
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aplanes in order toexposethe sidewalls of norpolar GaN planes from polar eplanebulk
n-GaN/sapphire by the ICRRIE etching technique Correct determination of the

crystallographic directions in the@aN templates is required to perform this task.

The crystal orientations of the gdpre substrate and GaN grown mplane(OOO])

sapphire are parallel, but the unit cell of GaN is rotated byaB6ut the eaxis with respect

to the sapphire unit cell, as can be seen in Fitp&eln this crystallography relatiorihe

€100 axis of GaN is parallel to th§210 axis of sapphire€t-7].

O lll-plane of IlI-N

@® O-plane of sapphire

a : - Axes of
sapphire o0
N [H ] Al,O,

h

[120]

asapphire

Figure 1-3: The atomic arrangement on the (0001) basal plane
involving both IIknitride and sapphire crysthlttices.

Figurel-4 shows a thredimensional (3D) schematic of crystallographic orientations

in the GaN wurtzited) crystal.
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A Cplane
CE!
4 S Aplane
| Rplane {1102}
2 A plane {1120}
R plane "~ Cplane {ooo1}

Figure 1-4: A 3D schematic othe crystallographic orientations
in the GaN wurtzited) crystal.

The30 crystal rotation between GaN wurtzit) (@nd sapphire crystal lattices can be
used for determination dhe nonpolar plane orientations on the (0001) basal plane in grown
n-GaN/sapphire templates as shown in Figube The knowledge of the-@direction from the
cut on the side of the sapphire substrate provided by the manufacturer and hexagonal
symmetry ca lead to a precise determination of crystallographic directions in the basal plane

of grown rGaN templates.
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Figure 1-5: Determinatiorof the nonpolar plane orientations on the (0001) basal plane
in n-GaN/sapphire templatggown from the adirectional orientation
of the sapphire substrate sidet and hexagonal symmetry.

It should be noted that due to hexagonal symmetry of GaN wurtitdetermined
a/m- planes, which are shown perpendicular to each other in Fighrevill be in reality
only 30 clockwise/counterclockwise from each other as can be seen in Hi§ur€hus,

more nonpolar orientations can be selected.

— a-plane
7 7 =— -plane

>
2

)

//"//,: / m-plane

Sapphire GaN

Figure I-6: Hexagonal symmetry of sapphire and GaN wurtzfef@r determinationof all
nonpolar plane orientations on the (0001) basal plane in gre@ei\n
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The crystallographic orientation of the growwGaN templates can be verified by the
transmission electron microscopy (TEM) diffraction technique as can be seen iia IFfgu

Figurel-7(a) shows an example of simulated diffraction pattern of GaN film with thickness

of 113 nm in gJiOO zone view by JEMS crystallographic software. Figl#&b) shows a

matching experimentally obtained diffraction patt of a crossectional TEM sample from
the nGaN template prepared in the samezome view according to determined
crystallographic orientations inr@aN/sapphire templates by method showrkigure I-5.

The crosssectional TEM sample wasrepared by a & focused ion beam (FIB), using a
30keV G4 beam at nominal currents ranging from 20nA (mass removal) to 50pA (fine
polish) and a 5keV Gabeam with beam current at 10pA for final polishiigj. Estimated

thickness of the TEM sample by the FIB technigwes \d20 nm.

w0 [1100] zone cacis b) [1100] zore ais

1122 11:33 1120 1122 .

]
o002 &1 0000

g,/g,=0.615 g,/g,=0.613
o =31.59° o =31.60°

T2 120 TiZ 2 10 12
AV/kV:200, té':'/:“m':ﬁllc:ﬂ:lca?lll?] FN:[1-1,0]
Figure |-7: TEM diffraction pattern of (a) simulated GaN film with thickness 113 nm in
[m-zone] view by JEMS crystallographic software, and (b) experimentally obtained
diffraction pattern of a crossectional TEM ample of thickness120 nm from

the nGaN template prepared by FIB.
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The proof of successful design of sidewall LED devices should be also done under
consideration of loss/gain of available surface for LEDs. Optimization of main parameters in
two-dimensiaal (2D) view as shown in Figuile8 has to be taken into account. Additional
parameter for thredimensional (3D) consideration can be disregarded under standard
consideration of fabrication sidewall LEDs into mesas of (100 x f@)for example. In
swch case, parameteXs+ 2Y in 2D view should be approximately equal to @@ for one
fabricated device. Etched stripatterns could be considered as square based stripes with two
m-planes and two -planes sidewalls for maximal availability of the nonpogdewall
surface. It can be concluded based on Figi¢hat the available surface for sidewall LEDs
will always be less than in the case gflane LEDs unless the paramekemwill exceed 25
mm. If H is fixed to 3nm, then the only way to enhance dable surface for LEDs would be
by decreasing the mesas. For example mesas of (10 rndOyould offer 100mm? of
available surface for-plane LEDs and 9&m? for the sidewall LEDs while keeping thé

parameteconstant to 3rm.
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Growth of LED structure on stripe-patterned GaN template

Non-polar
growth
direction

(1100)/ (1120)

n-GaN

initiation
regrowth
layer

4 x MQWs
H [pm]

H um]
c-plane

[0001] | i-GaN

Figure 1-8: 2D schematic of the LED structure astripepatterned GaN template for the
geometrical optimization of the availability of the nonpolar surfaces

Deposition of LED structures on@aN nonpolar (aand m) plane sidewall stripes
etched from polar-plane RGaN templates is proposed to start as hemitaxy of the thin
nnGaN | ayer in ordograyer ®@sgrabdbwtis hom!| alyeret che
This is followed by heterepitaxy of the IpGa.xN/GaN multtquantum wié (MQW)
structures and-@aN film. The reverse concept of using originalfGpN templates seems
quite impractical at this stage since thickGpN templates would require additional
optimization. The important attempt of the SWEpi conaapthonpolar planes from polar
planeGaN is to use the existing statd-the-art technology for glane LED devices with
regard to improve efficiency, and minimize cost of the sidewall Jgghitting diodes
(SWLEDs).

The semiconductor materiaf LEDs is a medium wih high reflective index, and

light generated inside can be trapped resulting in multiple bounces Ethehip. Figure
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[-9 shows simple planar structureghere only light within the escape cone (defined by
Snell 6s | aw) i s Tha bght emittedb at anglas butsidentlee escdpe pone is
internally reflectedand undergoesarious light loss mechanismisosses include absorption

at the metal contacts, in the absorbing substrate, in lower band gap epitaxial layers, and in the
active region. Ligt absorbed by the active region can bemetted (photon recycling), but

the probability depends on the internal quantum efficiency (IQE) with reduced photon
recycling at lower IQE. These factors are included in the extraction efficiency [9].

Also, a vey important factor is the internal light emission pattern produced by the
active layer. This emission pattern is determined by the polarization of light produced by the
intraband transition (e.g. conduction band to heavy hole, light hole, owo#ptiang [10].
Typical internal emission pattern ofiBaxN MQWSs-based LEDs, which emit lightiplane
polarized [11],js shown in Figure-8(a). Alarge percentage of the light is favorably emitted
into the escape condn contrast light emitting from aGaN/Al,Ga,.y,N MQWs-based LED is

normatto-the-plane polarized [12] and unfavorably directacthe plane as shown in Figure

1-9(b).

a) blocking layer GaN b) blocking layer -Al. Ga, N

In,Ga,_,N/GaN i GaN/ALGa, N ﬂ \ i
MQWS :.. .5 MQWS tenadunas®

buffer layer

Figure I-9: Typicalinternal emission patterras both (a) visible IRGa.«N/GaN
and(b) ultraviolet GaN/Al,Ga..yN LED semiconductor structures
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The design of SWEpi allows a fabrication of sidewall LEDs, which have active
emitting layer in perpendicular (ngpolar) direction to the polar substrate, and therefore, the
internal light emission pattewf the ultraviolet (UV) LEDs based on AIN MQW:s couidve
an advantage of such desigigurel-10 shows light escape cones in the geometry of SWEpi
for an unspecified LED structureshere both planar and perpendicular surfaces of the-stripe

patterned tenlpte are taken into account.

120, p—semicondu(ior : 20,

n-semiconductor

buffer layer

Figure 1-10: Light escape cones in the geometry of SWEpi for an unspecified
LED structure with both planar and perpendicular surfaces of the-paiferned template.

I-4: Conclusions

A conceptub design of sidewall epitaxy @Epi) without masking forLEDs is
proposedas a threestage procesdt starts with the growth o& thick GaN templateon
c-plane sapphire followed by etching several microns oriented along@tbhem) plane i.e.
along anon-polar plane. This is followed by a regrowthldED structure on the etched nen
polar (& or m) and bothetched and neetchedpolar (¢) planes at the same time.
Fabrication of the SWLEDs includes standard lithography techniques for credpr@aiN

contacts.
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Deposition of LED structures was proposed as initial hempitaxy of RGaN on
n-GaN stripep at t er ned t empl a+tbelsa ytea 0e ggtr abMt ihs hmorfdleg y
hetereepitaxial growth of IRGa.xN/GaN multrquantum wells (MQWs) and-@aN film.

The SWEpi technique could increase the light escape cones of SWLEDs through their
sidewalls Also, the internal light emission pattern of the UV LE@=posited on the nonpolar
sidewalls could be favorable in such geometityus, te approach oSWEpi on nonpolar
planes from polar GaNwhile using the existing state of the art techno)aguld solve the
problem with expensive substrates and enhance both quantum and extraction efficiencies

of the LED devices.
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CHAPTER II: Sidewall epitaxy of lightemitting diode structuresn stripepatterned
templates in both-aand m nonpolar orientations

I1-1: Abstract

Comprehensive investigation of ligamitting diode (LED) structures deposited on
nonpolar plane sidewall rjgpes etched from polar-glane GaN templates revealed the
instability of nonpolar crystallographic orientation during the overgrowth process.
Transformation of nonpolar plane sidewalls into preferable semipolar plane sidewalls was
observed during depositi of both rtype and ptype GaN films. Those GaN films exhibited
nortconformal growth on the etched sidewalls governed by growth conditions and doping.
Low-temperature slow growth of J8a.xN/GaN multrquantum wells (MQWSs) show
conformal growth governeboly surface energies of developed sidewall crystallographic plane
facets. Deposited LED structures were investigated by bothrbggiiution scanninglectron

microscopyand transmission electron microscopy techniques (HRSEM and TEM).

I1-2: Introduction

One fundamental isue limiting the efficiency of lightemitting diodes (LEDs) and
lasers is the piezoelectric field polarization effects, which is the result of growing strain
mismatched layers on theagis of the wurtzite crystal system. The resultagiti lead to the
Quantum Confined Stark Effect (QCSE), which decreases the radiative recombination
efficiency. Additionally, the peak emission wavelength of LEDs, grown -piaigce GaN,
blue shifs with increasing the drive current due to screening of thernal field. These

polarization effects can be eliminated by growing devices on nonpolar planes or partially
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reduced by growing devices on semipolar plane|[1
Sidewall epitaxy (SWEpi)f LED structureson a nomrpolar (& and m) plane
sidewall strigs etched from ¢lane GaNtemplatesgrown on sapphire substrategs

developed [3]. In nomolar planes the GaN polar axis lies within the planes of the device

layers, thus avoiding the polarization effect. In spwiar planes, as for examp[lﬂ;loi , the

piezoelectric field can be reduced to 40%. Other highly symmetrical semipolar orientations

{11_24} and {Jioz} can avoid the polarization effect as claeghe case of nopolar plane

orientations, such 6{31_2(} a and{JiO(} m- planes [12].

Here,comprehensive investigatiai SWEpiof complete LED structuresn a non
polar(a- and m) plane sidewall stripestched from glane GaNemplatesgrown on(0001)
sapphire substradgis presentedThe SWEpiapproach on nepolar planes from polar GaN
could solve the mblem with expensive substrates and enhance both quantum and extraction
efficiencies of the LED devices.

SWEpi of LED structureson a norpolar (& and m) planesis a threestage process
[3]. The processtarts with the growth dd thick GaNtemplateon (0001)sapphiresubstrate
followed by etching several microns oriented along(gh@r m) plane i.e. along a nepolar
plane. This is followed by a regrowth bED structures on the etched nepolar (a- or m)

planes.
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I1-3: Results and discussion

Regular rtype GaN templateof total thicknesaes~3.0 nm weregrown bythe metal
organic chemical vapor depositioMQCVD) techniqueon cplane sapphire substratat
350 mtorr. A low-temperature GaN buffer layeof ~150 nm thicknessvere grown on a
sapphire substrate at 415 using a trimethylgallium (TMGa) source with flow of 1.5 sccm
This wasfollowed by annealing and growth ah ntype GaN film at 1000C using NH;
flow of 1.251/min., and TMGa of 3.25 sccm (standard cubic centimetBasic physical

properties ofsuchtemplates were as follow: mobility ~ 16 C”]Z , resistivity ~2.10% W.cm
VG

and n-type silicon dopantoncentration ~1-2) x 10" cm®. Dislocation densities of the
n-GaN templates were determined to be in the range (87) x 10 cm? by both atomic
force microscopy (AFM) [4] and Xay diffraction (XRD) techniques {6]. The XRD
technique distinguished the ratio between thmgdiislocations (TDs) of both screw and
edge characters. It was estimated th&t-5) x 16 cm? and~ (8-9) x 10 cm? of TDs with
screw and edge characters, respectively, are preseiheiGaN templates. Dislocation
density in order of 10" cm? was also confirmed by transmission electron microscopy
(TEM) technique, andelective area diffraction (SAD)EM technique was used for precise
determination of noipolar crystallographic orientations in the GaN templates grown on
(0001) sapphire.

Special mask of stripes with widtls of 150300 mm and spacingof 200400 nm
wered e si g n eedd ibtydo fisLo f -mask with resolntidn ol 1 mm was applied in

order to perform the etching for exposurenainpolar plane sidewali by the inductively
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coupled plasmaeactive ion etching techniquéCP-RIE) technique The maskd ICP-RIE
technique usea mixture of C} (27 sccm)and BC} (5 sccm),etching pressure 1fhtorr,
etching rate ~233 nm/min., and ICP/RIE powersf 30050 Watts, respectivelyGaN
templates were etched in depth range by ab&ut 3.2 nm in order to observe the role of the
etched height on the stability of sidewalls.

The surface quality of etched npolar sidewall stripes on the polar (0001) GaN
surface and perpendicular etching toward sapphire substrate ilmportant issue in the
SWEpi processThe surface of the 1GaN template as an example andility of etchingof
sidewalls from that templatean be seen ifrigure ll-1. Stripepatterned templates were
ultrasonically cleaned by KOH at 12C for 5 minutesafter etching. HBEM images in

Figuresll-1(b)-(c) revealed certain level of robgess of etchedon-polar sidewall stripes

and damaged etched polaplane.

(@) (b)

c-plane (unetched)

I
2 um

Figure Il -1: HRSEM images n 30tilted views of (a) nGaN template surface grown on
c-planesapphire substrate before etching, (b) andréspectivelym-plane and glane
sidewall stripes etched by the IGRE technique from the-GaN template.
Surface features on thdry etched and KOH chemically cleaned polgplane were

determined to bbexagonakhaped etcipits, which can be related to defects (nanopipes and

threading dislocations) {21]. The dry etchedand KOH chemically cleanedurfacs
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consisted of hexagonahaped etclpits with density of aboufl-5) x 10° cmi®. Please note
that,as it was mentioned earlier, the deesibf TDs with screw characterese determined
to be in thesamerange~ (4-5) x 1¢ cm®.

The stripepatterned templatesere consequentlyoaded in the MOCVD reactor for
regrowth after additionatleaning procedes in hexane, acetone and methanol solvents.
Cleanbaking of the samplewere done undemnitrogenN, and NH ammoniagasflow of
1.25 I/min. in both caseand regrowth of the-GaN layer was initiated fdt5 minutes Both
steps cleanbaking and fGaN regowth were done at 100C. This wasfollowed by
deposition of IRGa.xN/GaN MQWsat 670/700C and both pAl,Ga. N (barrier layer) and
p-GaN subsequent layers at 980Both ntype GaN and fiype (AkGa.,N + GaN) layers
were grown using TMGa and trimethideninum (TMAI) sources with flow of 3.25 and 4.8
sccm, respectivelyln,Ga,.xN/GaN MQWswere grown using triethylgallium (TEGa) and
trimethylindium (TMIn) sources with flow of 4.8 sccm and 54.0 sccm, respectively. Growth
conditionson c-plane of botin,Ga,xN and AlGa.,yN ternary alloy films corresponded xo

andy values of about 0.20 and 0.d8termined by XRD, respectively.

Stripepatterned templates inplane orientation
Figurell-2 shows higkresolution scanning microscopy (HRSEM) images aftah

step of the SWEpi process for thelane stripe orientation. It can be observed that originally

perpendicularly etched{1_12(} aplane sidewall before annealing and regrowth has

transformed into a tilted sefpolar multifaceted siewall.
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n-type GaN template

) c-plane ' c-plahe
(unetched) (etched)

Initial roughness
of a-plane sidewall

Figure 1l -2: HRSEM images in B@tllted views of @) ntype GaN template grown on a
sapphire substrate, (b) ngolar aplane sidewall with the initial etching roughness after the

nickelmasked ICFRIE technique, and (c) se{pblar{l_lzé sidewall with the

multi-facets.

HRSEM and TEMcharacterization techniques reveated nature othe InGa.xN
/GaN based LED structure heteroepitaxy the etchechonpolar sidewall planes TEM
sampls were prepared by a Gdocuse ion beam (FIB), using a 3ReV G& beam at
nominal currents ranging from 20\ (mass removal) t60 pA (fine polish) and a BeV Gd&
beam with beam current at p@ for final polishing[12].

A scanning electron microscopy (SEM) imaafeone of the sampk with the etched
nonpolar aplane orientation of ~2..Irm sidewall stripes, overgrown by@aN and 4 x
(InkGaxN/GaN) quantum wells (QWSs) structures was prepared by Fl&aessectional
view. The sample crossectional cut before polishing shown inFigurell-3. As can be
observed, the regrowth initiatedn the nonpolar sidewall resulted in the tdd plane

sidewall, which corresponds semipolar plane facet.
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INGaN/GaN
. Au/Pd coating

Figure Il -3: Crosssectional view of the sidewall
during TEM sample preparation by FIB

It was determined bythe SAD TEM technique that the semipolar plane facet

transformed from the originally ngwolar aplane sidewall is the lowndex {1_12%

semipolar planen [m-zone] view, see Figuré-4.

0000 % 113[
0.613 o=31.60°,

0002 1122

0.4 pm

£ 20 nm

Figure Il -4: Generaliews of the TEM sample with three regions after regrowth
of In,Ga.xN/GaN MQWs structure; a) etcheeptane, b) gplane sidewall transformed

to {1_12% low-indexsemipolar plane after regrowth, c) unetchgaane(left),
and cetailed view of 4 xIn,GaxN/GaN quantum wellsQWs) (right).
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The resulting{l_lzé semtpolar plane was theoretically predicted as a favorable

resulting facet, when the growth is initiated between a pefdarce and a nepolar aplane,

i.e. when within certain vicinity of these both polar and-pofar planes growtfs occuring
[13]. It can also be noted th%l_lzé plane is a stable semipolar plane in the GaN wurtzite
(a) system from the crystallographic point wiew. Mechanism of a nepolar aplane
transformation into a lovindex semipolar plane is somewhat more complicated. It was
suggested, thatome ofthe key factors for this transformation could be growth temperature,

growth rate doping,local V/lII -ratio in the gas phase and the density of Ga and N sites on

the patterned surfa¢&4].

HRSEM images of the transforme{(ﬁZZ} semipolar plane from-plane sidewall
revealed multifaceted fiwavyo n aeseenenFgdre t he
[I-1(c). Itis notedthat multifaceted (wavyil_lzé semipolar plane was also observed by

other research groups, when growth of GaN was initiated from the stripe openings in SiO
mask aligned in-plane orientaton 3] , and therefore, relation

and Nimask roughness can be excluded. It is suggested that the nature of such growth

behavior on th%l_lzé semipolar plane during SWEpi could be related to surface energies of

{1_12% semipolar planes in-tbld hexagonal symmetry. Surface energ){fﬂz} semipolar

plane expressed in density of dangling bonds correspond to the highest value compared to

other lowindex semipolar planes in ttononpolar [m] and [a] zone views. Also,{1_12%
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semipolar planes in [fhzone views are inclined only 3@o the semipolar plane%]iOi} in

[a-] zone views, which have lower density of dangling bonds [16].ntlEaspeculated that
surface energy relief in this case is throuc¢
m-direction, while the semipolar growth still continuous {digection.

The geometry of etched-GaN templates is allowing the regrowtlon cplane of
different roughness (etchetbwn and unetchedp) and onthe nonpolar sidewalk at the
same time since no masking is used during the SWEpi protksse three regions show
significantly different growth rates between each otret sincehliey wereexposed teslow
conformalgrowthof 4 x (InxGaxN/GaN) QWs [17], which can be used as markers, a precise
determination of geometry amglowth rats by TEM techniques can be performed

Figurell-5 shows scanning transmission electron microscop¥k® images otthe
InxGa,.xN/GaN MQWsin crosssectional view deposited on both unetched and etched polar
c-planes and on the sidewall stripe of th&aN template with a nepolar aplane stripe
orientation. It can be observed that the semipolar sideaxhibit the slowest growth rate.
Also, there is noticeably slower growth rate on the etchpthme plane than it would be

expected.
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0002] sa"d s £ 4 [0002]

A [iiz2 ,
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Figure Il 5'“STEM |mages ofn,Ga. XN'/GaN MQWSs with corresponding emission color
during plotoluminescence (PL) measuremenianunetched-plane
(b) sidewall,and(c) etched glane

The difference between growth rates on both etched and unetghledes was
further investigated and confirmed by higksolution TEM as seen in Figuré-6. This
difference ould be due to damaged surfaedter the ICPRIE technique or due to an effect
of the sidewall on gas dynamics. It is essential to note that damaged sanfidcélted

sidewalls represent an increase of the growth surface.

¥ i f A
Figure Il -6: HRTEM images oanGang/GaN MQWSson both (a) unetched
and (b) etched polarganes.
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The thickness of theegrowth layeron unetched -planewould correspond to the
thickness 0f~460 nm undec-plane optimizectontinuows growth. However, the observation
of the sample by TEM reveada slower regrowth rate on the unetcheeptane GaN surface
Regrowth rate on unetcheeptanecorrespondso approximately’3% of the regulac-plane
growth rate without interruption. Thisoald be explained by slower growth during the
initiation of the first regrowth laysr The regrowth ratein comparison of botletchedand
unetchedc-planes revealed slower growth rate by about 2@# unetched -plane GaN
surface The regrowth rate seens Ive directlyrelatedto the roughness of the surface, atomic
flux andgas dynamics

Photoluminescence (PL) measuremantHeCd laser using spot size ofrth at room
temperature (RT = 300K) is shown in Figlire/. PL measuremestevealed strong emission
of 436 nm from etched-plane region of the sample, which was unexpected according to the
fact that the regrowth was initiated on the damaged surface. The TEM and STEM imaging
confirmed well established MQWs with active layer thickness of 3.0 nm andrdaymee of
10.3 nm on the etched polaptane. PL emission of 491 nm was captured from the unetched
region. The MQWs overgrown on the unetchgaane GaN (significantly smaller surface of
the sample) do not exhibit optimal thicknesses of both activébamikr layers, 5.5 and 12.0
nm, respectively. Thus, peak wavelength emissigrnth broad full width at half maxima
(FWHM) was measured. Weaker PL emission of 462 nm was captured from the sidewall.
Due to the fact, that active and barrier layers of tteucture on the sidewall show
approximately the same thicknesses of ~2.0 nm, the structure was considered as a

superlattice layer structure instead of MQWSs. It can be assumed, that QSCE will only be
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considered in the case of MQWSs structure on etchedceudathe sample. Therefore, the

calculated estimation of indium percentage incorporation based on PL measurements [18] in

different regions of the sample usithge following formula:

E(¥)=x6,n (& X-EL bx@ &

E, ...bandgap energy

b...bowing parameter k(1 -2.3 eV

will be as follow: (0001 c-plane (etched) 14.0%Ir{,1_12% sidewall 18.5%In, and0001)

c-plane (unetched) 22.5%In.

500 . ' '
] T=300K Down (c-plane) ]
InGaN/GaN Side (11-22)
4009qmow Top (c-plane) 4
- 436 nml
> 3004 462 nm 1
F |
= 491 nm
_§ 200- I ]
100+
0-

Figure 1l -7: PL spectra from threegions of the sample:glaneunetchedtop)
with emission wavelength J of 491 nm sidewall (sideith | of 462 nm,
andc-planeetched/down)with | of 436 nm.

300 400 500

hami (nm)

600

A FIB sample from the overgrown etchegblane region by the i&a.xN/GaN based

LED structure was prepared in crassctional view. The etched (damaged) surface exhibited

hexagonal shaped etglis after etching and KOH chemical cleaning as mentioned earlier.
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The TEM images revealed a presence ahdped faults initiated by threading dislocations
(in two-dimensional (2D) view) only in the slow letemperature (LT) (670/70C) growth

of 5 x (InGa.xN/GaN) QWs and subsequent LT GaN growth. An example of stalaje
defect in the MQWs structure is shown in FigUe8. Surprisingly, the first QW, which can
be considered as a marker of a surface after initiation of regrgw#GaN, was without any
faults. \tshape defects were not observed in th@aiN layer below the MQWSs structure.
Also, p-GaN layer deposited after the slow lo@mperature growth of MQWs filled up the
fault and norconformally overgew the \Ashape featuresashown in Figurél-8. This leads

to a hypothesis that faster growth of botkitype and gtype GaN is noftonformal,
smoothing the damaged surface. It would suggest that etched (damaged) surface can be
overgrown and soothed. Thus, the proposed SWEpi desiwhich considers using the

etched surface for a@aN or nGaN contacts, could be realized.

Au/Pd coating

Ve ™ T S

Fast nonconformal
growth rate

p-GaN (980°C)

p-Aly 15Gag g-N (980°C) _‘E
LT GaN (730°C
( ) Slow conformal
5 x In, ,Gay gN/GaN growth rate
Q.W.s (670/700°C)

Threading dislocation
mediating the surface
during slow
conformal growth

of Iny ,Ga, gN /GaN
MQWs and GaN at
low temperature

n-GaN (1000°C) —

Figure 1l -8: V-shape defect in the MQWSs structure during,@a sN/GaN
based LED structure overgrowth on the etched pojdarte.
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Stripepatterned templates inplane orientation

Stripepatterned templasan m-plane orientatiorwith sidewall heights of ~ 2.tm
were prepared. HRSEM images of one tempédter etching and KOH chemical cleaning,
and after overgrowtlby anin,Ga.xN/GaN based LED structuie shown in Figurdl-9. It
can be noticed from comparison of Figuhe8(a)-(b) that the original sidewlgberpendicular
to the substrate (ngmolar mplane) was transformed into the tilted sidewall (semipolar

plane).

\

Semipolar sidewall

SRS aens 5pm
Figure 11 -9: HRSEM images30 tilted views of (a) the etched sidewall m-plane
orientation after KOH chemicaleaning, andb) corresponding sidewadfterthe annealing
and rgrowth of the LED structure

A TEM crosssectional sample from the overgrownptane sidewall as shown in
Figurell-9(b) was prepared by FIBright Field (BF) TEM image in gneral vew in Figure

I1-10 revealed that pwth initiated on thexon-polar mplanesidewall resulted in the téd

multifacetedsidewall, which corresponds {5201} , {i‘LO% , and{iloq semipolar plangin

[a-] zone view
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Figure 11 -10: Bright Field (BF) TEM image of theameral viewof the normpolar mplane
sidewall transformed in muItifacet{aﬁZO:} , {i‘LO% , and{i‘LOE} semipolar planesidewall

Overgrown unetched-glane parts (tops of stripes) of the sidewall LEDs as seen in
Figurell-9 were etched away by ICRIE using a Nimask and standard lithography process.
Non-patterned parts of the same templategmehstandard -plane growth occurred were
protected by the Nimask and those parts of the template served as a referptar@ed ED
devices. Both sidewall andptane LED devices were subjectecetectrical probe inspection
on the wafer Electroluminesagce spectra of both sidewall aneplane LEDs at different
applied currents are shown in Figurell. Figurell-11(a) shows a sidewall LED emission
peak 417 nm, and Figuie11(b) shows eplane LED emission peak 467 nm at 1 mA in both
cases. Weaker side emission peak is due to fact that the probing surface area of the
sidewall LED was about 100 times smaller than in the caselaine LED. Emission of the

sidewall LED is superior per current density. More interestingly, emission peak from the
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sidewal LED is narrower at FWHM than in the case of thplane LED. Since the sidewall

LED is consisting of three differergemipolar plang broader emission peak would be
expected. However, EL measurements do not indicate any significant differences batween |
incorporation or growth rate on those semipolar planes and the behavior of the three

crystallographic planes can be considered as it would be a single semipolar sidewall. Detailed
observation of thén,Ga,.,N/GaN MQWs on{QZOC}, {iloé, and{i’LOE} semipolar planes
showed that the difference of growth rates between those planes differ by less than 9.2%. The
fastest growth rate was on tl{ﬂﬂOE} semipolar plane, and the slest growth rate was on
the {520:} plane. Growth rate of MQWs on unetchegdlane was about 282% faster than

on the sidewall semipolar planes.

Sidewall LED c-plane LED
450 L l L L L 'l L L v l l L 'l L l
(a) | (b) 12750
— 1mA I —— 1mA 1
350 - —08mA 1L —— 0.8 mA] 2250
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2 ——04mA 1F — 04mA AL
=250 k- 02mA | 0.2mAd 1750 3
= —01mA | 0.1 mA o
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£ - - 1250*5;
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Figure Il -11: EL spectra of both (a) sidewall and (bplane LEDs at different applied
currents. Sidewall LED emission peak 417 nm, apthoe LED emission peak 467 nm
both at 1 mA were measured.
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Variation of the peak emission wavelendth of both sidewall and-plane LEDs
with applied currents shown in kgure 11-12. The blue shift of EL emission peak with the
applied current is about 3.5 nm in the case of the sidewall LED and 27 nm foplieec
LED. Primarily, the blue shift in LEDs on theptane GaN is due to the QCSEie blue
shift that we have meared in the sidewall LEDs is fairly small, whictdicates a significant

redudion of QCSE.

I I I I 1 ]
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L | |
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Figure Il -12: Variation of the peak emission wavelengtiboth sidewall and-planeLEDs

with applied current. The bluhift of EL emission peak with the applied current is ab®.Gt

nmin the case of the sidewall LED and 27 nm for ti@ane LED.
Growth rate and indium incorporatioon both etched and unetched patgplane surfaces
Additional TEM analysis of the overgrown stripatterned templates revealed
a phenomenon of slower growth between the unetched and etched stripes in dependency of

the etching depth. It was found thie deeper the etching, i.e. increase of the height and

surface area of the sidewall stripethe slower the growth rate and lower indium
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incorporation determined from PL measurements was observed on the efplatesc
between unetched stripes. HRSEM images of the etched surfaces revealed damaged surfaces
of approximately same roughness in all cases. inkisates that the observed slower growth

rates between unetched stripes are caused by the effect of the growth on sidewalls.-Figure II
13 showsdependency of growth rate and indium incorporation on both etched and unetched
polar cplane surfaces on théching depthas a summary of the overgrown strpetterned

templates by 1GaN and InGa,.xN/GaN MQWs layers.

In,Ga, ,N/GaN MQWs Growth rate and
In% incorporation on c-plane (unetched vs. etched)
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Figure Il -13: Dependency of growth rate and indium incorporation
on both etched and unetched polgri@ne suiaces on the etching depth.
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Surface energy reliefluring the slow conformal growtbf InsGa;.xN/GaN MQWsin both

m-plane and gplane orientations

As previously discussed, theptane sidewalls of 2.1 nm heights were transformed
into{ﬁZ%semipolar pl anes wi t Hirediiona \Hgré, apaner f ac e

sidewalls of approximately same heights were transformed into multiple semipolar facets

also along ndirections. It was determined by the TEM diffiact technique that the

multiple facets correspond t{)iZOC}, {ilO%, and {ilOE} semipolar planes. It can be

speculated that the multifaceted semipolar planes presented in-lawiti @& orientaions of
SWEpi are part of surface energy relief during the slow conformal growth®&lgN/GaN
MQWSs. Comparison of both cases with highlighteetinectional surface energy relief is

shown in Figurdl-14.
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Figure Il -14: BF TEM image comparison of transformed originally nonpolar both
(@) m and (b) aplane sidewalls into multifaceted semipolar plane sidewalls.
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Stripepatterned templates in -plane orientation etched all the way to the sapphire
substrate

SWEpi approach oén In,Ga.xN/GaN based LED structure was also performed on
m-plane orientated stripgohtterned template with sidewall heights of ~ 8 etched all
the way to the sapphire substrate. There was no interference between the growth on etched c
plane GaN and sidewall overgrowth in this particular case. Figtk® shows an HRSEM
image in [a] zone crosssectional view of cleaved strigmttegned template after SWEpi. It
was determined from the contrast between bethnd p type GaN films given by HRSEM

electron beamin Figure 11-15 that nonpolar mplane sidewalls were transformed into

{i’LOi semipolar and nepolar {hoq plane facets.The lastly deposited -@aN film

transformed the twaceted semipolar and nonpolar planes into the I{ﬂﬂaﬂ):} semipolar

plane. This was also confirmed by the TEM diffraction technique.

Figure Il -15: HRSEM image othecleaved profile of the LED structure
overgrown on thatripepatterned template in4plane orientation etched
all the way to the sapphire substrate.
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Additional samples etched all the way to the sapphidestrate confirmed partial
preservation of the nonpolar plane sidewall. It was also observed that magnesium doped GaN

film deposited over the multifaceted sidewalls irptane orientation have a tendency ended

with {5_101} semipolar phne facet. It was previously reported that magnesium is a surfactant

influencing fast growth rate i(ﬁ_’LO]> directions [19].

Summary of etching deptim the sidewall morphology
It could be summarized that shallow etched (< rin?) stipe-patterned templates
transformed into single faceted semipolar sidewild. Deep etched (> 2.6m) stripe

patterned templates with sidewalls inptane orientation transformed into multifaceted

{5202} , {ilO% , and{iloq semipolar plane sidewalls, see FigUrd0. Deep etched (> 2.0
mm) stripepatterned templates with sidewalls i#plane orientation transformed into stable
{1_12% semi pol ar pl anes wi directighsy aeeiuoeslis2(cy&lladc e al o

Lastly, only templates with stripes etched all the way to sapphire substrates partially

preserved the nepolar plane sidewalls as shown in Figlrd5.

Growth rates of IgGa;.xN/GaN MQWs on different crystallographic planes
Figure 11-16 shows a summary of crystallographic plane facets experienced during
SWEpi of LED structures on strigmtterned fGaN templates with different orientations

and etching depth. It can be noted that every crystallographic plane facet exhibifedeatdif
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growth rate during the slow conformal overgrowth gfda.xN/GaN MQWs.

26mmn

Figure Il -16: Bright field (BF) TEM images on,Ga.xN/GaN QWs on different
crystallographic plane facets, which were formed during SWEpi osttipe patterned
n-GaN templates in both/an- planes nonpolar orientations under various conditions.
It was also observed that initial overgrowth of>aN layer at higher temperature
helped to favor nospolar plane over the semipolar plane sidisv Interestingly, the growth
of In,Ga.xN/GaN MQWs at 670/70@C was favoring the nonpolar plane over the semipolar
plane facet (surface increase), despite the fact that the growth rai&af,]/GaN MQWs
was slower by half on the ngpolar than semiplar planes as can be seen in Figl+#6(f).
Thus, the influence of growth temperature (\fHltio), and surfactants (silicon, magnesium
and indium) are under consideration.
Figurell-17 shows growth rates determined by TEM gfGa.xN active and GaN
barrier layers of MQWs on semipolar and nonpolat) (planes normalized to growth rate of
those layers grown on the unetchepla@ne stripes of the sidewall epitaxial templates. It can

be seen that growth rates on semipolar planes less inclined teditextion is faster than
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those with higher inclination angles. It seems that there is also a relationship between surface
energy of the semipolar planes, which can be expressed by the density of dangling bonds,
and conformal growth rates. Semipolar planeefacwith high surface energy and high
surface ratio 1/cag whereq is the inclination anglebetweennormal diredbn of semipolar

plane and dlirection, exhibit slower growth rates. The surface ratio, which reflects the
inclination of the tilted semipolaurfaces toward the flux in the vertical MOCVD reactor, is
probably one of the key factor in explanation why the conformal growth rate on nonpolar
(m-) plane is the slowest while the surface energy is favorable. Also, incident gas flux
dynamics could beinfluenced by the geometry of the strpatterned templates.
Theoretically, the surface ratio of nonpolar planes approach in limit toward infinity, and
therefore, growth rate should be approaching in limit zero. Experimental surface ratio reflects
the red observed geometry of the newly formed faceted surfaces (wavy surface, real height

of the nonpolar plane facet, etc.).
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Normalized growth rate of InGaN/GaN
MQWs on semi-polar planes
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Figure Il -17: Growth rates determined by TEM ofi{Ba,.«N active and GaN barrier
layers of MQWs on semipar and nonpolar (R planes normalized to growth rate of those
layers grown on the unetcheglane stripes of the sidewall epitaxial templates. Plot of
semipolar planes is according to inclination angle between normal direction of semipolar
planes and [@01] direction. Corresponding calculated and observed surface ratios together
with density of dangling bonds normalized to values-pfane are plot as well.
Growth rates othe AlGa;.yN:Mg blocking layeron different crystallographic planes
Regrowth of LED structures during SWi includes two minutes growth of
amagnesium doped #Ba.yN, y = 018 for a eplane growth, blockin¢ayer between 4type
and ptype LED parts at 98C. This layer helps to increase performance of LEIl} pnd it
is basiclly a blocking layerbetween electrons and holes. It was interesting to observe by
TEM that growth rates of this ternary alloy film also varied on different crystallographic

plane facets, but in a different manner than it was observed in the cas&afNYGaN

MQWs grown at 670/70. It was observed that growth ratesAifGa..,N:Mg on different
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crystallographic planes surprisingly matchir
the observed semipolar planes was exceeding-fileane growth, whichs in contrast what
was observed for thén,Ga.xN/GaN MQWs conformal growth.Growth rates ofthe
AlyGa;.yN:Mg blocking layer on different crystallographic planes normalized to tpéane

growth as a f unctissoownimHgur&-4a8 o6dd spacing

Normalized Al, ,Gay gN growth rate
on different semipolar planes
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Figure 11 -18: Growth rates determined by TEM thfe AL, Ga..yN blocking layer on different
crystallographic planes normalizedtothp¢ ane growt h as a functi or
Plot of semipolar planes is according tolimation angle between normal direction of
semipolar planes and [0001] direction.
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Indium incorporation on different crystallographic planes

Indium incorporation on different semipolar sidewall facets was determined from
EL/PL emission peaks, see Figail-7 & 11-11(a). In the case of planes patterned GaN
template, the complete MQWs LED structure was deposited on the naturally formed sidewall
facets, thus EL emission peaks were obtained from sidewall-ptahe LEDs byelectrical
probe inspection othe devices on the wafesee Figurell-11. In the case of -planes
patterned GaN template, only the MQWs structure was deposited, and therefore, PL emission
peaks at RT=300K from HEd laser with wavelength of 435 nm and focusing lens spot size
of ~1 mm were obtained, see Figulle?.

Normalized indium incorporation, which was calculated from emission peaks
obtained by PL, EL and determined by energy dispersive spectra (EDS) supplemental
calibration measurements on prepared TEM samples, reveal thamindaorporation
mechanism on different semipolar sidewall facets is more likely driven by the density of
dangling bonds of particular semipolar planes as can be seen in Rid@eFigurell-19
shows normalized indium incorporation and density of daggbonds as a function of

inclination angle between normal direction of particular semipolar planesdinection.
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Figure 11 -19: Indium incorporatioron different crystallographic planes normalized to the

incorporation on lane as a function of density of dangling bonds. Indium incorporation

wasdeterminedrom EL/PL measurements, anbbpof semipolar planes is according to
inclination angle between normal direction of semipolar planes and [0001] direction.

As a summarnyf indium incorporation during the SWEpi approach, it can be stated

that in all cases ofnyGa.xN/GaN MQWSs deposition on strippatterned templates, the

emission peaks (either from PL or EL) obtained from the sidewalls were of shorter

wavelengths I() than in the case of reference emission peaks fregptace. Thus, lower

incorporation of indium was observed on the semipolar planes during SWEpi.
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Dislocations behavior in vicinity of the sidewall during sidewall epitaxy

SWEpi design revealed that sometloé dislocations present in the originalGaN
templates in vicinity of the etched sidewall are bending toward the newly developed free
surface as can be seen in Figlr20. It was observed that dislocations are propagating in
the direction of growth. fl sidewall multifacets were developed during the SWEpi
overgrowth, dislocations propagated in the direction of the slower growth rate. For example:
when transformation of the nonpolar plane sidewall broke inteiholex semipolar and nen

polar planes, it ws observed that dislocations bended ®@Ward the nonpolar facet while
the semipolar facet was dislocation free. Also, in the case of s{a_b@} semipolar

sidewall, it was observed that dislocations bended only at lower part tdatteand newly
developed upper part were dislocation free. Slower growth rate by approximately 50% was

confirmed on the nonpolar plane facet in comparison to the semipolar planR#4ckt the

case of{1_122} semipolar sidewalltiwas observed that J6a.\N/GaN MQWSs are thinner in

the lower part than upper part indicating slower growth rate. PL emission peak of 462 nm as
shown in Figurell-7 was captured from the sidewall. It exhibited wider FWHM of the
wavelength emission peakyhich can be caused by spatial variations of th&dngN
thickness and composition within the facet at different heights of the sidewall as it was

observed by TEM. This was also suggested by other research groups [23].
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Figure 11 -20: BF TEM images of dislocation networks of taplane sidewall transformed
to the{l_lzé low-indexsemipolar plane aftemnealing andegrowth

at different two beam condition@ Evectors).

Dislocations are bending toward sidewalls, but it is essential to note that calculated
defect density per sidewall area is lower than it would be for the same calculated area of the
c-plane template. Dislocation bending under 80d 60 are mixed dislocationlsending into

basal plane and in the growth direction, respectively.

II-4: Conclusions

Transformation of nonpolar plane sidewalls into preferable semipolar plane sidewalls
was observed during deposition of bothype and ptype GaN films. Those GaN fils
exhibited norconformal growth on the etched sidewalls governed by growth conditions and
doping. Lowtemperature slow growth of J&a.,N/GaN MQWs showed conformal growth
governed by surface energies expressed in density of dangling bonds on theedevelop

sidewall crystallographic plane facets from the originally etched nonpolar sidewalls.
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Growth of theAl,Ga..yN:Mg blocking layer as a part of a LED structure on different
crystallographic planes is matching haN nd¢
observed semipolar planes is exceeding thoe growth rate.

Incorporation of indium followed the growth rate, i.e. density of dangling bonds, on
newly developed semipolar plane facets. Incorporation of indium during the deposition of
InyGa,xN/GaN MQWSs on both semipolar and nonpolar sidewalls was always lower than in
the case of the-plane orientation.

Disadvantages of the SWEpi approach were observed in the loss of surface area for
the sidewall LEDs fabrication and in the behavior of dislocatioresent in the original
templates during the overgrowth process. Dislocations are bending toward sidewalls, but it is
essential to note that calculated defect density per sidewall area is lower than it would be for
the same calculated area of thelane template. Upper parts of the sidewalls exhibit

dislocationfree regions.
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CHAPTER II'I: Light emitting diodes based on sidewallptiane epitaxy of etched
GaN/sapphire templates

111-1: Abstract

Light emitting diodes (LEDs were grown on the etched-ptane of eplane
GaN/sapphire templategown by metal organic chemical vapor deposition (MOCVD). The
LEDs, with In,Ga.xN/GaN quantum wells (QWSs), were studied and cusvelitage

measurements showrpdiode behavior. TEM imaganalysis established that the QWs are

on the sidewall {1101} semipolar plane. Electroluminescence measurements on the

fabricated LEDs display an emission peak at 487 nm, with a blue shift of only 4 nm on
increasing injected current detysifrom 0.3 to 100 A/cth The demonstrated sidewall
approach significantly reduces the quantum confined Stark Effect found in QWs grown on ¢

plane substrates.

[11-2: Introduction

One of the factors limiting the internal and external quantum efficien@QEJEof
light emitting diodes (LEDs) and laser devices is the undesirable polarization fields, which is
the result of growing strain layers on thexds of the wurtzite crystal substrates [1]. The
resultant internal polarization fields lead to the quantonfined Stark Effect (QCSE) which
decreases the radiative recombination efficiency within the quantum wells (QWSs), especially

at longer wavelengths [2]. Polarization effects can be eliminated by growing devices on an
alternative orientation of bulk GaN ystals such a$]i00} m-pIanes,{llﬁO} aplanes, or

reduced by growing on sefblar planes [3]. Heresidewall metal organic chemical vapor
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deposition (MOCVD) epitaxy of LEDs on the etchedpfane of eplane GaN/sapphire
templatess reported Sidewall LED epitaxy, in principle, is a mulitage growth process that
allows the use of large area substrates and offers several unique advantages. It starts with the
growth of a thick GaN layer on-gane sapphire, patterning aremdified m or aplane,
followed by etching of several microns of GaN.eTétchings followed by MOCVDgrowth
of the LED structureon the exposed sidewall planes. Finally, a second etching is used to
form the pn diode using the standard GaN fabricatfmocess. The sidewall multilayer
structures were examined using transmission electron microscopy (TEM). The processed
LEDs were tested by measuring curreoltage (FV) and electroluminescence (EL)
characteristics.

An insulating undoped GaN layer of 0i&n was grown using MOCVD on a (0001)
sapphire substrate, followed by argh thick nlayer of GaN seeFigurelll-1(a). Stripes of
200 mm width were patterned at 406m intervals on the 4GaN template using
photolithography. The samples were then etchedndimwthe insulating layer to expose the
etched rplane sidewall, as shown in Figulié-1(b). Etching down to the insulating GaN
layer was carried out by inductively coupled plaswactive ion etching (IGRIE) using

Cl,, BCl3, and argon gases.

[11-3: Results and discussion
In Figure Il1-1(c), a scanning electron microscopy (SEM) image shows the etched
sidewall mplane of (0001) GaN on sapphire. Vertical etching-@alN over 2.5 microns by

ICP-RIE technique was successfully achieved.
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(a) (b) Etched to expose

m -plane
n-GaN 2.[3 mm| n-GaN @_
[0001] I |jooo] L»(l 100 [ogoy]

|
i-GaN c¢-plane i-GaN' c-plane

Top c-plane

Sidewall m-plane

‘Bottom c-plane

Figure |1l -1: Crosssectional views of (a) initial nGaN layer grown on (0001)aBl/sapphire
template, (betchedc-plane GaN/sapphirgdown to +GaN layerexposing the nplane,
(c) SEM image of the etched sidewalpiane GaN ira 30 tilted view.

Growth of LED structugs on the patterned GaN/sapphire templates was initiated by
annealing the patterned template at high temperature (<@PAO the MOCVD reactor
followed by deposition of a Qloped GaN layer of ~0.4@m thick. The GaN:Si layer on the
etched eplane GaN was relatively insulating daeroughnessnducedby etching Using
optimized MOCVD growth conditions, -@aN/Aly,Ga) gN:Mg/QWs/GaN:Si multilayer
structures were grown on thetched m-plane GaN/sapphire template. The active layer
consists of five periods of J@a.xN/GaN QWs followed by a GaN cap layer and a p
Alo Gay sN electron blocking layers. The topGaN layer is 0.25m thick.

Figureslll-2(a)}(b) are TEM images of an LED structure afteigrewth. The TEM

image in Figire l1-2(a) shows that the initial etched polarplane was transformed into a
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{]iOl} semipolar plane. Since TEM characterization waaried out after the device

structure growthijt was not entirely cleawhether this transformation wagie to the high
temperature treatment before thegrewth or due to the MOCVD growth conditionghus,
more experiments were carrtedt in order to deermine thetransformatiormechanism®f
nonpolar plane sidewall stripes etched from polar bulk GaN templstesemipolar plane
facets TEM and SEM characterization techniques revettiadl transformed semipolar plane
sidewalls are independent of etopiroughness or a masking technique. Transformation from
nonpolar plane into senpolar plane sidewalls can be strongly coresdatto growth
temperaturgV/Ill flux ratio, doping (surfactance effectriginal etchheight of the sidewall
and thin film deposition (ernary or binary alloy Detailed resut are summarizk in
Chapter2.

Also, from Figurelll-2(a) the growth rate of the originaiptane is faster than that on
the developec{]iOl} semipolar plane. The faster growth rate cobldue to column 111 flux
direction, which was normal to theptaneor due to crystallographic and thermodynamics
preferences based on growth conditiombe five periods of the {Ga.xN/GaN QWs are
shown in both polar [0001] and semipofat01] directions of the[1120] zone view with

a period thickness of 24 nm and 14 nm, respectively (segesidl-2(a)(b)). As expected,
there was growth on all exposed surfaces: tqpane, laterally on mplane and bottom
etched eplane and the schematic is shown inufeg lll-2(c). LEDs were fabricated using

conventional photolithography and IGBE processes. Top-mlane was etched down to
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n-layer and contacts were deposited on thHéaiN and rGaN layers forming a rectifying
junction as shown in the schematic in tigll1-2(d).
m  ow

Growth
directions

(a)] QWs

n-contact

Figure 111 -2: (a) TEM image of sidewall LED structure on the etcheglamne of eplane
GaN/sapphire. (b) TEM image of quantum wells on the g®itar plane in  zone view. The
TEM images show that therg & lateral growth on the etchedpiane sidewall of lane
GaN/sapphire. (c) Schematic of the sidewall LED structure growth on the patterned (0001)
GaN/sapphire substrate. (d) Schematic of the sidewall LED device structure after etching the
top surface ad metallization.

A comparative wavelength shift with applied current of befilane (0001) LED and

sidewall {i’LO:} LED is shown in Figure II-3(a). A significant blue shift for the

c-plane (0001) LED can be observed with applied cuiretite rangef 5 - 45 mA.
A characteristic vV curve for a sempolar sidewall LED grown on the etched

m-plane of eplane GaN/sapphire template is shown irugglli -3(b).
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The fairly high series resistance under forward bias is due to theptimized
sidewall structure, especially thdayer on the etched surface, and subsequent metallization.
Measurements of the emission spectra of processed LEDs were performed under DC
operation. In Figre Il1-3(c) the room temperature EL spectra of the fabricatiel@wall
LEDs using applied current from the tuon value of 0.3 to 2 mA are shown. The EL
emission intensity increases with the applied current and there is a prominent emission peak
at 487 nm for 2 mA applied current. Under the same growth conddi@hsneasurements

the eplane LED had an emission peak aB%in (not shown).

315 R 25 — 20 —
(a) _ (b) - (c) 487 nm
510 4 Peak 2 (from the c-plane devices), T=300K T=300K
i~ - 20 4 sidewall LED 1 45 | sidewallLED
[3 LI I - —
<505 1 a 18 =] 2mA
< T=300K £15 1< 1.3mA
=] c-plane (0001) LED = om = et
g 500 ve 18 5§10 1 o0.8maA
g sidewall {1-101} LED 510 1 m 0.6mA
S 495 | 1° 0.4mA
Peak 1 (from the sidewall devices) 5 5 0.3mA
490 [ I | - = ] 1
| | | | n n
485 r . . : 0 1 £ 0 — .
0 10 20 30 40 50 5 0 5 10 15 20 25 350 400 450 500 550 600
Applied current (mA) Voltage (V) Aemi (NM)

Figure 11 1-3: (a) Wavelength shift with applied current of botiplane(0001)and sidewall
{i’LO:} LEDs. (b) I-V characteristic curveof the sidewalLED grown on the etched-plane

of c-plane GaN/sapphiravhich resulted in th{aﬂo:} semipolar sidewall(c) EL spectra of

sidewallsemipolar{ho% LED at different applied current. The EL emission pes&ti487
nm for the applied current of 2 mA.

The EL emission peak and the full width at half maximum (FWHM) for the -semi
polar sidewall LED are shown in Rigg Il1-4. After turrron, there is a rapid blue shift in the

EL emission peak from ~ 492 to 487 ramd the FWHM increases from ~ 47 to 52 nm. With
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increasing applied current density, the emission peak and FWHM remain nearly constant
from 20 to 100 A/crh As the LED is almost free from piezoelectric polarization, the shift in
the emission peak positiawith increasing applied current is minimal. Since the template was
etched down to the insulating GaN beforegrewth and the GaN:Si layer grown on the

etched area was insulating, it is unlikely the EL emission was from-phemne QWSs. Thus,

the peak at&7 nm originated from QWs on tl{liOl} semipolar sidewall plane. It needs to

be noted that the sidewall LEDs have an emission peak at a shorter wavelength than that of
LEDs grown on a polar-plane GaN substrate indicating the near absericany QCSE.
These resultswere confirmed by fabricating several LEDs and their EL and TEM

characteristicstudies

Applied current (mA)
0 2 4 6 8 1012

494
492 - T=300K
\  Sidewall LED 55

E 490{ ! . - 5
= ] ™~ s =
(]
— o

4881 *| =

486. / 45

484 40

0O 19 38 57 76 95 114
Applied density (A/lcm2)
Figure Il -4: Variation of the pak emission wavelength and fwldth
at half maximum of theidewallLED with applied current. The bé shift of
EL emission peak with the applied current is about 4 nm.
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As previously reported, when the injected current oflth&a.xN based single QW
c-plane LED was changed from 20 to 100 mA, a large blue shift of the peak wavelength from
675 to 580nm was observed [4]. The blue shift of commercial green and blue LED was also
observed with increasing the injected current [5]. Primarily, the blue shift in LEDs on the
c-plane GaN is due to the QCSE. Recent results of LEDs grown on free standing bulk
m-plane GaN substrates show peak emission at 402 nm that is almost independent of the

current injection levels with EQE higher than 50% [6]. Green LEDs grown on free standing

semipolar {1122} bulk GaN substrates resulted in a fairly larggebshift (~20 nm) at high

current injections [7]. Also, in mlane LEDs, small blue shift (~10 nm) on increasing
current density from 0.2 to 100 A/érhas been observed [8]. The blue shift in those semi
polar and polar LEDs could be due to localized stébemed by potential fluctuation and

band filling. Compared to the previous results, the blue shift that we have measured in the
sidewall LEDs is fairly small, which indicates a significant rdouc of the QCSE. In
addition, the sidewall growth of LEDrsictures offers several other advantages. The process
starts with large area sapphire substrates and apphieB-established growth techniqtieat

has been developed during the last decade. The etched stripes can be selected to expose

different sidewallplanes. Thus, it allows the investigation of several-polar (either mor

aplanes) and senpolar planes (such aSiOl}, {1152}) in a single epitaxial sidewall

growth and fabrication cycle. This can offer informatidooat different parameters such as

growth rate and indium incorporation on different crystal plane orientations.
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[11-4: Conclusions

In conclusion, sidewall epitaxy of LEDs on the etchegblame {1.‘[00} of c-plane
(0001) GaN/sapphire terigtesgrown by MOCVD was demonstrated. The LED structures
were studied using SEM, TEM, and electrical measurements. TEM study reveals that the
QWs are on thé]iOl} semipolar plane. 4V characteristics confirm-p diode behavior and

EL meaurements on the fabricated LEDs yield an emission peak at 487 nm having a blue
shift of ~4 nm upon increasing injected current density from 0.2 to 100°ABand filling

and potential fluctuations that generate localized states may have contributed oieh

shift. The In incorporation rates and growth dynamics on the etchedatanplanes of GaN

are currently under investigation.
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CHAPTER IV Formation of GaN and AGa.xN (0 < x¢ 1) nanowires by a madkss
inductively coupled plasniareactive ion etchingechnique

IV-1: Abstract

Formation of GaN and AGa.xN (0 < x ¢ 1) nanowires by a simple matdss
inductively coupled plasmiareactive ion etching (IGIRIE) techniquehas feen studiedThe
At-dp wn 0 -lessadsyktchingapproach avoids the extra step and complications that
accompany the use of mask processes. This 4easkapproacks based on theresence of
the high density of dislocationns the starting GaN filmThes dislocationgepresent high
etching ratesites leaving behind nanowires with l@wvdefect density materiaéliminating

certain types of defects, and decreasing the original volume of semiconductor material.

IV -2: Introduction

Recent progress ithe development of lighitemitting diodes (LEDs) based on GaN
(llr-nitrides) nanocolumns or nanowires led to variety of techniques to @edwemplates
with nanostructures. In general, templates with GaN nanostructures can be achieved by two
approachesThe first approachis bottomup methods of selissembled nanocolumnand
the secondapproachis topdown methods, where nanowires ameatedby several step
processes such as growth, masking, followed by the inductively coupled plasaetive
ion etching(ICP-RIE) techniqug1-6].

Bottomup methods include GaN nanocolumns grown by hydride vapour phase
epitaxy (HVPE), molecular beam epitaxy (MBE) or metedanic chemical vapor deposition

(MOCVD). A commonly used method is the vagpaquidi solid (VLS) growh mode, which
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was first proposed by Wagner and Ellisg]L The use of a liquid catalyst at the growth
temperature is quite different from other approaches, wherdrgagnent of foreign
substrates and modulation of growth conditions is used.

Fabricathg GaN nanocolumns by tajpwn methods include variety of etching
processes. For certain etching processes, elebgam lithography has been used to
fabricate metal nanopatterns used as an etching mask. It is possible to prepare nanocolumns
(nanowires) ging the topdown approach by removing the constituent elements from the
original material. Thus, nanowires can be formed by segteal processes such as masking
followed by the inductively coupled plasniareactive ion etching (IGIRIE) technique.
Masking/etching techniques are based on masks such asrii&el, anodic oxidationand
others B-6]. The nanowire's size is determined by the masking process, which is limited by
the resolution of the lithogaphy technique [[7 In these processes, undesieabiteractions
between GaN and the mask matecah leado tilting of the overgrown GaN which leads to
the generation of dislocationsjaro-twins or stacking faults |8

In this work, the érmation of GaN and AGaxN (0 < x¢ 1) nanowires by a simgl
masklessICP-RIE techniques investigatedThe maskless dryetchingapproach avoids the
extra step and complications that accompieyuse of mask process@s §. This maskless
approach appeared to be based onptesence of a high density of ldsationsin the
starting GaN film.These dislocationsepresent high etching ratestes leaving behind
nanowires with lowr defect density materialeliminating certain types of defects, and

decreasing the original volume of semiconductor material.
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IV-3: Results and discussion

The formation of GaN andl,Ga.xN (0 < x ¢ 1) nanowires using a masé&ss dry
etching technique is a simple tvgtep process. It starts with a31mm thick GaN or
Al Ga.xN film grown on the sapphire substrate, followed by thaskless ICPRIE etching
technique.

Bulk GaNand Ab . ,Ga g\ templates were grown conventionally by MOCVD at 350
mtorr in order to observe and investigate nanowires formation of both binary and ternary
semiconductor nitride compoundsow-temperature @N and AlGaNbuffer layes of ~100
nm thicknessveregrownon a sapphire substrates at 4Z%sing a trimethylgallium (TMGa)
and trimethylaluminum (TMAIsource with flow of 1.5 sccm(standard cubic centimeter per
minute) and 2.4 sccymespectively. Thisvasfollowed by annealing and growth of Gaixd
Alo :Gay gN with total thicknesssof 2.5 mm at 1000C and 1020C, respectively, using NH
flow of 1.25 I/min., TMGa of 3.25 sccm and TMAI of 4.8 sccm. Then, samples were etched
to produce templates with namime networks by tie maskless IGRIE technique The
etching gas mixture consists of chlorineGnd boron trchloride (BC§). The flow ratio of
etching gases is 5:1, more precisely 25:5 sccm (standard cubic centimeters per minute).
Etching pressure &5 mtorr, and ICP/RIE powers are 300/100 Watts.

Etching attacks faults in ®Gabonding and stackin@efects) 10] as shown irFigure
IV-1(a). Numerous defects are generated in the hetpiiaxy of GaN on sapphire, such as
threading dislocations (TDs), mapipes[11-12], columnarinversion domainsprismatic
planar defectspoint defects, etdhree types of TDs are currently observety@e (edge), €

type (screw) and a+type (mixed).TDs mergeat the free surface and givise to surface
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depressions [13 They are extended defectwith their origin at the epifiim/substrate

interface They propaga¢ within the entire epifiim.It is essential to note that threading
dislocations can be both opeand closedc or es di sl ocations [ 14].
corsist either from the weakeGaGa (longer bond lengthpr the strongerN-N- (shorter

bond lengthhb onds [ 15] . I n the case of nanopi pes,
formed during the GaN film growth otasa 0001)
closedcore and change to an opeore [16]. It is expected that contracteshds(short bond

length) in defects will represent harder localized spots for etching in contrast to relaxed
bonds (long bond length) The mechanism of preferential etahinn the threading
dislocations is shown in Figu®/-1(a). FigurelV-1(b) shows a higlesolution scanning
microscopy (HRSEM) image of GaN nanowires after etching matching the suggested

mechanism of nanowires formation.

CROSS-SECTIONAL VIEW Etching
Mixture of Etching Gasses Variables
Cl,:Cl,=1:5

Ay

Surface Surface

Free surface

Etching  Mixture

Epifilm
Temperature & Defects Pressure & Flo

Ga-N
epifilm

Ga-N
epifilm

Line tension Line tension

Threading

Threading
Dislocation 1 i i

Dislocation 2

Substrate

Sapphire substrate

Figure IV -1: (a) Schematic of thenaskless ICHRIE technique for the GaN nanowires
formation, and (b) HRSEM image of GaN nanowires after the masklesRIER7].
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Depending on the type of TDs, different sizes of surface depressions are observed by
atomic force microscopy (AFM)1[]. Figure IV-2 shows AFM images of both GaN and
Al Gay N films grown on sapphire substrates by MOCVD. Surfaces of those films reveal
dark pits of different sizei® two-dimensionally (2D) viewed scans as can be seen in Figures
IV-2(a)(b). Threedimensiondy (3D) viewed scans prove a presence of surface depressions

of different sizes, which are related to threading dislocations [13], see Hyu2¢s)-(d).

a 3 2.00 b

Figure IV -2: (a)(b) AFM sc;ns in 2D viewof both GaN andu:%lzGa)_gN films grown on
sapphire substrate by MOCVRand (c)(d) their corresponding AFM scans in 3D view

These variations in the surface depression originate from elastic strain energies of
TDs and the orientation of their line tension vesioith respecta the free surface as shown

in FigurelV-1(a). TDs or nanopipes mez@t the free surface, etching rates accelerate toward
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the substrate in those spots identified HBxagonal shaped etglits [1819] observed in

initial stages of etching, see Figuxé-3.

Figure IV -3: HRSEM image in detailed 6Qilted view of hexagonashaped
etch pits on the etched polaplane of GaN template in early stages of etching.

It was estimated from Figur®/-2 by dark pits counts [20] in AFMcans that
dislocation densities of GaN andAGa g\ films are c. 3.5 x 1Dcm? and c. 1.5 x 18
cm?, respectively. Dislocation densities of those films walso analyzed byhe X-ray
diffraction (XRD) technique [2422]. Figure V-4 shows the full wdth at half maxima

(FWHM) of double crystal rocking curves (DCRC) of (hkplanes as a function of the

lattice plane inclination anglé in GaN (solid= points) andAly . GagN (solid )f points)

films. The inclination angleg between(hkil) planesand cdirectionin hexagonal crystal

structure can be calculatég using thdollowing formula [23]

3a2
+ ( —+ (LI
e hh+kk So(hk kB 2% (1D

S 2 2 3&2 2 : 2 §
J%hwkl k3 () g gk ke ()

75



wherea = 0.3187 nmc = 0.5186 nmfor GaN, anda = 0.312 nm, ¢ = 0.5145nm for
Alo GaygN [24]. It can be remarked that lattice parameter\lefzGaygN were calculated
from | attice parameters of CGalsulatadnintlinaidn N b y

anglesf of selectedhkil) planesare summarizediTable \£1.

Table IV-1: Calculated inclination angles betweerselectedhkil) planesand edirection

INCLINATION ANGLE 7[]

(hkil) planes GaN Al ,Gao N
(0002) 0 0
{10‘15} 20.606 20.545
{10‘1:} 32.076 31.993
{ 10‘1% 43.235 43.143
{3033% 70.501 70.433

The FWHM of DCRCs of (hk) planes are related to dislocation density using

b2, . :
crenl dge=$ , Where b,,, f, are tilt and twist spreads argl,b, are the Burgers

vectors of € atype TDs, respectively2p], for GaN: ( :0.5186nm1 Q‘ :0.3187nn)

bC

and for Alg.GayaN: (bc =0.5145nm{ b :0.3172nn) [24]. The FWHM of (0002)

reflection is usedo estimate the tilt angle),, . The twist angles,,, is estimated using

ist
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method outlined previously by Lest al.[22], b :\f( 4 cos )% { wiPsin )2 , Wheref is

the angle between thediprocal lattice vectofK,,, ) and the (0001) surface norm&tom

Figure IV-4, the b,, and b

twist

of GaN film corresponds to values 0.131 and 0.365,

respectively.Dislocation densitiesvith screw and edge components westimated to be

4.07 x 10° cm? and8.38 x 10° cm? based on thosk-values. For the case &fq,Ga oN film,

b, and b,

twist

values are0.366 and 0875 from Figure IV-4, leading to estimas of

dislocation densities with screw and edge componer828%k 10° cm? and 486 x 10" cm

2
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Figure 1V -4: Plot of FWHMs of DCRCs of (hK planes as a function of the lattice
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XRD results show approximately 5@% higher estimates of the dislaoatdensities
than dislocation density determinations from surface analysis by AFM. This could be due to
the presence of other types of defects, such as inversion domain boundaries, point defects,
stacking faults, etc., in the bulk of GaN and) && N films that would contribute to the
broadening in the XRD measurements. Discrepancy of obtained results can also be due to
inaccuracy of applied methods for dislocation density determination.

Hexagonal etcipits on GaN surface were observed in early staijestching as
shown in FigurelV-3. Those etch pits appeared on the shortly etched GaN surface with
density of about 3.7 x #@m®. Diameters of those etch pits were between 150 and 250 nm.
Considering AFM scans of GaN film showing depressions relatéioréading dislocations
with screw, mixed and edge components or nanopipe$Zldf dimensions between 13 and
74 nm, it could be suggested that those hexagonal etch pits rather belong to high elastic
energy defects represented by dark pits of bigger deameSuch dark pits with observed
density in the low 19cm ranges in GaN film are associated with screw or mixed threading
dislocations and nanopipes [20]. Thus, the number of hexagonal etch pits observed on the
GaN surface by HRSEM after a short etghiime matches the number of dark pits with
screw component (both ¢ and ¢ + a types). XRD analysis of GaN film showed that GaN films
exhibit a density of dislocations with screw components of addd8 x 16 cm? This
number is also in a good agreemwiith density of hexagonal etch pits. Thus, XRD results
al so suggest t hat t he defect s r es paoxnissiob | e

measurement are responsible for the enhanced localized etching rate toward the substrate in
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early stages of etching, @nherefore, for the formation of GaN nanowires as can be seen in

FigurelV-5.

I
0.3 pm

Figure IV -5: HRSEM images of GaN film surface in tilted view (a) before etching, (b) with
hexagonal etch pits after 30s of etching, (c) uniform$yupted after 60s of etching, (d) with
hexagonal etch pits with diameters of-0.3 mm in detailed view, (e) with GaN nanowire at

the boundary of three hexagonal etch pits after 300 s of etching, and (f) with final GaN
nanowiresod net whimgk after 600 s of

HRSEM images of GaN and fGagN nhanowiresdé network are
IV-6. FigurelV-6 shows the final morphology of nhanowires etched in the masklesRIEP
process from GaN and MGay gN templatesn general and detailed views. Etchimge for
GaN and A .GaygN templates were 600s and 480 s, respectively. Shorter etching time for
the Al GaygN template was selected based on the faster etching rate observed in earlier
experiments and expectation of different etching chemistry forrpirend ternary
semiconductor compound$his could beexplained bya fundamental difference between

bonding in GaN and AFGaN compounds and the presence of various defects types in those
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films. The masKess process produced GaNd AbGagN nanowiresabout onemicron
long and 56100 nm in diameteiThe densities of GaN and Al5& gN nhanowiresvere ~ 1.1
x 10'° cm? and ~ 4.3 x 1dcm?, respectively. Thusanowiresetched from more defective
template appeared with less densityhen the etching pssure wadoweredor the films
were etched dowto the substratdgoth GaN andAly ,Ga gN templateshad alower density

of NWs. Thus,spacing of both GaN amil ;.Ga gN nanowiresould be controlled

: 0.1 pm

Figur IV -6: HSEM imaes'sn genral a dtailed view$ bth(a)-(b) GaN,
and (c}(d) Alp.GaysN nanowiresodé networ k -Riepravesdd by t he

In order to confirm the theory of preferential etching of threading dislocations with
the screw components and nanagiptwo GaN film samples with thick and thin GaN buffer

layers (BLs) were grown by MOCVD under the same conditions as mentioned above for the
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GaN template. It was found that GaN samples with thin buffer layer (BL) (~70 nm) grown on
a (0001) sapphire subate exhibit a higher density of dislocations with screw component in
comparison to GaN samples grown with the thicker buffer layer (=210 nm). AMufe
showsthe full width at half maxima (FWHM) of double crystal rocking curves (DCRC) of

(hkil) planes asa function of the lattice plane inclination angfein both GaN with thin
buffer layer(solid = points) andGaN with thick buffer laye(solid )/points)films. It can

be concluded from Figur®/-7 that GaN film grown with thin ufffer layer exhibits higher
number of dislocations with screw components and lower number of dislocations with edge
components in comparison to the GaN with thick buffer layer. The increase in the screw
component was ~ 31.7% and the decrease was ~ 32Mt%osUggests that character of the
dislocations present in GaN films can be controlled in some extend by the use of different
buffer layers. Threading dislocations were determined to be responsible for localized high
etching rates in initial stages of masks etching, and therefore, their different types could

influence the NWs fabrication.
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X-Ray Analysis: DCRC F\VHM

® GaN withthin BL
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Figure IV -7: Plot of FWHMs of DCRCs of (hK planes as a function of the lattice
plane inclination anglé . Inclination anglef is between @xis and normal axis of the

particular crystallographic plane and curves corresporid taGaNwith thin BL,
andy” GaN with thick BLfilms.

GaN films with both thin and thick buffer layers were etched fos 8§ the ICPRIE
technique in a masless process to observe initial stages of etching. Figur@ $¥iows
HRSEM and AFM images of those GaN surfaces. It candbieed that the GaN film with
thin buffer layer in Figure IM8(a) shows more hexagonal etch pits than in the case of GaN
with thick buffer layer in Figure IM8(d) by about 30%. This difference can be matched to
~ 32% enhancement of dislocations withesercomponent in the case of GaN with thin

buffer layer.

82



Figure IV -8: Surface of GaN f|Im with thin BL in tllte view by (a) HRSEM (b) AFM,
and (c) AFM with coloring associated to surface depressions, where the red caiq;nedis
to the highest surface tensions causing deep surface depressions. Surface of GaN film with
thick BL in tilted view by (d) HRSEM, (e) AFM, and (f) AFM with coloring associated
to surface depressions.
The fundamental surface differences of baiih and thick BLs, which were grown at
475 C and annealed at 100G, were observed by HRSEM without coating &band can
be seen in Figure P@. Figure I\/9(a) shows well annealed featureless surface of GaN with
thick BL. Figure I\29(b) shows GaN filnwith thin BL and notable surface roughness. It is
believed that such surface roughness of BL can enhance multiple interactions of dislocations

in early stages of higtemperature GaN growth, and be responsible for an increase of

threading dislocations witscrew components and nanopipes densities.
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Figure IV -9: HRSEM }' of éBLs surfcs (a) thick BL, ~210 nm,
and (b) thin BL, ~70 nm both grown at 445 and annealed at 100G.

IV-4: Conclusions

The relation betwen defects and etching is more complicated ddieetfact that not
all defects are extended defects and not all extended defects propagate similarly toward the
free surface. Dislocation networks are somewhare complex,and thereforenot all
nanowirescan be defeefree after etchinglt was shown, that defects responsible for local
acceleration of etching rate toward the substrate in early etching stages are more likely
threading dislocations with screw components and nanopipes. Low elastic enexghg,def
such as dislocations with edge components are not sensitive to etching in early stages. They
can be randomly eliminated while the volume of the original semiconductor is decreased. In
the later stages of etching, when more likely bonding energigsapiale the GaGa closed
core dislocations in GaN can be easily eliminated. From this perspective, it is essential to
mention that beside threading dislocations, columnar inversion boundaries due to their
nature, localized Mace in Gaface film and vie versa, could be the ideal candidates for

localized accelerated etch rate toward the substrates.
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It is difficult at this stage to claim that all the nanowires produced by the-lessk
etching process are defedtee. There is still a possibility thabse of the nanowires could
be formed due to decorating certain types of defects, and therefore, preserve such defects in
their nature. What can be stated is that the etching process etches away areas of the starting
GaN template that consist of certainégpof defects. The proposed mdegs technique has
two main advantages. The first advantage is that nanowires are produced without the need of
extra steps of masking and lithography. The second advantage is that these nanowires, if used
as a template, hawdislocation densities in lower ranges than it would be in the starting GaN
templates. GaN material reduction (t&6% of the original semiconductor material) and 3D
growth on different crystallographic facets in early overgrowth stages on nanowirergisuct
play a key role in the remaining dislocation interactions. Here, the chances for dislocation
annihilation and formation of dislocation loops are greatly increased.

Thus, when these nanowires are uaeda substrate for epitaxial and coalesce GaN
films, low dislocation density films will be achieved. Further study of the effect of etching
conditions, pressure and gas mixtures, on the size and distribution of these NWs is still under
investigation. Also, consistent study of the nanowires formation iar athaterial systems
such aAl,Ga.«N, InyGay.yN, where (0 <x, y ¢ 1), and effect of doping in such films will be
studied. The IHnitrides nanowires could be used as seeds for the growth of high quality
ternary alloys in both matched and mismatchedesyst(due to the relaxation nature of these

nanostructures).
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CHAPTER V: Embedded voids approach ftow defect density in epitaxial GaN
films

V-1: Abstract

A technique for defect reduction in GaN epitaxial films grown on sapphire substrates
was developedThis technique relies on the generation of high densities of embedded micro
voids (~10%/cn?), a few microns long and less than a micron in diameter. These voids are
located near the sapphire substrate, where high densities of dislocations are present. Network
of embedded voids offer free surfaces that act as dislocation sinks or termination sites for
dislocations generated at the GaN/sapphire interfagth transmission electron and atomic
force microscopyesults confirm the uniform reduction of tlkslocation density bywo

orders of magnitude.

V-2: Introduction
The absence of a cesffective latticematched substrate for GaN has resulted in

research efforts focused on methods to reduce the dislocation densitgrardpatiaxial GaN
films. Several techniques such laseral epitaxial overgrowth (LEQR thin layer of SiNy
grown ata low tenperature SiH, treatment, AIN interlayers anditride nanocolumn
overgrowthwere reported toeduce the dislocation density GaN films [£5]. In general,
approaches to achieve a low dislocation dengitifjormly in GaNtemplates have limited
success and dislocation densitie~10%cn?) still persist. An approach to reduce¢he
dislocations uniformly, which is capable of achieving dislocation densities in thert0

range was developed
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V-3: Results and discussion

The approach, embeddedids approaci{EVA) relies on the generation of a high
density of micrevoids,that are dew microns long and less than a micron in diameter. This
network of threedimensional voids has an average density of/ch@ in the plane
perpendicular to the growth directiddislocations are known to terminate at free surfaces in
epitaxially grown films. Thus, an efficient dislocation trapping zone near the GaN/sapphire
interface approximately 2 microns in height is introduced before the growth of the active
layers of the IHNitride epitaxial films.

This EVA approachis a threestep processas shown inFigure V-1. The EVA
technique starts with a bulk GaN film;3mm thick, grownby the metal organic chemical
vapor deposition on a sapphire substrate with dislocation derisity0b/cn? as shown in
Figure V-1(a). Figure V-1(b) showsthe creation ofGaN nanowires(NWs) from a bulk-
grown GaN filmusing a maskless inductively coupled plasmactive ion etching (IGIRIE)
technique The final step consists of epitaxial GaN ovevgig void formation, dislocation

trapping,and planarizationrbm the GaN nanowire's templae seen in FigreV-1(c).

nanowires

(R O
T Gany/ 4N A (A INEE= GANTU VO R) ([ RKTGaN (N Ui

Figure V-1: Schematics of the dislocation configuration in a thstsg process for reduction
of dislocation density (a) growth of Gdilm, (b) etching to form nanowires and
(c) overgrowth step for void formation and dislocation trapping.
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The maskless IGRIE technique ussa mixture of C} (27sccm)and BC (5sccm),
etching pressure 15 mtoretching rate ~213 nm/min., and ICP/RI&wers 300100 Watts,
respectively A maskless etching is based on the assumptiordthimications and defects in
general represent sites where high etchingsnateceed, leaving behind good quality GaN
material in the form of nanowires

Figure V-2(a) slows a scanning electron microscopy (SEM) imafji@ GaN film
surface inthe early stages othe etching processhowingetch pits ofa hexagonal shape
These hexagonal etch pidse relatedto dislocations as was previously reported based on
transmission lectron microscopy (TEM) crossectional images showing dislocations
propagating toward the center of such gith[6]. It should be mentioned that one
hexagonabit does not have to caspond to only one dislocation, angetnumber of
dislocations in oa hexagonapit can vary.The SEM image in Figre V-2(b) shows the
hexagonal shaped etch pitsanletailed tilted view aftefive minutes of etching and a GaN
nanowire formed at the boundary of three hpia. These pits are most likely related to
disloation nanopipe§6-8]. Thus, etching of areas with those high energetic defects would
be preferableand it would support our early suggestion tiatetching rate can be enhanced
in those defective areas.

The relatioship between defects and etching i®wever more complicated due to
the fact that not all defects in GaN fismare of the same nature. Thagefectsdo not all
propagate similarly toward the surfager do they necessarily have the same etching.rates
Dislocation networks are somewhabre @mplex,and thereforenot all nanowires can be

defectfree afterthe etching process.
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The nonuniform dislocation density in the starting GaN films shown in
Figure V-1(a), resulted in nanowires randomly spaced vditfierent heights in the range of
0.8-1.3 mm and with a typicatrosssectional dimension ranging betweenI3M nm.The
nanowires contain about-3 of the original GaN material with density in the range
10°-10"%cn? as shown in Figre V-2(c). The preliminary results indicate thalWs with

larger diameterand spacingre formedrom GaN samples with logr dislocation density.

60° tilt

Figure V-2: HRSEM images of detailed GaN film surface with (a) hexagonalmtsh

in the early stages of etching, (b) a GaN NW forraethe boundary of three hepés after
etching and (c) GaN NWs template after the etching process.

Overgrowth on these nanowires was performed at the temperature @, Qe
pressure of 350 mtorr and ammonia flow of 1.25 |/rfine tips ofNWs afterthe annealing

and initiation of growth have a hexagonal geometry (pyramidal shape) ofpséamiplane

facets, which corresponds to the lowest order gmotar planes{lioi and {11_2% in

[a-zone] or [mzone] view,respectively.The bottom part of the nanowires consists of-non

polar plane facet%]iO(} and {11_2(} . Growth rates of about 13 nm/min. and 7 nm/min. for

semipolar{]iOi} plane and noipolar {:L:LO(} m-planewere estimated, respectivelhese

growth rates were determined from TEM studies efn@wvth on etched and annealed facets
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of GaN stripes along its mand aplanes prepared by masked lithography process. These
studies & currently in progressThe schematic in Fige V-3(a) shows the shape and facet
orientation in [azone] view aftetheannealing and initiation of growth. The symmetry of the
starting material is preserved time early stages of regrowth, which was damed bySEM

and TEM techniques Thus, the regrowth takes place primarign the sempolar planes
{Jioi , {11_2% and the nofpolar planes[lioq , {11_2(} of GaN nanowires.

The semipolar planes coalesce first due to their higher growth rates relative to the
growth rates orhe nonpolar side facets of nanowires, forming ssNape, followed by the

termination of lateral growth on nonpolar pIar{d&O(} and {11_2(}. Therefore, voids in

between the coalesced nanowires are formed as shownurey3(a)(b). It is important

to note that once the-$hape idormed, further growth will result intransitiors from low-

order semipolar plaseto final eplane (000]) via higher order semipolar planes, such as
{2_201}, {]_:LO% and {]_:Loq in [a-zone] view. Thus, planarization of the-sag can be

accomplished ashswn in Figire V-3(c). The wids" lateral dimension varies as shown in
Figure V-3(b) and depends on the dimension of the original nansveinel on the growth

rates onthe semipolar and nospolar facets.
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b) Coalesced GaN film
(1701)

I (1700) GaN VOIDS
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e
Sapphire

Figure V-3: (a) Schemtc of voids formation between GaN NWs in thezjane] view,
(b) SEM image of crossectional view of voids configuration and (c) SEM plane view
image of the coalesced GaN film after nanowires overgrowth.

TEM andatomic force microscopy (AFMEchniquesvere usedor characterization.

TEM samples were prepared by focused ion beam (FIB) technique and samples were sliced
in the[m-zong view to performa‘ﬂB analysesAFM Samples were treated by SjlHefore

thescans in order to achie a decoration dhevariety type of dislocation®].

Figure V-4 shows TEM data of(a) GaN grown on a sapphire substrate with
a dislocations density around¥@n?; (b) GaN film grown using the EVA technique, where
voids are terminating the disloaaris that originated during the initial growth of bulk GaN
on the sapphire substratEg) coalesced film above the voids™ network withGa.«N/GaN
MQWs used as a marker during the overgroprtbcessThe MQWs are placed in the middle
of a micron thick GaNilm overgrown on the nanowires. We have found that this thickness
is enough to result ia coalesced film as shown in kige V-3(c). Detailed studies of thgD
coalescence process NWs of different heightsysing the MQWSs as a markeare in
progressThe TEM microstructure of the coalesced film shows that one dislocation as a part
of dislocation loop was detected in the regions above the voids as showrurie \Fig(c).

One dislocation still propagating indirection was also identified. Howevat, changes
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directionand does not reached the surface of the coalescedviiim the thickness of the
prepared sampl&hus, itis not counted in our estimation of dislocation denglly For other
areas of the sample, not shown inWF®V-4(c), dislocatims were not observed above the

voids. The total examined area in crsggtional view by TEM was 118m with extinction

thickness 0.1%m. This indicates that the dislocation density3s-10/cn.

a) GaN film grown  b) Dislocations c) Coalescence between
conventionally trapped by voids nanowires

[0002]

® 1120
[1100] [ } —
0.5 um
Figure V-4: TEM images ifm-zone] view of dislocation network: (a) GaN film grown

conventionally on a sapphire substrate, (b) GaN film regrown with embedded voids

and (c) Coalesced GaN film above voids™ network.

Figure V-5(a) shows an AFM image of an aréh6 x 1.6) nm? from the GaN bulk
film grown conventionally on a sapphire substrate with dislocation densityx~20{/cn?.
The dislocation density was determined by the dark pits (surface deprd¢9$j@uaint in the
scanned arefd]. FigureV-5(b) shows that the same GalNnf after the EVA technique
application has a density of dislocations ~8.90"/cn? (only one dark pit was observed in
the control scanned area as a comparison). White spots, occasionally observed in the AFM
scans, are present in both GaN films grown eoiwnally and by the EVA techniqu€hese

white spots are not related to defedtst to growth conditions at the limit of both stiéqw,
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two-dimensional (2D) and spirtike, threedimensional (3D) growth modes [10}f was
found that due to the smalks of the dark spots shown in Eig V-5(b), it is more reliable

to use small area scans repeatedly rather than one large areghsisaisans of areas (2 2)

mm® and (3x 3) nm? were carried outepeatedly on the same sample. These results confirm
dislocation density in mid I&nm?. The AFM study also revealed that several samples
prepared by the EVA techniqgimave a surface roughness as good as those of damadly
grown bulk GaN films. For example, a reaoeansquare value 0f0.2833 £ 0.027)nm from 1
mm?® area of conventionally grown bulk GaN film shown in g V-5(a) was measured
compared to value dD.219 = 0.013)nm measureafter the EVA techniquepgplication as
shown in Figire V-5(b). An important observeon from this work is thaplanarizationhas
occurred from semipolar plane faceisd did notform an additionalincrease ofdefects,

particularlydefects such amicro-twins or stacking faults.

a) GaN film grown b) GaN film overgrown
conventionally on nanowires

Figure V-5: AFM data: (a) GaN conventionally grown on a sapphire
substrate, and (b) GaN film regrown with embedded voids.
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Therefore, both TEM and AFM studies confirmed that the EVAregte is capable
of thereduction of defets close to two orders of magnitudeEM and AFM analysisvas
performedon several additional samples and the above results were confirmed.

It is essential to note that persistihgw density of threading dislocationgan
originate from the etched nanoes propagating in-direction Dislocatiors originating from
NWs or from the bottom etchedptane bendingoward a side nopolar facetwill be
terminated by the voidslf a dislocation bends toward a side seylar facet,it can
propagate into the coaeed film. However, theprobability of interaction with other
dislocatiors is increaed due to their close vicinity as it wabserved by TEMincluding
annihilation of opposite charged dislocations, creation of dislocation loops and simple

interaction oftwo or moe dislocations resulting in one threading dislocation.

V-4: Conclusions

In conclusion, the matdss technique has three key advantages. The first advantage is
that these nanowires are produced without the need of the extra step of masking and
lithography. The second advantage is that nanowires produced from the conventionally GaN
template have lower dislocation density than the starting GaN Tila. hird advantagas
represented by the conical shape of nanowireslé¢ipding to the formatiorf V-shaped
surfacesthat facilitate the owgrowth of good coalesced films. The¥eshaped surfzes
created either by etching by nanowires™ overgrowth facilitate the coalescence process due
to the high growth rate on the-8hape loworder semipolar faetscompared to noipolar

plane facetsOnce the loworder semipolar planes coaleste growth direction changes
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toward the final eplane via higheorder semipolar planes. Thuthe EVA technique is
effective in terminating dislocationand achieves adefect reduction by two orders of

magnitude.
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CHAPTER VI: Embedded voids formation by overgrowth on GaN nanowires for
high-quality GaN films

VI1-1: Abstract

The epitaxial growth of GaN films on GaN nanowires is reported. GaN nanowires
were createdby the maskess dry etching technique. The etched, then annealed nanowires
form semipolar and nofpolar plane facets with hexagonal symmetry. The different growth
rates on the different plane facets result in forming void networks. These networks of
embelded voids are located near the sapphire substrate, where a high density of dislocations
is present. The voids, a few microns in length and a fraction of a micron in diameter offer
free surfaces for dislocation termination, enabling the embedded voidaapp{@&VA) to
dislocation reduction. Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) studies show uniform reduction of the dislocation density over large area
substrates by about three orders of magnitude and lower surface routitaresbe GaN

starting material.

V1-2: Introduction

The absence of a cesffective latticematched substrate for GaN has resulted in
research efforts being focused on methods to reduce the dislocation densities in GaN films
arising from significant misaiches in lattice parameters and coefficients of thermal
expansion between GaN and the underlying substrAtesarked reduction in threading
dislocation density is observed in laterally overgrown layers [Ebjlowing the early reports
on the achievemendf low dislocation density material via lateral epitaxial overgrowth

(LEO) by Namet. al.[2] and the fabrication of Galdased light emitting diodes (LEDsS) on
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such material with a lifetime of over 10,000 hours by Nakaratral.[3]. Pendeeepitaxy is
amother similar technique which eliminates the growth m@#b]. Apart from these
overgrowth methods, AIN interlayers in between high temperature GaN layers have been
shown to significantly reduce the screw dislocation density and improve the electrortymobil
in the GaN film [67]. The usage of a thin low temperature layer NS before growing
the conventional low temperature GaN buffer layer can significantly reduce the dislocation
density [8]. The possible mechanism of the dislocation reduction esestistence of
nanometer sized holes in the silicon nitride layer which enhance the lateral growth and help
to improve the quality of the subsequent GaN film. Other recent techniques, suchyas SiH
treatment [9] and nitride nanocolumns overgrowth [10],roff@od reduction in dislocation
density

In general, these approaches have had limited success to achieve uniform low
dislocation density in GaN templates over large area substrates, and areas with both low and
high dislocation densities (~1@&m?) still persist. An approachto reduce dislocation
uniformly over large areaf substrates whiclks capable of achieving dislocation densities in
the10’ cmi” ranges was developed.

The embedded voids approach (EVA) relies ongéeerationof a high densityof
micro-voids, a few micronslong and less than a micron in diamet€hese voids are located
near theepitaxial GaN/sapphirmterface where¢he highest densitgf dislocations is present.
This threedimensional voichetworkhasan average density aibout 10% cm in the plane
perpendicular to the growth ditean (c-plane as an exampleislocations are known to

terminate at free surfas in epitaxially grown films. A igh density ofembeddedvoids
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offers free surface that act as dislocation sink®r temination sites) fordislocations
generated at or near the Gadpphire interface

This research includethe growth mechanism of GaN on Gafdnawires and he
overgrowthprocess, which leads to the formatioha high density of three dimensional
embedded @ids. The impact of these voids on dislocation density in epitaxial GaN filiths
be demonstrated

Metalorganic chemical vapor deposition (MOCVD) was used for growth, inductively
coupled plasma reactive ion etching (lBFE) for etching and high resoloti scanning
electron microscopy (HRSEM), transmission electron microscopy (TEM) and atomic force

microscopy (AFM) and Xay diffraction (XRD) for characterizations.

V1-3: Experimental procedure andsults

FigureVI-1 shows a schematic for the growth atdhing steps for the formation of
embedded voids. It startaith growth ofa bulkGaN film, 23 mm thick, with defectdensity
on the order of ~18 cm? The GaN film is then etchedy the ICRRIE plasma etching
technique to create GaN nanowirswvas observed that nanowires of GaN can be obtained
by the ICRRIE plasma etching technique without lithography (rlesis) processes. The
formation of GaN nanowires has previously required photolithography techniques-or self
assembly approach using a Ni casaly1012]. The maskess process produced GaN
nanowires of few microns long and about BID nm in diameter.

The masKess approach for nanowires formatigppearso be based on the presence

of high density of dislocations in the starting GaN film. Tehesslocations represent sites
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where high etching rates proceed, leaving behind nanowires with low defect density material.
Etching gases such as,GInd BC} can dissociate faults in @& bonding and stacking
presented by variety defects such as dislonatiand particularly nanopipes. Thus, when
these defects are merging at the free surface, etching rates can accelerate toward the substrate
in those spots which can be identified by hexagonal shapeepiedcii3-14]. The relation
between defects and etngiis however more complicated due to fact that not all defects are
extended defects and not all extended defects propagate similarly toward the surface.
Dislocation networks are somewhat complicated and therefore not all nanowires can be
defectfree afterthe etchingprocess.lt is not certainat this stage, what kind of defects
(dislocations: edge, screw or mixed; nanopipes) are responsible for the localized high etching
rates. However, this mag&ss approach has two key advantages. The first advastéggt i
these nanowires are produced without the need of an extra step of masking and lithography.
The second advantage is that nanowires produced from the conventionally grown GaN
template have lower dislocation density thandtagting material.

FigureVI-1 shows schematics of the growth, etching and regrowth steps which are
taking place during the proposed EVA technique. Planarization and void formation occur by

the overgrowth on the nanowires, as shown iuf€g/1-1(c).
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Figure VI-1: 3D schematicsf (a) bulk GaN film growth on (0001) sapphire substrate
(b) GaN nanowires formation by the IGRE technique
and (c) nanowires overgrowth and voids creation.

Figure VI-2(a) shows HRSEM images of GaN nanowires created by the-lessk
dry etching proess, and Fige VI-2(b) shows GaN nanowires after annealing and a short
initiation of overgrowth. It is interesting to note that these nanowires are randomly spaced,
have different heights and have crgsstional dimension ranging between-Z0 nm. The
nanowires contain about& of the original GaN material as shown inugV-1(a). The
density of these nanowires is about 242 Thetips of these nanowires have a hexagonal

geometry (pyramidal shapef semipolar plane facets, which corresportdsthe lowest

order sempolar planes from noepolar planerientation preferably{]ioi from nonpolar
{:Iioq m-plane and{1123 from nonpolar {112¢ aplane. The bottom part of the

nanowires corists of nonpolar plane facet{s]floq , {11_2q .
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Figure VI-2: HRSEM images of nanowires (a) after the {RFE etching
(b) after etching and annealing, followed by partial overgrowth.

An In,GaxN/GaN multiple quatum well structure was grown on etched and
annealed sidewall facets as shown inurggMV-3 and used as a marker to follow the

overgrowth process. Theymmetry of the starting materied preserved in early stages of

regrowth Thus, he regrowth takes plaanainly on the senpolar planef{]ioi , {11_24 and

the nonpolar pIane%l’LO(} : {11_2(} of GaNnanowireslt wasfound that the growth rate on

semipolar plane facets is about two times faster thamampolar facets as can be seen in

Figure M-3. Thus, thegrowth on {]_:Loi facetsbetween narrowly spaced nanowinesl

coalesce before thah the{]iO(} faces.
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