Growth and characterization of nonpolara-plane GaN

and ohmic contactsof nonpolar p-type a-plane GaN

Ji-Su Son






CONTENTS

Chapter 1.ntroduction

Chapter2. Growth of nonpolae-planeGaN layer with various techniques

Chapter3. Ohmic contact ohonpolarp-type a-plane GaNayer

Research Achievements



Chapter 1. Introduction

Practical ight hascontributel to the development ahe human rae, enabling humans to
continue working at nightTherefore, humascould save time and beme more productive
because of the presence of artificial ligHtstorically, humaainvented the firstamp around
at 70000 BC. Inthe 7" centuy BC, terracotta lamps were m#acturecby the Greeks. After
developingthe central burner, which fgrt ofanoil lamp, lamp design was much improved
in the 18" century? Until the 18" century, olive, fish, nut, ahsimilar oils were wusd as
lighting fuels. Howeverthesewereimproved with the imenion of new light lam, such as
gas, and oilamps Theincandescent light bulb, which asform ofelectric light, began tbe
usal in the AC 19" century Over the last 100 years, ligltmps, such as incandescent and
fluorescentamps have becomedispensable in our dalily life.

From2000year energy and environmealtissues came to the foire our daily life. To save
power andlimit carbon dioxideemissionsthe most energyefficient andenvironmentally
friendly light sources, such as soltiate lightemitting diode (LEDs), have beerrapidly

investigatedas shown in Fig. 1.
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1.1History of blue light-emitting diode

The first LEDs wereaccidentallydiscovered by Henry Joseph Round in 1907 using SiC
(carborundumy) In 1938, Juza and Hahnperted the first GaN materiah the form ofa
powder, which was produced by reacting liquid Ga metal with. Nt that time the GaN
material did note&ceive attention owing tthe technical problemm with its growth However,
Maruska and Tietjen succeedadyrowing a singlecrystal GaN layer osapphire substrates
by hydride vapor phase epitaxy and investigatexbandgap energy (3.39 eV) and direct
transition bandtructure othe GaN metarialin 19681 n t he early 1970s,
having a metaiinsulatof semicondator (MIS) structue wasrepored by Pankovest al®
Despitethe remarkable development of Gdised LEI3, reseach activities could nobe
carried oufor a while because @hepoor crystal quality ofhe GaN layer.

Akasakiand Amano finally reported GaN withigh crystal quality grown usinga low-te
mperatureAIN buffer layer” They also demonstrated the figstype conduction in Mg
doped GaN layers by loenergy electrofbeam irradiation in 1989.The first blue LEDs
with candelaclass brightnesand havingwith anInGaN/AlGaN double heterostructure were
achieved by Nichia Chemical Industries Corporation in 1993.

Owing tothese technical revolutisnGaN-based LEDs$ave become aessentiaform of

general lighing today
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1.2 Crystallography of GaN material

Nowadays, GaN has various prosgdar applicationsin visible and ultraviolet LEDs,
high-power evices, and microwave deviceé&his isbecause GaNasa very wide bandgap
(3.39 eV direct gap at rootemperature), high thermal stability, high thermahaactivity,
and high electron satuian velocity!® GaN exhibitsa polytypewurtzite structure, which is
the most thermodynamically stalitem of GaN This wurtzite structure consists of Ga and N
pairs stacked in an ABABAB sequence. Figure 1.2 showsuthi cell of the wurtzite
structure andhe atomic arrangement of Gace GaN. The Bravais lattice constanttioé
wurtzite structure islefined bythe lattice parameteesandc, as shown in Fig. 1.2 (a).

The GaN surface is termated by Ga atoms in GaN growlly metal organic vapor phase
epitaxy(MOVPE). Figure 1.2 (b) shows the growth surface of GaN growa ppolar c-plane
sapphire substrate. The (0001) Ga face has a Gath&ieombines withliree N atoms. On
the other hancthe (0001) N face has N atonthateach combinevith three Ga atom¥ 1t is

wellknown that Geface GaN is noaschemically activeasN-face GaN?

piezoelectric
polarization

Figure 1.2 (a) Wurtzite structure of GaN. (b) Atomic arrangement gaGaGaN-"



1.3 Historical survey of nonpolar GaN growth

Despite notable achievements in LED performanoayentionat-plane GaN LE suffer
from strong internal fieldisnduced by thespontaneous andtraininduced piezoelectric
polarizations in thec-direction. These polarizationrelated fielé exhibit the quantum
confined Stark effedQCSE) which can decrease the transition probabilitg-plane GaN
basedquantum well(QW) structures=>'® Nonpolar crystal orientations hawenerged as
promising candidatgto ovecome this problem

In the late 199Qstheoretical calculatioshowed that GaN orientations algrthe[1-100]
(m-plane) and [1120] (a-plane)directionscould avoid internal electrical fields by growing
QWs!"®|n 1974, Pankove and Schade finsportednonpolar GaN samples grown by
chemical vapor depositiof?’ In 1976 Sano and Aoki reported nonpokaplane (1120) GaN
growth by hydride vapor phase epitaxy (HVP#)Waltereitet al.reportedthe growth ofthe
first nonpolarm-plane (3100) GaN/AIGaNQWs on LIAIO, by molecular beam epitaxy
(MBE). They demonstrated the absence of polarizatidoced electrostatic fields in QWSs in
2000 In 2002, the firsta-plane GaN" and AIN°® layers grownon SiC substrates by
MOVPE were reported. The firsa-plane InN layerswere grown onr-plane sapphire
substrates by MBE in 2003 The first UV LED-baseda-plane InGaN/GaN MQWSs were
grown onr-plane sapphire substrates in 260fter thesefirst achieverents of nonpolar
GaN growthby different methods, many groupsive become the advancementabgorbed

in research mnonpolarbased LEDs.



1.4 Nonpolar GaN

Figure 1.3 showschematic views of polar-planeand nonpolara- and m-planes of the
wurtzite structure. Most of the comma&ktLED devices today are based on wurtzite nitrides
grown inthe polar [0001] ¢-axis) growth direction. Nonpolar planes in the aitet crystal
are perpendicular to the [0001] polar directiam shown in Fig. 1.3. There are two surfaces
perpendicular to the-axis,which formnonpolar (1120) and (3100). These two surfaces are

the most preferableecause these i® spontaneous polarization fiefd.

Polar c-plane Nonpolar a-plane Nonpolar m-plane

Figure 1.3 Schemasof polarc-planeand nonpolara- andm-planes.

(a) [0001] Ga N (b) [11-20]
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[11-20] [0001]
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Polar {0001} planes Nonpolar {11-20} planes
along [1-100] direction along [1-100] direction

Figure 1.4 Atomic configurations of poleiplane and nonpola-plane.
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Figure 1.4 shows the atomic arrangements of the (a) polar and (b) nonpolar surfaces
viewed along the F1LOO] direction. In the case of polar growth asapphire substratéhe
GaN surface is determined byaG®r N atoms. On the other harmh the nonpolar GaN

surface Ga and N atoms always exist at the same,taaeshown in Fig. 1.0).
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Figure 1.5a) Stick representation shpphire plare. (b)Atomic arrangement cfapphirer-plane withGaNa-

plane overlaid®



It is wellknown that uniformly oriented nonpolarplane GaN layers can be grown iBn
plane sapphire substrates owing to a good lattice match. Figure 1.5 gietlusoretical
lattice match ofrnonpolara-plane GaN layer grown aanr-plane sapphire substrate. In the
case of sapphirthe r-plane, a rectangular grid of oxygen ions wailmO® ion within each
rectangle is containeds shown in Fig. 1.5 (5 The Idtice mismatch betweethe a-plane
GaN layer andhe r-plane sapphire substrate is %.Jlong thec-direction and 16 % along
them-direction?’” The Ga polarityhas a4-5 times fastegrowth rate thathe N polarity inthe
a-plane GaN laye?® These causea rough surface, poor crystalline gigl and
noncoalescencewhile planara-plane GaN layers are grown on plamaplane sapphire
substrates.

The lattice and thermal mismatdbetween the-plane sapphire substrate ahe a-plane
GaN layer result in the presence of compige strain, whichaffects thefundamental
material properties such as surface cracks and LED device whataxs. Nonpolar Galin
the presence ddtrain isparticularly anisotropicbecause the sapphire and GaN laysdong
the [0001]and [:100] directions have iplane anisotropieswing to thedifferent lattice
matching and thermal expansion coefficieits? The stresstrain relatioship in the
nonpolara-plane GaN layer can be expredsasa simple relatiorship amongbetween the

three strain components®?



1.5 Motivation of nonpolar GaN

Over the past few years, nonpolar GaN LEDs have been attracting attention as promising
candidates for removing tH@CSE which arises from strain caused Hye lattice mismatch
between InGaN and GaN lagesnd ismarkedy presehin polar GaN LEDsowing to the
large piezoelectric field in the QW?3.Thus the strained polar InGaN/GaN region exhibits
the band bending phenomena@s shown in Fig. 1.6 (a). This phenomenon can redoee
oscillator strength of excitons ithe active areas and decreéseradiative recombination
efficiency. As a lesult, the QCSIauss the degralation of LEDperformance owing tthe
low transition prdability in the active areas:*®

The QCSE in GaMased heterostructures can be eliminated by using nonpolar orientations
such asa-axis [1}20] and mraxis [1-100]. Figure 1.6 showgpolarizatio-related band
diagrams for wurtzite heterostructures. Rakation charges do noaffect the planar
heterointerfaces such as QWs grown on nonpolar GaN layerstlseygelar axis lies within
the growth plane of GaN layers. Therefore, nonpolar GaN layerpramising for LED
devicesowing to the elimination oftie QCSE andhe increasein quantum efficiency. In
addiion, nonpolar GaN layers hatee benefis of direct linearly polarized light emissiti
and high hole concentration the p-type GaN layer® The polarized light emission induced
can increase thdfiiency of applicationghatrequire polarized light emissidf.

Despitethese strong merits, the performance of nonpolar-Gad¢d LEB is still worse
than that of conventional polar GalWasedLEDs. This is mainly attributed tdhe poor
crystalline quality of nonpolar GaN layers withhigh defectdensity such ashreading

dislocations andbasal stacking faultsTo fabricatea high-efficiency nonpolar LED, it is



essential toinvestigde the mettods of improving the crystalline quality and quantum

efficiency.
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Figure 1.6 Schemasof polarizations and energy band diagrams of (a) pefdane InGaN/GaN QW structure

and (b) nonpolaa-plane InGaN/GaN QW structuf&.



1.6 GaN growth technique:metal organic vapor phase epitaxy (MOVPE)

Theepitaxial growth technique in HY compound semiconductors is classified into liquid
phase epitaxy (LPE), vapphase epitaxy (VPE), and molecular beam epitaxy (MBE). In
1958, VPE and MBE were invented for epitaxial growth. However, VPE couldenased in
Al-containng compound and it was difficult to grow materialdoy MBE with high vapor
pressure. LPE was invesutfor high-purity epitaxial growth at low temperatwi;m 1963.The
LPE growth technique limitethe substrate area arddpoor control over the growtif wery
thin layers. In 1968, MOVPRvas invented forthe mass production of higbrystalline

guality epilayes with afast growth rate.

Manasevitet al. grew GaN and AIN lagrs on sapphire substrateg MOVPE in 197137
Amanoet al® and Nakamurat al*® demonstratesnarkedimprovemets in AIN and GaN
buffer layers whichled to the development of andp-type doping processes. In general, the
growth of 1l-V compound epilayeris carried outby introducing alkyls for group lland

hydrides for group V ontbeated substrate insidezacuum chambeér)

In GaN growth by MOVPE, groupll alkyl metal organic (MO) sources uggmethyl
gallium (TMGa), trimethylindium (TMIn), trimethylaluminum (TMAI), and bis
cyclopentadienyhagnesium (CgMg) as precursorsof Ga, In, Al, and Mg elements
respectively Silane (SiH) is used as precursorof the Si element. Ammonia (N§J is used

asaprecursoiof N.

Figure 7 shows schematic diagram tfie MO source bubbler ithe MOVPE system. The

flow rate (F) ofthe MO source can be controlled lagjusting theemperature (T), pressure
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(P), and carrier gas flovate (Fariep On the basis of the following equation

a¢a 0 & & 08
aqQe 0 ag a
¢ q T

Figure 7 Schematic view of conventional MO source bubbler used in MOVPE.

The gasphase reactions of TMGa and Blhave beerstudiedundervarious conditionsin
low-temperature growth (<15@), TMGa and NHreact to form the adduct trimethylgallium
monamine (TMGa:Ng).*>*?

(CHg)sGa + NH <> (CHg)sGa:NHs
TMGa:NH; has a moderate melting point of 3% and a low vapor presire of @proximately
1 Torr at roontemperaturé® The energy ofttis GaN coordination bonds 21.1 kcal/mol
(theoretical) and 18.5 kcal/mol (experiment4l).
In general,the GaN layer is grown agpproximately1050 °C owing to the low cracking
efficiency of NH. The hightemperature gapghase reactions between TMGa andsi&h be

described &9
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Ga(CHp) 3(v) + NHs(v) — GaN(s) + 3CHk{v).

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

&) Ga(CHy)s i i Gasiﬂow i E
Q?@ Rl T‘i’ Ga \ Og ¥ NHi
b . .
eH . ){ ?dduq l Diffusion
usIio ‘'ormation
A

r-plane sapphire substrate

Figure 8 Schematic representation of chemical reaction of GaN growtkplame sapphire substratesing

MOVPE systent®

Figure 8 shows the growth mechanismaofa-plane GaN layer omn r-plane sapphire
substrateusing theMOVPE system. TMGa and NHinolecules aréntroduced into ahigh-
temperature MOVPE reactor by, Earrier gas. TMGa and Nfdre mixed ad diffused. Some
TMGa and NH moleculesare decomposed by pyrolysis amdasphase reactiom thehigh-
temperature reactor. Ga and N atoms diffuse to the growth surface safltbieate, and the

precusorsnigrate to the growth site on the substrageshow in Fig. 8
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1.7 Problems of nonpolara-plane GaN grown onr-plane sapphire by

MOVPE

Sapphire substrates acemmorty used for growing GaNbased LED epitaxial layers
owing tothe capability of thenass production, seéag-up ofthewafersizein fabrication,the
low price,and theirstable chemical, mechanical, and thermal properties. Thergfawing
nonpolara-plane GaNbased LED epitaxial layersn r-plane sapphire substratissthemost
appopriate method of fabricating@mmercial nonpolabased LED device. However, when
nonpolara-plane GaN layers are grown ofplane sapphire substratehe epitaxial layers
have a high defect density owing tthe large lattice mismatch anthe difference in the
thermal expansion coétfent between GaN and sapphire.

For the [0001¢an direction:

For the [1100]gan direction:

0

The lattice mismatch af-plane GaN and-plane sapphire ifjoo1; = 1.1% andfj1.100) = 16.2%6.
In addition the thermal expansion at rodemperature is 2830% higher for GaNhan for
sapphire, which can lead tmwnsiderableexpansion othe GaN lattice with respect tthe
sapphire latticé®

The lattice misfit betweethe GaN layer andhe sapghire substrate is generaltiie origin
of the defect formation. In the case of nonpdgslane GaN grown om-plane sapphire,

structural defects such as dislocations and stacking faults are majeraftiusdegradation
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of nonpolarbased LED device

The dislocations can act as nonradiative recombination centers as well as currerutshort
paths causinghe degradation of the LED device lifetime. In general, dislocati@are
characterized by Burgergectors, which represent the atomic displacementhércase of
a-plane GaN, partial dislocatien(pp,=1/3<1:100>, 1/2<0001>, and 1/6<203>), screw
dislocation bs=1/3[11-20]), pure edge dislocatiolh&[0001]), and perfect mixed dislocation
(bs=1/3<11-23> and b,,=1/3<12-10>) are generallyreveakd by transmission electron
microscopy (TEM) measuremerifd.Typical dislocation densities such #mse ofperfect
and partial dislocations are in the range df ten2.4”

In high-quality polar c-plane GaN, stacking faultscan hardly beobserve, which are
usually associated with ppoucleation layer conditiorStacking faultshavea tendency to
basal plane stacking faults (BSFs) in nonpblased GaN®

The BFSs are of three common the intrinsic I; type (stacking sequence
ABABABCBCBCB), I, type (stacking sequence ABABCACACA), and the extrinsic E
type (stacking sequence ABCABAB). In the case o&-plane GaN, the intrinsit; type is
easily formed during epitaxial growth. The intrinsig type is alowest energy BSFs with
formation energy of 1.81 x F/nt.*® Whenan a-plane GaN layer is grown aar-plane
sapphire substrate, typical B8Ensities are in the high 16m™ range>**® The intrinsic I,
type BSFs are terminated Byank Shockley partial dislocations (PDs) with Burgers vebtor

= 1/6<2623>according to the results 8EM measurement¥: *°
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1.8 Ohmic contact problems of nonpolap-type a-plane GaN layer

Theoretically,an n-type GaN layer caachieve arOhmic contatwith low-work-function
metals. On the other hanithe p-type GaN layerequireshigh-work-function metals tdorm
an Ohmic contact® Tsaiet al. reported that polar and nonpofatype GaN layes canform
an Ohmic contact by usingg metalwith a work functionhigher than 4.5 and 7 eV,
respectively.”’ In case of the nonpolar surfatke relaxtion can cause a surface dipole layer,
which increases the work function of ~2 @Wis indicates thaa nonpolarp-type GaN layer
can notform an Ohmc contact by usingcurrently exising metals. It is wellknown that
platinum(Pt) has a highest work functiaf 5.32 eV.

So far, only two group haverepored good Ohmic contact behavior anonpolarp-type
GaN layer. Haeger reportachearOhmic contact using Pt (Im)/Pd (7nm)/Au (100nm)
layers. The specific contact resistanceah# nonpolarp-type GaN orthe m-plane bulk was
~5 x 10° q ¢ i® Oya andYokogawa reported a lowontactresistance-type electrode for
nonpolarm-plane GaN using Mg (hm) as the electrode material. The specific contact
resistance was reduced to 8 X*tpc

Improving theOhmic contact of nonpoldrasedp-type GaN layes is still a challenging

task to enhiacethe performance of nonpoldrased LED device
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Chapter 2. Growth of nonpolar a-plane with various
techniques

2.1 Background

[l -nitride research hamainly focused orthe epitaxial growth and properties ofplane
GaN layes and devicesLow-temperature (LT) AlIRt? and GaN buffer layers were used to
improvethe quality of c-planeGaN on sapphire substrat@esgroundbreaking studie§hese
studieswere indispensable arsgtstandard for thegrowth ofhigh-quality polarc-plane GaN
layers. The gowth of c-planeGaN layes on (0001) SiC substradnas also been facilitated
by low-temperature buffer layef€®) However, these heterostructures and optoelectronic
devices are strongly impacted by piezoelecind spontaneous polarization effects. To avoid
polarizationrelated effectsthe use ofnonpolarGaN planessuch as {1100} m-planesand
{11-20} a-planeshas beersuggestedSince2000, several research greudmmave impovedthe
crystalquality of nonpola GaN using different epitaxial growth techniques. Walteztil
and Cravenet al. demorstrated considerable progress nonpolar GaN layegrowth by

molecular beam epitaxy (MBE) and metagjanic chemicalapor deposition (MOCVD} &

To optimize buffer layer conditions od-plane GaN, nucleation layer was studied by
temperature dependengeowth andtime dependencgrowth. After optimizing nucleation
layer, undpoed GaN layer was also studieddmperature dependengeowth. From these

results, multi buffer layer was investigated to obtagh-quality a-plane GaN layer
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2.2 Growth of nucleation layer

2.2.1Experimental details

To obtain a higlguality a-plane GaN layer, the first step in the studyagbflane GaN
growth is to investigate the nucleation layer. Various nucleation layers such as LT GaN, high
temperature (HT) AlGaN, and HT GaN have been useredluce the amount of extended
defects in thea-plane GaN laye? We considered an HT nucleation layer, which provides
nucleation sites for initial GaN growth on the surface. It is wellknown that the HT nucleation
layer is effective for froming large nl&g, which result in a fully coalesced higjuality a-
plane GaN layel”

(11-20) a-plane GaN nucleation layers were grown ofl(QR) r-plane sapphire substrates
tilted -0.2° off-axisin thec-axis [0001] directionn a mixed atmosphere of,dnd H using a
NIPPON SANSO 2 in. MOCVD system based on afagéorizontal reactor.

Trimethylgallium (TMGa)and ammonia (NH) were used athe source materialsof Ga
and N, respectively. Before thgrowth of a-plane GaN nucleation layersjplane sapphire
substrates were annealed for nitridation in a 6 standard liter per minute (SLM) flow of pure
NHzat 1050 € and 75 Torr for 5 minVarious growth times were adopted from 2 to 9 min to
control the nuclei shape, size, density, and thickness. The flow faf®$Ga and NH were
75 pmol/min and 1.5 SLM(V/III ratio: 893), respectively. Forcomparison with the HT
nucleation layer, an LT nucleation layer was also deposited atGa@d 75 Torr for 6 min
The surface morphologies of the nucleation layers wereacteaized by atomic force

microscopy (AFM) andgcanning electron microscopy (SEM)
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2.2.2 Results and Discussion

Figure 2.1 shows\FM images ofthe HT nucleation layer. fireedimensional nucleate
islands were formed on thieplane sapphire substrates. The samples were scana&dx 2
¢ rharea by tappingnode AFM measurements. To obtaituclei with aregular shape and
isotropic morphologyThe nucleation growh time was increased frothto 9 min. In the case
of 2 min nucle#on, hardly anyGaN nucle couldbe foundon the surface. On the @hhand,
for the3 min growth time, irregulanuclei with anisotropic shamewere cleaty observed
alongincreasedoot meansquare (RMS) surface roughnestowever, thesshaps of the
nucle resultin a high density of partial dislocations, which are bathtasal plane stkiag
faults. The partial dislocations originateom the inplane anisotropic straim c- and m-

directionst?

To confirm the large area tiie GaN nuclé, each amplewas characterized by plamew
SEM measurementas shown in Fig. 2. GaN nuclé could notbe obsened by planview
SEM measurementafter 2 min growthowing to the low density of GaN nucleon the
surface. The thickness and nuclei shaqmeeasedand became more regular witicreasng
growth time.Nuclei with themost regular and isotropic shaped~110 nm thicknessere
observed after 6 min growttWhen the growth time was incregsmore than 7 min, the
nucle became large anthe grains elongaéd owing to the coalescece of nuclei andthe

nuclei shape became irreguiarthe c-direction.
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Growth time / RMS

AFM scan scale : 2 ym x 2 pm

2min/63nm 3min/89mnm 4min /76 nm 5 min/ 8.7 nm

6min/14mn$m 7min/16nm 8 min/ 17 nm 9 min/ 20 nm

Figure 2.1 2x 2 ¢ MAFM images of GaNHT nuclé grown onr-plane sapphire substrates with various growth

times from 2 to 9 min.
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Figure 2.2 Platview andcrosssectional SEM images @&aN nuclé grown onr-plane sapphire substrates with

various growth times from 2 to 9 min.
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Figure 2.3 AFM anBEM images of nucleation and undopgedN layes grown onr-plane sapphire substrates

at550 and 1050C.

To confirmthe effect of theHT nucleation layeon anundopeda-plane GaN layer as
grown on an r-plane sapphire substrat€igure 2.3 shows AFM an@&EM images of
nucleation and undopé&daN layers grown onr-plane sapphire substrat&s550 and 1050C.

One sample was grown amn r-plane sapphire substrate usiag LT nucleation layer at
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