Walter Schottky Institut
Zentralinstitut der physikalischen Grundlagen der Halbleiterelektronik
Technische Universitidt Miinchen

New Substrates for Epitaxy of Group III Nitride

Semiconductors: Challenges and Potential

Claudio Ronald Miskys

Vollstindiger Abdruck der von der Fakultit fiir Physik der Technischen Universitdt Miinchen

zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften

(Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. H. Friedrich

Priifer der Dissertation: 1.  Univ.-Prof. Dr. M. Stutzmann

2. Univ.-Prof. Dr. Dr.h.c. A. Laubereau

Die Dissertation wurde am 30. Juni 2004 bei der Technischen Universitit Miinchen

eingereicht und durch die Fakultit fiir Physik am 12. Oktober 2004 angenommen.



Dedication and Foreword

., Es gibt die Zeit zu kommen,
es gibt die Zeit zu gehen...

¢

und man sollte die nicht verpassen.

fiir meine Eltern

“There is time to come,
there is time to go...

and one should not miss them. “
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Zusammenfassung

Die erstaunliche Herausforderung der Gruppe-III Nitride sowohl in der grundlegenden
Physik aber auch in den technologischen Anwendungen scheint unbegrenzt zu sein. Kein
anderes Material hat das Potential, die Welt, die wir kennen, sehen und horen in naher
Zukunft so zu verdndern, wie GaN und seine verwandten Legierungen. Der
Paradigmenwechsel hat bereits begonnen, bei dem elektrisch erzeugtes Licht langsam von
elektronisch erzeugtem abgeldst wird, dhnlich der Ersetzung der Kerzen, Ol- und Gaslampen
durch elektrische Glithlampen vor gut 100 Jahren. Aber das ist lingst nicht alles, es steckt
noch viel mehr dahinter. Das Ziel dieser Dissertation ist es, einen kleinen Teil dieser
Moglichkeiten und der sich ergebenden Probleme zu erforschen.

Bei der GaN-basierten Diinnschichttechnologie haben die allgemein benutzten
Substratmaterialien deutlich andere materielle Eigenschaften als die elektronische
Bauteilschicht selbst. Die Entwicklung der GaN-basierten Bauelemente brachte eine
Anderung im herkémmlichen Denken beziiglich der fiir eine erfolgreiche Herstellung der
Bauelemente notwendigen Materialanforderungen mit sich. Im Gegensatz zu den meisten im
Handel erhiltlichen Halbleitermaterialien, wurde die Kommerzialisierung von GaN-basierten
Bauelementen ausschlieBlich iiber die Verwendung von fremden Substraten, Saphir und SiC,
erzielt. Uberraschenderweise haben selbst hohe Versetzungsdichten, die bis zu vier
GroBenordnungen iiber dem fiir eine leistungsfihige Lumineszenz maximal tolerierbaren
Schitzwert liegen, die Anwendung von GaN als effizienten lichtemittierenden Halbleiter
nicht verhindert, dessen Lichtspektrum vom sichtbaren zum ultravioletten Bereich reicht. Fiir
die Produktion von Bauelementen in industriellem Maf3stab, muss das Substrat der Wahl eine
Reihe von Kriterien, wie eine minimalen GroBe (2"), atomar glatte Oberflichen und die

Verfiigbarkeit in groen Quantititen zu einem annehmbaren Preis erfiillen. Saphir war und ist



ii Zusammenfassung

noch die iibliche Wahl fiir GaN-basierte Leuchtdioden (LED) wegen seiner recht niedrigen
Kosten und seiner guten Verfligbarkeit. Eigentlich sind seine Eigenschaften unpassend, wenn
die entsprechenden typischen Anforderungen, die ein Substrat fiir erfolgreiche Epitaxie
erfiillen sollte, beriicksichtigt werden. Die Gitterfehlanpassung mit GaN ist sehr grof3, ebenso
die Differenz der entsprechenden Wairmeausdehnungskoeffizienten. Die  hohen
Versetzungsdichten sind fiir die Leistung von Bauelementen mit kritischeren Anforderungen
als LEDs, wie z.B. Hochleistungslaserdioden, schiadlich. AuBBerdem stellen die Eigenschaften
des Saphirs doch Begrenzungen fiir die endgiiltige Qualitit der epitaktischen Schicht dar,
trotz seiner vielseitigen Verwendbarkeit in der GaN-basierten Verfahrenstechnik.
Heteroepitaxie war die einzige Alternative fiir GaN-Wachstum, da Halbleiterscheiben aus
GaN-Volumenkristallen nicht kauflich erhiltlich waren und noch immer nicht sind.

Die Eigenschaften und die Qualitdt der GaN-Schicht sind hauptsidchlich vom Substrat
abhingig, auf dem sie abgeschieden wird. Das Substrat bestimmt die Kristallrichtung, die
Polaritit, die Oberflichenmorphologie, die Verspannung und die Storstellendichte der GaN-
Schicht, und ist somit direkt fiir das Erzielen einer optimalen Leistung des Bauelementes
verantwortlich. Viele unterschiedliche Materialien einschlieSlich Metalloxide, Metallnitride
und andere Halbleiter wurden im Hinblick auf die GaN Epitaxie untersucht. Um das grof3e
Anwendungspotential der Gruppe-III-Nitride vollstindig nutzen zu konnen, ist es
wiinschenswert, epitaktisches Wachstum auf gitterangepassten Substraten einzusetzen. Die
Moglichkeit, iiberlegene strukturelle Qualitidt durch homoepitaktisches Wachstum von GaN
auf GaN-Volumenkristallen oder Volumenschichten, so genannten Quasi- oder Pseudo-
Substraten, zu erzielen ist bereits demonstriert worden. Es gelang eine Reduzierung der
Versetzungsdichten um sechs GroBenordnungen, das Erreichen einer hoheren
Ladungstragermobilitit sowie von schmaleren Photolumineszenz-Linienbreiten im Vergleich
zum tiblichen heteroepitaktischen Wachstum. Durch Homoepitaxie kann zweidimensionales

Wachstum von GaN ohne zusidtzliche Depositionsschritte wie Oberflachennitridation,
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Niedertemperatur-Nukleationsschichten oder dicken Pufferschichten erzielt werden.
Kantenemittierende Laser konnen durch Spalten anstatt durch zeitaufwendige reaktive lonen-
Atz-Prozesse, die auch noch zusitzlich Defekte auf der Kristalloberfliche produzieren,
hergestellt werden. Zusdtzlich kann das GaN-Substrat n- oder p- dotiert werden, was eine
bedeutende Vereinfachung in der Verarbeitung der Bauelemente und deren Integration in
elektronische Schaltkreise ermoglicht.

Da der Weg zur besten strukturellen Qualitit nach wie vor iiber homoepitaktisches
Wachstum fiihrt, wurde konzentriert an Methoden fiir die Produktion von GaN- und AIN-
Volumenkristallen geforscht. Viel Arbeit wurde aber auch in die Herstellung von dicken,
groBflachigen und freitragenden GaN- und AIN- Schichten investiert, die in der Gruppe 111
Nitrid-basierten Epitaxie verwendet werden sollen. Die strukturellen Eigenschaften von GaN
und die Epitaxie z.B. auf Saphir, SiC, Silizium, GaAs oder LiGaO,, werden dargestellt und
betrachtet. AuBerdem werden die Herstellung und die praktische Bedeutung der Volumen-
und der Pseudo-Substrate diskutiert. Zusétzlich wird noch Diamant als mogliches
Substratmaterial fiir Gruppe III-Nitride Epitaxie einbezogen. Er stellt einen neuen Ansatz fiir
die Entwicklung einer neuen Generation von Bauelementen fiir Lichtemission und
Hochleistungsanwendungen dar.

Besondere Aufmerksamkeit wurde der Herstellung der freistehenden GaN Pseudo-
Substrate gewidmet. Die bemerkenswerten optischen und strukturellen Eigenschaften, die aus
der GaN-Homoepitaxie auf solchen Substraten resultieren, werden demonstriert. Ein
Hauptziel der vorliegenden Arbeit war die Optimierung des Laser Ablosungs-Prozesses fiir
die Delaminierung der GaN-Schichten mit Dicken von einigen Mikrometern bis zu 120 pm.
Der Effekt der Laser-Ablation auf GaN und Saphir wird gezeigt und analysiert, sowie auch
das kritische Problem einer erfolgreichen Trennung der GaN-Schichten. Auflerdem wurde die
Flexibilitit des Laser-Abloseverfahrens in der Verarbeitung diinner InGaN/GaN-

Heterostrukturen fiir die Produktion freistehender flip-chip kontaktierter blaue/violetter LEDs
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demonstriert. Ein Modell fiir thermischen Transport wihrend der Behandlung mit dem
Hochenergie-Laser wurde entwickelt, um den Effekt des plotzlichen Temperaturaufstieges
wiéhrend eines Laser-Impulses und die moglichen Konsequenzen Nitrid-basierte Bauelemente
zu simulieren.

Dicke GaN-Volumenschichten konnen durch Hydrid-Gasphasenepitaxie (HVPE)
produziert werden. Hochqualitative, 2 groe und 300 um dicke freitragende GaN-Substrate,
hergestellt durch den an HVPE-GaN angewendeten Laser-Ablose Prozess, sind nach
vorsichtiger Vorbehandlung der Schichtoberfliche als Substrate fiir die Nitrid-Epitaxie
verwendbar. Dies wurde durch homoepitaktisches Wachstum von 2 um dicken GaN-
Schichten mittels MOCVD bestitigt. Die guten elektrischen und optischen Eigenschaften der
homoepitaktischen Schichten machen freitragendes HVPE-GaN zu einem attraktiven Substrat
fiir die Herstellung der GaN-basierten Bauelemente. Motiviert durch diese Erfolge der Laser-
Induzierten-Ablose Technik, implementieren einige Firmen momentan diese Technologie fiir
die Massenproduktion freitragender GaN-Substrate und flip-chip kontaktierter GaN-basierten
Bauelemente.

Abschliefend wird die Realisierbarkeit von UV-lichtemittierenden Bauelementen durch
Nitrid-Heteroepitaxie auf einkristallinen Diamantsubstraten demonstriert. Nach der
Herstellung von stark leuchtenden InGaN-basierten LEDs mit Emissionwellenldngen vom
nahen Ultraviolet (UV) bis griin, hat es ein wachsendes Interesse an Emittern mit
Wellenldngen im tiefen UV-Bereich (200 bis 360 nm) gegeben. Die intensive
Aufmerksamkeit fiir die tiefen UV-Emitter liegt an einer betrdchtlichen Anzahl von
moglichen Anwendungen. Zum Beispiel konnen UV-LEDs mit Dreiband-Phosphor (rot, griin
und blau leuchtend) beschichtet werden, um weiles Licht zu produzieren. Solche LEDs
konnten auch benutzt werden, um biologische Molekiile anzuregen, die chemische Bindungen
mit starken optischen Resonanzen innerhalb der spektralen UV-Region enthalten (240 bis

350 nm). Ebenso wiirden Speichervorrichtungen mit hoher Dichte, Lithographieinstrumente
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und chemische Prozesse in medizinischen Anwendungen und Recycling aus der kurzen
Wellenldnge der UV-Strahlung profitieren.

Epitaktisches Wurtzit (0001) AIN:Si (n-Typ) ist mittels PIMBE erfolgreich auf (100)
Diamantsubstraten mit natlirlicher Bor-Dotierung (p-Typ) gewachsen worden. Die
iiberraschend gute strukturelle Qualitat der AIN-Schicht ist durch
Hochaufldsungsrontgenbeugung bestdtigt worden. Die hergestellten p-n
Heteroiibergangsdioden zeigen klare Diodenkennlinien mit einem Gleichrichtungsverhiltnis
(rectification  ratio) zwischen 10° und 10* bei kleinen Spannungen. Unter
Vorwértsvorspannung wird eine Emission im Blauen und im UV erreicht. AuBBerdem erlaubt
die spektrale Photostromanalyse die Aussage, dass die UV-Emission mit einer Defektstelle an
der Grenzfldche und nicht in der AIN-Schicht oder im Diamantsubstrat zusammenhéngt. Die
gemessene ,.built in“ Spannung ist in Ubereinstimmung mit dem Vorhandensein einer
Rekombinationstelle an der Diodengrenzflache. Die erreichten Ergebnisse bestétigen offenbar
das Entwicklungspotenzial von heteroepitaktischem Wachstum der III-Nitride auf Diamant.
Dadurch werden interessante Perspektiven fiir zukiinftige optoelektronische Bauelemente, die

im tiefen UV arbeiten, eroffnet.
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1 The Substrate Issue for Group III Nitride Epitaxy

Some of the most challenging aspects of GaN-based thin-film technology, as compared to
other device material systems such as Si or GaAs, come from the fact that the commonly used
substrate materials have very different material properties than the device layer itself. The
development of GaN-based devices has brought a change in the conventional thinking about
the material requirements for successful device fabrication. In contrast to the majority of
commercially available semiconductors, commercialization of GaN-based devices was
achieved exclusively by using heteroepitaxial substrates. Surprisingly, dislocation densities 4
orders of magnitude higher than the minimum thought to be required for efficient
luminescence did not make GaN fail as a promising light emitter, from the visible to the
ultraviolet spectral range. In the standard vapour phase epitaxy methods (VPE, MOCVD) for
GaN growth the high concentration of ammonia and hydrogen at high temperatures (1000°C)
reduces the choice of possible substrates. The need of a low-temperature buffer layer in the
first step of device fabrication is essential to allow the use of substrates such as Si, GaAs and
GaP (Tab. 1.1). Even for molecular beam epitaxy (MBE) with growth temperatures about
250°C lower than for VPE and MOCVD, the stability of the substrate surface during growth
is a critical issue because of the influence of nitrogen radicals at 800°C. For device production
on an industrial scale, the substrate of choice has to fulfill a number of criteria, such as a
minimum size (27), atomically flat surfaces and availability in large quantities at an
acceptable price. Sapphire was and still is the most common choice for GaN-based
light-emitting diodes (LEDs) because of its reasonably low cost and wide availability,
although its properties are seemingly unsuitable according to the usual assumptions made in
choosing a substrate for epitaxy. It has large lattice constant and thermal expansion coefficient

mismatches with GaN.
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Nevertheless, in agreement with the conventional knowledge, high dislocation densities
are detrimental to the performance of devices with more critical requirements than LEDs,
such as laser diodes operating at high power densities [1]. Furthermore, the properties of
sapphire do set limits on the final quality of the epitaxial film despite its versatility in the
GaN-based processing technology. Heteroepitaxy was the only alternative for GaN growth,
since bulk wafers were and still are not commercially available. The properties and quality of
the GaN film is primarily dependent on the substrate on which it is deposited. The lattice
constant mismatch has been the primary criteria for determining the suitability of a material as
a substrate for GaN, but in practice other material’s issues including crystal structure,
composition, reactivity, chemical, surface termination, thermal, and electrical properties have
strong influence on the final epitaxial layer. The substrate determines the crystal orientation,
polarity, surface morphology, strain, and the defect concentration of the GaN film and is
directly responsible for achieving optimal device performance. Many different materials have
been investigated for GaN epitaxy including metal oxides, metal nitrides, and other
semiconductors. A list of possible candidates and theirs crystal structure and lattice constants
is given in Tab. 1.1.

The influence of the substrate on the crystal polarity and polarization characteristics of the
group III nitrides is particularly important. Thus, the chemical reactivity and the conditions
required for good quality epitaxy depend on the polarity of the Ill-nitride crystal. The
substrate determines the crystal polarity and the magnitude and sign (tensile or compressive)
of the strain incorporated into the epitaxial film, and consequently the magnitude of the
polarization effect. Heteroepitaxy brings many problems to the GaN growth. The misfit and
threading dislocation densities of GaN films deposited on the commonly used substrates
sapphire and SiC are typically between 10° and 10'° cm™. For comparison, in GaAs and
silicon homoepitaxy the dislocation densities are as low as 10” to 10* cm™, or almost zero,

respectively [2].
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Material Structure Lattice constants (A) Therme}l References
b o |z
Semiconductor substrates (10°K™)
w-GaN wurtzite 3.1885 5.185 5.45 (a) [3]
zb-GaN zincblende 4.511 [4]
r-GaN rocksalt 4.22 [5]
w-AIN wurtzite 3.1106 4.9795 4.2 (a) [6]
zb-AIN zincblende 4.38 [71[8]
r-AIN rocksalt 4.04 [9]
Zn0O wurtzite 3.2496 5.2065 29 [10][11]
B-SiC 3C-zincblende  4.3596 39 [12][13]
SiC 4H-wurtzite 3.073 10.053 [12]
SiC 6H-wurtzite 3.0806 15.1173  4.46 (a) [12][13]
C - diamond diamond 3.567 0.80 [14][15]
GaAs zincblende 5.6533 6.0 [16]
GaP zincblende 5.4309 [17][18]
Si diamond 5.4310 2.59 [19]
Oxides and sulphide substrates
Al,O; - sapphire rhombohedral ~ 4.758 12.982 7.50 (a) [20][21]
MgAL Oy, - spinel 8.083 7.45 [22][23][24]
MgO rocksalt 4.21 10.5 [7][25]
LiGaO, orthorhombic 54063 63786  5.0129 9.0 (a) [26]
I'-LiAlO, 5.169 6.267 15 (a) [27][28][29]
NdGaO; orthorhombic ~ 5.428 5.498 7.71 11.9 (a) [30][31][32]
ScAIMgO, wurtzite 3.236 25.15 [33][34]
CaglLay(POy)s0, apatite 9.446 6.922 [35]
MoS, [36][37]
LaAlO; rhombohedral  5.364 13.11 [38]
(Mn,Zn)Fe,04 spinel 8.5 [39]
CagLay(PO4)s0; apatite 9.446 6.922 [35]
Metals and metal nitride substrates
Hf HCP 3.18 5.19 [40][41]
Zr HCP 3.18 5.19 [41]
ZN rocksalt 4.5776 [42]
Sc HCP 3.309 5.4 [43]
ScN rocksalt 4.502 [43][44]
NbN rocksalt 4.389 [45]
TiN rocksalt 4.241 [46][47]

Tab. 1.1: Substrates for GaN epitaxy.
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In addition, inversion domains boundaries and stacking faults caused by the heteroepitaxy
[48][49], create non-radiative recombination centers in the band gap, thereby reducing
minority carrier lifetimes. Threading dislocations form an undesirable path for easy impurity
diffusion, causing an inhomogeneous impurity distribution throughout the GaN film and a
degradation of pn junction abruptness [50] and optical properties. The amount and the non-
uniformity of the various defects created by the heteroepitaxy at present definitively prevent
GaN-based devices to achieve their optimum performance. Many efforts were made in GaN
heteroepitaxy, mainly based on sapphire, to improve the crystal quality of the grown films.
Successful approaches include an appropriate surface preparation of the substrate such as
nitridation, deposition of a low-temperature (LT) AIN or GaN buffer layer, multiple
intermediate LT buffer layers [51], epitaxial lateral overgrowth (ELOG) [52], pendeo (from
Latin: be suspended)-epitaxy [53], and other techniques [54-56]. GaN layers with dislocation
densities as low as 10’ cm™ have been produced by such techniques. Despite this success,
even lower defect densities are necessary for more sophisticated devices operating at more
extreme conditions of temperature, voltages, and current densities. Thus, substrates capable of
producing better quality GaN epitaxial layers are needed for realizing the full potential of
GaN-based devices. As the key for the best material quality is still homoepitaxial growth, this
has concentrated research on methods of producing GaN and AIN bulk crystals. But also
much work was focused in the production of large and thick GaN and AIN freestanding films
to be used as pseudo-substrates in the group III nitride-based epitaxy.

In the following sections some considerations of the material properties of GaN and
epitaxy e.g. on sapphire, SiC, Si, GaAs, or LiGaO, will be presented. Furthermore, the
discussion will involve the production and the practical relevance of bulk and pseudo-
substrates. In the last section, diamond is considered as a possible substrate material for

group III nitrides epitaxy.
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1.1 Material Properties of GaN

GaN has become an attractive semiconductor for many optoelectronic applications due to
its interesting physical properties (Tab. 1.2). The direct band gap of GaN together with its
good thermal and chemical stability (if compared to Si and GaAs) make this semiconductor
suitable for short wavelength emitters (LEDs and diode lasers) and detectors, but also for high
power and high temperature electronic devices. The group III nitrides (AIN, InN and GaN)
have the ability to form alloys in the energy band gap range from 0.8 eV (InN) to 6.2 eV

(AIN), enabling the creation of heterojunctions.

Properties Values References
Melting point (K) (@ 60 kbar) >2573 [57]
Density (g/cm’) 6.1 [57]
Lattice constants a and ¢ (A) (@ 300 K) 3.188 and 5.185 [3]
Thermal expansion Aa/a and Ac/c (%) (@ 300 to 1400 K) 0.575 and 0.503 [3]
Thermal conductivity (W/cm K) (@ 300 K) 2.1 [58]
Heat capacity (J/mol K) (@ 300 K) 353 [59]
Young’s modulus of elasticity (GPa) 210 [60]
Yield strength (MPa) (@ 1000 K) 100 [61]
Hardness (GPa) — nanoindentation (@ 300 K) 15.5 [62]
Energy band gap (eV) (@ 300 K) 344 [63]

Maximum electron mobility (cm*/Vs)

300K 1245 [64]
77K 7500 [64]
Maximum hole mobility (cm*/Vs) (@ 300 K) 13 [65]

Controlled carrier density range (cm™) (@ 300 K)

n — type 10" to 4 x 10%° [66]

p —type 10" to 6 x 10"® [66]

Tab. 1.2: Material and electrical properties of wurtzite GaN.
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The homodynamically stable structure of gallium nitride is the wurtzite lattice consisting
of alternating close-packed planes of Ga and N atoms stacked in an ABABAB sequence in the
(0001) direction (Fig. 1.1). The wurtzite GaN cell forms a tetrahedron with a non-
centro symmetric atomic arrangement. In wurtzite nitrides, the high electronegativity
difference between Ga and N is responsible for one of its most interesting characteristics: a

strong piezoelectricity and spontaneous polarization [67-71].

Fig. 1.1: Atomic structure views of wurtzite GaN along the crystallographic directions a) (0001),
b) (1120), and ¢) (1010).

The crystal faces perpendicular to the c-axis in the group III nitrides have either a

group III element (Al, Ga, In) polarity, designated as (0001) or (0001)A or a N-polarity,

designated as (000 1) or (000 1)B [72].

1.2 Sapphire

The aluminum oxide (Al,O3) single crystal was originally used in 1969 by Maruska and
Tietjen in their pioneering work on GaN epitaxy by hydride vapour phase epitaxy (HVPE)
[73], and it remains the most commonly employed substrate for GaN epitaxy. In the case of
GaN growth on (0001) c-plane sapphire substrates, an effective 13.9% lattice constant

mismatch { /= (@spph — aGan) / acan } Induces dislocations soon after the start of growth to
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compensate the strain [74]. Much of the progress in GaN-based technology has been achieved
using tricks [51-56] to reduce the dislocation density of about 10" cm™ in the GaN epitaxial
films [2]. However, even if sapphire were perfectly lattice matched to GaN during growth, the
difference in thermal expansion coefficients between the two materials, 7.50 x 10° K" for
sapphire and 5.45 x 10° K™! for GaN [75], would still induce strong biaxial compressive stress
in the GaN after cooling down from growth temperatures around 1000°C. This stress is one of

the reasons why a critical thickness for GaN layers exists, beyond which cracking is

induced [76].

30°
/

(1700) GaN

Fig. 1.2: Cleavage plane of wurtzite GaN (0001) on sapphire (000 1) substrate.

Sapphire’s thermal conductivity at room temperature of 0.3 W/cm K [21] is about 7 times
lower than of GaN, 2.1 W/cm K [77]. Therefore, sapphire is a bad heat dissipater compared to
some other substrates, which is a big disadvantage for high power devices. Sapphire is
electrically insulating with a resistivity higher than 10" Q cm [21], therefore only planar
device structures with contacts on the front side are possible. In addition, the cleavage planes
of sapphire do not have the same direction than those of epitaxial wurtzite GaN (Fig. 1.2),
making laser facet formation by cleavage very difficult. A summary of the main material

properties of sapphire is presented in Tab. 1.3.
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Properties Values

Melting point (K) 2003

Density (g/cm’) 3.98

Lattice constants a and ¢ (A) (@ 300 K) 4.758 and 12.982
Thermal expansion Aa/a and Ac/c (%) (@ 293 to 1300 K) 0.83 and 0.892
Thermal conductivity (W/cm K) (@ 296 K) 0.3

Heat capacity (J/mol K) (@ 300 K) 71.9

Modulus of elasticity (GPa) 452-460 in (000 1) direction
Yield strength (MPa) (@ 300 K) 190

Hardness (GPa) — nanoindentation (@ 300 K) 23.9

Energy band gap (eV) (@ 300 K) 8.1-8.6
Resistivity (Q cm) (@ 300 K) >10"

Tab. 1.3: Material and electrical properties of sapphire [20][21][78].

Although sapphire has a rhombohedral structure, it can be described by a hexagonal cell
that is larger than the basic rhombohedral unit cell. The crystal structure of the hexagonal unit

cell of sapphire and a perspective view along the (000 1) direction is shown in Fig. 1.3.

b)

Q_ o® P
@%0@@0@
@,’90@ 90@®

Fig. 1.3: Crystal structure of hexagonal sapphire: a) the unit cell; b) perspective view along the
(0001) direction [77].



1 The Substrate Issue for Group III-Nitride Epitaxy 9

The hexagonal unit cell of sapphire has a volume of 254.7 A® [77] and is formed by
12 AP’ ions and 18 O” jons. The unit cell consists of six closed packed (0001) planes of
O” ions intercalated within 12 planes of AI*" ions. The crystal facets of sapphire are shown
in Fig. 1.4.

a) b) (c)

(m) (0001)
(a) . =y
(1120)\  30°— (1010)

(m_ 3¢°
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o
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Nape

Fig. 1.4: Facets of hexagonal sapphire: a) view along the c-axis; b) perpendicular to the c-axis [79].

As the surfaces employed for GaN epitaxy, the c-plane (0001) and m-plane (10 10)
directions, are non-polar, the crystal polarity of the GaN film is directly dependent on the
growth conditions and procedure adopted. To date, the five orientations of sapphire (0001),
(0001), (1010),(2110), and (1110) have been used as substrates. c-plane sapphire is the
most commonly used in GaN heteroepitaxy. The orientation of the GaN film on c-plane
sapphire has been experimentally determined as shown in Fig. 1.5 [80]. The GaN c-plane is
parallel to the c-plane in the sapphire with an in-plane rotation of 30°.

The m-plane of sapphire is the best orientation for to GaN growth considering lattice
misfit and crystal symmetry. Nevertheless, the big disadvantage of m-plane substrates comes
from the non-alignment of the c-axis of the resulting GaN film and the substrate, allowing the

formation of undesirable crystalline twins.
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_’ _

[1100] AlO, [1120] ALO,

[1270] GaN [1070] GaN
Al

Fig. 1.5: In-plane view of c-plane (0001) GaN on c-plane (000 1) sapphire.

The attempts to use different sapphire orientations in GaN growth were also conducted to
overcome the big difficulty of cleaving GaN on sapphire substrate. GaN epitaxy on c-plane
sapphire generates c-plane oriented films with a 30° in-plane rotation (Fig. 1.2 and Fig. 1.5) to
avoid an even higher lattice mismatch. This is the main reason that prevents smooth cleavage
planes on the edge of the GaN layer. GaN films grown on a-plane sapphire were also
investigated [81] and can be easily cleaved along the r-plane (Fig. 1.4). The first promising
result of the fabrication of edge emitting lasers on a-plane sapphire was obtained by
Nakamura et. al [82], who reported a pulsed MQW laser with cleaved facet mirrors. It is also
interesting to note that, although the lattice mismatch for GaN films grown on a-plane
sapphire is much less (2%) than on c-plane (13.9%), no significant crystal quality
improvement has been reported. GaN or AIN epitaxy on r-plane sapphire will produce films
aligned with the @-axis (1120) and not to the usual c-axis direction perpendicular to the
substrate surface. This untypical orientation for GaN epitaxy is preferred for AIN and ZnO-

based surface acoustic wave (SAW) devices, as it increases the electromechanical coupling

coefficient [83][84].
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In a comparison of GaN growth by MBE on c-, a-, -, and m-plane sapphire substrates
[85] smooth and flat films were obtained on c-plane, and somewhat rougher ones on a-plane
sapphire. The growth on - and m-plane substrates resulted in rougher GaN layers with mixed
orientations (0002) and (1110), as measured by XRD diffraction. Considering rocking
curves and photoluminescence data, the best crystalline quality was obtained on the c-plane
sapphire. Some authors [82][86] observed significant improvements in the quality of GaN
films grown on sapphire substrates with orientations other than the usual c-plane, by growing
smooth, single crystal GaN on m-plane sapphire misoriented by 15° to 20°. In this way
twinning and rough surfaces could be avoided, but the dislocation density was still 50%
higher compared to GaN growth on c-plane sapphire.

Due to the large lattice mismatch between GaN and sapphire, the epitaxial GaN film
grows almost completely relaxed right from the beginning. The high defect density is
concentrated at the interface by forming a coincidence lattice which relieves a large portion
(11.8%) of the mismatch in the form of a dislocation network [74]. For example, a 1 um thick
MBE-GaN film has a density of non-confined dislocations of ~10'® cm® after this relaxation
process and the residual strain at its surface is about -0.2% [74]. For a growth temperature of
800°C a lattice mismatch of -13.75% can be calculated taking in account the thermal
expansion coefficients of GaN and sapphire perpendicular to the c-axis. The residual strain
determined at the GaN/Al,Os interface after cooling down is -0.12%, which is comparable to
the strain of -0.2% measured at the GaN surface of the 1 um thick film. From this result it can
be derived that GaN films grow almost completely relaxed at the growth temperature and the
residual strain is due to a thermal effect. In this highly mismatched heteroepitaxial growth, the
first monolayers of GaN form a mosaic of columnar islands before the surface is completely
covered. Confined dislocations are generated in these islands with a typical grain size of the

order of a tenth to a few micrometers. The confined dislocations lead to the relaxation of a
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large part of the lattice misfit. After this initial growth process the final GaN film will contain

the dislocation density of about 10'° cm™ as mentioned above.

1.3 SiC

Silicon carbide in the hexagonal 4H and 6H polytype has many advantages over sapphire
as a substrate for GaN epitaxy. It has a smaller lattice mismatch of 3.1% for (0001) oriented
films and a 12 times higher thermal conductivity (3.7 W/cm K) [87]. In addition, electrically
conductive SiC substrates can be produced for backside contacting, which is an advantage for
some device applications. SiC has a polar crystal structure like GaN with a carbon and silicon
polarity, enabling in principle an easier control of the nitride film polarity. The Si-polarity is
indeed the most commonly used one for GaN epitaxy. Furthermore, for the production of
laser cavity mirrors, the substrate has its cleavage plane perpendicular to the surface because
cleavage becomes more reproducible with a perpendicular cleavage than with an inclined one.

Among all the hetero-substrate candidates, only SiC fulfils this requirement (Fig. 1.6).

(og) Sic

/

Fig. 1.6: Cleavage plane of wurtzite GaN (0001) on 6H-SiC (000 1) substrate.

Difficulties in the use of SiC for GaN growth arise from the poor wetting behavior

between these two materials [88]. The use of an AIN or AlGaN nucleation layer is a possible
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solution to overcome this problem, but with the consequence of increasing the electric
resistance between device and substrate. Despite of the smaller lattice mismatch, the
dislocation density of GaN films grown on SiC is also of the order of 10'® cm™, similar to
GaN epitaxy on sapphire. The propagation of crystalline defects from the SiC substrate into
the GaN film is mainly responsible for this relative high dislocation density [89]. Compared
to GaN, the thermal expansion coefficient of SiC is smaller, resulting in films under biaxial
tension after cooling down from growth temperature. The production cost of high quality SiC
substrates is high and the market is dominated by one big producer. SiC is a very hard
material to handle and polish, complicating the preparation of smooth surfaces for epitaxial
needs. The typical surface rms roughness of 1 nm is one order of magnitude higher than that
of sapphire (0.1 nm). In spite of these problems, GaN heteroepitaxy on SiC has been
successfully optimized and SiC substrates are currently being used as the base for a large
fraction of the world production of green, blue, and ultraviolet LEDs. Because of its high
thermal conduction coefficient, SiC is the preferred substrate for high power and high

frequency devices [90][91].

O si oC

Fig. 1.7: Basic tetrahedral structure of SiC. The distance a of a Si-Si bond and of a C-Si bond
are 3.08 A and 1.89 A, respectively. A three-dimensional view of 2H-SiC is shown on the right.

SiC can crystallize in more than 250 polytypes (one-dimensional variations of the stacking

sequence of the closed packed biatomic planes — Fig. 1.8) [92]. The 6H polytype can be
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purchased since a long time, but also the 4H-SiC wafers are now commercially available,
despite their high prices. The basic structural unit of all polytypes is a covalently bonded
tetrahedron with carbon atoms at the corners and a silicon atom in its center or vice-
versa (Fig. 1.7).

The crystalline structure results from the periodic repetition (stacking parallel to the
c-axis) of this basic-cell and the various polytypes are formed by different stacking
arrangements between double layers of C and Si atoms (Fig. 1.8). The distance between
neighboring Si and C atoms is approximately 1.89 A for all polytypes, the c value depends on
the stacking mode and the ratios c¢/a are 1.641, 3.271 and 4.908 for the 2H-, 4H- and 6H-SiC,

respectively [93].

B

6

T

Fig. 1.8: The stacking sequence of 2H-, 4H- and 6H-SiC polytypes.

Bulk SiC is produced by sublimation in a variation of the Lely process developed by
Tairov and Tsvetkov in 1978 [94]. A SiC seed crystal is used to control the polytype and the
crystal orientation. One big difficulty to produce high quality SiC wafers was caused by the
high screw dislocation densities present also in form of micropipes or nanopipes parallel to
the c-axis (hollow core screw dislocations) [95]. This particular type of defect was
successfully controlled to less than 1 cm [96], but much effort is still being done to reduce

the high density of residual dislocations of the order of 10° to 10* cm™. These defects are
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detrimental for SiC-based devices [97][89] and probably also for GaN devices on SiC

substrates, but no systematic investigation in this field has been published yet.

Properties Polytype Values References
Melting point (K) 3086 [98]
Density (g/cm’) (@300 K) 6H 3.211 [99]
Lattice constants @ and ¢ (A) (@ 300 K) 4H 3.0753 and 10.053 [12]

6H 3.0806 and 15.117  [12]
Thermal expansion Aa/a and Ac/c (%) (@ 300 to 1400 K) 6H 0.4781 and 0.4976 [3]
Thermal conductivity (W/cm K) (@ 300 K) 4H 3.7 [100]
6H 3.6 [100]
Heat capacity (J/g K) (@ 300 K) 6H 0.71 [101]
Modulus of elasticity (GPa) 440 [102]
Energy band gap (eV) (@ 5 K) 4H 3.26 [103]
6H 3.02 [103]
Electron mobility (cm?/Vs) (@ 300 K) 4H 1000 [103]
6H 400 [103]
Hole mobility (cm*/Vs) (@ 300 K) 4H 115 [103]
6H 101 [103]

Resistivity (Q cm) (@ 300 K)

Undoped 4H,6H  10%to 10° [104]
semi-insulating 4H6H  10° [104]

Tab. 1.4: Material and electrical properties of SiC.

Table 4 shows some general properties of the most common polytypes 4H- and 6H-SiC

used as substrates for GaN epitaxy. 4H- and 6H-SiC wafers are commercially available in low

resistivity, semi-insulating, n- and p-type form. Semi-insulating wafers have recently been of

interest in group III nitride heteroepitaxy on SiC for AlGaN-based microwave power devices.

As mentioned, surface preparation is one of the critical problems of SiC substrates. The

poor surface finish for epitaxial growth, due to SiC’s extreme hardness and high chemical

stability produces scratches and subsurface damage [105][106]. Furthermore, the surfaces of

as received substrates may terminate at any step position A, B or C (Fig. 1.8). Several
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methods have been applied to remove the damage from the SiC surface, including oxidation
of the SiC and subsequent etching in hydrofluoric acid [107], etching in HCI + H, atmosphere
[108][109], high temperature (1500°C) etching in hydrogen [110][111], and reactive ion
etching [112][113]. Etching in H; is successful to remove all low scale scratches and produces
a uniform terrace structure with steps of 1.5 nm height [114].

The nucleation behavior of GaN and AIN on hexagonal SiC is complex. Ga-N does not
grow on 6H-SiC at temperatures lower than ~720°C [115]. Above this threshold, three
dimensional islands start to form randomly over the SiC surface. On the other hand, AIN
nucleation on 6H-SiC starts at lower temperatures (650°C), but also with poor crystallinity
and rough surface morphology. The islands have a diameter comparable to their height,
suggesting high nucleation rates, but slow growth kinetics, different from to the 3D-columnar
growth seen at the initial stages of GaN-AIN epitaxy on sapphire. At temperatures higher than
1100°C AIN forms from the beginning a complete epitaxial film covering the 6H-SiC surface
(two-dimensional growth mode). Contrary to the direct growth of GaN on SiC, AIN wets the
SiC surface and helps to reduce the lattice constant mismatch to the substrate (3.4%).

In the case of GaN epitaxy on sapphire, AIN low temperature nucleation layers are the key
for good quality films [116]. This is not the case for GaN epitaxy on SiC: the AIN crystallites
formed on SiC at low temperatures will coalesce to bigger grains during an annealing
temperature ramp, but the quality of a subsequent GaN layer is sensibly better with a high
temperature AIN nucleation layer [117][118]. Due to its smaller lattice misfit and lower
resistivity, AlGaN has been also considered as an alternative to pure AIN nucleation
layers [119].

The direct nucleation of GaN at high and low temperatures with posterior annealing ramps
has been investigated for the growth on SiC substrates by MBE [120][121] and MOCVD
[88][122]. To achieve GaN wetting in MBE growth, a low nucleation temperature is required,

which is detrimental for the structural perfection of the individual GaN nuclei [123]. It was
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found that any thermal or native oxide has to be completely removed from the SiC surface,
otherwise voids are formed in the deposited GaN film [124]. Nitridation in NH; flow at
1050°C can be also of benefit for the surface quality, due to a combination of chemisorption
and etching [124].

GaN films grown on SiC are typically strained due to the smaller thermal expansion
coefficient of SiC with an average biaxial stress up to 1 GPa. This is confirmed by optical
characterization of MOCVD and MBE-GaN samples grown on SiC [125], where a tensile
stress was quantified in contrast to compressive stressed wurtzite GaN films grown on
sapphire. The strain value and sign can vary depending on the initial growth process. In
principle, the tensile strain can be avoided by growing GaN on thin coherently strained AIN
nucleation layers, minimizing the formation of microcracks in the films. The misorientation of
the SiC substrate causes a significant change of the wetting behavior for GaN and AIN
epitaxy. The steps on the SiC reduce the distance atoms have to diffuse before being
incorporated in the crystal, which enhances two-dimensional growth of GaN [126]. A miscut
angle of 4° can relieve the stress at the GaN/SiC interface [127], but induces the formation of
many stacking faults at the step edges on the SiC substrate [128]. In contrast, a rougher AIN
surface was obtained by MBE growth of AIN on off-angle 6H-SiC (0001) in comparison
with growth on on-axis SiC [129]. This is the result of a larger density of AIN islands that can
coalesce on the on-axis substrate leading to a two-dimensional growth mode rather than on
the misoriented surface.

A last aspect to be considered is the strong influence of the polarity of SiC substrates on
the morphology and crystal quality of the epitaxial GaN films. From electronic structure
calculations for the (0001) interface, the stronger bonds are expected at the Si/N and C/Ga
interfaces [130]. Consequently, Si-face SiC substrates should produce Ga-face epitaxial GaN
in (0001) orientation. Different techniques were used to investigate this assumption

[131-133], however some experimental results from the literature are in conflict. Stirman



18 1 The Substrate Issue for Group IlI-Nitride Epitaxy

et al. [133] compared high resolution electron microscope images with simulated atomic

arrangements for a GaN/SiC heterostructure.
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Fig. 1.9: (a) High-resolution electron micrograph of a region of the SiC/GaN interface (atomic
columns appear with black contrast). (b) Possible atomic arrangements for GaN/SiC interface with

(0001) oriented substrate and epilayer [133].

They concluded that the interface should consist mainly of N atoms bonded to Si atoms,
but also with some Ga-C bonds (Fig. 1.9) to prevent a built-in of charge caused by the
different electronegativities of the atoms: the interface can be either negatively (N-Si
bonding) or positively (Ga-Si bonding) charged. The extra charges can induce an instability of
the interface, which usually leads to formation of poor quality films [134]. The growth of Ga-
face GaN on Si-face SiC and of N-face GaN on C-face SiC is considered as the “standard

framework™ [72] and most of the published data is consistent with this conclusion.

1.4 Si

Silicon, the most widely used semiconductor worldwide is a very attractive substrate for
GaN heteroepitaxy since it is available in very high quality, from small to very large size and
at very low price in comparison with other commercial semiconductors. Also other physical

properties of Si are favorable, e.g. its high crystal perfection with almost perfect surfaces and
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a good thermal stability at GaN growth temperatures. A GaN-on-silicon technology could
help to accelerate the acceptance of GaN for microelectronic and optoelectronic applications.
The main physical, chemical, mechanical, and optical properties of Si are listed in
Tab. 1.5. The advantages of Si as a substrate and the possibility of monolithic integration of
GaN devices with Si electronic devices [135] motivated many research groups to try to
overcome the difficulties of GaN heteroepitaxy on Si substrates in particular the very large
lattice and thermal expansion coefficient mismatch. A further problem of silicon is its
tendency to form an amorphous silicon nitride film when exposed to reactive
nitrogen sources. Silicon (111) has a cleavage direction that coincides with that of wurtzite
GaN (0001) as shown in Fig. 1.10, which enables the production of cavity mirrors for

lasers using cleavage.

()71

Fig. 1.10: Cleavage plane of wurtzite GaN (0001) on a Si (11 1) substrate.

The quality of GaN on Si has not reached the same standard as for sapphire or SiC.
Nevertheless, GaN-based devices like LEDs and HEMTs were demonstrated on Si substrates
by using different concepts like insertion of low-temperature AIN interlayers, introducing
multiple AlGaN/GaN interlayers, and growing on pre-patterned substrates (epitaxial
lateral overgrowth or pendeo-epitaxy) to reduce the defect density of the overgrown

layers [136-139].
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Properties Values References
Melting point (K) 1787 [140]
Density (g/cm’) 2.329 [141]
Lattice constants a (A) (@ 300 K) 5.431 [141]
Thermal expansion coeff. Aa/a (%) (@ 300 to 1300 K) 0.3995 [142]
Thermal conductivity (W/cm K) (@ 300 K) 1.56 [143]
Heat capacity (J/g K) (@ 300 K) 0.70 [144]
Modulus of elasticity (GPa) 165.6 [145]
Energy band gap (eV) (@ 300 K) 1.124 [146]
Electron mobility (cm*/Vs) (@ 300 K) 1448 [147]
Hole mobility (cm*/Vs) (@ 300 K) 495 [148]
Resistivity (k Q cm) (undoped, @ 300 K) 50 [144]

Tab. 1.5: Material and electrical properties of Si.

The structure of silicon (diamond lattice) belongs to the cubic-crystal family with two

interpenetrating face-centered cubic (fcc) sublattices, shifted with respect to each other by one

quarter of the body diagonal (a\/g /4, where a=0.543 nm). Fig. 1.11 shows perspective

views of a Si unit cell in different directions:

a)

Fig. 1.11: Atomic structure views of a Si unit cell in the crystallographic directions a) (001),
b)(011),andc)(111).

The large lattice constant mismatch between Si and GaN makes the growth of pure

zincblende GaN or good quality wurtzite GaN on Si (001) extremely difficult [149][150].
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Moreover, the interface GaN/Si may be formed by an amorphous SiNy layer (Fig. 1.12 b)
causing phase mixture in the subsequent GaN film with a substantial diffusion of Si into the
GaN film, or growth of polycrystalline material [151]. The epitaxy of GaN on Si(111)
substrates is preferred as the improved quality of the resulting layers allowed the production
of GaN-based devices such as LEDs [152], field effect transistors [153], and ultraviolet
detectors [154]. The possible atomic arrangement at the interface GaN to Si (111) is shown
in Fig. 1.12 a). Different types of nucleation layers including AIN, low temperature GaN,
GaAs, and ZnO were tested to overcome the problems caused by the large lattice misfit and
the strength of Si-N bonding. The formation of Si,Ny at the GaN/Si (111) interface can be
suppressed by the growth of an AIN nucleation layer in MBE [155] or MOCVD [156]
epitaxy. AIN grows on Si in a two-dimensional mode with an abrupt interface as shown in the
HRTEM image of Fig. 1.12 c), despite of the 23.4% lattice constant mismatch between AIN
and Si. GaN films deposited on Si (11 1) substrates with an AIN nucleation layer by MOCVD
have Ga-face polarity, whereas GaN films grown directly on Si(111) presented N-face

polarity [157][72].

a)  e-N(orGa)on(0001)GaN b)
O-Sion (111) Si
(s - J

Fig. 1.12: a) atomic arrangement at the interface between a GaN grain and a Si (111) substrate. b)
HRTEM micrograph showing the development of a thin (20-30 A) amorphous Si,N, layer at the
GaN/Si (111) interface. c) HRTEM micrograph of a sharp and clean AIN/Si (111) interface [155].
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Nevertheless, the difference in thermal expansion coefficient between GaN (5.6 x 10° K)
and Si (2.6 x 10° K) results in crack formation in the GaN film after cooling down from the
growth temperature in MBE and MOCVD epitaxy. Based on the difference in thermal
expansion coefficients for GaN and Si, the strain due to cooling from growth to ambient
temperature was estimated to be tensile with value +0.06% [158] (the residual strain of GaN
grown on sapphire is —0.12% at room temperature). However, residual stress due to lattice
mismatch cannot be excluded. Also in this respect, the nucleation layer plays an important
role: for instance, a high temperature AIN nucleation layer deposited on Si by MOCVD may
produce good quality GaN, but it is not sufficient to relieve the stress and avoid cracking of
the deposited GaN film [159]. The crack density could be significantly reduced or even
eliminated by many variations of nucleation layers before GaN growth such as low
temperature AIN in MOCVD epitaxy, or alternated high temperature layers of AIN and
AlGaN [160], AIN/GaN superlattices [161], and step-graded AlyGa; N in MBE epitaxy
[162]. The GaN film stress can be reduced to values below the yield strength of 400 MPa for
GaN under tensile stress, thus completely avoiding the formation of cracks in the films after
cooling down from growth temperature. Beyond their effect on the mechanical characteristics
of the GaN films, nucleation layers were also applied to improve the structural and optical
properties of GaN epilayers on Si. Some effort has been made recently in the optimization of
a thin SiC layer [163][164], grown by carbonization of Si, as a buffer layer for subsequent
GaN epitaxy. This was thought to be an alternative to reduce the relatively high defect density
generated at the interface which propagates through the epitaxial GaN film, when using an
AIN nucleation layer directly on Si. Although the application of special techniques like
pendeo-epitaxy are promising for achieving almost defect free GaN also on Si substrates
[138], the defect density including threading dislocations and inversion domain boundaries is
still high (of the order of 10° cm™ [163]), and therefore further optimization is necessary to

reach the quality of GaN films grown on sapphire substrates. Nitronex Corporation claims to
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have solved the thermal expansion and lattice misfit problems for depositing GaN on large-
area silicon wafers [165]. The composition of the buffer layer scheme is proprietary, but the
layer components were chosen after examining and comparing their thermal expansions
versus GaN and silicon as a function of temperature. Precise temperature, composition and
film thickness control must be obtained to eliminate radial stress gradients. The room
temperature mobility of GaN-based HEMT structures grown using this technique is supposed

to exceed 1600 cm?/Vs [166].

1.5 GaAs

There are several advantages that make GaAs an interesting substrate for GaN epitaxy,
principally due its isolectronic structure, the potential to convert a GaAs surface to GaN by
nitridation, and the presence of parallel cleavage planes between film and substrate. From the
technological point of view, GaAs is a well established compound semiconductor in large
scale industrial production. High quality substrates (typical defect density < 10* cm™) with
different crystallographic orientations and specifications can be purchased at reasonable
prices compared to the very expensive SiC wafers. On the negative side, GaAs has a large
lattice constant and thermal expansion coefficient mismatch to GaN, a poor thermal
conductivity, and an unsatisfactorily low thermal stability. The relatively low chemical
stability of GaAs can also be a positive characteristic, since it allows GaN films to be
separated more easily from GaAs than sapphire. As GaAs is mechanically softer than GaN, it
will preferentially crack or suffer plastic deformation rather than the epitaxial GaN film.
GaAs (111) is a potential substrate for the achievement of freestanding thick wurtzite GaN

films to be used as pseudo-substrates for subsequent epitaxy and device fabrication.
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Properties Values References
Melting point (K) 1515 [167]
Density (g/cm’) 532 [168]
Lattice constants a (A) (@ 300 K) 5.653 [16]
Thermal expansion Aa/a (%) (@ 300 to 1200 K) 0.5876 [3]
Thermal conductivity (W/cm K) (@ 300 K) 0.45 [169]
Heat capacity (J/g K) (@ 300 K) 0.327 [170]
Modulus of elasticity (GPa) 85.5 [171]
Energy band gap (eV) (@ 300 K) 1.423-1.430 [171]
Electron mobility (cm*/Vs) (@ 300 K) 8500 [171]
Hole mobility (cm?*/Vs) (@ 300 K) 400 [171]
Resistivity (k Q cm) (undoped, @ 300 K) 10 [171]

Tab. 1.6: Material and electrical properties of GaAs.

The most relevant material and electrical properties of GaAs are listed in Tab. 1.6. GaAs
is less stable than sapphire and SiC, starting to decompose thermally at temperatures above
700°C in vacuum. The crystal structure of GaAs is shown in Fig. 1.13. It is similar to the
zincblende structure of GaN. The stacking sequence for the (111) close-packed planes in this

structure is ABCABC.

Fig. 1.13: Atomic structure views of a GaAs unit cell in the crystallographic directions a) (100),
b)(110),andc) (111).
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Since zincblende GaN was first grown on GaAs substrates in 1992, many additional
studies have been done [172]. The production of zincblende GaN requires substrates with
four-fold symmetry, that is (001) substrates. Zincblende GaN has been prepared on several
substrates including Si, 3C-SiC, GaP, and MgO, but the most commonly employed substrate
for this is GaAs (001). Zincblende GaN possesses superior electronic properties for device
applications, such as a higher mobility, and isotropic properties due to its cubic symmetry and
high optical gain. Nevertheless, both zincblende and wurtzite structures of GaN films may
coexist because of the small difference between their energies of formation [173]. A surface
roughening or faceting due to GaAs decomposition has to be avoided during growth to
prevent the inclusion of hexagonal polytype in the GaN film. Consequently, in practice, the
difficulty in producing low defect content polytype pure material hindered the large scale
application of cubic GaN in contrast to wurtzite GaN. The lower growth temperature needed
for GaN epitaxy in MBE systems is an advantage compared to MOCVD and HVPE, but a low
temperature GaN buffer layer can protect the GaAs surface from decomposition at higher
temperatures and under aggressive NHj atmosphere, making the MOCVD and HVPE
techniques also practicable for the use of GaAs substrates in GaN heteroepitaxy.

Both GaAs (111)A and GaAs (111)B crystal orientations can result in single wurtzite
phase GaN in MBE growth [174]. Namerikawa et al. [175] grew GaN simultaneously on
GaAs (111) A and B surfaces by HVPE at different growth parameters and conditions. It was
found that by covering the whole GaAs (111) substrate with GaN at 850°C, GaN growth on
GaAs substrate at 1000°C without deterioration of the GaAs substrate was achieved.
Furthermore, GaN grown at high temperatures always had Ga-face polarity, independent of
the polarity of the GaAs substrate and/or the GaN buffer layer. Motoki et al. [176] produced a
freestanding GaN (0001) substrate of over 2” size and thickness of 495 um (£ 10 um) by
HVPE on GaAs (111)A, employing two new methods for the reduction of dislocations. First

a variant of ELOG was applied for dislocation reduction by forming a SiO, mask directly on
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the GaAs substrate. Then, a thick GaN layer was grown with numerous large hexagonal
inverse-pyramidal pits as shown in Fig. 1.14, constructed mainly by {1122} facets
maintained on the GaN surface (insert in Fig. 1.14 d). The dislocations are “collected” to the
center of the hexagonal pit during GaN growth, reducing the defect concentration except at

its center.

o A e—

Fig. 1.14: Surface morphology of GaN on a GaAs substrate with SiO, mask at various growth
stages. SEM image after (a) 0.5 min, (b) 4 min and (¢) 10 min of GaN growth. Optical micrograph
(d) at the end of the GaN growth. The insert shows a diagram of growth with hexagonal pits

constructed from (11 22) facets concentrating dislocations at the bottom of the pit [176].

After removing the GaAs substrate the freestanding GaN film was lapped and polished.
The distribution of dislocations was not homogeneous over the GaN layer. Etch pit density
(EPD) measurements revealed that etch pits exist in groups with relatively high EPD

(2 x 10* cm™) surrounded by an area with EPD as low as 5x 10° cm™. The crystalline
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structure and quality of the obtained GaN substrate were examined by XRD rocking curves,
showing a full-width at half maximum (FWHM) of 106 arcsec in the (002) crystallographic
direction. Hall-measurements showed a typical n-type carrier concentration of 5 x 10'® cm™
and a typical carrier mobility of 170 cm®/V's. The resistivity of the GaN substrate was
typically 8.5 x 10 Q cm. The obtained GaN substrate is transparent with a slight grayish
color [176].

Despite of the successful fabrication of this large freestanding GaN-based on GaAs
substrates, the inhomogeneous defect distribution and the need of mechanical polishing
causing structural damage to the surface are disadvantageous. No publication could be found
in the literature on homoepitaxy or group-III nitride based growth on these freestanding GaN
pseudo-substrates so far. Finally, it will depend on the results of such overgrowth experiments

to evaluate the application of the freestanding GaN films originally grown on GaAs.

1.6 LiGaO,

To overcome the large lattice misfit between GaN and sapphire, lithium gallate (LiGaO5;)
substrates have been used for GaN growth in an exploratory study. Indeed, lithium gallate is
the most closely lattice matched substrate candidate for GaN heteroepitaxy (Fig. 1.15). It is
also a polar crystal which enables a better control of the polarity of the subsequent GaN film.
The low chemical stability of LiGaO, is beneficial for the fabrication of thick freestanding
GaN pseudo-substrates or enables a transfer of the GaN layer to another substrate with better
heat dissipation. The undesirable properties of LiGaO, include its low thermal stability at the
high MOCVD growth temperatures (>1000°C) that may cause a phase change of the crystal
[177], high thermal expansion coefficients, and the low electrical conductivity. Despite of the

relatively low cost of LiGaO, compared to SiC, commercially available wafers do not have
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the same optimal surface characteristics like sapphire or SiC. The LiGaO, substrates typically
exhibit a rough surface with equidistant grooves about 10 nm deep, probably due to
mechanical polishing. The resulting highly defective interface between GaN and LiGaO; is
then responsible for a three-dimensional growth mode of the GaN film. The use of LiGaO, as
a sacrificial substrate for the fabrication of thick freestanding GaN films makes it an

alternative to be considered for the development of GaN-based devices.

Aa=21%
Ab =0.2%

b so= 6.378 A

5.406 A
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Fig. 1.15: Relative orientation of gallium nitride to lithium gallate.

At ambient pressure LiGaO; crystallizes in the orthorhombic crystal structure (right image
in Fig. 1.16). The lattice parameters a =5.4063 A, b=6.3786 A, and c¢=5.0129 A were
determined by X-ray powder diffraction measurements at room temperature [177]. LiGaO,
has no natural cleavage planes. The left image in Fig. 1.16 shows the projection onto the a-b
plane of LiGaO, displaying the underlying pseudo-hexagonal symmetry suitable for the
growth of hexagonal GaN (a =3.188 A). The crystal structure deviates slightly from the
hexagonal symmetry to accommodate the two different Ga and Li atoms. The
pseudo-hexagonal average basal plane lattice constant equals 3.152 A for LiGaO,, which
results in a lattice mismatch with respect to GaN of about 0.2%, much less than that of Al,O3
with a lattice constant mismatch of about 14% or 6H-SiC with a lattice mismatch of

about 3%.
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Fig. 1.16: Projection of LiGaO, lattice structure on the a—b plane displaying the underlying
hexagonal symmetry (left), and three-dimensional view of the orthorhombic crystal structure of

lithium gallate.

One further advantage of LiGaO, compared to sapphire is its polarity along the c-axis or
(001) direction. The surface contains an anion (oxygen) or cation (gallium and lithium) polar
termination. Lithium gallate reacts differently to acids and bases depending on the crystal
polarity. The oxygen terminated surface (A-face) can be easily etched in aqueous solution of
nitride acid (HNO; : HyO =1 : 1), whereas the gallium or lithium terminated surface (B-face)
is difficult to etch [178]. In contrast, the B-face (metal) is chemically less stable than the A-
face (oxygen) in a basic solution. An entire LiGaO; substrate can be etched away in less than
5 min in a base without attacking the GaN film grown on top [179]. The material properties of
LiGaO, have not been well studied until now. Some of them are shown in Tab. 1.7. Although
the thermal conductivity of this particular material has also not been studied, it is part of a
class of tetrahedrally bonded materials with low atomic number elements, which generally are
known to have high phonon-mediated thermal conductivity [180]. The asymmetry in the
crystal structure along the (100) and (010) directions, parallel to a and ¢ lattice constants,
respectively, results in different thermal expansion coefficients in each of these direction.

There is still some discrepancy in the literature about the thermal expansion coefficient values
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of LiGaO,. The strong anisotropy may lead to compressive or tensile strain in the GaN

epilayer grown on LiGaO,, but until present there has been no experimental study published.

Properties Values
Melting point (K) 1600
Density (g/cm’) 4.187
Lattice constants (A) (@ 300 K) 5.4063 (a)

6.3786 (b)

5.0129 (¢)
Thermal expansion coefficient (10° K™) 6 (|la)

9 (o)

7 (lle)
Hardness (Mohs’scale) 7.5
Modulus of elasticity (GPa) 150
Energy band gap (eV) (@ 300 K) 5.6

Tab. 1.7: Material properties of LiGaO, [181][182].

Despite of the small lattice misfit between GaN and LiGaO,, a dislocation density of
about 6 x 10° cm™ was found by TEM for GaN films grown by MBE, due to the highly
disordered GaN/LiGaO; interface [183]. The preparation of clean and well-ordered substrate
surfaces is a considerable challenge for compound materials such as LiGaO, due to the
differing chemical activities of the atomic species. Contaminants on the substrate surface can
interfere with the initial nucleation, inducing roughening and surface states which degrade the
device performance.

The structural quality of the GaN film is much better compared to direct deposition on
other substrates like sapphire and SiC. No nucleation layer is necessary for GaN epitaxy on
LiGa0,. AlGaN/GaN heterostructures showing surfaces generated by linear step flow growth
have been successfully obtained on LiGaO, substrates with the MBE technique [184].
Nevertheless, lithium and gallium atoms can degrade the interface and crystal quality at

temperatures above 840°C using MBE conditions. The small atomic size of Li allows it to
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diffuse easily in the solid state and leads to an incorporation in the GaN film. In addition,
diffusion and reaction at the GaN/LiGaO; interface produce an amorphous or nanocrystalline
transitional layer such as LisGaO, [184]. MOCVD grown epitaxial two-dimensional smooth
GaN films can also be produced on lithium gallate, although, the films deposited at 1000°C
pealed-off as soon as they had contact to water vapour from the ambient atmosphere [185].
Nitrogen has rather to be used as a carrier gas instead of hydrogen to avoid the pre-
decomposition of the LiGaO, metalorganic. The incorporation of Li into the GaN film can be
avoided by nitridation of the substrate surface prior to growth. An intermediate thin layer with
the same orientation as the substrate will be formed [186]. MBE epitaxy was only possible on
the metal face (B-face) at 700°C. No deposition could be achieved on the oxygen face

(A-face) [187].

a) b)
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Fig. 1.17: AFM images of: a) HVPE-GaN film, rms roughness = 0.20 nm; b) HVPE-GaN with
MOCVD-GaN cap layer, roughness = 0.03 nm [186].

Although large and thin GaN films grown on LiGaO, substrates tended to crack due to the
residual strain [183], single GaN pseudo-substrates with thickness up to 300 um were grown
by HVPE on LiGaO, without cracks and residual strain [186]. The average X-ray peak width

ranged from 100 to 300 arcsec. The smooth surface morphology of the samples with and
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without a MOCVD cap layer is shown in Fig. 1.17. The surface morphology examined by
atomic force microscopy (AFM) presented a rms roughness of 0.3 nm for the thick HVPE-
GaN film and a roughness of only 0.03 nm after an overgrowth with a thin 200 nm MOCVD-
GaN cap layer. Recent improvements on the LiGaO, crystal growth and substrate preparation
have reduced the problems with surface roughness and inversion domains. It was determined
that LiGaO, substrate nitridation and cooling processes are critical for film-substrate self-
separation [188]. Therefore, the high etch rate of LiGaO, by HCI is not needed for substrate
removal. Control of the surface chemistry and cooling schedule allow the GaN film to
spontaneously separate from the underlying substrate. As a sacrificial layer, LiGaO,, but also
similar compounds including NdGaO; [189] provide an alternative for obtaining freestanding

GaN films suitable for homoepitaxy.

1.7 AIN

The particular thermal and dielectric properties of polycrystalline aluminum nitride (AIN)
already have established this material as an insulating heat sink substrate to improve the
reliability and performance of high power microelectronic and optoelectronic devices [190].
For group III nitride epitaxy, single crystalline AIN can serve as an ideal substrate considering
the similarity of the crystal structure, lattice constants, and thermal expansion coefficients.
Abrupt compositional junctions that are almost strain free can be produced. It can be wet
etched in KOH similar to GaN [191], and it is also electrically insulating, which is convenient
for microwave devices. Furthermore, stacking mismatch boundaries (SMB) can be avoided
because of the absence of steps on the substrate surface. The SMBs are the result of individual
island growth and coalescence and must be considered as inevitable during growth of GaN on

non-isomorphic substrates such as sapphire and SiC [192]. Indeed, AIN is even better
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compared to GaN as a substrate due to its higher thermal conductivity (nearly twice), and the
smaller lattice misfit for AlGaN epitaxy with high Al content. To push the optical
emission/detection wavelength to the deep UV region (A <280 nm) high-quality AliGa;xN
alloys with Al-mole fractions in excess of x = 0.5 are needed. In addition, high-optical-quality
AIN layers are an excellent choice for the cladding region in heterostructure devices, thus the
AIN material system is of great interest due to its largest direct gap (6.2 eV) among all
group III nitrides. Many efforts are undertaken to make single-crystal AIN substrates
commercially available. They are considered to be extremely valuable also for high
temperature electronics, for space electronics where radiation hardness is imperative, and for
UV solid-state emitters and detectors needed for missile defence, optical communications,
and data storage.

Hexagonal AIN has the same structure as wurtzite GaN (Fig. 1.1). The material purity
strongly determines the properties of aluminum nitride. Oxygen is the main contaminant in
AIN due to the high affinity of Al to O and the large exothermic formation energy of Al,O3
(-1.58 x 10° J/mol). A large presence of oxygen is responsible for point defects, stacking
faults, and secondary phases at the grain boundaries which reduce the thermal conductivity in

the AIN crystal [193]. Tab. 1.8 summarizes the most important properties of wurtzite AIN.

Properties Values References
Melting point (K) (@ 100 atm) 3070 [194]
Density (g/cm’) 3.255 [195]
Lattice constants @ and ¢ (A) (bulk crystal @ 300 K) 3.1106 and 4.9795 [6]
Thermal expansion Aa/a and Ac/c (%) (@ 300 to 1400 K) 0.6415 and 0.5349 [3]
Thermal conductivity (W/cm K) (bulk crystal @ 300 K) 3.20 [194]

Heat capacity (J/mol K) (@ 300 K) 30.64 [196]
Young’s modulus of elasticity (GPa) (bulk crystal @ 300K) 308 [194]
Energy band gap (eV) (bulk crystal @ 300K) 6.2 [194]
Resistivity (Q cm) (undoped) 10" to 10" [197]

Tab. 1.8: Material and electrical properties of AIN.
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Bulk growth of single crystalline AIN has been attempted in several laboratories via
sublimation, vaporization, and solution routes [198]. While the growth of AIN single crystals
has been investigated during the past four decades, no AIN single crystals of high quality have
been produced in considerable volume to date. The equilibrium nitrogen vapour pressure over
AIN at its melting temperature is 6 orders of magnitude lower than that over GaN, but it is
still impossible to grow bulk AIN crystals at atmospheric or subatmospheric pressure.
Melt growth of AIN is not practical due to its extremely high melting point, estimated to

exceed 3070 K.

10,0 pm

Fig. 1.18: a) AIN bulk crystal; b) Slice of a 14 mm diameter AIN bulk after CMP showing three
main single crystal grains (1, 2 and 3) and a polycrystalline region (4); ¢c) AFM image of the step
flow growth mechanism on the (0001) direction, before CMP of the AIN wafer; d) AFM image
of a substrate surface after CMP processing with a typical rms roughness of 1.4 nm [200][202].
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Most studies of AIN bulk crystal growth have employed the sublimation method. A bulk
AIN crystal of 470 mm’® was produced by self-seeding in the sharp tip of a sealed tungsten
crucible by Slack and McNelly [199]. The source material was prepared by the direct reaction
of aluminum and nitrogen at 1850°C. The crystal was grown at a temperature of 2250°C in
nitrogen atmosphere. The group of Schowalter and Slack ef al. continues to improve on this
technique and have reported producing crystals up to 17 diameter and with dislocation density
in the range of 10° to 10* cm™ [200][201]. The AIN wafers were chemical-mechanically
polished (CMP) and a surface roughness of about 1.4 nm was achieved (Fig. 1.18 d).
Fig. 1.18 a) shows an example of an AIN bulk of 10 mm of diameter produced by
Schowalter’s group at Crystal IS Inc. facilities using a sublimation-recondensation
technique [202]. The atomic arrangement of the facets on the growing front of the crystal,
shown in Fig. 1.18 ¢), corresponds to the characteristic structure of c-face fronts of hexagonal
wurtzite-type crystals.

6H-SiC substrates offer an alternative method for seeding even larger AIN crystals by
sublimation due to the easy nucleation and crystal orientation control. Balkas et al. [203] grew
seeded single crystalline platelets of AIN less than 1 mm thick on a 10 x 10 mm* 6H-SiC
substrate in a resistively heated graphite furnace. Growth rates up to 0.5 mm/h were achieved
at 2150 to 2250°C and a nitrogen pressure of 500 torr. However, the AIN platelets contained
individual hexagonal crystals of up to 2 x 2 mm?, and the SiC coated graphite crucible
induced Si, C and O incorporation into the AIN film. The AIN film cracked and contained a
high screw dislocation density due to the stress caused by the thermal expansion coefficients
mismatch between SiC and AIN. Other growth parameters were tried by Sarney et al. [204]
also on 6H-SiC, but the ensuing problems could not be solved. Summarizing, AIN deposited
on SiC generally has high dislocation densities and multiple small-sized grains showing the

need of more research work to improve the growth technique.
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Using a vaporization method, Schlesser and Sitar [205] have reported AIN crystals of up
to 50 mm’ with a growth rate of 0.2 mm/h along the c-axis. An increase of the growth
temperature resulted in a better crystal quality and the formation of platelets instead of
needles. Recently, freestanding AIN films of up to 3 x 3 cm® were also fabricated by the
HVPE technique on Si substrates at TDI Inc. [206], nevertheless, the crystal quality was
worse compared to AIN samples obtained with the sublimation technique.

Until the present date only the group of Schowalter has presented results on
group III nitride epitaxy on AIN substrates [201][207]. High quality AlyGa; N layers were
deposited by MOCVD on AIN substrates cut from 15 mm diameter large boules. Ion
channelling measurements along the (1120) direction gave a channelling minimum yield of
1.5% for an AIN film and 2.2% for an AlysGaysN film, indicating a very good quality of the
epitaxial layers grown on the (1120) (A-face) of the AIN substrate [201], but also an
increased surface roughness compared to the substrate. In their latest results they have
demonstrated smooth surface morphologies for both homoepitaxial and heteroepitaxial

growth on on-axis (< 2° offcut) substrates (Fig. 1.19).

Fig. 1.19: a) AFM imaging of a homoepitaxial layer grown on AIN on-axis substrates showing the

flatness of the epilayer and the characteristic nanomorphology. The vertical contrast range is 2 nm.
b) AFM image showing the typical morphology of the 2DEG structure surface grown on a c-axis

grain. The vertical contrast range is 3 nm [207].
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They grew two-dimensional electron gas (2DEQG) structures consisting of an 100 nm AIN
buffer layer, a GaN layer of 500 nm, and an Aly>GaysN barrier layer of 30 nm. The device
epilayer structure was grown by low-pressure metal organic chemical vapour deposition
(MOCVD) on insulating single crystal bulk AIN substrates. On one of these oriented
substrates, a 2DEG with a mobility of 1000 cm?/V s and a sheet density of 8.5 x 10> cm™ at
room temperature was demonstrated for the first time [207].

The competition for producing commercial AIN substrates for the group III nitride epitaxy
is ongoing. The results obtained principally by the sublimation method for AIN bulk growth
are promising. GaN bulk crystals can not be grown with this method due to the extremely
high dissociation pressure of nitrogen in GaN. Nevertheless, considering the high reactivity of
aluminum at the high sublimation temperatures (about 2000°C) of AIN, there are still many
problems that need to be solved for AIN bulk growth, such as a high purity AIN source and an
inert crucible for the growth. Moreover there is still the critical task to obtain controlled and

reproducible conditions for the production of 100% single crystal boules.

1.8 GaN Substrates

GaN is obviously the best substrate choice for GaN epitaxy, considering also the good
thermal and electrical characteristics for GaN-based device fabrication. Epitaxy on the native
substrate material eliminates all problem related to heteroepitaxy and provides a better control
of crystal polarity, dopant concentration, and strained layer thickness. The growth on epiready
GaN substrates does not require nitridation or nucleation layers as on sapphire and SiC.
Several techniques have been employed for the fabrication of GaN bulk crystals including
growth by vapour phase transport (sublimation method) [208-210], growth from supercritical

fluids [211], and growth from sodium fluxes [212].
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Despite of all those efforts, only high pressure growth from solution and HVPE has
produced relatively large area crystals or films for research purposes, well suited for
subsequent GaN homoepitaxy. The group of Porowski, Grzegory, and coworkers at the High
Pressure Research Center - UNIPRESS in Warsaw, Poland, have produced the samples for
the most extensive investigation of bulk GaN up to now. The thermodynamic properties of
nitrides eliminate any standard method of melt growth like the Czochralski or Bridgman
techniques used for Si, GaAs, InP, and other group III-V compounds. The GaN bulk material
was grown by a method called high nitrogen pressure solution (HNPS) from a Ga melt
saturated with 1% N at temperatures of 1700°C under a nitrogen pressure of 20 k atm
[213][214]. Crystal growth was carried out in gas pressure chambers with an internal diameter
of 30 or 40 mm, and a furnace with internal diameter of 10 or 14 mm. The crystals were
grown in boron nitride (BN) crucibles containing Ga, with a temperature gradient and at N,
pressures for which the nitride was stable over the whole temperature range along the
crucible. The crystallization experiments were performed without an intentional seeding, and
the crystals nucleated spontaneously on the crucible walls at the cooler zone of the solution.
The typical duration of the growth process was 120—150 h. This growth method results in
GaN single crystals in the form of hexagonal platelets of about 10 mm in size, as shown

in Fig. 1.20.
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Fig. 1.20: GaN crystal platelets grown from the solution in liquid Ga at high N, pressure [214].



1 The Substrate Issue for Group III-Nitride Epitaxy 39

These bulk crystals have very good structural properties, in particular narrow X-ray
rocking curves in all crystallographic directions, low dislocation densities, and negligible
strain. Nevertheless, a high concentration of residual impurities and point defects is
detrimental to the optical and electrical characteristics of these GaN crystals. Some properties

of the bulk GaN obtained by HNPS are summarized in Tab. 1.9.

Properties Undoped GaN Mg doped GaN
Rocking curve in (002) direction (arcsec) 30-40 20-30

Carrier concentration (cm™) 3x10"%to 6 x 10" 10* to 10°
Mobility (cm?/Vs) 30-90

Oxygen concentration (cm™) 10" to 10%°

Ga vacancy concentration (cm™) 2 x 10" <6x10"
Resistivity (Q cm) 107 to 107 10* to 10°
Dislocation density (cm™) 10 to 10°

Tab. 1.9: Properties of bulk GaN produced by HNPS [213][215][216].

Non-intentionally doped GaN grown by HNPS typically shows a high electron
background concentration (> 10" cm™) resulting from the high oxygen concentration in the
crystals. This causes a slight dilatation in the c-lattice constant in comparison to low electron
concentration material and consequently, homoepitaxial films with much lower electron
carrier concentration grown on these substrates will be slightly strained [217]. Semi-insulating
bulk GaN can be produced by adding magnesium during the growth. Mg compensates the
donor activity of the oxygen atoms, but also reduces the gallium vacancy (Vg,) concentration
and increases the structural quality in comparison to undoped bulk crystals [213].

The GaN platelets show an atomically smooth (000 1) Ga-face polarity, while the opposite
N-face is relatively rough, with pyramids of several tens of nanometers in height.
Furthermore, the N-face of the HNPS-bulk GaN presents a much higher defect density than
the Ga-face, but due to their chemical reactivity it is relatively easy to produce atomically flat

N-face polarity surfaces by chemo-mechanical polishing. Despite the inferior optical and
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electrical properties of the substrates, the MOCVD and MBE homoepitaxial GaN layers
grown on these platelets exhibited considerably better structural, optical, and electrical
properties than any other GaN layers so far [218][219].

Some devices like blue [220] and UV-LEDs [221] have been fabricated on HPNS-GaN,
with improved characteristics compared to the standard heteroepitaxial ones. Nevertheless,
the biggest disadvantage of the HPNS growth technique is the enormous difficulty to scale it
up to larger size crystals. This will probably restrict the application of this method to only
scientific investigations and device demonstrations.

For industrial scale GaN substrate production, a different approach offers more promising
results. Thick and large size epitaxial GaN films can be grown by HVPE and then separated
from the original substrate (sapphire, GaAs, or SiC) by polishing or etching [176][222][223].
Other approaches include self-detachment from LiGaO, substrates [188] or from GaN/AIN
seeds structured on sapphire [224], but also laser-induced delamination of sapphire [225].
Once removed from the substrate, the GaN film is freestanding and both Ga- and N-face
surfaces are accessible and can be prepared for further epitaxial growth. The equipment
required for HVPE is relatively simple and growth rates as high as 100 um/h can be easily
reached. GaN wafers of up to 2” diameter and 300 pm thickness on sapphire substrates have
been produced by HVPE almost routinely [226][227].

Although the structural quality of heteroepitaxial HVPE-GaN is not as good as compared
to real bulk material obtained by HNPS, the fast growth rates of HVPE allow the
improvement of the crystal quality by increasing the thickness of the GaN film. On the other
hand, the electrical and optical properties are better than for HNPS bulk-GaN, since the
residual carrier concentrations are much lower and the electron mobility higher. The best

results obtained with HVPE-GaN are summarized in Tab. 1.10.
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Properties Value Reference
Rocking curve width in (002) direction (arcsec) 69 [228]
Minimum carrier concentration (cm™) 8 x 10" [228]
Maximum mobility (cm*/Vs) (@ 300 K) 903 [229]
Dislocation density (cm™) 5% 10° [228]
Maximum resistivity (€2 cm), Zn doped 1x10" [230]
RMS surface roughness (nm), Ga-face 0.4 [231]
RMS surface roughness (nm), N-face 1 [228]

Tab. 1.10: Properties of high quality HVPE-GaN freestanding substrates.

The low residual impurity concentrations are beneficial for a better control of the
electrical characteristics of the semiconductor material. A high level doping is detrimental to
the crystal quality. The material’s resistivity can be varied to reach semi-insulating GaN films
by adding Zn to compensate the natural n-type background impurities. The doping with Si
results in highly conductive substrates for specific device applications.

The properties of homoepitaxial GaN films deposited by MOCVD or MBE on these
pseudo-substrates are even better than the substrate itself, as will be demonstrated in the
chapter “Homoepitaxy on Freestanding GaN Substrates”. Despite of the promising results,
there are still some critical problems for the growth of large size and thick HVPE-GaN films,
mainly due to the thermal expansion mismatch between the GaN film and the substrate. A
strongly bowed and, in most of the cases, also cracked GaN film results after cooling down
from the growth temperature. The utilization of ELOG MOCVD-GaN templates and/or the
introduction of growth-stops for stress relaxation during the HVPE epitaxy have helped to
increase the reproducibility of large size and thick GaN films. A yet unexplored possible
solution for this problem could be also given by an in-situ laser-induced delamination of the
GaN film at the growth temperature to avoid bowing and consequent cracks at room
temperature. Moreover, the polishing process mainly of Ga-face material has to be improved

to achieve epi-ready planar and atomically flat surfaces. These challenges will have to be
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overcome for the production of HVPE-GaN pseudo-substrates for group-III nitride epitaxy on

an industrial scale.

1.9 Diamond

For centuries, diamonds have captured the hearts and minds of millions, also scientists.
For most, the word diamond immediately relates to a brilliant gem, wealth, status and/or
prosperity. For scientists, diamond is known as one of the strongest and most chemically inert
material that has singular attractive physical, thermal, and optical properties. The word
diamond is derived from the Greek word adamos, meaning the unconquerable. However,
diamonds have been known in India even before it was given this Greek name. The first gems
of diamond were found in India as alluvial deposits about 2800 years ago. These first
diamond stones were not particularly regarded for their brilliance. It was found to be
extremely hard and impossible to break with known tools of that time. In a 6" century text on
gems called “Ratnapariksa”, the hardness of diamond has been realized and quoted as "The
gems and the metals that exist on earth are all scratched by the diamond: the diamond is not
(scratched) by them. A noble substance scratches that which is noble and that which is not;
the diamond scratches even the ruby. The diamond scratches all and is not scratched by any."
It was also found to withstand attack of most chemicals, enhancing the curiosity, and popular
faith attributed to these mysterious stones to a manifestation of God with magical powers.

Diamond crystals are formed deep in the earth’s mantle, and are transported to the surface
by magma. As the magma ascends, many crystals do not have time to revert to their stable
form graphite. Even so, diamonds are quite rare in their source rock, normally less than
100 parts per billion. Most known diamond deposits are associated with old, continental

shield areas, e.g., in Africa, South America, Siberia, and Canada. Recent investigations
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have shown evidence for nanometer-sized diamond grains (nanodiamonds) in meteorites of
pre-solar origin. The diamond grains are composed of almost pure carbon with less than
1% by mass of impurities with atomic masses greater than six. These diamond particles and
their impurities and structure can provide valuable information about and validation of
the many theories for the origin of interstellar matter. Some of these interstellar diamonds
are even older than our planet. Diamond particles have also been found to form deep
under the earth’s crust by continental collisions and plate tectonics, for example in

Kazaksthan [14][232-235].

Properties Values
Melting point (K) 3542
Density (g/cm’) 3.52
Lattice constant a (A) (@ 300 K) 3.567
Thermal expansion coefficient (10° K™) (@ 293 K) 0.80
Thermal conductivity (W/cm K) (@ 296 K) 20

Heat capacity (J/mol K) (@ 300 K) 6.1
Modulus of elasticity (GPa) 700 to 1200
Yield strength (GPa) (@ 927 K) 15
Hardness (GPa) (nanoindentation, @ 300 K) 80 to 180
Radiation resistance very high
Energy band gap (eV) (@ 300 K) 547
Refractive index 241
Electron mobility (cm?/Vs) 1800
Hole mobility (cm*/Vs) 2100
Breakdown field (10° V/cm) 100
Resistivity (Q cm) (@ 300 K) 10"

Tab. 1.11: Material and electrical properties of diamond bulk crystals [14][232][233].

Apart from being the hardest known naturally occurring material, diamond also exhibits
several other superior properties. Diamond has a very high wear resistance and a low

coefficient of friction. Diamond is also inert to most chemical environments and hence
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diamond coatings can be used for corrosive and/or corrosion-erosion applications as well. It
has the highest know bulk modulus (~1200 GPa) and the highest thermal conductivity at room
temperature. It is optically transparent over large spectral range, from the deep UV to the far
IR region. Diamond has a very high room temperature electrical resistivity of about
10 Q cm, but can be made a semiconductor by substitutional doping with boron or
phosphorus. It has a very low thermal expansion coefficient at room temperature. Diamond
also has a small or even negative electron affinity, and is a biocompatible material. The main
material and electrical properties of diamond are summarized in Tab. 1.11. By virtue of these
extraordinary properties, diamond has a potential for a wide range of applications: for wear
and corrosion resistance, field emission and high power electronic devices, heat sinks, optical
windows, etc [236]. However the high costs of natural diamonds severely restricts their

application potential.

a)

Fig. 1.21: Atomic structure of diamond in the crystallographic directions a) 001 and b) 111. At

each atom are shown the 4 sp3 bondings characteristic for the diamond structure.

Diamond is carbon in its most concentrated form. Except for trace impurities like boron
and nitrogen, diamond is composed solely of carbon, the chemical element that is
fundamental to all life. But diamond is distinctly different from its close cousin, the common
mineral graphite. The strength and symmetry of its bonding structure in the crystal are the key

to the unique properties of diamond. Four of the electrons in a carbon atom are valence
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electrons available to form bonds with other atoms. Within diamond, one s-orbital and three
p-orbitals undergo sp’ hybridization. The four sp’-orbitals form a tetrahedral. The bond
strength of covalent bonds is proportional do 1/d&° (d = distance between atoms). In carbon,
the small d is responsible for strong bonds. This makes diamond stronger, stiffer, and harder
than any other known material. The fcc crystal structure of diamond is shown in Fig. 1.21. In
graphite, each carbon atom bonds only 3 of its 4 valence electrons with neighboring carbons.
One s-orbital and two p-orbitals undergo sp” hybridization. The geometry of the hybridized
orbitals is trigonal planar. The resulting structure of these bonds is a flat sheet of connected
carbon atoms. Though individually strong, these layers are only weakly connected to one
another, and the ease with which they can be separated is what makes graphite a “sliding”
material.

Natural diamond always contains impurities. These impurities can strongly influence the
transmission in the ultraviolet and infrared range of the spectrum. In type I diamond there is
an absorption edge at ~300 nm and broad absorption bands between 7 and 10 um. The
predominant impurity in type I diamonds is nitrogen. Type Ia diamond contain nitrogen in
fairly substantial amounts (up to 0.1 %), which forms small aggregates. Type Ib diamonds,
which have a characteristic yellow colour, have lower concentrations of substitutional
nitrogen which can be detected by electron spin resonance of the single electron in the
stretched C-N bond. Type II diamonds can simply be said to be those diamonds which are not
type 1. They are rather rare: only approximately 0.5% of mined diamonds are type II. There
are two classifications within type II. Type Ila diamonds are the purest diamonds available;
the high purity results in an ultraviolet transmission down to approximately 230 nm and the
absence of infrared absorption in the 7-10 um bands. Type IIb diamonds have boron as a trace
impurities, which cause unusual phosphorescence in these diamonds when excited by
ultraviolet light. Type IIb diamonds are semiconductors [237]. The classification presented

above is also used for synthetic diamonds.
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Fig. 1.22: Projection of the diamond lattice onto the (110) plane (octahedral face), with the [111]
direction pointing in the vertical direction. The lines C, and C; indicate the cleavage planes for 1

dangling bond (db) and 3db cleavage (shuffle and glide-planes, respectively).

Due to its particular crystal structure, diamond has certain planes suited for cleavage with
considerably fewer bonds along the plane of its octahedral face than in other directions
(Fig. 1.22). Conventionally, the basic assumption for the determination of the (111) cleavage
plane is that only the one bond oriented normal to the surface is cut, i.e. the cleavage-plane C,
in Fig. 1.22 is the so-called shuffle-plane with 1 dangling bond (db). The other possibility is
that the diamond crystal cleaves between the double layers (the cleavage plane being the
glide-plane), leading to a (111) surface with 3db (C; in Fig. 1.22). The 1db and 3db surfaces
necessarily alternate during growth.

Diamond was discovered to be carbon in 1796, but it took more than 150 years until a
method of diamond synthesis was invented (Fig. 1.23). The attempts were all fruitless,
although the idea to perform such experiments at high pressure and temperature was correct.
The invention of tungsten carbide in the 1930s provided a material that could achieve the
pressure containment necessary for growing diamond. Experiments in the 1940s by Percy
Bridgman were unsuccessful, but finally in the early 1950s two teams succeeded. The first

was led by Baltazar von Platen, at the Allmanna Svenska Elektriska Aktiebolaget (ASEA)
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Laboratory in Stockholm, Sweden, but this initial success in 1953 was not publicized or
published. Thus, on February 15, 1955, the General Electric (GE) team of Francis Bundy,
Tracy Hall, Herbert Strong, and Robert Wentorf claimed credit for the first reproducible
transformation of graphite to diamond. They succeeded to produce small crystallites of
diamond a few millimeters in diameter by high pressure-high temperature (HPHT) Synthesis.
Now some 80 tons of synthetic diamonds are produced annually, with GE being the largest
producer, followed by De Beers, and many other manufacturers also contributing to this
annual output. Substrates suitable for semiconductor application are also available in the
multitude of diamond products, but at very high cost for some square millimeters of high

quality material.

Fig. 1.23: View of General Electrics 1,000-ton press for diamond synthesis, capable of achieving
pressures of 100,000 bar, in 1955 [233].
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It can be seen from the carbon phase diagram (Fig. 1.24) that the diamond structure is
stable only at very high temperatures and pressures. For conversion of graphite into diamond,
a pressure of about 15-20 GPa and temperatures of about 3000 K would be normally required.
However, by catalytic methods involving liquid metal solvents, HPHT synthesis of diamond

has been achieved at pressures of about 7-10 GPa and at temperatures of less than 2000 K.
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Fig. 1.24: On the left: schematic view of a capsule for diamond catalytic high
pressure-high temperature (HPHT) seeded synthesis. Molten iron or cobalt is usually

used as solvent catalyst. The right image represents the carbon phase diagram [233].

The schematic diagram in Fig. 1.24 shows the geometry of the growth capsule for the
synthesis of large diamonds. Small diamonds are placed at the bottom of the active part of the
capsule as seeds for the growth of large diamonds. Graphite dissolves into molten metal,
usually iron or cobalt, and precipitates as diamond on the seeds at the colder bottom. It takes a
few days to grow diamonds a few mm across. Smaller diamonds grow much faster, taking a
few tens of minutes. The high pressures and temperatures are needed for conversion of
graphite into diamond because of the high activation barrier involved. Although at room

temperature the free energy of graphite is lower than that of diamond by only about
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2.9 kJ/mol, the high activation energy (~ 728 kJ/mol) is mainly because there are no other
metastable structures to aid the transformation of the graphitic to the diamond structure,
which requires to break a significant number of the covalent bonds in graphite and to rebond
them into sp’ hybridisation. Due to the high binding energy of the carbon bonds, the
associated activation energy is also high. For the same reason, once diamond is formed,
though metastable from thermodynamic considerations, it is kinetically stabilised by the same
high activation barrier.

In contrast to the HPHT technique, diamond films can be synthesized at atmospheric
pressures and temperatures below 1000°C by chemical vapour deposition [238]. This is
because, unlike for the HPHT route, there is no conversion of graphite to diamond in such a
CVD process. CVD involves direct deposition of a carbon film from an activated carbon
radical source and optimizing the parameters to stabilize the growing carbon film with a
diamond structure. Ever since the discovery of CVD techniques to synthesise diamond in mid
1950’s, there has been a spurt of activities in Russia, Japan and USA. In 1962, Eversole
improved the CVD method to obtain good quality diamond with low graphitic phase. Angus
et al., further made significant contributions to the CVD diamond technology and also
elaborated the role of hydrogen in preferential in-situ etching of graphite during the
deposition process [14][232]. However it was only in 1981 that the first success of depositing
diamond on non-diamond substrates was reported by Spitsyn et al. [233]. Ever since, there
has been a remarkable progress in the deposition of diamond on several substrates and also in
improving the deposition techniques to obtain better quality diamond films with higher
deposition rates [239][240].

Chemical vapour deposition requires gas phase activation to facilitate deposition of
diamond on a solid substrate. Gas phase activation can be achieved by several different routes

like a) thermal (hot filament CVD), b) plasma (DC, RF, microwave, etc) or ¢) combustion
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CVD using an oxyacetylene flame. A typical schematic of a hot filament CVD reactor

(HFCVD) is shown in Fig. 1.25.
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Fig. 1.25: Schematic view of a hot filament CVD reactor for diamond epitaxy.

The resulting diamond films are normally poly-, micro- or nano-crystalline, depending on
the deposition conditions. But also single crystalline material can be obtained by homoepitaxy
on bulk diamond substrates. The most important deposition parameters influencing the
diamond film quality (sp’ to sp® bonding ratio), microstructure and defect density are the
filament temperature, substrate temperature, distance between filament and substrate surface,
gas phase composition, gas pressure and flow rate. Apart from grain boundaries, the other
most common defects in CVD diamond films are vacancies, impurities like nitrogen and
hydrogen, micro twins and multiply twinned particles (MTP). The film deposition rate is
normally in the range of 0.1 — 10 p/hour in HF CVD to about 100-500 p/hour in the flame
combustion technique. The diamond films generally exhibit predominant {111} facets, since
this is the slowest growing plane. However, by suitable modification of the deposition
parameters, square {100} facets or rectangular {110} facets can be achieved, usually resulting

in smoother films. Factors such as increasing the methane concentration in the gas phase,
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higher substrate temperatures, higher chamber pressures, and doping with nitrogen have
found to promote {100} facets compared to {111} facets.

With the discovery of processes for depositing synthetic diamond films by means of
chemical vapour deposition (CVD), it has become possible to commercially utilise many of
the advantageous and unique properties of diamond for engineering applications like
tribology, corrosion resistant coatings, electroanalytical and electrosynthesis electrodes, bio-
compatible coatings, optical windows, heat sinks, gas and particle sensors, field emission
devices, MEMS, etc. Diamond has a very high thermal conductivity, roughly four times
superior to that of copper, and it is an electrical insulator. It is therefore developed specifically
for applications in laser diodes and VLSI coatings.

Single crystal material is available, but not with large areas, since it is produced through
the homoepitaxial growth of a high purity layer on an affordable, but small, substrate
(typically 2 x 2 x 0.5 mm’ to 4 x4 x 0.5 mm"’). The only doping technology mastered by
most laboratories is p-type doping with boron, which has an activation energy of 370 meV.
Much effort is being made to obtain n-type doped material using phosphorus or sulphur
[241][242]. Recently, it has been reported that deuterating boron doped diamond converts the
material from p-type to n-type with conductivities as high as 2 Q'em™ at room temperature
[243]. Teukam and co-workers grew 500 nm thick homoepitaxial layers of boron doped
diamond on synthetic diamond substrates in a microwave plasma chemical vapour deposition
system and exposed the samples to a microwave deuterium plasma at 550°C for eight hours.
Subsequent annealing under a vacuum at temperatures of 520, 600, and 650°C for various
durations led to changes in the electrical properties of the samples, including a return to
p-type conductivity. The reproducibility of these results, including the effect of unintentional
contamination of samples due to boron, is a latent problem and is still causing controversial

discussion in the diamond community.
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Apart from the difficulty to achieve n-type doping and despite the relatively high cost, and
reduced availability of single crystalline diamond substrates, diamond/AIN heterostructures
recently are attracting more and more interest due to their unique properties. The goal of
heteroepitaxial growth is to make use of the characteristic advantages of both the substrate
material and the thin epitaxial layer. Both materials exhibit wide electronic band gap s, high
thermal conductivity and stability, as well as high chemical and physical inertness suitable for
high temperature/high power devices. The fact that diamond shows the highest sound velocity
among all solids but is not piezoelectric itself, motivates the combination with a thin film of a
piezoelectric material such as AIN. Indeed, such AIN/diamond surface acoustic wave (SAW)
devices with promising properties have already been reported [244][245]. Such devices are of
interest for signal processing in the high frequency range, e.g. for wireless communication.

Polycrystalline or textured AIN/diamond heterostructures for SAW devices are commonly
prepared by reactive magnetron sputtering [246] or chemical beam epitaxy (CBE) [247]. In
contrast, almost nothing is known about epitaxial growth of AIN on diamond. Spitsyn et al.
have investigated CVD-grown AIN films on (111)-, (110)-, and (100)-oriented diamond faces
by reflection high-energy electron diffraction (RHEED) [248]. Whereas AIN was found to
grow textured on (110) and (100) substrates, evidence for epitaxial growth on diamond (111)
was provided. Later, the same authors reported the epitaxial orientation relationship
(00.1)[11.0] AIN || (111)[110] C,, [249].

Another promising example for the use of the complementary material properties of AIN
and diamond is the recent realization of the first light emitting p-n diamond/AIN
heterojunction diode [250]. Here, the difficulty of p-type doping in AIN or AlGaN
compounds with a high Al content as well as the difficulty of n-type doping in diamond
[243][251] have been overcome by combining both materials. Thus, the construction of other
optoelectronic and electronic applications such as laser diodes or bipolar devices based on

AlIN/diamond seems feasible as well.
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In Chapter 4 we will be present the first detailed study of the structural, morphological,
and electrical properties of AIN thin films heteroepitaxially grown on diamond (100) and
(111) substrates by molecular beam epitaxy. High resolution X-ray diffraction (HRXRD)
analysis was used to prove epitaxial growth and particularly to determine the epitaxial

orientation relationship of the AIN/diamond heterostructures.
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2 Laser-Induced Liftoff Method for GaN on Sapphire

In this chapter, the laser-induced processing of GaN on sapphire is described. Based on
laser-induced thermal decomposition, the detachment of GaN films from the sapphire
substrate as well as a method for fast GaN etching is discussed. Continuing the work initiated
by M. Kelly [225] in 1999, special attention focus was paid to the production of freestanding
GaN pseudo-substrates. The remarkable optical and structural properties resulting from GaN
homoepitaxy on such substrates will be discussed in the next chapter. The main goal of the
work presented here has been the optimization of the laser liftoff process for the delamination
of GaN films with thicknesses ranging from a few micrometers up to 120 um. The effect of
laser ablation on the surface structure of irradiated GaN and sapphire is discussed. The critical
issue of a crack formation for a successful separation of the GaN films is analyzed.
Furthermore, the flexibility of laser-induced liftoff was also demonstrated for the processing
of thin InGaN/GaN heterostructures for the production of freestanding flip-chip bonded

blue/violet LEDs.

2.1 Sapphire Detachment from GaN Films

The capability to produce superior material quality with a density of dislocation reduced
by six orders of magnitude and narrower photoluminescence linewidths [252][253] by GaN
homoepitaxy on bulk or bulk-like material compared to the usual heteroepitaxial growth on
sapphire or SiC has been demonstrated by several groups. Two-dimensional growth can be
achieved without the need for additional steps like surface nitridation, and nucleation or

buffer layers. Laser cavities can be obtained by simple facet cleaving [254][255]. In addition,
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the GaN substrate can be electrically conductive, providing significant simplification in
device processing and circuit integration.

An alternative to homoepitaxial substrates is the growth of bulk-like thick GaN films by
hydride vapour phase epitaxy (HVPE). In the last years, much effort has led to the
improvement of the quality of these films and also to overcoming the critical problem of
obtaining large-area crack-free wafers of up to 2 diameter and 300 pm thickness [227][226].
However, the surface roughness of HVPE-GaN in the range of several micrometers is
detrimental and surface polishing is required to prepare epi-ready GaN substrates. Polishing
procedures are hampered by the brittleness of sapphire and the bowing of the GaN/Al,O3
structures, which is caused by the differences in thermal expansion coefficients between GaN
and sapphire, leading to the accumulation of thermal stress during the cool down from the
high growth temperature (= 1050°C). In order to solve such problems or to facilitate thermal
and electrical backside contacts, however, it is desirable to remove the Al,Osz substrate.
Nakamura et al. obtained improvements in the lifetime of laser diodes and cleaved facets after
polishing the sapphire away [254][222]. In 2002, an epitaxial procedure was developed to
cause GaN film self-detachment from the sapphire substrate during cool down from growth
temperature due to the thermal stress and the lattice misfit between GaN and sapphire [224].
A GaN/AIN structure was primarily grown by MOCVD on a-plane sapphire substrate and
then structured into stripes by photolithography and reactive ion etching (RIE). The etching
depth was extended into the sapphire substrate through the exposed GaN/AIN layers. After
removing the mask, GaN stripes remained on the sapphire surface as seed for the subsequent
HVPE-GaN growth. With this relatively complex method of spontaneous delamination
Tomita et al. have claimed to produce freestanding GaN wafers 100 to 500 um thick and size
of 23 mm x 23 mm. Nevertheless, no information was given about the reproducibility of this
process due to non-intentional cracking or the possibility to achieve complete spontaneous

detachment of 2” GaN wafers.
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Besides the mechanical methods for the removal of sapphire substrates mentioned above,
a relative inexpensive and rapid laser-induced liftoff process was developed for GaN
delamination [225]. This simple liftoff technique with large process latitude will be described
in this chapter. After planarization and polishing, the GaN wafers can be used for
homoepitaxy of GaN by MOCVD or MBE. In addition to high quality GaN which can be
achieved by homoepitaxy on such bulk-like substrates [231], a variety of GaN applications
require a range of options for patterning and etching. Since GaN strongly resists wet etchants,
more complex, poisonous and expensive processes have been necessary, primarily those using
Cl-based reactive ion etching (RIE) [256]. Before discussing the laser delamination of GaN
on sapphire wafers we elaborate on the etching of GaN films which is achieved by laser-

induced thermal decomposition.

2.2 Laser-Induced Thermal Decomposition of GaN

Under normal ambient conditions, the thermal stability of GaN is limited by the

decomposition of the crystal into nitrogen gas and liquid gallium:
2GaN(s) — Ny(g) + 2Ga(l).

The flux of nitrogen atoms, ®(N), leaving the crystal surface in vacuum increases

exponentially with temperature 7" and can be described by

—39eV 1
d(N)=1.2x10"ex
(N) p( T )

Eq. (2.1)

cm’s’
(Fig. 2.1) [257]. The corresponding decomposition rate of GaN reaches one monolayer per

second at a temperature of 930°C. This result confirms the fact that the decomposition

temperature of GaN is far below the melting point and indicates that GaN can be etched
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through thermal decomposition by methods which provide a local heating of the sample to

temperatures above 830°C.
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Fig. 2.1: Thermal induced decomposition of GaN and the corresponding flux of nitrogen

from the GaN surface using a heat rate of 0.3 K/s [257].

One possibility to decompose GaN is to use intense irradiation with photon energies above
the band gap of GaN (3.42 eV), e.g the 355 nm (3.49 eV) third harmonic of a Nd:YAG pulse
laser (Fig.2.2) [258][259]. The properties of neodymium-doped yttrium aluminum garnet
(Nd:YAG) are the most widely studied and best understood of all solid-state laser media
[260]. The active medium is triply ionized neodymium, which is optically pumped by flash
lamps whose output matches principle absorption bands in the red and near infrared, thus

generating pulses at 1064 nm. The pulse width is smaller than 10 ns, the peak of optical
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power is tens of megawatts, and very stable with intensity variation from pulse to pulse of less
than 3%. The high peak power of the pulses permits frequency multiplication to 532 nm

(2nd harmonic) and 355 nm (3rd harmonic) in non-linear potassium di-deuterium phosphate

(KD*P) crystals.
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Fig. 2.2: Schematic view of the experimental setup for the laser-induced thermal
decomposition of GaN with the 3™ harmonic of a Nd:YAG laser. The picture shows the
inside of the Spectra-Physics Quanta-Ray model GRC-200 laser used for GaN processing.

The penetration depth of the 355 nm laser line in undoped GaN is shown in Fig. 2.3 for
incident intensities from 220 to 26 J/cm®. The high energy densities can be generated by
focusing the Nd:YAG laser beam to a spot down to 1 mm in diameter with a sapphire lens.

All laser processing was performed in air using a Spectra-Physics Quanta-Ray model
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GRC-200 Nd:YAG laser (Fig.2.2) that provides a maximum pulse energy of 300 mlJ
integrated over the beam diameter of about 7 mm. The pulse length and repetition rate is 6 ns

and 10 Hz, respectively.

I g I - 1 : 1 . 1
" i ' i i

Absorbed energy density (J/cm?)

0 200 400 600 800 1000
Penetration depth (nm)

Fig. 2.3: Penetration depth in undoped GaN at 355 nm for the energy density range that can be
generated by the 3™ harmonic of the Nd:YAG laser used in this thesis. The extinction length of
100 nm defines the depth reached by the absorbed light in the GaN material when the energy
density is //e of the incident light power.

The real beam profile shown in Fig. 2.4 presents the energy distribution across the beam
diameter which is determined by the mirror assembly chosen for this system. The profile is
formed by a sequence of concentric rings with regions of lower power density in between.
Indeed it is rather difficult to obtain a flat energy profile with a Nd:YAG laser. In contrast,
Excimer laser systems can generate a flat beam energy profile and can also be used for GaN
processing [261], but due to their typical pulse period of tens of nanoseconds higher power
densities are needed to cause thermal decomposition of GaN. The decomposition rate

increases strongly with the pulse intensity at constant pulse duration [262]. The shorter 6 ns
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pulse of the Nd:YAG laser is absorbed faster in less volume, thus causing less thermal stress
in the GaN layer. This is principally of advantage in the processing of thin film devices of a
few micrometers thickness. This issue is discussed in more detail in the section “Freestanding

GaN-based LEDs”.

GaN/ALO,

pphire samples

Fig. 2.4: Nd:YAG laser shots on GaN/sapphire templates. The left image shows the shots with a
diameter of ~7 mm at an absorbed energy density of 320 mJ/cm®. The right image features the
monotonic increase of the GaN decomposition with the laser intensity, recognizable by the

residual Ga (grey area of the irradiated sample).

In order to determine the maximum etch or decomposition depth of GaN achieved by a
single laser pulse we have irradiated epitaxial films with a thickness of 1 um which were
partly covered by a reflective coating. The pulse energy at the sample surface was adjusted
with a polarizing beam attenuator. The formation of Ga-droplets was visible for laser output
pulse intensities above 310 mJ/cm2. It should be mentioned that the intensity which is
absorbed by the GaN film and causes the decomposition is about 30% below the laser output
intensity because of losses due to reflections in the optical elements and at the air/GaN
interface. The laser pulse intensity during the experiments and the attenuation induced by

optical setup to be shown in Fig. 2.8 was measured with a power meter, which detects the
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flow of energy through an array of thermoelectric cells. The values given in Fig. 2.5 are the

intensities really absorbed by the GaN films at room temperature.
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Fig. 2.5: Decomposition rate and nitrogen flux from the GaN surface versus the absorbed light
intensity of single 6 ns laser pulses with a photon energy of 3.54 eV. At intensities of 290 mJ/cm®

a decomposition rate of 100 monolayers/pulse is measured.

After wet chemical etching of the liquid Ga, the decomposition depths were measured by
surface profiling (Fig. 2.5). The observed decomposition rate increases logarithmically with
increasing pulse energy above a threshold of about 220 mJ/cm?’ reaching a rate of

100 monolayers per pulse at 290 mJ/cm’. For intensities above 320 mJ/cm’® the slope
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decreases, probably because of a change in the optical properties of GaN during the

decomposition of the surface layers.
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Fig. 2.6: The left graph shows the etch-depth dependence on the number of laser pulses without

and under HCl-vapour. The graphic on the right presents the laser-induced etch rates on GaN

among several commonly used reactive ion-etching methods [263].

The liquid Ga can be removed continuously between the laser pulses e.g. under HCl

vapour flow. The limiting effect of the remaining Ga on the etch rate without using HCI-

vapour can be clearly observed in the left graph in Fig. 2.6. Indeed, with a repetition rate of

10 Hz and higher energy densities an etch rate close to 1 um/s can be achieved well in excess

of other etching methods. The right graph of Fig. 2.6 shows a comparison of laser-induced

etch rates with different types of reactive ion etching (RIE) methods, including electron

cyclotron resonance plasma etching (ECR), chemical assisted ion beam etching (CAIBE),

high-density magnetron reactive ion etching (RIE-MIE), and inductively coupled plasma

etching (ICP) [263]. Despite of the advantages of having fast etching rates, light diffraction at

mask edges and borders is detrimental for the application of laser ablation in the processing
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and isolation of small size devices (mesa-structures). A high resolution laser structuring of
GaN down to a dimension of 100 nm can be achieved with holographic patterning without the
use of masks on the surface and therefore avoiding the effect of light scattering and diffraction
at edges and borders.

The capability to produce GaN surface morphologies suitable for antireflection coatings,
highly absorbing layers or distributed feedback lasers, striped, rectangular or sine wave
patterns with periods between 100 and 500 nm is of high technological interest. Kelly et al.
[258] used the 3™ harmonic of a Nd:YAG laser to fabricate periodic structures on GaN, as
shown in Fig. 2.7. In order to produce such small period patterns the laser beam was split into
two beams and superimposed at the GaN surface to achieve a holographic grating (Fig. 2.7 a).
Angles between the interfering beams from Q = 45° to 90° were used to generate the relevant

grating periods.

laser-pulse laser-pulse
first part & second part

y (um)

0 1 2 3
a) b) X (um)

Fig. 2.7: a) a grating is produced by splitting the laser beam and bringing the two parts together on
the sample surface to make a striped interference pattern. The GaN is decomposed in areas of
constructive interference with intensities above 220 mJ/cm?. b) AFM image of a 250 nm period

structure in GaN fabricated by laser-induced holographic patterning [258].

Fig. 2.7 b) shows an atomic force microscope picture of a surface pattern obtained with a

single laser pulse (with a peak intensity of 485 mJ/cm?), using an incidence angle of 45° of the
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split laser beams. Trenches with a width of about 110 nm and a typical depth of 20 nm were
obtained. In order to etch deeper structures, the sample can be exposed to HCI vapour during

a multiple pulses processing to remove the residual liquid Ga.

2.3 Experimental Setup for Laser-Induced GaN Delamination

As already mentioned, the Nd:YAG laser pulses can be used to thermally decompose a
thin layer of GaN at the film-sapphire interface causing the detachment of the sapphire and
enabling the fabrication of freestanding GaN substrates starting from sufficiently thick
HVPE-films [225][259]. The delamination of GaN areas larger than the attainable beam size
was achieved by sequentially scanning the pulses across the transparent backside of the
sapphire. To produce large area, freestanding, up to 2” GaN pseudo-substrates, the liftoff
process was automatized. The experimental setup for the laser-induced liftoff is shown
in Fig. 2.8.

The scanning of large areas with the Nd:YAG laser beam was made possible by a
motorized table movable in 2 perpendicular directions. The high-precision step motors are
controlled with user-friendly software specifically developed to allow spiral, and linear back-
and-forth scans with different step sizes (1 to 20 mm). A complete illumination of the scanned
area is achieved by choosing step sizes between pulses smaller than the beam diameter
compensating also the beam profile inhomogeneities (Fig.2.4). The Win-Lab program
includes an automatic control of the beam-shutter for a safe use of the harmful class-IV
Nd:YAG laser. All the optical elements in the beam path were adjusted to avoid back-

reflections that would destroy the laser-cavity mirrors and Nd:YAG rods.
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Fig. 2.8: Experimental setup of the laser process for sapphire substrate removal from thick HVPE-grown GaN

films. An overview of the Nd:YAG laser with the optical elements is shown in the upper figure. The small
image at right is a copy of the working window of the controlling software. A detailed view of the sample

mounting is presented in the bottom figure with a schematic diagram for laser delamination of GaN thick films.
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2.4 Laser-Induced Liftoff of Thick HVPE-GaN Wafers

A successful separation of HVPE-GaN films from sapphire depends on several factors
including film thickness and thickness homogeneity across the wafer, growth procedure, and
resulting stress and stress gradient caused by the large thermal expansion coefficient
mismatch. We have processed HVPE-GaN wafers grown with different growth procedures
including thick GaN multilayer samples performed with in-situ growth stops (ATMI Inc.-
USA) and HVPE-GaN grown on MOCVD-GaN templates structured with the ELOG
technique (NEC-Japan). Due to the commercial relevance of GaN pseudo-substrates and the
technological difficulty of growing thick crack free GaN films, it was not possible to obtain
much information about growth details. Nevertheless, the results of delamination could be
ordered and interpreted according to structural and morphological characteristics of the
GaN samples.

For substrates with maximum thickness ranging from 70 to 300 um (comparable to the
sapphire thickness of 330 um), the thermal expansion coefficient differences result in
substantial bowing of the wafer. The sapphire substrate contraction is stronger than the GaN
layer. Despite of the bowing, most of the wafers exhibited very little or even no near-surface
cracking across the whole wafer area. To protect the GaN layer during laser processing, the
film side of the GaN/AlL,Os structure was temporarily bonded to a metal support with liquid
Ga using a metal solder. Incident pulse intensities of about 400 mJ/cm® were required for the
interface decomposition at room temperature. Additional 15% loss of pulse intensity was
considered due to reflection at the standard polished sapphire backside. However, the bowing
of the samples with thicker GaN films (> 100 pm) conflicted with this procedure because the
strain inhomogeneity at the boundary of the released and thus relaxed spots caused extensive
fracturing. To reduce the bowing-induced fracturing, we investigated heating of the sample

during the laser liftoff. The strain in the sample and, consequently, the bowing was visibly
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reduced and hardly noticeable through simple specular observation of the GaN surface at
temperatures around 600°C. This is consistent with temperature-dependent X-ray diffraction
measurements performed by Leszczynski [264], in which he showed the convergence of the
lattice constant values of bulk GaN and a 2 um-thick GaN film on sapphire at about 800 K,
and indicated the possibility of inelastic relaxation above this temperature. Ideally, the
performance of in-situ laser liftoff close to the growth temperature would be the best solution
to avoid all bowing/cracking problems caused by the thermal expansion coefficient mismatch
between GaN and the sapphire substrate.

Extended areas could be sequentially released without sample damage by performing the
laser treatment at temperatures above 600°C, but below 830°C (decomposition temperature of
GaN). The threshold energy density for laser-induced GaN decomposition at 650°C is
reduced to 250 mJ/cm®, resulting in less thermal impact to the GaN layer. The wafer is
positioned in a steel holder filled with a thin layer of sapphire powder (see schematic insert in
the bottom image of Fig. 2.8). A transparent sapphire window on top prevents involuntary
wafer movement during scanning and laser shooting. The role of the small grain sapphire
powder is to embed the GaN during the controlled heating up time of 60 min to allow a free
increasing of the bowing radius with temperature. The powder is also important after the
delamination during the cooling down time of also 60 min to support the freestanding
GaN film.

Prior to mounting the wafer for laser liftoff it is important to check if there is no residual
GaN on the backside of the sapphire substrate. The undesired GaN is formed during the
HVPE growth and will prevent laser absorption at the GaN/Al,Os interface. Due to bowing of
the wafers, a polishing procedure was developed using a diamond pad (grain size = 125 pm)
to provide a meticulous and careful lapping of these GaN regions under water flow. To avoid
cracking during lapping the wafers were first fixed to an aluminum plate with a transparent

thermoplastic adhesive (melting point of 120°C) soluble in acetone.
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Fig. 2.9: Image of a 275 um thick freestanding GaN film, after removal from the 2” sapphire
substrate [225]. The missing wafer border pieces broke off right after the HVPE growth.

The HVPE-GaN film was finally mounted in the sample holder shown in Fig. 2.8. The
laser scanning itself takes only 3 min with a step size of 2 mm. A spiral scan shape towards
the center of the wafer was found to be best suited for delaminating circular samples in
comparison to the linear row by row scan, due to the more symmetrical stress distribution
between the free and still connected parts of the wafer. A consecutive second scan of 3 min
can be performed to insure full area laser illumination, but it is not strictly necessary. In this
way, freestanding GaN films were separated from 2” sapphire wafers, as shown in Fig. 2.9 for

a film of 275 pum thickness.

2.5 Laser-Induced Liftoff of HVPE-GaN Membranes

In this section we discuss next the delamination of HVPE-films in the thickness range
from a few micrometers up to about 60 um. These films are mechanically too fragile to be
separated in the same way as described in the preceding section for thick GaN films. It is

necessary to attach a supporting layer to the top GaN layer to avoid large area fracturing after
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laser liftoff. The choice of a proper material which allows thin self-supporting GaN films is of
crucial importance. It should have a very low elastic modulus, comparable to GaN, and be
easily removable. On the other side, it should be flexible enough to accommodate changes in
the bowing radius during liftoff. Finally, a material stable at high temperatures up to 650°C
would be desirable. To the best of our knowledge no such material is commercially available.
We succeeded by using different types of commercial adhesives and glues, like a
two-component epoxy resin, or a silicone thermoresistant elastomer. Sticking GaN samples to
a “blue tape” used in semiconductor production for fixing samples during sawing is also a

possible approach.

Fig. 2.10: Sequence of single Nd:YAG laser pulses on 1 pm thick GaN samples for focused beam
calibration (shot diameter of 3 mm). The consequence of increasing the energy density can be observed

by the colour change due to Ga drop formation (1, 2, 3) and sapphire substrate deterioration (4, 5).

All delamination processes were performed at room temperature due to the relatively low
temperature resistance of the applied adhesives. The integrity of films processed at room
temperature will drastically depend on the bowing radius and thickness homogeneity. The
stress gradient between the freed part of the film and the GaN still on sapphire is considerably

increased at temperatures below 600°C, which is detrimental for a crack-free liftoff. The
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normal 7 mm laser beam diameter was focused to a diameter of 3 mm with sapphire lens to
improve the beam profile by narrowing the spacing between the circular rings of maximum
energy density (Fig. 2.4). Much higher power densities can obviously be reached with the
focused beam and therefore a new calibration of the laser output power density is required.
The sequence of shots in Fig. 2.10 shows the effect of the focused laser beam on a thin GaN
film grown on sapphire. The single pulse Nr.2 with an absorbed energy density of
300 mJ/cm” has a homogeneous energy distribution which is best suited for GaN liftoff. With
increased laser power, the shots Nr. 3 to 5 show excessive GaN decomposition with strong

Ga-drop formation up to the level of sapphire damage, visible in the dark regions in shot Nr. 5

with an absorbed energy density of about 2 J/cm?.

| Lo

sapphire lens sapphire GaN film on
epoxy resin

Fig. 2.11: Snapshot during laser delamination of a HVPE-GaN sample with an area of about
1cm® and a thickness of 30 um fixed with epoxy resin to a glass holder. On the right:

delaminated sapphire substrate next to the completely crack-free GaN sample.

Completely crack-free GaN films were delaminated by fixing them to two-component
epoxy resin prior to laser scanning. Proper delamination is confirmed by optical microscopy
with backside illumination. A glass carrier was used to support the GaN sample, which was
pressed onto a thin less than 0.5 mm layer of the transparent resin. It is important to avoid the
inclusion of air bubbles during the mixing of the glue to provide a homogeneous covering of

the GaN film. The laser liftoff was performed 5 min after curing the glue at room temperature.
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The left image in Fig. 2.11 shows a snapshot of the linear back-and-forth scanning with the
focused beam. The sapphire substrate is completely free at the end of the process (right image
in Fig. 2.11). The strong adhesion characteristics of the two-component epoxy resin used is
advantageous for a perfectly crack-free GaN liftoff, but on the other hand it hampers its
separation from the GaN film after sapphire removal due to the high chemical stability of
such glues. Nevertheless, this epoxy can be solved with dichloromethane (methylenchloride)

or in boiling water after several minutes.

sapphire lens

sapphire. ' 'GaNifilmon = &
" blue tape |

Fig. 2.12: Snapshot during laser delamination of a HVPE-GaN sample with an area of about 1 cm?
and thickness of 30 um sticked to a piece of blue tape. On the right: delaminated sapphire substrate
close to the GaN membrane. Some cracks were formed due to the shrinkage of the tape after laser

shots.

Less adhesion is provided by a so-called “blue tape” and the preparation for liftoff is quite
simple. The free side of a HVPE-GaN sample with a thickness of about 30 pm is placed on a
piece of blue tape fixed to a glass holder as shown in Fig. 2.12. The delaminated film remains
stuck to the tape, but can be easily detached after laser liftoff. The laser shots with an
absorbed energy density of 300 mJ/cm® affect also the blue tape at the border of the sample,
shrinking it and changing its color. This shrinkage bended the fragile GaN film and
consequently some cracks were generated as can be observed in the right image of Fig. 2.12.

The fracturing can be avoided by covering the edge of the sample with a reflecting material.
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The application of blue tape as a transitory holder for thin freestanding GaN membranes

represents a cheap and uncomplicated alternative for sapphire delamination by laser

induced liftoff.
a) b) c) 3 d)
laser 120°C
scanning
—
- Sapphir, thermoplastic
| sapphire adhesive

GaN GaN GaN [ |
silicone : silicone : [ thermoplastic ]
support support support aahesive

Fig. 2.13: Sequence of steps to produce large size GaN membranes. a) laser liftoff of the GaN film
covered with silicone elastomer and mounted onto a support; b) sapphire removal after laser
scanning; ¢) deposition of a ~3 mm thick layer of thermoplastic adhesive at 120°C; d) peel-off of the

silicone elastomer. The GaN film can be easily isolated by solving the adhesive in an acetone bath.

A procedure to produce freestanding full size 2 GaN membranes using silicone elastomer
during laser liftoff and a thermoplastic adhesive to support the film after sapphire removal
was developed. A schematic step by step view is shown in Fig. 2.13. The free side of the
HVPE-GaN film on sapphire was covered with the thermoresistant (up to 300°C) silicone
elastomer forming a ~3 mm thick stiffening layer. The complete elastomer curing occurs in
approximately 12 hours with air humidity through elimination of acetic acid. The film was
then fixed to a metallic plate with double faced adhesive tape to avoid moving of the flexible
silicone rubber. After laser scanning at room temperature the sapphire substrate can be
removed. Consecutively, the freed side of the fragile GaN film is protected with a ~3 mm
thick transparent thermoplastic adhesive allowing a safe peel-off of the silicone elastomer
(Fig. 2.13 d). A 60 um thick GaN membrane with a diameter of 2 is shown in Fig. 2.14. The
membrane is still protected by the thermoplastic adhesive, which can be easily dissolved in
acetone without too much mechanical stress. The flexibility of the silicone rubber allows the

accommodation of the GaN film bowing. After fixing the membrane with the much more
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viscous thermoplastic adhesive, the residual bowing of the thin film and some cleavage lines

can be observed through specular light reflection in the left images of Fig. 2.14.

GaN membrane

2"
sapphire substrate

\_\-_"-/_.

Fig. 2.14: The left images show the HVPE-GaN membrane with a diameter of 2” and thickness of
60 um attached to thermoplastic adhesive. Among the indicated features one can see the curved
specular light reflection due to the bowing of the film. The silicon elastomer can be completely

peeled-off as shown on the right image close to the sapphire substrate after laser liftoff.

Despite of some cracks distributed over the GaN membrane, the described procedure is
fully reproducible and applicable to the delamination of large HVPE-GaN films with an
average thickness of some tens of micrometers. A different approach to produce completely
crack-free thin and large size GaN-based heterostructure wafers for device production is

based on the wafer bonding technique discussed in the following section.
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2.6 Delamination of Wafer Bonded GaN Thin Films and Heterostructures

The monolithic integration of two dissimilar materials onto one platform with
wafer-bonding and laser liftoff is a convenient alternative to heteroepitaxial growth when this
1s not possible or too problematic. In the case of group III nitrides, the integration is motivated
by combining the optoelectronic functionality of GaN-based heterostructures to receptor
substrates with much better thermal and electrical properties than the original sapphire. For
devices processed on sapphire, all electrical contacts must be made from the top side. This
complicates contact and packaging schemes, resulting in higher operation voltages and a
spreading-resistance handicap [261]. The poor thermal conductivity of sapphire is detrimental
for high-current device performance of LEDs, LDs and high-power transistors and hence the
transfer to other substrates with better thermal properties is of enormous benefit. The cheap
and readily available Si is one of the most attractive candidates, but GaAs, Ge, Mo, and
copper are also advantageous receptor wafers. The bonding layers have to fulfil some
requirements: the bonding alloy has to be adherent to both the epitaxial film and the receptor
substrate providing full surface contact despite of sub-micron surface asperities; the bonding
temperature should be low (< 200°C) to avoid thermal stress to the film, but without leaving
behind any alloy phases with a melting point below the bonding temperature; and it should
have low electrical resistance for a circuit connection of the devices. Wong et al. have used a
Pd-In metal bonding to connect GaN to Si [265], whereas Funato and co-workers integrate
GaN to Si with an AuGe-mediated wafer bonding technique [266]. Jasinski et al. succeeded in
producing GaN/GaAs structures by direct wafer fusion [267]. The 2 um thick GaN films
grown on sapphire were fused to GaAs substrates in nitrogen ambient under uniaxial pressure

of 2 MPa at bonding temperatures of 550 and 750°C.
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Fig. 2.15: Process flow for bonding and transfer of a nitride based LED from

sapphire onto a receptor wafer.

Individual devices on a GaN-based wafer can be scribed or isolated via mesa-etching prior
to wafer bonding, thus enabling the production of separated devices after the laser liftoff. The
technological process-flow diagram for the production of highly efficient nitride based LEDs
using a metal bonding and laser delamination procedure is illustrated in Fig. 2.15. In this way
the individualized devices on a wafer can be transferred to a receptor substrate like Si, GaAs
or Cu. To increase the efficiency of light emission of LEDs and LDs, an anti-reflection
coating can be also deposited on the free side after sapphire delamination.

By using thin GaN films grown on sapphire the effect of the laser shots on the edges and
borders of pre-scribed heterostructures was simulated. A 6 um thick GaN film was softly
scribed with a diamond pen to quasi-squares of approx. 500 x 500 um?” (Fig. 2.16 a) and its
top side (Ga-face) was covered with epoxy glue. In Fig. 2.16 b,c), the N-face of the GaN film
1s showed after sapphire removal. The thin film interference lines prove the absence of cracks

in the squares, and also no broken edges are observed in Fig. 2.16 c).
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Fig. 2.16: Effect of laser liftoff on edges and borders on a thin GaN film: a) GaN on sapphire

manually scribed with a diamond pen (Ga-face up); b) freestanding GaN film fixed on epoxy,

N-face up; ¢) magnified view of the edges of the free squares.

In collaboration with OSRAM Opto Semiconductors, we have optimized the laser-induced
liftoff technique for the delamination of wafer bonded GaN films and GaN-based
heterostructures. Films with thicknesses of some micrometers were bonded with different
metallic alloys containing In, Pd, Sn and other metals with a low melting point. The
delamination was performed using similar parameters as in section 2.5 with a focused beam
and absorbed energy density in the range of 300 mJ/cm”. After a serie of experiments it was
clear that the correct choice of the bonding alloy and bonding conditions were the limiting
factor for obtaining completely crack-free films without defective regions where the film
peels-off. The GaN-based heterostructures are typically thinner than 5 pum, resulting in
practically no bowing of the wafers and permitting a laser liftoff at room temperature

Nevertheless, the energy density of the laser shots should be kept as close as possible to
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threshold value necessary for GaN decomposition. Any additional energy will mechanically

stress the film, favouring film spalling and peel-off after sapphire removal.

Fig. 2.17: a) Delaminated 3 um thick 2” GaN film (not structured) wafer-bonded on GaAs on the

left and GaN-free sapphire substrate on the right. b) Effect of inhomogeneous wafer-bonding on a
GaAs receptor wafer on the GaN thin film after laser liftoff. c) Magnified view of the GaN surface

after sapphire delamination in a region with wafer-bonding problems.

Fig. 2.17 a) shows a successfully delaminated GaN film wafer-bonded to GaAs, where
some peeling—off occurred only at the very border of the wafer. Fig. 2.17 b) represents the
worst case considering the wafer bonding homogeneity over the 2 GaN wafer surface. The

speckles on the wafer mark the regions with bonding material segregation, probably due to
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different phase formation. This result in local spalling or complete peeling-off of the GaN
film in this areas (Fig. 2.17 b,c). This is obviously detrimental to the production of devices,
but practically only the external ~5 mm up to the wafer borders are really critical in the
production of GaN-heterostructures due to peeling-off after laser delamination. The isolation
of the devices prior to wafer-bonding prevents the propagation of cracks and spalling
formation, guaranteeing the integrity of the heterostructures during laser delamination. A
yield as high as 90% and above can be reproducibly achieved for 2” wafers. In the last section
of the chapter it will be shown for freestanding flip-chip bonded blue/violet GaN-LEDs that
no degradation of the device performance occurs from laser-induced liftoff. The following
section considers the mechanisms of crack formation on GaN films due to strained growth on

sapphire and laser liftoff.

2.7 Cracking Mechanics of GaN Films on Sapphire

Crack formation mechanisms are of interest for laser-induced delamination as crack free
GaN films are desired. Nevertheless, an extended and comprehensive analysis is not in the
scope of this work. We show some relevant aspects of the cracking mechanism in order to
qualitatively understand the cracking problem of GaN film delamination with the laser liftoff
method.

Cracking in GaN/ALO; structures is a consequence of the high lattice and thermal
expansion coefficient mismatch [268]. Typically, a GaN layer exhibits compressive strain,
whereas the substrate exhibits tensile strain near the interface due to cooling down after the
growth, leading to a convex bowing of the GaN film side, as shown in Fig. 2.18. The bending
allows partial relaxation of internal stress, but a residual stress persists in the structure as

shown in Fig. 2.18 b) [269][270]. Considering that the thickness of the film, #;, is much



2 Laser-Induced Liftoff Method for Processing GaN on Sapphire 79

smaller than that of the substrate, #;, in the absence of cracks a homogeneous compressive
stress oy exists across the film. The stress distribution in the substrate oy can be assumed to be
linear, with a maximum tensile o; ... at the interface, half of o; ... at the backside, and neutral
at 2/3 t; (o, = 0, stress-neutral plane) [269] (Fig. 2.18 b). The equilibrium of internal stress can

be written as:

optp+ [ o dz =0 Eq. (2.2)

The increase of oy 4 1s directly proportional to the thickness of the substrate #. In brittle
materials like sapphire, cracking can occur when tensile stress oy . €xceeds the critical value

of 30 MPa [269]. Consequently, a film above a critical thickness will give rise to cracking as

shown in Fig. 2.18 ¢).
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Fig. 2.18: Schematic view of bowing in the GaN/AL,O; film/substrate system a) before and c) after
cracking. b) The red line and the blue (dashed) line represent the stress distribution across the

structure before and after cracking, respectively.

The epitaxial layer is under compressive stress and therefore cracking perpendicular to the
interface is hardly expected to occur. A crack at the interface is not expected to propagate into
the film under compressive stress. However, experimentally cracking was observed to occur
in the epilayer and the substrate, as is shown in Fig.2.19 a,b). Since the GaN film is
epitaxially grown on sapphire, both form a continuous volume before cracking. A gap is

inevitably produced at the interface as soon as a crack is generated in the sapphire by stress
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release. Consequently, a gap is also formed in the epitaxial film, i.e., the crack generated in
the sapphire continues through the GaN film (Fig. 2.19 a,b). The substrate region under
tensile stress is relaxed upon cracking and the residual difference in the elastic energy is
converted to surface energy at the cracks. The stronger bowing of the film/substrate structure
schematically shown in Fig. 2.18 ¢) is a consequence of the cracking at the interface. The
redistribution of stress after cracking is schematically represented by the blue (dashed) line in

Fig. 2.18 b). Eq. (2.2) must be rewritten to still satisfy equilibrium of stress by replacing oy ¢

t,
with J.O'f o, dz. By generation of cracks, the elastic energy decreases and surface energy is

added to the system at the cracks.

GaN

Fig. 2.19: a, b) Cross-sectional shape of cracks at the interface of GaN grown on sapphire [269].

c¢) Schematic representation of the laser reflection at the borders of cracks in the sapphire substrate.

The described cracking morphology can be attributed to a combination of simultaneous
parting of Al,Os; and cleavage of GaN [269]. One can distinguish between two types of
cracking with regard to GaN grown on sapphire. During the epitaxial growth, the large lattice
mismatch causes compressive stress in the film and tensile stress in the substrate. As growth
goes on, microcracks may be generated in the substrate, due to the brittleness of sapphire
[270][269]. These microcracks will occur when the epitaxial layer is of good crystalline
quality, due to a stronger bonding strength at the film/substrate interface. A different cracking

process takes place during cooling down from growth to room temperature: the thermal
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expansion coefficient mismatch between GaN and sapphire will lead to the formation of
cracks, so-called macrocracks, simultaneously generated in the substrate and in the epitaxial
film, as soon as o . €xceeds the critical value. From the theory of fracture mechanism, the
structural stress which causes crack extension is smaller the larger the size of a pre-existing
crack [269]. Thus, the pre-existing microcracks, caused during the epitaxial growth, will
decrease the critical stress for generation of macrocracks during cooling down. Depending on
the thicknesses of the substrate and the epitaxial film, this may lead to a complete rupture of
the GaN/Al,O; wafer.

The substrate cracking can also cause residual sapphire to remain on the backside of
freestanding GaN films, due to reflection of an incident laser light at the crack borders, as
illustrated in Fig. 2.19 c). The cracked surface acts as a mirror which prevents the pulses to be
absorbed at the GaN/sapphire interface. This undesired effect depends on the extension of the
cracks in the sapphire and can hinder the normally easy detachment of the GaN film. Sapphire
spikes and lines can be observed on the backside of freed GaN films (Fig.2.21). A fast
lapping with a diamond pad with grain size of 40 um is sufficient to remove the residual
sapphire. Depending on the GaN thickness, the integrity of the film has to be preserved during
lapping by fixing it to a base with acetone soluble adhesive.

The decomposition of GaN following the laser shot is accompanied by the local
generation of a vapour pressure due to the finite size of the laser beam. If the pressure is
confined in the shot area it may cause a variety of deformations and create local stresses
which can introduce defects and cracks. Films initially under a residual compressive stress
may bulge away from the substrate and the free part of the film is put under biaxial tensile
stress that can cause cracking (Fig. 2.20). Alternatively, if the film is fully constrained, radial
cracking along the periphery of the illuminated region may occur and, under large driving

forces, may even cause spalling of the film.



82 2 Laser-Induced Liftoff Method for Processing GaN on Sapphire

For an absorbed laser power of 320 mJ/cm’ approximately 50 nm of GaN are
decomposed, corresponding to a nitrogen flux of about 10" cm™ per pulse (see Fig. 2.5).
Simple calculation using the ideal gas law can be used to estimate the pressure of
the released N, bubble. Considering the laser shot size =0.7 cm and the corresponding

shot area = 0.4 cm?, the decomposed volume of GaN is given by:
V=50nmx 04 cm’=2x 10" m’

Neglecting the volume occupied by the residual metallic Ga, the molar fraction of N in the

decomposed volume can be calculated as:
n=10"cm?x 0.4 cm®/ 6 x 102 ~ 7 x 10™® Mol of N atoms

At the decomposition temperature of GaN (830°C) we can finally obtain the pressure of

the N, bubble:

p=nRT/V~3x10°T/m’~300MPa= 3 kbar

The calculated pressure of 300 MPa is comparable with the high temperature yield
strength of GaN of about 200 MPa at 900°C [61]. Below the yield strength value, the material
is elastic and above this threshold a plastic deformation will occur. In the dynamic real case
the Ny is released explosively during the short laser pulse of 6 ns, generating a compressional
shock wave, which will propagate in the film and substrate. Tavernier and Clarke have given
a detailed description of this phenomenon and the relevant parameters [271]. The
compressional pressure wave will be reflected at the free film surface and at the substrate
backside, turning into a tensile wave which can contribute to film fracturing radial to the laser
shot area if it returns to the interface during the laser pulse or while the N, gas bubble is still
hot [271]. If the N; is confined after the GaN decomposition, the internal pressure causes the
film to deflect away from the substrate through bulging, as schematically shown in Fig. 2.20.

The film is strained until mechanical equilibrium is attained. A fissure may occur depending
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mainly on the size of the beam generated flaw and the thickness of the film. This can be
avoided by starting the delamination at an edge and moving the laser in across the film so that
the gas generated by the laser pulse can escape along the already debonded portions of the
film to the edge, thereby lowering the maximum pressure attained. In our samples, bulging
alone is less probable to cause cracking due to the adopted laser scan procedure, always
progressing from the borders to the center of the films in steps many times smaller than the

beam diameter.

fissures

spalling-crack spalling-crack

sapphire A

Fig. 2.20: Schematic diagram of bulging of a GaN thin film after laser pulse irradiation
and consequent GaN decomposition at the interface to sapphire. The crack lines at the
borders and on top of the film indicate how the film is going to preferentially crack if the

deformation occurs above the elastic limit.

Buckling is another mechanical instability that can occur if a compressed film is no longer
attached to its substrate over a region with critical size [271]. As epitaxial GaN grown on
sapphire is under in-plane compressive stress, the film is susceptible to stretch away from the
substrate once the interface has been debonded. Based on the observation of the crack shapes
we consider that a combination of buckling and the consequences of the explosive generation
of hot N, gas during the laser pulse are responsible for fissures at the perimeter of the laser

shots in freestanding GaN films thinner than 120 um. The typical cracking shape and other
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features resulting from the delamination are shown in Fig. 2.21. The GaN wafer with an
average thickness of 60 pm was lifted at 650°C with a laser energy density of 300 mJ/cm’

following the procedure described in section 2.4.

Fig. 2.21: Micrograph of a 60 pm thick GaN film showing the delaminated side. The indicated
straight and curved crack-lines mark the places where the film started to spall. Thin GaN pieces

also cracked away after liftoff and residual sapphire can be seen on the left.

A stiffening material with a very low elastic modulus comparable to the elastic modulus
of GaN was found to reduce crack formation or completely prevent cracking during the
delamination of thin GaN films from sapphire. Furthermore, the best results with respect to
cracking were obtained by reducing the beam diameter for a more homogeneous energy
density profile as shown in Fig. 2.10. Indeed, the ideal situation to avoid most of the cracking
mechanisms would be single-shot delamination of the whole GaN film. This is not practicable
for large area liftoff with present commercial lasers due to the limited energy density
available and the increased difficulty to achieve a homogeneous beam energy profile. A
different strategy for the delamination of thin films relevant for device manufacturing is the

individualization of the devices by scribing or mesa-etching prior to liftoff. In this case the
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area to be lifted is commensurate with the laser spot diameter or even much smaller as was
shown, e.g., in Fig. 2.16. The segmented areas preferentially crack at the pre-scribed lines
enabling their complete and instantaneous delamination. Using this liftoff strategy it is also
indispensable to support the structures from the top with a stiffening material or by wafer
bonding to allow further processing.

Some of the wafers exhibited a bowing in the opposite direction than expected after
removing the sapphire substrate. Bowing of the free film occurs to compensate residual
biaxial strain perpendicular to the crystal surface [272]. This opposite bowing is strongly
dependent on the thickness and the lateral strain homogeneity from the middle to the borders
of the GaN wafer. The films are usually thinner at the border causing the accentuated
warping. Typical HVPE-GaN film shapes with the respective bowing behavior after

delamination are schematically shown in Fig. 2.22.

a) b)
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Fig. 2.22: Typical bowing shape before and after laser liftoff of HVPE-GaN wafers grown on 330 um thick sapphire
substrate. a) thin film <120 pm, thicker in the center area of the wafer; b) thin film <120 pum, thicker at the borders; c)
100 pm thick film with small thickness variation; d) thick film (200 pm to 300 pm) with homogeneous thickness
over the wafer. The bowing radius of GaN/Al,O; wafers increases in the sequence: d)—c)—a)—b). After
delamination the bowing radius of the freestanding GaN films decreases as: b)—a)—c)—d). Note the inversion of the

GaN curvature after laser processing.
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Fig. 2.22 b) represents the worst situation for laser liftoff. Both cases shown in
Fig. 2.22 a,b) are the most critical for producing crack-free GaN films. Sometimes the wafers
already start to crack during the temperature increase to 650°C preceding delamination. Those
relatively thin films can be delaminated only in pieces, with the final size depending on the
damage prior to liftoff. The best results were obtained for films with small thickness variation
(cases ¢ and d in Fig. 2.22), whereas the residual bowing depends also on the initial GaN
growth procedure. HVPE wafers with 100 um thickness grown on ELOG structured GaN
were almost flat after delamination. Wafers represented in Fig. 2.22 d) with thickness ranging
from 200 to 300 um are practically flat after liftoff and without cracks. Flat surfaces are
desired for lithography, and GaN-wafer handling and homoepitaxial growth is facilitated. The
preparation of epi-ready free-stranding GaN samples and homoepitaxy by MOCVD is subject

of the next chapter.
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Fig. 2.23: a) Surface stress of GaN/Al,O; and semi-quantitative mechanical strength of GaN as a
function of the film thickness and area. b) Schematic cracking risk profile for GaN/AlLO; films as
a function of the film thickness. For this study, the GaN films were delaminated from 300 um

thick sapphire substrates at different conditions.
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As commented by HVPE growers, sometimes thick GaN films can survive the growth
process without any apparent cracks, but after hours or even days the samples are found
completely fissured in to many pieces. In the liftoff process, some samples split-up during
heating to 650°C. Others cracked after cooling down to room temperature. In this work,
approximately 150 samples in many different sizes, thicknesses, shapes, wafer-bonded, single
GaN films and GaN-based devices were delaminated. In Fig. 2.23 b) is shown a schematic
summary of the results obtained with laser-induced liftoff considering the relationship of
surface tress and strength to thickness and size of the GaN films (Fig. 2.23 a). The right axis
in Fig. 2.23 a) is related to the mechanical strength or fracture resistance of GaN freestanding
films. It increases linearly with the film thickness, but is inversely proportional to the sample
area. Unlike metals and polymers, the fracture strength of ceramic materials tends to vary
greatly between samples. Listed fracture strength values are often an average of the strength
of several samples, depending on many factors like crystal grain size and growth coherence,
residual stress in the layers, and pre-existing micro and macrocracks. To the best of our
knowledge, no quantitative results of fracture strength as a function of film thickness and film
size have been published for GaN films so far.

A distinction has to be drawn between stress at the surface and in the bulk of a material.
That is, the stresses are not equal in the two zones. For structural applications, surface
stresses, in general, are not the part of critical design parameters. For applications, like thin
film or semiconductor devices, the surface is not too far removed from the bulk to induce
effect on material properties. In Fig. 2.23 a), the surface stress of GaN/sapphire due to the
high thermal and lattice mismatch was calculated from the normal component of the surface
strain e, as a function of GaN epilayer thickness estimated by Reynolds efal from
reflectance measurements [273]. The surface stress/strain decreases gradually until about
150 pm and becomes constant for thicker films. This is in agreement with measurements and

analysis of the thermal strain relaxation process in GaN/Al,Os heterostructures derived from
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Detchprohm et al. [270]. The cracking risk profile in Fig. 2.23 b) is to qualitatively show the
effect of stress reduction associated with increased physical strength of thin GaN films fixed
to an appropriate stiffening layer. The area below 7 um delineates where the limit of plastic
deformation is not reached and consequent crack generation is avoided, due to the stiffening
layer. For GaN films thicker than ~70 um it is strongly recommended to perform the laser
delamination at high temperatures of about 650°C to reduce wafer bowing which can lead to

strong crack formation in the freed GaN film.

2.8 Sapphire-Wafer Recycling after GaN Delamination

A very attractive side-effect of GaN laser liftoff would be the recycling of the expensive
sapphire substrates for regrowth. To evaluate this possibility the surface morphology of the
delaminated sapphire wafers was analyzed by scanning electron microscopy (SEM) and
atomic force microscopy (AFM) to see the influence of thermal GaN decomposition and

detachment caused by the laser treatment.

sapphire

Fig. 2.24: a) Profile generated on a GaN film with Nd:YAG laser scanning in a spiral shape. b)
Sapphire wafer surface after GaN delamination. The specular light diffraction pattern is formed

due to the sequential overlap of the laser shots at the GaN/Al,O; interface.
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It is possible to observe macroscopically the traces of laser scanning caused by the
sequential overlap of laser pulses on top of a GaN film and similarly on a sapphire wafer after
GaN liftoff as shown in Fig. 2.24. The SEM images in Fig. 2.25 show the sapphire surface
morphology after laser liftoff processing of a HVPE-GaN film with an energy fluence of
300 mJ/cm”. No change in the surface morphology can be observed between an unused
sapphire substrate a) and main parts of the wafer represented by Fig. 2.25 b), whereas the
features seen in ¢) correspond to the area where laser-shot overlap is responsible for the light
diffraction pattern shown in Fig. 2.24. In these regions the rms surface roughness is increased

from 0.3 nm for untreated sapphire to 2.6 nm, as measured by AFM.

Fig. 2.25: SEM images: a) epi-ready sapphire surface; b) wafer region with unaffected sapphire

surface after GaN laser liftoff, and c) sapphire surface with ablation damage.

The effect on the sapphire surface becomes more critical if the laser power fluence is
augmented. With a laser fluence of 500 mJ/cm’, relatively deep holes are generated on
sapphire during GaN delamination (Fig. 2.26). The AFM-profile in Fig. 2.26 b) shows a
typical hole with a diameter of almost 1 um and 100 nm depth. The rms surface roughness
reaches a value of 15 nm or higher, depending on the hole distribution over the wafer. The
temperature increase generated at the GaN/Al,O; for GaN decomposition (830°C) is much
lower than the melting point of sapphire (1730°C), but according to our observations
excessively high laser-power fluence will provoke simultaneous sapphire ablation during GaN

decomposition (see box nr. 5 in Fig. 2.10).
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Fig. 2.26: Influence of high laser power fluence on sapphire surface morphology after GaN
delamination: a) SEM image showing strong corrugation, and b) AFM image and cut profile along

the surface normal.

Certainly, the presence of micro and macrocracks in the sapphire substrate due to thermal
and lattice mismatch as discussed in section 2.7 will strongly influence the morphological
deterioration of this brittle crystal during GaN liftoff. Nevertheless, if the laser induced
process is performed with a energy fluence close to the threshold limit to cause GaN
decomposition, the effect on the surface morphology can be considerably reduced as shown in
Fig. 2.25 b). The recycling of the sapphire substrates could be an enormous economical and
technological advantage in large scale production of large sized GaN pseudo-substrates. With
an in-situ laser delamination of thick GaN films right after growth at high temperatures, all
cracking problems caused could be avoided, and it should be possible to develop a system
following a cyclic procedure to remove the freestanding GaN wafer, whereas the sapphire

substrate could remain in the system for further regrowth.

2.9 Laser Liftoff for the Production of Blue/Violet InGaN/GaN LEDs

As the final topic of this chapter, the production of freestanding flip-chip bonded

blue/violet InGaN/GaN LEDs by laser-induced liftoff is reported. The 4 um thick and
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250 x 250 um large single-side contacted devices were originally grown on sapphire and
integrated by flip-chip bonding to a carrier base. After sapphire delamination, the thin LED
membranes remain crack-free and are mechanically connected to the contact pads. The light is
then emitted from the top sides of the chip, improving the extraction efficiency. No
deterioration of the device characteristics occurred after the exposure to the short 6 ns laser
pulse with an absorbed energy density of 300 mJ/cm” and a more intense blue light could be
detected from the free active area. The laser to target interaction was analyzed by numerical
simulation based on a thermodynamic model, showing that the short laser pulse does not

thermally overstress the device heterostructure and the bonding material.

2.9.1 Highly Efficient GaN-based LEDs: current state-of-the-art

Highly efficient LEDs are in widespread use as indicator lamps as well as in display and
illumination systems. The advent of (AlGaln)N-based LEDs made accessible the green to
ultraviolet (UV) spectral range through these compact and robust solid-state light sources.
The availability of short-wavelength LEDs also prepared the way to luminescence color
conversion, where the short wavelength emission from the LED is converted into light at
longer wavelengths. The luminescence converting medium can be either an organic dye or an
inorganic phosphor. Luminescence conversion LEDs (LucoLEDs) allow the emission of a
multitude of mixed colors including "white". New applications continue to be found for high-
brightness LEDs, including the automotive sector with brake lights and dashboard and interior
lighting, in addition to their use in outdoor displays and traffic lights. Device and package
improvements are still bringing advantages for signalling and indicator applications and allow
compact emitters to be employed in other markets such as cellphone backlights. Nevertheless,

the big market for LEDs is in general illumination in areas such as spot lighting. However,
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considering the actual development this market will become really important only 5 to 10
years from now. The requirements placed on devices used in indicator or signalling
applications and in illumination are very different. Several manufacturers are looking at larger
area chips to allow higher drive currents and outputs for illumination, while others try to
optimize the efficiency of their standard-sized chips. This is mainly determined by which
markets are being targeted and the different companies are employing different approaches
for enhanced nitride-based LEDs.

Cree's early generations of GaN on SiC devices consisted of relatively low-brightness
chips. However, over the last three years and in particular in the last 12 months, the company
has increased the brightness of its standard 5 mm LEDs by a factor of three. Cree's latest
commercial product, the X-Bright, is a series of new blue and UV-InGaN on SiC LEDs [274].
In these new devices, losses due to total internal reflection are effectively reduced by
geometric shaping, as well as flip-chip mounting to increase light extraction in the forward
direction. They have a radiant flux of 16 mW at 20 mA, obtained at a forward voltage of
3.7 V. The company's earlier generation 505 nm green device, which is not flip-chip mounted,
provides 8 mW under the same conditions and is used in traffic signals and signs. While Cree
has demonstrated 21 mW UV-LEDs at an efficiency of 32%, it’s X-Bright 395 and 405 nm
UV chips have an external quantum efficiency (i.e. the efficiency of photon extraction from
an unpackaged LED die) of 25% in production. Larger diodes can provide more light, but are
less efficient. Improved packages and high-power chips can be designed for high-output
illumination applications, where large light output is more important than small size and
efficiency.

Uniroyal is also augmenting the output power of its blue and near-UV LEDs and it is
targeting white-light emitter applications [274]. Operating at 460 nm, Uniroyal's blue LED
chips have a radiant flux of 3.4 mW (using a forward voltage of 3.61 V and 20 mA drive

current), measured by simply mounting the die on a header without any additional heat
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sinking. The output of the device doubles when packaged; it is currently rated at 7.5 mW, and
around 15 Im/W. The external quantum efficiency is 13.6%. The company is also developing
shorter wavelength devices down to around 385 nm. Uniroyal's 405 nm device offers 2.4 mW
in chip form and up to 5.3 mW of radiant power when packaged (measured at 20 mA). The
wavelength is more stable than the blue LED, and the device offers around 8.6% external
quantum efficiency in the package. However, such devices grown with InGaN QWs and GaN
barriers, suffer from a drop in efficiency and power at shorter wavelengths. In collaboration
with its lighting subsidiary Norlux, they are developing high-flux LEDs with a packaging that
eliminates UV degradation of encapsulants. The Norlux package uses a hexagonal shape for
efficient placement in a scalable package, allowing many LEDs to be packaged and driven at
a high total current. Using this approach, the company demonstrated a prototype 415 nm
violet lamp (Fig. 2.27) that offers over 300 mW of optical output for just under 6 W of input

power (measured at a current of around 350 mA and a forward voltage of 16.5 V).

Fig. 2.27: High flux violet-LEDs from Uniroyal and Norlux
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An aluminium substrate is used as the heat sink, resulting in a temperature rise of only
10°C per Watt of input power, compared to around 350°C per Watt for a standard 5 mm LED.
A preliminary data sheet for Norlux's 470 nm blue HEX package containing 40 LEDs shows a
luminous efficiency of 4 Im/W, and a total output power of 0.13 W (i.e. 3.25 mW per device).
Green 525 nm InGaN packages operate at 9.5 Im/W, while an RGB white package provides
around 10 Im/W. The company is also looking at other ways to increase the power of its blue
LEDs and has just begun sampling a large-area version of its 450 nm blue LED that offers

60 mW of output, and contains a monolithic array of nine LED devices.

Fig. 2.28: High-current LEDs from Lumileds mounted in a plastic lens filled with silica gel.

During 2001, Lumileds launched its Luxeon range of large-area high-current devices,
setting new standards for LED output power [274]. The AllnGaP (red and amber) and InGaN
(blue, green and white) devices target high-power lighting applications and are the result of a
17 times improvement in flux over the last three years. Featuring die areas up to
1.0 x 1.0 mm?, the devices are flip-chip mounted on aluminium or copper heat sinks, which

allows them to be driven at currents as high as 1.4 A. The LEDs are mounted in a plastic lens
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filled with silica gel, making a robust, reliable package (Fig. 2.28). This package enables a
range of fixtures and white lighting sources, but will be too expensive for general lighting
applications, despite being twice as efficient as incandescent bulbs. LumiLeds' 450 nm blue
InGaN/AlGaN chip offers a wall-plug efficiency of 24% and a luminous efficiency of
330 Im/W. The wall-plug efficiency, a measure of the amount of energy required to produce
the specified light output level, drops significantly when the LED is placed in a
Y AG-phosphor-coated package to make a white Luxeon device. This is largely due to energy
loss from conversion of a blue photon to a yellow photon. The white Luxeon single chip LED
has a luminous efficiency of 30 Im/W and produces 150 Im at a drive current of 1.4 A. In
comparison, a standard incandescent bulb produces 110 Im with an efficiency of 7 Im/W.

The use of phosphors to produce white LEDs also produces reliability concerns, for
example, the degradation of the epoxy can reduce the light output below usable levels,
sometimes in less than 5000 hours. This is much shorter than the 100,000 hours typically
advertised for standard-colored LEDs in clear glass packages. The white Luxeon devices were
tested independently and showed no drop in output over 5000 hours.

AXT is another company that has introduced larger area blue and green LEDs. It has
recently launched high-flux AllnGaN-on-sapphire LEDs covering the 450 to 525 nm range
[274]. The large area of 1.25 x 1.25 mm” allows the device to be driven harder, and enables
AXT to address applications in traffic signals, automotive interior lighting, dental curing and
eventually general illumination. Operating at 350 mA, the device includes current spreading
layers to improve the uniformity of light emission, an optimized geometry for current
injection, and back reflection to enhance light extraction. In performance terms, the
company's larger area 525 nm device provides a radiant flux of 27 mW and a luminous
efficiency of 17.5 Im/W, which compares to 2 mW from its newest standard-sized green die.
Designed for use in traffic signals, a high-power cyan LED offers 30 mW of radiant power

and 12.5 Im/W luminous efficiency. In addition, AXT has a 450 nm blue chip that features a
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flux of 35 mW (compared with 4 mW from its conventional blue device) and a luminous
efficiency of 6 Im/W. While the output of AXT's new LEDs is considerably higher than its
standard chips, the wall-plug efficiency of around 2% is quite low. Preliminary data sheets
indicate that these results were obtained on chips mounted on heat sinks that provide 32°C/W,
and do not have index matching of the epoxy encapsulant to ensure optimal output. In
general, for a high flux LED application AXT is aiming to produce LED devices that can
deliver 300 mW, with the chip driving currents up to 1 A in future. This will produce

considerable thermal challenges at both the chip and the package level.

2.9.2 Flip-Chip Technique for LED Production

For the realization of high-brightness LEDs with efficient current injection and heat
sinking the flip-chip technique used for chip mounting is a promising approach and becomes

increasingly important.

Fig. 2.29: Freestanding violet GaN-based LED flip-chip bonded to a partially gold coated

Si-submount. The insert shows the active area of the die with a dimension of 250 x 150 um’.
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Fig. 2.29 shows a violet InGaN/GaN LED provided by the Fraunhofer Institut in Freiburg
(IAF) and used in this work. The LEDs are mounted on a linear array of chips, and flip-chip
bonded to a partially gold-coated ceramic submount. The sapphire substrate was removed
from the epitaxial layer by laser liftoff, leaving behind a freestanding membrane suspended on
top of the submount by the bond pads.

There is a wide variety of technological reasons for applying the flip-chip technology. The
typical needs include the growth on a thermally conductive substrate. The thermal

conductivity of some materials used as substrates or heat sinks is listed below:

e Diamond : 20 W/cm K
e SiC:3.6 WemK

e AIN:32W/emK

e Si:1.6 WemK

e GaN:2.1 WemK

e sapphire: 0.3 W/cm K

Advantages of flip-chip mounting are the possibility of higher packaging density, higher
frequency operation of the devices due to shorter circuit tracks, productivity at high number
of I-O’s (input-output), minimum of interconnections ("direct die attach"), and low height of
the whole assembly as no bonding wires are necessary. The electronics industry has at its
disposal a wide variety of processes for making electrical connections. Essentially, we must
differentiate between connections that are meant to be subsequently disengaged (e.g. sockets
for ICs, connectors) and constant conductive connections. From the later ones, the mounting
of bare dies directly onto a substrate (flip-chip) holds the greatest significance for the rapidly

growing electronics markets.



98 2 Laser-Induced Liftoff Method for Processing GaN on Sapphire

Basically, in the flip-chip technology the die is mounted onto a substrate (printed circuit
board) with the active switching side face down. The electrical connection is made
simultaneously for all contacts in a single step. One of the contact partners must have
“bumps”, i.e. raised areas composed of electrically conductive material. For virtually all
processes, the die must be provided with bumps. Different galvanic and mechanical processes
with or without melting of the metallic bumps are currently available for this purpose, but one
of the most widely used processes is traditional soldering technology, as modified for direct
chip mounting. In this case, metallic alloy solders for the bumping and connection process are

used. A schematic view is given in Fig. 2.30.

¥ solder B solder

substrate

Fig. 2.30: Flip-chip bonding with solder bumps.

The efforts arising for the underfill should not be underestimated. Typical materials are
filled epoxy materials with different properties; especially with a curing temperature lower
then the solder temperature used. Its disadvantages are due to the relatively high bonding
temperatures, limiting the selection to extremely high-grade substrate materials, not exactly a
favourable precondition for mobile electronics products. However, a large number of small
and large companies and institutes are investigating flip-chip processes for a wide variety of
applications, e.g. thin flex-boards for smart cards, keyboards, LC-Displays, memory
modules, optoelectronic devices, automotive electronics, or MEMS devices like hearing aids

and pacemakers and also for nitride based devices [274].
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2.9.3 Flip-Chip Mounting of InGaN-LEDs for Laser-Induced Liftoff

The InGaN/GaN LED chips used in this work were provided by the Fraunhofer Institut in
Freiburg (IAF), Germany, and were flip-chip bonded to metallized Si-submounts by ball
bonding with a wire bonding machine. First, Au-balls are positioned on the interconnecting
metallization of a Si-submount consisting of a Ti/Au/Ti plating base covered by an
electroplated Au-layer (Fig. 2.31). Consecutively, the LED chips are mounted upside-down
by thermal compression welding of the bump/LED contact interface at a temperature of
~200°C. In Fig. 2.32, a series of isolated LEDs is shown, in this case a sapphire stripe with
the devices was sawed away and the individualized LEDs were finally flip-chip bonded to the
Si-submount. Furthermore, entire device stripes can be connected to the base substrate in a

similar way.

8 cani-Len-riipchip AR

Fig. 2.31: Top view of a Si-submount with interconnecting metallization (golden

area). The devices are going to be mounted on top of the rectangular-shaped bumps.
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Fig. 2.32: Side view of individualized InGaN/GaN LEDs flip-chip bonded to a Si-submount.

2.9.4 Laser-Induced Liftoff for Freestanding Violet Nitride-LEDs

The laser-induced delamination method was applied directly to flip-chip contacted devices
grown on sapphire. As the size of the devices is much smaller than the laser-shot area, a
single pulse is sufficient to remove the sapphire substrate, which is beneficial to guarantee the
structural integrity and the performance properties of the device. To optimize the light output
efficiency, the top side of the LEDs could be covered with an anti-reflective coating (ARC)

after the liftoff procedure.

Fig. 2.33: Sapphire substrate after laser liftoff of an InGaN/GaN LED with a laser
fluence of ~600 mJ/cm?. Sapphire pieces were dragged out with the GaN film.
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Like in the delamination of GaN wafers, an important aspect for an accurate laser
processing of the fragile GaN membranes is to achieve the best parameters to minimize the
structural and thermal stress during the short laser/target interaction. A good illustration of the
deleterious effect of excessive laser-power used in the delamination of GaN-based
heterostructures can be seen in Fig. 2.33.

The use of an epoxy support material is indispensable to absorb the mechanical impact
caused by the high power laser pulse on the thin film supported only by the contact bumps.
Fig. 2.34 shows the consequence of a single laser pulse for the delamination of a flip-chip
mounted LED (250 x 250 pm®) without any underfill material between the GaN device and
the Si-submount. Note that the applied power fluence of 300 mJ/cm® is the calibrated
threshold value for a “soft” GaN decomposition. Only the GaN film part supported by the

contact bumps remained intact.

Fig. 2.34: Destroyed flip-chip mounted InGaN/GaN LED on its contact pads after single

laser pulse irradiation with a power fluence of 300 mJ/cm’. No underfill material was

used to protect the device with a dimension of 250 x 250 um®.
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Obviously, the thin GaN films can not stand the thermoelastic stress during laser
delamination unless a submount or stiffener layer is fixed to the GaN surface to support the
film. As discussed in the former sections, depending on the GaN thickness and sample size,
different types of stiffening or underfill material can be successfully used for this purpose. For
the specific case of the 4 um thin flip-chip mounted LEDs a good underfill material was a
transparent thermoplastic adhesive. This adhesive has a very low viscosity at its melting point
of 120°C, which enables an easy and perfect filling (no enclosed air bubbles) of the region
between the device and the Si-submount. Furthermore, the residual adhesive remaining after
the sapphire liftoff can be quickly and completely removed with acetone.

The photographs in Fig. 2.35 give an overview of the necessary steps for the preparation
and the liftoff procedure of GaN-based LEDs. In Fig. 2.35 a), the flip-chip mounted LEDs are
still on the sapphire substrate. After the underfilling with hot adhesive and consecutive laser
liftoff, the sapphire is ejected and the residual adhesive surrounding the devices can be
observed in Fig. 2.35b). An acetone bath takes the protective underfilling away, leaving
suspended LED membranes connected only to the bond pads, shown by Fig. 2.35 ¢, d and e).
An interesting feature seen in Fig. 2.35 ¢) are the interference fringes formed due to the thin
air gap between half of the contact pad and the 3.8 um thick InGaN-LED above it. Interrupted
interference fringes would indicate that the membrane is fissured or cracked. Moreover, the
shape of these interference patterns with parallel lines or knots can show if the thin nitride
film is bowed or twisted, giving an indirect idea of the structural stress remaining in the film
after its delamination from the sapphire substrate. Most of the patterns observed are

surprisingly very similar to that of Fig. 2.35 ¢).
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free LEDs

Fig. 2.35: Preparation steps of free InGaN-LEDs: a) flip-chip mounted LEDs on the sapphire bar; b)
free-LEDs after laser induced liftoff with the protective underfill; c) close view of a LED after removal
of the residual wax with acetone; d) side view of the LED series on the contact pads; ¢) magnified side

view of one of the 3.8 um thin InGaN-LEDs. The distance of the LED to the Si-submount is 30 pm.

The (AlGaln)N LEDs were grown by low pressure metal-organic chemical vapour
deposition between 750°C and 1100°C on conventional (unpatterned) 2” sapphire substrates
[275]. The layer sequence consists of an 25 nm GaN nucleation layer followed by a 2000 nm
undoped GaN buffer, a 1500 nm thick GaN:Si n-contact layer, an InyGa,; <N single quantum
well (SQW) layer with a typical thickness of 2 nm, a 60 nm Aly;GagoN:Mg electron barrier,

and finally a 200 nm GaN:Mg p-contact layer. The Si and Mg doping levels are typically
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5% 10" cm-3 and 6 x 10" cm™, respectively. The mesa was defined by CAIBE etching. A

Ni(6 nm)Au(300 nm) metallization was used as a p-type contact while the n-type contact was
formed by a Ti(15 nm)AI(220 nm)Ni(40 nm)/Au(100 nm) metallization. The typical structure

of the (AlGaln)N LEDs and the corresponding band gap profile are shown in Fig. 2.36.

AlGaN

4/l ____——Ni/Au contact
' 2 TuAUNiAu  _GaN _ |_GaN _
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GaN:Mg Y InGaN
A AlGaN:Mg
GaNSi s v
: InGa — M

sapphire active layer _d 5

Fig. 2.36: Schematic view of a GaN/(InGa)N/(AlGa)N mesa-structure LED and its typical band
gap profile [275].

Depending on the In content of the active layer, the emission wavelength can be tuned
between 380 and 450 nm. Up to 3 mW optical power at 20 mA has been achieved in this

wavelength range as shown in Fig. 2.37.
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Fig. 2.37: Output-power versus current and power-efficiency versus current characteristics of an

encapsulated 5 mm radial size GalnN single QW LED emitting at 419 nm [275].
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Wafer stripes of 0.5 x 25 mm® containing a linear series of LEDs (Fig.2.35a) and
individually sawed LED devices like the ones shown in Fig. 2.32 with a device area of
250 x 250 pm” and a thickness of 3.8 um were prepared with the underfill adhesive for the
laser induced liftoff. The residual Ga on the exposed backside was etched away by HCI
vapour in 10 sec. After removing the protective adhesive with acetone, the free LEDs

are ready.
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Fig. 2.38: Electroluminescence spectra of an InGaN/GaN-LED before and after the
laser liftoff.

Electroluminescence and Current-Voltage measurements were performed to compare the
characteristics of the LEDs before and after sapphire removal. The electroluminescence light
was dispersed using a double grating spectrometer with focal length of 500 mm and detected

by a photomultiplier. The LED was biased with 4 mA in forward direction and no discernible
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alteration in light emission was observed after the liftoff process in comparison to the original
device still on sapphire, as demonstrated by the two spectra in Fig. 2.38. No measurable
wavelength shift or significant linewidth change occurred. According to this result the laser-
induced liftoff procedure with the chosen parameters does not cause degradation of the LED
devices. LEDs with different active area shapes were delaminated and can be seen in

operation in Fig. 2.39.

LED-membranes

.\,
u contacts p

Si-submount

Fig. 2.39: Free flip-chip mounted InGaN-LEDs in operation. Side views a) and b) show two devices
side by side without and with electrical bias; c) detailed side view of an operating LED, the light is
back-reflected by the Si-submount; d) frontside view of a violet LED with 250 x 150 um of active

area; e) frontside view of a violet LED with 250 x 250 pm of active area.
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2.9.5 Laser/Target Interaction

Using the liftoff technique we successfully and reproducibly could delaminate membranes
of blue/violet InGaN MQW LEDs from their sapphire substrate. An important aspect to be
considered here is the transient laser-target interaction. Principally, when working with thin
heterostructures like our 3.8 um thick LEDs, the laser irradiation and consequent temperature
increase and diffusion throughout the material should not adversely affect the device
properties. For irradiation intensities higher than 10’ W/cm® a high density of hot carriers will
be generated before the crystal lattice is considerably heated [276]. Thermal equilibration of
the colliding carriers occurs very fast within a time scale of 10"* sec and recombination
processes will take place within some nanoseconds [277][278], practically on the same
timescale as the short 6 ns Nd:YAG laser pulse. Indeed, the high energy flux density may
cause plasma formation at the irradiated surface. The following numerical calculations will
not consider phase changes or plasma generation during the laser shot. At the decomposition
temperature of GaN, metallic Ga will be left, increasing the local thermal conductivity, but on
the other side it will enhance the reflectivity and effectively diminish the light absorption at
the interface. A consequent decrease in the temperature gradient due to these transient effects
takes place. Nevertheless, this is not trivial to be modelled in detail and the simplified
approach used here is sufficient to provide relevant information of temperature profiles in
space and time for thin GaN film delamination.

A heat conduction analysis of the real case GaN/sapphire interface was numerically
performed for the Nd:YAG and an KrF excimer laser single pulse. The comparison with a
KrF excimer laser at 248 nm and 38 ns of pulse duration also used for GaN liftoff [279] is
made to simulate the effect of pulse length on the temperature distribution in the irradiated
region. The mathematical representation of heat conduction in Cartesian coordinates is given

by the heat diffusion equation:
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where « is the thermal conductivity, p the density and Cp the heat capacity of the medium.
The term ¢° represents the rate at which energy is generated per unit volume of the medium.
In our case it is the power density of the incident laser pulse that is absorbed by the GaN. The
light absorption of the sapphire substrate is negligible in the ultraviolet spectral range
(A £400 nm) [280]. The relevant coordinate for the time-dependant temperature solution of
the heat equation is the direction perpendicular to the GaN/sapphire interface. So, ¢° can be

written as:

g () =I,(t) (I-R) a ™ Eq. (2.4)

where I (t) is the incident laser energy density, R = 0.3 the reflectivity at the GaN surface
and o= 10° cm™ the absorption coefficient of GaN at the laser wavelength of A = 355 nm.
From Eq. (2.3) and (2.4) we get the one-dimensional heat equation for the case when heat

is generated by laser irradiation:

Eq. (2.5)

T 2 a-Re™ + — i[xa—Tj
ot pC, pC, Ox\ ox

To allow an accurate simulation of the laser interaction at the GaN/sapphire interface we
have used temperature dependent values of x and Cp from the literature. The curves for

sapphire and wurtzite GaN are shown in the Fig. 2.40 to Fig. 2.43:
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Fig. 2.40: Molar heat capacity of synthetic sapphire (a-Al,O3) from 10 to 2250 K [281].
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Fig. 2.41: Thermal conductivity of sapphire (a-Al,O;) along the c-axis [282].
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Fig. 2.42: Molar heat capacity of wurtzite GaN at constant pressure [283].
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Fig. 2.43: Thermal conductivity of wurtzite GaN along the c-axis [284][285].
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The volume change of sapphire and GaN from room temperature to 1500 K
(AV1300k/ V300k) 18 of the order of ~ 1073, Considering that the inherent experimental error in
the other physical quantities in the heat equation is much higher, we therefore assumed the
densities of GaN and Al,O3 to be temperature independent. The following values for p at

room temperature were used:

Psapphire = 3.904 x 107 mol/cm’

pGan = 7.288 x 107 mol/cm’

For the numerical solution of the heat equation we assumed x = 0 at the interface between
sapphire and GaN and x positive in the GaN region. To avoid singularities at x = 0, an arctan
function was chosen in the simulation to mathematically connect both materials, starting at

-5 nm in the sapphire and ending at 5 nm in the GaN film. The finite boundary conditions are:

T [x, 0] = 300 (room temperature in K);

T[-o0t] =T [0 t] = 300K = T/x, 0]

No phase changes occurs during the laser pulse, we are therefore looking for the threshold
laser power necessary to heat the GaN to it’s decomposition temperature of about 830°C. The
simulations were done with the Mathematica software version 4.1 for students. In Fig. 2.44
and Fig. 2.45 is shown the resulting temperature profile for a single pulse (6 ns, 300 mJ/cm®)

of a Nd:YAG laser and a single pulse of a KrF (38 ns, 600 mJ/cm?), respectively.
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Fig. 2.44: Simulated temperature profiles for a single 6 ns, 300 mJ/cm® pulse from a Nd:YAG
laser: a) three-dimensional view and b) bi-dimensional cut, in the depth axis the negative values

corresponds to the sapphire substrate.
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Fig. 2.45: Simulated temperature profiles for a single 38 ns, 600 mJ/cm’ pulse from a KrF laser: a)
three-dimensional view and b) bi-dimensional cut, in the depth axis the negative values

corresponds to the sapphire substrate
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The temperature rise, coupled with a large temperature gradient across the thickness of the
GaN film, occurs in a highly localized heated area that is within 100 nm below the irradiated
GaN/sapphire interface for the Nd:YAG laser and about 200 nm for the KrF laser. The
simulations showed that in order to raise the interface temperature to 1100 K a 300 mJ/cm?
pulse from a Nd:YAG laser is needed. The threshold power to reach the GaN decomposition
temperature in case of the KrF laser is about 600 mJ/cm”. This agrees with values from the
literature [286][287]. The big power difference between the two lasers can be explained by
the much larger pulse duration of the KrF laser, 38ns in comparison with the short 6 ns of the
Nd:YAG. More power per unit of time is needed to reach the decomposition temperature of
1100 K. The result is a much higher overheating of the GaN film far away from the interface
to sapphire.

As can be observed in Fig. 2.44 and Fig. 2.45, the short and less intense Nd:YAG pulse
causes a narrower temperature propagation peak. A non-negligible temperature rise of the
sapphire substrate during the laser irradiation is also found from the calculations. At 1 um
from the interface the temperature is around 400 K, for the KrF the value is higher than
600 K. Note that the depth scale limit is 1 um for the Nd:YAG and 2 um for the KrF laser.
Consequently, the Nd:YAG laser is less aggressive to the film, i.e. a deterioration of doping
and other characteristic properties is less probable. Furthermore, in case of wafer bonding the
temperature at the GaN to the bonding layer interface should not exceed 200°C to maintain
the maximum flexibility in choice of the bonding material and receptor substrate. This
information is relevant and should also be considered in the design of GaN-based devices to
be delaminated by laser induced liftoff. Nevertheless the characterization of the freestanding
flip-chip bonded LEDs shows that no measurable device degradation occurred showing the
large process latitude and flexibility of the simple laser-induced liftoff technique for

GaN-based technology.
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3 Homoepitaxy on Freestanding GaN Substrates

To fully explore the large application potential of group-Ill-nitrides, it is desirable to
employ epitaxial growth on lattice-matched substrates. Although relatively small bulk GaN
crystals can be reproducibly grown [288], large bulk single crystals of GaN for the fabrication
of epi-ready substrates are not commercially available. Therefore, at present all GaN-based
devices are deposited by heteroepitaxy, mostly on sapphire or silicon carbide substrates.
Sapphire has a relatively low cost and is the most commonly used substrate material for
optoelectronic devices because of its large band gap and good surface morphology for
epitaxial growth [79][289][290]. However, the mismatch in lattice constants and thermal
expansion coefficients between epitaxial layers of group-Ill-nitrides and the available
substrates gives rise to a high density of dislocations and strain, limiting e.g. the electron
mobility, doping efficiency and lifetime of devices [291][292].

The capability to produce superior material quality by homoepitaxial growth of GaN on
GaN bulk crystals or bulk-like substrates has already been demonstrated [253]. A reduction of
dislocation densities by six orders of magnitude, higher carrier mobilities and narrower
photoluminescence line widths in comparison to the usual heteroepitaxial growth are obtained
[217][218]. By homoepitaxy, two-dimensional step-flow growth of GaN can be achieved
without the need for additional deposition steps such as surface nitridation, thin low
temperature nucleation films, or thick buffer layers. Laser cavities can be fabricated with
cleaved facets [222] instead by time-consuming reactive ion etching processes, which also
produce defect states on the crystal surface. In addition, the GaN substrate can be doped n- or
p-type, providing significant simplification in device processing and circuit integration.

An alternative to bulk crystals are bulk-like thick GaN films produced by hydride vapour

phase epitaxy (HVPE) [162][293]. Recent developments in this technique have lead to a
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significant improvement of the structural quality and to large-area crack-free films. Such thick
GaN films (up to 2” in diameter and 300 um thickness) can be separated from the sapphire

substrate by the laser-induced liftoff process discussed in the previous chapter.

3.1 Preparation of Freestanding GaN Films for Homoepitaxy

The surface morphology of thick HVPE-GaN films grown by ATMI and used in this work
was macroscopically characterized by optical microscopy and surface profiling.
Complementary, the microscopic shape of the surface was measured with AFM. The typical
surface morphology can be observed in the AFM image in Fig. 3.1, with a rms roughness of
0.4 nm. Dislocation densities between 8 x 10° and 5 x 10’ cm™ were estimated from the
localized pin-hole concentration at the surface (black spots in the AFM image in Fig. 3.1) and
are in range of the values published by Vaudo et al. [227]. However, on a larger scale, the
Ga-face GaN growth surface exhibits hexagonal pyramids with diameters of several 10 um

and a height of 1 pm as shown in the left image in Fig. 3.1.
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Fig. 3.1: As grown Ga-face surface of a thick HVPE-GaN film. On the left an optical micrograph
with underlying surface profile is shown. The AFM image on the right presents the very smooth
surface on a micrometric scale (rms = 0.4 nm). The maximum peak-to-valley amplitude is 1 nm.

The circles mark isolated dislocations (pin-hole depth < 5 nm).
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Some samples also exhibited characteristic surface voids at the as-grown side, shown in
Fig. 3.2. These large volume crystal defects are mostly localized at the borders of the 2”
HVPE-GaN wafers, caused probably by a deviation from the optimal growth conditions

combined with the fast growth rates of 100 um/h and higher. The voids are obviously

detrimental for homoepitaxial overgrowth and have to be removed by lapping.

Fig. 3.2: Typical large scale defect found at the Ga-face surface of thick HVPE-GaN samples. The
voids can reach a diameter of 100 um and a depth of 50 um as shown in the side view on the left
image. From the top views it is possible to recognize the hexagonal geometry, despite of its almost

perfect circular shape.

Also in a collaboration with the group of Prof B. Monemar of the Linkdping University in
Sweden, thick HVPE-GaN were delaminated by laser liftoff from the sapphire substrate for
further characterization. The GaN structure was examined by low-temperature
cathodoluminescence (CL) imaging applied to a cleaved sample cross-section [294]. Fig. 3.3
represents a cathode CL-panchromatic image of the freestanding HVPE-GaN. The brightness
profile was inverted here to provide a better contrast between the regions. Three different
structural areas in the GaN material structure can be identified, which are characteristic of the
GaN growth without buffer layers and at high growth rates. The first one is a highly defective
non-radiative nucleation layer with a thickness of about 1 um, zone (A) in Fig. 3.3. The
second one is a columnar bright emission region, zone (B) in Fig. 3.3. Some of these columns
are protruding up to the Ga-face, but most of them stop very abruptly, as the CL-contrast

shows.
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Fig. 3.3: Panchromatic cathodoluminescence image of a HVPE-GaN cross-section. The
negative view of the original CL-image is shown to provide better contrast. Zone notation:

(A) nucleation layer; (B) intermediate highly defective GaN; (C) high quality GaN.

This CL-feature is typical for high quality thick HVPE-GaN samples. When the width of
the columnar area is thick enough to overcome the lattice and thermal expansion coefficients
mismatch, a high quality crystalline zone (C) starts to grow. The material near the
sapphire (B) has larger PL linewidths and brighter CL-emission presumably due to high

oxygen content stemming from the sapphire substrate [294].

Fig. 3.4: SEM images of the N-face side of a HVPE-GaN sample after laser liftoff for

sapphire removal: a) view with amplification of 3.5 K; b) amplification of 18 K.
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The effect of laser-induced decomposition on the N-face surface morphology of GaN after
delamination from the sapphire substrate can be observed in the SEM images in Fig. 3.4. The
regular shape shows small grain formation with a size of ~2 um, due to GaN decomposition,
yielding rms roughness of about 3 um.

To produce freestanding GaN pseudo-substrates with adequate surface characteristics for
further epitaxial overgrowth, a lapping and fine-polishing procedure was developed for the
delaminated GaN films [295]. The freestanding substrates offer the possibility of growth on
both side, which have opposite crystal polarity, Ga-face (0001) and N-face (000 1). Crystal
polarity plays an important role in GaN epitaxy and processing, strongly influencing the
growth morphology and chemical stability [296-298]. The N-face is chemically more reactive
and can be easily etched or polished with KOH or NaOH, whereas the Ga-face is very stable,
making a chemo-mechanical fine polishing more difficult.

After each polishing step, the surface morphology was inspected with surface profiling
and optical and atomic force microscopy to check the progress of the procedure. A
planarization step was introduced to get rid of residual sample bowing after laser liftoff by
using a diamond lapping pad with grain size of 40 um. Afterwards, a polishing sequence
under controlled pressure of about 2 kg/cm? was performed on hard cloth pads with diamond
paste and grain sizes of 15, 7, 3 and 0.25 um for approximately 10 minutes per step. The last
step when preparing the Ga-face was a long mechanical polish with a special fine polishing
solution (grain size of 0.04 um). For the N-face, a chemical polish with a 1:10 KOH : H,O
solution was applied to reach the final surface smoothness. The rms roughness, as measured
by AFM, is of the order of 1 nm for N-face and 2.2 nm for Ga-face surfaces with peak to
valley amplitudes smaller than 10 nm at surface scratches (Fig. 3.5). An additional chemo-
mechanical polishing step to remove the subsurface region damaged by the aggressive

mechanical polishing was found to be inefficient for Ga-face surfaces. For this purpose,
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methods with chemical assisted ion beam etching (CAIBE) or reactive ion etching (RIE) have
been investigated [256][299].

In this work, the mechanical treatment was followed by reactive ion etching with BCls,
upon which the average surface roughness did not change substantially. As confirmed by
photoluminescence (PL) measurements, an electronic quality similar to the unpolished GaN

could be recovered.

y (um)
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Fig. 3.5: The left AFM image shows the surface of N-face HVPE-GaN after chemo-mechanical
fine polishing. No scratches are left. The maximum peak-to-valley amplitude is 6 nm. On the right
AFM image the chemically stable Ga-face is shown after mechanical polishing. The scratches
have a maximum peak-to-valley amplitude of 15 nm and result from the polishing procedure using

diamond paste with different grain sizes.

In Fig. 3.6 the photoluminescence response is used as a quality parameter to evaluate the
effect of different substrate preparation methods of the HVPE-GaN Ga-face surface after
mechanical polishing. The peaks in Fig. 3.6 and Fig. 3.8 were identified as the free-exciton

recombinations (X4) and (X3), the neutral donor or acceptor bound-exciton transition

(D)-X) and (A°-X), respectively, and the donor or acceptor bounded exciton

transitions (BE). A detailed description of the PL peak distribution will be presented later in
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this chapter. Compared to the as grown sample, a strong decrease of the PL intensity is caused
by mechanical polishing. The GaN surface is almost electronically dead, clearly showing the
crystal degradation. To get rid of this damaged surface region, HVPE-GaN pieces were
plasma etched with BCI; and laser ablation with a Nd:YAG laser until about 2 um of GaN

was removed.
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Fig. 3.6: Optical characterization of freestanding Ga-face HVPE-GaN samples with different

surface preparation after mechanical polishing and compared to untreated GaN.

The photoluminescence spectra in Fig. 3.6 show a partial restoration of the luminescence
activity for the etched films. Despite of the improvement of the PL intensity, the broader
spectrum linewidth clearly shows that the laser ablation left a partially damaged crystalline
region, probably due to N- and Ga-vacancies generated during the explosive GaN

decomposition.
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Fig. 3.7: C—V electron concentration profile (N¢y) vs depth (z¢y) of a 300 um thick HVPE-GaN

sample, measured at the Ga-face.

The electrical properties of the HVPE-GaN pseudo-substrates were determined by Hall
effect and capacitance-voltage (C-V)-profiling measurements [297]. The free electron
concentration and mobility of the freestanding GaN substrates at room temperature were
measured as 8 x 10> cm™ and 350 cm?/Vs, respectively. A typical C-V-profile is depicted

in Fig. 3.7.

3.2 Homoepitaxy on Freestanding HVPE-GaN Substrates

To investigate the effect of the different surface preparation procedures on homoepitaxial
films, the samples described above were overgrown with GaN. The MOCVD-system was
used to simultaneously deposit 1 um of GaN on top of three HVPE-GaN samples with laser

ablated, plasma etched, and as polished Ga-face surfaces.
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Fig. 3.8: Comparison of photoluminescence intensity of homoepitaxially
overgrown GaN substrate s with different surface preparation stages after

mechanical polishing of the Ga-face surface.

The optical response measured by photoluminescence shown in Fig. 3.8 again confirms
the largely varying quality of the films. The weak peak of the film deposited on the
as-polished GaN substrate indicates clearly the importance of a defect-free substrate surface
for the overgrowth. The removal of the damaged region with laser ablation gives rise to a very
strong BE peak in Fig. 3.8. The integrated peak intensity is of the same order of magnitude as
of the as-grown HVPE-GaN film in Fig. 3.6. Nevertheless, the defects generated during GaN
laser decomposition completely dominate the PL response, giving rise to the broad BE
emission in the MOCD-GaN layer. More satisfactory is the effect of plasma etching with
BCl; to remove the defective region caused by mechanical polishing. The PL peak intensity

and shape shown in Fig. 3.8 proves that the original good crystalline surface quality was
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recovered by plasma etching of the polished GaN substrate. Therefore, this procedure was
adopted as the standard preparation technique for HVPE-GaN freestanding substrates and

optimized to improve the quality of homoepitaxial films.

Fig. 3.9: Surface morphologies of MOCVD-GaN films grown on HVPE-GaN substrates: a) on
chemo-mechanically polished N-face, b) on roughly mechanically polished Ga-face, and c) on

unpolished Ga-face substrate.

The surface morphology of the overgrown Ga and N-face HVPE-GaN samples is shown
in Fig. 3.9. The MOCVD growth was performed at 1030°C after cleaning the samples with
organic solvents. In Fig. 3.9 a), the N-face surface developed a pyramidal three-dimensional
morphology, which is typical for GaN heteroepitaxy on sapphire without a nucleation layer.
For several MOCVD growth runs it was found that the N-face polarity of GaN did not
produce a smooth surface, contrary to the Ga-face substrate, showing the strong influence of
polarity in the GaN film characteristics [300]. In the Ga-face case (Fig. 3.9 b), a relatively
smooth surface with still visible polishing lines was produced. These lines acted as
preferential nucleation sites for the GaN overgrowth. In Fig. 3.9 ¢), a surface micrograph of
GaN deposited on unpolished Ga-face HVPE-GaN is presented. The initial surface structure
of the substrate (see Fig. 3.1) prevented the planarization of the final GaN film, giving rise to

circular structural features, which indicate some kind of two-dimensional growth in MOCVD.
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These results demonstrate the importance of a very smooth initial surface to achieve a smooth

two-dimensional overgrowth.
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Fig. 3.10: Photoluminescence spectra of homoepitaxial GaN on HVPE-GaN
substrates and on MOCVD-GaN template. The upper spectrum shows the PL

response of the HVPE-substrate prior to overgrowth.

The improvement of the crystal quality due to homoepitaxy on high-quality GaN pseudo-
substrates is clearly confirmed by PL measurements as shown in Fig. 3.10. A MOCVD-GaN
template of 1 pm thickness, previously deposited on sapphire with a 50 nm AIN nucleation
layer was overgrown together with the HVPE-GaN freestanding substrate to allow a direct

comparison. The excitonic PL emission of the GaN/HVPE-GaN sample is similar to the

original HVPE-GaN substrate, besides the (4°-X) peak at 3.468 eV. Furthermore, the

excitonic emission is about 10 times sharper than the BE emission of the GaN/MOCVD-GaN
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sample, showing the significant quality enhancement obtained for the same growth
conditions.

An optimization of the preparation of freestanding HVPE-GaN substrates and
homoepitaxial growth by MOCVD resulted in the production of state of the art GaN films
with excellent structural, optical, and electrical characteristics [231], fulfilling many of the
requirements necessary for the development of devices with high performance.

Homoepitaxy was carried out at 100 mbar in a MOCVD quartz reactor with V/III ratio of
40,000. An annealing of the 300 um thick HVPE-GaN substrate was performed at 800°C
under a flow of 2 slm of nitrogen and hydrogen (N, /H,;=1) for 10 min. Then NH; was
added to the transport gases and the temperature rose to 1050°C within a time period of 5 min.
A 2 um thick epitaxial GaN film was grown on the Ga-face side of the substrate with a

growth rate of 600 nm/h.

0.25

0 025 050 0.75 1.00
X (um) X (1m)

Fig. 3.11: AFM images of homoepitaxial GaN grown by MOCVD. On the left: growth on prepared
HVPE-GaN substrate (rms = 0.2 nm). The maximum peak-to-valley amplitude is 0.8 nm. The circles
mark isolated dislocations (pin-hole depth < 3 nm). On the right: growth on MOCVD-GaN template

(rms = 0.3 nm). The maximum peak-to-valley amplitude is 1.5 nm and the pin-hole depth < 6 nm.

The outstanding surface morphology of the homoepitaxial film grown on a carefully

prepared freestanding HVPE-GaN substrate can be seen from the left AFM image in
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Fig. 3.11. In a transverse cross section it is possible to identify bilayer steps with terraces of
about 200 nm width. Compared to an in-situ overgrown MOCVD-GaN sapphire based
template, the estimated dislocation density is reduced by almost three orders of magnitude.
The calculation of the dislocation density of 2 x 10”7 cm™ was based on a series of AFM
micrographs and is in agreement with the dislocation density determined for the original

HVPE-GaN substrate.

3.3 Structural Characterization of Homoepitaxial GaN

High resolution X-ray diffraction (HRXRD) measurements were performed to check the

structural quality, strain and mismatch between the GaN substrate and the epitaxial layer.
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Fig. 3.12: HRXRD of GaN grown on the Ga-face of a 300 um thick HVPE-GaN substrate.
20-0 FWHM is 17 arcsec at the (0002) reflection (XRD-system resolution: 12 arcsec). The

corresponding FWHM of the rocking curve is 155 arcsec.
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In Fig. 3.12, 20-w scans of the (0002), (0004) and (0006) reflections are compared,
showing a FHWM as small as 17 arcsec. From the high dispersion (0006) diffraction peak
and reciprocal space maps of the (205) reflection, the maximum lattice mismatch between
substrate and homoepitaxial GaN film can be estimated to Aa/a =3 x 10”. In rocking curve
measurements, single symmetrical peaks of the (0002) and (205) reflections with FWHMs
of 155 arcsec were observed. The FWHM of the rocking curves is limited by a residual small
curvature of the freestanding GaN substrate due to the remaining biaxial compressive strain
after laser delamination (section 3.7). From the reciprocal space map measured at the
asymmetrical (205) diffraction peak, an in-plane compressive strain as low as 1.9 x 10 was
calculated, indicating that the thick freestanding HVPE-GaN substrate is almost completely
relaxed.

Complementary to optical analysis of the homoepitaxial GaN film performed by
photoluminescence measurements, the good structural quality is confirmed by sharp optical
phonon lines measured with micro-Raman spectroscopy at low temperature as shown in
Fig. 3.13. The measurements were performed in backscattering configuration, with the laser
beam along the c-axis of the wurtzite structure (z-direction). A microscope objective was
employed to focus the 514.5 nm argon laser line on the sample surface to a spot size of about
2 um, with a power density of the order of 10° W/cm®. Only the allowed E; (high energy) and
A(LO) modes [301] were detected at 568 cm™ and 735 cm™, respectively. The high energy
E, phonon mode possesses a comparatively large strain coefficient, rendering both mode
frequencies suitable to provide an estimate of the material strain [302].

The peak positioning obtained is consistent with data reported for pressure-dependent
Raman scattering measurements for 50 um thick freestanding GaN films, which are the most
precise reference values for unstrained GaN material so far [303]. Thus, the micro-Raman
scattering results confirm the conclusions from XRD that the freestanding GaN is practically

strain-free.
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Fig.3.13: Raman spectroscopy of homoepitaxial GaN grown on

freestanding HVPE-GaN substrate.

3.4 Optical and Electrical Characterization of Homoepitaxial GaN

To evaluate the electronic quality of the homoepitaxial GaN layer, radiative excitonic
recombination was measured by PL at 4.3 K (Fig. 3.14). The excitation source was the
333.6 nm emission line of an argon laser which was focused by a microscope objective to a
spot of 25 um diameter on top of the sample. The photoluminescence light was dispersed
using a triple-grating spectrometer with a focal length of 800 mm and was detected by a LN,
cooled CCD camera. With this setup, the energy resolution at 3.5 ¢V is better than 1 cm™

or 120 peV.
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The detected transitions are typical for a nominally undoped GaN film with residual
impurities. The high optical quality of the GaN film is confirmed by the presence of well
resolved free-excitonic recombination peaks [304] X, X3, and the excited n=2 state of X, at

3.480, 3.486, and 3.500 eV, respectively. The spectra are dominated by the neutral donor

bound-exciton transition (D) —X) at 3.474 eV with a FWHM of 550 peV. More visible lines

are the neutral acceptor bound-exciton (4°—X) at 3.469 eV, the neutral donor bound-exciton

(D)-X) at 3.478 ¢V, and the so-called “two-electron” transition (D)—X),—, emerging at

3.453 eV, when the donor is left in an excited 2s-like state [305].
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Fig. 3.14: Low temperature PL spectra of an optimized GaN epitaxial film on a

freestanding HVPE-GaN substrate.

On the low energy side of the spectra in Fig. 3.14, in the GaN substrate small bands

emerges at 3.384 eV and 3.391 eV, which are correlated with the LO phonon replica of the
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free-exciton line and to acceptor bound-exciton transition, respectively. A strong broad band
centered at 3.403 eV (FWHM = 19 meV) in the homoepitaxial GaN film appears as a result of
the overlapping of several LO-phonon replica associated with the free and bound-exciton
transitions. In these cases, the exciton decays with the generation of one longitudinal-optical
phonon. A donor-acceptor (D-A) transition can be excluded in this energy range, as the typical
donor and acceptor ionization energies are about 30 and 100 meV, respectively. Furthermore,
no energy shift was observed in PL measurements with different excitation powers,
confirming the LO-phonon replica assumption. Such an excitation power dependence towards
higher energies is expected for a (D-4) recombination due to the Coulomb interaction
between the charged donors and acceptors.

The above peak identification was based on the excitation and thermal power
dependencies of the PL lines. The spectra were analyzed using a multi-Gaussian fit procedure
in order to obtain an accurate determination of the PL energy and relative intensity of the
individual peaks. Besides thermal energy, impurities, disorder, and defects in the crystal
lattice cause broadening of the free-exciton recombination peaks compared to the narrower
bound-exciton transitions, due to exciton localization at these centers [305]. For
homoepitaxial GaN films grown by MOCVD and MBE on high pressure synthesized bulk
GaN substrates, similar linewidths were reported [306][307]. However, the energy positions
of the donor bound-exciton transition for those samples, 3.469 and 3.471 eV, are shifted
indicating different residual strain. This difference compared to films grown on HVPE-GaN
substrates could be caused by the ten times larger lattice constant mismatch of Aa/a =2 x 10

between the homoepitaxial GaN film and the bulk substrate, due to the significantly higher

3 3

residual carrier concentrations in bulk GaN, of the order of 10" cm” , compared to ~10"7 cm
for the epitaxial layer [306-308].
To obtain further information on the origin of the PL lines Fig. 3.15 shows the PL

spectrum of the homoepitaxial GaN film on freestanding HVPE substrates for various
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excitation intensities. The excitonic character of the transitions is confirmed by the absence of
an energy shift with variation of the excitation intensity. The integrated intensities for each
transition increase nonlinearly with the excitation power. According to Schmidt et al. [309],
the dependence of luminescence intensity / on the excitation power P can be described by a
power law, [ «c P k. Since the rate of exciton formation depends on the product of the electron
and hole densities, the exciton PL intensity is expected to be superlinear in excitation power.
For excitation laser light with 4 v exceeding the energy gap Es of the semiconductor, the
coefficient k is generally 1 <k <2 for the free and bound-exciton emission and k£ <1 for free
electron/hole to donor/acceptor center and donor-acceptor pair recombination. In Fig. 3.15,

the excitation power was varied by three decades. All lines had an exponent k> 1.4,

confirming the excitonic nature of the observed transitions.
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Fig. 3.15: Dependence of the PL emission on the excitation power for

homoepitaxial GaN.
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Complementary to the excitation power dependence of the PL spectra, the thermal
behavior of the PL lines in Fig. 3.16 shows a significant change with increasing temperature
in the range from 5 to 55 K [305]. The 3™ order Raman scattering of the optical phonon,
34,(LO) is resonant at the employed excitation energy and is overlapping the PL signal at
3.442 eV. This peak can be clearly observed at temperatures above 35 K, contrasting with the
quenching behavior of the PL lines. Other Raman-modes were not identified in the performed

PL measurements, but are probably hidden under the excitonic transition peaks.
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Fig. 3.16: Temperature dependence of the PL emission for homoepitaxial GaN. The 3™
order Raman scattering of the optical phonon, 34,;(L0O), emerges at 3.442 eV.

The higher energy levels X and X3 broaden and become relatively stronger, turning into
the dominant recombination processes above T = 50 K. This is consistent with a free-exciton

nature. Quenching due to thermal dissociation can be observed for the bound-exciton

recombination peaks (D) -X), (Dy—X), (DJ—X) -2, and (A4’—X). The dominant shift in
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the exciton peak positions is in agreement with the band gap shrinkage of wurtzite GaN [310],

except for an energy offset due to different residual strain.

The Arrhenius plots in Fig. 3.17 show the Naperian logarithm of the integrated intensity

and

the corresponding activation energies for the free-exciton transition (X,) and the neutral

donor bound-exciton transition (D?—X) of Fig. 3.16 in the temperature range from 5 to 75 K.
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Fig. 3.17: Integrated peak intensity versus //kpT for the free-exciton (X,) and the neutral donor

bound-exciton transition (Dg -X).

The data was analyzed using the well-known thermal activation relation proposed by

Bimberg et al. [311]:

A

I= |
1+Y B et/ fs T

Eq. 3.1)

The constants B; are related to the high-temperature nonradiative lifetime characteristic of

each recombination channel. The fitting parameters for X, and (Dj—X) are summarized in

Tab. 3.1 and the solid curves shown in Fig. 3.17 represent the corresponding fit.

Transition E; (meV) Ej (meV) Ej (meV) B B, B; A
Xy 1.8 — 24.7 1.0 — 1600 2.3
(Dg -X) 1.4 7.2 25.6 5.1 244.5 1600 41.6

Tab. 3.1: Fitting parameters including the activation energies and prefactors according to Eq. (3.1).
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At low temperatures up to 35 K, the intensity remains almost constant, with a very low
activation energy E! . At higher temperatures, a rapid quenching is observed, indicating the
thermal dissociation of the excitons. By adding the X, exciton binding energy of
Ex=247meV calculated from the Arrhenius plot in Fig.3.17 to the PL peak position
centered at 3.4810eV, we obtain a band gap energy of 3.5057 eV for the strain-free
homoepitaxial GaN at 4.3 K. The energy required to remove the bound exciton from the

neutral donor, the exciton localization energy (Ezx), can be deduced from the difference of the

free A exciton (vy,) and donor bound-exciton (kv(p{ -x)) energies, as follows:

hV(Dg—X) = EG—Ex—Epxy = hvy,— Epx . Eq. (3.2)

The obtained value of Epy=6.5 meV agrees within experimental accuracy with the
activation energy of £ =7.2 meV obtained in the second region of the donor bound exciton
thermal quenching, as expected for thermal exciton dissociation from the donor. The

corresponding free-exciton dissociation occurs with an activation energy E] =25.6 meV.

The excited state transition (Dg —X) ,=> can be used to obtain information about the neutral
donor binding energy, Ep. In this so-called “two-electron” transition, after the electron-hole
excitonic recombination of the bound exciton, the neutral donor can either return to the
ground state (n = /) or absorb energy from the exciton to excite the donor electron in to an

excited state (n = 2). The transition energy for the later case can be expressed as:
hvip!-x),_, = Ec—Ex —Epx —AE= hv(p)-x) — AE, Eq. (3.3)

where AE is the energy necessary to bring the donor into its first excited state. Assuming

the energy level sequence of a hydrogen atom:

1 1 1 1 3
AE=E,| —-—|=E,| 5—-——|=—E,, Eq. (3.4
D[l’lj nlg] D[]g 22} 4 D q( )



136 3 Homoepitaxy on Free-Standing GaN Substrates

a donor ionization energy of Ey=28.6 meV can be derived from Eq. (3.3). Such a donor
ionization energy has been attributed to Si atoms on Ga sites [312]. Our value is slightly
lower than the 31.7 meV obtained by Volm et al. [313], but is very close to the 29 meV in a
moderately doped sample determined by Wang ef al. [314]. Considering the respective
uncertainties in the determination of these values in the published experiments, the obtained
value of 28.6 meV for the ionization energy of the Si donor is a good compromise.

With the ionization energy of the residual donor it is possible to evaluate, as well, the
electron and hole effective masses characteristic for high-quality GaN. The effective mass
equation for hydrogenic states can be applied, despite of the anisotropy of the reduced
effective masses and the dielectric constant in wurtzite GaN, a hexagonal crystal with axial
symmetry. It has been demonstrated that, to a good approximation, the isotropic reduced
masses and dielectric constant are still valid approaches [315]. In the effective mass
approximation, the donor impurity induces a shallow hydrogenic state relative to the bottom

of the conduction band with a binding energy given by:

4
_ mge _meRH

- 2 2 2
2h” ¢, m,¢g,

Eq. (3.5)

D

where Rpy=13.606eV is the Rydberg constant and the electron rest mass
my=9.108 x 10" kg. With the dielectric constant of GaN &) = 9.5 [316] the effective electron
mass is estimated to m, = 0.19 my, close to the value of m,=0.20 m, obtained by electron
cyclotron resonance experiments in MOVPE-GaN [317]. The effective hole mass m,, can be

derived from the free A exciton binding energy:

4 R -1
E =H¢ - T [i+ij . Eq. (3.6)

- 2 2 2
2n7 e, mye, \m, m,

The calculated effective hole mass of m;, = 1.19 m, again is in very good agreement with

the value of mj;=1.20 my evaluated experimentally by PL and two-photon spectroscopy
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[318], as well as by first-principles calculations [319]. Finally, the high quality of the

homoepitaxial GaN and the good spectral resolution used in our PL experiments allowed the

clear observation of two distinct donor bound-exciton transitions (D!-X) and

(DJ—X)separated by approximately 4 meV. These transitions could result from two

independent donor bound-exciton lines due to the coexistence of two shallow donors.
Alternative mechanisms are excited states of either the donor or the exciton. The observation
of donor excited states is improbable, since the energy separation should be 3/4 of the donor
ionization energy, Ep = 28.6 meV, which is too large to explain the observed shift of 4 meV.
Similarly, an excited state of the neutral donor bound exciton would also be 3/4 of the binding
energy in the effective mass approximation. With the binding energy of 25.8 meV, the first
excited state should appear around 20 meV above the ground state. The possibility that the
two lines originate from donor bound excitons relating to A and B valence bands can be
excluded because their energy separation is also larger than 4 meV [306]. According to the
presented arguments, we finally labeled the two transitions at 3.474 and 3.478 eV shown in

Fig. 3.14 as resulting from two different residual donors. The donor centers responsible for

the (DJ—X) transitions could be assigned to Si, as mentioned, but further investigation is
necessary to identify the second donor accounted to the (D) —X) recombination channel.

Hall effect measurements yielded a free carrier concentration of 5 x 10'®cm™ and
Wian = 310 cm?/Vs at room temperature; at 77 K the mobility was of the order of
1200 cm*/Vs. These results confirm that residual donor incorporation occurred during
MOCVD growth.

In conclusion, freestanding high quality GaN substrates as large as 2” in diameter,
obtained by applying the laser-induced liftoff process to GaN HVPE, are suitable as substrates
for nitride homoepitaxy after careful preparation of the Ga-face surface. This was confirmed

by the homoepitaxial growth of 2 um thick GaN films by MOCVD. As observed by AFM and
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HRXRD measurements, lattice-matched samples were grown with dislocation densities and
surface roughnesses of about 10’ cm™ and 0.2 nm, respectively. The good electronic quality
of the samples was confirmed by PL and Raman spectroscopy. In combination with the good
electrical characteristics, these results establish freestanding HVPE-GaN films as attractive
substrates for the fabrication of GaN-based devices.

Motivated by these results using the laser induced liftoff technique, some companies are
incorporating this technology for the large scale production of freestanding GaN substrates.
The Samsung Corporation is already planning the commercialization of GaN substrates
developed by laser delamination and subsequent polishing to support the market of

GaN-based devices.
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4 AIN Heteroepitaxy on Diamond for Ultraviolet Light Emission

Among the different materials for light emission, strong progress has been made in III-N
semiconductors. After the realization of high brightness InGaN-based quantum well LEDs
with emission wavelength from the near ultraviolet (UV) to the green [320], there has been a
growing interest in pursuing emitters with wavelengths in the deep UV spectral range (200 to
360 nm). The intense attention in deep UV emitters is due to a large number of potential
applications. For instance, UV-LEDs can be coated with three-band phosphor (emitting red,
green and blue light) to produce white light. Such LEDs may also be used to excite biological
molecules that contain chemical bonds with strong optical transitions within the UV spectral
region. Similarly, high-density optical storage devices, lithography instruments and chemical
processes in both medical applications and waste processing take advantage of the short
wavelength of UV radiation. In this chapter we discuss the feasibility of producing UV-light

emitting diodes based on nitride heteroepitaxy on single crystalline diamond substrates.

4.1 Nitrides on Diamond: the Doping Issue

Nitride-based LEDs with emission below 360 nm require the use of the ternary AlGaN in
the active region and the contact layers. The band structure of AlGaN is direct in the whole Al
range and the band gap can be tailored from 3.4 eV (GaN) to 6.2 eV (AIN), i.e., from 365 nm
to 200 nm. Various groups have reported the continuous improvement of wavelength and
performance for AlGaN-based quantum well UV emitters [321-326]. The incorporation of
indium into AlGaN active layers gave rise to an improvement of the optical emission
efficiency of LEDs compared to AlGaN-based devices [327][328]. Very promising

AllnGaN-based UV emitters were reported recently [329][330]. All these encouraging results
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suggest that the success of nitride LEDs in the visible spectra may also be repeated in the

deep UV spectral range.
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Fig. 4.1: Conductivity and activation energy of Si doped PIMBE-AlGaN films at different Al-

contents. The results from Korakakis ef al. at of low Al-content are plotted for comparison [331].

The deeper the UV emission, the higher the Al-content required for the quantum well
active region. In addition, the Al-content required for the n- and p-type contact layers is even
larger than that of the active region. Thus, an important point for nitride-based UV LEDs is a
sufficiently high conductivity of the AIGaN contact layers. This is not a trivial problem for Al
contents exceeding 30 % [332]. Indeed, using advanced deposition techniques, AlGaN
epitaxial layers on Al,O3 or SiC with good structural quality can now be obtained over the
entire compositional range [333][334], and efficient n-type doping of AlGaN with Si has been
demonstrated as well [335]. Fig. 4.1 shows the Al-content dependence of the room
temperature dark conductivity and conductivity activation energy of Si:AlyGa; (N films
grown by plasma induced molecular beam epitaxy (PIMBE). The donor ionization energy
increases from 20 meV (GaN) to 320 meV (AIN) for a fixed Si concentration of 5 x 10" cm™.

An electron concentration of 10'® cm™ and a mobility of 5 cm?/Vs were determined by Hall
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effect measurements at 500 K. However, a decrease by almost six orders of magnitude is
observed for the AlGaN conductivity at room temperature with increasing Al content. This is
caused by the increase of the donor activation energy with the Al-content together with a
strong decrease (two orders of magnitude) in the carrier mobility compared to GaN.
Consequently, for AlGaN-based heterodiodes, an optimization of the Si doping efficiency is
required to reduce the serial resistance of AlGaN films with high Al-content. Unfortunately,
p-type doping of AlGaN with high Al content so far has been not successful, therefore
limiting the range of applications.

The electrical characteristics of the nitride-based UV-LEDs are also dependent on the two
most common substrates used, namely sapphire and silicon carbide. In the case of the
insulating sapphire substrates, a coplanar contact geometry is required. This results in higher
series resistances and excessive heating of the device during operation. In addition, the heat
generated can not be dissipated effectively due to the poor thermal conductivity of sapphire,
thus further degrading device performance. In contrast, SiC can overcome these difficulties.
Conducting SiC wafers allow vertical current flow design with lower series resistances, and
the excellent thermal conductivity of SiC provides good heat sinking. Unfortunately, the
emission efficiency of UV LEDs on SiC is significantly reduced because the substrate absorbs
light with a wavelength below 360 nm. Therefore, the fact that sapphire remains transparent
down to 200 nm might make it the preferred substrate material for nitride-based deep
UV-LEDs. However, the use of sapphire requires additional technological steps, such as
interdigitated finger geometry and flip-chip packaging, to enhance the performance of the
devices [329]. An obvious alternative for the production of light emitting devices in the UV
spectral range is given by GaN-based epitaxy on AIN due to its wide band gap of 6.2 eV, as
far as AIN substrates with high epitaxial quality are commercially available (see section 1.7).

Although very rarely found in nature, IIb diamonds are natural p-type semiconductors due

to the presence of substitutional boron. In 1971 Collins identified boron as the impurity
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responsible for the hole conductivity [336]. For this reason, boron was also used in doping
experiments of artificial p-type diamond. Substitutional boron is an acceptor with an
ionization energy of 370 meV: p-type doping can be obtained by the high pressure-high
temperature (HPHT) technique (see section 1.9), ion implantation followed by proper
annealing [337], or by CVD with diborane (B,Hg) as the dopant source. At present,
homoepitaxial growth using microwave-plasma assisted CVD and B,Hs in the gas phase
produce high quality doped diamond films with acceptor concentrations between 10" cm™
and 10*' cm™ and hole mobilities up to 1840 cm?/Vs at room temperature for the lowest boron

concentration [338-340].
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Fig. 4.2: Dependence of the dark conductivity on the boron concentration in diamond [340-342].

Due to the high ionization energy of the boron acceptors, for boron concentrations well
below the Mott density only a small fraction (~0.2%) of them is ionized at room
temperature. For all natural and synthetic material, partial compensation by deep donors,
especially by nitrogen, seems to be unavoidable and plays an important role. Therefore,

nearest neighbor hopping and impurity band conduction are more prominent than in other
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semiconductors. For boron concentrations of up to the mid 10" cm™ in Fig. 4.2, the
conductivity follows conventional valence-band conduction with o o [B] uy with the boron
concentration /B]. Also in this doping range, the apparent thermal activation energy equals
the ionization energy 370 meV determined by optical experiments.

The metal-insulator transition (Mott transition) is expected for dopant concentrations
~2 x 10 cm™ [341]. Therefore, for higher boron concentrations the conductivity activation
energy is reduced and vanishes for /B] ~ 2 x 10%° cm™. The region between metallic and band
conduction in Fig. 4.2 is characterized by hopping conduction between occupied and
unoccupied acceptor sites. Such a conductivity mechanism has been observed at low
temperatures in partially compensated silicon and germanium, but becomes important for
diamond with its relatively deep boron acceptor already at room temperature for samples with
an effective carrier concentration of /N, - NpJ > 10" cm™ [342][343]. Typical concentrations
of compensating deep nitrogen donors in CVD grown layers are in the range of 10'® cm™ to
10'® cm™ [342][343] and thus lead to sufficient compensated acceptor sites.

As discussed above, the substrate choice for UV-LEDs is far from clear. Among the
different candidates, diamond is a very promising alternative. Firstly, the high thermal
conductivity of diamond would provide an efficient dissipation of heat generated in the nitride
LED structure enhancing device performance (the transfer of pre-fabricated GaN-based lasers
from sapphire onto diamond or copper already takes advantage of this [344]). Secondly, the
band gap of diamond is 5.47 eV, so that UV radiation will no be absorbed up to this photon
energy. Thirdly, the viability to obtain synthetic high conductive p-type single crystal
diamond substrates have already been reported [345], so the advantageous vertical contact
geometry could be used. Finally, these substrates could serve as the p-type contact for UV
emitters, at least up to 5.47 eV. As a result, the p-type high-Al-content AIGaN contact would
be eliminated, the electrical characteristics of the whole structure would improve, and the

heating would be reduced. Moreover, the fact that diamond is an indirect semiconductor in
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contrast to group-IIl nitrides can be beneficial for specific device applications. In a
heterojunction bipolar transistor (HBT) for example, there would be fewer problems with
optical recombination in a highly doped base region than for group-III nitrides. The longer
minority carrier life time due to the indirect band structure of diamond would allow the
transistor base to be thicker and highly doped, yielding a low base resistance. However, to
take full advantage of these considerations, it has to be demonstrated that diamond substrates

can support the heteroepitaxy of III-nitride materials with acceptable structural quality.

4.2 AIN Heteroepitaxy on Diamond

In this section we report about the first detailed study of the structural and morphological
properties of AIN thin films heteroepitaxially grown on diamond (100) and (111) surfaces by
molecular beam epitaxy. X-ray diffraction (XRD) analysis was used to prove epitaxial
growth and particularly to determine the epitaxial orientation relationship of the
AlN/diamond heterostructures. The crystal quality and structural details have been
investigated in detail and are compared to morphological data as obtained by atomic force
microscopy (AFM) [346][347].

The following types of diamond substrates and a sapphire reference substrate have been

used in this study:

e 2x2 mm’ (100)-oriented synthetic IIb diamond with a boron content of about
10'7 cm™, labeled Cq(100).
e 4 x4 mm?® (111)-oriented CVD-grown diamond with about 10*° cm™ B (achieved by

implantation and anneal), labeled C,(111)".
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e 2 x2mm?’(111)-oriented CVD-grown diamond with about 10'®-10"" cm™ B (achieved
by in-situ doping during CVD), labeled Cy(111)".
e 10 x 10 mm® undoped (0001)-oriented sapphire as a reference substrate, labeled

AL,O5(0001).

The miscut of the diamond samples from their respective orientation ranged between 3
and 5°, the sapphire was cut on-axis. The substrate properties are summarized in Tab. 4.1.
Prior to AlN-epitaxy, the substrates were cleaned for 30 min at a temperature of 160°C in a
CrOs/H,SO;4 solution to remove contaminations or superficial graphite. Heteroepitaxial
growth of the AIN films was performed by plasma induced molecular beam epitaxy using
standard effusion cells for the evaporation of Al and Si as a donor impurity. An RF plasma
source provided the reactive nitrogen radicals. This physical vapour deposition technique
makes use of an ultra high vacuum environment to preserve the beam nature of mass
transport, to minimize the incorporation of unintentional impurities and to analyze the wafer
surface in situ with the help of reflection high energy electron diffraction. In addition, the
precise shutter control of the source fluxes provides more abrupt interfaces than those which
can be obtained by other growth techniques.

The samples were mounted in a 2” tantalum holder specially designed for the small
substrates. AIN growth was performed without any nucleation layer at a substrate temperature
of 815°C and a growth rate of 180 nm/h. The AIN films were doped in-situ with about
10" ¢cm™ Si, which acts as a donor in AIN [335]. The resulting AIN:Si film thickness was
about 500nm for all samples as measured by an ultraviolet-visible range

spectrometer (UV-VIS).
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Co(111)° Co (114 Co(100) AL, O;(0001)
Substrate
Size (mm x mm) 2x2 4 x4 2x2 10 x 10
Offcut (°) 48t0[112] 32to[112] 4.3 to [011] <04
B doping (cm™) 10'8-10" ~10% ~ 10" -
AIN layer
Thickness (nm) ~ 500 ~ 500 ~ 500 ~ 500
RMS roughness (nm) 1.7 6.2 1.9 3.2
FWHM 002 o (°) 0.55 1.27 1.36 0.51
FWHM 002 26 (°) 0.11 0.12 0.17 0.049
FWHM 101 ¢ (°) 0.92 3.3 42 or 85 1.1
Lattice constant a (A) n/a 3.119(2) 3.113(5) 3.107(2)
Lattice constant ¢ (A) 4.9710(2) 4.9672(1) 4.9695(2) 4.9832(1)
Strain (a-a,e)/ay (%) n/a 0.27 0.08 -0.12
S 4 5
L o o d L 5
i‘;ﬁ“}ﬁrﬁi)ameter 80 80 80 50
Relation of Epitaxy
(0001) [10 1 0] AIN" ||
Epitaxial orientation (0001) [10 1 0] AIN || (100) [011]C,  or (0001) [10 1 0] AIN ||
relationship (111)[011]C, (0001)[1210] AIN" || (0001) [1120] ALO;
(100) [011] C,,
Deviation tilt (°) <0.2 <02 -3t0 [011] <0.002
Deviation twist (°) <1 6 1 or3 <0.1

Tab.4.1: Properties of the substrates, X-ray diffraction, morphological data, and
crystallographic details of different AIN/diamond and AIN/sapphire heterostructures.

High resolution X-ray diffraction (HRXRD) analysis was done using a commercial Philips
X’Pert MRD triple-axis diffractometer. A high intensity monochromatic CuKa,; primary
beam was obtained by a combination of a parabolic multilayer X-ray mirror and a
4 x Ge(220) Bartels monochromator. Wide-range symmetric 28/@ -scans as well as pole
figure measurements of asymmetric reflections were recorded in double-axis configuration
using a 1°slit aperture. @ is the incident angle and 26 1is the diffraction angle, which
determines the spacing dj;; between the reflecting planes (4 k). The conversion rules

between the cubic and hexagonal system for crystal planes and directions is given as follows:
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e Crystal planes described by the set of indices 4, £, i, [:
cubic (4 k ) = hexagonal (h ki [), where i=-(h+k)
e Crystal directions described by the set of indices u, v, ¢, w:
cubic [u v w] = hexagonal [uv. w] = [(Qu-v) (2v-u) -(u+v) 3w] - [u* v* t* w*]

hexagonal [u* v* t* w*] = cubic [(u*-t*) v*t*) 0 w*] > [uv.w]

Tab. 4.2 shows the crystal planes and directions in the cubic and hexagonal systems used

in this chapter:

Cubic Hexagonal
Crystal plane (001) (0001)
(100) (1010)
(101) (1011)
(110) (1120)
(111) (1121)
Crystal direction [001] [0001]
[010] [1210]
[011] [1213]
[011] [1213]
[100] [2110]
[110] [1120]
[112] [1126]
[210] [1010]

Tab. 4.2: Crystal planes and directions in the cubic and hexagonal systems.

For the pole figure scans, the sample normal has been tilted out of the measurement plane
by the characteristic offset angle between the reflecting crystal planes and the substrate
surface. Thus, it was possible to detect the AIN 101 reflection (offset 61.65°) as the most
intense asymmetric reflection. For the precise determination of the AIN lattice constants and
the linewidths of the symmetric AIN 002 reflections, diffractometry was also carried out in

triple-axis configuration using a 3xGe(220) channel-cut analyzing crystal with an angular
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acceptance < 12 arcsec. Finally, for the investigation of the material morphology all samples

have been imaged by atomic force microscopy.

4.2.1 Texture Analysis

Wide range 26/w -scans of all samples were taken to check for a possible texture of the
AIN films. Fig. 4.3 compiles the diffractograms recorded in double-axis configuration. For all
substrates, including C,(100), no reflections related to the cubic phase of AIN were observed,
due to the considerably higher thermodynamic stability of wurtzite AIN compared to the
cubic phase. A second general observation is that the symmetric AIN 00/ reflections are the
main features besides the characteristic substrate reflections, irrespective of the type and
orientation of the substrate. Indeed, for cubic Si(111) and Si(100) substrates it is well known
that wurtzite AIN structures preferably form with their c-axis oriented parallel to the substrate
normal [335].

In detail, for the AIN/Al,03(0001) reference sample, solely the symmetric AIN 00/
reflections are observed in addition to the Al,O3; 00/ substrate reflections, confirming the
usual complete texture of the film with (0001) AIN || (0001) Al;Os. A similar behavior with
texture (0001) AIN || (100) Cq is found for the C,(100) substrate. However, a more precise
investigation revealed that an angle of 3° separates both planes. Although the diamond
substrate is cut off-axis with its [100] direction tilted from the surface normal by about 4°
towards [011], the corresponding tilt is only about 1° for the [0001] direction of AIN. A
similar effect with the AIN [0001] direction being oriented rather parallel to the substrate
normal than to the [100] direction of the substrate was also observed for AIN films grown on

off-axis Si(100) [348].
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Fig. 4.3: Wide-range symmetric X-ray diffraction 28/® -scans of different AIN/diamond as well

as AIN/sapphire heterostructures, recorded in double-axis configuration using a 1° slit aperture.

Contrary to the Al,Os; substrate, for C,(100) weak asymmetric AIN 101 and 202
reflections appear besides the AIN 00/ reflections and the C, 400 substrate reflection. This
could indicate a certain degree of polycrystallinity for the AIN layer. However, the
corresponding AIN 100 reflection is not detected, although it should exhibit a similar intensity
compared to the 101 reflection. Consequently, one has to conclude that the AIN 101 and 202
reflections rather represent a crystalline AIN phase with its (10 1 1) plane oriented parallel to
the substrate surface. By comparing the peak intensities of the AIN 002 and 101 reflections,
we can estimate a (10 1 1)-oriented crystal fraction of about 1% to be present in our AIN

layers on Cy(100). Turning to the Co(111)* substrate, a preferential orientation with (0001)



150 4 AIN Heteroepitaxy on Diamond for Ultraviolet Light Emission

AIN || (111) C,, 1s found also. The weak AIN 101 reflection again observed in addition to the
symmetric AIN 00/ and the 111 substrate reflections indicates that about 0.2 % of the AIN
layer material is (10 1 1)-oriented. Furthermore, the diffractogram exhibits an intense C, 222
substrate reflection, which would normally be forbidden, but becomes visible, because the
comparatively high boron doping level breaks the diamond crystal symmetry. Besides, there
are some low intensity reflections (marked with an asterisk in Fig. 4.3) which we attribute to
some boron carbide impurities or to some remaining Ti/Al metal used earlier for electrical
contacts.

As expected, a similar behavior with (0001) AIN || (111) C, is obtained for the Co(111)®
substrate, too. However, in this case a pronounced fraction of about 20 % of the layer material
is characterized by (101 1) AIN || (111) C, indicating a two-phase structure in contrast to the
Co(111)* sample. The reason for this noticeable deviation from c-axis oriented growth is not
clear, but the local formation of (101 1)-oriented AIN might facilitate strain relaxation within
the entire AIN film. AIN with orientations other than (0001) is known to form also on some

special substrates. For example, the formation of (112 0)-oriented AIN has been reported for

Si(100) substrates using a MnS buffer layer [349].

4.2.2 Epitaxial Relation: in-plane offset

For the determination of the epitaxial relationship between a crystalline film and a
substrate, the in-plane orientation of both crystal lattices has to be known besides the crystal
texture described above. Therefore, pole figures (¢ -scans) of asymmetric AIN and substrate

reflections were recorded by rotating the samples around their surface normal (Fig. 4.4).
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Fig. 4.4: X-ray diffraction pole figures (¢-scans) of the asymmetric AIN 101 reflections of
different AIN/diamond and AlN/sapphire heterostructures compared to the corresponding

asymmetric substrate reflections, i.e. C, 111 and Al,O3 104 (slit aperture 1°).

Starting with the AIN/AlL,O; reference sample, we find a 3-fold rotational symmetry of the
substrate 104 reflection representing the trigonal crystal symmetry of sapphire. In contrast, for
the 101 reflection of the AIN film, a 6-fold symmetry with an angular shift of 30° with respect
to the substrate reflections is observed, which is the expected behavior of hexagonal wurtzite
AIN. Thus, from the pole figures and the crystal texture, the well known epitaxial orientation
relationship for AIN on c-plane sapphire [350] is confirmed as (0001)[1010] AIN ||
(0001)[1120] ALOs. A closer inspection revealed a deviation of less than 0.1° for the in-
plane orientation (twist) and 0.002° for the out-of-plane orientation (tilt), as listed in Table I.

The quality of the in-plane orientation is also represented by the line width of the
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AIN 101 ¢ —scan. For the AIN/Al,Os heterostructure, a FWHM of 1.1° is obtained, which,
however, has to be taken as an upper limit due to the 1° slit aperture used.

Turning to the C,(100) substrate in Fig. 4.4, one finds the expected 4-fold symmetry of
the asymmetric C,, 111 reflections. However, for the AIN film, we now obtain a 12- instead of
a 6-fold symmetry with alternating high and low intensity reflections indicating the presence
of a double-domain structure. Such a structure with the domains rotated by an angle of 30° or
90° with respect to each other has already been described for heteroepitaxial AIN layers on
Si(100) and was found to depend on the degree of substrate miscut [348]. Indeed, due to the
4-fold symmetry of the (100) planes of the cubic C,(100) and Si(100) substrates, both AIN
domains would be equivalent in a first approximation if grown on an on-axis cut substrate,
thus leading to a double-domain growth. Lebedev et al. explain the nucleation of these two
AIN in-plane orientations on on-axis Si(100) by the different in-plane alignment of surface
dangling bonds located on neighboring crystal terraces, which are separated by single atomic
step boundaries. On the other hand, the same authors observe single-domain AIN forming on
the double-stepped surface of substrates with an offcut > 5°, which they attribute to the
uniform alignment of the surface dangling bonds in this case [348]. Accordingly, the
formation of two differently marked AIN domains on C,(100) can be explained by the lower
substrate offcut of 4.3°, which is apparently not sufficient for the formation of a single-
domain structure.

Comparing the angular positions of the AIN 101 and C, 111 reflections, the epitaxial
orientation relationship (0001)[10 1 0] AIN" || (100)[011] C,, for the predominant AIN domains
(type I) and (0001)[ 121 0] AIN" || (100)[011] C, for the other domains (type II) is obtained.
Thus, the epitaxial relationship is identical to that of AIN on Si(100) [351], also shown by the
schematic illustration of Fig. 4.5 a,b). However, with a tilt of about 3° and a twist of 1 and 3°

for the two domains a small deviation from this relation is found for the C,(100) substrate
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(Tab. 4.1). In addition, with ¢ -scan line widths of about 4 and 9°, respectively, the degree of

in-plane orientation is distinctly lower than for the reference film on sapphire.
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Fig. 4.5: Schematic illustration of the epitaxial in-plane orientation relationship of a,b) wurtzite-
AIN/C,(100) and c) wurtzite-AIN/C,(111) heterostructures. For the diamond substrates the three

carbon top layers are shown, whereas the AIN crystal is represented by a single plane of the
constituent Al or N sublattice.
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For the C,(111) substrates, the symmetry of the asymmetric 111 reflections is 3-fold, with
a 120° angular shift between two reflections. The AIN 101 reflections of both samples
represent the expected 6-fold rotational symmetry as already observed for the sapphire
substrate, which in particular means a single-domain structure for the AIN/Cy(111)
heterostructures. The 30° angular shift between the AIN 101 and the C,, 111 reflections leads
to the epitaxial orientation relationship (0001)[1010] AIN || (111)[01 1] C,, as illustrated in
Fig. 4.5¢c). This result means a different behavior, i.e. a 30° rotation of the AIN basal plane,
compared to the relation (0001)[21 10] AIN || (111)[011] Si found for AIN grown on
Si(111) [352]. To our knowledge, the only publication about epitaxial growth of AIN on
Co(111) reported the epitaxial relationship (0001)[1120] AIN || (111)[110] C, [249].
Assuming that [110] C, in this relation shall represent the [110] or [110] directions of
diamond, a similar discrepancy with a 30° rotation of the AIN basal plane compared to our

data is found also.

Despite the marked substrate miscut, both AIN/C,(111) heterostructures solely exhibit a
deviation of <0.2° (tilt) from this relation contrary to the AIN/C,(100) heterostructure.
However, with less than 1 and about 6°, respectively, the in-plane deviation (twist) differs
significantly between samples Co(111)® and Cy(111)*. The same holds for the ¢ -scan line
widths as well. Here, with 3.3° sample Cy(111)" shows a FWHM three times larger than
sample Co(111) (0.9°). Again, the latter value has to be taken as an upper limit due to the 1°
slit aperture used. Possible reasons for the different behavior of both samples will be

discussed below.
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4.2.3 Relaxation and Film Quality

For the determination of the lattice constants of the different AIN films, the 002 and 105
reflections have been measured by HRXRD in triple-axis configuration. The results are also
compiled in Tab. 4.1. With respect to the relaxed bulk AIN lattice parameters of @ = 3.1106 A
and ¢ =4.9795 A [6], the absolute residual strain of all AIN films studied is found to be less
than 0.3 %. Therefore, compared to the nominal lattice mismatch of about — 13 % for the
AIN/C4(100) and 23 % for the AIN/C,(111) heterostructure, the films are almost completely
relaxed.

In general, the line width of an XRD reflection provides information about the quality and
structure of the crystal investigated. For a symmetric reflection of a crystalline film, the line
width of a 26/w -scan is mainly characterized by a limited coherence length perpendicular to
the substrate surface and by a heterogeneous strain contribution caused by the strain fields
around crystal dislocations. Neglecting the latter, a minimum coherence length L, can be
derived from the line width A28 by Scherrer’s equation L; = 0.94 A/ (A28 x cos@), with 4
the wavelength of X-rays and A28 the line width in radians [353]. On the other hand, an @ -
scan of a symmetric reflection may be broadened by a limited coherence length parallel to the
substrate surface and by the tilt of the constituent single crystallites forming the film.
Neglecting the tilt contribution, a minimum coherence length parallel to the substrate surface
L can be calculated from the line width Aw by a modified Scherrer equation L = 0.94 A/
(Aw x sin@), with Aw the line width in radians.

Fig. 4.6 compiles the w- and 26/w -scans of the symmetric AIN 002 reflection for all
samples investigated. The resulting line widths and coherence lengths are also listed in
Tab. 4.1. For the AIN/AL,O; heterostructure, the line widths are Aw=0.5° and A28 = 0.05°,

representing a columnar crystal structure with a higher vertical coherence length of about
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180 nm, corresponding to one third of the entire film thickness of 500 nm (see Tab. 4.1). The
line width values are larger than generally obtained for AIN on sapphire (0.03 <Aw < 0.07°)
[263]. However, this result is not surprising, since the growth conditions used here have not

been optimized for sapphire substrates. In particular no nucleation layer has been applied.
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Fig. 4.6: Normalized X-ray diffraction - and 26/w -scans of the symmetric AIN 002
reflection of different AIN/diamond and AlN/sapphire heterostructures, recorded in

triple-axis configuration.

For the AIN/C,(100) heterostructure we have observed line widths about three times
larger than for the sapphire reference sample, for both the 268/w- (0.17°) and the w -scan
(1.36°). This corresponds to a reduced coherence length or increased crystallite tilt. However,
the crystalline quality is still surprisingly high compared to e.g. AIN/Si(100) heterostructures
with a FWHM of the 26/ -scan of 0.54° reported for a 500 nm thick AIN layer [351]. This is

rather remarkable considering the significantly different lattice constants (Aa =15 %) and



4 AIN Heteroepitaxy on Diamond for Ultraviolet Light Emission 157

thermal expansion coefficients (Aa =70 %) of AIN and diamond, as well as the fact that no
intentional buffer or nucleation layer has been grown prior to AIN epitaxy.

A similar result with a comparable Aw value of 1.3° and a reduced A28 value of 0.12° is
obtained for the AIN/Cq(111)* sample, confirming that high quality epitaxial growth is
feasible for both substrate orientations. Moreover, with 0.55° an even lower line width Aw is
found for sample AIN/C,(111)®, which compares well with XRD data of MBE-AIN grown
directly on Si(111) [354], and with the AIN/sapphire reference sample (0.51°). Since the A28
line width (0.1°) is merely about two times larger than on sapphire, a comparable crystal
quality for both the sapphire and the C,(111)® substrate can be expected.

Complementary to the structural analysis presented, the HRXRD data in Fig. 4.7 show a
reciprocal space maps (RSM) of symmetric 002 and asymmetric 105 reflections for the

epitaxial AIN:Si layer grown on (100) boron doped diamond substrate.
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Fig. 4.7: HRXRD reciprocal space map showing the AIN 105 reflection of the AIN heteroepitaxial
film on diamond (100) substrate. The reciprocal scattering vector (q) is inversely proportional to

the lattice constant parameter of the crystal and is given in relative lattice units.
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From triple-axis measurements of the AIN 002 and 105 reflections (Fig. 4.7) the lattice
constants aan=3.113 A and can=4.970 A are determined representing almost complete
layer relaxation compared to bulk material (aan = 3.112 A, can = 4.982 A [355]). This
corresponds to a biaxial tensile strain of 6.9 x 10~ or tensile stress of 3.18 GPa perpendicular
to the growth direction. Indeed, cracking was observed on the AIN epilayer of 500 nm
thickness. In contrast, the film was intact in the regions with thickness of less than ~ 200 nm,
close to the borders of the diamond substrate. The more pronounced peak-broadening parallel
to the a-axis (qy) in Fig. 4.7 reflects a columnar growth character of the AIN:Si film, with a
coherence length perpendicular to the crystal surface larger than parallel to it. The tilting of
the ellipse towards the q; axis may be due to a small degree of mosaicity of the AIN

crystallites.

4.2.4 Surface Morphology

For morphological characterization, all samples have been investigated by AFM as shown
in Fig. 4.8 to Fig. 4.10. Before growth, the surface roughness of the different diamond
samples was between 0.5 and 0.7 nm (rms), as exemplarily shown for C,(100) in the
micrograph of Fig. 4.8. For the AIN/Al,O3 heterostructure, a grainy film surface with an rms
roughness value of 3.2 nm is observed, indicating a columnar growth character. In fact, MBE
growth of group III nitrides on sapphire without an AIN nucleation layer generally leads to
the formation of N-face polarity material with its typical columnar layer structure and rougher
surface morphology [69].

From the corresponding AFM micrograph of Fig. 4.9 a), a column diameter of about 50

nm can be derived, which is in good agreement with the lateral coherence length of 53 nm
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calculated from the XRD w -scan of the AIN 002 reflection as discussed above (Tab. 4.1).
This result, on the other hand, means that no relevant tilt between the single columns

contributes to the XRD line width in this case, and that these columns are single crystalline in

the lateral direction.

C,(100) substr. rms =0.5nm

z (nm)

0 0.5 1.0
X (pm)

Fig. 4.8: Surface of the diamond (100) substrate prior to overgrowth.

A different behavior is found for the AIN/C,(100) sample. Here, a smaller rms value of
1.9 nm and a larger column diameter of about 80 nm are observed by AFM (Fig. 4.9 b).
However, with only 20 nm, the lateral coherence length deduced from XRD is significantly
smaller. Therefore, assuming that the columns are single crystalline as well, the major
contribution to the XRD 002 @ -scan width has to be caused by the tilt between the single

columns and not by a limited coherence length as for the AIN/Al,O; heterostructure.
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Fig. 4.9: AFM micrographs of 500 nm thick epitaxial AIN films grown on a) sapphire (0001) and

on b) diamond (100).
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Fig. 4.10: AFM micrographs of 500 nm thick epitaxial AIN films grown on two different diamond

substrates with (111) crystallographic orientation.
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The same argument also holds for the AIN/C,(111)* heterostructure (Fig. 4.10 a). Again,
the coherence length of 21 nm calculated from XRD does not correlate with the AFM column
diameter of about 80 nm, so that crystallite tilt mainly has to cause the XRD line width.
Compared to the morphology of the AIN/C,(100) sample, the crystal columns are not as well
separated and shaped in this case, suggesting a generally lower crystal quality for this sample,
which is confirmed by the distinctly higher rms roughness value of 6.2 nm.

In contrast, for the AIN/Cq(111)® sample, with an rms value of 1.7 nm and a column
diameter of about 80 nm, we observe a surface morphology very similar to the AIN/C,(100)
heterostructure (Fig. 4.10 b). However, with 49 nm the XRD coherence length does fit much
better to the AFM column diameter, indicating a markedly lower tilt between the crystallite
columns and, therefore, a better crystal quality in this case.

From the upper results, high quality epitaxial growth of AIN is obtained for both diamond
(111) and (100) substrates. As expected, the crystal quality of AIN/Cy(111) is generally
higher than that of AIN/C,(100), since the trigonal/hexagonal symmetry of the (111) diamond
surface matches the symmetry of wurtzite AIN. However, a different behavior is found for the
two types of (111)-oriented diamond substrates. Compared to the AIN/Cy(111)"
heterostructure, the AIN films on Co(111)® show a more distinct in-plane orientation as well
as a better crystalline quality and surface roughness. On the other hand, with about 20 %, a
significantly higher fraction of (101 1)-oriented AIN is observed for the Cq(111)® substrate.
Since the growth conditions were similar for both types of samples, the differences are

3, the

obviously caused by the substrate quality. Indeed, with a boron concentration of 10°° cm’
Co(111)* substrate is very highly doped compared to the Cy(111)® substrate only containing
10" to 10" cm™ of boron. Moreover, the high doping level of C,(111)* was achieved by ion

implantation followed by an anneal step, whereas Cy(111)® was in-situ doped during diamond

CVD-overgrowth. Thus, it is not surprising that the crystalline quality of the Co(111)*
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substrate is lower than that of Co(111)®. In fact, with 0.01° the rocking curve line width Aw of
the 111 reflection of Co(111)* is by a factor of four higher than that of Co(111)".

The observation of such high quality heteroepitaxial growth of AIN on diamond (111) and
(100) 1s surprising at first sight, since the absolute lattice mismatch of about 23 and 13 %,
respectively, is much too high for conventional epitaxy. However, as has been pointed out for
a variety of highly mismatched heterostructures, high quality films can be grown as well by
the formation of crystal domains matching integral multiples of major crystal planes between
substrate and film (domain matching epitaxy) [356]. According to this theory, systematic
variations of the domain sizes additionally can accommodate residual strain falling between
the integral multiples. Since the critical thickness is less than a few monolayers for the large
misfits discussed here, the dislocations needed for lattice relaxation are created directly at the

interface, whereas a relaxed film with a comparatively low dislocation density can form upon.

4.3 AIN/Diamond Heterojunction Diode

In this section, we describe the successful attempt to combine n-type AIN with p-type
diamond (100) to obtain a heterojunction bipolar p-n diode. Already this first attempt has lead
to surprisingly good structural quality of the AIN, a good diode characteristics, and efficient
light emission in the blue and ultraviolet. The AIN deposition was performed at a growth rate
of 0.18 um/h and a substrate temperature of 815°C, which is an adequate temperature for
growing good quality MBE-AIN on sapphire.

The particular electronic properties of p-diamond and n-AIN are summarized in Fig. 4.11.
We have used the published optical and electronic properties of AIN (electron affinity

xaw = 0.3 eV [357], band gap Egain = 6.2 eV, silicon donor level Ep(Si) =320 meV below
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the conduction band [335]) and of diamond (yp=0.5eV [358], Eg giam. = 5.47 €V, boron
acceptor level E5o(B) =360 meV above the valence band edge). A hetero-epitaxial growth of
n-AIN on p-diamond can reasonably be expected to lead to a wide band gap p-n
heterojunction. However, to our knowledge no high quality AIN/diamond heterojunction has

been reported so far.

VAC
r
Ec  x=03ev 1=05eV g
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Eg= 5.47 eV
(indirect)
Cubic
a=3.56A
EA(B) = 370 meV
E
v
Ev

Fig. 4.11: Schematic sketches of the band diagrams of n-AIN and p-diamond.

MBE-grown AIN can be doped n-type by silicon, which creates a DX-like donor level
320 meV below the conduction band [335]. From AIN:Si calibration runs on sapphire we
estimate the silicon concentration in the deposited film to about 10" cm™. The diamond
substrate was characterized by Hall effect measurements at room temperature. The boron
concentration of about 10'7 cm™ leads to a free hole concentration of 8.5 x 10" cm™, with a
mobility of 850 cm?/Vs.

In order to study the optoelectronic properties of the p-n heterojunction, ohmic Ti/Al
contacts (20 nm/100 nm) were evaporated on both sides of the sample. Circular contacts with
a diameter of 150 um on the AIN:Si side and 300 um on the backside of the boron doped
diamond were used. The metal deposition was followed by a thermal anneal for 5 minutes in

N,+H, atmosphere at 500°C. Fig. 4.12 shows the room-temperature current-voltage (/-V)
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characteristics of the p-n heterojunction with a clear rectifying behavior. A diode ideality

factor of 3 is calculated.
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Fig. 4.12: Current voltage characteristics of an AIN/diamond p-n heterojunction at room
temperature. The /V-curve can be simulated with a diode ideality factor n = 3, a series resistance

R, of #1 MQ, and a bias-dependent parallel resistance R, of (20-70) GQ.

The high leakage current in reverse direction indicates a significant amount of structural
defects at the AIN/diamond interface. Device isolation by mesa etching should result in a
significant reduction of the leakage current. A large series resistance is limiting the forward
current density to 250 pA/cm® at 3V. This can be improved by higher doping levels and/or
different contact geometries. No breakdown could be measured by applying a maximum
reverse bias of 90 V. The toughness of the device was also evident under forward
polarization. With an applied voltage of about 70 V and a current of 100 mA flowing through
the microscopic contact area, the heat generation in the device brought the ceramic socket to
temperatures much higher than 300°C. Nevertheless, beside a small increase in the reverse

leakage current, no degradation of the characteristic of the diode was observed.
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Fig. 4.13: Effect of laser processing on the /V-characteristic of the heterodiode.

The contacts on the AIN:Si surface were in addition thermally treated with Excimer laser
shots to improve the ohmic behavior and to ameliorate the electrical conductivity on the very
resistive n-type AIN layer. The short laser pulse of about 30 ns and the wavelength of 193 nm
allow very high power fluencies resulting in an ultra-fast increase of temperature in the shot
area. The effect of this ultra-fast annealing procedure on the electrical characteristics of the
diode is shown in Fig. 4.13. Despite the increased reverse leakage current, there is a
significant drop of the series resistance in forward bias from 43 to 14 MC), confirming the
improvement of the electrical contact on top of the AIN film. There was no considerable
change in the ideality factor of the processed diode.

The built-in voltage (V}) is a relevant parameter of a p-n junction. It indicates the height

of the potential barrier for electrons and holes formed at the physical junction, and is directly
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related to the structural interface characteristics. Fig. 4.14 a) shows a schematic representation

of the band alignment for the n-AIN on p-diamond.

a) b) V

Energy E Deuterium /
& Vac

lamp

/ p-Diamond
chopper XZ n-AIN

|pH L oViock-in

A

(1]

n-AIN  p-Diamond

Fig. 4.14: a) Schematic representation of the AIN/diamond heterojunction in the ideal case. b)

circuit used for the determination of the built-in voltage in the n-AIN/p-diamond diode.

Different from the case of lower band gap semiconductors, the very high resistivity of the
AIN film with its deep Si donor doping level does not allow capacitance methods to be
applied for the determination of the built-in potential in the n-AIN/p-diamond heterostructure.
Instead, the built-in voltage was determined under UV-light illumination. The light-induced
carrier generation and resulting band-bending cause a shift of the /-7 curve to positive voltage
as observed in Fig. 4.14 a). By measuring the junction in the circuit configuration shown in
Fig. 4.14 b), the compensating potential V. necessary to cancel the generated photocurrent can
be interpreted as the effective Vj; of the heterodiode. The diode equation under illumination

can be written as:
Ip=1Is [exp (eV/nkT)-1]- Ly Eq. (4.1)
where Is is the saturation current of the diode, # is the non-ideality factor (n =1 for an

ideal diode), and I,, is the photocurrent. With the diode under illumination (Z,; # 0), the

positive voltage, V., compensates the built-in potential, V;, forcing Ip — 0.
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To perform these measurements, Ti/Pt/Au (20 nm/10 nm/200 nm) was deposited on two
different regions of the sample with 500 nm and 250 nm thick AIN, respectively. The contacts
on the AIN:Si surface were also laser annealed to improve the electrical contact to the very
resistive n-type AIN layer. Two different measurement configurations were used. In the first
approach (Fig. 4.14 b), the AIN:Si film (250 nm thick) was illuminated with chopped light of
a Deuterium-lamp (UV range from 190 nm to 385 nm). The corresponding photocurrent was
measured with a lock-in amplifier and cancelled by an compensating potential, V. in
Fig. 4.14b). As shown in Fig. 4.15, a Vj; value of about 0.85V was determined for a

maximum power fluence of 0.5 pJ/cm” of the Deuterium lamp.
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Fig. 4.15: Generated photocurrent vs. applied voltage in the n-AIN/p-diamond heterostructure

under Deuterium-lamp illumination.

In a second approach, the Deuterium lamp was replaced by a pulsed Excimer laser and the
open circuit photo-voltage was measured directly by an oscilloscope. Much higher power
fluences can be produced with a pulsed Excimer-laser. A laser wavelength of 193 nm
(6.42 eV), above the band gap of AIN (6.2 eV) was chosen to illuminate the diode from the n-

type side. The energy density reaching the heterointerface can be calculated from the
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absorption coefficient of 2 x 10° cm™ for AIN at 193 nm [359]. For an incident laser intensity
of 2.0 J/em?, only 13.3 mJ/cm” will reach the interface after traversing the 250 nm thick AIN

film region.
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Fig. 4.16: Photocurrent vs. applied voltage under pulsed Excimer-laser illumination at

193 nm. Compensation voltages: V,; =1.0 V, V,,=1.15V.

In Fig. 4.16 is shown that a maximum V; value of 1.15 V is obtained for the 250 nm thick
AIN:Si film region by irradiating the diode with 0.2 J/em?, with effectively 1.3 mJ/cm®
reaching the heterointerface. By irradiating the diode with an energy fluence as high as
2 J/em?, the same maximum voltage value of 1.15 V was needed to compensate the current
flow. The power fluence dependence to Vj; can be clearly observed by comparing the two
illuminated regions with 250 and 500 nm thick AIN film. For an initial power fluence of
2.6 J/em® and an AIN film thickness of 500 nm, the effective energy of 120 uJ/cm® at the
heterointerface is not sufficient to cause the maximum shift in the /-V characteristic, and
already V. =1V is sufficient to cancel the generated photocurrent (Fig. 4.16).

The measurements could be reproducibly repeated at several prepared contacts and
corroborated also the results obtained with Deuterium lamp illumination. For the wide band

gap materials, AIN and diamond, one would expect a higher value for the built-in voltage.
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Nevertheless, the performance is limited by the large concentration of defects present in the

vicinity of the heterointerface and affecting the diode depletion layer.
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Fig. 4.17: Electroluminescence emission spectra of a AIN/diamond p-n heterojunction biased in
forward direction with a current density of 12.7 A/cm®. The inset shows the blue light emission of
the LED. Current is injected only through the small ohmic contact at the top right of the AIN layer
and at the backside of the diamond substrate.

Electroluminescence (EL) measurements were done at room temperature using a double-
grating monochromator with a focal length of 800 mm and a photomultiplier. The typical EL
emission spectrum of the AIN/diamond (100) diode is presented in Fig. 4.17. The inset shows
the bright blue emission emerging from the entire 2 x 2 mm® sample. Because of the large
refractive index of diamond (n=2.41) the light is mainly coupled out at the edges of the
sample. We obtain a strong EL peak centered on 442 nm (2.7 eV), with a FWHM of about

250 meV. This emission was also observed in cathodoluminescence measurements of AIN
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and is caused by a defect-related transition. A second emission peak is observed in the
ultraviolet at 4.8 eV, with a FWHM of 600 meV. Its intensity is about 1% of the emission at
2.7 eV. At the present stage we have no reliable information concerning the origin of the UV-
emission. However, both the UV and the blue light emission were only detected under
forward bias of the diode, pointing to an electron-hole recombination process close to the
interface. The presence of defects at the heterojunction interface will also allow
tunneling assisted recombination processes, which is also suggested by the diode ideality

factor of 3 [122].
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Fig. 4.18: Spectrally resolved photoconductivity of the p-n AIN/diamond heterojunction.

So far, no information is available about the AIN/diamond interface. Spectrally resolved
photoconductivity measurements can give further hints to understand the electroluminescence
emission of the diode. In Fig. 4.18 the photocurrent spectra of the heterodiode with forward
biasing at 295 K and 90 K are shown. The absorption edges at 2.5 eV and 4 eV, labeled E;
and E,, were associated with defects in the AIN layer. For comparison, Fig. 4.19 shows the

photocurrent spectra of the Si doped PIMBE-AIN film grown on sapphire (see Tab. 4.1) and
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the bare boron doped diamond (100) substrate. The photoconductivity curve of the n-AIN film
on insulating sapphire also shows the absorption levels £; and E,. E; is probably related to
oxygen impurities in the crystal lattice, whereas aluminum vacancies have been suggested to

absorb at £, [263].
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Fig. 4.19: Spectrally resolved photoconductivity: a) boron doped diamond (100) substrate
prior to AIN epitaxy; b) Si doped MBE-AIN reference film grown on sapphire.

The oxygen related level E; could be responsible for the blue light emission observed at
2.75 eV (Fig. 4.17). A third level Ej; at about 4.7 eV was identified, which is present neither in
the n-AIN film on sapphire nor in the p-diamond substrate photocurrent spectra (Fig. 4.19).
This could indicate its origin at the heterojunction interface, probably related to a defect
transition. The UV-electroluminescence emission observed at 4.8 eV (Fig. 4.17) is likely

related to this defect center, but the transition mechanism is not clear yet.
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4.4 Concluding Remarks and Outlook

In summary, epitaxial wurtzite (0001) AIN:Si (n-type) has been successfully grown on
(100) naturally boron doped diamond (p-type) substrates by PIMBE. The structural quality of
the AIN film has been assessed by high resolution X-ray diffraction. It is surprisingly good, in
spite of the absence of an intentional buffer layer and the mismatch of both the lattice
constants (Aa = 15 %) and the thermal expansion coefficients (Aa. = 70 %). The fabricated p-n
heterojunction diodes show clear diode characteristics with rectifying ratios between 10’ and
10* at low voltages. Under forward bias, an intense light emission in the blue (2.7eV) and UV
(4.8 eV) is obtained. The morphological characterization discussed in section 4.2.4 showed a
relatively smooth surface profile with rms roughness of 1.9 nm and columnar structure shape.
Spectrally resolved photoconductivity measurements suggested that the blue light emission of
the heterodiode in the AIN layer is due to oxygen impurities and that the UV-emission is
related to recombination at the interface and not in the AIN film or diamond substrate. The
built-in voltage of lower than 1.15V measured under Excimer laser illumination is in
agreement with the presence of a recombination center at the heterointerface. Further work is
necessary for the identification of the defect centers and recombination mechanism for an
improvement of the light emission efficiency in the UV. Additionally, at this stage it was not
possible to identify the polarity of the AIN film on top of the diamond substrates. A mixture
of both Al- and N-face (many inversion domain boundaries) is quite probable, considering the
surface morphology of the AIN films. However, the results clearly confirm the viability of
heteroepitaxial growth of IlI-nitrides on diamond, thereby opening interesting perspectives for
future optoelectronic devices operating in the far UV. There are still many opportunities for
the optimization of all fabrication steps, such as growth parameters, AIN and diamond doping

levels, contacts and device technology.
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Fig. 4.20: Schematic view of an AlGaN/diamond based laser structure with an active AlGaN
quantum well (QW). The wavelength of the stimulated emission can be controlled by the Al-

concentration of the well.

Group-Ill-nitrides allow the preparation of heterostructures with variable band gaps and
offsets within the same material system. A challenge for future activities is to combine this
convenient band gap engineering capability with the advantages of heteroepitaxy on diamond
for the fabrication of stable and efficient ultraviolet light emitting diodes and lasers.
Heterostructures with AlGaN quantum wells (Fig. 4.20) should enable spontaneous and
maybe even stimulated emission of photons with energies between 3.4 and 5.5 eV, giving rise
to efficient and tunable UV-light sources suitable for UV-lithography or for sensor
applications.

Most importantly, further work has to be done to investigate the role of the crystal polarity
of the nitride film on the interfacial structure and on the electrical properties of the
heterojunction. Similarly to epitaxy of GaN on sapphire, the MBE parameters at the initial
growth state could be adapted to modify the atomic interface dipole at the diamond surface,
enabling crystal polarity control of the subsequent AlGaN film. This may be achieved with

the deposition of a very thin Al-layer on top of H-terminated diamond or through nitridation
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of the diamond surface in a N-plasma. In group-III nitrides the intrinsic pyroelectricity will
strongly influence the electronic configuration of the heterojunction besides the surface dipole
effect. The atomic sequence at the AIN/diamond interface with the corresponding dipoles is

illustrated in Fig. 4.21 considering the two different polarities of AIN.
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Fig. 4.21: Schematic illustration of the atomic sequence at the AIN/diamond heterointerface from

different initial layers.

Regarding technical issues, in order to facilitate and improve the quality of epitaxial
growth, p-type diamond substrates with outstanding structural quality and atomically smooth
surfaces are desirable. For future investigations, the structure to be deposited directly onto the
p-type diamond substrate would consist of an active intrinsic region plus an n-type contact.
The active region would be either a single quantum well (SQW) or a multiple quantum well
structure (MQW). The SQW structure would consist of an AlGaN (AllnGaN) well embedded
within higher Al-content AIGaN (AllnGaN) barriers. The MQW structure would be formed
from a repetition of the SQW structure.

The optimization of the active region on diamond is one of the challenges. The quality of

this region is critical for both the performance of the light emitting device and the growth of
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the rest of the structure. Thus, a systematic study of the effect of different growth conditions
(growth rate, growth temperature and III/V flux ratio) on the active region characteristics
should be performed. Atomic force microscopy, transmission electron microscopy (TEM) and
X-ray diffraction are necessary to determine the structural properties of the heterostructure.
The optical quality of the active region can be assessed by temperature-dependent
photoluminescence (PL). The efficiency and peak wavelength of the emission would provide
information about the behavior of the structure as an emitter and could be used for reference
in the optimization procedure. The objective is to optimize layers with emission up to
5.47 eV, the band gap of diamond.

Another issue is to optimize the structural and electrical quality of silicon-doped AlGaN
contact with high-Al-content. Different Al-contents and thicknesses have to be investigated.
Different growth conditions should be used to optimize both, the crystal quality and doping
efficiency.

In conclusion, for the near future one can reasonably expect a demonstration of the
reliability of nitride-based deep UV emitters on p-type diamond substrates and a further

enhancement of the performance of these emitters.
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5 Summary

The amazing challenge of group-III nitrides in basic physics but also in technological
applications seems to be unlimited. No other material has the potential to change the world
which we know, see and hear, in the near future, as much as GaN and related alloys. The
paradigm change has already started, with electric light giving place to electronic light slowly,
similar to the replacement of candles, oil- and gas lamps by light bulbs. But this is not all,
there is much more. To explore a small fraction of these possibilities and the ensuing
problems is the aim of this thesis.

In the GaN-based thin-film technology, the commonly used substrate materials have very
different material properties than to the device layer itself. The commercial success of GaN-
based devices has brought a change in the conventional thinking about the material
requirements for device fabrication. In contrast to the majority of commercially available
semiconductors, commercialization of GaN—-based devices was achieved exclusively by using
heteroepitaxial substrates. As a result, GaN and its related materials are currently being
produced with a surprisingly high density of dislocations, approximately four orders or
magnitude higher than the minimum which was thought to be required for efficient
luminescence. However, none of these drawbacks have limited the success of GaN-based
light emitters from the visible to the ultraviolet spectral range. For device production on an
industrial scale, the substrate of choice has to fulfill a number of criteria, such as a minimum
size (27), atomically flat surfaces and availability in large quantities at an acceptable price.
Due to its wide availability and relatively low cost, sapphire was and still is the most common
choice for GaN-based light-emitting diodes (LEDs). However, several of the properties of
sapphire, such as its large lattice constant and the mismatch of the thermal expansion

coefficient with GaN, are seemingly unsuitable according to the usual assumptions made in
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choosing a substrate for epitaxy. As a consequence, the choice of sapphire introduces
important limits on the final quality of the epitaxial film despite its versatility in the GaN-
based processing technology. Thus, commercial exploitation of other potential applications of
GaN, such as laser diodes operating at high power densities and high mobility transistors,
with more critical material requirements than LEDs have been hindered due to, for instance,
the high density of dislocations.

However, heteroepitaxy has been the only alternative for GaN growth up to date, since
bulk wafers are still not commercially available. The properties and quality of the GaN film
are primarily dependent on the substrate on which it is deposited, which determines the
crystal orientation, polarity, surface morphology, strain, and the defect concentration of the
GaN. Many different materials have been investigated for GaN epitaxy including metal
oxides, metal nitrides, and other semiconductors, although the results have been discouraging
so far.

To fully exploit the large application potential of group-Ill-nitrides, it is desirable to
employ epitaxial growth on lattice-matched substrates. The capability to produce superior
material quality by homoepitaxial growth of GaN on GaN bulk crystals or bulk-like substrates
has already been demonstrated. A reduction of dislocation densities by six orders of
magnitude, higher carrier mobilities and narrower photoluminescence line widths in
comparison to the usual heteroepitaxial growth were obtained. Two-dimensional step-flow
growth of GaN can be achieved by homoepitaxial growth without the need for additional
deposition steps such as surface nitridation, low temperature nucleation films, or thick buffer
layers. Laser cavities can be fabricated with cleaved facets instead by time-consuming
reactive ion etching processes, which also produce defects on the crystal surface. In addition,
a significant simplification in device processing and circuit integration can be easily
introduced by choosing the proper n- or p-type doping of the GaN substrate. Thus, the

promise of a better material quality achievable using homoepitaxial growth has concentrated
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research on methods of producing GaN and AIN bulk crystals. But also much work was
focused on the production of large and thick GaN and AIN freestanding films to be used as
pseudosubstrates in the group III nitride-based epitaxy.

In this thesis we have discussed the material properties of GaN and its epitaxy on
sapphire, SiC, Si, GaAs, or LiGaO,. Special attention was given to the production of
freestanding GaN pseudo-substrates. The remarkable optical and structural properties
resulting from GaN homoepitaxy on such substrates have been demonstrated. A laser liftoff
technique has been optimized for the delamination of GaN films with thickness ranging from
a few micrometers up to 120 um, and the effect of laser ablation on the surface of irradiated
GaN and sapphire has been investigated. Furthermore, the flexibility of laser-induced liftoff
was demonstrated in the processing of thin InGaN/GaN heterostructures for the production of
freestanding flip-chip bonded blue/violet LEDs. A thermal transport model has been
developed to simulate the effect of the sudden temperature rise during a laser pulse during the
high power laser processing.

An alternative to bulk crystals are bulk-like thick GaN films produced by hydride vapour
phase epitaxy (HVPE). Freestanding high quality GaN substrates as large as 2” in diameter
and 300 pm thickness, obtained by applying the laser-induced liftoff process to HVPE GaN
are suitable as substrates for nitride homoepitaxy after careful pretreatment of the Ga-face
surface. This was confirmed by homoepitaxial growth of 2 pm thick GaN films by MOCVD.
The good electrical and optical characteristics of the homoepitaxial layers establish
freestanding HVPE-GaN as an attractive substrate for the fabrication of GaN-based devices.
Motivated by these successes of the laser induced liftoff technique, several companies are
presently incorporating this technology for the large scale production of freestanding GaN
substrates and flip-chip bonded GaN-based devices.

Besides the GaN issue, diamond has been evaluated as a possible substrate material for

group III nitrides epitaxy because it represents a novel approach for the development of a new
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generation of devices for deep UV-light emission and high power applications. The intense
attention in deep UV emitters is due to a vast array of potential applications, such as white
light generation (U-LEDs coated with three-band phosphor), high-density optical storage
devices, lithography instruments, and chemical processes in both medical applications and
waste processing.

In this thesis we have investigated the growth of epitaxial wurtzite (0001) AIN:Si (n-type)
on (100) naturally boron doped diamond (p-type) substrates by PIMBE. The surprisingly
good structural quality of the AIN film has been assessed by high resolution X-ray diffraction.
p-diamond/n-AIN heterojunction diodes have been successfully fabricated, showing clear
diode characteristics with rectifying ratios between 10° and 10" at low voltages. Under
forward bias light emission in the blue and UV is obtained. The presence of interface defects
have been assessed by studying optical (photocurrent experiments) and electronic (built-in
voltage analysis) properties of the p-n heterojunction.

The obtained results clearly confirm the viability of heteroepitaxial growth of Ill-nitrides
on diamond, thereby opening interesting perspectives for future optoelectronic devices

operating in the deep UV.
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