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“Alle Kinder haben die mdrchenhafte Kraft,
sich in alles zu verwandeln,
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was immer sie sich wiinschen”.
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Abstract

An increasing demand for bright and efficient ultraviolet light emitting diodes (UV-
LEDs) is generated by numerous applications such as biochemical sensors, purification and
sterilization, and solid-state white lighting. AlyGa;«N is a promising material to develop UV-
LEDs due to the direct wide-bandgap material for emission wavelengths in the UV range and the
capability of n- and p-type doping. To develop UV-LEDs on Si substrates is very interesting for
low-cost UV-light sources since the Si substrate is available at low cost, in large-diameter size
enabling the integration with well-known Si electronics.

This work presents the first crack-free AlGaN-based UV-LEDs on Si(111) substrates by
MOVPE growth. This AlGaN-based UV-LED on Si(111) substrate consists of Aly;GagoN:Si
layers on LT-AIN/HT-AIN SL buffer layers and an active layer of GaN/Aly;GagoN MQWs
followed by Mg-doped (GaN/Aly 1GayoN) superlattices and GaN:Mg cap layers. It yields a ~350
nm UV electroluminescence at room temperature and a turn-on voltage in a range of 2.6 - 3.1 V
by current-voltage (I-V) measurements.

The novel LT-AIN/HT-AIN superlattice buffer layers efficiently improve the crystalline
quality of AlyGa;«N layers and compensate a thermal tensile strain in AlyGa; N layers after
cooling as observed by in-situ curvature measurements. The dislocation density could be reduced
from 8.4x10' ¢cm? in the AIN-based SLs to 1.8x10' c¢m™ in the Alp1GagoN layers as
determined by cross-sectional transmission electron microscopy (TEM) measurements.

Crack-free AliGa;xN layers grown on these LT-AIN/HT-AIN superlattices with
0.05<x<0.65 are achieved on Si substrates with good crystalline, optical, and electrical
properties. The best crystalline quality of Aly;GagoN is obtained with w-FWHMs of the (0002)
and (10-10) reflections of ~700 and ~840 arcsec, respectively. The good optical qualities of
Al 1GagoN and AlygsGagssN are presented with a low yellow luminescence and narrow near-
bandgap emissions at 330 and 240 nm, respectively as determined by cathodoluminescence (CL)
measurements. The maximum electron concentration of 2.6x10'® ¢cm™ in n-type Aly1GagoN:Si
layers and a hole concentration of 2.4 %10 ¢cm™ of Mg-doped GaN/Alj 1Gay 9N superlattices are
achievable.

These high-quality AlyGa;.<N materials with good optical and electrical properties are the
main factors to accomplish AlGaN-based UV-LEDs on Si(111) substrates. It is demonstrated
that it is also a promising approach to achieve deep UV-LEDs on Si substrates with a higher Al

content layers.
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Abstract

Auf Grund zahlreicher Anwendungsmdglichkeiten, zum Beispiel als biochemische
Sensoren, in der Reinigung und der Sterilisation, aber auch als weilllichtemittierende Halbleiter
besteht eine wachsende Nachfrage nach hellen und effizienten Lichtemittern fiir den
ultravioletten Spektralbereich (UV-LEDs). Als direkter Halbleiter mit einer groRer Bandliicke
fir Emissionswellenldangen im UV-Bereich und mit der Mdglichkeit der n- und p-Dotierung
stellt AlxGa;«xN ein vielversprechendes Material fur die Fertigung von UV-LEDs dar. Fur die
Entwicklung von kostengiinstigen UV-Lichtquellen ist Silizium als Substratmaterial sehr
interessant, denn Si-Substrate sind preiswert und mit groBen Durchmessern erhaltlich, und UV-
LEDs auf Si-Substraten lassen sich in die wohlbekannte Si-Elektronik integrieren.

Die vorliegende Arbeit prasentiert die ersten rissfreien AlGaN-basierten UV-LEDs, die
mittels metallorganischer Gasphasenepitaxie (MOVPE — Metal Organic Vapor Phase Epitaxy)
auf Si(111)-Substraten gewachsen wurden. Diese AlGaN-basierten UV-LEDs auf Si(111)-
Substraten bestehen aus Aly1GaggN:Si Schichten auf LT-AIN/HT-AIN SL Pufferschichten und
aktiven GaN/Alp1GagsgN MQWSs gefolgt von einer Mg-dotierten (GaN/Aly1GaggN)
Ubergitterstruktur und einer GaN:Mg Deckschicht. Mittels Elektrolumineszenz konnte bei
Raumtemperatur eine Strahlung von etwa 350 nm ermittelt werden und mittels einer Strom-
Spannungskennlinie eine Einsetzspannung im Bereich von 2.6 — 3.1 Volt.

Durch einen neuartigen Puffer, der aus einem LT-AIN/HT-AIN-Mehrschichtsystem
besteht, konnte die kristalline Qualitdt der AlGa;«N-Schichten effektiv verbessert werden.
Desweiteren konnte mittels in-situ Krimmungsmessungen eine Kompensation der nach der
Abkulhlung thermisch induzierten tensilen Verspannung beobachtet werden. Die Reduktion der
Versetzungsdichte von 8.4x10' cm™ in den AIN-basierten SL auf 1.8x10" cm? in den
Alg1GaogN Schichten wurde mittels Transmissionselektronenmikroskopie (TEM) an
Querschnitten ermittelt.

Rissfreie Al,GaixN-Schichten, die mittels solcher LT-AIN/HT-AIN-Ubergitter mit
Aluminiumkonzentrationen von 0.05<x<0.65auf Si-Substraten gewachsen wurden zeigten
gute kristalline, optische und elektrische Eigenschaften. So erreichte die beste kristalline Qualitat
eine Aly1GaggN-Schicht mit Halbwertsbreiten der m-Scans von ~700 Bogensekunden (arcsec)
am  (0002)-Bragg-Reflex — und  ~840 arcsec am  (10-10)-Bragg-Reflex. In
Kathodolumineszenzuntersuchungen (CL) zeigte sich an Hand einer geringen Intensitat der
gelben Defektlumineszenz und einer schmalen bandkantennahen Emission des Aly1GaggN bei

330nm und des AlggsGapssN 240 nm eine gute optische Qualitdit. Die hdchste
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Elektronenkonzentration von 2.6x10"® cm™ in n-dotierten Aly1GaogN:Si Schichten und eine
Locherkonzentration von 2.4 x10' c¢cm™ in Mg-dotierten GaN/Alq1GaosN-Ubergittern waren
erreichbar.

Dieses hochqualitative AlyGa;xN mit guten optischen und elektrischen Eigenschaften ist
der wichtigste Faktor um AlGaN-basierende UV-LEDs auf Si(111) Substraten zu gewinnen. Es
wird gezeigt, dass es ein vielversprechender Ansatz ist, tief-UV-LEDs auf Si-Substraten zu

bekommen mit Schichten, die héhere Al-Konzentrationen enthalten.
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Chapter 1

Introduction

Group III nitrides and their compounds are attractive semiconductor materials for high-
power, high-frequency and high-temperature electronic applications due to their excellent structural
properties and high thermal and chemical stability as compared to other group III-V compound
semiconductors. Optoelectronic devices such as visible light emitting diodes (LEDs), InGaN-based
LEDs for green light and GaN-based LEDs for blue light are successfully achieved due to the direct
bandgap of group-IlI-nitrides and the capabilities of n-and p-doping of GaN. After the realization of
p-type conductivity with Mg-doped GaN, Amano and co-workers demonstrated the first GaN p-n
junction blue LED in 1989 [Aman89]. An AlGaN/GaN-based LED with an efficiency (Next) of 1.5%
was achieved in 1992 by Akasaki et al [Akas92] and in 1993 a high-brightness GaN blue LED with
an efficiency of ~ 2.7% was commercialized [Naka94].

In the short wavelength regime bright and efficient UV-light sources are required for many
applications in various fields such as medical instruments, biochemical sensors, purification and
sterilization, solid-state white lighting, and high capacity data storage systems [Khan05, Zuka02].
As applied in research labs for analytical instrumentation, UV and deep-UV lights have, e. g., been
used for absorbance, fluorescence and spectroelectrochemical measurements in a planar flow-
through cell [Dasg03]. Compared to conventional UV-light sources ultraviolet light emitting diodes
(UV-LEDs) are a very attractive alternative due to their compact designs, low heat generation, low
current consumption, high performance and high energy efficiency as compared to traditional light
sources.

Similar to InGaN- and GaN-based LEDs, AlyGa;«N is the material of choice to develop UV-
LEDs due to the wide bandgap energies of AlyGa; xN with 0 <x <1 ranging from 3.4 eV for GaN to
6.2 eV for AIN corresponding to the wavelength range from 360 to 200 nm. However, to achieve
high-quality AlyGa;«N epilayers with high conductivity is challenging especially with increasing Al
content due to a lower crystalline quality and a higher activation energy of the dopants.

The first high-power UV-LED on SiC substrates was fabricated by Nishida and co-workers
in 1999 [Nish99]; in 2001, they achieved a 10-mW AlGaN-based LED using n-type and p-type
Alp.14Gag g6N/Aly 13Gag 52N short-periods superlattices below and above the AIGaN/AlGaN QWs
emitting light of 352 nm [NishOla, NishO1b].
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Hirayama and co-workers demonstrated 333 nm Alj03Gag.97N/Aly25Gag7sN MQWs of UV-
LED with p-type GaN/Aly25Gag7sN superlattices on SiC in 2000 [Kino0OO0]. More recently, efficient
InAlGaN-based LEDs with quaternary InAlGaN QWs with emission wavelengths of 290-375 nm
have been developed [Hira04, Hira05, FujiO8a, FujiO8b]. It was proposed that the carriers captured
into the In-segregated region in quaternary InAlGaN QWSs recombine radiatively before being
trapped in nonradiative centers by defects similar to the effect obtained in InGaN QWs [Hira05].
Moreover, efficient UV-LEDs on sapphire with AIGaN-QWs emitting at 231-261 nm by using a
low threading dislocation density AIN buffer template with a NH; pulse-flow technique and a thin
quantum well about 1-3 nm [Hira04] were obtained. Recently, 222-282 nm AlGaN and InAlGaN-
based UV-LEDs on high-quality AIN buffers on sapphire were demonstrated [Hira08, Hira09].

Khan and Adivarahan et al [KhanO1, Adiv01b] have achieved 305-340 nm UV-LEDs on
sapphire that consisted of AllnGaN/AllnGaN MQWs with varying compositions by using pulsed
atomic layer epitaxy (PALE), p-type Mg-doped AlGaN/AlGaN superlattices and n-type
AlGaN/AlGaN superlattices (with the In/Si co-doping approach) on n-type Alp2.036GaN. They
further improved their LED structures in light extraction and current spreading [Zhan02b, Adiv04,
Wu04, Bile05, Sun04a, Sun04b, Khan05]. In 2006 matrix addressable micro-pixel AlGaN based
280 nm deep UV LEDs were developed [Wu06]. Recently, Adivarahan et al have reported the first
RT operation of a 280 nm emission monolithic deep UV LED lamp with a record dc power of
42 mW at 1 A and a RT lifetime in excess of 1500 h when biased at 400 mA with an output power
of 22 mW [Adiv09].

As a challenging investigation of UV-LEDs for numerous applications, there are several
reports on Al(In)GaN-based and AlGaN UV-LEDs [Han98, lida04, Niki05, Knei06, Niki08].
Furthermore, Taniyasu et al. achieved AlIN-based UV-LEDs with an emission wavelength of
210 nm with an output power ~0.02 uW at 40 mA and Vp of 5 V for the PIN LED and 3.8 V for the
MIS LED on SiC substrate by using AIN/AlGaN superlattices to enhance the average both n-and p-
type carrier concentrations of 10" cm™. The external quantum efficiency (7ex) Was estimated to
about 10° % [Tani06, Tani08]. Especially optimized growth parameters for the QW structure and
the methods to reduce TDD in AlyGa; N layers such as In-adding are the most common approaches
to fabricate UV-LEDs.

One important requirement of UV-LEDs is their price. This is the main reason to develop
UV-LEDs on Si substrates since Si substrates are available at low cost in large-diameters enabling

the fabrication of low-cost UV-light sources and also enabling the integration with Si electronics.
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Even though AlyGa;«N epilayers grown on Si substrates will suffer from a large lattice mismatch
and a large difference in thermal expansion coefficients.

In 1998, Guha and co-workers [Guha98a, Guha98b] started to demonstrate the first LEDs on
Si substrates consisting of p-Algos.009GaN/ undoped GaN/ n-Alggs.000GaN layers with emission
wavelengths at ~360 nm. Since then no research groups further developed UV-LEDs on Si substrate.
Until now, the development of LEDs on Si substrates is mostly based on InGaN/GaN MQWs for
green and blue light emission as presented in table 1.1. The present performance of blue InGaN-
based LEDs on Si substrates has been successfully improved to similar values as devices grown on
conventional substrates as sapphire by Lattice Power [Latwebl]. In early 2010, the 1 mm and
0.5 mm size products have been introduced to the general market [Latwebl, Latweb2].

Krost and Dadgar et al [Kros02, Dadg00, Dadg03] investigated and solved the cracking
problem of GaN layers on Si substrates and improved the GaN quality. They have achieved
InGaN/GaN-QW-based blue LED on Si substrates with (111), (001) and (110) orientations
[Dadg01, Schu06, Reih09].

Meanwhile high-performance AlGaN-based UV-LEDs on other substrates as sapphire and
SiC are investigated but there are no reports on Si substrates up to now.

As expected similar to the success of InGaN/GaN-based LEDs on Si substrates, AlGaN-
based UV-LEDs on Si substrates are a promising approach to enable the fabrication of low-cost UV-
LEDs for the increasing requirement of the future. Therefore this work aims to develop Aly;GagoN-
based UV-LEDs on Si(111) substrates by developing suited seeding and buffer layers which
improve the crystalline quality and to n-and p-type dope AlGaN layers for diode operation.

The fundamentals of the materials used and of LEDs are described in chapter 2 followed by
a description of MOVPE growth technique and the characterization techniques used in chapter 3.
Chapter 4 describes the experimental results of AlyGa;.\N growth with Al content up to 65% on
Si(111) substrate as followed by chapter 5 describing strain engineering of AIN interlayers to grow
thick, crack-free AlyGa;xN layers. The growth of p- and n-type layers and of a full crack-free LED

structure and its properties are described in Chapter 6.
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Table 1.1 Developments of group IlI-nitride based LEDs on Si substrates

: Tum-un
Emuszion Forward voltage Demonstrated
Year LEDs on Si substrates Output power (mW) voltage Reference Note
wavelenght (nm) (Volt) by
(Volt)
GaN/ALy s, 2N violet and UV-LEDs 420 , ~360 . 45-65 | 12Vat14-65 mA [Guhatga)
1998 Guha af al. MBE
TV-LEDs with organic dye based color converters | ~3a0 , ~530, ~600 - - - [Guha98h]
1999 |Blue Tng 5;Grag pN/GaN-MQW LEDs 465 ‘ 4V §Vat20mA  |Tranetal. [Trano9]
2000 |Blue Tng 55Grag 75N/GaN-MQW LEDs 465 . 32V 0VatasmA  [Yangetal. [¥ang00] MBEMOVPE
Blue InGalN/GaN-MQW LEDs 467 . 25V |45~65Vat20 mA [Dadgaretal,  |[Dadg0l]
2001
Green InGaN/GaN-MOW LEDs 508 0.006 mW at 20 mA 6.8V 107 Vat20 mA  |Feltin ef al. [Feltl]
Blue InGraN/GaN-MOW LEDs 455 0.15 mW af 20 mA 28V ~4.5Vat20mA  |Dadgar ef al. [Dadgnz]
2002 | Green InGalN/GaN-MOW LEDs 505 0.02 mW at 20 mA 4V =7V at 20 mA Egawa ot al. [Egawi2a] lifetimes=500 h
Blue and green InGah/GaN-MQW LEDs 478, (505) 0.018 mW at 20 mA ~3V ~41Vat20mA |Egawa et al. [Egawi2b]
2003 |Blue InGal/GaN-MQW LEDs 498 0.42 mW at 20 mA - - Dadgaretal.  |[Dadg03]
Tng 17, 0 25N/ o (G ssN-MQW LEDs 475 1.5-2 mW at 20 mA ~AV | 38-4.1Vat20 mA [Egawa ot al. [Egaw0s]
2005 | Blue and Fag (N/GaN-MQW LED:
e and green Iny {Gag N 2 i 430, 490 0.5-0.7 mW at 20 mA “46V | ~46Vat20mA |Shinetal. [Shin0s] lifetime=-500 h
and emitted white light with yellow phosphor
InGGaN/GuN-MQW LEDs on Si001) 490 - - - Schulze e al. [Schubs]

; 3.65, 3.85 (lateral) peral LED
2006 | Bhue InGaN/GaN-MQW LEDs A56 (lateral LED) 0.76 mW (lateral) at 20 mA 25V . R (grown on 5i)
: . ; J e 3.45, 4.21 (vertical) |Chuanbing ¢f /. |[Chua0s] d
(with a Si-substrate lift-off ) 466 (vertical LED)| 2.8 mW (vertical) at 20 mA (both) vertical LED

al 20, 60 mA =
(bonded on Si)
485 on hulk 5i

InGaN/GaN LEDs on nanoscale SOT - ~3V ~4 Voat 20 mA i atal. Trip07

" 530 on 801 [Popey, [Tripo7]

2007 3.5 (horizontal)
Blue InGaN/GaN-MOW LEDs - 1.5 mW . 4.8 (vertical) Hsu et al. [Hsu07]
Blue LEDs on patterned Si substrates 453 0.7 mW at 20 mA 43 . Zhang et al. [Zhang07]
A87 on hulk 5i
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Chapter 2

Fundamental properties of AlGaN,
Si substrate and LED principle

The aims of this work are to investigate and develop AlGaN-based UV LEDs on Si
substrate. The fundamental properties of AlGaN and Si and the principle of LEDs will be provided
to know the important parameters of the investigations. In this chapter, the structural and electronic
properties of AlGaN will be described conceptually, e.g. chemical bonding, crystal structure,
bandgap energy and polarization etc. Afterwards the structural and other properties of Si substrate
will be summarized including the surface preparation and special problems in epitaxial growth on Si
substrate. Lastly, the general principle of LEDs such as a p-n junction, radiative transition and
Quantum Confined Stark Effect (QCSE) in quantum-well structure and doping for »n- and p- type
conductivity will be explained. In addition, current-voltage characteristics and definitions of

efficiencies of LEDs will be included in this chapter.

2.1 Structural properties

In this section, chemical bonding and crystal structure of group III nitrides will be explained

to comprehend their structural properties.

2.1.1 Chemical Bonding

AlxGa; 4N is a group III nitride compound as @
<304 0O

a ternary alloy of AIN and GaN. Group III nitrides %
and their compounds are special attractive § 2.5

. _ . . E= Ga-compounds
semiconductor materials for high-power electronic "; 2.0
applications due to some excellent structural %ﬁ B g
properties. In comparison to other group III-V é 159 \I:I
compound semiconductors (for example GaAs, = 1.0

o _ N P As Sb
InP), the group III nitrides have a group IlI-nitrogen
Figure 2.1 The electronegativity differences
covalent bond with stronger ionic component due to
of Ga—group V compounds [P6d696]
the basic properties of nitrogen atom the smallest
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and the most electronegative group V element. As a result, the electrons involved in such covalent
bond are attracted by the stronger coulomb potential of the nitrogen atomic nucleus leading to the
strong ionicity of the metal nitrogen bond compared to that of other group V bonds. As seen in
Fig.2.] data from [P6d696], GaN has the largest electronegativity difference of all Ga-group V
compounds corresponding to the strongest ionic bond of nitride compounds. Additionally, lattice
parameters for the nitrides are significantly reduced due to the small covalent radius of N (0.7 A,
compared with 1.10 A for P, 1.18 A for As, 1.36 A for Sb). This induces high bond energies of
group III nitrides implied to high melting temperatures as compared with group III arsenides as
shown in Fig.2.2 (right). The bond energy between group III atoms and nitrogen atoms reveal large
variations from the strongest bond energy of Eg (Al-N) = 2.88 eV to Eg (Ga-N) = 2.2 ¢V and Eg
(In-N) = 1.93 eV of the binary AIN, GaN and InN, respectively. This can explain the highest thermal
stability of AIN with a melting point of approximately 3200°C and 2500°C of GaN whereas the InN
melting point is at about 550°C as shown in Fig. 2.2 (center). Similarly, these variations influence
the wide bandgap characteristics of the group III nitrides as their bandgap energy vary from 6.2 eV
(AIN) to 3.4 eV (GaN) and 0.8 eV (InN) as shown in Fig. 2.2 (lefi).

Eg (II-V) T (111-V)
8 35 4000
AIN % 3.0 3
] 2 3.0 4 = ] nitrides
< 6 Q > 25 nitrides £ 3000 .\.
B 4| GaN s 8 2000 | |
o, N e 20 B £ 1000 T
0 § 15 arsenides E arsenides 0o
0 1.0 & : . ; . ; ; i
30 32 34 36 B Al Ga |In B Al Ga In
a[A]

Figure 2.2 Physical and chemical properties of group Il nitrides. Band gap energy (E,) as
a function of lattice parameter (left), binary bond energies for group Il nitrides and
arsenides (center), the melting points of group Il nitrides and arsenides (right) [Kell03].

In brief, these properties provide the group III nitrides more stable thermally and chemically

and well suitable for high-power, high-frequency and high-temperature electronic applications.

2.1.2 Crystal structure
Group III nitrides are categorized into three crystal structures i.e. wurtzite (Wz), zincblende

(ZB) and rocksalt structures. In rocksalt or NaCl structure (with space group Fm3m in Hermann-
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Mauguin notation and O, in Schoenflies notation), they can be possibly grown only under very high
pressures of 22.9 GPa for AIN, 52.2 GPa for GaN and 12.1 GPa for InN. Thus, rocksalt group III
nitrides cannot be produced by any epitaxial growth [Mork08]. In cubic zincblende structure or f-
phase (with space group F43m in Hermann-Mauguin notation and T "> in Schoenflies notation),
they are metastable structures and can be stabilized under specific growth conditions such as on
some suitable substrates [Mork08].

In hexagonal wurtzite structure or a-phase (with space group P6,mc in Hermann-Mauguin

notation and C, in Schoenflies notation), group III nitrides and their alloys have the

thermodynamically most stable structure. The primitive unit cell or unit cell of hexagonal wurtzite
structure is a parallelepiped with a basis of four atoms, two group III atoms and two nitrogen atoms
as depicted in Fig.2.3(left). Each atom in the structure can be seen as located at the center of a
tetrahedron with its four nearest atomic neighbors of the other type at the four corners of the

tetrahedron as depicted in Fig.2.3(right).

C-axis
& Ga Al
f-'ii--.:-t.--‘& :
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5 e A =3c
1 1.5 ik

Figure 2.3 Unit cell of wurtzite structure of (Ga,A)N (left)
and wurtzite structure of (Ga,Al)N (right)

The wurtzite structure consists of two interpenetrating hexagonal close packed (HCP)
sublattices, one of group IlI-atom lattice and another of nitrogen-atom lattice. Each lattice displaces
from the other along the c-axis ideally by 3/8 of the cell height, (3/8c), related to u-parameter. The
stacking sequence of orientations of bi-atomic group IlI-nitrogen (0001) planes is an AaBb-AaBb-
AaBb sequence whereas capital letters corresponding to the group III atoms and small letters to the

nitrogen atoms. Thus, atoms in the first and third plane of each type are directly aligned with each
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other. Unlike the zincblende structure, the stacking sequence of (111) planes is an AaBbCc-
AaBbCc-AaBbCc sequence in the <111>direction as will be discussed in section 2.5 of Si(111)
substrate. Since the zincblende (B-phase) and wurtzite (a-phase) structures of group III nitrides
slightly differ in the stacking sequence, the coexistence of both structure-types is possible and leads
to stacking faults in epitaxial layers.

The parameters to characterize the wurtzite lattice are the edge length of basal-plane
hexagonal (a), the height of hexagonal (c) and the internal parameter () of the cation-anion bond
length ratio along the c-axis in a unit of ¢ as shown in Fig.2.3 (right). In an ideal wurtzite crystal, the
c/a ratio is 1.6330 and u-parameter is 0.375 as shown in Table 2.1. These values of each nitride
crystal are different because of different metal cations and bond lengths and no one has the ideal-
wurtzite parameters. This is important to determine the strength of polarization in all nitride crystals.
Table 2.1 Lattice parameters, c/a ratios and u-parameters of the ideal wurtzite and group III

nitrides after [ZimmO8].

Parameters Ideal wurtzite GaN AIN InN
a (A) : 3.189 3.122 3.548
¢ (A) S 5.185 4.982 5.760
c/a V8/3 =1.633 1.626 1.601 1.623
u 3/8 =0.375 0.376 0.380 0.377

2.2 Electronic properties
The electronic properties as bandgap structure, polarization and band discontinuity and two-
dimension carrier gas of heterostructure of group III nitrides will be briefly introduced in this

section.

2.2.1 Bandgap structure

The band structure of group III nitrides is a direct bandgap by the conduction band minimum
and the valence band maximum lay at the center of the Brillouin zone (I" point). Bandgap energy
(E,) is nearly equal to a distance between them. Figure 2.4(left) and (right) present the calculated
band structure near I' point of wurtzite GaN [Chen96] and AIN [Li03], respectively. The electric and
optical properties are generally governed by this local E-k relationship. & is the wavevector related to

the direction of electron motion in the crystal. Unlike a structure with high symmetry such as FCC,
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the wurtzite hexagonal structure with low symmetry strongly affects the band structure, in particular,
the valence band. The valence bands in hexagonal are split into three separate subbands representing
as ['9, I'7, and I'7 of the C¢, point group. As explained above, the bonding in group III nitrides is a
mixed ionic and covalent bond. The mixed ionic-covalent bonds can be imagined as a superposition
of two extreme cases. In case of ionicity, an electron transfer from group III to N gives an ionic
structure group III'N" such as Ga'N". In case of covalence, the electron transfer from N to group III
leaves both group III and N with four electrons in the outer shell. Due to this mixing of s- and p-
wavefunctions, this allows forming sp’-hybrid orbitals similar to that of group IV Si and Ge and
splitting into two sp’-subbands as bonding and antibonding orbitals to equilibrate a bonding distance

[Ibac03].
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EE:]S meV || _
b_ cb_ - '
EA= Eg= 20 meV L o= 3.504 eV
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Figure 2.4 Calculated band structure near the I point of wurtzite GaN (left) [Chen96] and AIN
(right) [Li03].

Otherwise, the three hole bands are labelled as HH (heavy), LH (light) and CH (crystal-field
split-off). Their gap sizes strongly depend on temperature. With increasing temperature, lattice
parameters are distorted as an increasing in-plane lattice parameter due to a thermal expansion. As a
result, the bandgap will be smaller with respect to a reducing in the sp’-subband splitting.

In a case of ternary alloy bandgap, a bandgap of AliGa;«N is given by the composition-
weighted average of GaN and AIN bandgaps with a non-linear term as a bowing parameter () and it
can be expressed by

Eeup(AlcGajxN) = (1-x)Egqp(GaN) + xEqqp(AIN)+ bx-(1-x) Eq.2.1
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Usually the measurement of bowing parameters studied on the bandgap and Al-content of AlGaN is
complicated by strains in layers. There are many reports of various bowing parameters from -0.8 eV
(upward bowing) to +2.6eV (downward bowing) [Mork08]. However the most notable bowing
parameter is 1.0 eV for the entire compositional range [ Yun02].

Theoretical lattice parameters of ternary can be predicted by Vegard’s law of the
composition-weighted average of the GaN and AIN parameters given i.e.

a,cunGal«xN) = (1-x)a,cGany + X a,coun)

as can be alternatively expressed by

@y oy =3.1986-0.0891x A and

Cvca w =5:2262-0.2323x A Eq.2.2. [Amba02]

2.2.2 Polarization of group I11 nitrides
The origin and effect of spontaneous and piezoelectric polarizations of group III nitrides will
be briefly explained and the band discontinuity and two dimension carrier gas of heterostructure will

be also introduced in this section. More details about polarization in group III nitrides can be found

in references [Mork08, Amba98, Amba99].

A. Spontaneous and piezoelectric polarizations

Group III atoms are bonded with nitrogen atoms by their strong ionicity-covalent bonds in a
tetrahedral form, along the c-axis of wurtzite structure without inversion symmetry. The covalent
bond with stronger ionicity acted as a localized polarization will result in macroscopic polarization
in the crystal structure [Amba98, Amba99]. In a simple model, it can be assumed that the planes

containing group III atoms carry a positive charge

¢

B

and the planes of nitrogen atoms carry a negative
charge. This results in electrical dipoles along the c-

axis due to no inversion symmetry or dipole

annihilation along this direction in the wurtzite group

III nitrides. As a result, strong macroscopic

Figure 2.5 Sum of the microscopic dipoles  spontaneous polarizations occur along the c-axis and
resulting no spontaneous polarization for  then the basal or (0001) planes are the primary polar
the zincblende structure. planes. By the non-centrosymmetric wurtzite

structure, group III-nitrides will have two distinct faces of group III (Ga, Al or In)-face and N-face

10
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with two different polarities as a group IlI-polarity or [0001] polarity, and an N-polarity or [OOOT]
polarity depending on the growth direction of the c-axis. The group IlI-polarity or [0001] polarity is

defined by a polarization vector pointing from the anion (N atoms) to the nearest cation (group III
atoms) along the longitudinal bond as depicted with a red downward vector opposite the growth
direction of the c-axis in Fig.2.3, corresponding to group III element on the top position of the

{0001} basal plane of the wurtzite structure as called group IlI-faced. On the other hand for the N-
polarity or [OOOT] polarity or N-faced, the opposite polarity is in upward direction parallel to the c-

axis growth direction as will be shown in Fig.2.6(above). In brief, the strong ionicity of chemical
bonding, non-centrosymmetric structure and the polarity are responsible for the strong macroscopic
spontaneous polarization effects that appear in the wurtzite group III nitrides along the c-direction.
Meanwhile in zincblende crystals the dipoles along the four equivalent <111> directions as the
primary polar planes cause the annihilation and then the total polarization field is zero as shown
schematically in Fig.2.5.

However, in reality the group Ill-face can be either group Ill-terminated or N-terminated.
The termination type or the Ga- or N-polarity significantly affects not only the surface morphology
but also many physical characteristics such as impurity incorporation and electrical properties
[Stut01]. The Ga- or N-polarity can be determined by the choice of substrate and the growth
process, especially the initial stages of it [StutO1]. Typically, group III nitrides grown by MOVPE or
HVPE will exhibit the group Ill-face with a better quality than the N-face grown by MBE.
Nevertheless the N-face GaN also is applied in some devices as HEMT [Raja05, Wong08].

In principle, the polarization in wurtzite group III nitrides is categorized into two types as
spontaneous and piezoelectric polarizations. For spontaneous polarization, this polarization effect
occurs in the equilibrium lattice of the group III nitrides at zero strain due to non inversion
symmetry [Smit93, Bern97]. Theoretically, the spontaneous polarization of the typical group III
nitrides is always along the [0001] direction as shown in Fig.2.3(right) and Fig.2.7(above).

When stress is applied to the group Ill-nitride lattice, lattice parameters ¢ and a of the
relaxed structure will be changed to accommodate the stress. As a result, the polarization strength
will be changed due to a changing of the bond length (d). This additional polarization occurring in
the strained group III nitrides is called piezoelectric polarization and adds to the spontaneous
polarization [Smit93, Bern97]. The relation of lattice parameter changing is governed by Poisson’s

law as

11
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€76 _ S ["_“OJ Eq.2.3
Co Ciu\ g

whereas c,,a,are relaxed lattice constants and C,;,C,; are elastic stiffness constants (can be found

in references [Mork08, Amba98]). So, piezoelectric polarization can be written as

Py=29"%, _o i Eq.2.4
a Cy

whereas e,,,e,; are strain or piezoelectric constants in references [Mork08, Amba98].

However, Eq.2.3 is valid only in the linear regime for small strain values. It defines the
piezoelectric tensor through the change in polarization induced only by variations of lattice
constants @ and ¢ [Amba98]. For more detailed calculations, taking more parameters as alloy
compositions into account leads to the nonlinearities in piezoelectric polarization [Mork08].

Spontaneous polarization
c-axis

N-face Ga-face

¥ 0

Piezoelectric polarization

Ga-faced
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Figure 2.6 Spontaneous polarization (above) and piezoelectric polarizations due

to compressive stresses (left) and tensile stresses (right) after [Mork08,ZimmO08]

When group III nitride is under biaxial compressive stress, the a-lattice constant will be
smaller and the c-lattice constant will be larger resulting in an increased bond length (d) and an
increased c/a ratio approaching to the ideal lattice ratio. This also will reduce the total polarization

strength of the nitride crystal because the piezoelectric polarization will occur in opposite direction

12
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of the spontaneous polarization as depicted in Fig.2.6(left). In contrast to the nitride crystal under
tensile stress, the a-lattice constant will be larger and the c-lattice constant will be smaller reducing
the c/a ratio far away from the ideal ratio leading to enhance the total polarization because the
piezoelectric and spontaneous polarizations will happen in the same direction as shown in Fig.2.6
(right).

B. Effects of strain and polarization

Both compressive and tensile strains are able to distort lattice constants and modify a band
structure as a bandgap shift related to changing total polarizations. As an important result, their
electrical and optical properties will be changed in both negative and positive effects depending on
applications.

For example in the positive case of the tensile strained Al,Ga;- N grown on thick GaN layers
as Al,Ga;_,N/GaN heterostructures, their large lattice mismatch causes Al,Ga;-,N materials under
tensile stress and a piezoelectric polarization along the same direction of the spontaneous
polarization. This increased polarization is applied in high-electron mobility transistors (HEMTs) to
create two-dimension electron gas (2DEG). More details of Al,Ga;—,N/GaN heterostructures will be
discussed in section 2.2.3.

For instance in the negative case of the strained-induced polarization fields within a
quantumwell structure of optoelectronic device, this built-in electric field within the strained
quantumwell will lead to a spatial separation of electron and hole wavefunctions and a Quantum-
Confined Stark Effect (QCSE) resulting in a decreased recombination efficiency and a red-shift of
emission. This will limit the performance of the optoelectronic devices. More details of QCSE will

be discussed in section 2.6.2.

2.2.3. Semiconductor heterostructures

The layer structures of electronic devices are commonly developed from heterostructures of
different semiconductor materials, e.g. n-channel or p-channel for HEMTs , quantumwell structures
for LEDs and superlattice structures for DBR of LDs etc. With a heterostructure, their band
structures will discontinue near the interface leading to the changes of electrical and optical
properties in many ways for example charge transport across the interface and carrier confinement
or optical confinement in quantum wells. In this section, a band discontinuity and a concept of two
possible types of two-dimension carrier gases in heterostructures will be discussed. More detailed

information about semiconductor heterostructures applied in devices can be found in [Miti99].

13
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A. Band discontinuity

The discontinuities or offsets in the conduction and valence band edges of heterostructure
semiconductors significantly influence the electrical and optical properties of heterostructure
devices. To determine their expected band discontinuities is an important step to design
heterostructure devices and a strain-induced piezoelectric polarization also taken in account.

In principle, the conduction band discontinuity, AEc, is equal to the difference in electron
affinity, , of the two semiconductors [Ibac03] i.e. AEc =y — y1= Ay and AE, = AEc + AEy. So, the
valence band offset is given by AEy = AE, — Ay , whereas AE, and AEy are the bandgap and
valence band discontinuities, respectively.

In fact, these predicted discontinuities with this model are very different from the
experimental measured values. Martin et al. reported that the valence band discontinuity of
GaN/AIN is 0.70+0.24 eV and suggested the ratio of conduction-to-valence band discontinuity is
about 75:25 of the AE, and the first approximated band discontinuity for ternary alloys of Al\Ga;-N
assumed by linear varying with Al composition [Mart96]. Hang and co-worker studied
Al,Ga;-N/GaN band discontinuities by PL measurements and achieved the relation of bandgap,

conduction and valence band discontinuities with Al fraction (x) as

AE, =1.05x+7.62x°, £0.02x,  AE.(x)=0.6x+5.05x*, +0.03x, and

AE,(x)=AE . (x)-AE.(x)=0.45x+2.57x*, +0.05x and the ratio of conduction-to-valence band

discontinuity is about 65:35 [Hang01].

B. Two-dimensional carrier gas in heterostructures

When one semiconductor is grown on another semiconductor, the band structures of these
two semiconductors with discontinuities or offsets of their conduction and valence bands will adjust
themselves to each other until their Fermi levels are the same resulting in a bending of the bands.
However, this affects only the structure near a interface and the structure far from the interface their
Fermi levels remain unchanged in both sides. In the simple schematic of band structures to explain a
concept as shown in Fig.2.7, the higher bandgap semiconductor I with a negative doping or a Fermi
level close to the conduction band is under tensile stresses by the larger in-plane lattice of
semiconductor II such as AlGaN on GaN for examples of this structure applied in devices can be
seen in [Adiv05, Chen07, Fieg07, Schu07, Wu04YF], AIN on AlGaN/GaN [Iman98, Kawa98] and
AlGaN with higher Al composition on GaN/AlGaN with lower Al composition [Cord05]. At the
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interface, the conduction band of semiconductor II falls below the Fermi level and electrons will be
transferred from semiconductor I and leave the positive charges in the semiconductor 1. This will
enhance the ionization of donors in the semiconductor I due to compensating the accumulated
charges by the ionized donors. This will occur in the confined local area or the strong localization at
the interface resulting in the formation of quantum states in the direction perpendicular to the
interface and the electrons can move freely parallel to the interface as called two dimensional
electron gas (2DEG) as shown in Fig.2.7.

In addition to the effects of band-structure alignment, the polarization effects have to be
considered. As a reason, their lattice mismatch respecting to their piezoelectric polarizations enables
to enhance an accumulation of carriers besides the spontaneous polarization. This principle is
commonly used as the conductive channel for HEMT devices. The carriers from the dopants in the
high bandgap material lead to a higher mobility of carriers in the channels due to a lower impurity
scattering. For Al,Ga;_,N/GaN heterostructures, Al,Ga;_,N with a higher Al content will induce
larger polarizations and this effect on the formation of 2DEG will become stronger as shown in
Fig.2.8 [Amba98]. With such a structure, the carrier density could be enhanced to 1.2x10" cm™ and
the mobility of 1290 cm?/Vs at room temperature [Lund04]. Therefore, Al,Ga;_,N/GaN

heterostructures are widespread structures for applications in high frequency, high power HEMT

devices.
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Figure 2.7 Schematic of band diagrams Figure 2.8 Polarization (P) of AlGaN/
of two isolated semiconductors (above), GaN/AlGaN heterostructure as function
and heterostructures (below) of the Al content x [Amba98].

In another case of two dimension hole gas (2DHG), although the formation of 2DHG as the
conductive channel applied in the devices has not yet been widespread and is more complicated and

difficult for a device structure than the n-channel devices, to explain a basic principle to form 2DHG
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in heterostructures the simple schematic of band
structures is presented in Fig.2.9. In this simple model
of both semiconductor with a positive doping or a
Fermi level close to the valance band, the smaller
bandgap semiconductor I is under compressive
stresses by the smaller in-plane lattice of
semiconductor II such as InGaN on GaN for p-
channel HFET [ZimmO04, ZimmO08], GaN on AlGaN
[Lin06], a comparison of AlGaN/GaN with
GaN/AlGaN/GaN [Heik03], both 2DEG and 2DHG
presences in  GaN/AlGaN/GaN heterostructure
[Mitc08], AlGaN/GaN on AIN substrate [Acar08],
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Figure 2.9 Schematic of band diagram
of two isolated semiconductors (above),

and heterostructures (below)

and AlInN/AIN/GaN/AIN [Tasl10]. At the interface, the Fermi level of semiconductor II closes to

the valence band of semiconductor I and holes will be transferred from semiconductor I and leave

the negative charges in the semiconductor I. This will enhance the ionization of acceptors in the

semiconductor I due to compensating the accumulated charges. As the strong localization at the

interface the quantum states in the direction perpendicular to the interface will be formed and allow

the holes to move freely parallel to the interface as called two dimensional hole gas (2DHG) as

shown in Fig.2.9. With expecting to be similar to

Energy (eV)

Figure 2.10 Calculated band structure

2DEG, 2DHG will depend on the effects of the
band-structure alignment and the polarization
effects. Hackenbuchner and co-workers [HackOl,
Maje04] presented from the calculated model that
the most important parameter to impact on 2DHG is
the induced polarizations and other factors e.g. the
widths of wells and barriers the temperature, and the

0.4 5 E '
IGaN . .
ploan m aas Mg concentration profile play a minor role.

However, this principle is very beneficial to

of Mg doped GaN/Aly:GagsN showing apply in p-type superlattice structures to enhance a

the Mg ionization energy pulled down

below than Fermi level to enhance the

hole density for p-type conductivity of group-III-
nitride LEDs [K0z099a,K0z099b, Goep00, Schub96,

hole density [Kozo099]. Sax199] as shown in Fig.2.10. As well the p-type
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conductivity of LED structures in this work is achieved by Mg-doped GaN/AlGaN superlattices and

more details about experimental results will be discussed in Chapter 6.

2.3 Misfit dislocations

In case of homoepitaxial growth, I prrong
layers with
. . . dislocations
pseudomorphic epilayers grown on the lattice-

— Substrate —t Substrat

==l (b) T

matched substrate will be nearly relaxed as (@)
shown in Fig.2.11(a). In general case of T

heteroepitaxial growth, pseudomorphic epilayers

compressive
strained

grown on the lattice-mismatched substrate will —ieyers

be strained by two types of compressive or —»

tensile

strained
Fcomble:slvo layers F| eeee I
<+ «— —>

tensile strains depending on in-plane lattice © Rk (d) |l

constant of the substrate as compared to the  Figure 2.11 Ralaxed epilayers with lattice
relaxed in-plane lattice constant of layers. If the  match (a) and with misfit dislocations (b) and
relaxed a-lattice constant of layers is larger than  pseudomorphic grown layers with com-
that of the substrate, the growing layers are  pressive strain (c) and tensile strain (d).
compressive strained (Fig.2.11(c)).

Otherwise the relaxed a-lattice constant of the layers is smaller in the case of tensile strained
(Fig.2.11(d)). When further growing, the strain energy will be higher with increasing layer-
thickness. Until the thickness is thicker than a critical thickness, 4., the strain will be partially

relaxed or minimized by forming dangling bonds and creating defects or rows of defects known as
misfit dislocations as shown in Fig.2.11(b). Misfit dislocations are interfacial defects occurred
between the layer and the substrate interface. These misfit dislocations are required to relief strain
and generally will not thread up into the layer. However, threading dislocations in layers can be
originated from the network of these misfit dislocations.

The in-plane strain ¢, resulting from the lattice mismatch is given by

aepi Eq25

where a,, and a,, are the lattice constants of the substrate and the epilayers, respectively and the

i

strain in the growth direction is given by
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E,p = —2{&}” Eq.2.6

33
where C; and C,; are the elastic stiffness constants of the films.

The critical thickness [Matt74] is defined by

_ 2
b 1zveos “(mh—CHJ Eq.2.7
27f (1+v)cos A\ b

where b = the relevant Burger's vector, f = the mismatch strain.v = Poisson's ratio, « = the angle

between b and the dislocation, 4 = the angle between the slip direction and the direction in film
plane perpendicular to the line of intersection of the slip plane and the interface [Matt74, Scho09].

Alternatively, The critical thickness has been found to follow an empirical formula [Sze(07]
given by

hym—? S Eq.2.8

28 2 aepi - asub

mismatch
A typical number for the critical thickness, from a mismatch of 2% and an a,,; of 5A, is about 10 nm

[Sze07].

2.4 Silicon substrate

Due to excellent physical properties, crystalline quality, doping capability, thermal stability,
large-diameter wafer, low cost and high possibility to integrate with Si-microelectronics for group
[II-nitride based devices, silicon is the most attractive substrate. Although, silicon is a most perfect
crystal and its surface can be prepared with extremely smooth finish as compared to other substrate
materials as sapphire and silicon carbide, the quality of group IIl-nitrides on silicon has been lower
than that on sapphire or silicon carbide, due to large lattice mismatch (e.g. -17% for GaN), different
thermal expansion coefficient (e.g. 6.8x10° K of AIN [Figg09], 6.0x10° of GaN [Rode05] and
3.9x107" of Si [Mazu09] at 1000K) and the tendency to form amorphous SixNy at the surface
[Dadg03, Ishi98, Kros02, Kuku08, Wan01, Will98]. Nevertheless, GaN-based devices on Si
substrates have been successfully demonstrated such as LEDs on Si (111) [Dadg02, Dadg03,
Egaw05, Guha98a, Guha98b, Mo05, Li06, Zhan07], LEDs on Si(110) [Dami08, Reih09], LEDs on
Si(001) [Schu06, Schu07, Schu08], and other devices on Si substrates such as FETs [Schu07,
Vesc02, John04], HEMTs [Arul05], gaseous chemical sensors [Semo0O1, Thak07], and photodiodes
[Bush04, Wang07].
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2.4.1 Silicon structure and properties

Silicon crystallizes in a diamond structure with the space group of Fd3m (No.227) in the
cubic-crystal family as shown in Fig.2.12(left). Otherwise it can be described as two interpenetrating
fce structures or sublattices that are displaced relative to one another along the main diagonal of the

cube or the [111] direction as depicted in Fig.2.12(right) [Ibac03]. The position of the origin of the
second fcc sublattice, expressed in terms of the basis vectors, is (%,%,%) in Fig 2.12(left) or a-
position in Fig 2.13(right). Thus, each Si atom in a tetrahedral configuration is surrounded by four

equi-distant nearest neighbors lying at the corners with a distance of T3a , where a = 0.5431 nm

and the distance of a central atom from the base of its tedrahedron of neighbors is 1 of the total

height of tetrahedron [Ibac03]. The separation of closed-packed layers in the fcc structure is ?a

with the stacking sequence of the close-packed (111) planes of ABCABC...... and afyopy...... of
the second fcc sublattice as shown in Fig 2.12(right).

Diamond Structure - Si

g
s

—
x ‘/:
5=543

tetrahedron
Figure 2.12 Diamond structure of Si and the side view along the [111]

Si

(000)

direction showing the close-packed plane [Omar90].

S(001) S(011) S(111)

(a) (b) (c)

Figure 2.13 The perspective view along (a) the [001] (b) [011]
(c) [111] directions of a Si cell [Mork08].
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Therefore, the Si(111) orientation with the three-fold surface symmetry is generally
preferred as the substrate plane for the wurtzite phase of GaN or group IlI-nitride growth rather than
other planes such as Si(100) and Si(011). The perspective views along the [001], [011], [111]
directions are presented in Fig. 2.13. Also, Si(001) is employed for GaN growth with a
predominantly cubic structure but the growth with both phases of wurtzite and cube are frequently
detected with a large number of extended defects [Basu94, Lei91, Lei92, Mork08]. Schulz and co-
worker reported that the wurtzite GaN grown on Si(100) are different orientations depending on the
buffer layer details with c-direction of GaN being on the (001) surface of Si or r-plane of GaN being
oriented parallel to the Si surface [Schu04, Reih08]. However, the quality of GaN grown on Si
substrates with (111), (100) and (011) orientations has been improved until devices have been
demonstrated as mentioned before. The general properties of Si are summarized in Table 2.2
[Kuku08]. More details about the other properties, doping and manufacturing of Si wafer can be

seen in a handbook of semiconductor silicon technology [Omar90].

Table 2.2 The properties of silicon at room temperature [Kuku08].

Properties Value
Lattice constant (nm) 0.543102
Density (g/cm?) 2.3290
Melting point (°C) 1414
Heat capacity (J/g K) 0.70
Thermal conductivity (W/cm K) 1.56
Thermal diffusivity (cm?'s) 0.86
Thermal expansion(linear) 10° K 2.616
Relative change in lattice constant: a/a, (298-1311K) 0.3995
Shear modulus (GPa) 680
Bulk modulus (GPa) 97.74
Young's modulus (GPa) 165.6
Poisson'’s ratio 0.218
Refractive index 3.42
Static dielectric constant 11.8
Electrical resistivity (undoped) (kW cm) Up to 50
Energy band gap (eV) 1.124
Electron mobility (cm?/V s) 1430-1448
Hole mobility (cm?/V s) 473-495

2.4.2 Surface preparation of Si

When bare silicon is exposed to the atmosphere, it reacts almost immediately with oxygen or
moisture in the air and forms a thin layer (about 10 to 20 A) of silicon dioxide (SiO»), called native
oxide on the silicon surface and silicon dioxide is a dense material that fully covers the silicon
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surface [Omar90]. The thickness of the native oxide is enough to stop further oxidation or other
chemical reactions with Si atoms at room temperature. To use Si substrate for epitaxy, silicon
dioxide and other contaminations on the surface will interfere with deposition of adatoms to grow
epitaxial layers. Therefore, a basic requirement of epitaxy is an atomically clean surface just prior to
beginning deposition [Omar90]. This will be accomplished through some combination of pre-cleans
outside the reactor and in-situ cleans done in the reactor.

In this work, the Si-substrate surface is cleaned by wet chemical etching before loading into
the reactor. The Si substrate will be firstly cleaned for removal of small-size dust particles from the
surface by dipping in propanol (isopropyl alcohol) with an ultrasonic cleaning. Next, to remove the
organic contaminants on the surface, Si wafer is immersed in a mixture solution of diluted sulfuric
acid (H.SO4+ H,0) and hydrogen peroxide (H>O,) with a mixing ratio of 3:1:1 of H,SO4:H,0:H,0,
for 1 minute and porous oxides will be formed [Grun91, Itan93]. Afterwards, the Si wafer is
immersed in hydrofluoric acid (HF 5%) for 30 s to remove the resulting oxide layers from the
surface and to terminate the Si surface with H-atoms or hydrogenation of surface dangling bonds
[Mork08, Grun91]. During the chemical cleaning steps, the wafer is rinsed in deionized water for a
while for pH = 7. The cleaning process is preformed 2 times. The Si-H bonds will be broken up at
~425°C in the reactor [Reih08, Dabr00] to provide an atomically cleaned Si surface for epitaxy.

2.4.3 Special problems in epitaxial growth on Si substrate

Heteroepitaxy growth of group Ill-nitrides on Si substrate suffers from some obstacles as
large lattice mismatch, different thermal expansion coefficient. In addition, the amorphous Si,Ny
tends to be formed by a reaction between Si and group III-N species at the surface [Stev94, Lui03]
and a meltback etching by a reaction between Si and Ga atoms at the surface and even through the
growing layers [Dadg02v, Kros02a,Kros02b].

- To prevent the amorphous SixNy and a meltback etching

The problem of nitridization at the Si surface is proposed to be overcome by the Al pre-
deposition to cover the Si surface with a few Al monolayers and later NH3 is switched on to form an
AIN seed or nucleation layer [Clam06, Chen01, Dadg02v]. Meltback etching occurs only high
growth temperatures due to a fast reaction between Ga and Si [Grau00, Chen00]. It is proposed to
reduce this problem by using thick Al-rich seed and buffer layers because of high Al-N bonding
energy or alternatively forming SiC on the Si wafer [Dadg02v]. Therefore, there is no meltback

etching problem in AlyGa; <N growth for this work, even growth of Al 0sGagosN.
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- To reduce misfit dislocations

The problem of misfit between Si substrate and group Ill-nitride layer is typically solved by
introducing a nucleation layer or seeding layer and buffer layers deposited first on the Si substrate to
adjust or compromise most of lattice mismatch between the layer and substrate, providing a better
lattice match and improving the orientation of the subsequent layers grown on them. Commonly,
LT-AIN and HT-AIN are employed for the seeding and buffer layers to grow GaN and its
compounds due to smaller grain size [Jang02, Cont08, Keya04, Kros04, Zami00, Lahr00] as well as
a standard parameter of AIN seeding layer for our group’s samples of the c-axis growth direction on
Si substrate. Furthermore, using superlattice buffer layers is an approach to reduce the dislocation
density due to enabling to bend the dislocation propagation away from the growth direction,
combine and terminate dislocations etc. [Zhan02a, Sun05, Mura07]. In general, AIN is also used for
one part of superlattice buffer layers of AIN/GaN SLs and AIGaN/AIN SLs and also AlGaN/GaN
SLs to grow GaN on Si substrate [FeltO1, Dadg01, Schu06] as well as in this work using LT-
AIN/HT-AIN SLs to improve AliGa; <N quality with Al composition upto 65% [Saen09a, Saen09b].
In principle, efficient buffer layers can help to reduce not only the dislocation density but also to
compensate tensile strain after cooling.

- To compensate tensile strain after cooling to avoid cracks

To grow thick GaN layers on Si (111) is required in order to achieve better electrical and
structural properties but cracks appearing in layers when exceeding 1 um because of lower thermal
expansion coefficient of Si more than two times of that of GaN involving to the strong stresses
initiated in layers, and this results in cracking of GaN layers at cooling [EtzkO1, Folls98, Roma06].
In principle, this problem will be avoided by inserting various interlayers between the GaN or
AlGaN layers grown on Si substrates in order to reduce thermally-induced tensile strain such as LT-
AIN interlayers [Aman98, Dadg00, Reih03, Lui07, Luo08], HT-AIN IL [Weng07], HT-GaN IL for
InAlGaN [Wu04J] and AIN-based SL intermediate layers [FeltO1, Jang03]. LT-AIN interlayers are
grown with relaxed growth and HT-AIN interlayers with pseudomorphic growth [Blds02]. Therefore
GaN or AlGaN layers grown on the LT-AIN interlayers are grown under compressive interlayer-
induced strain that compensates the thermally-induced tensile strain.

More details the seeding and buffer layers for GaN grown on Si substrate can be found in
[Dadg02v, Dadgo3a, Kros02a, Kros02b]. In this work, to improve the quality of Aly;GagoN on
Si(111) substrate, these problems are also required to overcome. Therefore, the seed layer and buffer

layers are optimized and more details of experimental results will be discussed in chapter 4 and 5.
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2.5 Principle of LEDs

Light emitting diodes (LEDs) or electroluminescent diodes which are optoelectronic devices,
consist of a p-type and n-type region, just like a regular p-n diode. But they are particularly designed
that the radiative recombination dominates to produce a photon or electroluminescence whose
wavelength depends on the bandgap of semiconductors. This radiative recombination process of
electrically injected electrons and holes from p-type and n-type regions occurs efficiently in the
active region of LEDs. The principle of LEDs such as a p-n junction, radiative transition and
Quantum Confined Stark Effect in quantumwell structure, and doping of n- and p-type conductivity
will be briefly described in this section to comprehend the factors of the designed LED structure.
The current-voltage characteristics and the definitions of LED efficiencies will be introduced

conceptually. More details can be found in references [Rose02, Schub03, Sze85, Sze07].

2.5.1 P-n junction

The basic structure of LEDs is a p-n

{a)
junction. In the p—n junction, the Fermi energy  Homojunction

under zero bias

in the p-region is much lower than that in the n-

region. The Fermi energy of both regions will

change in order to adjust to the same energy

level as shown in Fig.2.1/4(a) by decreasing in —
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the n-type region and increasing in the p-type H(.,,I,(,(i[:l’m.m,,, = Ly

. under forward : hv

region. Therefore, electrons near the p—n bias =

Ey

junction or interface can diffuse into the p- ??????.:3 g s3ssssssssssssessaes
region and the holes can also diffuse into the n-

f=— Wpy —~
region. While electrons diffuse, they leave o 33444344 Ec

. . . . .. Heterojunction
ionized donors as fixed ions with positive  under forward T

bias

charges. Analogously, holes near the p—n
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interface diffused il’ltO the n-region Will leave LEreRlAREEeARERERROEESABERD D REE L0
negative ionized acceptors in the p-region.  figure 2.14 A p-n homojunction under zero
Electrons and holes transfer from one side to bias (a) and under forward bias (b), and

the other as called minority carriers and they @ p-n heterojunction under forward bias (c)
will attract and eliminate each other in a [Schub03].

process of recombination. This causes free-carrier depletion from the two sides of the p—n interface
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to form a space charge region or depletion region or transition region in where uncompensated
ionized dopant ions remain. Then the ionized dopant ions with the opposite charges will create a

built-in electric field or diffusion voltage (7, ) over the depletion region given by

v, =k—T1n—NA]2vD
e n;

1

Eq.2.9

where T is absolute temperature, k is Boltzmann’s constant, »; is the intrinsic carriers density, N,

and N, are donor and acceptor concentrations. In a condition of an abrupt p-» junction, all dopants
are assumed to be fully ionized and no compensation by unintentional impurities and defects. Thus a
free-electron concentration is given by n = N, and a free-hole concentration by p=N .

Meanwhile the diffusion process generates the space charge region but the electric field generated
by the space charge tends to counteract the diffusion to balance the Fermi energy. The average
length an electron travels through the p-type region before recombining is the diffusion lengths
given by

L,=4D,z, for electrons and similarly for holes, L, = /D7 Eq.2.10

p

kT e
and D, =— u, are the electron and hole diffusion constants, 7, andz, are the

T
where D, = L7k Y7
e e

n

electron and hole minority carrier lifetimes, and 4, and u, are the electron and hole mobility,

respectively. The width of the depletion region can be written as

W, :\/2—8(V—VD ){LJFLJ Eq.2.11
e

N, Np

where ¢ = ¢, &, is the dielectric permittivity of semiconductor and V' is the bias voltage.

When a positive terminal is applied to the p-type region and a negative terminal to the n-type
region as a forward bias, the holes in the p-type region and the electrons in the n-type region are
repelled towards the junction resulting to reduce the width of the depletion region or lower the
potential barrier. The narrow depletion width will allow electrons and holes to readily cross the
junction and diffuse into another region near their neutral regions. This corresponds to a reduced
electrical resistance and then a current flow through the diode from electrons flowing through the n-
region to the junction and holes flowing in the opposite direction. Consequently, they will

recombine in the vicinity of the junction and emit some light as shown in Fig.2.14(b).
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2.5.2 Quantum-well structure

The luminescence in the p-n junction diode is produced from radiative recombination of
minority carriers in the depletion and diffusion regions under forward bias. Due to the long diffusion
length of homojunction in order of a micrometer, the recombination will occur over a large region
with a strong effect on the minority-carrier concentration. Therefore, double-heterostructure is
designed as a sandwich structure by a thin layer of smaller bandgap semiconductor in the middle of
two layers of larger bandgap semiconductor to confine carriers in the active layer as presented in
Fig.2.14(c). In this double-heterojunction configuration of the central undoped layer bound by layers
of opposite types, the number of excess carriers can be significantly increased and the radiative
recombination lifetime will be shortened resulting to more-efficient radiative recombination
[Sze07]. Furthermore, if the thickness of the central layer is reduced to the range of de Broglie
wavelength of the carriers or until to the size of free exciton Bohr radius around 2.8 nm for GaN
well, a quantum well is formed and the energy within the well is quantized in discrete levels. In a
case of QW, electrons and holes can only move freely in two dimensions within the finite potential
barriers that are determined by the band structure offset of two semiconductors. Therefore, the main

factors influencing the quantized energies are the potential-barrier height and the well width.

2.5.2.1 Radiative transitions

In direct-bandgap semiconductors, radiative recombination primarily occurs at k = 0, the
same wavenumber of the conduction and valence bands. In indirect-bandgap semiconductors, the
recombination process will occur at the different wavenumber and require a phonon to assist

according to the energy and momentum conservations. This results in a lower interaction probability

of the direct-bandgap semiconductor. ° ™
Besides the radiative recombination, non- - ® L] . E.
radiative recombination such as trap- | | [ | N ° o-E
: o . @f |®) (@ ® © @[ E,
assisted recombination will be able to
occur if there are deep-level defects in the I E,.Q.. Qe
kA v
¥ E
remiconductor 7
In Fig.2.15, schematic shows basic
- ) 4 2 ©
recombination transitions of electron-hole Figure 2.15 Basic recombination transitions in
in a semiconductor as classified into 3 semiconductor after [Sze07].

group as follows.
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The first group, label (1), is the interband transition

(a) intrinsic emission with the near bandgap energy

(b) high-energy emission of energetic or hot carriers or avalanche emission.

The second group, (2), is the transitions involving chemical impurities or physical defects,

(a) conduction band to acceptor-type defect,

(b) donor-type defect to valance band,

(c) donor-type to acceptor defect (pair emission), and

(d) band-to-band via deep-level traps.

The third group, (3), is the intraband transition of hot carriers or deceleration emission or Auger
process.

However, there are not all transitions to occur in the same material or under the same
conditions. Except Auger process, all transitions will emit light with different wavelengths
depending on the energy-level differences. In an efficient luminescent material, the radiative
recombination of interband transitions (a) in (1) emitting light with the near bandgap energy will be
predominant over non-radiative processes. This process is a spontaneous recombination of electron-
hole pairs as required for LEDs.

According to a conservation of momentum, the optical transition between valence and
conduction bands for direct band gap is given by

72712 7212
hv=|E, JHE g R g AR Eq.2.12
2m, 2m, £ 2m,

1

+— [Sze07].

e h

A joint density of states can be obtained as

N ( §Z2y3 JE-E, Eq.2.13

By the Boltzmann distribution, the distribution of carriers is

i)
F(E)=e" ¥ Eq.2.14
So, the spontaneous emission rate is proportional to the product of the density of states of Eq.2.13

and the probability of corresponding carriers of Eq.2.14, and it can be generally written in the form

I(E=hv)c JE-E, -e[_%) Eq.2.15

26



Fundamental material properties of AIGaN & principle of LED

As presented in Fig.2.16, the spectrum of spontaneous emission has a threshold energy of E, the

maximum of F p +k7T, and a FWHM of the

~ , Boltzmann

= A distribution

~ | % exp\(-—Ef kT) s spectrum of 1.8kT as can be given in
) - P =

% . \ » T E:?E-“f g:;f!?tcs wavelength of a spectrum width by

E B :

3 AJ~ 1.8kTA

g he

] Theoretical Eaq.2.16

£ |l-8 kT emission spectrum d

E | where c is the velocity of light. For example,
e

E, = E,+kT/2 Energy hv in the middle of the visible spectrum, the

Figure 2.16 Theoretical spectrum of spontaneous —~ MISSION spectrum  width is  ~10 nm.
emission of an LED [Sze07]. Otherwise, the radiative recombination rate is
simply expected to be directly proportional to

the product pn of the free electron concentration, 7, and the free hole concentration, p .

2.5.2.2 Quantum Confined Stark Effect (QCSE)

As discussed in section 2.2.2, group Ill-nitride heterostructures including quantumwell
structures will undergo with both spontaneous and piezoelectric polarizations described along the c-
axis growth direction. The strong polarizations or internal electrostatic fields within the
quantumwell layers can result in a sheet carrier density at each side of the interface. The internal
electrical fields will change the potential-well shape into triangular shape allowing the reduced
energy states in quantumwells due to decreasing the difference in the electron and hole energy levels
and the quantum confinements. This energy reduction is a redshift of the emission wavelength as
known Quantum Confined Stark Effect (QCSE). In addition, the spatial separation of the electron
and hole wavefunctions causes a reduction in the radiative recombination efficiency due to a
reduction in transition probability [Amba98, Amba99]. Consequently, the radiative decay time is
prolonged due to the reduced oscillator strength for recombination. Both effects will be stronger
when the well thickness and lattice mismatch increase due to increasing total polarization. One of
promising approaches to reduce some polarizations in QW layers along the c-axis growth direction
is slightly n-type doping in barrier layers in order to compensate the polarization charges by
electrons and ionized donors [Kino00]. For example, the calculated band profiles of (5 nm GaN)/(10

nm AlyGagoN) quantum wells with QCSE show the spatial separation of the electron and hole
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wavefunctions and a reduction of luminescence energy as revealed in Fig.2.17(a) with a comparison

to flat-band profiles without internal electric fields of non-polar QW structure (b).
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Figure 2.17 Calculated band profiles of (5 nm GaN)/(10 nm
Aly.1Gay.9N) OQWs with a QCSE and poor electron—hole
overlap () and flat-band profiles without internal electric
fields of non-polar QWs (b) [Walt00].

2.5.3 N- and p-type semiconductors

One of basic requirements of LEDs is an injection of electrons and holes into an active layer
for radiative recombination. Therefore, electrons and holes in cladding layers of the active layer are
yielded by an intentional addition of impurities or dopant atoms into a lattice of a host
semiconductor as called doping. The doping is classified into two types as negative and positive
conductivities depending on the type of dopants to produce free carriers in the semiconductor. The
dopant atoms that give or donate an electron are called donors and called acceptors for creating a
hole. After the dopants accommodate in the semiconductor, they will form energy states within the
bandgap of the semiconductor as a donor state and an acceptor state. When a donor state is ionized
by donating an electron, it will be positive and it is neutral when occupied. In the other case, an
ionized acceptor state is negative by accepting an electron and it will be neutral when empty. Mostly
the ionization energy of dopant states is analyzed by use of the simplest calculation based on the
hydrogen-atom model [Sze07].

lonization energy or activation energy of dopants

The ionization energy of a hydrogen atom is given by

4
2(47z€0h) n
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and E' =13.6 eV . The ionization energy of a donor (E, = E. —E,) in a semiconductor lattice

can be obtained by replacing m, by the conductivity effective mass of electrons of

3 . e .
= and replacing &, by the permittivity of the semiconductor, &;.

mC@
1 1 1
=+t
mym, s

So, the ionization energy of the donor is given by

2
E, =(ﬂj Me g Eq.2.18

&s ) m
Analogously, the acceptor ionization energy, (E,=£E,—-E,), can be calculated by using the

conductivity effective mass of holes. In fact, this simple hydrogen-atom model certainly cannot
account for the detailed ionization energy, particularly the deep levels in semiconductor. So far, n-
type and p-type group III nitrides are accomplished commonly by Si- and Mg-doping and their
donor and acceptor activation energies in GaN are reported about 8-28 meV [Tani02, G6tz96,
Hack94] and 150-250 meV [Mire98,Li02,Tana%94], respectively and the donor and acceptor
activation energies in AIN of 86 or 250-320 meV [Tani02,Tani04,Zeis00] and the acceptor
activation energies of 510 [NamO03], 630 [Tani02] and 465 to 758 meV (from calculations
[Mire98]), respectively. These values show that the ionization energies of acceptors in both GaN
and AIN are much larger than those of donors to explain a lower effective p-type activation than n-
type activation greatly and both ionization energies of donors and acceptors in GaN are smaller than
in AIN explaining that donors and acceptors in GaN are activated much more effective than in AIN.
Although AIN has naturally insulating properties with a large difficulty in n- and p-type doping, n-
type AIN with Si-doping could yielded the electron concentration of ~10" [Bori05, Tani02] to
7.4x10"cm™ [Ive05] and p-type AIN with Mg-doping could yielded the hole concentration of ~10'
cm” [Tani06]. Nevertheless, Taniyasu ef al. [Tani06] developed AIN-based LED with a wavelength
of 210 nm on SiC substrate by using AIN/AIGaN superlattices to enhance both n-and p-type
conductivity successfully.

For Si- and Mg-doping in Al,Ga;_N, both ionization energies of Si and Mg increase with a
higher Al content from 8 to 86 meV for Si in Al,Ga; N with 0<x<1 [Tani02] as shown in
Fig.2.18 and from 150 to 320 meV (396 meV with considering the mobility variation) for Mg in
Al,Ga; N with 0<x<0.7 [Li02,Naka05] as presented in Fig.2.19.

29



Chapter 2

1 00 LI B l LN B ) I LI T I L | T l LI ) ¥ $
n-type AlyGa, <N:Si ¢
80 | ]
] 3 o ¥
i =§ 2 1000/T (K) o 1
- = 0261 ) J
- £ . & 1
-1 é 0.24 4 N
i % 02 A p-AlGa, N
- = "
i 0.204 A B Ref 1[Tana?94]
- L ] A Ref 3[Suzu98]
i 0.184 ©  This work [LIO2H
0 PP I BRI BRI BT N oié ®  This work [LID2]
.1 n =
] }GaN Yr [Naka05]
0O 0.2 04 06 08 1 aigl * 5 S
Al C(JIltBIlt, x 0.0 0.1 0.2 03 0.7
Al Content (x)
Figure 2.18 The activation energy of Si Figure 2.19 The activation energy of Mg in
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The doping limits in semiconductors

In addition to the ionization energy, the solubility limit of substitutional dopants in the host
semiconductor also governs the achievable range of carrier concentrations by intentional doping.
With a higher physical size and chemical similarity between the dopants and the host atoms, the
solubility will be higher and it will be easier for the dopants to replace the host atoms [Zhang02].
However, if no dopant exists in nature that closely resembles the host atom, it will be difficult for
example the difficulty in p-type GaN resulting from the low solubility of Mg dopants or the
reasonably high solubility with the low fraction on the desired atomic sites [Wall04]. Moreover, the
self-compensation by the spontaneous creation of intrinsic defects e.g. the formation of cation
vacancies in n-type semiconductors also can limit the doping efficiency as involves a charge transfer
from the dopants to the defects or from the defects to the dopant atoms [Zhang(02]. At higher dopant
concentrations, the higher difficulty in doping is caused by the self-compensation mechanism.
Furthermore, there are more effects enabling to reduce the doping efficiency e.g. the formation of
the DX and AX centers and the dopants being on the wrong lattice positions or forming undesired
clusters etc. More details can be seen in a reference [Zhang02].

Carrier concentration in doped semiconductors

When electrons or carriers can move freely back and forth along one direction in the

semiconductor, these movements can be explained by standing-wave oscillations with the
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wavelength related to their momentum or energy [Sze85]. The density of allowed energy states per

unit volume as called the density of states, N(E ), is given by

¥ y
N(E)= 47{2];" J/ﬁ or N(E)= 47{2;" ] JE Eq.2.19

where m, = m, = the effective mass, h = Planck’s constant.
The electron density, n(E), in an energy range is defined by the product of the density of allowed

energy stated per unit volume and the probability of occupying that energy range, F'(E), as given by
n= j E)E = j N(E)F(E)E Eq.2.20

Thus, the probability that an electronic state with energy E occupied by an electron is given by
F(E)= 1 Eq.2.21

(5]

This is called Fermi-Dirac distribution function.

1+exp

where k=Boltzmann constant , 7= the absolute temperature and Er =Fermi level.

Eventually, the electron density in the conduction band is given by

(5
n=N.exp Eq.2.22

The electron density in the conduction band is given by

=)
p=N,exp Eq.2.23
where N¢ and Ny are the effective density of states in the conduction band and the effective density
of states in the valence band, respectively.
At room temperature, the Fermi level of an intrinsic semiconductor generally lies very close to the

middle of the band. So the intrinsic carrier density is obtained by
np=n’ Eq.2.24
This is called the mass action law and By taking Eq.2.22 and Eq.2.23 in Eq.2.24,

g

n’=N.N, exp[ fT] Eq.2.25

Eg
Or n, =4/ N.N, exp(2ij Eq.2.26

where £, = (E - —E, ) bandgap energy
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For shallow dopants in the semiconductors and in the condition of complete ionization, the electron

density is equal to the ionized donors as can be written byn =N,

From Eq.2.26, E.-E,.=kT ln[ﬂJ Eq.2.27
D
Similarly, for shallow acceptor,
NV
p=N, and E,—-E, =kTln| — Eq.2.28
NA
In briefly, the electron density is given by
[_EC—EF j (EF—E, ]
n=N.expr " Jor n=nexp ¥ Eq.2.29
and the hole density is given by
(_EF—EV j (E,—EF j
p=N,expb “ Jor p=nexp “ Eq.2.30

In case of both donors and acceptors presence simultaneously, the Fermi level must adjust
itself to preserve charge neutrality i.e. the total negative charges (electrons and ionized acceptors)
must equal to the total positive charges (holes and ionized donors).

n+N,=p+N, Eq.2.31

2
n.

1

From Eq.2.24 for n-type semiconductor p,=— Eq.2.32

S

The subscript n refers to the n-type semiconductor (electron is the majority carrier)

For p-type semiconductor n =— Eq.2.33

The subscript p refers to the p-type semiconductor (hole is the majority carrier)

Generally, the magnitude of the net impurity concentration|N »—N A| is large than the intrinsic

carrier concentration #,

Therefore, from Eq.2.31 the electron density for n-type semiconductor is given by
n,~N,-N, if N,>N, Eq.2.34

Similarly, the hole density for p-type semiconductor is given by

and p,*N,-N, it N,>N, Eq.2.35

In fact, to determine the carrier density in semiconductors is more complex and has to take

the ionization at deep levels in account.
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Doping of Al,Ga;xN

As known well, it is not difficult to achieve n-type group III nitrides due to unintentional
impurity acting as donors in undoped layers. However, it will be more difficult to obtain high n-type
conductivity in Al,Ga; N layers with a high Al composition up to AIN layers respecting to larger
activation energy and their self-compensation mechanism as mentioned before. Nevertheless, Si-
doped Al,Ga; N layers with0.42 < x <1 are able to be activated effectively with a decreasing
electron concentration from ~10%°to 10" cm™ as depicted in Fig.2.20.

Higher impurity such as oxygen and carbon with a higher Al content can form a donor
complex (DX) converting a shallow donor into a deep level so that intentional donors of Si atoms
will undergo with a higher ionization energy resulting in more difficult to donate free electrons
[Bori05, McCl98, Stam98, G6tz96b, Zhang02] as presented in Fig.2.21. Additionally the increasing
Al vacancies as acceptor-like defects will act to compensate the intentional Si donors with an

increasing Si doping.

10?0 N 2 T T T T n

v v E 280+
& --bp---0"0 0 - R
E 10" o . 240+ g
£ " o M- | 200} §
L 1 a & . | -
£ 10 . - %
® = vow S 160 8
b= ) -l @
& 10" b7 [Toni02] % o z. =) 120 S
§ A [Hwan02] VL e F
3 O [Naka04] ! i
5 10" kO [Tanio4) = i 80
= [Ive05] ‘o 40 +
05 06 07 08 029 1.0 05
AIN mole fraction (x)} AIN mole fraction (x)
Figure 2.20 The electron concentration in Fig.2.21 The Si activation energy in
AlGa;N as a function of x [Bori05]. AlL:Ga;.N as compared to the

concentrations of O and C (inset) as

a function of x [Bori05].

In addition to a uniform doping with optimization of growth parameters, there are various
proposed approaches to enhance n-type conductivity in Si-doped Al,.Ga; N layers with a high Al
content up to pure AIN such as co-doping with other dopants e.g. Indium [AdivOla, AlTa08,
Cantu03], delta doping [Cont02, Heik03, Kim03, Xin04] and with doped short-period superlattice
structures [Nish03, Niki03, Kips03, Tani06].
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In case of p-type conductivity by Mg doping, the activation energy of Mg in Al,Ga; N is
quite high about 150 meV and higher with a higher Al content as discussed before. This results in
Mg-doped GaN or Al,Ga; N remaining in the freeze-out region with an incomplete activation of
acceptors or low activation efficiency at room-temperature [Tana94, Stam98]. Subsequently, low
free-hole concentration in layers leads to a low conductivity or a high resistivity in layers. Due to the
large ionization energy, the resulting hole concentration of Mg incorporated in concentrations up to

~10% c¢m™ is only ~10" ¢cm™

meaning to only ~1% of Mg atoms ionized at room temperature
[Neug96, Wall04]. Although the Mg concentration is increased beyond 10*° cm>, the hole
concentration turns to a saturation and then decreases due to the limited solubility [Wall04, Kozo00]
and the maximum hole concentration of mid 10" to ~10"® cm™ [Nagam08].

Moreover, the acceptor energy state of Mg will be compensated by hydrogen or hydrogen
passivation to form a neutral complex of (Mg-H)" as a big obstacle of valence-electron promotion
into the acceptor state in order to form free-holes [Aman89, G6tz96a, Ohba94, Naka92a, Neug95,
Vech92]. Therefore, Mg doping in GaN layers will be mostly activated to form free-holes by a
thermal annealing in an environment with a lack of hydrogen such as in N, ambient at 600-700°C
and higher for Al,Ga, N [G6tz96a, Naka92b, Nagam08, Obat04] or in O, ambient at 400-900°C
and high temperature for Al,Ga; N [Nakag04, Kuo02, Koid99, Hull00, Nagat09]. In addition, there
are other methods to activate Mg-doped layers such as a low-energy electron-beam irradiation
(LEEBI) treatment [Aman89, Gelh03], a microwave treatment [Chan0O1], a radio frequency (RF)
treatment [TakeO1], and a laser treatment [Cheng01, Lin04].

However, there are notable approaches applied to accomplish p-type group III nitrides by
Mg doping such as delta doping [Simb07], co-doping, and valence-band modulation by using
strained superlattice structures.

By using Mg-doped superlattice structures, particularly short-period superlattices, both
valence bands related to their acceptor activation energies are modulated for the same Fermi level.
Due to the heterostructure and the piezoelectric fields, parts of the valence band are pulled down to
below the Fermi level resulting in an enhancement of the acceptor ionization. The use of SLs to
enhance the acceptor ionization was first proposed by Schubert ef al. [Schub96] without considering
the polarization field. In a later publication, Kozodoy et al. [Kozo99] proposed a model to show that
the polarization field would enhance the effect of valence-band modulation. Saxler et al. [Sax199]
concluded that the effective activation energy in AlGaN:Mg is reduced by the use of Mg-doped
GaN/AlGaN SLs. Although the presence of barriers for conduction of an SLs probably reduces the
vertical conductivity, Zhu et al. [Zhu02] reported that the SL structure can reduce the vertical
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resistance in AlGaN/GaN LED structures. Up to now, this technique of short-period SLs is applied
to successfully develop UV-LEDs in many groups [Hira08, Kips03, Niki05, SumiO8, Tani06,
Wu06].

For instance, in Mg-doped Al.Ga;N/GaN superlattices, large internal electric fields in
Al,Ga; N and GaN layers are generated by the spontaneous and piezoelectric polarizations with
corresponding directions. In case of Ga-face or (0001) surface polarity, the resulting electric fields
point towards the substrate in the Al,Ga; N layers and towards the growth surface in the GaN
layers. As an effect of the polarizations, the band bending forms an oscillation of the valence band
edge. At one side of the GaN layer is below the Fermi level allowing valence electrons in the GaN
valence band to transfer to the Mg acceptor states in the adjacent Al,Ga; N layer. This indicate to
the formation of a two-dimensional hole gas at the GaN/Al,Ga,_N interface as mentioned in section
2.2.3. The high density of free-holes at the interface will be much larger than the average carrier

concentration from a bulk layer.

2.5.4 The current-voltage characteristics of LEDs
The principle of current-voltage (I-V) characteristic of LEDs will be explained in this section
and more details can be found in reference [Schub03]. The current-voltage (I-V) characteristic of a

p-n junction diode is described by the Shockley equation with cross-section area A4 is given by

D 2\,
[=ed |22l y [Poni (e VkT—1) Eq.2.36
T, Np T, N,

where D, and D, are the electron and hole diffusion constants and 7,and 7, are the electron and
hole minority carrier lifetimes, respectively, / and V are current and voltage of the diode, N ,and
N, are the acceptor and donor density, respectively and #, is the intrinsic carrier density.

For reverse bias conditions, the diode current saturates ( / )and this constant current is given by

the constant factor in front of the exponential function in Eq.2.36 as

D, n? D n’
Ig=ed |2ty [Zo Eq.2.37
z-p ND Tn NA

So, the diode I-V equation of Eq.2.36 can be written as

I= Is(e% —1) Eq.2.38

35



Chapter 2

. oy kT ey eV
For forward bias conditions, V' >>— :>(e kr —1) ~e /M
e

So, Eq.2.36 can be rewritten as

D D e(v-vp)
T=ed |Z2N,+ [Pon, o i Eq.2.39
z, T,

where the diffusion voltage V,, = k—TlnNA—]sz
e n.

1

This equation shows the relation of current (/) and diode voltage (7) as a exponential function
meaning to the strongly increasing current with approaching of the diode voltage to the diffusion

voltage (V' = V). This voltage is called threshold voltage, V', =V,

At the zero bias,
eV, —E,+(E,—E,)+(E.—E.)=0 Eq.2.40

Dueto E. - E, <<E, and E, — E, << E, Eq.2.40 can be rewritten as

E
eVy—E,=0 = V,~V,~—% Eq.2.41
e

E
As seen in Fig.2.22, the real threshold voltage or turn-on voltage is smaller than —% which

e
expected from the theoretical I-V characteristic of the Shockley equation as
eV
I=1Ige oy Eq.2.42

where the ideality factor n,,,, =1 for a perfect diode.

TIrnr I T 1 1T [ LN S E T-3°7K7 ‘ | B R '[ T
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z " E.(eV)
= [ a)Ge 0.7
= | b) Si 1.1
100 c) GaAs 1.4
;- = d) GaAsP 2.0
02 - e) GalinN 2.9
)
' T=300K
p o a el g aa lor s 3 ¥oag o3y | 6. 3.4 3
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Diode voltage V (V)
Figure 2.22 I-V characteristics of p-n junctions

made from different semiconductors [Schub03].
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For real diodes, the ideality factor is typically n,,, =1.1-1.5, higher as n,,,, = 2.0 for group
II-arsenide and phosphide, and #n,,, = 6.0 for GaN/GalnN diodes [Rhod88]. This feature of group
IIT nitrides is due to several reasons as large band gap discontinuities cause an additional voltage
drop, the less-mature contact technology for nitride materials, the low p-type conductivity in bulk

GaN, and a parasitic voltage drop in the n-type buffer layers [Schub03].

In addition, due to unwanted parasitic resistance of LEDs, the I-V equation will be rewritten
—IR e(V—IRS)
as I ——(V P 5) =1 i Eq.2.43.
P

For R, —o and R; — 0 this equation reduces to the Shockley equation of Eq.2.42 where Rq,

series resistance can originate from excessive contact resistance or the resistance of the neutral

regions and a parallel resistance, R ,, from any channel that bypasses the p-n junction (this bypass

can be caused by damaged regions of the p-n junction or by surface imperfections). Figure 2.23
shows the effect of a series resistance and a parallel resistance (shunt) on the I-V characteristic of

the p-n junction diode.

Evaluating the parallel resistance can be e  ———
L. . 8.0 b= GaAs diode L !
performed near the origin of the I-V diagram T=300K i / Ideal I-V
- H ! L
£ o : 1/2’,."/ characteristic
. . . = YT R Em;] H
where V <<—=. For this range, the p-n junction & | &, : !
e = ] il
3 I [
E 40— Effect of shunt ' 3 - .
. 3 ST ! .
current can be neglected and the parallel resistance 8 L m ,' ,'/‘fg,iﬁf:;;;‘,[m
H
L 20 - Rp ¥ AN
is given by I B g ’,’ -
dv 0.0 L) J
=— Eq.2.44 -] ‘
4 d] PR | PRI S T O W T T T S N VR N O O A A A
near origin -0.5 0 0.5 1.0 1.5 20 2.5

Diode voltage V (V)

ically R, >> R, = R, can be neglected for
(typically R, s s g Figure 2.23 Effect of a series resistance

this case). and a parallel resistance (shunt) on the I-V

Evaluating the series resistance can be performed characteristic [Schub03].

at a high voltage where V' >> % . For sufficiently

large voltages, the diode I-V characteristic becomes linear and the series resistance is given by
R - dv

=— Eq.2.45
ST q

at voltages exceeding turn—on
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However, it may not be practical to evaluate the diode resistance at high voltages due to device

heating effects.

When R, — oo, Eq.2.43 can be rewritten as S L
Fdvidi = Rgf+kT/e ]
e(V—[RS)/ i
I=1Ige Eq.2.46 s | ) / |
by differentiating V with respect to 1, it yields = o - ‘E‘;./
— | -
d_V =R.+ nidealle - ;./
a7 e I i /- -
or Id—V =R,/ +k—T Eq.2.47 0 L ! !
dil e 0 Diode current 7
for n,,, =1.

Figure 2.24 the (I d—V) -versus- (1) plot
The series resistance of the diode is obtained as dl

to evaluate the diode series resistance as

dv
the slope of a (1 %) -versus-(I) plot
e slope of a (77 r)-versus- (1) plo the slope [Schub03].

(Fig.2.24).

2.5.5 Definitions of LED efficiencies

In this section, the definitions of LED efficiencies were summarized and more details can be

found in [Sze07].

Internal Quantum Efficiency
Internal Quantum Efficiency is the efficiency of converting carrier current to photons,
defined as

_ number of photon emitted internally

3 Eq.2.48

" number of carriers passing junction
Otherwise, the internal quantum efficiency is the fraction of the injected carriers that combined
radiatively to the total recombination rate and it can be written as

R T
= L= . Eq.2.49
i R, +R, 7.+7, a

where R are R the radiative and nonradiative recombination rates, z, and 7, are their associated

radiative and nonradiative lifetimes, respectively.
External Quantum Efficiency

External quantum efficiency is also called extraction efficiency defined as
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_ number of photons emitted externally

— in"lop

Eq.2.50

ex

number of carriers passing junction

Optical Efficiency
Optical Efficiency that focused on the device optical paths and optical interfaces can be
simply given by the fraction of the solid angle of the light-escape cone to the total solid angle from a

point source,

=2

_ solid angle of light - escape cone _ l(l —cosh, ) N 1 no2 Eq.2.51

” 4r 2 47

IR0 n . i _ o

where 6, =sin 1(_—"} ~—%>, 0. is the critical angel, and 7, ,n; are the refractive indexes of the

n n
S S

ambient and semiconductors, respectively. 7,, ~ 2% for a typical semiconductor LED with planar

surface.
Power Efficiency

The power efficiency is simply defined as the ratio of the light power output to the electrical
power input,

_ opticalpowerout  number of photons emitted externallyx hv

P . ; Eq.2.52
electrical power in IxV

_ number of photons emitted externallyxho

" number of carriers passing junctionxqxV
Due to gV = hv, it follows that 7, =7, .
Luminous Efficiency

The luminous efficiency normalizes the power efficiency by a factor that is related to the eye

sensitivity. The brightness of light output is measured by the luminous flux (in lumens).

i L\ V(AP (A)dA
_ lum.mous ﬂux. _ oj (4) OP( ) /W
electrical power in V4

Eq.2.53

lu

where L, is a constant with a value of 683 Im/W, V(A4) the relative eye sensitivity function
normalized to unity for the peak at A =555nm, and P, (1)the power spectrum of the radiation

output. The maximum luminous efficiency has a value of 683 Im/w.
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Chapter 3

The principle of MOVPE and
characterization methods

An AIXTRON 200/4 RF-S MOVPE machine equipped with a home-built in-situ optical
reflectivity monitor was used to grow AlGaN layers and develop AlGaN-based LED structures on Si
substrates. During MOVPE growth, in-situ measurements of the wafer bow during growth are
required for strain engineering. The samples are characterized ex-situ for their crystalline quality,
electrical and optical properties by various methods. The crystalline quality is mainly characterized
by x-ray diffractometry (XRD). The surface morphologies are investigated by atomic force
microscopy (AFM), field emission scanning electron microscopy (FE-SEM) and Nomarski
microscopy. Transmission electron microscopy (TEM) is employed for investigating the
microstructure in cross-section, the dislocation density and precise thickness. To characterize the
optical properties, luminescence microscopy as cathodoluminescence (CL), photoluminescence (PL)
and electroluminescence (EL) are applied to optimize quantum-well structures. For electrical
properties, capacitance-voltage (C-V) measurements are used to determine the carrier density of n-
and p-type samples. Current-voltage (I-V) measurements and electroluminescence (EL) microscopy
are performed to characterize full LED structures. In this chapter, the basic principle of MOVPE, an
overview of MOVPE growth of AlGaN and the precursors will be briefly described. Further details
can be found in Stringfellow’s book [Stri89] and elsewhere [HermO4, Quay08, MorkO8].
Furthermore, the principles of all characterization methods applied in this work are shortly

summarized in this chapter.

3.1 Basic principle of MOVPE

Metal-organic vapor phase epitaxy (MOVPE) is a method to grow layers on a substrate from
precursor molecules in a non-equilibrium condition. The MOVPE growth system basically consists
of 4 main parts as the gas and metalorganic precursor systems, the reaction chamber, the heating
system and the exhaust and low pressure pumping system. Typically, trimethyl-gallium (TMGa) and
trimethyl-aluminium (TMAI) from bubblers are applied for metalorganic (MO) sources or

precursors of Ga and Al, respectively, and. Mass flow controllers (MFC) and pressure controllers to
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control the accurate flow rate of metalorganic sources into a reactor. In order to exactly control the
vapor pressure of the liquid metalorganic precursors, the bubblers are maintained in a thermal bath
at a constant temperature between melting and boiling points such as 0°C for TMGa and 17°C for
TMAL The vapor partial pressure or the equilibrium vapor pressure of metalorganic precursor

depends on this bubbler temperature and the relation can be expressed as

(7] 101325
6

Ppartial,MO = 10 bar Eq31
Water Cooli
where @ and b are vapor pressure e
Hydride — o rwrc
: —_—————
parameters ~ depending  on  the Dopary e B
S - H
Gasinle

metalorganic precursor, 7' is the bubbler

Asembly Reactor w
Bxhaust

temperature. For TMGa kept at 0°C, the

vapor partial pressure is 90 mbar and

9.6 mbar for TMALI at 17°C. The vapor ©cameroas {

partial pressures of available Metalorganic precursor
metalorganic sources are given as a “Uﬂperﬁgmpipe
function of temperature by the chemical
Rurge flow I 00 R Sainless gteel wall
manufacturer and can be also found in —— R
MO flow Upperliner
)
reference [Stri89]. — > Subsirate _ Donut i plate
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saturates with the vapor of the

Lower light pipe

Figure 3.1 Schematics of a basic MOVPE system (above)

metalorganic precursor. This flow is
transported together with gaseous group
and a reactor (below) after [Schubweb]|

V precursors as NH; to the reactor
where a heated substrate is placed to form a layer from the precursor gases. The process is usually
performed at reduced pressure which is maintained by a vacuum pumping. The reactor’s wall is cold
by a cooling water. The heated substrate on the susceptor over a heater is the hottest zone. During
growth, the susceptor is rotated in order to enhance the layer homogeneity. A scheme of a MOVPE
system and the reactor are shown in Fig.3.1.

The molar flow rate or mass transport rate of metalorganic precursors into the reactor

controlled by the MFC given in unit of sccm (standard cubic centimeter a minute) is regulated by the

molar fraction of metalorganic vapor resulting from changing the metalorganic vapor partial
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pressure, P .. .0- With an increasing bubbler temperature, the metalorganic vapor pressure

increases. The molar flow rate of metalorganic precursors by MFC can be expressed as

P
FM,MO = MFM,mml Eq.3.2
Botal
By using the ideal-gas equation,
F _ Lo _ 0.0446F, Eq.3.3
M total _T - Y V total q .

So, the molar flow rate of metalorganic precursors can be expressed as

P
v ww OT Fyp o =0.0446- 0 Eq.3.4

total MFC

P rtia
Fyy o =0.0446-2220

where F), s the molar flow rate of the MO precursor (moles per minute), F, ,,is the volume

flow rate of the MO precursor (in sccm), R is the ideal-gas constant, R = 8.3146 J/(mol K), T is the
standard temperature (273 K), P, ,.; yo and P,

tota.

,are the vapor partial pressure of the MO precursor
and the total pressure of the gas mixture (in mbar), F,  ,is the total volume flow rate of the gas

~P

partial carrier

mixture, P

total

= P,.cand F,

v o = Fy are - In fact, the MFC measures the heat capacity
of the mass flowing through itself and calculate in a volume of gas at standard temperature and
pressure [AdEnweb].

A general reaction to grow group-Ill-nitride layers can be simply written without a
complicated MOVPE process given by Eq.3.5.

R;M (g) + NH;(g) — MN (s) + 3RH (g) Eq.3.5
where R is an organic radical of methyl (CH3) or ethyl (C;Hs), M is a metal from group III alkyls.

In fact, the MOVPE process is very complex with many parallel and series reaction steps
simultaneously involving homogeneous and heterogeneous reactions of group III- and group V-
source molecules. Epitaxial growth relates to surface processes such as adsorption and desorption of
chemical species and surface migration. The precursor molecules are transported by the carrier gas
as H, or N; to undergo decomposition reactions in the gas phase at the heated zone of the reactor.
Resulting species diffuse from a boundary layer to a growing surface and adsorb at favored energy
sites such as edges, kinks and steps on the surface. They will diffuse along the surface before the
final incorporation reactions and the resulting product will be incorporated by forming a new bond
to grow the film. Also, the species can desorb from the surface or react with other surface species.

Gaseous byproducts desorb from the surface and diffuse in the carrier gas away from the deposition
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. Carrier gas Exh&lst
zone towards the reactor exhaust. Schematic PSR LAOT ‘
\ Gas phase reactions /'

steps of the MOVPE growth process are . Diffusion
shown in Fig.3.2. e

Thermal decomposition or pyrolysis of Adsorption Desorpfion
gaseous species as NHs; and volatile ‘ _ /

Surface reaction , diffusion

metalorganic radicals is the most common Heated Substrate

chemical reaction for MOVPE growth. The Figure 3.2 Schematic of MOVPE growth process
processes of MOVPE growth are governed by  after [wikiweb].

thermodynamics as a main driving force to contribute desired deposition materials for epitaxial
growth, Kinetics or chemical surface reactions, and mass transport for diffusion and
hydrodynamics of molecular species. Stringfellow categorized the key processes in MOVPE growth

as shown in Table 3.1.

Table 3.1 Key processes in MOVPE growth after [Stir89].

Key processes of MOVPE growth

Driving force for epitaxy

Maximum growth rate
THERMODYNAMICS Stoichiometry and dopant incorporation

Solid composition of alloys

Surface reconstruction

Hydrodynamics—boundary layers, recirculating flows, "dead" regions
Temperature profile near the heated substrate
MASS AND HEAT TRANSPORT Mass transport processes and rates—diffusion and convection
Nutrients to interface—products away from interface
Wall effects
Surface reconstruction
Step size and spacing
Kink formation

PHYSICAL SURFACE PROCESSES I . . . .
Surface diffusion—including anisotropy due to reconstruction

Two-dimensional nucleation
Three-dimensional nucleation—surface roughening

Homogeneous—in the gas phase

Adduct formation

Pyrolysis of precursors and adducts

Complex radical reactions

Heterogeneous—at the substrate surface
CHEMICAL REACTIONS :
Surface reconstruction
Density and nature of steps, kinks, other "defects"
Adsorption/desorption of precursors and intermediates
Pyrolysis, including complex radical reactions
Desorption of products
Diffusion in the bulk—extremely slow
Diffusion in few layers near the surface—more rapid?

SUBSURFACE PROCESSES
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For series reactions, the slowest step will control the overall reaction rate but the fastest
reaction will control the overall reaction rate resulting from a sum of the individual reaction rates for

parallel reactions. In an exothermic process the MOVPE growth rate is given by an Arrhenius

EII
equation k :Aexp[ e ] , where k is the rate constant, 4 is the pre-exponential factor, £, is the

activation energy, R is the gas constant and T is the absolute temperature. From a relation of the

growth rate and the reciprocal temperature,

10 -j L R
. ¥y [
there are three growth temperature regimes as o™ IR
depicted in Fig.3.3. In the range of lower 3 ' - : A b ®
E Thermodynamics : k.o
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- : : ".‘l
. o F :
reactions are slower than mass transport and ~ § +o? Mass transport A
S Polimit e
.. . . = Kinetics limit
limit the overall growth rate thus this range is @ (chemical
. . .. . . reaction) A
called kinetic limited regime. With § i 4
4] A Krautle et al [18983)
: . . P 11
increasing temperature, the rate increases R hs vy "
sol All data of GaAs growth by using TMGa and AsH N
steeply until a range of intermediate " 03 08 1.0 1.2 1.4

. 1000/T (1/K)
temperatures is reached where the surface
Figure 3.3 Temperature dependence of

reactions are faster and mass transport limits ‘
MOVPE growth rate after [Stri89].

the overall rate. This region where gas

diffusion to and away from the surface determines growth and the rate is nearly constant is called
mass transport limited regime. In the thermodynamic limited regime at high temperatures,
thermodynamics limits the growth rate which decreases with increasing temperature. Here gas-phase
pyrolysis of the hydrides becomes dominant and solid particles can form without being deposited on
the substrate. Therefore, spontaneous gas phase nucleation, deposition on the reactor wall, and
higher desorption rate of the reactant species disturb the desired deposition and reduce the growth
rate.

In addition to the temperature dependence, there are other parameters influencing the overall
growth rate. In the case of kinetic limitation, the surface plays a role as an initial orientation or
surface treatments of the substrate need to be considered. For the case of mass transport the total
flow rate, flow velocity and reactor pressure are be important. At high temperatures, the growth rate
decreases due to depletion routes as adducts formation and enhanced reactor wall depositions,

reactor geometry, gas inlet design and time residence also do have an impact on growth.
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3.2 MOVPE growth of Al,Ga; N and precursors

Here the chemical structure and properties of Al, Ga and N precursors including precursors
for n- and p-doping will be briefly explained in order to better understand the AlyGa, N-growth
process and problems occurring in MOVPE systems. For more details on the influence of precursors

and other growth parameters of the MOVPE system see references [Kalu03, Miho98, Miho99].

Aluminum precursor

Trimethylaluminium, (CH;);Al or TMAI, is /CHs
employed as Al-precursor in MOVPE growth of Al,Ga;. CHs_Al\
«N or AIN. Its melting and boiling points are 15°C and CHa
125°C, respectively and it is liquid at room temperature. It 0- CH, 214pm
~ 197 pm
i t lect t Lewi id. Th
is a very strong electron acceptor or Lewis aci us AN CHa

intermolecular bonds are easily formed by self-association HaC e | / ] """‘CHSD 123°
forming a dimer molecule of Al,(CHj3)e. (CH3)3Al is also | \

air and water sensitive and spontaneously flammable due | I

to the polar character of their Al-C bonds. The dimer +~— 260 pm —

structure is realized by forming CHj; bridges between the Figure 3.4 Schematic of Al(CH;)s

and Aly(CH3)s molecular structure

[Kalu03].

aluminum atoms. As a result from the decomposition of
methyl radicals, growth leads to carbon contamination of

the layers. The structure of Al,(CHs)gis shown in Fig.3.4.

Gallium precursors

Trimethylgallium, (CHs3);Ga or TMGa, is commonly used as Ga-precursor and
triethylgallium (C,Hs);Ga or TEGa in some cases. They are liquid at room temperature and melting
and boiling points of TMGa are -15°C and 55.7°C, respectively. Ga and Al are group III metals with
a large difference of their atomic properties such as atomic radius, ionization energy and electron
affinity. Therefore, the chemical properties of gallium compounds are different from those of the
aluminium compounds. Thus trialkylgallium R3Ga compounds are less reactive and weaker electron
acceptors than the analogous R3;Al compounds. This originates from different electronic
configurations. Ga has a greater effective nuclear charge and a smaller atomic radius than Al (135
pm for Ga and 143 pm for Al) resulting in an anomalously high electronegativity value of Ga

compared to Al [Kula03]. This affects the polarity of the Ga-C bonds presenting a lower polarity
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than the Al-C bonds and therefore the bond strength for Ga-C is weaker than for Al-C. In
consequence, the R3Ga compounds are not stabilized by dimerization as the R3;Al compounds and
the R3Ga are monomeric in vapor and liquid phases. In some cases triethylgallium (C,Hs);Ga or
TEGa is used as Ga-precursor when lower carbon incorporation and an accurate thickness control,
e.g., for quantum well structures is required. For the latter the lower vapor pressure enabling a low
growth rate is responsible [Miho98, Miho99]. The schematic of the (CH3);Ga and (C,;Hs);Ga

molecular structures are shown in Fig.3.5 and Fig.3.6, respectively.

H,C
>CH2
..\“\\\C H 3 Gq
H3C—Ga HZCr N
cH CH; “hs
3 H,C

Figure 3.5 Schematic of (CH3);Ga Figure 3.6 Schematic of (C.Hs);Ga
molecular structure [wikiweb]. molecular structure after [Safcweb].

Nitrogen precursor
Ammonia, NHj3, is gaseous at room temperature with melting and boiling points of -77.7°C

and -33.3°C at 1013 hPa, respectively. It is formed in a trigonal pyramid (or tetrahedral geometry
of NH, ) with five valence electrons; two s-electrons as a lone

pair occupy one hybrid orbital of nitrogen and the other three
H\\‘\\ p-clectrons of the nitrogen form three s-p bonds with the 1s

H orbitals of the hydrogen atoms. This bonding leads to the high
stability of NH3; molecules even at high temperature explaining

Figure 3.7 Schematic of NH;
the poor cracking efficiency in typical MOVPE environments

molecular structure [wikiweb].
[Kula03]. Due to the lone pair, NH; acts as a Lewis base and

interacts with metalorganic precursors, especially the strong Lewis-acid TMALI in gas phase to form
adducts. To generate a sufficient amount of active nitrogen for layer growth, great amounts of NHj
are required which are also lost from the growing layer due to the high volatility of nitrogen.
Moreover, a thermal decomposition of NH; into N, and H; occurs in a very limited range of
temperatures and pressures without a catalyst. The scheme of a NH; molecular structure is shown in

Fig.3.7.
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N-dopant Precursors

Silane, SiH4, is used as Si precursor for n-doping.
Silane is a toxic and flammable gas with melting and H
boiling points of -185°C and -112°C, respectively. It has a | _
general formula Si,H,, + », with n = 1, 2, 3, and so on by H\\""SI\H
covalent bonding in a tetrahedral geometry. SiHj is H
insoluble in water and slow hydrolysis. SiHy is a structural

Figure 3.8 Schematic of SH, molecular
analogue of a saturated hydrocarbon (e.g. methan, CHy). It o
structure [Wikiweb].

is easily decomposed by oxygen due to the

thermodynamically favoured bonding of Si-O as compared to Si-Si. Above 420°C, SiH4 can

decompose into Si and H,. The scheme of the SiH4 molecular structure is shown in Fig.3.8.

P-dopant Precursors
Bis cyclopentadienyl magnesium, (CsHs), or
@\ [.l B Cp2Mg, is commonly used as Mg precursor for the most
= ll.."lé effective p-dopant presently known for group III
nitrides. Cp,Mg is a white crystalline powder with high

Figure 3.9 Schematic of (Cs Hs)> Mg melting and boiling points of 176°C and 300°C,

molecular structure [Chemweb]. respectively, low vapor pressure or a low volatility of
0.043 torr at 25°C [Akzoweb]. To avoid any condensation in the piping of the MOVPE system and
to achieve higher gas phase concentrations, the precursors are often kept above room temperature
and the piping is heated to, e.g., 37°C [Beau97]. (CsHs),Mg belongs to a group of organometallic
compounds called metallocenes [CrabO1]. The metallocenes with the general formula, (CsHs),M,
consist of two cyclopentadienyl anions (Cp or CsHs") bound to a metal center (M) in the oxidation

state II. The metal ion is sandwiched between two parallel cyclopentadienyl rings as a sandwich

structure. The Cp,Mg molecular structure is shown in Fig.3.9.

MOVPE growth of AlyGa;«xN
From the general form of the basic reaction in MOVPE process shown in Eq. 3.5, the general
reactions for GaN, AIN and AlyGa;«N using the precursors (CH3);Ga, (CH3);Al and NH3, can be
written as
(CH3);Ga(g) + NH3(g) — GaN(s) + 3CH(g) Eq.3.6
(CH3)3Al(g) + NHs(g) — AIN(s) + 3CHy(g) Eq.3.7
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(X)(CH3)34l(2) + (I — x)(CH3);Ga(g) + NHi(2) — AL.Ga;-N(s) + 3CH() Eq.3.8

MOVPE chemistry is very

complex and involves a number of
gas phase and surface reactions as

(CHz)::NH;
32.0 5.0 NH;
WNH;
===ty

| Ga(CEp)NE, ! CH,

shown in Fig.3.10 for a model of
GaN growth and Fig.3.11 for AIN
growth. Although, there are many
groups [Hara0Ol, Hirak05, Kalu03,
Miho98, Sun00] proposing the

models of chemical reaction

Figure 3.10 Schematic of the GaN deposition and reaction mechanism of group 111 nitrides, the

pathway [Hara01]. fundamental understanding of the

Al(CH . . . .
" 00,14 processes involved is still evolving

65.0 s ' .
220 N ACHINH, gy and as such the reaction mechanism

! 0.0 v
AICH, . on 270 TRAICH)NH——- [AICH;)NH], n=3 and the related Kkinetic rate
+NH n=3

’ 00 00 \“0'” parameters are poorly understood

NH,:AI(CH,),NH .
AN, [ AI{CH,),NH,], __f_!_l&._ AIN [MOI'kOS] Due to the chemical

Particles

[.‘;r] AN properties of TMAI as electron

7777777777777 acceptors or Lewis acids and NH; as

all barriers in kcal/mole .
an electron donor or Lewis base, the
Figure 3.11 Schematic of the AIN deposition and reaction

pathway [Miho98].

chemical interaction between TMALI
and NH; readily occurs to promote
the formation of gas-phase adducts and these reactions are also observed for TMGa radicals but less
dominantly than for TMAI radicals.
The reactions leading to Al-adducts can be written as
Al(CH3); (g) + NH3(g) <> Al(CH3)3:NH;(s) Eq.3.9
and the reactions to form Ga-adducts can be written as
Ga(CH3)3(g) + NH3(g) <> Ga(CH3)3:NHjs(s) Eq.3.10
These gas-phase adducts further react with other molecular species or radicals to produce AIN and
GaN particles in the gas phase (in Fig.3.11 and Fig.3.10, respectively). This is problematic for
MOVPE growth of AliGa; N with a high Al content. Additionally, it is indicated that the final
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formation of dimer and trimer nano-particles plays a role in reducing the AIN growth rate at a
typical MOVPE environment [Miho98, Crei04]. Thus to achieve MOVPE growth of AlyGa; 4N with
a high Al content, the elimination of gas-phase prereactions or parasitic reactions between NH; and
metalorganic precusors is an important issue. By many groups [Khan05, CHChen96, Choi00,
Kond04], the growth conditions of low pressure and low growth rate are suggested approaches to
improve AlyGa; <N growth. Moreover, the other chemical properties of TMALI as high reactivity and
air and water sensitivity lead to an oxygen contamination during AlyGa; N growth. As another
problem, with a strong chemical bonding of TMAI, Al adatoms have a higher sticking coefficient
and lower surface mobility than Ga adatoms [KhanO5]. All of these can explain the difficulty of
growing high Al-content AlyGa; \N in MOVPE compared to GaN growth.

3.3 In-situ optical reflectivity measurement

This optical technique is applied to monitor epitaxial growth during the MOVPE process.
The important values of growth rate and curvature of the growing samples provide the control of the
growth quality. The interference of two light beams reflected from the surfaces of the substrate and
growing epilayer is detected by an optical area detector. In this work, a He-Ne laser is used as a light
source at 633 nm.

Growth rate and thickness

The growth rate and thickness of the epilayer can be directly calculated from interference
pattern or intensity oscillations. The maximum of Fabry-Perot oscillations will occur at the

thickness, d as

n-d:(m)-z Eq.3.11

where m > 1 as integer and / is the light wavelength and » the refractive index of the layer.

Therefore, the growth rate x,, can be calculated from the interval between two of these maxima

A
2nAt

Ky, Eq.3.12

Curvature measurements
Not only the reflection intensity but also the distance between two light spots are monitored
and this converted to the curvature value by this expression

k=L d=d Eq.3.13
R 2d,-L
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where x 1is the curvature, R is the curvature radius, d is the distance between the laser source and
the detector, dj is the distance between two laser points on the surface and L is the distance of the

detector and the surface [Reih08] as presented in Fig.3.12.

Incident

Consequently, the approximated stresses in each layer laser
beams

will be determined by the well-known Stoney’s formula

[Ston09, Freu03], in case for A  <<hjg as
Reflected Y, Y(d,-d)2
60/,}[ laser 4

_ bme, h,

v
K= , or K= Eq.3.14 beams
i MR !
M,
where m :V‘ and o, =M ;¢,.
E, , . -
M, = ) s, M, s the biaxial modulus of layer, Wafer R
' -V
S
E, =Young’s modulus, v, = the Poisson ratio. E
E .
M, = " *—, M = the biaxial modulus of substrate, ¢, = the
_VS

biaxial mismatch strain between film and substrate, o,= the  Figure 3.12 Reflection geometry

film stress in the growing epilayers at that time, of in situ curvature measurements

h, =the film thickness at that time, %, =the substrate thickness. after [Reih08]

For this case, the thickness of Si(111) substrates used is 500 pum.

Typically, when the samples are unloaded from the reactor, they are simply characterized by
the naked eyed before an analysis with other characterization methods is applied. Typically,
epilayers or thin films grown on Si substrate will appear clean and smooth as a mirror-like surface
and with an appropriated thickness, interference fringes will be observed on the surface. Some
common problems as chamber cleanliness or instability of the machine can strongly affect the

surface appearance.
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3.2. X-ray measurements
The crystalline quality of AlyGa; 4N layers is characterized by x-ray measurements, a non-
destructive method giving fast and precise results. Here, the basic principle of x-ray diffractometer

and x-ray reflectivity used in this work are summarized.

3.2.1 High-resolution x-ray diffractometer

An x-ray diffractometer is a measuring instrument to characterize the structure of a crystal
material from the diffraction patterns produced when a beam of x-rays interacts with it. A typical
simple diffractometer consists of a source of radiation or x-ray tube, a monochromator to choose the
wavelength, slits to adjust the shape of the beam, a sample holder, a detector and a goniometer to
fine adjustment of the sample and the detector positions [Holy99, Klug74].

All x-ray diffraction techniques are based on the elastic scattering of x-rays from material
structures that have long range order of a repeating pattern or arrangement. The comprehensive
principle of x-ray diffraction from crystals is described by the dynamical theory of diffraction
[Holy99]. For more detail of the dynamical theory of x-ray diffraction can be seen in [AuthO1].

High resolution x-ray diffraction (HR-XRD) with a setup of parallel-beam optics is applied
to characterize epitaxial layers, heterostructures and superlattice systems [Holy99, Krost96, Piet04].
From the diffraction patterns of reflected x-ray beam after interacting with a crystalline sample, the
information on lattice parameters, composition, and uniformity of epitaxial layers, their thickness,
strain state, relaxation and the crystalline quality related to their crystal orientations are obtained.

In principle, the diffraction of x-rays is described by Bragg’law,

nA=2-d,, -sinf, Eq.3.15
whereas 7= an integer by the order, A = the wavelength of the x-rays,
d,,, = the distance between each Akl plane in atomic lattice, 26, = the angle between the incident
x-ray and the diffracted x-ray or the detector as shown in Fig 3.13.

d,,, of cubic crystal system is defined by:

% Eq.3.16
q.3.
NI+ K+ P

where hkl = the Miller indices of the scattering planes, @, = the lattice constant.

dhkl =

The real lattice space for a hexagonal crystal system is given by:
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d,, = !
= Eq.3.17
" 4( h? + hk + k> I* a
g 2 2

2

a c

where a and c¢ are the in-plane and out-of-plane lattice constants, respectively.

At first, the origin of real lattice (000) is transferred to the origin of reciprocal lattice as the

- V4
wavevector of incident x-rays (K; =7) and the scattering plane (hkl ) to the wavevector of
. ro_27 o .
diffracted x-rays (k, = 7) whereas 4., A, are the wavelengths of incident x-rays and diffracted

s

x-rays, respectively. With the condition of elastic scattering of x-ray diffraction, the incident

wavelength and diffraction wavelength are the same (A, =A,). So, the magnitude of the

k| =

kS

wavevectors of incident x-rays and diffracted x-rays are equivalent, and the difference

between the wavevectors of diffracted and incident x-rays is denoted as a scattering vector (Q),

— — — —

(O=Ak =k, —k,) Eq.3.18

Ewaldspheres

As represented in Fig.3.13, both

i
i,

< ¥ Detector wavevectors are placed on the surface of the
Xray S {hkl) . .
§ : reflection or scattering sphere known as
tube .
PR
Scatterig : Ewald sphere with a radius of 7 and a
plane real space . )
real lattice at the center. The Ewald sphere is
.--"'.[DO.O] a geometric construction in reciprocal space
a reciprocal
space as well as Bragg’s law is a construction in a

Figure 3.13 Schematic of the scattering geometry
real space.

in real and reciprocal spaces

Secondly, the real scattering plane with the Miller indices (hkl ) will be transferred to the reciprocal

lattice vector G, in reciprocal space as defined by:
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G, =h-b +k-b,+1-b, Eq.3.19
This reciprocal lattice is formed by the terminal points of reciprocal vectors l;l, l;z and 53 which

related to the primitive vectors of crystal lattice 4,, d, and d; by:

- a.xa
k
b=2-m-—

1

— i, ],k cycl. Eq.3.20
a, '(az X a3)

At the end of the reciprocal lattice vector éhkl is a reciprocal lattice point (hkl )

When the condition of diffraction by this plane (hkl ) in Bragg’s law is satisfied or that lattice exists

on the plane (hkl ), the reciprocal lattice vector éhk, and the scattering vector (Q) are equal,

(Q = éhkl) and

G, =Mk =k —k Eq.3.21

This equation is called as Laue equation.

Finally, the real space distance (d,,; ) between each plane in atomic lattice is transferred to the

—

* T
reciprocal space distance (d,y; =—) related to the quantity of reciprocal lattice vector ‘thz‘ =q

dhkl

« 27
as: dhk; =q=—" Eq.3.22
hid

At the scattering angle of &, Laue equation is corresponding to Bragg's law as this relationship:
2z .
q =2-7-sm 0, Eq.3.23

Otherwise,

g=2-[k|-sing, Eq.3.24

In brief, the scattering plane (hkl ) is transferred to represent as a reciprocal lattice point

(hkl )and the incident and diffraction angles of the scattering geometry are transferred to be the

reciprocal lattice vector perpendicular to the scattering plane.
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The measurements to determine the structural properties of the crystalline materials are
performed by the detailed analysis of a pattern of scattered x-ray intensity from the interaction with
crystal atoms. With different measuring
geometries of an incident x-ray beam,
sample position and a detector, the different
data of crystal properties are achieved to

analyze. The measuring geometries are

categorized  into  symmetrical  and
asymmetrical scattering geometries that

depending on the angle between the sample

surface and the reflecting plane or the

Figure 3.14 Schematic of the scattering geometry, interested plane (@) as shown in Fig.3.14

ki : incident wavevector, ky: scattered wavevector, . .
l ’ with definitions of all angles. For a case of

o: surface normal, n: normal on reflecting planes, . .
/i 4 &p symmetrical geometry, the reflecting plane

Ob: Bragg-angle, p: angle between surface and is parallel to the sample surface, ¢ =0 and

reflecting plane after [Kros96]. )
o =0, =w=60, ( +: means to high

incidence and —: means to the low incidence). In case of asymmetrical geometry, the reflecting plane

that interested to investigate is inclined from the sample surface ¢ #0, w#6, o, =0+¢ and

@_=6-¢. These are commonly used to determine lattice parameters and the crystalline quality as

tilts and twists of crystal materials by selecting the reflecting plane that interested to investigate.

To measure the intensity of symmetrical SN E scans
Bragg reflection (¢ =0, @ = @), there are three | <15 ¢-scans
main types of measuring scans as 6/26-scans, 20-scans

®/20-scans and -scans. For 6/20-scans, the m-scans
reflected x-rays are measured by the detector
that rotating with the angel twice than that of
the sample in the same direction around the

diffractometer axis. As considered in reciprocal

o Scattering

space, this motion of sample and detector plane

Ewaldspheres
relates to a change of k, (k,still points at the —Figure 3.15 Schematic of the measuring geometry

in reciprocal spaces after [Holy99, Reih08].

(000) of the reciprocal space) and the angle ®
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between the incident beam and the sample surface also changes during this motion as shown in

Fig.3.15. In case of w=601¢, the ®/20 scan direction also runs radial from the (000) of the
reciprocal space along éh,d . For the ®-scan, the detector is fixed in position at 26, and the sample is

rotated involving to a change of ® along a transversal direction in reciprocal space as shown in
Fig.3.15. By this o-scans, information about the crystalline quality related to geometrical
misorientations from the crystal growth direction is able to be detailed.

To characterize the crystalline quality of AlyGa; <N, conventional high-resolution X-ray 6/20
diffraction measurements and -scans around the (0002) AlyGa;xN Bragg reflection were
performed to determine c-lattice parameter and tilts [A]. For a-lattice parameter and twist, grazing
incidence in-plane diffraction (GIID) measurements of 6/20-scans and w-scans around (10-10)
AlxGa; 4N reflections were applied [B]. As combine information from both measurements, Poisson’s
ratio of elastic properties and Vegard’s law, information on composition of layers and residual in-
plane strain are achieved to analyze. The full width at half maximum (FWHM) of the x-ray
diffraction peaks in these measurements represents to the deviations of the lattice parameters and
uniformity of the preferred orientation or misorientations in layers. Moreover, reciprocal space map
(RSM) of the (0002) and (11-24) reflections [C] was performed to investigate strain state and
mismatch of the AlyGa; N layers and LT-AIN/HT-AIN superlattice buffer layers and to understand
the role of LT-AIN/HT-AIN SLs to compensate the tensile strain in the subsequent AlyGa; <N layers.

A. Conventional HR-XRD of out-of-plane measurements

In this work, a Seifert XRD3003HR diffractometer was used to determine c-lattice parameter
of AlyGa;xN and out-of-plane misorientations related to tilt of AlyGa; <N unit-column in layers by
the 0/20-scans and ®-scans around the AlyGa; 4N (0002) reflection, respectively as shown in

Fig.3.16. By the measured 20 position, d-space data or c-lattice constant were obtained by
C:2-d(0002). In GaN/AliGa;xN multilayers and multi-quantumwells, the 0/20-scans of their

(0002) reflections yield the interference fringes that interpret to their thickness and interface quality.

The Seifert XRD3003HR diffractometer consists of the x-ray tube with a copper anode emitting the
Kq radiation of A = 1.54056 °A and the K, radiation of A = 1.54444 °A, and the scintillation x-ray
detector while it is necessary to mount a multilayer parabolic mirror or Bragg mirror and a

monochromator of two Ge (220) monocrystals in front of the x-ray tube in order to achieve highly

collimated parallel monochromatic X-ray beam of A—j ~2.5x107 and the fine angular resolution as
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A0 =12" of beam divergence [Krost96, Reih08], and analyzer crystal in front of the detector as
represented in Fig.3.17.
c-axis

X-ray tube X-ray detector

bt =

J

c-lattice constant

a
aty,
%
Sta,
t

Figure 3.16 Schematic of incident and scattered x-ray beams of

(0002) reflections (left) and tilts of crystals (vight).

Tilt : out-of-plane misorientation

y
$ A %a9g
X 2¢5 mi?
,( &
P N TN
20/ &
Monochromator
A Ge(220) or Ge(440)
Detector Oﬂé\q o )
©

Figure 3.17 Schematic of the XRD 3003 HR diffractometer
after [Kros96, Reih08].

B. Grazing incidence in-plane diffraction (GIID)

Grazing incidence in-plane diffraction (GIID) is a measuring technique of x-ray diffraction
with a set-up of small grazing-incident angles for the incoming x-ray beam in order to study surfaces
or thin layers of crystalline materials. With the small grazing-incident angles of the x-ray beam as
shown in Fig.3.18(above), the penetration of x-rays is limited for a short distance in the order of
nanometers. Therefore, the x-ray diffraction will be more sensitive with the surface layer or thin on-
top layer. Below the critical angle (o) of the surface material, the x-rays are exponentially damped

inside the materials. For most materials the critical angle is less than 0.3° to 0.4° [Reih08]. So, only
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Bragg reflections of the surface structure are scattering sensitively. For more detailed information

can be seen in [Kros96, Holy99].

Incident x-ray beam
at grazing angle

relfected .
x-ray beam
for specular XRR~  sample o, i
- surface P
fOmmer |
P ;‘
i Diffracted
Diffraction 7 Xx-ray beam
lattice plane YK for GIID
; f
grazing angle (o) ~ oc
xQ
N(a) -—‘ <> =
—I SoEE I (o)
X-ray tube  Soller Soller Detector
collimator f ! collimator
Slits Slits

Figure 3.18 Schematic of GID geometry (above) and Seifert URD6 GID diffractometer (below)
after [Krost96, Reih08].

For this work, a Seifert URD6 diffractometer is set up with a standing head on-down tube.
Soller collimators made of parallel highly absorbing metal plates and slits, are placed in front of the
x-ray tube and detector to parallelize the x-ray beam with a low axial divergence as depicted in
Fig.3.18(below). As especially designed, the x-ray tube allows varying the incidence angle of X-ray
(o) in order to change the penetration depth of x-rays into the epitaxial layers. The GIID
measurements is applied to determine a-lattice parameter of AlyGa; xN and in-plane misorientations
related to twist of AlyGa; <N unit-column in layers by the 6/28-scans and w-scans around the AlyGa;.
«N (10-10) reflection, respectively as shown in Fig.3.79. With the measured 26 position, the d-space

d(lO—lO)
sin 60°

data of is obtained and finally a-lattice constant obtained by @ =
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, C-axis
(0000) . (-1010)
(10-10) ™~

- o =

X-ray tube y . SM'L g

TN

| 0
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<4 \

\ Twist : in-plane misorientation

a-lattic constant x_ ray detector
Figure 3.19 Schematic of incident and scattered x-ray beams of

(10-10) reflections (left) and twists of crystals (rvight).

C. Reciprocal space map (RSM)

X-ray reciprocal space map (RSM) is frequently used to study and determine the structural
properties of thin epitaxial films such as mismatch, strain state, relaxation, lattice constant and
structural quality in particular pseudomorphic grown samples of high mismatched materials.
Reciprocal space map is a two dimension measuring that combined 26-scans and ®-scans of HR-
XRD measurements in the same one-time measurement.

Reciprocal space map is categorized into two measuring types that around symmetrical and
asymmetrical reflections. Additional, shape and positions of reciprocal lattice points or the intensity
contour plots are also able to reveal more information about mismatch, strain state, relaxation,
mosaicity and composition etc. The horizontal and vertical positions of the lattice points yield
information about the in-plane and out-of-plane lattice parameters, respectively and the arrangement
of their positions involving to their lattice mismatch.

In particular, the RSM can be used to determine that the grown layers are fully strained or
pseudomorphic, partially strained, or fully relaxed. The narrow width of the lattice point of the layer
vertically aligned with that of the substrate means to a high quality pseudomorphic layer. The
vertical elongation and interference fringes are due to the small finite layer thickness of superlattice
or quantumwell structures. This contrasts to that of the fully relaxed layer representing a different
in-plane lattice parameter from the substrate. For the broader lattice point means to a structurally
less uniform layer or low quality with high misorientations. For more detailed information of

reciprocal space map can be seen in [Krost96,Holy99,Piet04].
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In this work, the RSM of the (0002) and (11-24) AlGa; 4N reflections was performed by
using a Seifert URDG6 diffractometer with a position sensitive detector (Braun) that consists of a
Ge(220) crystal between two slits placed in front of the x- ray tube to achieve an parallel
monochromatic beam for high resolution but still sufficient intensity for asymmetrical scans as
shown in Fig.3.20. These measurements were performed to investigate the strain state and lattice
parameters and mismatch of AlyGa; N layers grown on LT-AIN/HT-AIN SL buffer layers and also
the same study in GaN/AliGa; xN multi-quantumwells.

sensitive - 2
detector A’&’
20 | S,
Sampje | Slits 2

Slits:
10 mmX90m
Figure 3.20 Schematic of a Seifert URDG diffractometer with a position sensitive detector
after [Reih08].

3.2.2 X-ray reflectivity (XRR)

X-ray reflectometry (XRR) is a surface-sensitive analytical technique to characterize
material surfaces, thin films and multilayers for thickness determination between 2-500 nm with a
high precision of about 1-3 A and also for the determination of density and roughness. The basic
principle of XRR measurement involves monitoring the intensity of the x-ray beam reflected by a
flat-surface sample at grazing incident angles in the specular reflection where the condition of the
reflected angle equal to the incident angle or the incident angle is always half of the angle of
diffraction as depicted in Fig.3.18(above).

In multilayers, the reflections of the x-ray beam at the surface and interfaces depend on the
different refractive indexes of the different layers as related to different electron densities. When the
incident angles of the x-ray beam (0) is below than a critical angle (8 = 0.3°—0.4°) for most layer
materials or 0 < O, the total external reflections will occur. At above 6. or 0 > 0., the reflections
from the different interfaces will interfere and this will represent the interference fringes. The period
of the interference fringes and the fall in the intensity are related to the thickness and the roughness
of the layers. Roughness will lead to diffuse scattering and result in a less intensity in the specularly

reflected beam. When the interface is perfectly sharp and smooth, the reflected intensity will agree
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with a prediction by Fresnel law of reflectivity. The typical range of incident angle, 0, for these
measurements is between 0 and 5.

For this work, XRR-measurements with a URDG6 diffractometer with a rotating anode TXS
x-ray tube of Bruker AXS are employed to investigate the interface quality and approximated
thickness of GaN/AlGaN multi quantum wells. For more detailed information of X-ray reflectivity
can be found in [Krost96, Holy99].

3.3 Microscopy for surface morphology and cross-sectional images

Nomarski microscopy is basically used to investigate surface morphology of samples. For
more details in microstructure, roughness and dislocation propagation etc., scanning electron
microscopy, atomic force microscopy and transmission electron microscopy are applied which are

described conceptually here.

3.3.1 Nomarski microscopy

Differential interference contrast microscopy
(DIC) also known as Nomarski microscopy or
Nomarski interference contrast (NIC) is an optical

contrast microscopy method. In this work, reflected

Nomarski microscopy is employed to inspect the layer

morphology, observe and locate cracks and defects on e

the surfaces immediately after growth. DIC works on !nte;!i'ereﬂce
ane

the principle of interferometry of two polarized light |
Objective -«
Ly

1h

W

beams which are laterally separated by a DIC prism

and subsequently reflected from two different 4
aque
Gi“r;d ent -=

positions of the sample surface with different
thickness to create bright-contrast areas of Figure 3.21 Schematic of reflected DIC
information about the surface morphology. The rays  microscopy [Microweb]

will experience different optical path lengths where the sample areas differ in thickness. This causes
a change in phase of one ray related to the other. After reflection the two light rays are recombined
in the same DIC prism leading to an interference pattern which is modulated by the surface
topology. The schematic of DIC principle are shown in Fig.3.2/. More detailed information of

Nomarski DIC can be seen in reference [Murp01, Microweb].
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3.3.2 Field emission scanning electron microscopy

In a typical scanning electron microscopy (SEM)

system, an image of a sample surface is formed from

Electron gun

Anode

secondary electrons by bombarding the scanned sample y
with primary electrons emitted from a field emitter. By

applying a voltage the emitted electrons pass though a set

v _OL (Objective lens)
//' aperture

of electromagnetic lenses to the sample in a vacuum

Scan coil

environment as shown in Fig3.22. The electron beam is

Secondary  OL
electron

focused by a series of electromagnetic lenses or condenser %%
\

lenses in the electron column to a spot of 0.4 - 5 nm in : |

.

I
_-Specimen holder

_| - Specimen stags

diameter. By scanning coils in the final lens of the

electron column, the beam scans in a raster pattern over a

typically rectangular area of the sample surface.

When the primary electron beam interacts with  Figure 3.22 Schematic diagram of
atoms at the sample surface, the electrons loose energy by ~ SEM [Zhou(7].
different processes as presented in Fig.3.23. The secondary electrons are the most common signal

used to investigate the surface morphology.

Field-emission scanning electron
"
. . Beam
microscopy  (FESEM)  provides  enhanced
Backscatterred electrons Secondary electrons
resolution, and a clearer, less electrostatically Auger electrons
Characteristic x-rays X-ray continuum

distorted image as compared to conventional

emitters, in particular for nonconductive samples of TN ety -
. \ ::
\\

insulating materials. More detailed information can
|

\x\:f-: .

be seen in reference [Zhou07].

For this work a Hitachi S4800 FE-SEM is

: "-.,\_\
& . X \&

Figure 3.23 Illustration of several signals

W

used to investigate the surface morphology and

growth-step mechanism of AIN seed and buffer .
generated by the electron beam—specimen

layers and AlyGa; 4N layers and to approximate interaction in SEM [Zhou07]

layer thickness and quality by cross-sectional

images.
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3.3.3 Transmission electron microscopy
Transmission electron microscopy (TEM) is a method to form an image from the interaction
of electrons transmitted through an ultra thin specimen
Elactron gun | | (<lum) [Willi09] with a significantly high resolution
and a high magnification to examine fine detail and

mainly to show microstructures inside the specimen.

TEM is equipped with a tungsten filament or a

Condensor aperture . | =
[

lanthanum hexaboride (LaBg) source for an emission

Specimen port . =LILE Objective aperture

source to emit electrons into the vacuum by connecting

Objective lens

with a high voltage source (typically ~100-300 kV).

Diffraction lens

Intermediate lens

The image is magnified and focused by several convex

Projector lenses

1] lenses of electromagnetic lenses which produced by

Fluorescent screen electrons moving in a controlling magnetic field. The

-

basic optical configuration of TEM consists of three

j Image recording system ‘

main parts as the condenser lenses, the objective lenses,

.

Figure 3.24 Schematic simple diagram  and the projector lenses as shown in Fig.3.24.

of TEM [Wikiweb]. Based on the density of transmitted electrons
and absorbed electrons, a projection image of the specimen is developed onto the imaging device
such as a fluorescent screen or a CCD camera to produce bright contrast or gray-shades images. The
density of electrons passed through the sample mainly depends on the composition or the local
electron density of different material regions for example the regions of heavier metals will deflect
electrons more. For diffraction contrast in the case of a crystalline sample, the electron beam
undergoes Bragg scattering and this disperses electrons into discrete locations in the back focal
plane. It can be applied to identify lattice defects in crystals, to determine the position of defects and
the type of defect present by selecting the orientation of the sample. More detailed information can

be found in reference [Fult08, Willi09].

3.3.4 Atomic force microscopy

Dominantly atomic force microscopy (AFM) is applied to analyze the surface morphology at
the nanoscale with a high-resolution three-dimensional image of a scanning area typically around
1x1 to 150x150 um?. For this work, a Veeco Dimension 3000 is used to investigate the surface

morphology of AlyGa;«N layers.
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An image of the surface morphology is Miror
formed when the microscopic tip is dragged :ﬁ*“‘ %D‘m taser
Quartered \
over the surface of the sample and forces Prommna \ !

v |
1 Cantilever

between the tip and the sample lead to a

F-signal
Z-signal

Specimen

deflection of the cantilever according to

Hooke's law. Typically, the deflection is

monitored by using a laser beam reflected off

Topography [ = | [ ¥ scanning
the back of the cantilever into a position e
sensitive detector or an array of photodiodes L

Figure 3.25 Schematic diagram of AFM [KhulO8]

as depicted in Fig.3.25. The AFM is used in
the operating modes of contact mode or tapping mode, which are conducted in air or liquid
environments. To study the surface morphology, the samples are investigated using Tapping Mode
AFM which consists of oscillating the cantilever nearly its resonance frequency of ~300 kHz and
lightly tapping on the sample surface during the scanning. More details about AFM can be found in
reference [Khul08, Kitt05]. The changes in the cantilever deflection or oscillation amplitude in the z
direction are determined by differences in output voltages of the photodetector. The scanning
motion is conducted by a piezoelectric tube scanner which scans the tip in a raster pattern onto the
sample. A feedback loop maintains a constant oscillation amplitude by moving the scanner
vertically at every x,y data point. By recording this movement continuously, a three dimensional
map of the surface morphology is produced from which the root-mean-square roughness (rms) can

be calculated.

3.4 Spectroscopy for optical properties
The optical properties were characterized by cathodoluminescence, photoluminescence and

electroluminescence measurements which principles will be briefly explained in the next sections.

3.4.1 Cathodoluminescence spectroscopy
In this work, a JEOL JSM6400 SEM equipped with a LaB electron gun is applied for the

cathodoluminescence measurements to investigate the optical quality of AlyGa;«N epilayers with
and without doping and examine the efficiency of light emission or radiation recombination of

electrons and holes in AlyGa; \N/GaN multi quantum wells.
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As mentioned before in section 3.3.2, cathodoluminescence is observed in both scanning
electron microscopy and transmission electron microscopy when an electron beam generates
carriers, e. g., a semiconductor, causing the material to emit light. The cathodoluminescence is
collected by an optical system, in our case an elliptical mirror. The luminescence is transferred out
of the microscope by a fiber optic and separated by a monochromator and then detected with a
photomultiplier tube. By scanning the electron microscope's beam in an X-Y pattern and measuring

the emitted luminescence at each point, a map of the optical measurements of the sample can be

achieved.
Cathodoluminescence is
1 E, (_e.'h] [:] O WX Ah BAY A produced from the efficient
SR & = & G bombardment of an electron beam
% . l WW>  onto a semiconductor. Their
. v g | O o electrons will be promoted to a
“% Z 2 7 7 higher level, e.g. from the valence
band to the conduction band and
Figure 3.26 Radiative transitions in semiconductors after leave holes behind. When an
[Sch607] electron and a hole recombine, there

are several possible ways to generate luminescence. Once the electrons are excited, they can fall
directly to the hole and do not encounter any traps for the case of low trap or defect density known
as intrinsic band to band (e,h) and free exciton (X) transitions. Otherwise, the electrons encounter
the traps emitting other lower-energy luminescence. There are different types of optical transitions
e.g. donor to acceptor transition (D, A”), ED of the electron to the donor impurity, EA of the hole to
the acceptor impurity, and (D’X), (A’X) of bound excitons to donor and accepter etc
[K1in07,Yu05]. as depicted in Fig.3.26. The energy and FWHM of the luminescence depends on the
kind of optical transition that corresponds with the quality of the materials and their optical
properties. In general, the intensity of the cathodoluminescence is a function of the density of traps
with respect to the purity and defect state of the semiconductor material. For more detailed

information of the cathodoluminescence measurements refer to [ Yaco90].

3.4.2 Photoluminescence spectroscopy
Photoluminescence (PL) spectroscopy is an important technique to measure the electronic

structure, purity and crystalline quality of semiconductor materials. Photoluminescence
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spectroscopy is analogous to cathodoluminescence microscopy where atoms of a sample material
are excited to a higher energy state and then return to a lower energy state or an equilibrium state by
emitting that excess energy through a photon. The difference of these methods is that
photoluminescence is excited by the impingement of a high-energy light beam typically with
energies slightly higher than the luminescence energies observed in contrast to cathodoluminescence
where the excitation energy is orders of magnitude higher than the luminescence energy. The energy
of the emitted light relates to the difference in energy levels between the two electron states
involved in the transition between the excited state and the equilibrium state. The return to
equilibrium, also known as "recombination," can involve both radiative and nonradiative processes.
The quantity or intensity of the emitted light is related to the relative contribution of the radiative
process. Radiative transitions in semiconductors also involve localized defect levels with respect to
nonradiative processes. The photoluminescence energy associated with these levels can be used to
identify specific defects, and the amount of photoluminescence can be used to determine their
density. Thus, material quality can be measured by quantifying the amount of radiative
recombination. However the amount of photoluminescence and its dependence on the level of
photo-excitation and temperature are directly related to the dominant recombination process because
various excitation wavelengths allow for varying penetration depths into the material, and thus,
varying levels of volume excitation. For more information of the photoluminescence measurements
refer to [Ivch05].

In this work, a Helium-Cadmium laser of 25 mW generates light of which the UV line at
325.0 nm is selected by an interference filter. In the optical setup this light is focused onto a sample.
After that, photoluminescence from the sample is passed through a grating monochromator and
detected by a charge coupled device (CCD) camera. By He-Cd laser, radiation recombination of
electrons and holes in Al ;GagoN/GaN multi-quantum-well structure is also investigated by PL
measurements. Additionally, a closed-cycle helium cryostat can be used to measure temperature

dependent in the range from 10 to 300 K.

3.4.3 Electroluminescence spectroscopy

Electroluminescence (EL) is the generation of light by the recombination of electrically
injected electrons and holes. The luminescence can be emitted by the passage of an electric current
or the injection of charge through p-n junction materials and light emitting devices etc. In

semiconductor electroluminescent devices such as light emitting diodes (LEDs), proper metallic
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contacts with the device-structure are required to provide the flow of electrons or holes. When
applying a forward voltage to a p—n junction, formed by doping the materials with acceptors and
donors, respectively, electrons flow through the materials from the n-type region into the p-type
region and vice versa for holes. The electrons and the holes recombine radiatively. The emitted
electroluminescence spectra can be detected by an optical detector to obtain an image of the
distribution of radiative recombination for measuring the structural, optical and -electrical
characteristics of the devices. For more detailed information on electroluminescence spectroscopy
refer to [Kita93]. In this work, p-type contacts of AlGaN-based LEDs are formed by oxidized Ni/Au

contacts and contacted by bonding a wire to them; n-type contacts are formed using Al.

3.5 Electrical measurements

In this work the electrical properties of AlGaN-based LED samples were characterized by
current-voltage and capacitance-voltage measurements. Their principles will be briefly explained

here.

3.5.1 Current voltage characteristics R
o Breakdown R Forward | |
A current voltage characteristic or I-V everse ~Epiaye

> R e
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|
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electric current through the diode and the
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characteristics of the resistor producing a non- Jjunction diode at room temperature after [Pier96]
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linear curve.

A diode’s I-V characteristic can be classified into four operation regions as reverse
breakdown, reverse, forward and forward voltage drop as shown in Fig.3.27. The region of reverse
breakdown beyond the peak inverse voltage (PIV), the device is usually damaged permanently at
very large reverse applied voltage. When the potential difference is increased above an arbitrarily
defined “cut-in voltage” or “on-voltage” or “diode forward voltage drop (V4)” in the forward region,
the diode current becomes appreciable as a exponential function and the diode presents a very low
resistance. In brief, to turn on the diode with a forward bias, the applied voltage developed across it
is about its characterized voltage drop and then an external current can be passed through the diode.
This value is different for other diode types depending on the bandgap [Schub03] of materials for
example as low as 0.2 V for Schottky diodes, 0.6V to 0.7 V for a normal silicon diode, 1 Vto 1.5V
for power diodes, 1.4 V for red-LEDs and more for blue LEDs where it is up to 4.0V. For more
detailed information of the current—voltage characteristics refer to [Pier96, Schub03]. In this work,
AlGaN-based LEDs are also characterized their electrical properties such as turn-on voltage by the

[-V measurements.

3.5.2 Capacitance voltage measurements

Capacitance voltage measurement is a technique used to characterize electrical properties of
semiconductor materials and devices. As applied to the epitaxially grown semiconductor materials,
the C-V meter equipped with a mercury probe can measure the epitaxial layer as soon as it is
unloaded from the reactor. The advantage of this technique is the ability of the mercury probe to
easily form, non-destructive, contacts to planar materials without performing a time consuming
metallization and photolithographic processing.
Two-dot concentric mercury probe formed a metal-semiconductor junction, a Schottky barrier, of
well-defined area and backside contact that could be measured as easily as a conventional metallic
contact to create a depletion region and may contain ionized donors and electrically active defects or
traps. The depletion region with its ionized charges inside behaves like a parallel plate capacitor
filled with a dielectric and varying plate distance: By varying the voltage applied to the junction, the
depletion width possibly is varied. The dependence of the depletion width upon the applied voltage
provides information on the semiconductor's internal characteristics, such as its doping profile and

electrically active defect densities. The measurements generally are done at AC voltage.
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The simplest application of C-V measurements is to monitor the type and concentration of dopants
in the semiconductor materials. The capacitance is obtained by the change in charge with a
corresponding change in applied voltage as calculated according to this expression:
d
C= aQ
dVv

In principle, when applying small voltage variations, charges are only added and removed at

Eq.3.25

the edge of the depletion region analogous to the parallel plate capacitor. The junction capacitance
in the depletion region across the PN junction simply depends on the dielectric constant, the area

and the depletion layer width as calculated using this expression:

_g_S_ ng NaNd
j_W_ 2(¢i_Va)Na+Nd

where Wis the depletion layer width. C ;= the capacitance per unit area (F/m?®), q is the

Eq.3.26

fundamental charge constant (¢ =1.6x10"" coulombs), &, is the electric semiconductor
permittivity (F/m), & is dielectric constant, &, is the electric permittivity of free space (F/m),
&, =&6,=89%8.85x10"" F/m for GaN [Mork08],

&, =&, =85x8.85x10""7 F/m for AIN [Mork08], V, = the applied voltage (V), N, = the

doner density (per m®), N, . = the acceptor density (per m’), @, = built-in potential (V).
From Eq.5.10.2, the new expression of the capacitance squared, —5 , is obtained as

c*’

1 2 N +N
Vi (4 -7,) Eq.3.27

2
C i q&s N_N,
versus V, yields a straight line or a linear dependence.

dv

a

Thus, a plot of —7
us, a plot o CJZ.

By the slope of the plot of the carrier concentration profile is obtained for

example the electron concentration or the donor density as N, of n-type conductivity sample with

positive applied voltage as followed this expression:
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, N,>>N, Eq.3.28

1
qé&
14
( ¢
av,

For N, of p-type conductivity samples, the same measurements with negative applied voltage are

performed.
Besides the C-V measurements provide the type and concentration, the corrresponding depth

can be obtained at each voltage yielding a doping profile. In addition, the built-in voltage can be
|

achieved at the intersection of the F plotting at the horizontal axis. While the depth equals the
J

depletion layer width which is obtained from this expression:
Es
C.

J

W= Eq.3.29

More information on C—V measurements can be found, e. g. in [Sze07, Cole08, Rose02, Pier96].

In this work C-V measurements are performed on samples of Si-doped AlGaN, Mg-doped
AlGaN, Mg-doped AlGaN, and Mg-doped GaN/AlGaN multilayers to determine the electron or
hole concentrations in the layers. This is performed by using a C-V meter equipped with a LEI
2017B mercury probe by evacuating the interface area of the mercury and the sample surface. This
instrument monitors based on an equivalent circuit of the capacitance bridge by switching to a
condenser for the capacity C, by a parallel resistor R, or to a condenser for the capacity Cs by a
serial resistor Rs. The parallel resistivity refers to possible leak currents and the serial resistivity
represents the conductive properties of the samples and contacts. In the ideal case, Rg is low

(Rg = 0) and Ry is very large (Ry — o0) [Schub03, Oley06].
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AlGaN growth

The first common requirement to develop electronic devices is a high-quality semiconductor
material. Analogously, developing AlGaN-based LEDs on Si substrate firstly requires a high-quality
AlGaN material with a low dislocation density and crack-free layers on the Si substrate. Due to their
large differences in lattice mismatch and thermal expansion of the AlGaN layers and the Si
substrate, efficient buffer layers reducing dislocations and compensating a thermally induced tensile
strain are necessarily required to insert between them in order to improve the AlGaN quality.
However, the first layer deposited on the Si substrate of a seeding or nucleation layer is also an
important factor enabling to improve the AlGaN quality. Therefore, impacts of growth parameters of
the AIN seeding layer on the Aly1GaogN quality were investigated first. Next, growth parameters of
LT-AIN/HT-AIN superlattice buffer layers were optimized. Their impacts on the Aly1GagoN quality
are presented and discussed in this chapter. Moreover, the quality of AlxGa;.xN with 0.05< x <0.65

grown on these optimized LT-AIN/HT-AIN SLs are revealed in the last section of this chapter.

4.1. Optimization of AIN seeding layer for high-quality Al,Ga, N growth

Due to the requirement of a seed or nucleation layer for MOVPE growth on heterosubstrates,
the seed layer was optimized to enhance the buffer-layer quality. The efficient seed layer plays a
role to reduce a misfit between a foreign substrate and an epilayer and to arrange for the next
deposition with a good quality and uniform orientation [Bour98, Cont08, Dadg07, Dimi05, Jami05,
Liu03, Ragh04].

With a systematic study of the impact of growth parameters as growth temperature, pressure,
time and the V/III ratio of AIN-seed layer on the crystalline quality of Aly1GaggN/AIN/Si(111), it
could be observed that the Alyp1GaggN quality strongly depends on the growth parameters of the
AlIN-seed layer. The on-top Alg1GaggN layers were grown at 1145°C, 100 mbar, TMAI flow rate of
8.66 umol/min, TMGa flow rate of 48.46 umol/min, NH3 flow rate of 31.25 mmol/min and V/III
ratio of ~ 550 as standard growth parameters of ~250-nm-thick Alg1GaggN for all samples. For
standard reference growth parameters of the AIN-seed layer, AIN was grown at 1200°C, 100 mbar,
for 8 minutes leading to a nominal thickness of ~12 nm with a V/IlI ratio of ~2600. To prevent the
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formation of SixNy and amorphous growth of the seed layer, the pre-deposited layer was applied by
the pre-flow of TMAI into the reactor before flowing NH3 [Chen01, Dadg03a, Kwon02].

There are 4 series of Alp1GaggN/AIN samples with growth-parameter variations of the AIN
layer i.e. the first series of growth temperature varied from 700 to 1200°C, the second series of
growth time from 1 to 20 minutes related to the nominal thickness from ~1.5 to 30 nm, the third
series of growth pressure from 70 to 200 mbar, and the last series of V/I1I ratio from ~1300 to ~6400
as summarized in Table 4.1. Schematic of Alg1GaggN/AIN samples with growth-parameter
variations is shown in Fig.4.1.1.

Subsequently, the crystalline quality of Aly;GagoN was characterized by HR-XRD

measurements.

Table 4.1 variations of growth parameters of

AIN seed layer in each series

Series Varied parameters of range ~ 250 nm Aly Gap oN
AIN seed layer g
AIN layer with variations
1 Temperature (°C) 700-1200 _
Si(111)
2 Thickness (nm) ~1.5-30
Figure 4.1.1 schematic of Aly;GaggN on AIN
3 Pressure (mbar) 70-200 g 012408
seed layer with variations of growth
4 V/11I ratio 1300-6400 parameters

4.1.1. The impact of growth temperature of the AIN-seed layer

In the first series, the growth temperature of the AIN-seed layer was varied from 700°C to
1200°C. In XRD measurements, the crystalline quality of the Aly1GaogN, represented by the
FWHMs of 6/26-scans and -scans of the Alp1GaggN (0002) and (10-10) reflections, was
investigated. With an increasing growth temperature, the o-FWHMs of the Alg1GaogN (0002)
reflections decrease from 2480 to 1220 arcsec and for the (10-10) reflections from 5110 to 2480
arcsec and the in-plane residual strain in the Aly1GaggN layer also decreases from 0.17% to 0.10%
as shown in Fig.4.1.2. It is indicated that by increasing the growth temperature, the Aly1GaggN
quality is continuously improved with lower o-FWHMs of both reflections and lower residual

strain. However, the temperature limitation of this machine is 1200°C for preventing the damage of
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quartz parts. So that, the growth temperature at 1200°C is the best growth temperature of the AIN
layer for the high-quality Alp1GaggN growth achievable on this system.

AlIN seeding layer /~300-nm-thick Al Ga, N
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Figure 4.1.3 XRD é/26-scans and w-scans of the Aly;1GaggN (0002) reflections with various growth

temperatures of the AIN-seed layer

In XRD 6/26-scans of the (0002) reflections, it can be observed that with an increasing
growth temperature from 1105°C to 1200°C, the 20 peaks of ~36.0° of AIN-seed layer are less
distinguished and lower intensity as shown in Fig.4.1.3 (left). This can be simply interpreted that
AIN-seed layer grown at higher temperature in this range has a lower thickness or lower growth rate.
The 26 peak of LT-AIN at 700°C, is less pronounced than others but still more pronounced than that
of 1200°C. It is possible that the thickness or growth rate of LT-AIN at 700°C is higher than that of
HT-AIN at 1200°C. It also means to the AIN thickness of each sample in this series varied by the
varied growth temperatures. So that, to precisely consider the optimized growth temperature of the
AIN layer, it is necessary to take account of an identical thickness. In Fig.4.1.3 (right) of XRD -

scans, it can be seen that Aly1GaggN on the LT-AIN-seed layer is the worst crystalline quality with
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the broadest peak. As shown before in Fig.4.1.2, the crystalline quality of Alp1GaggN on HT-AIN
was better than on LT-AIN.

In AFM measurements, the surface morphology of the Alp1GaggN on HT-AIN exhibits a
very smoother surface, but higher pit density and bigger pit size than that of Aly;GagoN on LT-AIN
with a high roughness of 2.12 nm rms as shown in Fig.4.1.4. A reliable measurement of rms
roughness of Aly;1GagoN on HT-AIN for this scan-area size can not be obtained due to a high

disturbance by the pit features.

AIN at 700°C
Figure 4.1.4 3x3 um* AFM images show the different surface morphology of Al:GaggN on HT-AIN

at 1200°C (left) with smoother surface but very higher big-pit density than that grown at 700°C
(right)

In order to better understand their structures, two additional samples of thick HT-AIN and
thick LT-AIN were grown for 3 hours. The XRD 6/20-scans of the (0002) reflections of the thick
LT-AIN sample obviously pronounce the (10-10) and (10-11) reflections besides the 26 peak of the
(0002) reflections as shown in Fig.4.1.5. But there is only the 26 peak of the (0002) reflection of the
thick HT-AIN sample. This can be implied that the thick LT-AIN layer crystallizes with
polycrystalline contributions. Additionally, their surface morphologies are revealed by FE-SEM
images i.e. the HT-AIN surface morphology with a high density of pit defects and crystal platelets in
different orientations of the LT-AIN as shown in Fig.4.1.6.
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Figure 4.1.5 XRD 6#26-scans of the (0002)
reflections of ~270-nm-thick HT-AIN at 1200°C
A and ~740-nm-thick LT-AIN at 700°C

=
U
!

(10-10)

' ll 0 [.1 u rr'*.

Figure 4.1.6 FE-REM images showing different surface morphologies of HT-AIN (left) and LT-AIN
(right)

Furthermore in Fig.4.1.7 cross-sectional TEM images exhibit the microstructure of HT-AIN
with a high crystalline quality of uniform orientation and good arrangement. The big-size pits on the
surface are ~120 nm in diameter and the depth ~100 nm. There are lots of pits on the surface. Some
pit positions on the surface relate to threading dislocations originated from defects in the first HT-
AIN layer above the Si substrate. On the other hand, lots of big-size pits are probably originated to
relief grain-coalescence stresses in the high-quality layer [Ragh04, Ragh05, Reen08]. As shown in
Fig.4.1.8 of cross-sectional TEM images, LT-AIN consists of small crystal platelets with different
orientations. The crystal platelets have a length of ~160 nm and a width of ~40 nm. There are lots
of voids between the platelets as well as porous features. Then LT-AIN is grown with a lower stress
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or a higher relaxation than HT-AIN. In addition, their thicknesses are measured to yield the growth
rates of HT-AIN of ~1.44 nm/min and LT-AIN of ~4.1 nm/min and also corresponded to the results

of an optical interference technique (~1.5 and ~3.58 nm/min of HT-AIN and LT-AIN respectively).

. T e }
¥ LT-AIN e S0
"'* "!. i

e, B 1 8 5 PR SRR

Figure 4.1.8 cross-sectional TEM images showing microstructures of LT-AIN/Si(111)

These results prove that HT-AIN grown at 1200°C has a higher crystalline quality and lower
dislocation density but more big-size pits on the surface than LT-AIN at 700°C has. By increasing
growth temperature, the surface diffusion length of Al-adatoms would be enhanced and then
improves the AIN-layer quality [Brun08, Fuji0O6, Imur07, Loba08, Obha00]. Consequently, the
subsequent Aly1GaggN layers on the HT-AIN with fewer grain boundary dislocations are improved
in their crystalline quality.
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4.1.2. The impact of the AIN-seed layer thickness

For the series of growth time dependence, the HT-AIN seeding layer was grown for 1 to 20
minutes corresponding to a nominal thickness of ~1.5 to 30 nm. The nominal thicknesses of the
AlIN-seed layers are deduced from the growth rates as mentioned before. Figure 4.1.9 shows that the
o-FWHM of the Alp1GaggN (0002) reflections slightly decreases from 1370 to 1190 arcsec at the
minimum around the AIN-layer thickness of ~6 nm, and for thicker than ~6 nm, it is almost constant
about 1260 arcsec. Meanwhile the o-FWHM of the (10-10) reflections steeply increases from 1580
to 2340 arcsec at the thickness of ~6 nm, after that it is almost constant. In brief, for the thinner
AlIN-seed layer than ~6 nm, tilts or out-plane misorientations of the Aly;GagoN are decreased or
improved but twists or in-plane misorientations are increased due to an increased coalescence of 3D-
AIN islands as discussed in more detail in section 4.1.5. Simultaneously, the in-plane residual strain
in the Alg1GaggN layer continuously decreases from 0.13% to 0.08% and a significant improvement
is achieved at a nominal thickness of ~6 nm or in a range of 5-10 nm by measuring of TEM. Taking
into account all observations, the optimized thickness of the AIN-seed layer is about 5-10 nm for the
best Alp1GaggN layer quality.
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Figure 4.1.10 XRD @2 #-scans of the Alg1GagoN (0002) reflections and w-scans of the Alp1Gag 9N
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(10-10) reflections with various growth times or thicknesses of the AIN-seed layer

more distinguished and shows a higher intensity for a longer growth time due to the thicker AIN-
layer. AFM measurements show a similar good-surface morphology of Aly1GagoN layers on the
AIN layer of ~ 3 nm (left) and ~24 nm (right) with growth steps, low pit density and low roughness

As shown in Fig.4.1.10 (left), the 20 peak of the (0002) reflections of the AIN-seed layer is

of ~0.70 nm rms as shown in Fig.4.1.11.

Figure 4.1.11 3x3 um? AFM images showing a similarly good surface morphologies of Aly:1Gag.sN

layers on AIN layers of ~3 nm (left) and ~24 nm (right)
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4.1.3. The impact of growth pressure of the AIN-seed layer

To investigate the impact of growth pressure of the properties of the AIN-seed layer, the seed
layer was grown within the pressure range from 70 to 200 mbar. The ®»-FWHM of the
Aly1GaggN(0002) reflections shows a minimum of 1330 arcsec at 100 mbar and for the (10-10)
reflections except that of 70 mbar, the o-FWHM has a minimum of 2050 arcsec at 150 mbar as
shown in Fig.4.1.12. Overall the in-plane residual strain increases from 0.05% to 0.12% with
increasing growth pressure.
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Figure 4.1.13 XRD @26-scans and a-scans of the Alp1Gag 9N (0002) reflections for various growth

pressures of the AIN-seed layer

It can be observed that the 26 peak of the (0002) reflections of the AIN-seed layer is less
distinguished and has a lower intensity with a higher growth pressure which simply implies that it is

thinner, as can be seen in Fig.4.1.13 (left). It means that the AIN-seed-layer thickness is varied by
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growth pressure. As a reason, MOVPE growth of AIN or Aly1GaggN at high pressures tends to
promote gas phase pre-reactions between TMAI and NH; [Dadg06, Touz05], preventing Al
incorporation and reducing the AIN growth rate, respectively [Crei02, Miho98]. Hence the growth
of AIN at low pressures is preferred. As can be seen in Fig.4.1.13 (right), the Aly1GaogN grown at
an AIN growth pressure of 200 mbar has the worst quality with the broadest w-scan peak.

Actually, to precisely consider the optimized growth pressure of the AIN layer, it is
necessary to take account of an identical thickness due to the impact of growth pressure on the AIN-
seed-layer thickness. For this case, the best growth conditions of the AIN-seed layer for the good-

quality Aly1GaggN overlayer are obtained at pressures of 100-120 mbar.

4.1.4. The impact of V/I11 ratio of the AIN-seed layer

In the last series, when the NHj3 flow rate of the AIN-seed layer is increased from 11.16 to
55.80 mmol/min relating to /111 ratio from ~1300 to ~6400, the o-FWHM of the Al 1GaggN(0002)
reflections is almost constant about 1260 arcsec and for the (10-10) reflections, the FWHM
continuously decreases from 2810 to 1980 arcsec as shown in Fig.4.1.14. The in-plane residual
strain in Alp1GaggN layers decreases from 0.11% to 0.05%. It shows that in this case the Aly1GagoN
quality is continuously improved with an increasing /Il ratio. This probably results from the effect
of AIN-thickness variation. As can be seen in Fig.4.1.15 (left), the 20 peak of the (0002) reflections
of the AIN-seed layer is less distinguished and shows a lower intensity with a higher V/III ratio
indicating a thinner AIN-layer. The reason is that a high flow rate of NH3; promotes gas phase
reactions between TMAI and NH; and reduces the amount of TMAI which is available for AIN
growth [Loba08, Dadg06]. To precisely consider the optimized V/III ratio of the AIN layer, it is
necessary to take account of an identical thickness of the AIN layer.

Here Aly1GaggN on the AIN seed layer grown with the highest V/III ratio of ~6400 is the
best crystalline quality with the narrowest m-scans of the (10-10) reflections as depicted in
Fig.4.1.15 (right).

The best o-FWHMs of ~250-nm-thick crack-free Aly1GaggN grown on the optimized AIN-
seed layer of each series are ~1260 and ~1980 arcsec for the (0002) and (10-10) reflections,

respectively with a low roughness of ~0.7 nm rms for a 3x3 pm? scan area.

80



AlGaN growth

FWHM of ® - scans of Al Ga N (arcsec)

1000+

Intensity (a.u.)
B
o

10"+

3000

2500

A/A\
2000 R Yo B

1500

AIN seeding layer / ~300-nm-thick Al Ga_ N

01709

(0002)

T T T
500 750 1000
NH, flow rate (sccm)

T
250

, ©/20 -scans of (0002) Al ,Ga N —— 250 sccm
—— 500 sccm

o] Alp; G, N — 750 sccm
—— 1000 sccm
—— 1250 sccm

AIN seed

250 sccm layer

1250 sccm

34.6 34.8 350 352 354 35.6 358 36.0 362 36.4
20 (degree)

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.02

Residual strain (in-plane) in Al Ga, N layers (%)

Intensity (a.u.)

Figure 4.1.14 FWHM of XRD w-scans of the
Aly1GaggN (0002) and (10-10) reflections and
residual strain (in-plane) in Alg1GaggN layer

as a function of V/III ratios or NH; flow rates

of AIN-seed layer.

 -scans of (10-10) Al  .Ga N

—— 250 sccm
—— 500 sccm

250 sccm

N
Om
!

1250 sccm

1 —— 750 sccm
—— 1000 sccm
—— 1250 sccm

T

T T T
17.5 185 19.0 195

o (degree)

T
18.0

T
20.0 205 21.0

Figure 4.1.15 XRD @2 6-scans of the Alg1GagoN (0002) reflections (left) and w-scans of the
Alp1GaggN (10-10) reflections (right) grown with various V/I11 ratios or NH; flow rates of the AIN-

seed layer

In all experiments variations of the AIN-layer thickness are observed and the subsequent

Alg1GaogN quality also strongly depends on the AIN-layer thickness. So that, to certainly optimize

the growth parameters, the identical AIN-layer thickness necessarily would be controlled in each

series. However, all results indicate that the AIN-layer thickness plays an important role to improve

the Aly1GapoN quality. Perhaps this relates to the coalescence of the AIN 3D-islands to provide the

suitable AIN layer for the subsequent Aly1GaggN layers. Therefore, the coalescence and growth

mechanism of the AIN-seed layer were further investigated.
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4.1.5. The impact of the gallium presence in the AIN-seed layer

In some experiments with and without baking the reactor before growing the next sample, it
can be observed that the Ga remainder in the reactor walls can affect the quality of the next sample.
Therefore experiments with Ga-flow variations in the AIN-seed layer were performed to investigate
the influence of a Ga addition on the AIN-seed layer. There are 2 series of samples of only one layer
of the AIN-seed layer on a Si(111) substrate with and without triethylgallium (TEGa) flow in the
AIN layer. In each series, the growth time of the seed layers is varied from 1 to 8 minutes related to
the nominal thickness of ~1.5 to ~12 nm. Afterwards, their surface morphology was observed by
FE-SEM. Additional there are 2 samples of the pre-deposited layer of 10 second with and without
TEGa. The sample structures are summarized in table 4.2. Schematic of Al(Ga)N samples with
different thicknesses is shown in Fig.4.1.16.

Table 4.2 Al(Ga)N seed layers with different thicknesses

Series Varied growth time (min) Al (Ga)N layer

10s TMAI+TMGa pre-flow S1(111)

1. Al(Ga)N with TEGa 1514 0.8 min with NH; flow

10s only TMAI pre-flow, Figure 4.1.16 schematic of Al(Ga)N

2. AIN without TEGa and 0-8 min with NH3 flow seed layer with different thicknesses

Even though there are only the flows of TMAI with and without TEGa flow before the NH;
flow for 10 s to pre-deposit Al and Ga adatoms on the hot Si(111) surface at 1200°C, it can be
observed lots of unshaped islands in different sizes with a different bright contrast from the
background or base surface as shown in Fig.4.1.17.(a) and (d). It also shows that without the Ga
flow, there are a fewer numbers of islands and they show a smaller size. All images are not in focus
because the samples were charged by the electron beam due to the high resistance of the AIN
material. In Fig.4.1.18, 3D-AFM measurements show that the sample surface is covered with a very
thin AIN layer of very high roughness of ~4.4 nm rms and the different heights of the bigger-size
islands and the base surface up to ~10 nm which relates to the brighter contrast areas of islands in
FE-SEM images. Moreover, XRD 6/26-scans prove AIN being present in this layer by showing the
20 peaks of the (0002) and (10-10) reflections of AIN with lattice constants in Fig.4.1.19, although

this sample is grown only with TMAI for 10 minutes without NH;. However, some EDX
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measurements of a sample with TMAI and TMGa could only detect Al and N but not Ga. Likely the
amount of Ga is lower than the detection limit of this technique.

TMAI pre-deposition ) TMAI + TEGa
pre-deposition

200nm

AlGaN seed Ia;'cr for 4 min

AIN seed layer for.4 min

OkV 15.0mm U) ' 5 U) 0T Ta00nm

AIN seed layer for 8 min

S4 OkV 15.1mm U) U Tanonm Ok 15.1mm U) ST ag0nm

Figure 4.1.17 (a) — (f). FE-SEM images of the surface morphology of the AIN-seed layer (a-c) and
the Al(Ga)N-seed layer (d-f)

As can be seen the surface morphology of the Al(Ga)N-seed layer with the Ga flow in
Fig.4.1.17 (e) and (f), the Al(Ga)N seeds or islands are grown, distributed across the whole surface
and coalesced with neighbouring islands to form larger islands. Also some different-contrast areas
that probably originated in the pre-deposition layer can be observed. After 8 minutes of growth, an

increasing numbers of Al(Ga)N islands coalesce to form larger islands. It is still a 3D-island growth,
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not a smooth surface of a 2D-layer growth. For the AIN-seed layer without the Ga flow in Fig.4.1.17
(b) and (c), the growth mechanism of the AIN-seed layer is similar to that of the Al(Ga)N-seed
layer. But the lateral growth rate or coalescence of the AIN-islands is lower or less pronounced than
that of the Al(Ga)N. Moreover, the fewer numbers of AIN islands which scatter in size more and are
more distant, leading to a lower number of coalesced islands than that of the Al(Ga)N-seed layer.
Also more areas with different-contrast to the Al(Ga)N-seed layer are observed. It simply means that
the Ga flow in the AIN-seed layer enables to promote the bigger AIN-islands, homogeneous

distribution and faster coalescence. Thus the subsequent layers are improved with the better

orientation.

¥ 1,000 pm/div
z 25.000 nm/div

Figure 4.1.18 3D-AFM image showing the surface morphology of pre-deposition of TMAI and

TMGa on Si(111) for 10 s without NHs.
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With regard to XRD measurements in section 4.1.2, both ®w-FWHMs of the Aly1GaggN
reflections are almost constant for a thicker AIN-layer thickness of 5-10 nm. For the thinner AIN
layer, the o-FWHM of the (0002) reflections representing tilt decreases but the o-FWHM of the
(10-10) reflections representing twist increases. Until the AIN-seed layers of about 5-10 nm, tilt and
twist of the subsequent Alg1GaogN layer are nearly constant. This means that the quality of the
subsequent Alg1GaggN layer depends on the thickness of AIN seed layers relating to their surface
morphology of the AIN-seeds coalescence.

Furthermore, the AIN-seed layer with the Ga flow can improve the crystalline quality of
subsequent Alp1GaggN layers of the Aly1GaggN/AIN-SLs/AIN/Si(111) samples. With an increasing
TEGa flow rate in the AIN-seed layer from 0 sccm to 60 sccm or 14.28 umol/min, XRD
measurements show that the o-FWHMs of the Alp1GaggN (0002) and (10-10) reflections are
decreased until a minimum at the TEGa flow rate of 40 sccm whereas in-plane residual strain in the
Alo1GaggN layers is decreased continually as shown in Fig.4.1.20 (left). With a too-high Ga-flow
rate, the crystalline quality of Alp1GaooN decreases again. So, it is indicated that optimized Ga

presence in the AIN seed layer promoting the AIN-seed coalescence can improve the quality of the
subsequent Alg1GaggN.
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Figure 4.1.20 (left) «-FWHMs of the Alg1GagoN (0002) and (10-10) reflections and in-plane strain
in Alp1GaogN layer as a function of the TEGa flow rates in the AIN-seed layer (left) and &/28-scans

of the (0002) reflections of various TEGa flow rates (right).
In brief, an efficient AIN-seed layer to grow high-quality AlGaN requires that the AIN seeds

are of a same suitable size and homogeneously distributed to provide suitable surface for the

subsequent layer to deposit in the same orientation.
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4.2 LT-AIN/HT-AIN superlattice buffer layers

As mentioned before, not only the AIN seeding layer but also the buffer layers play an
important role to improve the crystalline quality of the AlGa;.xN overlayers. One promising
approach to improve the AlyGa;xN quality is to introduce a set of superlattices as buffer layers such
as a set of AlyGa;«N/Al,Gai.yN superlattices [Xi07c], a set of Al,GaixN/AIN superlattice [Xi07c,
Zhan02, Sun05, Wang02, Maye04], and a set of AIN/GaN superlattices [Niik07, Mura07] etc. Such
periodic superlattice structures are able to reduce threading dislocations by bending them from the
growth direction or forming annihilation loops or even terminating them [Felt01, Wu07, Mast06].
Moreover, superlattice structures are also useful for strain engineering to compensate the strain in
the subsequent layers [Felt01, Mast06].

Therefore to improve the AlGa;xN quality grown on Si substrates, the AIN-based
superlattice structures of different growth temperature as low temperature AIN (LT-AIN) and high
temperature (HT-AIN) layers are introduced as buffer layers. As discussed before in section 4.1.1,
the HT-AIN layers have a higher crystalline quality but LT-AIN layers have a higher relaxation or
lower strain in the layers. Therefore to insert thin LT-AIN layers periodically in between the HT-
AIN layers as a pattern of superlattice structures might influence dislocation propagation due to a
different strain of the AIN-layer stack at low temperature and then improve their crystalline quality.
For this purpose, the Alp1GaggN layers subsequently grown on LT-AIN/HT-AIN SL buffer layers
were investigated for different SL growth conditions.

In this section, the impacts of growth parameters of LT-AIN/HT-AIN superlattice buffer
layers on the Alp1GaggN quality are presented and discussed. The quality of Aly1GaggN on different
thicknesses of LT-AIN/ HT-AIN SLs are detailed and discussed. The last presents a growth
mechanism and microstructure of LT-AIN/HT-AIN SLs observed by FE-SEM measurements.

4.2.1. Optimization of growth parameters of LT-AIN/HT-AIN superlattices

To optimize the growth parameters of LT-AIN/HT-AIN SLs, firstly the optimized AIN
seeding layer was grown on a Si (111) substrate, and then 5 periods of LT-AIN/HT-AIN SLs.
Finally a ~250-nm-thick Aly1GaggN layer was grown on top. As discussed before, AIN layers grown
at higher growth temperature have a better crystalline quality. In order to obtain high-quality

Alo1GaggN overlayers, the HT-AIN layers were grown at the optimized growth temperature of the
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AIN seeding layers of 1200°C. For the first series growth time or thickness of both AIN layers in the
AIN-based SL stack were optimized, LT-AIN layers were grown at 950°C. The growth time of LT-
AIN and HT-AIN layers were increased from 1 to 4 minutes. The next series is growth temperature
of the LT-AIN layers varied from 600-950°C and the last for the number of AIN-based SL from 1-
15 periods as summarized in Table 4.3. Schematic of Aly1GaogN/(LT-AIN/HT-AIN)SLs/AIN/SI

samples with different growth parameters of AIN-SLs is shown in Fig.4.2.1.

~250 nm Al Gay oN

Table 4.3 Variations of growth parameters of
LT-AIN/HT-AIN SL buffer layers in each series

with variations of

Series Varied parameters of range rowth parameters
LT-AIN/HT-AIN SL g & P
1 Tlme (mm) 1-4 A]NLS_:eed layer
2 'I;emperature of LT-AIN 600 - 950 Si(111)
(°C)

3 Number of SL (folds) 1-15 Figure 4.2.1 Schematic of Aly1GaggN on
LT-AIN/HT-AIN SLs with variations of
growth parameters
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When the growth time of LT-AIN and HT-AIN layers are increased from 1 to 4 minutes, the
best w-FWHMs of 1080 and 1980 arcsec of the Alp1GaggN (0002) and (10-10) reflections
respectively are obtained at the growth time of 2 minutes of both AIN layers as shown in Fig.4.2.2.
It relates to a thickness of LT-AIN of ~7 nm and HT-AIN of ~3 nm. The approximate thicknesses of
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LT-AIN and HT-AIN layers or their growth rates are deduced from two samples of thick LT-AIN
and HT-AIN layers at 700°C and 1200°C, respectively and their thicknesses are determined by TEM
measurements and an optical interference technique i.e. the growth rates of 4.1 nm/min of LT-AIN

and 1.5 nm/min of HT-AIN as shown in section 4.1.1.
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In the next series of optimization the growth temperature of the LT-AIN layers, ~7-nm-thick
LT-AIN and ~3-nm-thick HT-AIN layers were investigated. The growth temperature of LT-AIN
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layers is varied from 600 to 950°C. In Fig.4.2.3, both o-FWHMs of the Aly1GaogN reflections tend
to decrease but in-plane residual strain in the Alp1GaggN layers tends to increase with an increasing
growth temperature. By taking into account all parameters, the optimized growth temperature of LT-
AIN layers is 700°C with the best o-FWHMSs of 1130 and 1910 arcsec of the Al 1GaggN (0002) and
(10-10) reflections, respectively.

A final optimization was performed for the number of AIN-based SL. When the period
number is increased from 1 to 15, both w-FWHMs of the Aly1GaggN reflections and in-plan residual
strain tend to decrease continuously. By taking into account the time necessary to grow them and the
improvement, 13 periods can be regarded as an optimum number with the best o-FWHMs of 1000
and 1450 arcsec of the (0002) and (10-10) reflections, respectively, as shown in Fig.4.2.4. In
Fig.4.2.5, XRD 6/26-scans of the Aly1GaogN (0002) reflections show more distinguished and
narrower 20-position peaks of the AIN-SL buffer layers with an increasing number of the SL
periods. It implies to the better-quality AIN-SL buffer layers.

In summary, the initially optimized growth parameters of the AIN-based SL buffer layers for
high-quality Alg1GaogN are 13 periods of LT-AIN layers grown at 700°C and HT-AIN layers at
1200°C.

4.2.2. Impact of LT-AIN and HT-AIN layers on AIN-based superlattices

In a further optimization the thicknesses of the LT-AIN and HT-AIN SL layers were varied
individually. In Fig.4.2.6, the HT-AIN thickness was kept constant at ~3.0 nm, while the LT-AIN
thickness was increased from ~3.6 to ~14.4 nm. Both ®-FWHMSs and in-plane strain of ~450-nm-
thick Alg1GaggN tend to decrease with increasing LT-AIN thickness. But with a LT-AIN thickness
of ~14.4 nm, Alp1GaggN layers are cracked. Furthermore the HT-AIN thickness was kept constant
of ~6.0 nm and the LT-AIN thickness was decreased from ~7.2 to ~3.6 nm. Both ®-FWHMSs and in-
plane strain of Alp1GaggN tend to decrease and are below that of Alg1GaggN with HT-AIN of ~3.0
nm. Thus, with an increasing thickness of the HT-AIN layers and a decreasing thickness of the LT-
AIN layers, the crystalline quality of Alp1GaggN is improved. Moreover, it is noticed that with a
thinner HT-AIN of ~3 nm, in-plane strain in Alp1GaggN layers is decreased when the LT-AIN
thickness is increased but with a thicker HT-AIN of ~6 nm, in-plane strain is increased.

Thus a sample with thicker HT-AIN of ~7.5 nm and thinner LT-AIN of ~1.8 nm was grown.
The Alp1GagoN layer is improved with the best o-FWHMs of 850 and 1370 arcsec of the (0002)
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and (10-10) reflections respectively. On the other hand, an absolutely different structured sample
with thinner HT-AIN of ~1.5 nm and thicker LT-AIN of ~14.4 nm was grown. Here the Aly;1GagoN
layers are cracked. These results prove that with an increasing HT-AIN thickness and a decreasing

LT-AIN thickness simultaneously, the Aly1GagoN quality, in particular, in-plane misorientation can
be substantially improved.
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Figure 4.2.6 o-FWHMs of the AlGa;«xN (0002) and (10-10) reflections and in-plane residual strain
in AlyGa;«N layers as a function of LT-AIN thickness

Consequently, the next series of ~450-nm-thick Alp1GaggN samples was grown with an
increasing HT-AIN thickness up to ~10.5 nm and a decreasing LT-AIN thickness down to ~0.5 nm
keeping the total thickness of the SL constantas shown in Fig.4.2.7. Additionally, one sample of
Aly1GaggN was grown on 4 periods of the SLs of ~7.2-nm-thick LT-AIN/~26.3-nm-thick HT-AIN
and one other sample grown on ~126-nm-thick HT-AIN/~7.2-nm-thick LT-AIN buffer layers. In
XRD measurements, the results show that the quality is improved continually with an increasing
HT-AIN thickness and a decreasing the LT-AIN thickness. The best-quality ~450-nm-thick
Aly1GaggN on 13 periods of the SLs of ~10.5-nm-thick HT-AIN/~0.5-nm-thick LT-AIN is 700 and
840 arcsec of o-FWHMs of the (0002) and (10-10) reflections, respectively. This is improved from
the o-FWHMs of 730 and 1500 arcsec of the (0002) and (10-10) reflections of the Alg1GaggN on
the SLs of ~3-nm-thick HT-AIN/~7.2-nm-thick LT-AIN.
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Figure 4.2.7 o-FWHMs of the Al,Ga;xN (0002) and (10-10) reflections and in-plane residual strain
in AlyGa;xN layers with a variation of thicknesses of LT-AIN/HT-AIN SLs

In summary, the optimized growth parameters of the AIN-based SL buffer layers for high-

quality Aly1GaggN growth are 13 periods of ~0.5-nm-thick LT-AIN layers grown at 700°C and

~10.5-nm-thick HT-AIN layers at 1200°C.

4.2.3. Microstructure of LT- AIN/HT-AIN superlattice buffer layers

In order to better understand the growth mechanism of LT-AIN/HT-AIN SL buffer their
surface morphology was investigated with FE-SEM measurements. Samples of LT-AIN/HT-AIN

SLs without the Al 1GaggN top layer were grown with an increasing number of SL periods as 2, 4, 8
and 13 periods. There was a comparison of two types of LT-AIN/HT-AIN SLs with different HT-
AIN and LT-AIN thicknesses i.e. ~7 nm LT-AIN/~3 nm HT-AIN SLs and ~0.5 nm LT-AIN/~10.5

nm HT-AIN SLs.
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1.00um

Figure 4.2.8 (a)-(d) FE-SEM images of the HT-AIN top layers of ~7 nm LT-AIN/~3 nm HT-AIN SLs

with the number of SL periods of 2, 4, 8 and 13 periods, respectively

FE-SEM images in Fig.4.2.8 (a)-(d) reveal the surface morphology of the HT-AIN top layers
of ~7 nm LT-AIN/~3 nm HT-AIN SLs with an increasing number of SL periods from 2 to 13
periods. It can be observed that even though the number of SL periods is increased, the pit density
of all HT-AIN top layers are nearly identical and even increase a bit. However with a higher
number of SL periods, the HT-AIN top layer surface appears smoother and the pit size tends to be

bigger and deeper gradually until a number of 8 periods.

For the samples of superlattices of ~0.5 nm LT-AIN and ~10.5 nm HT-AIN SLs with an
increasing number of SL periods from 8 to 13 periods, FE-SEM images show the surface
morphology of the HT-AIN top layers with an obviously reduced pit-density. Also their surface
appears smoother but the pit size is a bit bigger from approximate diameter of 33 nm to 54 nm as
depicted in Fig.4.2.9.
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Figure 4.2.9 FE-SEM images of the HT-AIN top layers of ~0.5 nm LT-AIN/~10.5 nm HT-AIN SLs

with the number of SL periods of 8 and 13 periods
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Figure 4.2.10 FE-SEM images of the HT-AIN top layer of SLs (left) and the Aly1GaggN top layer on
them (right)

However, the FE-SEM images of samples with the Aly;1GagoN top layers show that the
subsequent Al 1GaggoN layers on 13 periods of both types of SLs have a smoother surface with a
lower pit density as shown in Fig.4.2.10.

As mentioned before, the subsequent Aly1GagoN layers on 13 periods of the SLs of ~0.5-
nm-thick LT-AIN and ~10.5-nm-thick HT-AIN have a better crystalline quality, in particular, lower
in-plane misorientations in XRD measurements than that on the SLs of ~7-nm-thick LT-AIN and
~3-nm-thick HT-AIN. Along with this the pit density is lower and the surface of the SLs of ~0.5-
nm-thick LT-AIN and ~10.5-nm-thick HT-AIN is smoother. It is indicated that the optimized
thicknesses of LT-AIN and HT-AIN layers by decreasing the thickness of LT-AIN, which tends to
polycrystalline growth for thicker layers, and increasing the thickness of the HT-AIN layers could
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reduce the pit density and improve the AIN-SL quality and by this improve the quality of the
subsequent Al 1GaggN layers. However, LT-AIN layers are still required to improve the Aly1GagoN
quality: If Alp1GaggN layers are grown on a ~130-nm-thick HT-AIN buffer layer solely; XRD
measurements show a lower crystalline quality than on LT-AIN / HT-AIN SLs.

Cross-sectional TEM images can observe that the threading dislocations are rather
annihilated at the interface between AlGaN and the AIN-SLs, the dislocation loops are preferentially
formed in the first nanometers of the AIN-SL stack, and the recombination of dislocations happens
in the AIN-SL and AlGaN layers as shown in Fig.4.2.11. The threading dislocation density of
8.4x10™ cm™ in the SL stack was reduced to 1.8x10" cm™ in the layer. Besides, high resolution
cross-sectional TEM images reveal the good-quality and abrupt interface of Aly1GagoN/AIN-based
SLs with a sharp interface as shown in Fig.4.2.12. Surprisingly, it could not be observed a different
microstructure for the LT-AIN and HT-AIN layers in the SL stack. This implies that these AIN-
based superlattices are homogenous with the identical crystalline structure. It is also proven by XRD
6/26 measurements of the (0002) reflections that the fringe patterns of the multilayers could not be
observed but with a sample of HT-Alg¢7GagosN/LT-AIN SLs, they could be observed as shown in
Fig.4.2.13.

h oY L D u‘ Si substrate
' 1 b L o
e i

Figure 4.2.11 Cross-sectional TEM images of the sample of Aly1GagoN/AIN-based SLs showing the

reduction of threading dislocations, dislocation loops and the combination of dislocations

94



AlGaN growth
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Figure 4.2.12 High resolution cross-sectional TEM images of the sample of Aly1GagoN/AIN-based

SLs showing the good-quality and abrupt interface with the sharp line
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Figure 4.2.13 XRD 426 measurements of the (0002) reflections of LT-AIN/HT-AIN SLs (left) and

LT-AIN/HT-Alp97Gap 03N SLs with the multilayer fringes (right)

4.3. High-quality Al,Ga,; (N with Al contents <65%

As can be seen in Fig.4.2.3.4 and Fig.4.2.3.5, the Aly1GaggN grown on the optimized LT-

AIN/HT-AIN superlattice buffer layers is of high crystalline quality and shows a reduced dislocation

density in the AlGaN layer. To explore the growth of higher Al-content AlGaN layers, e. g., for

deep UV emitters ~450-nm-thick AlyGa;-xN with Al contents from x=0.05 to x=0.65 were grown on

the optimized AIN-based seed and SL buffer layers consisting of ~10 nm AIN-seed layer at 1200°C
and 13 periods of ~0.5 nm LT-AIN at 700°C and ~10.5 nm HT-AIN at 1200°C. Except the other
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standard growth parameters of 1145°C, 100 mbar and a V/IlI ratio of ~550, the TMGa molar flow
rates of AlyGa;xN layers were decreased from 96.92 to 4.04 umol/min in order to increase the Al
contents. There are two additional samples of ~120-nm-thick Aly3;GagssN and ~65-nm-thick
Al s5Gap 35N to present their good crystalline qualities. A schematic of AlkGa;.xN with Al contents <
65% grown on (LT-AIN/HT-AIN)SLs/AIN/Si samples is shown in Fig.4.3.1.

In this section, MOVPE growth of these AliGa;xN layers with Al contents < 65% is
discussed first and then their crystalline qualities. Their surface morphology and optical properties
are also presented.

~450 nm Al.Ga; N
with Al content upto 65%o

~140 nm,
13 periods of
LT-/HT-AIN SLs

Figure 4.3.1 Schematic of ~450 nm Al,Ga;«N with

seed layer

Si(111) various Al contents on optimized LT-AIN/HT-AIN SLs.

4.3.1. MOVPE growth of Al,Ga; «\N

With increasing of the Al contents, the AlyGa;.xN growth rate decreases from 53.1 to 3.6
nm/min non-linearly but nearly proportionally to the total group-111 (TMAI+TMGa) molar flow rate
as shown in Fig.4.3.2. It should be noted that the efficiency of the group-I1l incorporation for all
Al Ga;.«N layers with these growth parameters is nearly constant.

In Fig.4.3.3, it shows the relationship of the Al contents of AlyGa;.xN in solid phase and the

TMAI
[TMAI+TMGa

TMAI
[TMAI +TMGa]

ratios of

] in gas phase. The Al contents of AlyGa;xN epilayers at the given ratio of

in gas phase slightly deviated from the linear dependence (y = x). This linear line

means to the maximum incorporation efficiency of 100% to form AlyGa;«N in solid phase with a

fraction by the same fraction of the precursors in gas phase. In this case of concave bowing, it could
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probably imply that the incorporation efficiency of TMAI to form AliGa;.xN epilayers of all

compositions is slightly lower than that of TMGa.
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Figure 4.3.2 Growth rate of AlyGa;«N as a function of Al content shown in opened squares and as a

function of Group Il (TMAI+TMGa) flow rate shown in opened triangular
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By a kinetic model of Xi et al as expressed in Eq.4.3.1-2 [Xi07a, Xi07b], it has be proposed
to explain the bowing relationship between the Al fractions in solid phase and the TMAI molar flow

ratios in gas phase within x=0-1 when keeping the total group-1ll flow rate constant by taking into

account the molar growth rate ratio between GaN and AIN [gGTaNj This model could classify the
9an

incorporation efficiency into 2 categories i.e. the positive deviation or convex bowing meaning to

the lower Ga incorporation of [gGTaNj<l and the negative deviation or concave bowing of the
9an

higher Ga incorporation of(gGTaNJ >1 than the Al incorporation.

Jan

g=g ®, . Eq.4.3.1

Oan Ian @ a

X= - Sk -
Oan t 9 IanPumoa + JeanPuica

where ¢ = the growth rate of an epitaxial layer in solid phase (nm/min)
g~  =the molar growth rate at unit molar flow rate in gas phase (nm/umol)
®,, =the molar flow rate in gas phase (umol/min)

X = the Al-mole fraction or Al content of an epitaxial layer in solid phase

For our case, the approximated growth rates of pure GaN and AIN are determined from
additional experiments to be 20 nm/min at the molar flow rate of 48.46 umol/min and 1.5 nm/min at
the molar flow rate of 8.66 umol/min, respectively and the molar growth rate ratio of GaN and AIN

(3"7&“] of 2.383. With regard to the predominately dimeric nature of TMAI precursor under
AIN

equilibrium condition of the bubbler of MOVPE system [Miho98], the TMAI ratios were
[TMAI +TMGa]
: 2TMAI . : . . .
corrected to the ratios of . Following this model to simulate the relationship for

[2TMAI + TMGa]

our case, the calculated relationship as shown by a black line and the corrected experimental results
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as shown in the blue open triangle are in good agreement as for the case of the negative deviation or

concave bowing of (gGTaN]>1. It implies that for the growth parameters the Al incorporation
gan

efficiency to form AlGa;«xN layers is lower than that of Ga with the ratio of [gGTaNj =2.383.

Jan

4.3.2. Crystalline quality of Al,Ga; xN

The Al Gai«N crystalline quality was characterized by high-resolution XRD measurements,
the o-FWHMs of the AlGa;xN (0002) reflections fluctuate around 700 arcsec for ~0.05 < x <
~0.10 and with increasing Al content it continually increases to 1060 arcsec. The minimum -
FWHM of the (10-10) reflection is 1020 arcsec at x = 0.10 as shown in Fig.4.3.2.1. Even though the
XRD results show that the best crystalline quality of AlyGa;-xN grown on the optimized AIN-based
buffer layers is Alg1GaggN, the AlyGa;xN with both lower and higher Al contents than x = 0.10 are

still of good quality within the small deviation observed.

AIN~10nm / 13 X( LT-AIN~0.5nm / HT-AIN~10nm) / ~500-nm-thick Al Ga, N with ~0.05 < X < ~0.65
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Figure 4.3.4 The w-FWHMs of the ~450-nm-thick AlGa;xN (0002) and (10-10) reflections and in-

plane strain as a function of Al contents

As can be seen in Fig.4.3.4, with a higher Al content the in-plane strain in AlyGai«xN layers

continuously decreases from 0.067% to -0.122%. Here the in-plane lattice constant of the AlGaN
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layer in comparison to the AIN-SL buffer layer is lower, thus the compressive stress induced on the
AlGaN layer can be expected to be reduced with increasing Al content. However, for Al contents
higher than x=0.20, the in-plane stress becomes compressive although the still present tensile
component from cooling. This result can be understood by a low degree of relaxation when the high
Al-content layers are grown on AIN buffer, resulting in a high compressive stress which
overcompensates tensile stress from cooling and will be discussed in more detail later in this
chapter. In XRD 6/20 scans of the (0002) reflections shoulder peaks of the high Al-content
Alo20GaggoN and Alg37GagesN samples as depicted in Fig.4.3.5 can be observed. This is probably

related to the presence of differently strained or relaxed states in these layers.

Al Ga, N samples
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Figure 4.3.5 XRD #/26scans of the (0002) reflections of AlGa;«N with various Al contents

Furthermore, for the samples of ~120-nm-thick Alg 37Gags3sN and ~65-nm-thick AlggsGag ssN
grown on these optimized AIN SL buffer layers, their finite thickness fringes are obviously observed
in XRD 6/20-scans of the AliGa;-xN (0002) reflection as shown in Fig.4.3.6 and Fig.4.3.7,
respectively. This indicates an excellent surface and interface quality of the AlyGa;xN layers with
high Al contents of 0.37 and 0.65. Additionally, the simulations of Aly37GagesN and AlgesGag ssN
yield their thicknesses of 120 and 63 nm that well agree with ~130 and ~65 nm by in-situ optical

interference measurements, respectively.
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Figure 4.3.6 XRD é26-scans and simulations of ~120-nm-thick Al 37Gags3N(0002) reflections

showing their finite thickness fringes
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Figure 4.3.7 XRD #26¢-scans and simulations of ~65-nm-thick AlpgsGa 03sN(0002) reflections

showing their finite thickness fringes

In order to investigate the crystalline quality and the strain states of the optimized LT-

AIN/HT-AIN SL buffer layers in more detail, reciprocal space mapping (RSM) measurements of the

(0002) and (11-24) reflections were performed by using a Seifert URDG6 diffractometer with a

position sensitive detector. These samples of ~450 nm AliGa;xN with various Al fractions from

x=0.05 to x=0.65 on the optimized AIN SLs were characterized.
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Figure 4.3.8 (a)-(h) Symmetric and asymmetric RSM of the (0002) and (11-24) reflections of Al,Ga;.-

«N on the optimized AIN-based superlattices
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As shown in Fig.4.3.8 (a), (c), (e), and (g), the all symmetry RSM measurements of the
AlGa;.xN(0002) reflections show that the maximum position of the AlGa;xN (0002) reflections
aligns to that of AIN-based superlattices for all samples. This results from the same arrangement in
their ¢ directions. The maximum position of AlyGa;xN with higher Al contents obviously moves
closer to the peaks of AIN SLs due to their smaller lattice constants. Broader intensity distribution of
the AIN superlattices means to more tilts than that of the Al,Ga;«xN layers.

Simultaneously, the asymmetry RSM measurements of the (11-24) reflections reveal that the
maximum position of the AlyGa;«N layers does not align to that of the AIN-based superlattices with
respect to the different arrangement in their in-plane directions and moved closer to the peaks of the
AIN SLs due to their smaller lattice constants as revealed in Fig.4.3.8 (b), (d), (f), and (h). This
indicates that the AlxGa«xN layers grown on the AIN superlattices are not pseudomorphically grown
and the mismatch strain is lower with higher Al contents.

Furthermore these RSM measurements yield more information on the a- and c-lattice
constants of all AlGa;xN and AIN SLs. As can be observed in Fig.4.3.9, both lattice constants of
Al Ga;«N considerably decrease when the Al content of AlyGa;.xN increases. The c-lattice constant
of AIN-SLs tends to increase and the a-lattice constant decreases. As followed Poisson’s ratio, this
would respect to a lower tensile strain in AIN-SLs.
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Figure 4.3.9 The a- and c- lattice constants of Figure 4.3.10 Lattice constants and
Al Ga;«N and AIN SLs as a function of Al residual strain of AIN SLs as a function
contents of Al contents

The reduced in-plane residual strain in AIN-SLs layers relates to the higher Al content of the
Al,Ga;«N or the smaller lattice mismatch between the AlyGa;xN and AIN-SLs due to smaller lattice

constants of the Al,Ga;-xN with higher Al contents as shown in Fig.4.3.10. As a consequence, the
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residual strain in the AlkGa;.xN layers is continually reduced until it becomes compressive with Al
contents higher than x = ~0.25 as revealed in Fig.4.3.11. This result slightly deviates from the
results by the conventional XRD and GIID measurements for the compressive strain in Al,Ga;.xN
with x >~0.2 in Fig.4.3.4.
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Figure 4.3.11 Misfit of AlGa;.xN/AIN SLs and in-plane strain in AIGaN as a function of Al contents

All these results show that both Al,Ga;.xN and AIN-SL layers are strained against each other.
The AIN-SL layers can induce compressive strain in the AlyGa;.xN layers and the AlyGai.«xN layers
induced tensile strain in the AIN-SL layers. With a high Al content, the AlxGa;«xN layers are grown
on the AIN-based superlattices not a full relaxation but with the partial compressive strain and
during growing time it is probably compressive strain. About the strain engineering by these AIN-

SLs, see more details in Chapter 5.

4.3.3. Surface morphology of Al,Ga; «N

The surface morphology of all ~450 nm AlGa;«xN layers is crack-free. As observed by
Nomarski optical microscopy shown in Fig.4.3.12, the surface of the Al,Ga;.xN with a higher Al
content appears rougher due to a smaller grain size. As investigated in more detail by AFM
measurements, the AlcGa;«N with a higher Al content obviously exhibits a smaller grain size, a
smaller growth-step width, a higher roughness, and a higher pit density as shown in Fig.4.3.13 (a) —
(d). By counting, the pit density on the AlosGaoesN surface is estimated to about 4.8x10” cm™ and

3.8x10° cm™ on the AlogsGaossN surface including nanoparticle density of 2.4x10° cm™. By the 5x5
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um?-scan area, it is clarified that the surface roughness of the AlyGayxN with a higher Al content is
higher e.g. the surface roughness 0.703 nm rms of AlygsGagesN, 1.917 nm rms of Alg10GaggN, and
2.318 nm rms of AlpesGag ssN.

Al content = ~5% Al content

Jﬂm—| : I.'_ I_; : 200 pm
Figure 4.3.12 Optical micrograph of AlygsGaggsN surface (left) and AlggsGagssN surface (right),

showing smaller grain size with higher Al content

AlGaN with x=0.05 30,0 nm

15.0 nm

3.0 nm

AlGaN with x=0.05 b AIGaN with x=0.65
-

™ 5.0 nm

2.5 nm

1.383 nm rms 0.0 nm

Figure 4.3.13 AFM images of AlgsGagesN of 20x20 pm? scans (a) and 5x5 um? scans (b) and

images of AlygsGap.asN of 20x20 um? scans () and 1x1 pm? scans (d).
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As grown on the optimized AIN-seed and LT-AIN/HT-AIN superlattice buffer layers, the
~450-nm-thick AlxGa;xN with Al content up to x=0.65 are achieved with a good crystalline quality
and good surface morphology without cracking. To further develop the AlGaN-based UV
optoelectronic devices, the optical properties of AlGa;.xN layers were investigated by

cathodoluminescence (CL) measurements.

4.3.4. Optical properties of Al,Ga; «N

Alo1GaggN and AlyesGagssN layers were investigated by CL measurements. Fig.4.3.14
show near-bandgap luminescence peaks in the UV region i.e. 3.746 and 5.399 eV corresponding to
330 and 240 nm of Aly1GaggN and AlggsGaossN, respectively. In addition, the linewidth or FWHM
of the near-bandgap emission peak of Aly1GagoN is narrow with 72 meV and a very high emission
intensity compared with the weak yellow luminescence indicating a very good optical quality of the
Alp1GaggN layer. For AlgesGapssN, the linewidth of the near-bandgap emission peak is broader
with 217 meV due to alloy broadening with increasing Al content. The inhomogeneity of Al
contents in AlpssGag3sN layers is observed in CL wavelength mapping as shown in Figure 4.3.15.
One can see a fluctuation of the dominating peak wavelength from 251 to 249.5 nm. Still a high
emission intensity compared with the very weak yellow luminescence is observed also indicating a

good optical quality of the AlyesGagssN layer.

Wavelength (nm)

800700 600 500 400330 nm 300 240 nm 200

ALALLN A L B L B A S N T T T T T
AIO.lGaO.QN A|0.65Ga0.35N

_ S FWHM :

[ zndorder =217 meV

norm. CL- Intensity (arb. units)

yellow ;3-746 ev 5.399 eV

| luminescence

Energy (eV)

Figure 4.3.14 The CL measurements showing the near-bandgap peaks of Alp10GaggeN and
Alo.65Gag 35N
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Wavelength (nm)

20 um

Figure 4.3.15 CL wavelength mapping of the Al gsGap3sN sample visualizing the alloy fluctuation at

the surface.

In summary, by reducing the dislocation density and controlling strain in the layers by
introducing optimized LT-AIN/HT-AIN superlattices as buffer layers, crack-free AlxGa;xN layers
with Al fraction up to x=0.65 and a high crystalline and optical quality are achieved on Si (111)
substrates. The optimized AIN-based seeding and superlattice buffer layers are efficient to improve
the AlsGa;«N layer qualities to develop AlGaN-based UV optoelectronic devices on silicon

substrates.
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Chapter 5

Strain Engineering

To grow heteroepitaxial AlxGa;«xN layers on a foreign Si(111) substrate, there are two huge
obstacles i.e. the large lattice mismatch of 19% between AIN and Si(111) and 16.9% between GaN
and Si(111) [Dadg02, Kros02] and the large different thermal expansion coefficients of 6.8x10° K™
of AIN [Figg09] and 6.0x10° K™ of GaN [Rode05] as compared to 3.9x10° K™ of Si [Mazu09] at
1000K. These problems of stresses and strains in AlyGa;«N epilayers originate many causes to
reduce the crystalline quality and cracking after cooling down. In order to overcome these problems,
the efficient buffer layers not only improve the crystalline quality that characterized by ex-situ
HRXRD measurements but also induce compressively strained AlyGa;xN epilayers to compensate
the thermal-mismatch tensile strain of the Si substrate during cooling down. Therefore the strain
engineering of growing epilayers is necessary to determine by in-situ curvature measurements of
optical interferences. In this chapter, the strain engineering of Alg1GaggN layers by AIN-based SL

buffer layers and LT-AIN interlayers are presented and discussed in their influences.

5.1. Strain engineering by AIN-based SL buffer layers

As mentioned in 4.2.2, when the growth time or thickness of LT-AIN of superlattice buffer
layers was decreased and the HT-AIN thickness increased simultaneously until LT-AIN of ~0.5 nm
and HT-AIN of ~10.5 nm in nominal thickness approximated by their growth rates, the best
crystalline quality of Alp1GaggN was obtained and in-plane residual tensile strain in Alp1GaggN
layers tended to be reduced. Besides ex-situ measurements of XRD techniques, the stresses in layers
during growth were observed by in-situ curvature measurements to evaluate the impact of LT-AIN
and HT-AIN to induce tensile or compressive stresses in growing epilayers.

In this section, the strain engineering of growing Alg1GaggN layers by different LT-AIN/HT-
AIN SLs are revealed and discussed first. Next, the strain engineering by optimized LT-AIN/HT-
AIN SLs of ~1 um Alp1GaggN layers and the last the strain engineering by an inserting LT-AIN
interlayer between the Aly;GaggN layers thicker than ~1 um are presented and discussed.

First, two samples of Aly1GaggN layers were grown on different LT-AIN/HT-AIN SLs.
Sample A was ~450 nm Aly1GaggN layers on the ~230 nm superlattice buffer layers of thicker LT-

AIN layers of ~16 nm for 4 minutes and thinner HT-AIN layers of ~1.5 nm for 1 minute and sample
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B was the ~130 nm SLs of thinner LT-AIN layers of ~4 nm for 1 minute and thicker HT-AIN layers

of ~6 nm for 4 minutes. Their structures were summarized in Table 5.1.

Table 5.1 two samples of Alp1GaggN on LT-AIN/HT-AIN SLs with different thicknesses

Sample Sample structure
A ~450 nm Al 1GaggN/ 13x(~16 nm LT-AIN/~1.5 nm HT-AIN) SLs/ ~10 nm AIN/Si
B ~450 nm Al 1GaggN/ 13x(~4 nm LT-AIN/~6 nm HT-AIN) SLs/ ~10 nm AIN/Si

The curvature measurements during AIN-SL growth show that there are tensile stresses in
both growing epilayers with a higher increasing tendency of sample A than that of sample B until
after the AIN-SL growth by the tensile stresses in layers of +5.16 and +4.52 GPa, respectively.
During Alp1GaggN growth, the curvature measurements show that there are compressive stresses in
both growing epilayers with a stronger compressive stress in layers of sample B than that of sample
A with reducing tensile stresses in layers of +0.12 and +0.47 GPa after the Alp1GaggN growth,
respectively as presented in Fig.5.1.1. The approximated stresses in each layer are determined by the

well-known Stoney’s formula in case for h, << hgas explained in section 3.3.

160 = T T T T T T T T T T T T |~I450'nmi T
140 1 % 13X[LT-AIN/HT-AIN] SLs ——E AlGaN | E’
18 ‘ .
13 | ¢=+5.16GPa | §
120‘ 3 : ' : .
o 12 ! Tensile Compressive
‘= 1004% 'sample A Y
< 1 [ =16 nm LT-AIN=4min/ |
o 80'_ ~1.5 nm HT-AIN=1min #* | 7]
> 1
"CB' 60_ : & +0.47GPa
> .
S 401 .
O I ™
20| [ A M .
1\ y‘
0+¥= 4 LTAIN1/> ”””””””” 6=+452GPa M
J ~4 nm - =1min,
20 ]| ooy [Pl o= 026Pa
0 20 40 60 80 100 120 140 160 180
s*cracking Time (minutes)

Figure 5.1.1. In situ curvature measurements of 2 samples of ~450 nm Aly1GaggN on the different
thickness of LT-AIN/HT-AIN SL buffer layers
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This can be indicated that both AIN-SL structures enable to induce some compressive
stresses in Aly1GaggN layers by the smaller lattice constants of AIN. The stress difference (Ac) in
growing epilayers after AIN-SLs and Aly1GaggN growths of sample A of 4.69 GPa is slightly larger
than that of sample B of 4.40 GPa. The Aly1GaggN layers on the thicker LT-AlIN/thinner HT-AIN
SLs of sample A were cracking after cooling because there were still high tensile stresses in these
layers before cooling and then leading to an inadequate compensation the thermal-mismatch tensile
stresses of Si substrate during cooling. This cracking probably results from the higher tensile
stresses in the thicker LT-AIN layers of AIN SLs. The crystalline qualities of the Aly;1GagoN
overlayers of both samples are good in a small difference by XRD measurements as shown in
Fig.4.2.2.1. This probably results from both Alg1GaogN grown on the higher-quality HT-AIN layer
of SLs and perhaps the LT-AIN layers of a reasonable thickness could recrystallize to improve their
quality during a ramping and stabilizing growth temperature for the subsequent HT-AIN growth.
Meanwhile the high quality of HT-AIN layers lead to fewer threading dislocations and the very-thin
LT-AIN could reduce the thermally induced tensile stresses in HT-AIN layers as same as the
principle of strain engineering by an inserting of LT-AIN interlayer into the thick GaN or AlxGa;xN
growth [Aman98, Dadg00, Bl&s02, Reih03]. As a consequence, the HT-AIN buffer layers with more

relaxation and higher quality were obtained.
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Figure 5.1.2. In situ curvature measurement and reflective intensity of ~920 nm Aly1GaggN / ~130

nm LT-AIN/HT-AIN SL buffer layers showing the compressive stress in Alp1GaggN layers
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For in situ curvature measurements of the sample of thicker ~920 nm crack-free Alp1GagoN
on the improved ~130 nm LT-AIN/HT-AIN SL buffer layers as can be seen in Fig.5.1.2, the optical
reflectivity was observed the oscillations of optical interferences of two laser beams obviously. It
could be implied to the good and smooth surface morphology of these epilayers.

Meanwhile, the curvature measurements of the first few periods of AIN-SL growth presented
that there are tensile stresses in growing epilayers and compressive stresses in during growth of the
last few periods until after this SL growth by the tensile stress of +1.81 GPa. Around the middle of
SL growth the reflectivity could be not detected because of the destructive interference at that
related thickness. Moreover, it could be observed that the fluctuations of curvatures and reflectivity
corresponded with the fluctuations of growth temperature of AIN layers i.e. by decreasing the
growth temperature of LT-AIN the curvatures were also decreasing and with an increasing growth
temperature of HT-AIN the curvatures were also increasing due to the thermally induced tensile
stress in layers. At the end of the AIN-SL growth, there was a nearly balance of all stresses with
nearly flat curvatures indicating to the nearly relaxed state of the AIN-SL growth. This proves that
the optimized LT-AIN layers could be able to reduce the thermal stresses or strains in AIN-SL
layers. For the Alg1GaogN growth, there were continuously compressive stresses in growing
epilayers until the Aly1GaggN thickness of ~690 nm with the maximum compressive stress of -0.111
GPa and when the Aly1GaggN layers were grown in thicker, the curvatures were slightly increased
until after the growth of ~920 nm Al 1GaggN layers by a compressive stress of -0.098 GPa. This
result indicates to the Aly1GaggN growth in thicker than ~690 nm with increased tensile stresses in
layers. Therefore the strain engineering of LT-AIN interlayer is required to compensate these
induced tensile stresses as detailed in topic 5.2. Although the curvature measurements show a tensile
stress of +0.37GPa in the Alp1GaggN layers after cooling down, there was no cracking in layers. It
means to the sufficient strain compensation in the Aly1GaggN layers by such these LT-AIN/HT-AIN
SL buffer layers. Additionally the in-plane residual tensile strain in these Alp10GaogoN layers is a
small value of 0.083% by XRD measurements.

When the sample of ~1.4 um Aly10GaggN was grown on ~140 nm LT-AIN/HT-AIN SL
buffer layers with an inserting LT-AIN interlayer, the in situ curvature and reflectivity
measurements analogously presented that there were continuously compressive stresses in
Alp10GaggoN layers of -0.26 GPa before inserting LT-AIN interlayer, -0.58 GPa after the growth and
+0.11 GPa after cooling down as shown in Fig.5.1.3. There was no cracking in layers indicating to

the efficient strain compensation in the Alg1GagoN layers thicker than 1 um by inserting the AIN
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interlayers. Additionally the in-plane residual tensile strain in these Aly10GaogoN layers is a smaller
value of 0.054%.
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Figure 5.1.3. In situ curvature measurement and reflective intensity of ~1.4 um Alg10GaggoN / ~140

nm LT-AIN/HT-AIN SL buffer layers showing the compressive stress in Alp10GaggoN layers

5.2. Strain engineering by AIN interlayers

In general, the maximum thickness of crack-free epilayers grown on Si substrate is about 1
um without inserting interlayers [Kros02, RaghO5a]. As mentioned above and can seen in Fig.5.1.2,
after the epilayers are grown thicker than the critical thickness of the maximum induced
compressive strain in Alg10GaggoN layers by the optimized buffer layers the compressive stress in
epilayers turns to be tensile stress continuously by the thermal-mismatch induced tensile strain of
the Si substrate until cracking occurs during cool down. Therefore the AIN interlayers play a role to
induce the compressive strain in the subsequent Alg10GaggoN layers further and not reduce the
Alg10Gag 9N quality.

In this section, optimization of LT-AIN interlayers by varying growth temperature for thick,
crack-free Alp1GaogN growth is presented and discussed in their impacts on the Aly1GaggN quality.
Additionally, two samples of different AIN-IL structures of two sets of LT-AIN and HT-AIN with

their different thicknesses are revealed and discussed.
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The samples of ~690nm Aly1GagoN / LT-AIN IL / ~690nm Alg1GaggN / AIN SLs / Si(111)
with a variation of AIN-IL growth temperature from 630°C to 900°C were grown. In-situ curvature
measurements of all samples present that there are compressive stresses in both parts of Alg1GaggN
layers induced by the optimized AIN superlattices and LT-AIN interlayers as depicted in Fig.5.2.1.
Due to a difference in original bowing of Si substrates, the efficiency of LT-AIN interlayers to
induce compressive stresses in Aly1GaggN layers are determined by a difference of stresses (Ac) in
growing epilayers after AIN-IL growth and AlGaN growth and the largest stress difference of 0.49
GPa was obtained by LT-AIN IL at 700°C as shown in Fig.5.2.2 and Table 5.2. It can be observed
that the stress difference tends to be decreased with a higher AIN-IL growth temperature than 700°C
due to an increase in thermally induced tensile stress and tensile grain coalescence stresses of
smoother epilayers. By Nomarski optical microscopy, the surface morphologies of all Aly;GagoN
samples after cooling down appear as smooth crack-free surface. With a higher AIN-IL growth
temperature, the Aly1GaggN surface tends to be smoother for example the surface of Aly1GaggN on
AIN-IL of 700°C appears rougher than that of 900°C as revealed in Fig.5.2.3.
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Figure 5.2.1. In situ curvature measurement of ~1.4 um Aly1GaggN on ~140 nm LT-AIN/HT-AIN SL

buffer layers showing the compressive strain in Aly1GaggN layers
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Figure 5.2.2. Ao in growing layers after AIN-IL growth and Aly1Gag 9N AlGaN growth as a function
of growth temperature of AIN IL

Table 5.2. Stress energy in the growing epilayers on Si(111) substrate

Stress energy in the growing layers (o, GPa)

Ac of
] after after after after Ac of
AIN interlayer structure AlGaN
AIN-SL | AIN-IL | AlGaN | cooling | IL and
and
growth | growth | growth | down AlGaN
Cooling
at 630°C 3.21 -0.14 -0.55 0.26 0.41 0.81
at 700°C 2.74 -0.09 -0.58 0.11 0.49 0.69
at 800°C 2.58 -0.09 -0.57 0.17 0.48 0.74
at 900°C 2.67 -0.11 -0.57 0.18 0.46 0.75
[0.5nm LT-AIN at 700°C /
2.66 -0.02 -0.45 0.18 0.43 0.63
7.5nm HT-AIN at 1200°C]
[8.0nm LT-AIN at 700°C /
3.19 0.25 -0.53 0.15 0.78 0.68
1.5nm HT-AIN at 1200°C]
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Figure 5.2.3. Optical microscopy showing the surface morphologies of Alp1GaggN on AIN IL grown
at 700°C (left) and 900°C (right)

XRD 6/26-scans of the (0002)Alp1GaogN reflections show that the splitting of the
Alo1GaggN 26-peaks are less distinguished with a higher AIN-IL growth temperatures until 900°C it
could not be observed as shown in Fig.5.2.4 and Fig.5.2.5. It can be implied that the splitting peaks
correspond with different strain or relaxation states in Aly1GagoN layers before and after inserting
LT-AIN interlayers. Since in-plane residual strains in Aly1GaggN layers on a higher AIN-IL growth
temperature decrease continually until 900°C the strain turns to increase as shown in Fig.5.2.6.
Simultaneously, o-FWHMs of the (0002) and (10-10) Aly1GaggN reflections announce that the
crystalline qualities of Aly1GaggN layers grown on AIN-IL of 700°C and 800°C are lower than that
of 630°C and 900°C as shown in Fig.5.2.7. This means that Alp1GaggN layers grown on AIN
interlayers of 700°C and 800°C are more relaxation but lower quality than that of 630°C and 900°C.
This probably results from a lower crystalline quality and more relaxation in layers with a lower
growth temperature.

For a- and c-lattice constants of Aly;1GaggN as revealed in Fig.5.2.6, there is a smaller
deviation of both lattice constants in the same direction i.e. when increasing AIN-IL growth
temperature both lattice constants decreases continually until 900°C they turn to increase. This can
mainly result from the Al-content fluctuation in Alg1GaogN layers.

In summary, all AIN interlayers with growth temperature of 630-900°C can compensate
tensile mismatch strains in Aly1GaogN layers after cooling down and with an increasing growth
temperature the tensile strains and their crystalline quality tend to be increasing. To compromise
between the strain engineering and the quality, the optimized growth temperature of AIN interlayers
was 700-800°C.
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Furthermore, there are 2 additional samples of different AIN-IL structures of 2 sets of LT-
AIN 700°C and HT-AIN 1200°C with their different thicknesses. By the set of interlayers of a thin
HT-AIN of 1.5 nm and a thick LT-AIN of 8 nm, the curvature measurements show the largest stress
difference of 0.78 GPa and almost the smallest stress difference of 0.43 GPa by the set of interlayers
of a thick HT-AIN of 7.5 nm and a thin LT-AIN of 0.5 nm as shown in Fig.5.2.2. and Table 5.2.
These results can prove that the LT-AIN layers play a role to induce compressive strain in
Alo1GaggN layers more than the HT-AIN layers do. On the other hand, XRD measurements present
that the crystalline quality of Alp1GaggN layers on the set of thin LT-AIN/thick HT-AIN interlayers
is improved to the best quality and the worst Alp1GaggN quality of the set of thick LT-AIN/thin HT-
AIN interlayers as shown in Fig.5.2.7. Even though the splitting Alp1GaogsN 26-peak of the set of
thick HT-AIN/thin LT-AIN interlayers can be not observed as depicted in Fig.5.2.4 and Fig.5.2.5,
the in-plane residual strain in Aly1GaggN layers is the lowest due to the smallest a-lattice constant
and the largest c-lattice constant as shown in Fig.5.2.6. This can be implied that HT-AIN plays a

role to improve the Aly;GaggN quality due to its higher crystalline quality.

In brief, there are the different roles of LT-AIN and HT-AIN layers. The LT-AIN interlayers
with a lower crystalline quality and more relaxation can induce a stronger compressive strain in
Alo1GaggN layers but lead to a worse Aly1GaggN quality. It clarifies that the best strain engineering
and the best quality can not be obtained simultaneously. Therefore, it will be possible that one of
approaches to achieve the 2 aims is to use the set of interlayers of HT-AIN and LT-AIN with their
optimized thicknesses.
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Chapter 6
AlGaN-based LED growth

In principle, there are 3 important factors to obtain an efficient LED i.e. high-quality
material-based layers, good carrier confinements of QW structure and high carrier injections
requiring highly n- and p-type doped layers. After crack-free, high-quality and thick Al1GaggN
layers were achieved, further investigations were performed to obtain high n- and p-type
conductivities and an optimized QW structure. For these AlGaN-based UV LEDs, n-type
Alo1GaogN layers were achieved by Si doping, p-type layers were achieved by GaN/Aly1GaggN
multilayers doped with Mg and the active region of the LED is grown as GaN/Aly1GaggN
multiquantum wells to emit UV light.

In this chapter, optimization of Si and Mg doping in the Aly;1GaggN layers for n- and p-type
conductivities are discussed first and then optimization of the GaN/Aly1GaggN MQW structure.

Characterization of the AlGaN-based UV LEDs is presented in the last section.

6.1. Optimization of doping in AlGaN

The high conductivities of n- and p-type regions depend on donor and acceptor activation
efficiencies. For Si donors in GaN layers they are almost 100% but for Mg acceptors with their high
activation energies about only 1% are typically activated with a decreasing activation for increasing

Al-concentration in AlGaN as discussed in section 2.5.3.

6.1.1. n-type conductivity of Si-doped Aly;GaggN

In MOVPE grown materials there are typically some unintentional impurities which can act
as compensation centres such as carbon (C), hydrogen (H) and oxygen (O) [Resh05, Wrig02]. In
addition to compensation by impurities, intrinsic defects as well as dislocations can partially
compensate donors and acceptors and thus prevent an efficient doping of the material [Jone99].
Especially this increases in AlyGai«xN layers with a higher Al content [Stam98, McCI98]. Therefore
a high conductivity of n-type AlyGa;xN layers with x > 0.4 is not easy to be achieved (see in section
2.5.3).
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For this work, Alg1GagoN:Si samples were grown on LT-AIN/HT-AIN SL buffer layers as
described in chapter 4.2.1 by standard growth parameters and SiH, for Si doping in Aly1GagoN
layers to investigate n-type conductivity.

Capacitance-voltage (C-V) measurements show that the electron concentration (n) in ~450-
nm-thick Aly1GaogN:Si layers with a constant Si-doping flow of 0.25 sccm or 2.232 nmol/min is
enhanced from 4.9 x10" to 5.3x10"" cm™ when the number of AIN-SL periods increases from 9 to
11 periods as depicted in Fig.6.1.1.(left) and (right). This shows that improving Alg1GaggN
crystalline quality by an increasing number of AIN-SL periods as shown in Fig.6.1.2 reduces
compensation centers in agreement with the results discussed in chapter 4.2.1.

Moreover, additional ~450-nm-thick Alg1GaggN:Si sample grown on improved 13 periods of

AIN-SL buffer layer has higher electron density of 6.1x10%" cm™ due to higher crystalline quality.
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Figure 6.1.1 C-V measurements of Aly ;GayoN:Si layers on AIN SLs with varied number of SL periods
(left) and the electron density in layers as a function of the number of AIN-SL periods (right)
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AlGaN-based LED growth

Subsequently, Aly1GaggN:Si samples were grown on 13 periods of AIN-SL buffer layers
with a variation of the Si flow rate from 0.05 to 0.5 sccm or 0.446 to 4.464 nmol/min and one
additional sample with a Si flow rate of 2 sccm or 17.857 nmol/min grown on a further improved
AIN buffer layer. With an increasing Si flow rate, the electron concentration of Aly;GaggN:Si layers
by C-V measurements increases from 3.7x10'° to 2.0x10*® cm™ and the additional sample with a Si
flow rate of 2 sccm yields a maximum electron density of 2.6x10™ cm™ as depicted in Fig.6.1.3 and
Fig.6.1.4.

The results in Fig.6.1.4 show a linear relationship of electron density and Si flow rate in a
range from 0.05 — 0.5 sccm. From the data one can predict a compensating acceptor density in the
Alo1GagoN layers of ~2.7x10* cm™. However, the electron density of the sample with a Si flow
rate of 2 sccm only slightly increases from 2.0x10" to 2.6x10* cm™ compared to the sample with

0.5 sccm.
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Figure 6.1.3 C-V measurements of Aly ;GayoN:Si Figure 6.1.4 Electron density of
layers showing an increasing electron density with Alp 1GaypgN:Si layers as a function
higher SiH, flow rate of SiH, flow rate

In additional in-situ curvature measurements during MOVPE growth of the Aly1GaggN:Si
layers. it is observed that with a higher Si flow rate of 1 sccm or 8.929 nmol/min, the Aly1GaggN:Si
epilayers are stronger tensely stressed than that of lower Si flow rates of 0.1 and 0.5 sccm or 0.893
and 4.464 nmol/min, respectively in Fig.6.1.5. As discussed by Dadgar et al. [Dadg07] and
Romanov and Speck [Roma03], higher Si doping in GaN epilayers induces stronger tensile stress

due to edge dislocation climb which is likely also the case here in the Aly1GaggN layers.
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Figure 6.1.5 In situ curvature measurements of Aly Gag oN:Si

with varying SiH, flow rate

In HR-XRD and GID measurements, lattice constants, in-plane residual strain and -
FWHMs around the (0002) and (10-10) reflections of Aly1GagoN:Si layers are obtained as presented
in Fig.6.1.6 and Fig.6.1.7. As compared to lattice constants of undoped samples, the c-lattice
constant of the Si-doped sample grown with 2 sccm is smaller with a larger a-lattice constant and
also higher in-plane tensile strain than that of an undoped sample. These results confirm that Si
doping in Alp1GaggN layers leads to an increased tensile strain in these layers. By varying the Si
flow rate in the range from 0.1 to 0.5 sccm, both lattice constants and tensile strain are nearly
constant.

In Fig.6.1.7, the Alp1GagoN:Si crystalline quality is represented by w-FWHMs of the (0002)
and (10-10) reflections of Aly1GaggN:Si layers with a variation of the Si flow rate. In a range from
0.1 to 0.5 sccm, both w-FWHMs are nearly constant. As compared to undoped Al 1GaogN, for the
Si-doped Aly;GaggoN with a Si flow rate of 2 sccm, both o-FWHMs of the (0002) and (10-10)
reflections increase from 0.17° to 0.26° or 610 to 940 arcsec and from 0.20° to 0.28° or 720 to 1010
arcsec, respectively. This indicates a low impact of Si doping in the Alp1Gag9N layers on the
crystalline quality and tensile strain at low doping concentrations. But for a high Si flow rate of 2
sccm the Alg1GaggN crystalline quality degrades and tensile strain increases probably by Si atoms
leading to a more defective growth as the incorporation of point defects or an enhanced 3D growth

mode.
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In Fig.6.1.8, 10x10 um? AFM measurements exhibit the surface morphologies of undoped
Aly1GagoN (left) and Aly1GaggN:Si (right) with a SiH, flow rate of 2 sccm or 17.857 nmol/min. Si
doping results in a smaller grain size and a rougher surface (a increasing roughness from 11.66 nm
rms to 25.28 nm rms). These Alg1GaogN samples nevertheless show a crack-free surface as

evaluated by Nomarski microscopy.
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Figure 6.1.8 AFM images showing the surface morphologies of undoped Al 1Gay 9N (left)

and Aly 1Gay.oN:Si with a smaller gain size and rougher surface (right)

In summary, the Si doping efficiency in Alg1GaggN layers depends on the Aly1GaggN
quality and high Si flow rates can reduce the Aly1GaogN quality and increase in-plane tensile strain
in the layers.

6.1.2. p-type conductivity

Even though in group-11l nitride semiconductors p-type conductivity is difficult to achieve
by Mg doping due to a high activation energy and a too low Mg solubility to compensate for the low
activation as described in chapter 2.5.3. GaN:Mg layers could be achieved with a hole density of
mid 10" em™ [Kauf00] up to ~10"® cm™ [Bayr08, Nagam08]: On Si substrates values for GaN:Mg
of 5x10*" cm™ [Dadgar] and 8x10'" cm™ [Wu07b] are achieved. In Aly>GagsN:Mg a hole density
of ~10'" cm™ [Ya008, Nagam09] and for Aly3,Gag7sN:Mg of 2x10* cm™ [Obat04] can be achieved
whereas no report on that of AlIGaN:Mg on Si substrates exists. Here, the growth parameters of
Alg1GaggN:Mg layers on Si substrates were investigated to obtain p-type conductivity which could
not be achieved by a simple doping approach. While the p-type conductivity of GaN:Mg layers was
obtained it could be used to achieve p-type conductivity of Mg-doped GaN/Aly1GaogN multilayers
for AlGaN-based UV LEDs.
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6.1.2.1 Mg-doped AlGaN

To determine an approximately suitable Mg concentration the impact of the Mg-doping flow
rate on Al 1GaggN:Mg layers was investigated by growing ~1.5 pm Aly1Gag9N:Mg samples with
one inserted LT-AIN interlayer on undoped Aly1GaggN / AIN seed layer / Si(111). Cp,Mg was used
for Mg doping and the Mg flow rate was varied from 60 and 120 sccm or 0.153 and 0.307

umol/min, respectively.
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In Fig.6.1.9, in situ curvature measurements show that with a higher Mg flow rate, a stronger

tensile stress is induced in the AlGa;.xN:Mg layer. After cooling, the high tensile strains cause a

high number of cracks in the layers. Moreover non-optimized growth condition also leads to a lot of

defects such as hillocks as shown in Fig.6.1.10.

Figure 6.1.10 Nomarski microscope

image showing surface morphology of
unoptimized Al,Ga;.N:Mg with a high
density of differently-sized hillocks and

cracks
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Capacitance-Voltage (C-V) measurements of some non-optimized Aly1GaogN:Mg samples
show n-type conductivity which reduces with an increasing Mg flow rate. This indicates a high

density of unintentional donors in the layers.

To optimize the growth parameters of the Alp1GagoN:Mg layers, samples of ~350 nm
AlyGa;xN:Mg with a constant Mg flow rate of 240 sccm or 0.614 pmol/min grown on ~100 nm
undoped Alg1GaggN / ~140 nm optimized LT-AIN/HT-AIN superlattice buffer layers / ~10 nm HT-
AIN seeding layer were grown on Si(111) substrates as depicted in Fig.6.1.11. As varied from
standard growth parameters of Alyg1GaggN layers, the growth temperature of Mg-doped Aly1GagoN
was reduced by 100°C to 1045°C and the flow rates of TMGa and TMAI were reduced by a half to 6
and 10 sccm or 24.23 and 4.33 umol/min, respectively. There are 5 samples of Alg1 Gagg N:Mg with

different growth parameters as summarized in table 6.1.

Table 6.1 Aly; Gay.9g N:Mg samples with a variai
of growth parameters ~350 nm Al Ga, ,N:Mg | With a variation of
Varied parameters of growth parameters
Alo_lGao_gN:Mg
Sample Flow rate of
GrOV\éEFé)Temp T™MG, TMA ~100 nm Aly ,Ga; N
(sccm) ~10.5 nm HT - AIN
u1 1145 12, 20 O aw <At
: 13 loops '[ LT - AIN
U2 1045 6,10 ~10 nm AIN seed layer
S1(111)
D1 1045 6, 10
D2 1145 6,10 Figure 6.1.11 Schematic of Mg-doped
D3 1045 12, 20 Alg1GapgN samples with a variation
of growth parameters

By in situ measurements during growth, there is no big difference in the growth rates of
Al Ga;.xN:Mg epilayer for the growth temperatures of 1045°C and 1145°C by using the same low
group-I11 flow rate (sample D1 and D2). For the variation of the group-111 flow rate, the growth rate
reduces nearly proportional to the group-I11 flow rate i.e. the growth rate reduces by a half to ~13-15
nm/min from ~ 23-26 nm/min of the standard growth rate. As grown at 1045°C, compressive

stresses induced in AlyGa;xN:Mg layers during growth by the identical AIN-SL buffer layers are
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obviously stronger than that for 1145°C as shown in Fig.6.1.12. This indicates that Mg doping in
AlGa;xN grown at lower temperatures of 1045°C induces a lower tensile stress in the layers than
that for the higher standard temperature of 1145°C. Probably Mg at 1045°C could be more soluble
or incorporate with AlyGa;«N than at 1145°C.

AlGaN:Mg at 1045°C (Sample D1)
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Figure 6.1.12 In situ curvature measurements (blue) and 632-nm optical reflectivity of Al,.Ga,.
N:Mg at 1045°C (red) as compared with the curvature measurements of Al,Ga; N:Mg at 1145°C

(black).
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Figure 6.1.13 XRD 6/26-scans of the Al,Ga,..N:Mg (0002) reflections with a variation of growth

parameters
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In Fig.6.1.13, XRD 6/26-measurements of Al,Ga;.xN:Mg(0002) reflections show a shoulder
peak of different Al contents of the AlyGa;x\N:Mg layers grown at 1145°C with a lower group-I1II

flow compared to undoped AliGa;.xN buffer layers.

Furthermore, lattice constants, in-plane tensile residual strain, ®-FWHMs of the (0002) and

(10-10) reflections and Al contents of AlsGa;.xN:Mg epilayers with a variation of growth parameters

are determined and shown in Fig.6.1.14 and in Fig.6.1.15, respectively.
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For undoped AlGa;xN samples, when both growth temperature and group-I1l flow rate of
sample U2 are reduced from that of sample U1, both lattice constants decrease corresponding to an
increasing Al content from x = ~ 0.9 to ~0.15. Also in-plane strain is reduced. While the o-FWHMs
of the (0002) and (10-10) reflections increase due to a lower crystalline quality with an increase in
Al content. It can be concluded that with a lower growth temperature and a lower group-I1l flow
rate, the efficiency of Al-incorporation and in-plane strain in AlyGa;«xN layers are improved and the
crystalline quality of AlxGa;.xN degrades with higher Al content.

For Mg-doped AlsGa;xN samples, with a low group-I1l flow rate, the growth temperature
dependence was investigated by decreasing the growth temperature from 1145°C (sample D2) to
1045°C (sample D1). The results show that Al,Ga;xN grown at 1045°C (sample D1) exhibits larger
c-lattice and smaller a-lattice constants and a reduced in-plane tensile strain as compared to the
sample grown at higher temperature. From the viewpoint of strain engineering a lower temperature
seems more appropriate for Mg doping in AlyGa;xN even though it leads to a lower crystalline
quality due to a higher Al-incorporation.

Further AlyGa;xN:Mg layers, sample D1 and D3, were grown at the same temperature of
1045°C. The results show that AlyGa;«N grown at a lower flow rate (sample D1) has a reduced in-
plane strain and an increased Al-composition. It is indicated that a lower group-I11 flow rate is more
appropriate for Mg doping in Al,Ga;xN at a lower temperature of 1045°C.

It can be observed that the Al content of Al,Ga;.xN of samples U1 and D3 are nearly the
same at the same group-111 flow rate even for a difference in growth temperature and at presence of
Mg doping. Thus the efficiency of Al-incorporation in AlyGa;.xN depends stronger on the group-I11
flow rate than on the growth temperature.

In Fig.6.1.16, cathodoluminescence (CL) measurements of Al,Ga;xN:Mg at 1045°C of
sample D1 grown with a lower group-11l flow rate and sample D3 grown with a higher flow rate
show that both intensity and energy of the near-bandgap luminescence peak are situated at ~3.728
eV and ~3.6845 eV, respectively which originates in a higher Al content in agreement with XRD
results. At higher growth rate (sample D3), yellow luminescence is more dominant than for a lower
growth rate indicating a higher defect density. This also confirms that AlyGa;xN:Mg grown at
1045°C with a low group-I1l flow rate has a better quality and lower defect density in the layer
compared to a higher group-I11 flow rate. In addition, with respect to the DAP luminescence or blue
luminescence one additional luminescence around 3.2627 eV is observed in Mg doped AliGa;xN
[Kauf99, Naka09].
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Figure 6.1.16 CL measurements of Al,Ga;<N:Mg with group-I1lI-flow-rate difference (above) high-

resolution- measurement of the band-edge region (below)

Nomarski microscopy exhibits a smooth and crack-free surface morphology for undoped
Alo1GaggN and the improved Aly1GagoN:Mg appears with a smaller grain size and few cracks. In
Fig.6.1.17, 20x20 pm® AFM images also show a smaller grain size, a more difference in grain size,
a better lateral coalescence but a few plateau area of Alp1GagoN:Mg (right) as compared with
undoped Alg:GagsN (left). For 20x20 um? scan area, a roughness of Aly:GaogN:Mg of 7.40 nm rms

is lower than 9.27 nm rms of undoped Alg1GaogN. But a roughness of 10x10 pm? scan area of 5.11
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nm rms of Aly1GaggN:Mg is higher than 2.43 nm rms of undoped Alp1GaogN. This shows a

smoother surface morphology but more dominant in 3D growth of undoped Alp1GaggN.

100.0 nm

50.0 nm

9.27 nm*rms .40 nm rms

0 10.0 20.0 0 10.0 20.0

0.0 nm

pm pm

Figure 6.1.17 20x20 um’ AFM measurements showing the surface morphology of undoped
Aly1GaggN (left) as compared with improved Al,Ga; . N:Mg (right)

For their electrical properties as determined by C-V measurements, all AlGa;.xN:Mg

samples show no conductivity and high resistivity

In summary, all results presented show that a lower growth temperature of 1045°C and a
lower group-111 flow rate of 6 sccm for TMGa and 10 sccm for TMAI are more appropriate for Mg
doping in AlyGa;«xN layers achieving a lower defect density, even though p-type conductivity in

AlGa;xN:Mg layers could not be determined.

6.1.2.2 Mg-doped GaN

As discussed in chapter 6.1.2.1, a lower growth temperature and lower group-I11 flow rate are
beneficial to dope Mg in Aly1GaggN. Analogously the Mg-doping efficiency of GaN depends on
growth parameters such as growth temperature, Mg flow rate and group-I11 flow rate etc. For this
investigation, the TMGa flow rate of GaN:Mg was kept constant at a low flow rate of 6 sccm. The
GaN:Mg samples were ~400-nm-thick GaN:Mg layers grown on ~250 nm GaN / ~460 nm
Alg1GaggN / 13 periods of AIN-based superlattices / HT-AIN seeding layer / Si(111) as depicted in
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Fig. 6.1.18. Cp,Mg flow rate was constant at 120 sccm or 0.307 umol/min and the Cp,Mg bubbler
was maintained at a temperature of 25°C.

To optimize the p-type conductivity the growth temperature was varied from 900°C to
1100°C in the first series and the Mg flow rate was varied from 60 to 180 sccm or 0.153 to 0.460

pmol/min in the second series as shown in table 6.2.

~400 nm GaN:Mg with a variation of
growth parameters
Table 6.2 Ga N:Mg samples with a variation
of growth parameters ~250 nm undoped GaN
. Varied parameters
Series . range
of GaN:Mg ~450 nm Al Gay ;N
A Temperature (°C) 900 - 1100
=105 nm HT - AN
~0.5 fun LT — AN
B Mg flow rate (sccm) 60 - 180 153loiops { H - AIN }”140 L

~10 nm AN seed layer

Si(111)

Figure 6.1.18 Schematic of GaN:Mg
samples with a variation of growth

parameters

A. impact of growth temperature

In Fig.6.1.19 06/20-XRD measurements of (0002) and (10-10) reflections of GaN:Mg
samples with different growth temperatures, the 26 peaks of GaN are easily distinguished from that
of the Alp1GaggN buffer layers for the (0002) reflections. It is also observed that there are some
differences in the 26 positions of the GaN(10-10) reflections. This originates from a difference in
thermally induced tensile strain with a variation of growth temperatures.

With an increased growth temperature of the GaN:Mg layers, except that of 1050°C, their a-
lattice constants tend to increase and the c-lattice constants slightly decrease and with it in-plane
residual strain increases, as shown in Fig.6.1.20. These results correspond to a higher thermally
induced tensile stress with higher growth temperature. The repetition of a sample, however, with an
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inferior crystalline quality shows the impact of the crystalline quality on strain as the c-lattice
constant is smaller and the a-lattice constant larger and with it in-plane strain is significantly higher
than for the other sample (Fig.6.1.20 and Fig.6.1.21).

—— @1100°C
Tg of GaN:Mg —— @1050°C
L, ©/20-scans of (0002) GaN/AlGaN 1100°C ©®/20-scans of (10-10)GaN:Mg | —— @1000°C
10 T T T T ——1050°C T T T T T —— @1000°C (repeat)
——1000°C @950°C
10 GaN i 1 AbiGaN ——1000°C 10’4 ——@g00°C
\ buffer layer (repeat) undoped @1000°C
—~10° 950°C 10°
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« 10°4 N =}
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= I3}
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Figure 6.1.19 XRD 6/26-scans of the GaN:Mg (0002) (left) and (10-10) reflections (right) with a

variation of growth temperatures
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Figure 6.1.20 Lattice constants and in-plane residual strain of GaN:Mg with variation of growth

temperatures

For the crystalline quality of GaN:Mg as revealed in Fig.6.1.21, with an increase in GaN:Mg
layers growth temperature, the o-FWHM of the GaN(0002) reflections is nearly constant around
0.15° and also that of AIN-SL buffer layers is nearly constant around 0.43° as implied by the
constant crystalline quality of the AIN-SLs buffer layers. But the o-FWHMs of GaN(10-10)
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reflections tend to increase from 0.21° to 0.41°, except that of the layer grown at 1050°C. It can be
concluded that with an increasing growth temperature, twist or in-plane misorientation of the
GaN:Mg layers increases. Even the undoped GaN quality is typically improved with a higher growth
temperature. As compared to undoped GaN, the crystalline quality of undoped GaN is higher with
lower o-FWHMs than that of GaN:Mg. It implies that these Mg-doping parameters can cause a

reduction of the GaN crystalline quality and a stronger effect with a higher growth temperature.
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Figure 6.1.21 a-FWHMs of the GaN:Mg (0002) and (10-10) reflections and in-plane residual strain

with variation of growth temperatures

The hole concentrations were determined by C-V measurements without a thermal annealing
of the GaN:Mg samples before measurement. With a variation of the GaN:Mg growth temperature,
a p-type conductivity or hole concentration of ~4E+16 cm™ is obtained at a growth temperature of
950°C and 1000°C as presented in Fig.6.1.22. At lower and higher temperatures than this, there are
no conductivities of GaN:Mg grown at 900°C with a higher quality and GaN:Mg at 1100°C with a
lower quality. This indicates that the hole density or Mg activation in the GaN layers do not strongly
depend on the GaN quality as improved for higher growth temperatures but strongly on the growth
temperature. For a repetition of the sample grown at 1000°C, which yields a worse but still
reasonable crystalline quality, the hole density is enhanced to ~ 6E+16 cm™ and ~ 8E+16 cm™ (not
show here). This is most likely due to an enhanced Mg incorporation from memory effects in the
MOVPE reactor.
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Figure 6.1.22 C-V measurements (left) and hole density of GaN:Mg layers as a function of growth

temperature(right)

The hole concentration, lattice constants, o-FWHMs and in-plane residual strain of GaN:Mg
layers with a variation of growth temperature are depicted in table 6.3. No significant relationship
between these parameters is found.

Table 6.3 Hole density, lattice parameters, w-FWHMSs and residual strain of GaN:Mg layers as a
function of Mg flow rate and as compared with w-FWHDMSs of AIN-SL buffer layers

Hole . o»-FWHMs »-FWHM
S I ;
ample | - emp | density Lattice parameters (A) (degree) - (0002) of
of . strain (%)
caN:mg| (O | (E+16 o107 | (0002 AIN SLs
' cm®) a ¢ (10-10) | ( ) (degree)
Tl 900 - 3.1888 5.1852 0.212 0.138 -0.006 0.408
T2 950 3.75 3.1898 5.1848 0.244 0.142 0.026 0.449
T3 1000 4.10 3.1905 5.1824 0.310 0.185 0.048 0.387
T4 1050 - 3.1897 5.1848 0.221 0.129 0.023 0.425
T5 1100 - 3.1936 5.1828 0.413 0.156 0.146 0.497
T6(~T3)| 1000 5.59 3.1906 5.1836 0.245 0.134 0.052 0.357

As observed by Nomarski microscopy, the surface morphologies of all GaN:Mg samples in
this series are crack-free. In Fig.6.1.23, AFM measurements show different surface morphologies of

undoped GaN (a,b) and GaN:Mg (c,d). For undoped GaN, the surface morphology is very smooth
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with a roughness of 0.77 nm rms of a 10x10 pm? image with obviously visible growth steps (a) and
6.615 nm rms of a 100x100 pm? image (b). For GaN:Mg, the surface morphology is rougher, more
porous, smaller grain size and more differently-sized grains with a roughness of 2.75 nm rms and
10.85 nm rms of 10x10 um?® and 100x100 pum? images (c,d), respectively. This confirms that with
Mg doping the GaN crystalline quality is interior.

5.0 nm

0.77 nm rms 2.75 nm rms

50.0 nm 100.0 nm

6.62 nmrms | [N 10.85 nm rms | e

0 25 50 75 100 0 25 50 75 100 pm

Figure 6.1.23 10x10 um* and 100x100 um’ AFM measurements showing surface morphology of
undoped GaN (a,b) as compared with that of GaN:Mg of Mg flow rate of 120 sccm at 1000°C (c,d),

respectively

With increasing growth temperature, the surface morphology of GaN:Mg layers grown at
1100°C exhibits a larger grain size and a very smoother surface than that of GaN:Mg at 900°C as

exhibited in Fig.6.1.24(right) and (left), respectively. For 100x100 um? scan area, a roughness of
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GaN:Mg at 1100°C of 4.157 nm rms is much lower than 20.45 nm rms of GaN:Mg at 900°C and
10.85 nm rms of GaN:Mg at 1000°C unlikely a lower crystalline quality with a higher temperature

by XRD measurements as discussed above.

100.0 nm 25.0 nm

20.45 nm rms 4,16 nm rms

0.0 nm

T 0.0 nm
0 25 50 75 100 0 25 50 75 100

Figure 6.1.24 100x100 yu m AFM measurements showing surface morphology of GaN:Mg at 900°C
(left) as compared with GaN:Mg at 1100°C (right)

However, it can be concluded from all results that the optimized growth temperature for Mg
doping in GaN is 1000°C. This probably relates to optimized temperature for Mg-incorporation or
solubility in GaN layers due to a poor material quality with, e.g., much C and other point defects,
thus self compensation for too low growth temperature and a low Mg incorporation for too high

temperature.

B. impact of Mg flow rate

To optimize the Mg flow rate of GaN:Mg, the Mg flow rate was varied from 60 to 180 sccm
corresponding to 0.153 to 0.307 pumol/min. Samples were ~400-nm-thick GaN:Mg layers grown at
1000°C on ~250 nm undoped GaN / ~460 nm Alg1GaogN / 13 periods of AIN-based superlattices /
HT-AIN seeding layer / Si(111).

0/26-XRD measurements of GaN(0002) and (10-10) reflections presented in Fig.6.1.25 show
that the 20 peak of GaN can be well distinguished from that of the Aly1GaggN buffer layers. It can
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be observed that there are some differences in the 26 positions of both reflections of GaN due to a
difference in strain state.

Mg flow (sccm)
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Figure 6.1.25 XRD 02 6-scans of the GaN:Mg (0002) and (10-10) reflections (left and right) with a

variation of Mg flow rate
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For this series of Mg flow rate dependence, the crystalline qualities of all Mg-doped samples
are unsatisfied and worse than that of the temperature-series because these samples were grown on a
worse quality of AIN-SL buffer layers with higher o-FWHMSs of AIN-SL(0002) reflections as
depicted in Fig.6.1.27. The ®-FWHMs of the AIN-SLs are nearly constant around 0.56° and the -
FWHM of GaN (0002) nearly constant around 0.21° and o-FWHMs of GaN(10-10) around 0.6°
with small fluctuations whereas an identical sample from the temperature-series had o-FWHM of
AIN-SL(0002) of 0.38°, o-FWHM of GaN(0002) of 0.18° and o-FWHM of GaN(10-10) of 0.3°.
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Also in-plane strain of all samples is

0.05%.
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All GaN:Mg samples in this series were grown at 1000°C and they yield p-type conductivity
as determined by C-V measurements and presented in Fig.6.1.28 (left). With increasing Mg flow
rate from 60 to 180 sccm the hole concentrations of the GaN:Mg layers except that for 72 sccm tend
to slightly increase in a small range from 5.0E+16 to 5.8E+16 cm™ as presented in Fig.6.1.28
(right).
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Figure 6.1.28 C-V measurements (left) and hole density of GaN:Mg layers as a function of
Mg flow rate (right)
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Due to the unusual surface of the GaN:Mg samples grown with a Mg precursor flow of 60
and 180 sccm with some large white areas around the sample edges, if even the results of these
samples would be ignored, the best results in a range from 72 to 120 sccm still shows an increased
hole density with increasing Mg flow rate. Although a strong influence of the Mg flow rate on the
hole density of GaN:Mg could not be observed due to an unsatisfying GaN crystalline quality in this
series, it could be concluded that the hole density continuously increases with an increasing Mg flow
rate in a range from 72 to 120 sccm.

The influence of deposits in the reactor on the GaN quality and on the hole density might be
very strong. Therefore, the hole concentration of these GaN:Mg layers is slightly varied or almost
constant around 5E+16 cm,

The hole concentration of the GaN:Mg layers with a variation of the Mg flow rate and their

lattice constants, w-FWHMs and in-plane residual strain are determined and depicted in table 6.4.

Table 6.4 Hole density, lattice parameters, o-FWHMSs and residual strain of GaN:Mg layers as a
function of Mg flow rate and as compared with w-FWHMSs of AIN-SL buffer layers

Sargfple Mg flow rate deHnosliiy para;aet::acrg (A) mige\zlcv r|_e|('a\)/I i st(r)ain (J()ng)/\zl;_lcl)\;I

GaN:Mg| (sccm) | (umol/min) ((:En:%)es a c (10-10) | (0002) %) '?E:L\gg;)s
F1 0 0 -- 3.1906 | 5.1836 | 0.245 0.134 0.05 0.357
F2 60 0.153 498 | 3.1956 | 5.1796 | 0.666 0.285 0.21 0.567
F3 72 0.184 3.98 ]3.1942 | 5.1804 | 0.604 0.212 0.16 0.563
F4 90 0.230 530 | 3.1941 | 5.1808 | 0.566 0.211 0.16 0.553
F5 108 0.276 5.17 | 3.1957 | 5.1804 | 0.736 0.227 0.21 0.607
F6 120 0.307 5,59 ]3.1952 | 5.1810 | 0.657 0.206 0.19 0.569
F7 180 0.460 5.85 | 3.1936 | 5.1812 | 0.694 0.217 0.14 0.602

F8 (~F6) 120 0.307 4.10 | 3.1905 | 5.1824 | 0.310 0.185 0.05 0.387

It is observed that the results of all measured parameters are nearly constant and no
relationship exists between them and the doping concentration. This likely originates in an

unsatisfied GaN crystalline quality leading to a limited efficiency of Mg doping and a nearly
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constant hole concentration in GaN:Mg layers around 5E+16 cm™. As observed by Nomarski
microscopy, the surface morphologies of all GaN:Mg samples in this series are crack-free and no
big difference.

Although an optimized Mg flow rate has not yet been obtained, by taking into account all
parameters and conductivity of all samples in this series, the appropriate Mg flow rate to p-dope
GaN at 1000°C is about 120 sccm or 0.307 pmol/min.

6.1.2.3 Mg-doped (GaN/Aly1GaggN) superlattices

To develop AlGaN-based UV LEDs, p-type AlGaN layers are necessarily required as well as
n-type AlGaN and active layers with efficient radiative carrier recombination. The growth
parameters of GaN:Mg and Aly1GaoosN:Mg were investigated as discussed before in section 6.1.2.1
and 6.1.2.2. Only GaN:Mg layers were achieved with p-type conductivity and Alg1GagoN:Mg layers
showed no p-type behaviour which could be also attributed to the higher acceptor activation energy
with increasing Al composition. Even though GaN is generally avoided in combination with UV
optoelectronic devices due to its light absorption for wavelengths below ~ 360 nm [Khan05,Nish03],
to apply Mg-doped GaN/AlGaN multilayers for p-type regions is the most promising approach to
obtain p-type conductivity with AlGaN layers. The structure of GaN/AlGaN multilayers is able to
reduce the acceptor activation energy in AlGaN layers and enhance the sheet hole concentration
accumulated at interfaces due to the strong piezoelectric field of the strained GaN/AlGaN
heterostructure as discussed in chapter 2.2.3 and 2.5.3.

By using optimized growth parameters of GaN and Al 1GaggN layers as low flow rates of 6
sccm of TMGa and 10 sccm of TMAI at low growth temperatures of 1000°C and a Mg flow rate of
120 sccm (0.307 umol/min), the samples grown with 20 periods of Mg-doped GaN/Aly1GaggN SLs
with a total thickness of ~400 nm were grown on ~460 nm undoped Aly1GaggN / 13 periods of AIN-
based superlattices / HT-AIN seeding layer / Si(111) as presented in Fig.6.1.29. The thicknesses of
GaN and Al 1GaggN are ~10 nm for each layer.

To investigate the optimized Mg-doped regions of the GaN/Aly1GaggN SLs, there are 4
types of different Mg-doped regions i.e. uniform Mg doping in both layers (sample SL3), Mg
doping only in the GaN layers (sample SL5), in the second half of each GaN layer and the first part
half of each Aly1GaogN layer only (sample SL4), and for only the first half of each GaN layer and

the second half of each Alg1GaogN layer (sample SL6) along the growth direction. In addition, an
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undoped sample (sample SL1), uniform Mg-doped sample at 950°C (sample SL2) and the
reproduced samples of sample SL3 and SL4 (sample SL7 and SL8, respectively) were grown to
characterize their crystalline qualities and electrical properties. Different Mg-doping parameters of

all samples are summarized in table 6.5.

Table 6.5 Mg-doped (Ga N/AlyGagoN) SLs

with a variation of growth parameters

Diff. Mg-doped regions of ~10 nm Al Gay JN:Mg| | 20 loops
GaN/Al ¢1Gagg N SLs ~10 nm GaN:Mg ~400 nm
with different
Sample GaN Al 01GaggN Mg-doped
I 1% 2nd ~450 nm Al ,Ga, N regions
half | half | half | half
~10.5nm HT - A4
SL1 u u u u F—
SL2 13 loops -[ il
(T4 =950°C) + * * i ~10 nm AIN seed layer
SL3 + + + + Si(11D)
SL4 + u u +
Figure 6.1.29 Schematic of Mg-doped
SL5 + + u u (GaN/Aly.1Gag9N) SLs with different
SL6 u + + u Mg-doped regions
SL7
(repeat of + + + +
SL3)
SL8
(repeat of u + + u
SL4)

Note u = undoped, + = with Mg doping

In XRD measurements in Fig.6.1.30, 6/26-scans of GaN/Aly1GaggN (0002) reflections show
only slightly differing crystallographic properties for the different types of Mg-doped regions i.e.
distinguished interference fringes of GaN/Aly1GaggN SLs and broader in high-order peaks, except
sample SL6 and SL8 with very broad fringes. This is in agreement with their higher ©-FWHMs of
the AIN-SL (0002) and GaN/Aly1GaggN-SL (10-10) reflections of sample SL6 and SL8 than that of
the other samples as depicted in Fig.6.1.31. All of this result from the relatively low quality of the
AIN-SL buffer layers of these samples leading to a low quality of the GaN/Aly1GaggN SLs. With a
comparable quality of the AIN-SL buffer layers of sample SL3, SL4 and SL5 in Fig.6.1.31, a
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fluctuation of the o-FWHMSs of GaN/Alp1GaggN-SL (10-10) reflections is larger than that of the

(0002) reflections and it also shows a variation of the in-plane residual strain indicating a variation

of in-plane misorientation or twist. It is concluded that the quality of GaN/Aly1GaggN SLs with a

uniform Mg doping is better than that of other samples with partial doping which is leading to a

higher in-plane residual strain as shown in Fig.6.1.32.

®/20-scans of (0002) GaN/AlGaN SLs gt;
1GaN=-86nm | = SopALGaN T ——si3
1 AlGaN =~10.2nm SL-1 SL+1 sls  ——SL7
i< T - MM\ S\ sim. of SL7
1 sz o2f A ——SlL4
~ 1 ——SL8 (~SL4)
S “mm ——SL5
S m ——SL6
N—r
=
0
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O
o
£
LA L B L R R E L AL B A B AL R L AL B
31 32 33 34 35 36

20 (degree)

Figure 6.1.30 XRD 62 6&-scans of the GaN/Aly.1GapoN (0002) reflections with a variation of Mg-

doping regions

®-FWHMs of AlGaN (degree)
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Figure 6.1.31 a-FWHMs of the (0002) and (10-10) reflections and in-plane residual strain of

GaN/Aly.1Gay 9N SLs with a variation of Mg-doping regions
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Figure 6.1.32 Lattice constants and in-plane residual strain of GaN/Aly ;GagoN SLs with a
variation of Mg-doping regions

As compared to the crystalline quality of Mg-doped GaN/Alg1GaogN SLs, the crystalline
quality of undoped GaN/Aly1GapggN SLs (sample SL1) on the better-quality AIN-SLs is slightly
lower than that of uniform Mg-doped samples (sample SL3 and SL7) with a slightly higher o-
FWHMs in Fig.6.1.31.

Nomarski microscopy exhibits crack-free surface morphologies of uniform Mg-doped and
undoped GaN/AlGaN samples and no big difference. The 100x100 um? AFM measurements present
an increasing roughness of uniform Mg-doped GaN/AlGaN SLs of 8.86 nm rms from 5.26 nm rms
of undoped samples in Fig.6.1.33 (right) and (lef), respectively. There is a slightly differently-sized
grains and a slightly better lateral coalescence of the sample with an Mg doping. In 10x10 um? scan
area, the roughness of the Mg-doped SLs of 1.29 nm rms is slightly smoother than 1.36 nm rms of
the undoped sample. As compared to the undoped Aly1GaggN surface morphology of 2.43 nm rms
in section 6.1.2.1 this surface of undoped AlGaN top-layers of the SLs is smoother with a bigger
grain size (these all AlGaN layers are grown by identical growth parameters). The evaluated Al
compositions of the AlGaN top-layers of these GaN/AlGaN SLs are in average ~0.065 showing a
pseudomorphic SL structure. Moreover, the estimated thicknesses of the layers by simulating the

XRD spectra are ~8.6 nm and ~10.2 nm for GaN and Al 1Gag N, respectively.
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Figure 6.1.33 100x100 um’ AFM images showing the surface morphology of undoped
GaN/Aly 1Gap.oN SLs (left) as compared with that of Mg-doped SLs (right)

In Fig.6.1.34 and Table 6.6, C-V measurements of GaN/Aly1GaggN SLs show that with a
variation of the Mg-doped regions in GaN/Aly1GaggN SLs, a variation of the p-type conductivity
can be observed. Mg-doped GaN/Alp1GaggN SLs grown at 950°C (sample SL2) yields lower p-type
conductivity than that of all others at 1000°C. Therefore the appropriate temperature to dope Mg in
GaN and Al 1GaggN layers is 1000°C.
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Voltage (V) e o repeat samples

Figure 6.1.34 C-V measurements (left) and hole density of GaN/Aly.;Gay.oN SLs with a variation of
Mg-doping regions (right)

Sample SL3 and a reproduced uniformly doped sample (sample SL7) present the highest p-
type conductivity of ~2.4E+17 cm™ whereas other samples with Mg doping in only some part of the

SL result in a reduced p-type conductivity by a factor of two or above. Thus one reason is not only
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the impact of the GaN/Al1GaogN SL quality with differently doped regions but also the higher Mg
concentration in the uniformly doped GaN/Aly1GagoN SLs compared to that with only partial Mg
doping. Unlikely Kozodoy et al. [Koz099] and Waldron et al. [Wald01] presented that modulation-
Mg-doping in only some regions such as the interface regions of GaN/AlGaN multilayers or only
AlGaN layers is able to improve the hole concentration, mobility and resistivity compared to
uniform Mg doping.

Additionally this GaN/Alp1GaggN superlattice structure with uniform Mg doping shows a
free-hole enhancement about one order from ~5.6E+16 cm™ of bulk GaN:Mg layers (sample F6) to

2.4E+17 cm™ of the superlattice structure (sample SL7) as depicted in Fig.6.1.35.

7 O GaN:Mg
7x10 i7" 1 A (GaN/AIGaN SLs):Mg
6x10" 7 .
1 GaN:Mg, ]
A ] p=559E+16 cm” ]
= 1 R*=0.989 ]
= 5x10' % =
Q ] ]
— ] ]
6x10° .
1 (GaN/AIGaN SLs):Mg
p = 2.36E+17 cm”
.| R’=0.985
4x10 L e L A A |
-4 -3 -2 -1 0
Voltage (V)

Figure 6.1.35 C-V measurements showing p-type conductivity of Mg-doped (GaN/Aly;Gay.oN) SL
sample as compared with that of a GaN:Mg sample

The hole concentration of Mg-doped GaN/Alg1Gag 9N multilayers with a variation of the Mg
doping regions and their lattice constants, in-plane residual strain and o-FWHMs are depicted in
table 6.6.

For samples SL3, SL4 and SL5, with a comparable quality of the AIN-SL buffer layers, it
could be observed that Mg doping in some parts of the GaN / AlGaN SLs leads to a lower GaN /
AlGaN SL quality and lower hole concentration than uniform doping. In the case of reproduced
samples, the quality of sample SL7 with uniform doping is better than that of sample SL3 but their

hole concentrations show no difference.
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With decreasing hole concentration tensile strain decreases, consequently Mg doping induces

tensile strain. This decreases strain of samples with doping in some parts of the SLs is confirmed by

smaller a-lattice and larger c-lattice constants than for uniform doping. Analogously, sample SL2 of

950°C with a better quality shows lower tensile strain and a lower hole concentration. As discussed

before, a hole enhancement by using GaN/Aly1GaggN superlattice structures results from a strong

piezoelectric field within the strained GaN/Aly1GaggN heterostructure.

Table 6.6 Hole density, lattice parameters, o-FWHMSs and residual strain of Mg-doped
(GaN/Aly.;Gag.9 N) SLs with a variation of Mg-doped regions

Hole Lattice ®-FWHMs o—-FWHM
sample Mg-doped | density parameters (A) (degree) Al Strain | (0002) of
P regions (E+16 content | (%) AIN SLs
cm’®) a c (10-10) | (0002) (degree)
SL1 undoped -| 3.1860 | 5.1680 | 0.387 0.197 6.4 0.061 0.284
SL2 | Tg=950°C 2.67 | 3.1859 | 5.1650 | 0.223 0.177 7.2 0.077 --
SL3 both layers 21.70 | 3.1878 | 5.1668 | 0.364 0.240 5.6 0.096 0.502
2ndGaN +
SL4 1stAIGaN 9.36 | 3.1879 | 5.1668 | 0.464 0.251 5.6 0.100 0.491
SLS GaN only 8.18 | 3.1872 | 5.1678 | 0.444 0.274 5.8 0.083 0.537
1stGaN +
SL6 ondAIGaN 6.00 | 3.1851 | 5.1670 | 0.707 0.351 7.2 0.052 0.835
SL7 ~SL3 23.60 | 3.1859 | 5.1666 | 0.289 0.173 6.8 0.068 0.404
SL8 ~SL4 5.51] 3.1854 | 5.1668 | 0.706 0.386 7.0 0.058 0.807

In summary, p-type conductivity with a hole concentration of ~2.4E+17 cm™ was obtained

by using uniformly Mg-doped GaN/Aly1GaggN multilayers.

6.2. Optimization of GaN/Aly1GaggN multi-quantumwells

After n-type Alp1Gag N and p-type GaN/Aly1GagoN multilayers were obtained successfully,

the light emitting region was investigated to develop AlGaN-based UV LEDs. In principle, the light-

emission efficiency of a QW depends on many factors e.g. a QW-material quality, well width,
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barrier width, and band-offset (AE.,AE, ) of well and barrier etc. To confine electrons and holes for

an efficient radiative recombination, it is required that the well thickness has approximately the

dimension of the free-exciton.

6.2.1. Crystallography of GaN/Aly 1GagoN multi-quantumwells

For this work, 5 periods of ~3-nm-thick GaN/~10-nm-thick Aly1GagoN multi-quantum wells
with AE. =~0.110eV and AE, =~ 0.071e}’ at room temperature as estimated theoretically by

expressions in [Hang01] were designed to achieve near UV-luminescence at about 340-350 nm
corresponding to about 3.54-3.64 eV. High-resolution XRD measurements were applied to
determine the nominal thickness and crystallography of the GaN/Aly1GapgN MQW samples. The 5
periods of GaN/Aly1GaggN MQWSs were grown on ~1.8-pum-thick Alg1GagoN:Si with inserting LT-
AIN interlayer by 3 times / AIN-SL buffer layers / AIN seed layers / Si(111) substrate as presented
in Fig.6.2.1. The GaN and Aly;1GapoN layers were grown with standard growth parameters as
described in chapter 6.1.2.

In order to gain a higher probability to confine electrons in the MQW region, the
Alo1GaggN:Si buffer layers were grown with a slightly (0.01-0.02) higher Al composition than the
Alo1GaggN barrier. The first series was grown with an AlyGa;.xN composition around [Al] = 0.09
and the Al Ga;.xN buffer layers around [Al] = 0.10. For the second series, the AlyGa;«N barrier has
an Al composition around 0.10 and the AlyGai.xN buffer layers around 0.11.

The MQWs were grown on the Aly1GaggN:Si buffer layers. But a high Si flow rate for the
Alo1GaggN layers to obtain a high electron concentration can reduce the Aly1GaggN quality as
discussed in chapter 6.1.1. For the first series of Si optimization of the ~1.8-um-thick Alp1GaggN:Si
layers on the MQW quality, the Si flow rate was varied from 2 to 1, 0.5, and 0.25 sccm (from
17.857 to 2.232 nmol/min) in the first Alp1GaggN layers to the forth Alg1GaogN layers that
separated by LT-AIN interlayers whereas the MQW growth parameters were kept constant. There
are two other samples with a Si flow rate of 2 sccm for all Aly;1GaggN layers and one with a flow of
2 sccm of the first Alg1GaogN layers only and 0.25 sccm for the others. With a variation of the
growth time of the GaN well and AlygoGagoiN barriers, there are additional samples with various
well- and barrier- thicknesses. The parameters of the MQW samples which are varied are

summarized in table 6.7.
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Table 6.7 Ga N/AIGaN MQOW samples with various growth parameters

L MQW
sample SiHq In g?ch part thicknesses (nm)
n-AlGaN (sccm) GaN AlGaN
A 2/0.25/0.25/0.25 2.4 3.3
Se;'es B 2.1 2.9
2/ 1/0.5/0.25
C 2.2 8.3
Series| D 2.2
2 2/ 1/ 0.5/ 0.25 ~6
E 4.4

Note series 1, Al content of 0.09 and 0.10 for AlyGai-«xN barrier and buffer layers, respectively
series 2, Al content of 0.10 and 0.11 for AlxGai«xN barrier and buffer layers, respectively

_with various

5X(3nmGaN/10nm AlGaN) MQWs AN thicknesses

AlGaN:Si ~450nm

LT-AIN ~10nm

AlGaN:Si el

| with various
LT-AIN ~10nm > SiH, flow

[ rates
~450nm

AlGaN:Si

i LT-AIN ~10nm

AlGaN:Si ~450nm

13X (0.5nmLT-AIN /10nm HT-AIN) SLs Ealslthily}

HT-AIN ~10nm
Si(111)

Figure 6.2.1 GaN/Aly.1GayoN MOW samples with various growth parameters

In Fig.6.2.2, HR-XRD 6/26-scans of the GaN/Aly1Gag 9N (0002) reflections show that for all
samples distinguished interference fringes and finite thickness fringes are observed indicating
smooth surfaces and interfaces of the GaN/Alg1GaggN MQW structures.

Sample A of the Al 1GaggN:Si buffer layers with a Si flow rate of 0.25 sccm reduced from 2
sccm of the first Alp1GaggN:Si layers only shows a better crystalline quality with more slightly

distinguished fringes as compared with sample B of the Aly1GagoN:Si layers with a Si flow rate of
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0.25 sccm reduced in sequence from 0.5, 1, and 2 sccm of the first Alg1GaggN:Si layers. To enhance
the electron density of n-type Aly1GaggN layers, the sample-B structure is better suited. Additionally
there is one sample with a Si flow rate of 2 sccm for all Alp1GaggN layers leading to a few cracks in
the layers (not shown here). This indicates that the quality of the MQWs is certainly influenced from
the quality of the Aly1GagoN:Si buffer layers with a high Si flow rate resulting in a lower
Alo1GaggN quality. To achieve an appropriate thickness of the AlxGa;.xN barrier of about 10 nm,
sample C is grown by increasing the barrier growth time by a factor of two which led to a sample

with ~2.2 nm GaN/~8.3 nm Alg.0sGag.e1N MQWSs without a significant reduction in quality.

2@-scans of (0002) of 5x(GaN/Al  Ga, ;N) MQWs

well, barrier (nm) [~ 'EAI'O.l'GéO.;I\i T
sampleC 2.2 8.3 :
sampleB 2.1 2.9
sample A 2.4 3.3

AN LT-AN 1L

intensity (a.u.

31 32 33 34 35 36
20 (degree)

Figure 6.2.2 XRD 6/26-scans of the GaN/Aly GayoN (0002) reflections with different MOW

thicknesses

In Fig.6.2.3, it can be seen that the quality of these GaN/Alp0sGageiN MQW structures on
the AIN-SL buffer layers with a quality fluctuation are nearly stable as represented by nearly
constant ®-FWHMs of (0002) and (10-10) reflections around 0.20°or 720 arcsec and 0.55° or 1980
arcsec, respectively. Sample A shows a higher in-plane residual strain whereas those of sample B
and C are nearly constant. Therefore further MQW samples were grown on the AlyGa;.xN:Si layers

with Si flow rate of 0.25 sccm reduced in sequence from 0.5, 1, and 2 sccm of the first AlGaN layer.
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Figure 6.2.3 o-FWHMSs of the GaN/Aly ;Gay N (0002)and (10-10) reflections and in-plane strain

with different MOW structures
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Figure 6.2.4 Depth mapping of GIID measurements of the GaN/Aly.1GayoN (10-10) reflections

Depth sensitive GIID measurements of sample B show an identical 26-position of the

GaN/Alp0sGaposN MQWs and prove that the layers were grown pseudomorphically (Fig. 6.2.4).
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20-scans of (0002) GaN/AlGaN MQWs

Well  Barrier (nm)
sample E 4.4 6.0
sample D 2.2 5.9

1012_5
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s
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Figure 6.2.5 XRD 6/26-scans of the GaN/Aly GayoN (0002) reflections with different MOW

thicknesses

Next for the second series of the main AlyGa;«N:Si buffer layers with a slightly higher Al
composition around 0.11, two samples were grown with a variation of the GaN-well thickness. As
shown in Fig.6.2.5 of HR-XRD 6/26-scans of the GaN/Aly1GaggN (0002) reflections, sample D
with ~2.2 nm GaN / ~5.9 nm Aly:GapgsN MQWs and sample E with ~4.4 nm GaN / ~6 nm
Alo1GaogsN MQWs show interference fringes and their finite thickness fringes indicating a good
MQW quality.

Sample E with a thicker GaN well shows a lower quality with an increased o-FWHM (10-
10) reflection of 0.73° from 0.59° and also an increased in-plane strain of 0.06% from 0.03% when
compared to sample D whereas the o-FWHM of the (0002) reflection is constant around 0.24° or
870 arcsec as revealed in Fig.6.2.3. To some part this might originate in a lower AIN-SL quality of

sample E.

A MQW series of 3 samples with different MQW-structures i.e. ~1.8 nm GaN/~7.6 nm
Alo1GaggN, ~3.4 nm GaN/~10 nm Alg1GaggN, and ~14.2 nm GaN/~10 nm MQWs for sample W1,
W2 and W3, respectively was grown on optimized AlGaN:Si buffer layers as presented in Fig. 6.2.6
and in table 6.8.
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Table 6.8 Ga N/AlGaN MQOW samples with various

thicknesses
MQW thichness (nm)
Sample
GaN AlGaN
w1 ~1.8 ~7.6
W2 ~3.4 ~10
W3 ~14.2 ~10

_ with various

5X(3nmGaN/10nm AlGaN) MQWs QW thicknesses

AlGaN:Si ~450nm

s LT-AIN ~10nm

AlGaN:Si s

LT-AIN ~10nm

~450nm

AlGaN:Si

i LT-AIN ~10nm

AlGaN:Si ~450nm

13X (0.5nmLT-AIN /10nm HT-AIN) SLs By}

HT-AIN ~10nm
Si(111)

Figure 6.2.6 GaN/Aly.1Gay.oN MOW samples

with various thicknesses

In XRD 6/26-scans of the GaN/Aly1GaggN (0002) reflections as shown in Fig.6.2.7, all

samples show distinguished interference fringes and finite thickness fringes in high order indicating

a good-quality of the surfaces and interfaces of these GaN/Alp1GaggN MQW structures.
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Figure 6.2.7 XRD @2 6-scans of the GaN/Aly ;GayoN (0002) reflections with a variation of MOW

thicknesses
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6.2.2. Optical quality of GaN/Aly1GagoN multi-quantumwells

The optical qualities of these GaN/Alp1GaggN MQW samples were characterized by
photoluminescence (PL) and cross-sectional cathodoluminescence (CL) measurements. Using a He-
Cd laser, PL measurements were performed at room temperature and at 10 K. Both show near UV
luminescence at ~350 nm of the ~1.8 nm GaN/~7.6 nm Aly1GaggN MQW, at ~360 nm of the ~3.4
nm GaN/~10 nm Alp1GaggN MQW and no UV luminescence of the ~14.2 nm GaN well sample. An
intense DAP luminescence (green luminescence for this case) related to group-Ill defects at ~540
nm or ~2.3 eV is observable in all samples as shown in Fig.6.2.8 and Fig.6.2.9.

It can be observed that with a narrow GaN well of 1.8 nm and a narrow Al 1GaogN barrier of
~7.6 nm a higher luminescence energy was achieved likely due to a reduction of QCSE and higher
energy of the carriers in the well but a four times lower UV-luminescence intensity compared to the
~3.4 nm GaN-well sample. The results imply a low efficiency to confine electrons and holes to

efficiently recombination radiatively which worsens with a thin GaN-well and Aly1Gag gN-barrier.

MQW_On_top_|ayer Samples —— "'18 nm GaN / ""76 nm AIGaN
Tt 1] ——~3.4nm GaN/~10 nm AlGaN
——~14.2 nm GaN / ~10 nm AlGaN

=3.53eV
-343eV

|
, 351nm =

361 nm:

PL intensity (a.u.)

GaN ~3.4 nm

GaN ~14.2 nm

-""I""'I;""I""I""I'"'I""I""I""
320 340 360 380 400 420 440 460 480 500
Wavelength (nm)
Figure 6.2.8 PL measurements on GaN/ Aly;GagpoN MQOW structures at room temperature

showing near UV-luminescence at 351 and 361 nm
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Figure 6.2.9 PL measurements on GaN/ Aly 1GaggN MOW structures at 10K showing near UV-

luminescence at 349 and 360 nm

As shown in Fig.6.2.10, cross-sectional cathodoluminescence (CL) measurements of the
~1.8 nm GaN/~7.6 nm Al 1GapgN MQW show that in the upper part the sample material is charged
(distorted optical data) by the electron beam due to a high resistivity compared to the other sample
regions. However it is indicated that the lower part of the Aly1GagoN:Si layers has a good optical
quality and a dominant near-bandgap luminescence peak at ~340 nm without a DAP-luminescence
peak. The upper part of the GaN/Alp1GaggN MQW shows 2 UV-luminescence peaks at ~340 and
~350 nm related to Aly1GaggoN-barrier and GaN-QW luminescence, respectively and an intense
DAP-luminescence. When compared to PL measurements, both measurements are in good
agreement. This is also the case for the other MQW samples as shown in Fig.Al and A2 in
appendix. They demonstrate that the UV-luminescence and DAP-luminescence both originate in the
QW region. For the case of intense DAP- and low UV-luminescence of these GaN/Alp1GaggN
MQW structures, there are 2 possible processes which reduce the probability of radiative
recombination i.e. an enhanced density of local defects or impurities in the materials and/or
tunneling effects due to a too-thin Aly1Gag N barrier. As seen in Fig.Al in the appendix, additional
MQW samples of the thick Alp1GaggN barrier of ~20 nm yields an intense UV-luminescence and

very low DAP-luminescence.
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Figure 6.2.10 Cross-sectional CL measurements at 5K showing near UV-luminescence at ~340

and ~350 nm of ~1.8 nm GaN/~7.6 nm Aly ;GapoN MOW structures

The ~3 nm GaN/~10 nm Alg1GagsN MQW structure with a good crystallography vyields a
low UV-luminescence and an intense DAP-luminescence due to a low efficiency of carrier

confinements for effective radiative recombination.

6.3. Characterization of AlGaN-based UV LEDs

Full structures of AlGaN-based UV LED samples were grown which consist of 5 periods of
~100 nm Mg-doped GaN/Alg1GaogN SLs with a ~20 nm GaN:Mg cap-layer for p-contacting
followed by a 5 period GaN/Aly1GaggN MQW grown on top of a ~1.8 um thick Aly1GaggN:Si
layer including ~10 nm thick LT-AIN:Si interlayers on a ~140 nm thick AIN-based superlattice
buffer layer and a ~10 nm HT-AIN seeding layer on Si(111) as revealed in Fig.6.3.1.

With a growth-parameter variation of the GaN/AlGaN MQW, there are 3 samples to
characterize the electrical and optical properties by current-voltage (I-V) and electroluminescence
(EL) measurements: one sample with ~1.8 nm GaN/~10 nm Aly1GaosN MQW (sample L1), one
with ~3.4 nm GaN/~10 nm Aly1GagoyN MQW (sample L2) and one with ~3.4 nm GaN/~10 nm
Alp 15GaggsN MQW (sample L3) as summarized in table 6.9.
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Table 6.9 AlGaN-based LED samples with

GaN:Mg ~20nm
5X(10nmGaN/10nm AlGaN SLs) :Mg  ~100nm

various QW thicknesses 5X(3nmGaN/10nm AlGaN) MQWs | ~65nm
QW thickness (nm) AlGaN:Si ~450nm
Sample
GaN Al,Ga;«xN LT-AIN ~10nm
~10, AlGaN:Si ~ananm
L1 1.8 (Al]=0.1
12 24 ~1_0,  LT-AIN ~10nm
[Al]=0.1 a ~450nm
~10, AlGaN:Si
L3 3.4 [Al]=0.12 LT-AIN ~10nm

AlGaN:Si ~450nm

13X (0.5nmLT-AlN /10nm HT-AIN) SLs el
HT-AIN ~10nm

Si(111)

Figure 6.3.1 Scheme of the full structure for
AlGaN-based UV LED samples on Si(111)

Nomarski microscopy shows a crack-free surface morphology for all samples (Fig.6.3.2).
Moreover, in situ curvature measurements of these samples exhibit that compressive stress is
induced during growth in the Alg1GaogN layers by the AIN-SL buffer layer and the LT-AIN
interlayers. This compressive stress is sufficient to compensate thermally induced tensile stress after
cooling as represented in Fig.6.3.3 leading to the crack-free surface morphology of this LED
structure.

In order to more accurately investigate the thickness, material properties and dislocation
propagation, cross-sectional TEM measurements were performed. It shows different contrast
structures of each layer and a decreasing dislocation density with increasing thickness in Fig.6.3.4.
Besides a major reduction in dislocation density within the AIN-based SLs, a continuously
decreasing dislocation density in the Aly1GaogN:Si buffer layers from 3.0x10™ to 0.6x10* cm™, can
be observed. In Fig.6.3.5, the detailed TEM image obviously exhibits 5 periods of (~3.5 nm
GaN/~7.2 nm Aly1GagoN) MQWS, 5 periods of Mg-doped (~8.4 nm GaN/~8.2 nm Aly;1Gag9N) SLs
and ~18.3 nm GaN:Mg cap layer.
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Figure 6.3.2. Nomarski microscopy image showing crack-free surface morphology of AlGaN-based
LED sample on Si(111)
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Figure 6.3.3 In situ curvature measurements of AlGaN-based LED sample on Si(111)
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Figure 6.3.4. Cross-sectional TEM image of AlGaN-based UV LED sample on Si(111)
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Figure 6.3.5 Cross-sectional TEM image showing obviously different contrast structures of GaN
and Aly. 1GayoN layers of GaN/Aly GagoN MOWs and Mg-doped GaN/Aly ;Gayp.9N SLs
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In order to characterize the electrical properties of the
LED samples L1, L2, and L3, p-type metal contacts of ~20 nm
Ni/~20 nm Au were evaporated on top and alloyed. N-type Al
contacts were evaporated on the Si substrate. The whole sample
was glued with Ag adhesive into a chip carrier as shown in
Fig.6.3.6.

Current-voltage (I-V) measurements were performed to

Figure 6.3.6 AlGaN-based LED ~ Characterize the LED samples as exhibited in Fig.6.3.7. All
structure on Si(111) with metal ~LEDS represent a forward-diode characteristic with turn-on
voltages in the range of 2.6 - 3.1 V and a high series-resistance

in the range of 550 - 990 Q at 20 mA. Sample L1 of ~1.8 nm

contacts in the ship carrier

GaN/~10 nm Alg1GaggN MQW structure shows a better I-V characteristic with a steeper plot and a
lower resistivity of 550 Q than others but a bit lower turn-on voltage. Main reason for the high series
resistance is the undoped AIN SL buffer. Sample L3 of ~3.4 nm GaN/~10 nm Alg12GaggsN MQW
structure on Alg15GaggsN:Si buffer layers shows the worst characteristic with the highest series
resistance of 990 Q due to a lower material quality of the Alp1,GagggN barrier and n-type
Alo15GaggsN buffer layers with higher Al composition. More details on some of the electrical
properties of these LED structures can be found in reference [Gint09].

The optical properties of these LED samples were characterized at room temperature by
electroluminescence (EL) microscopy on the top side at 4-6 VV and 1 mA as revealed in Fig.6.3.8.
The dominant luminescence of all LED samples is green luminescence and it is also observed a low
intensity near UV-luminescence at about 360 nm. Sample L2 with thicker GaN wells of ~3.4 nm
shows a bit higher intensity and lower emission energy than sample L1 with thinner GaN wells of
~1.8 nm in good agreement with PL measurements of the same MQW structures. However with
higher Al composition of sample L3 a near UV-luminescence with a high intensity of the green
luminescence can be observed. This low UV-luminescence intensity results from a low efficiency to
confine carriers within the QW structure, absorption of some UV-light by the GaN top layers and
probably an electrons overflow through the QW region to the p-type region which can be reduced

with AlGaN blocking layers between the QW and the p-type region.
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In summary, the first crack-free AlGaN-based UV LED on Si(111) substrate with a turn-on
voltage about 3 V was achieved. It yields a low efficiency of UV-luminescence and higher intense
green luminescence due to inefficient MQW structure. For the use in LED applications, these LED
structure are required to be improved especially the MQW structure and an injection barrier should
be introduced.
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Summary

In this work, the MOVPE growth of AlGaN-based UV-LEDs on Si(111) substrates was
investigated and the first crack-free AlGaN-based UV-LEDs on Si(111) substrates were successfully
demonstrated with an emission wavelength at ~350 nm. This could be achievable due to high-
quality AlGaN materials, high injected carrier concentrations and radiative recombination in
guantumwells.

High-quality AlyGa;«xN layers with 0.05<x<0.65 on Si substrate were achieved by using
high-quality AIN seeding layer at high growth temperature and inserting novel LT-AIN/HT-AIN
superlattices as buffer layers. These superlattice buffer layers not only reduce the dislocation density
and improve the quality of AlGaN but also help compensating thermally induced tensile strain in
AlGaN layers after cooling from growth temperature. Mechanisms to reduce the dislocation density
in the AIN-based SLs and AlGaN layers such as bending dislocation propagation from the growth
direction, forming dislocation loops, combining and terminating dislocations were observed by
cross-sectional TEM measurements. The dislocation density was reduced from 8.4x10% cm™ in the
AIN-SLs to 1.8x10% cm™ in the Alg1GaggN layers. During MOVPE growth, compressive stresses in
AlGa; N layers were induced by these LT-AIN/HT-AIN superlattice buffer layers to efficiently
compensate a thermally tensile strain after cooling down leading to crack-free ~450-nm-thick
Al,Ga;«N layers and upto ~1-um-thick Alg1GaggN layers without an inserting LT-AIN interlayer.
As grown on these LT-AIN/HT-AIN superlattice buffer layers, tensile residual strain in these
AlyGa;«N layers continuously reduced with a higher Al composition and turned to be compressive
for [Al]> 0.2. AlyGai«N layers with 0.05< x <0.65 exhibited smooth surfaces with visible growth
steps, low pit densities and roughness for 5x5 um?-scan area in the range of 0.7 — 2.3 nm rms by
AFM measurements.

The best crystalline quality of Alp;GaggN was obtained with the best o-FWHMs of the
(0002) and (10-10) reflections of ~750 and ~1020 arcsec, respectively and this Alp1GagoN had a
good optical quality with a narrow linewidth and very high intensity of a near-bandgap emission at
3.746 eV or 330 nm. Meanwhile the near-bandgap emission of AlggsGag3sN was at 5.399 eV or 240

nm with a low yellow luminescence intensity.
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Crack-free AlyGa;«N layers with 0.05<x<0.65 were achieved on the Si substrates with
good crystalline and optical qualities by growing on such these optimized AIN-based superlattice
buffer and seed layers.

MOVPE growth of crack-free Alp1GagoN layers thicker than 1um on Si substrate was
successful by inserting LT-AIN interlayers in between the Aly1GaggN layers inducing compressive
stress in the subsequently grown Aly1GaggN layers to compensate thermally induced tensile strain
from the different thermal expansion of Si substrate resulting in crack-free layers even in excess of
~2 um after cooling.

One important factor to develop UV-LEDs, is a high carrier concentrations in AlGaN layers.
The maximum electron concentration of 2.6x10'® cm™ was achieved in n-type Alg1GaogN:Si layers.
In case of p-type conductivity, Mg-doped GaN/Aly1GapoN superlattices vyielded a hole
concentration of up to 2.4 x10*" cm™,

GaN/Alp1GaggN MQWs with a good crystalline interfaces quality, as proven by XRD
measurements with well visible interference fringes and finite thickness fringes and TEM cross-
sectional measurements, were applied for active layers emitting a UV-luminescence at ~360 nm in
PL measurements at room temperature.

As a full LED structure on Si(111) substrate, AlGaN-based UV-LEDs consisted of thick
Alo1GaggN:Si layers on LT-AIN/HT-AIN SL buffer layers and an active layer of GaN/Aly1GaggN
MQWs as followed by Mg-doped (GaN/Aly1GaogN) superlattices and GaN:Mg cap layers. This
crack-free LED vyielded a ~350 nm UV luminescence in electroluminescence measurements at room

temperature. As characterized by I-V measurements, the turn-on voltage is in a range of 2.6 - 3.1 V.

Outlook

For shorter wavelength UV emitters, AlyGai.xN with higher Al composition is required. To
achieve a higher crystalline quality of such layers, the thicknesses and number of LT-AIN/HT-AIN
SL buffer layers are required to be optimized for each composition of AlkGa;.xN as well as the
growth parameters of the AlxGa;.xN layers.

Further improvements which are advantageous for better performance are:

- To enhance the activation efficiency of Si-doping by improving the AlyGa;xN:Si growth

parameters and using short-period superlattices for higher Al concentrations.
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Summary

- To enhance the activation efficiency of Mg-doping and for other shorter wavelength
devices in GaN/AlGaN superlattices, further optimization and higher AlGaN/AlGaN superlattices
need to be optimized.

For better carrier confinement in the MQW system, the Al composition of Al,Ga;.xN barrier
layers is proposed to be increased. Also the addition of In-segregation might promote a higher
efficiency of radiative recombination. To avoid electron overshoot and recombination within the p-
type layer, an AlyGa;.xN:Mg electron blocking layer of higher Al concentration than the AlyGa;xN
buffer should be inserted.

For an enhancement of light extraction and improving performance, a thin-film LED, p-side

down mounted onto a carrier, and subsequent Si removal are required.
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Appendix

In Fig. A1, PL measurements show UV-luminescence peaks at ~340 nm relating to AlGaN
barrier layers since the UV-luminescence peaks at ~340 nm are emitted from sample QW1 and
QW2 with ~20 nm AlGaN barrier layers and not from sample QW3 with ~10 nm AlGaN barrier
layers. Moreover UV-luminescence peaks at ~360 nm relate to a GaN-well luminescence since they
are emitted from sample QW1 and QW3 with a thicker GaN well. In case of a DAP luminescence at
about 540-550 nm, sample QW1 shows a weak dominant intensity of the DAP luminescence and a
high intensity of the GaN-QW luminescence. This means to a highly radiative recombination of this
QW structure of sample QW1. As compared to sample QW3 with a thinner AlGaN barrier, sample
QW1 has a higher efficiency of a radiative recombination in the QW. This implies to an important
role of an AlGaN-barrier thickness to localize carriers in the QW.

Furthermore, cross-sectional CL measurements of sample QW2 in Fig.A2 show only one
dominant UV-luminescence at ~340 nm in the lower part of sample (~1.8 um Aly1GaggN:Si layers)
meaning to a good optical material. Addition to this UV-luminescence, the DAP luminescence at
about 540-550 nm is observable in the upper part of sample (5 periods of GaN/Aly1GaggN). The
sample material in this part is charged up by the electron beam as distorted optical data. However it
can be concluded that with this QW structure of sample QW?2, there are two dominant luminescence
emissions in the QW part; UV-luminescence peak at ~340 nm from the AlGaN barrier layers and
DAP luminescence at about 540-550 nm. As well these CL measurements agree with the results of

PL measurements.

Note the sample QW3 is the sample W2 in section 6.2.2 and details of a sample structure shown in
Fig 6.2.6 and Table 6.8.



Appendix

MQW-on-top samples GaN  Al,Ga N
10°+———rr———1 QW1 ~2nm ~20 nm
GaN well — QW2 <1nm ~20 nm

luminescence | —— QW3 <~3.4nm -~10nm

AlGaN barrier 4
luminescence DAP luminescence

PL Intensity (counts / s) at 10K

350 400 450 500 550
Wavelength (nm)
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